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Recent years have seen remarkable advances in the field of drug and gene delivery
systems, revolutionizing the way we approach therapeutic treatments. The design and
development of these systems has become increasingly important because of their potential
to improve the efficacy and safety of drug and gene therapies and to overcome several
challenges faced by traditional therapeutic approaches. Many drugs have limited stability,
poor solubility, or face barriers in reaching their intended targets in the body. The devel-
opment of delivery systems that can encapsulate these therapeutic agents and efficiently
transport them to the desired location can greatly improve their efficacy. In addition, such
systems can protect the agents from degradation, increase their bioavailability, and provide
controlled release, allowing for prolonged therapeutic effects. In addition, targeting specific
cells or tissues with therapeutic agents is a critical aspect of personalized medicine.

Drug and gene delivery systems with targeting capabilities, such as ligand–receptor
interactions or surface modifications, can selectively deliver therapeutic agents to specific
cells or tissues, maximizing their effects and minimizing off-target toxicity. This targeted
delivery approach holds great promise for the treatment of complex diseases such as cancer,
where precision and specificity are essential. In addition to targeted delivery, the design and
development of drug and gene delivery systems also play a critical role in improving the
stability and pharmacokinetics of therapeutic agents. Many drugs are rapidly metabolized
or cleared from the body, limiting their efficacy. However, by formulating these agents
in appropriate delivery systems, their stability can be improved, and their release can be
controlled, ensuring a sustained and prolonged effect.

This Special Issue aims to emphasize the significance of designing and developing
drug and gene delivery systems based on biopolymers and their potential applications, as
well as their impact on the future of medical treatment. When we refer to biopolymers,
we are referring to a range of polymers, not only natural polymers produced by living
organisms, but also semi-synthetic polymers (i.e., modified natural polymers) and synthetic
polymers that are biocompatible, biodegradable, and capable of creating drug delivery
systems. Both natural and synthetic biopolymers have their respective advantages and
disadvantages. Natural biopolymers are preferred over synthetic biopolymers due to their
biocompatibility, biodegradability, and environmental safety. Synthetic biopolymers, on
the other hand, have distinctive advantages in terms of stability and adaptability to various
biomedical applications.

The Special Issue contains eleven articles, including nine original research papers and
two reviews. The authors come from different geographical locations, including North
America (USA and Mexico), Europe (UK, Germany, Sweden, and Russia), and Asia (China,
Saudi Arabia, Pakistan, Malaysia, and Singapore). The papers cover various topics related
to the use of biopolymers (polysaccharides such as cellulose and its derivatives, starch and
its derivatives, chitosan and its derivatives, hyaluronan, sodium alginate, agarose, arabi-
noxylan, heparin, cyclodextrin; peptide and proteins; as well as synthetic biopolymers) for
the delivery of various drugs and therapeutic nucleic acids. The types of biomaterials stud-
ied include polymer conjugates, nano- and submicroparticles, gels, films, and implants for
drug administration via intravascular, intravitreal, buccal, topical, and implantation routes.
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The reviews of the Special Issue focus on the use of cellulose [1] and cyclodextrin
(CD) [2] in the development of gels for various biomedical applications. The review by
Tyshkunova et al. [1] discusses the structure of cellulose and its properties as a biomaterial,
the strategies for dissolving cellulose, and the factors that influence the structure and
properties of the resulting cryogels. It focuses on the advantages of the freeze-drying
process and highlights recent studies on the preparation and application of cellulose
cryogels in wound healing, the regeneration of various tissues (e.g., damaged cartilage,
bone tissue, and nerves), and controlled release drug delivery. Liu et al. in their review [2]
discuss various methods for the design and preparation of CD hydrogels and summarize
the potential applications of drug-loaded CD hydrogels. As a natural oligosaccharide,
CD has shown remarkable application prospects in hydrogel development. CD can be
incorporated into hydrogels to form chemically or physically cross-linked networks. The
unique cavity structure of CD makes it an ideal vehicle for drug delivery to target tissues.
This review broadens our understanding of the development trends in the application of
CD-containing hydrogels, which lays the foundation for future clinical research.

Several strategies have been explored to develop stimulus-responsive hydrogels for
designing smart drug delivery platforms that can release drugs at specific targeted areas
and at predetermined rates. However, few studies have investigated how innate hydro-
gel properties can be optimized and modulated to tailor drug dosage and release rates.
Briggs et al. [3] investigated the individual and combined effects of polymer concentration
and crosslinking density (controlled by chemical crosslinking with N,N′-methylenebis-
acrylamide and physical crosslinking with silica nanoparticles) on drug delivery rates,
using polyacrylamide gel and 5-fluorouracil as a model system. The experiments showed a
strong correlation between hydrogel properties and drug release rates and demonstrated
the existence of a saturation point in the ability to control drug release rates using a combi-
nation of chemical and physical crosslinkers. This study provides a basis for developing
tunable hydrogel platforms, including polymeric nanocarriers and nanogels, for delivering
a wide range of therapeutics.

Two of the original papers in this Special Issue focus on the development of delivery
systems for peptide antibiotics polymyxin B (PMXB) and E (PMXE) [4,5]. In recent years,
unsuccessful treatments of multidrug-resistant bacterial infections have caused previously
dismissed antibiotics to resurface. One such group of antibiotics is the polymyxins (PMXs)—
cyclic peptide antibiotics that primarily target Gram-negative pathogens. Although this
group of antibiotics was introduced into clinical practice more than 50 years ago, it was soon
discovered to have serious side effects such as nephro- and neurotoxicity. Nevertheless, the
World Health Organization reclassified PMXs as antibiotics that are critically important
for treating infections with few or no alternative options. The reintroduction of PMXs
as therapeutic agents in clinical practice has spurred the search for methods to reduce
their side effects [6]. A nano-sized PMXE delivery system with hydrodynamic diameters
(Dh) of 210–250 nm and a ζ-potential of −19 mV has been proposed by Dubashynskaya
et al. [4] for intravascular injection. This delivery system is based on a polyelectrolyte
complex between hyaluronate (polyanion), diethylaminoethylchitosan (polycation), and
positively charged PMXE. In vitro experiments demonstrated that both encapsulated and
pure PMXE had a minimum inhibitory concentration of 1 µg/mL against Pseudomonas
aeruginosa, indicating that encapsulating PMXE in polysaccharide carriers does not reduce
its antimicrobial activity. A hybrid delivery system of core–shell nanoparticles (Dh of about
100 nm) has been proposed by Iudin et al. [5]. These hybrid nanoparticles consist of an Ag
core and a poly(glutamic acid) shell that can bind PMX via electrostatic interactions. The
hybrid nanoparticles showed no cytotoxicity, had low macrophage uptake, and demon-
strated intrinsic antimicrobial activity. Furthermore, composite materials based on agarose
hydrogel were developed, comprising both the PMX-loaded hybrid nanoparticles and free
PMX (PMXB or PMXE). The antibacterial activity of PMX-loaded hybrid nanoparticles and
composite gels against P. aeruginosa was evaluated, and the results showed that the PMX
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hybrid delivery system had a synergistic effect compared to either the antibiotics or Ag
nanoparticles.

The development of biopolymer composite films for drug delivery is the subject of
three papers in the Special Issue [7–9]. Lim et al. [7] evaluated the feasibility of using
three mucoadhesive polysaccharides (hydroxypropyl methylcellulose, starch, and hydrox-
ypropyl starch) to develop curcumin-loaded buccal films delivered in the form of chitosan
nanoparticles. The results indicated that hydroxypropyl starch is the most suitable mucoad-
hesive polysaccharide for developing curcumin-loaded buccal films due to the superior
curcumin release, good payload uniformity, minimal weight/thickness variations, high
folding resistance, and good long-term storage stability of the composite films. Alzarea
et al. [8] fabricated and characterized films composed of arabinoxylan (from Plantago ovata)
and sodium alginate (from brown algae) loaded with gentamicin sulfate, an aminogly-
coside antibiotic, for potential use as wound dressings. These films displayed excellent
antibacterial effects and desirable properties for wound dressings, such as a tensile strength
similar to human skin, mild capacity for water/exudate uptake, suitable water transmis-
sion rate, and excellent cytocompatibility. López-Saucedo et al. [9] used an alternative
approach to develop antibacterial films. This was achieved via the surface modification of
polypropylene films using gamma-irradiation-induced grafting with methyl methacrylate
and N-vinylimidazole, which provided a suitable surface capable of loading vancomycin,
a glycopeptide antibiotic. The composite multilayer film surface exhibited moderate hy-
drophilicity and pH-responsiveness, properties desirable for controlled drug release.

Another example of surface modification is presented in the paper by Facchetti
et al. [10], where the authors proposed a simple and convenient way to modify the surface
of titanium alloy (Ti6Al4V) bone implants with biopolymers consisting of whey protein
isolate (WPI) fibrils and heparin or tinzaparin (low molecular weight heparin) to enhance
the proliferation and differentiation of bone-forming cells. The results showed that WPI
fibrils are an excellent material for biomedical coatings because they are easily modifiable
and resistant to heat treatment. In addition, a heparin-enriched WPI coating improved
the differentiation of human bone marrow stromal cells by increasing tissue non-specific
alkaline phosphatase activity.

The development of delivery systems for the intravitreal administration of glucocorti-
coids for the treatment of inflammatory conditions in the posterior segment of the eye is
challenging. Intravitreal delivery systems have the potential to provide several advantages,
such as overcoming anatomical and physiological barriers, increasing bioavailability, and
prolonging and regulating drug release over several months. The conjugation of gluco-
corticoids with biopolymers is a viable approach for the development of intravitreal drug
delivery systems, as it prevents rapid elimination and provides targeted and controlled
drug release [11,12]. Dubashinskaya et al. [13] demonstrated the potential feasibility of
this approach using a dexamethasone conjugate with succinyl chitosan. The developed
conjugates showed sustained and prolonged (over one month) release of dexamethasone
and significant anti-inflammatory effects in TNFα-induced and LPS-induced inflammation
models, suppressing CD54 expression in THP-1 cells by 2- and 4-fold, respectively. These
novel conjugates of succinyl chitosan and dexamethasone show promise as ophthalmic
carriers for intravitreal administration.

A promising polymeric gene delivery system based on cysteine-flanked arginine-
rich peptides modified with a cyclic RGD moiety was proposed by Egorova et al. [14].
The system is designed for targeted DNA delivery to uterine fibroid cells. The carrier
can form small (Dh of 100–200 nm) and stable polyplexes that effectively protect DNA
from nuclease degradation. The specificity of DNA delivery to αvβ3 integrin-expressing
cells was confirmed by cell transfection experiments, which showed a 3-fold increase in
transfection efficiency as a result of the RGD modification. Primary cells obtained from
myomatous nodes of uterine leiomyoma patients were used to model suicide gene therapy
by transferring the HSV-TK suicide gene, resulting in a 2.3-fold decrease in proliferative
activity after ganciclovir treatment of the transfected cells. Pro- and anti-apoptotic gene
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expression analysis confirmed that the polyplexes stimulate uterine fibroid cell death in a
suicide-specific manner. Thus, this peptide carrier can be used in further efforts to develop
uterine leiomyoma suicide gene therapy.

In summary, the design and development of drug and gene delivery systems is of
paramount importance in the field of therapeutics. These systems have the potential to
overcome various challenges associated with traditional therapeutic approaches, improve
drug and gene stability, enable targeted delivery, and enhance therapeutic efficacy. With
ongoing advances in nanotechnology and biomaterials research, these systems are poised
to revolutionize the way we approach medical treatments, opening up new possibilities for
personalized and effective therapies.

Funding: This research received no external funding.

Conflicts of Interest: The author declare no conflict of interest.
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Abstract: The availability, biocompatibility, non-toxicity, and ease of chemical modification make
cellulose a promising natural polymer for the production of biomedical materials. Cryogelation is a
relatively new and straightforward technique for producing porous light and super-macroporous
cellulose materials. The production stages include dissolution of cellulose in an appropriate solvent,
regeneration (coagulation) from the solution, removal of the excessive solvent, and then freezing.
Subsequent freeze-drying preserves the micro- and nanostructures of the material formed during
the regeneration and freezing steps. Various factors can affect the structure and properties of cellu-
lose cryogels, including the cellulose origin, the dissolution parameters, the solvent type, and the
temperature and rate of freezing, as well as the inclusion of different fillers. Adjustment of these
parameters can change the morphology and properties of cellulose cryogels to impart the desired
characteristics. This review discusses the structure of cellulose and its properties as a biomaterial,
the strategies for cellulose dissolution, and the factors affecting the structure and properties of the
formed cryogels. We focus on the advantages of the freeze-drying process, highlighting recent studies
on the production and application of cellulose cryogels in biomedicine and the main cryogel quality
characteristics. Finally, conclusions and prospects are presented regarding the application of cellulose
cryogels in wound healing, in the regeneration of various tissues (e.g., damaged cartilage, bone tissue,
and nerves), and in controlled-release drug delivery.

Keywords: cellulose; cellulose cryogel; freeze-drying; tissue engineering; regenerative medicine

1. Introduction

Cryogelation is one of the newly developed protocols for the production of polysaccha-
ride materials for biomedical purposes [1]. Polysaccharide-based cryogels form a spongy
super-macroporous structure during freeze-drying, making them highly promising ma-
terials for tissue engineering [2]. The production of polysaccharide cryogels has recently
become a popular approach for the development of scaffolds [3], and these matrices are
readily obtained by dissolving a polysaccharide (usually cellulose) in an appropriate sol-
vent, followed by polymer regeneration from solution (solvent removal), freezing, and
freeze-drying. Figure 1 shows the scheme for producing cellulose cryogels.

At the regeneration step, the polymer passes from the dissolved state to an insoluble
state, and subsequent freezing leads to ice crystal formation. The removal of the ice during
freeze-drying then generates pores and leaves a cryogel with a complex three-dimensional
structure [4]. The high porosity and hydrophilicity, high water retention capacity, intercon-
nectedness of the pores, and material consistency make cryogels very similar to natural
soft tissues [5], while their mechanical stability allows their use in vivo [6]. Cryogels can
also stimulate the in vivo production of various natural molecules, including antibodies,
and they can act as in vitro bioreactors for the expansion of cell lines and as a means of
cell separation. Excellent in vivo results have been obtained using cryogels as scaffolds for

5



Int. J. Mol. Sci. 2022, 23, 2037

tissue engineering, as cryogels can promote the resumption of growth in numerous dam-
aged tissues [3]. However, the surface properties of tissue engineering materials affect cell
affinity [1], and these properties depend on a large number of different factors, including
the conditions used for polysaccharide dissolution, regeneration, and freezing.
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Figure 1. Ways to produce cellulose cryogel for biomedical applications: (a) via dissolution and re-
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Biocompatibility is one of the main requirements for cryogels used as scaffolds. The
ideal scaffold should be porous, biodegradable, biocompatible, and bioresorbable and
should not trigger an immune response or inflammation [7]. Consequently, scaffolds made
from natural polymers have several advantages over those made from synthetic polymers,
as natural polymers are bioresorbable and biocompatible, have low immunogenicity and
cytotoxicity, and can stimulate intercellular interactions. By contrast, the degradation of
synthetic polymers can generate harmful by-products and can have problems in terms
of injection and infection [1]. Natural biopolymers, particularly cellulose, have therefore
become very popular materials for the preparation of porous products used for biomedical
purposes, such as wound healing, tissue engineering, and drug delivery [8,9].

Cellulose has found particular favor in biomedical sciences due to its mechanical
strength, biocompatibility, and hydrophilicity, making it a promising polysaccharide for the
production of biocompatible porous cryogels [10–12]. Cellulose-based materials have been
proposed for a variety of biomedical applications [13,14] because, unlike other polysac-
charides, cellulose is relatively bioinert and is not biodegraded in the human body. Thus,
newly regenerated tissue cannot displace a cellulosic scaffold, which can be an advantage
in tissue engineering. Cellulose materials have found applications in the regeneration of
bone [15], neural [16], and cartilage [17] tissues, as well as in wound dressings [18]. The
bioinertness of cellulose also meets the requirement that a scaffold material should not
induce foreign body responses [19].
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This review considers the preparation of cellulose-based cryogels using the freeze-
drying technique, and presents data on the use of these cryogels for biomedical purposes.
The structural features and properties of cellulose and the difficulties associated with the
dissolution of cellulose are reviewed. Information on the methods for dissolving cellulose
and producing cellulose cryogels is presented. The influence of various factors on the
structure and properties of the produced materials is discussed, and the advantages of the
freeze-drying process are analyzed. Recent studies on the production and use of cellulose
cryogels for biomedical purposes are summarized, and the main quality parameters of
these cryogels are presented. The current status and prospects for the use of cryogels in
tissue engineering are discussed.

Previously published reviews on the biomedical application of cryogels have provided
much information on various polysaccharide cryogels, but cellulose cryogels have received
relatively little attention. The available reviews on cellulose cryogels contain information
on production methods and the characterization of properties and morphology, without
indicating possible directions for biomedical application [20,21]. Other reviews consider
cellulose cryogels to be sorbents [12,22]. Reviews that focus on the biomedical applications
of cryogels contain information on many polysaccharide cryogels, with little [2,3,23,24]
or no mention of cellulose cryogels [1]. A review of nanocellulose sponges and their
biomedical applications has been published [25]. By contrast, we present data on the use
of different cellulose types (cellulose of various origins). This review is especially focused
on analyzing data on cellulose cryogels obtained by freeze-drying, offering information
on the use of various cellulose types for producing biomedical cryogels. The information
presented starts with the structural features of cellulose and its solvents for the production
of cryogels and ends with data on the biomedical applications of various cellulose cryogels.

2. Cellulose as a Source for Producing Biomedical Materials

Cellulose is a promising raw material for the production of functional biomedical
materials [10]. Cellulose can be shaped in many different ways: into beads [26], fibers
with a diameter from tens of nm to tens of microns [27], films (cellophane), porous foams
(sponges), and aerogels [20,28,29]. The morphology and properties of these objects can be
very different.

Cellulose, as a biomedical material, has certain advantages over other traditional
biopolymers, including its prevalence (it can be isolated from various natural materials),
availability, low toxicity, renewability, and biocompatibility, making the development of
cellulose-based cryogels a promising research direction [30]. The freeze-drying of cellulose
hydrogels imparts a complex heterogeneous structure to cellulose, creating useful build-
ing blocks for complex hierarchical structures [31]. Porous cellulose materials are very
attractive for a variety of biomedical applications, including controlled drug release, tissue
engineering scaffolds, matrices for cell growth, biosensors, and antibacterial wound dress-
ings [12,31–35]. Each of these applications requires materials with a specific morphology,
pore size distribution, specific surface area, and material density. However, the complex
supramolecular structure of cellulose creates difficulties in its dissolution and processing
into biomedical products.

Cellulose consists of anhydroglucose units (C6H10O5) linked by β-glycosidic (1→ 4)
bonds and has a high crystalline content [36]. The hydroxyl groups in the cellulose macro-
molecule are involved in intra- and intermolecular hydrogen bonds (Figure 2b), which lead
to the formation of various ordered crystal structures.
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Figure 2. Complex molecular structure of cellulose: (a) native cellulose I unit cells, triclinic Iα
and monoclinic Iβ [37] © 2022 National Academy of Sciences; (b) H-bond network of cellulose I;
(c) polymorph transitions.

Crystalline allomorphs of cellulose I, II, III, and IV are distinguished according to their
X-ray diffractometry and solid-state 13C NMR spectra. Cellulose I, the most abundant form
in nature, is a crystalline native cellulose, whereas cellulose II is obtained by merceriza-
tion (alkaline treatment) or regeneration (solubilization and subsequent recrystallization)
(Figure 2c). Celluloses IIII and IIIII can be formed from celluloses I and II, respectively, by
treatment with liquid ammonia, and the reaction is reversible [38]. Cellulose IVI and IVII
can be obtained by heating celluloses IIII and IIIII, respectively [39]. Lightweight porous
materials can be obtained from celluloses I or II [12], but most research has focused on
cellulose I. The crystalline structure of cellulose I is a mixture of two different crystalline
forms: cellulose Iα (triclinic) and Iβ (monoclinic) (Figure 2a) [40]. The relative amounts
of cellulose Iα and Iβ vary depending on the cellulose source (for example, the Iβ form is
dominant in higher plants, whereas the Iα form is typically found in algae and bacteria).
Cellulose crystallites are usually about 5 nm wide; however, these crystallites are imperfect,
and part of the cellulose structure is less ordered, termed amorphous. The traditional
two-phase cellulose model describes cellulose chains containing both crystalline (ordered)
and amorphous (less ordered) regions [41].
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This added complexity of the supramolecular structure of cellulose creates difficul-
ties in its dissolution and processing. Typical cellulose solvents include 7–9% aqueous
NaOH [26,42,43], Cu-ethylenediamine (or Cd-ethylenediamine) complexes [44], LiCl/
dimethylacetamide (DMAc) [45], N-methyl-morpholine-N-oxide monohydrate [46–49],
molten salt hydrates, and ionic liquids [50–53] (Table 1).

Table 1. Characteristics of typical cellulose solvents.

Solvent Advantages Disadvantages Reference

LiCl/DMAc

It does not cause any destruction
of the cellulose, provided that
destructive pretreatments are
avoided (such as heating over

80 ◦C).

The difficulty of removing LiCl
from the final products. [45]

Ionic liquids They completely dissolve the
material’s components.

Ionic liquids do not evaporate,
have low volatility, which

complicates their regeneration.
[50–53]

7–9%NaOH/water
(7%NaOH/12%urea/water) Cellulose gels can be obtained.

The thermodynamic quality of the
solvent decreases with increasing

temperature, as the number of
cellulose–cellulose interactions
increases more rapidly than the

number of cellulose–solvent
interactions; Na+ ions penetrate

deeply into the cellulose structure,
making it difficult to remove

alkali.

[26,42,43]

Complexing compounds of Cu
with ethylenediamine (or

Cd-ethylenediamine complexes)

Commonly used to determine the
molecular weight of cellulose.

The difficulty of removing from
the final products. [44]

N-methyl-morpholine-N-oxide
monohydrate

Direct solvent of cellulose:
N-methylmorpholine-N-oxide
(NMMO) is a cellulose solvent

used industrially for the spinning
of cellulosic fibers (the Lyocell
process). NMMO is known to
change the highly crystalline

structure of cellulose after
dissolution and regeneration.

In theory, this dissolution process
is merely physical, but in practice
many side reactions might occur.

[46–49]

Concentrated phosphoric acid Rapid dissolution, easily removed
and regenerated.

Causes significant destruction of
macromolecules. [54]

However, most of these are toxic, have only limited ability to dissolve high molecular
weight cellulose, and are difficult to remove from the final product [55]. The processing
steps required for dissolution, gelation, and solvent removal for cellulose cryogel formation
are very slow and can take several days [56]. However, one advantage of the insolubility
of cellulose in water and typical organic liquids is that, with proper reinforcement, the
structure of lightweight cellulose materials can be retained when they are immersed in
most liquids [57].

Interest in porous biomedical materials continues to grow, as evidenced by the number
of publications each year [2,58–60]. Cellulose is a promising raw material for the production
of cryogels.

3. Advantages of Freeze-Drying and Factors Affecting the Structure and Properties
of Cryogels

Freeze-drying allows the preservation of the micro- and nanostructure of the material
and the generation of a large specific surface area (up to 300 m2/g) in the dried state [14,61].
One advantage of freeze-drying is that it has no requirement for the use of flammable
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liquids (e.g., ethanol/acetone that are required for supercritical drying, which also allows
preservation of the nanostructure of the material); another is that the structure of the result-
ing material corresponds to the structure of the frozen dispersion [62]. Ice crystals formed
during the freezing of the dispersion change the distribution of particles, and subsequent
drying creates pores where the ice crystals had formed [63]. The morphology of the materi-
als obtained by freeze-drying can vary from random networks to lamellar solid structures.
These different types of network structures can produce equally lightweight materials;
therefore, they can be easily designed and produced with environmental friendliness and
safety in mind.

The final properties of a cryogel, including its biocompatibility, mechanical, and
thermal properties, and degradability, depend on many factors (Figure 3).
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The chemical composition of the cryogel is probably the most important factor, since
it determines the biocompatibility and degradability of the cryogel and, to some extent,
affects the mechanical and thermal properties of the cryogel. The porosity and degree of
crosslinking mainly affect the mechanical properties, while crosslinking itself affects the
biocompatibility and degradability of the cryogel [2]. The pore size, wall thickness, and
density affect the properties of cryogels [64], as thicker and higher-density walls improve
their mechanical properties. The thickness and density, in turn, depend on the concentration
of the polymer and the type of crosslinking in the cryogel.

The production processes used to form the cryogels also affect their structure. For
example, an increase in the freezing rate or a decrease in the cryogelation temperature
decreases the cryogel pore size because the solvent freezes at a higher rate, allowing for the
growth of only a small number of ice crystals [65,66]. Further, a temperature gradient occurs
during cryogelation, which leads to a non-uniform pore size distribution [67]. Initially, the
external part of the sample is exposed to a low temperature, which leads to an increase
in the freezing rate and a smaller pore size than that subsequently formed in the internal
cryogel material. However, this heterogeneous pore size distribution is not an obstacle
to the use of cryogels in tissue engineering, since many tissues of the human body also
have heterogeneous morphology [68]. Cryostructuring, including directional freezing of
cryogels, has been used to achieve varying degrees of porosity (45–75%, pore size 70–85 nm)
or to equalize the porosity or anisotropy within cryogels [60].

The mechanical properties of cryogels are commonly evaluated using compression
testing [3]. Reducing the pore size of cryogels has been reported to increase compressive
strength [69], whereas increasing porosity increases the compressive deformation of the
cryogel [70]. For one type of cryogel (injection cryogels), low compression deformation is
undesirable; their ideal porosity is 91% [67].
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Cryogels used in biomedical applications may require that the material eventually
degrade within the body, but cryogels still need to perform their functions before this
degradation occurs. Therefore, knowledge of the changes in the mechanical properties
of cryogels throughout their degradation would be useful [71]. The thickness of the
cryogel walls is assumed to decrease during enzymatic degradation, and in some cases,
the walls are destroyed. Whether this process occurs for cryogels degraded by other
mechanisms (e.g., by cleavage of disulfides [72] or chemical hydrolysis [59]) is unclear. The
degradation of cryogels leads to an increase in pore size, possibly due to thinning of the
pore walls and a decrease in crosslinking [73]. The mechanical properties of degraded
cryogels are largely overlooked in the current literature, despite their importance for
applications such as scaffold materials [71]. Due to their non-biodegradability in the
human body, the main application areas of cellulose materials are bone tissue regeneration
(bone implants) [15,66,67] and the production of wound dressings [18].

The following sections provide a more detailed description of some of the variables
that affect the structure and properties of cryogels: the type and degree of crosslinking,
the concentration and molecular weight of the polymer, the parameters of gelation and
cryoconcentration, and the effects of capillary forces, temperature, and freezing rate.

3.1. Type and Degree of Crosslinking

Crosslinking can provide better mechanical performance and integrity for cellulose
cryogels. The type of crosslinking affects the rigidity and degree of swelling, which in turn
affects the elastic and mechanical properties and pore size of the cryogel. Methods for
cryogel formation include chemical crosslinking and physical gel formation using natural
or synthetic polymers [65]. Chemical crosslinking occurs during the storage of the polymer
solution at a given temperature, whereas physical crosslinking occurs during the thawing
step, where faster thawing results in weaker gels [6]. Physical crosslinking generates
cryogels with pore sizes of less than 10 µm [74–77], whereas chemical crosslinking allows
for cryogels with large pore sizes of 80–200 µm [28,68,72]. One hypothesis to explain the
difference in structure formation during physical and chemical gelation of cellulose is that,
during physical gelation, the chains self-associate to form a heterogeneous network with
“thick” walls and pores of different sizes. By contrast, during chemical gelation, chemical
bonds act as separators between the chains, thereby breaking their self-association and
preventing packaging. The result is a more uniform chemical network with higher swelling
and transparency when wet and lower density when dry [33].

The degree of crosslinking (i.e., the ratio of monomer to crosslinking agent) in a chem-
ically crosslinked cryogel affects its mechanical properties. Chemical crosslinking can
provide good mechanical properties; however, the compounds used as crosslinkers are
often toxic, difficult to remove, and not biocompatible [78]. The effect of the amount of the
crosslinking agent on the mechanical properties of cellulose cryogels is debatable, as some
data show an increase in the compressive modulus with an increase in the crosslinking
agent concentration [79], whereas other studies indicate an increase in the storage modulus
for cellulose cryogels from 45 to 675 Pa with a decrease in the crosslinking agent concentra-
tion [80]. An increase in the crosslinking agent concentration (epichlorohydrin) also results
in the formation of an inhomogeneous structure of the cellulose cryogel, whereas dense
areas are observed when the pore size is 200 µm [33].

The degree of crosslinking in physically crosslinked cryogels is controlled by chang-
ing the number of freeze-thaw cycles [2]. Physical crosslinking does not use any organic
solvents or toxic crosslinking agents, thereby eliminating any danger of residues in the
final material and making this method very promising for biomedical applications [78].
Physical crosslinking is also easier, and this translates into cost savings. The problem
with physical methods is obtaining satisfactory properties without any chemical modifica-
tion while maintaining biocompatibility, biodegradability, and bioactivity [78]. However,
according to some data, compared to their chemically crosslinked counterparts, physi-
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cally crosslinked cryogels demonstrate greater mechanical strength [81] and crystallinity
(cellulose cryogels) [33].

3.2. Concentration and Molecular Weight of the Polymer

A minimum (critical) concentration of cellulose is required to retain the integrity
(shape) of the produced cryogel (i.e., to retain the integrity of the network after removing
the liquid phase) [22,77,78]. This critical concentration is probably related to percolation
within the precursor network [82,83], where overlap or interaction between cellulose chains
results in the formation of an autonomous network [34]. At a concentration below the
critical value, the network is unstable, and shrinkage increases with decreasing cellulose
concentration [83]. A cellulose concentration of more than 3% in solution is required to
obtain cryogels, as studies have shown that cryogels do not form at concentrations of
less than 3% [28,54]. The critical concentration of the polymer also affects the mechanical
properties of the produced cryogels [84].

Solutions with high polymer concentrations produce cryogels with small average pore
sizes. This is due to an increase in the availability of crosslinked groups and a decrease
in the availability of free water. As with conventional hydrogel formation, increasing
the polymer content increases the rigidity of the cryogels. An increase in the polymer
concentration also leads to a decrease in porosity and swelling of the cryogel [54,85], while
decreasing the degradation rate [85].

The molecular weight of the polymer affects the structure of the cryogel. The use
of polymer solutions with a lower molecular weight at the same mass concentration in a
gel solution leads to the formation of larger pores compared to the use of gel solutions of
polymers with a higher molecular weight [24,54,83]. Higher molecular weight polymer
solutions will generate smaller pores due to the relatively smaller volume of free water that
can form ice crystals in the solution. Similar observations were recorded when producing
cryogels based on cellulose with various degrees of polymerization [21] compared to the
concentrations of other polymers (gelatin) in a gel solution [86,87].

An increase in the degree of cellulose polymerization leads to an increase in the undis-
solved fraction in the solution, which reduces the content of dissolved cellulose in the matrix
solution. This leads to the formation of voids in the dry matter [20]. Thus, the incomplete
dissolution of cellulose with a high degree of polymerization and an increase in material
heterogeneity will worsen the mechanical properties of the final cellulose composites.

3.3. Gelation and Cryoconcentration Parameters

The temperature and dissolution time (gelation) of the polymer affect the cryogel
structure and properties. These parameters are typically set to values that provide the best
structure and properties for each cryogel. For example, the optimal dissolution time is
24 h at room temperature for microcrystalline cellulose [54] and 16 h at room temperature
for chitin [88]. An optimum temperature also exists for gelation and cryogelation for
maximization of the pore size [89]. The effect of the gelation and crystallization rate of the
solution on the physical properties of cryogels therefore becomes important.

To obtain a macroporous structure of cryogel by cryogelation, the gel solution must
first partially crystallize to form solidified solvent crystals (pore-forming agents). This can
be complicated by the action of hydrogel components that lower the freezing point of the
solution (the “freezing point lowering effect”) and by the effects of supercooling. To obtain
a homogeneous macroporous hydrogel, the crosslinking rate of the polymer must be lower
than the crystallization rate of the solvent [90]. If crosslinking occurs faster than the solvent
can crystallize, a non-macroporous gel will form. Conversely, larger pores can be formed by
reducing the crosslinking rate (the formation and growth of crystal pore-forming agents).
The inhibitory effect of supercooling during solvent crystallization can be overcome by
increasing the cooling rate. This increase leads to the formation of smaller [91] or even
irregular pores [92], depending on the extent of the increase in the cooling rate.
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The cryoconcentration of components in the liquid phase also affects the process
of cryogel formation. For example, cryoconcentration lowers the critical concentration
required for gelation, thereby allowing gel solutions with low monomer content that would
not normally set at room temperature to set under cryo-conditions. Cryoconcentration can
also speed up the gelation process [6]. The effect of cryoconcentration on the mechanical
properties of the cryogel is of interest, given that the compaction of the polymer in the pore
walls significantly increases local mechanical properties, such as elasticity.

3.4. Capillary Forces

The capillary forces between the particles of a porous material affect its density. A
decrease in capillary forces decreases the density of the material, resulting in lighter ma-
terials [93]. Freeze-drying avoids capillary forces; for example, freezing at −18 ◦C and
subsequent freeze-drying produced the lightest cellulose material (density 0.0002 g/cm3)
from a 0.1% cellulose nanofibril hydrogel [94]. The cooling rate is lower for this type of
freezing (−18 ◦C) than when liquid nitrogen is used for freezing. This promotes the growth
of ice crystals and produces a material of lower density [83,94].

3.5. Freezing Parameters

The freezing temperature affects the cryogel morphology and can result in the for-
mation of a lamellar structure and highly porous gels with preserved micro- and nanos-
tructure [61]. Smaller pores can be formed by lowering the temperature [95]. At lower
temperatures, the solvent crystallizes more rapidly, resulting in the formation of smaller
solvent crystals (pore-forming agents). However, due to the increased crystallization of the
solvent, the liquid microphase becomes more concentrated, which leads to the formation
of thinner and denser pore walls. A 15 ◦C decrease in the freezing point has been shown
to cause a decrease in the pore diameter of polyacrylamide cryogels by an average of
30 µm [96]. By contrast, the pore sizes of cryogels based on polyvinyl alcohol, laminin, or
gelatin crosslinked with glutaraldehyde were unaffected by the freezing point [65]. Freez-
ing at −20 ◦C resulted in the formation of lamellar structures with few pores. A decrease in
the pre-freezing temperature to −80 ◦C and −196 ◦C led to the appearance of more porous
structures. In general, a lower pre-freezing temperature produces a more porous and less
agglomerated cryogel structure [95].

Rapid cooling of the dispersion is effective for producing numerous and small ice crys-
tals and leads to the formation of small pores (hence, a high specific surface area) [83,97].
The effects of temperature and freezing rate have been demonstrated on cellulose cryo-
gels [98] cooled at −68 ◦C and −40 ◦C. Smaller pore sizes were obtained at the lower
temperature (−68 ◦C) due to the higher cooling rate. Cryogels with the highest specific
surface area of 201 m2/g (i.e., the smallest pore size) were obtained at −196 ◦C [98]. The
opposite approach (a low cooling rate) is used to increase the lightness of the cryogel [98].
Optimum freezing conditions can be determined by the initial crystallization temperature
of the solvent and the freezing point for each polymer solution [99].

The structure of the cryogel will also be influenced by the type of cellulose solvent and
the inclusion of various fillers or additives. Cryogel scaffolds often have more than one
component and can consist of mixtures of two or more polymers or composites. Composite
cryogels can be produced using both polymers and additives (nanoparticles and fibers)
to obtain a material with improved physical, chemical, and biological properties. These
cryogels can combine the beneficial properties of each component [59]. For example, cryo-
gels of carrageenan/cellulose nanofibrils as carriers of antimicrobial α-aminophosphonate
derivatives were produced by crosslinking with glyoxal. Cellulose nanofibrils significantly
strengthened the composite material, improving its mechanical properties. Scaffolds of this
material have been proposed for use as antimicrobial wound-healing materials and have
been shown to be effective against Staphylococcus aureus infection [100].

Composite nanocellulose/gelatin cryogels with controlled porosity and network struc-
ture and good biocompatibility were obtained by chemical crosslinking of dialdehyde
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starch and subsequently used as carriers for the controlled release of 5-fluorouracil [101].
An increase in nanocellulose content (from 0.5 to 5 parts relative to gelatin) increased the
specific surface area and porosity of the composite cryogel. The swelling coefficients first
increased and then decreased with an increase in the nanocellulose content. Increasing the
nanocellulose content resulted in improved drug loading and crosslinking rates.

The next section provides information on a variety of cellulose cryogels and cellulose-
based composite cryogels produced using different solvents. The quality characteristics of
the produced cryogels and their applications for biomedical purposes are presented.

4. Cellulose-Based Cryogels and Their Applications in Biomedicine

Cellulose cryogels, as a new generation of porous materials, are of great interest in
tissue engineering, as they offer new solutions and improve existing systems and proce-
dures [3]. In addition to their high porosity and mechanical strength, cellulose cryogels
can be modified to enhance the attachment of certain other materials (e.g., extracellular
matrix proteins, cultured cells, or chemicals) that can promote cell immobilization and
growth [102,103] on cryogel scaffolds. Table 2 provides data on cellulose-based cryogels
obtained by freeze-drying using various solvents and includes the main characteristics of
the cryogels and the possible directions of their biomedical applications (Table 2).

Table 2. Cellulose cryogels for biomedical applications.

Polymer Production Characteristics Application Reference

MCC
Calcium thiocyanate

tetrahydrate and water
(117 ◦C)

Porosity 94.3%
Density 84.1 kg/m3

Surface area 23 m2/g
E 13.27 ± 1.5 a

New filter types, various
biomedical applications. [31]

MCC
8 wt% NaOH-water
(cross-linking with
epichlorohydrin)

Pore size up to 200 µm
Density 0.04–0.121 g/cm3

Drug release, materials
with controlled

morphology and porosity.
[33]

MCC/pectin
1-Allyl-3-

methylimidazolium
chloride

Dense network structure

Hemostatic material (had
no effect on cell

proliferation but offered
favorable properties in

liver hemostasis).

[104]

HEC Cryogenic treatment with
citric acid, freeze-drying

Interconnected pores
100–180 µm

Matrices for immobilized
enzymes and cells, readily

degraded in acidic
conditions

[105]

HEC/polyaniline Stirred at 40 ◦C in water for
20 min, sonicated

tissue engineering
scaffolds, high survival

and proliferation in electric
field, good adhesion,

spreading, and
rearrangement onto

materials.

[106]

CMC

Dissolved in deionized
water and crosslinking

with adipic acid
dihydrazide and a small

excess of the carbodiimide
at −20 ◦C.

E 4.2 ± 1.4 MPa

Neural tissue engineering,
cell delivery (restoration of

brain tissue through
delivery to the neural

network).

[16]
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Table 2. Cont.

Polymer Production Characteristics Application Reference

CMC/Col

Mixing two streams: CMC
solution (2%) in deionized

water with adipic acid
dihydrazide, buffer

solution and solution N-(3-
dimethylaminopopyl)-N′-

ethylcarbodiimide
chloridate (EDC, in

deionized water). The
resulting cryogels were
soaked in the collagen

solution, and then soaked
in the EDC solution to fix

the collagen.

Porosity > 90%
Uniform density

Tissue engineering,
spreading and proliferation

of NOR-10 fibroblasts.
[107]

CMC/Col
CMC/Col/TCP

Mixing two solutions
(1:2)-CMC solution

(distilled water), Col
solution (acetic acid).

TCP was added to the final
solution.

Average lamellar spaces
204 ± 95 µm (Col/CMC)

and 195 ± 21 µm
(Col/CMC/TCP)

E 309 ± 18 kPa (Col/CMC)
and 481 ± 27 kPa
(Col/CMC/TCP)

Regeneration of hard
tissues, non-toxic and

compatible with blood.
[108]

CMC/PVA/honey

Solvent water, each layer
was applied alternately

with preliminary freezing
of the previous.

Wound healing, showed
activity against S. aureus

compared to their
counterparts without

honey.

[109]

CNF
(bleached softwood

kraft pulp)

Mechanical defibrillation in
deionized water, sonication

to obtain the nanofibril
aqueous gel, which then
sprayed and atomized at
40 MPa, frozen in liquid

nitrogen and freeze-dried.

Density 0.0018 g/cm3

Surface area 389 m2/g

Tissue engineering,
evaluated using 3T3 NIH

cells.
[110]

CNF
(bleached birch Kraft

Pulp)

Solvent-TEMPO, sodium
bromide, NaOH.

TEMPO-oxidized cellulose
fibers (NaClO) were

precipitated in ethanol.
CNF hydrogels were

obtained from the CNF
films followed by solvent
exchange from ethanol to

tertbutanol, frozen in
liquid nitrogen, and

freeze-dried.

Porosity 88.0–99.7%
Pore size 10–200 µm

Density 0.004–0.180 g/cm3

Surface area 158–308 m2/g
E 28–104.4 kPa

Tissue engineering,
evaluated using HeLa and

Jurkat cells.
[111]

CNF
(cellulose powder)

CNF powder in deionized
water dispersed by

sonication, crosslinked
with glyoxal solutions,

frozen in liquid nitrogen,
freeze-dried.

For CNF cryogel
35 ± 9 µm, for crosslinked

cryogel 60 ± 20 µm
0.003–0.11 g/cm3 for CNF

cryogel,
0.003–0.09 g/cm3 for
crosslinked cryogel

Up to 1 m2/g
0.1 MPa for CNF cryogel,

50.8 ± 8 MPa for
crosslinked cryogel

Bone tissue engineering,
assayed in vitro with

MG-63 cells.
[15]
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Table 2. Cont.

Polymer Production Characteristics Application Reference

CNF/Col
(wood powder of

60–80 meshes)

NCFs were sonicated,
oxidized by NaIO4. The
dialdehyde NCFs were
mixed with collagen 1:1,
frozen and freeze-dried.

Porosity 90–95%
Density 0.02–0.03 g/cm3

Tissue engineering,
supported fibroblast

proliferation.
[18]

CNF/gelatin/chitosan
(high-purity

softwood cellulose)

Crosslinking in situ with
genipin, frozen and

freeze-dried.

Porosity 95%
Pore size 75–200 µm

Density 0.06–0.09 g/cm3

E 1–3 MPa

Cartilage tissue
engineering (ASC and L929

cells)
[17]

CNF/ bioactive glass Cellulose nanofibrils (CNF)
are introduced.

High porosity
Pore size 96–168 µm

E 24 ± 1 kPa

Bone tissue engineering
(MC3T3-E1 cells and

calvarial bone defect in rats
in vivo)

[112]

CNF/PVA
(commercial CNF)

Crosslinking with
polyamide-

epichlorohydrin, frozen in
liquid nitrogen,

freeze-dried.

Porosity 88.5–95.3%Pore
size 90 and 20 µm

Density 0.006–0.05 g/cm3

Compressive strength
5–220 kPa

E 0.04–8.3 kPa

Skin tissue engineering,
supported fibroblast cells. [113]

CNF)/
NIPAm

(commercial bleached
softwood kraft pulp)

Crosslinked and sonicated,
frozen in liquid nitrogen,

freeze-dried.
Density 0.01–0.14 g/m3 Drug release. [114]

Cellulose (wood dust
from the plywood

sanding)

Nanocellulose suspension
from alkaline treated wood

waste powders was
redispersed in deionized

water, frozen and
freeze-dried.

Porosity 97.8–99.8%
Pore diameter 3.7–8.3 nm
Density 0.004–0.036 g/m3

Surface area 419–457 m2/g,
E 7–165 kPa,

Thermal performance
34–44 mW/m·K

Biomedicine, pollution
filtering, thermal

insulation.
[77]

MCC—microcrystalline cellulose, ECH—epichlorohydrin, HEC—hydroxyethylcellulose, CMC—carboxymethyl
cellulose, ECM—extracellular matrix, EDC—N-(3-dimethylaminopopyl)-N′-ethylcarbodiimide chloridate,
Col—collagen, TCP—tricalcium phosphate, TEMPO—2,2,6,6-tetramethylpiperidin-1-yl oxyl, PVA—polyvinyl
alcohol, CNF—cellulose nanofibril, NIPAm—N-isopropylacrylamide.

The use of various solvents and cellulose dissolution techniques has produced cryogels
with suitable properties, morphology, and mechanics for biomedical applications. Further,
cellulose-based cryogels have shown good sorption properties; for example, keratin/cellulose
cryogels have been successfully fabricated for the adsorption of oil/solvent [115]. Highly
porous (more than 90%) and ultra-light (density less than 0.035 g/cm3) cellulose/biochar
cryogels have also shown high sorption capacities. The addition of 5% biochar to a cellu-
lose cryogel yielded the highest sorption capacity, at 73 g/g of petroleum [116]. Cryogels
formed from hydroxypropyl methylcellulose (HPMC) and bacterial cellulose nanocrys-
tals (CNC) have shown good adsorption of organic pollutants [117]. Shapable cellulose
nanofiber/alginate cryogels with underwater super-elasticity have been used for protein pu-
rification [118]. Highly porous (94.7–97.1%) light (density 0.016–0.028 g/cm3) hydrophobic
cellulose cryogels (unbleached long fiber of Pinus elliottii) have shown a high homogeneous
sorption capacity (65.18 g/g) and heterogeneous sorption capacity (68.42 g/g) (solvent
organosilane methyltrimethoxysilane) [119]. Thus, cellulose cryogels can be produced with
different microstructures and properties, and varying the conditions of cellulose dissolu-
tion and the parameters for producing cryogels can result in cryogels with many different
desirable qualities.

5. Conclusions

Due to the advantages of the freeze-drying method, interest is growing in the produc-
tion of polysaccharide-based porous materials by cryogelation. The use of natural polymers
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for the production of cryogels, in contrast to synthetic polymers, makes it possible to create
biocompatible medical materials (scaffolds) with a minimal immune response. Cellulose,
due to its availability, renewability, non-toxicity, and biocompatibility, is a promising raw
material for producing cryogels for biomedical applications. The production of cellulose
cryogels by freeze-drying is a promising and steadily developing direction in tissue en-
gineering. Cellulose cryogels have unique properties imparted by their interconnected
super-macroporous structure and mechanical stability that make them attractive materials
for a variety of applications. Much research has focused on the development of cellulose
cryogels for tissue engineering. The results show that cellulose cryogels are promising tools
and are applicable as scaffolds for various tissue types.

Physical and chemical parameters affect the formation of cryogels, such as the origin
of the cellulose, dissolution parameters, type of solvent, temperature, freezing rate, and
the inclusion of various fillers. Varying the parameters of cellulose dissolution, production
technology, and freezing can change the properties of the cryogels and set the desired final
characteristics of the product. Due to its complex supramolecular structure, cellulose is
difficult to dissolve. Thus, an important task remains the selection of a cellulose solvent
that can be easily removed from the final product prior to its use for biomedical purposes.
The production of composite cryogels is promising for imparting additional properties to
the cryogel (changes in morphology and mechanical properties). An important direction
for research in the field of cryogels is the preservation of the properties of cryogels during
their use. Cellulose cryogels have huge potential in the repair and regeneration of various
tissue types, including cartilage tissue, bone tissue, and nerves, in wound healing, and in
the delivery of controlled release drugs.

Author Contributions: Conceptualization, I.V.T. and Y.A.S.; writing—original draft preparation,
I.V.T. and D.N.P.; writing—review and editing, Y.A.S.; funding acquisition, I.V.T. All authors have
read and agreed to the published version of the manuscript.

Funding: I.V.T. was funded by the Russian Foundation for Basic Research (project 19-33-60014).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Bakhshpour, M.; Idil, N.; Perçin, I.; Denizli, A. Biomedical applications of polymeric cryogels. Appl. Sci. 2019, 9, 553. [CrossRef]
2. Jones, L.O.; Williams, L.; Boam, T.; Kalmet, M.; Oguike, C.; Hatton, F.L. Cryogels: Recent applications in 3D-bioprinting, injectable

cryogels, drug delivery, and wound healing. Beilstein J. Org. Chem. 2021, 17, 2553–2569. [CrossRef] [PubMed]
3. Hixon, K.R.; Lu, T.; Sell, S.A. A comprehensive review of cryogels and their roles in tissue engineering applications. Acta

Biomaterialia 2017, 62, 29–41. [CrossRef] [PubMed]
4. Arvidsson, P.; Plieva, F.M.; Lozinsky, V.I.; Galaev, I.Y.; Mattiasson, B. Direct chromatographic capture of enzyme from crude

homogenate using immobilized metal affinity chromatography on a continuous supermacroporous adsorbent. J. Chromatogr. A
2003, 986, 275–290. [CrossRef]

5. Liu, P.; Chen, W.; Bai, S.; Wang, Q.; Duan, W. Facile preparation of poly (vinyl alcohol)/graphene oxide nanocomposites and their
foaming behavior in supercritical carbon dioxide. Compos. Part A Appl. Sci. Manuf. 2018, 107, 675–684. [CrossRef]

6. Lozinsky, V.I.; Plieva, F.M.; Galaev, I.Y.; Mattiasson, B. The potential of polymeric cryogels in bioseparation. Bioseparation 2001,
10, 163–188. [CrossRef]

7. Kemençe, N.; Bölgen, N. Gelatin-and hydroxyapatite-based cryogels for bone tissue engineering: Synthesis, characterization,
in vitro and in vivo biocompatibility. J. Tissue Eng. Regen. Med. 2017, 11, 20–33. [CrossRef]

8. Zhao, S.; Malfait, W.J.; Guerrero-Alburquerque, N.; Koebel, M.M.; Nyström, G. Biopolymer aerogels and foams: Chemistry,
properties, and applications. Angew. Chem. Int. Ed. 2018, 57, 7580–7608. [CrossRef]

9. Surya, I.; Olaiya, N.; Rizal, S.; Zein, I.; Sri Aprilia, N.; Hasan, M.; Yahya, E.B.; Sadasivuni, K.; Abdul Khalil, H. Plasticizer
enhancement on the miscibility and thermomechanical properties of polylactic acid-chitin-starch composites. Polymers 2020,
12, 115. [CrossRef]

17



Int. J. Mol. Sci. 2022, 23, 2037

10. Klemm, D.; Heublein, B.; Fink, H.P.; Bohn, A. Cellulose: Fascinating biopolymer and sustainable raw material. Angew. Chem. Int.
Ed. 2005, 44, 3358–3393. [CrossRef]

11. Bajpai, S.; Swarnkar, M. New semi-ipn hydrogels based on cellulose for biomedical application. J. Polym. 2014, 2014, 376754.
[CrossRef]

12. Ferreira, E.S.; Rezende, C.A.; Cranston, E.D. Fundamentals of cellulose lightweight materials: Bio-based assemblies with tailored
properties. Green Chem. 2021, 23, 3542–3568. [CrossRef]

13. Jorfi, M.; Foster, E.J. Recent advances in nanocellulose for biomedical applications. J. Appl. Polym. Sci. 2015, 132, 14. [CrossRef]
14. Nemoto, J.; Saito, T.; Isogai, A. Simple freeze-drying procedure for producing nanocellulose aerogel-containing, high-performance

air filters. ACS Appl. Mater. Interfaces 2015, 7, 19809–19815. [CrossRef]
15. Courtenay, J.C.; Filgueiras, J.G.; Deazevedo, E.R.; Jin, Y.; Edler, K.J.; Sharma, R.I.; Scott, J.L. Mechanically robust cationic cellulose

nanofibril 3D scaffolds with tuneable biomimetic porosity for cell culture. J. Mater. Chem. B 2019, 7, 53–64. [CrossRef]
16. Béduer, A.; Braschler, T.; Peric, O.; Fantner, G.E.; Mosser, S.; Fraering, P.C.; Benchérif, S.; Mooney, D.J.; Renaud, P. A compressible

scaffold for minimally invasive delivery of large intact neuronal networks. Adv. Healthc. Mater. 2015, 4, 301–312. [CrossRef]
17. Naseri, N.; Poirier, J.-M.; Girandon, L.; Fröhlich, M.; Oksman, K.; Mathew, A.P. 3-dimensional porous nanocomposite scaffolds

based on cellulose nanofibers for cartilage tissue engineering: Tailoring of porosity and mechanical performance. Rsc Adv. 2016,
6, 5999–6007. [CrossRef]

18. Lu, T.; Li, Q.; Chen, W.; Yu, H. Composite aerogels based on dialdehyde nanocellulose and collagen for potential applications as
wound dressing and tissue engineering scaffold. Compos. Sci. Technol. 2014, 94, 132–138. [CrossRef]

19. Hickey, R.J.; Pelling, A.E. Cellulose biomaterials for tissue engineering. Front. Bioeng. Biotechnol. 2019, 7, 45. [CrossRef]
20. Korhonen, O.; Budtova, T. All-cellulose composite aerogels and cryogels. Compos. Part A Appl. Sci. Manuf. 2020, 137, 106027.

[CrossRef]
21. Buchtová, N.; Pradille, C.; Bouvard, J.-L.; Budtova, T. Mechanical properties of cellulose aerogels and cryogels. Soft Matter 2019,

15, 7901–7908. [CrossRef] [PubMed]
22. Baimenov, A.; Berillo, D.A.; Poulopoulos, S.G.; Inglezakis, V.J. A review of cryogels synthesis, characterization and applications

on the removal of heavy metals from aqueous solutions. Adv. Colloid Interface Sci. 2020, 276, 102088. [CrossRef] [PubMed]
23. Eggermont, L.J.; Rogers, Z.J.; Colombani, T.; Memic, A.; Bencherif, S.A. Injectable cryogels for biomedical applications. Trends

Biotechnol. 2020, 38, 418–431. [CrossRef] [PubMed]
24. Memic, A.; Colombani, T.; Eggermont, L.J.; Rezaeeyazdi, M.; Steingold, J.; Rogers, Z.J.; Navare, K.J.; Mohammed, H.S.;

Bencherif, S.A. Latest advances in cryogel technology for biomedical applications. Adv. Ther. 2019, 2, 1800114. [CrossRef]
25. Ferreira, F.V.; Otoni, C.G.; Kevin, J.; Barud, H.S.; Lona, L.M.; Cranston, E.D.; Rojas, O.J. Porous nanocellulose gels and foams:

Breakthrough status in the development of scaffolds for tissue engineering. Mater. Today 2020, 37, 126–141. [CrossRef]
26. Trygg, J.; Fardim, P.; Gericke, M.; Mäkilä, E.; Salonen, J. Physicochemical design of the morphology and ultrastructure of cellulose

beads. Carbohydr. Polym. 2013, 93, 291–299. [CrossRef]
27. Pääkkö, M.; Vapaavuori, J.; Silvennoinen, R.; Kosonen, H.; Ankerfors, M.; Lindström, T.; Berglund, L.A.; Ikkala, O. Long and

entangled native cellulose i nanofibers allow flexible aerogels and hierarchically porous templates for functionalities. Soft Matter
2008, 4, 2492–2499. [CrossRef]

28. Buchtova, N.; Budtova, T. Cellulose aero-, cryo-and xerogels: Towards understanding of morphology control. Cellulose 2016,
23, 2585–2595. [CrossRef]

29. Saylan, Y.; Denizli, A. Supermacroporous composite cryogels in biomedical applications. Gels 2019, 5, 20. [CrossRef]
30. Dong, H.; Xie, Y.; Zeng, G.; Tang, L.; Liang, J.; He, Q.; Zhao, F.; Zeng, Y.; Wu, Y. The dual effects of carboxymethyl cellulose on the

colloidal stability and toxicity of nanoscale zero-valent iron. Chemosphere 2016, 144, 1682–1689. [CrossRef]
31. Ganesan, K.; Dennstedt, A.; Barowski, A.; Ratke, L. Design of aerogels, cryogels and xerogels of cellulose with hierarchical porous

structures. Mater. Des. 2016, 92, 345–355. [CrossRef]
32. García-González, C.; Alnaief, M.; Smirnova, I. Polysaccharide-based aerogels—Promising biodegradable carriers for drug delivery

systems. Carbohydr. Polym. 2011, 86, 1425–1438. [CrossRef]
33. Ciolacu, D.; Rudaz, C.; Vasilescu, M.; Budtova, T. Physically and chemically cross-linked cellulose cryogels: Structure, properties

and application for controlled release. Carbohydr. Polym. 2016, 151, 392–400. [CrossRef] [PubMed]
34. Budtova, T. Cellulose ii aerogels: A review. Cellulose 2019, 26, 81–121. [CrossRef]
35. Abdul Khalil, H.; Adnan, A.; Yahya, E.B.; Olaiya, N.; Safrida, S.; Hossain, M.; Balakrishnan, V.; Gopakumar, D.A.; Abdullah, C.;

Oyekanmi, A. A review on plant cellulose nanofibre-based aerogels for biomedical applications. Polymers 2020, 12, 1759.
[CrossRef]

36. Klemm, D.; Philpp, B.; Heinze, T.; Heinze, U.; Wagenknecht, W. Comprehensive Cellulose Chemistry: Fundamentals and Analytical
Methods; Wiley-VCH Verlag GmbH: Weinheim, Germany, 1998; Volume 1.

37. Koyama, M.; Helbert, W.; Imai, T.; Sugiyama, J.; Henrissat, B. Parallel-up structure evidences the molecular directionality during
biosynthesis of bacterial cellulose. Proc. Natl. Acad. Sci. USA 1997, 94, 9091–9095. [CrossRef]

38. Hayashi, J.; Sufoka, A.; Ohkita, J.; Watanabe, S. The confirmation of existences of cellulose iiii, iiiii, ivi, and ivii by the X-ray
method. J. Polym. Sci. Polym. Lett. Ed. 1975, 13, 23–27. [CrossRef]

39. Gardiner, E.S.; Sarko, A. Packing analysis of carbohydrates and polysaccharides. 16. The crystal structures of celluloses ivi and
ivii. Can. J. Chem. 1985, 63, 173–180. [CrossRef]

18



Int. J. Mol. Sci. 2022, 23, 2037

40. Atalla, R.H.; Vanderhart, D.L. Native cellulose: A composite of two distinct crystalline forms. Science 1984, 223, 283–285.
[CrossRef]

41. Nisizawa, K. Mode of action of cellulases. J. Ferment. Technol. 1973, 51, 267–304.
42. Budtova, T.; Navard, P. Cellulose in naoh–water based solvents: A review. Cellulose 2016, 23, 5–55. [CrossRef]
43. Roy, C.; Budtova, T.; Navard, P. Rheological properties and gelation of aqueous cellulose−Naoh solutions. Biomacromolecules

2003, 4, 259–264. [CrossRef] [PubMed]
44. Heinze, T.; Koschella, A. Solvents applied in the field of cellulose chemistry: A mini review. Polímeros 2005, 15, 84–90. [CrossRef]
45. Henniges, U.; Schiehser, S.; Rosenau, T.; Potthast, A. Cellulose solubility: Dissolution and analysis of “problematic”cellulose

pulps in the solvent system DMAc/LiCl. ACS Symp. Ser. 2010, 1033, 165–177.
46. Rosenau, T.; Potthast, A.; Adorjan, I.; Hofinger, A.; Sixta, H.; Firgo, H.; Kosma, P. Cellulose solutions in n-methylmorpholine-n-

oxide (nmmo)–degradation processes and stabilizers. Cellulose 2002, 9, 283–291. [CrossRef]
47. Rosenau, T.; Potthast, A.; Sixta, H.; Kosma, P. The chemistry of side reactions and byproduct formation in the system

nmmo/cellulose (lyocell process). Prog. Polym. Sci. 2001, 26, 1763–1837. [CrossRef]
48. Rosenau, T.; French, A.D. N-methylmorpholine-n-oxide (nmmo): Hazards in practice and pitfalls in theory. Cellulose 2021,

28, 5985–5990. [CrossRef]
49. Cuissinat, C.; Navard, P. Swelling and dissolution of cellulose part 1: Free floating cotton and wood fibres in n-methylmorpholine-

n-oxide–water mixtures. Macromol. Symp. 2006, 244, 1–18. [CrossRef]
50. Hermanutz, F.; Gähr, F.; Uerdingen, E.; Meister, F.; Kosan, B. New developments in dissolving and processing of cellulose in ionic

liquids. Macromol. Symp. 2008, 262, 23–27. [CrossRef]
51. Wang, H.; Gurau, G.; Rogers, R.D. Ionic liquid processing of cellulose. Chem. Soc. Rev. 2012, 41, 1519–1537. [CrossRef]
52. Pircher, N.; Carbajal, L.; Schimper, C.; Bacher, M.; Rennhofer, H.; Nedelec, J.-M.; Lichtenegger, H.C.; Rosenau, T.; Liebner, F.

Impact of selected solvent systems on the pore and solid structure of cellulose aerogels. Cellulose 2016, 23, 1949–1966. [CrossRef]
[PubMed]

53. Zhang, J.; Wu, J.; Yu, J.; Zhang, X.; He, J.; Zhang, J. Application of ionic liquids for dissolving cellulose and fabricating
cellulose-based materials: State of the art and future trends. Mater. Chem. Front. 2017, 1, 1273–1290. [CrossRef]

54. Tyshkunova, I.V.; Chukhchin, D.G.; Gofman, I.V.; Poshina, D.N.; Skorik, Y.A. Cellulose cryogels prepared by regeneration from
phosphoric acid solutions. Cellulose 2021, 28, 4975–4989. [CrossRef]

55. Egal, M.; Budtova, T.; Navard, P. Structure of aqueous solutions of microcrystalline cellulose/sodium hydroxide below 0 c and
the limit of cellulose dissolution. Biomacromolecules 2007, 8, 2282–2287. [CrossRef]

56. Sehaqui, H.; Zhou, Q.; Berglund, L.A. High-porosity aerogels of high specific surface area prepared from nanofibrillated cellulose
(nfc). Compos. Sci. Technol. 2011, 71, 1593–1599. [CrossRef]

57. Medronho, B.; Romano, A.; Miguel, M.G.; Stigsson, L.; Lindman, B. Rationalizing cellulose (in) solubility: Reviewing basic
physicochemical aspects and role of hydrophobic interactions. Cellulose 2012, 19, 581–587. [CrossRef]

58. Yahya, E.B.; Alzalouk, M.M.; Alfallous, K.A.; Abogmaza, A.F. Antibacterial cellulose-based aerogels for wound healing application:
A review. Biomed. Res. Ther. 2020, 7, 4032–4040. [CrossRef]

59. Savina, I.N.; Zoughaib, M.; Yergeshov, A.A. Design and assessment of biodegradable macroporous cryogels as advanced tissue
engineering and drug carrying materials. Gels 2021, 7, 79. [CrossRef]

60. Shiekh, P.A.; Andrabi, S.M.; Singh, A.; Majumder, S.; Kumar, A. Designing cryogels through cryostructuring of polymeric matrices
for biomedical applications. Eur. Polym. J. 2021, 144, 110234. [CrossRef]

61. Beaumont, M.; König, J.; Opietnik, M.; Potthast, A.; Rosenau, T. Drying of a cellulose ii gel: Effect of physical modification and
redispersibility in water. Cellulose 2017, 24, 1199–1209. [CrossRef]

62. Haseley, P.; Oetjen, G.-W. Freeze-Drying, 3rd ed.; John Wiley & Sons: Newark, NJ, USA, 2017.
63. Sehaqui, H.; Salajková, M.; Zhou, Q.; Berglund, L.A. Mechanical performance tailoring of tough ultra-high porosity foams

prepared from cellulose i nanofiber suspensions. Soft Matter 2010, 6, 1824–1832. [CrossRef]
64. Plieva, F.M.; Karlsson, M.; Aguilar, M.-R.; Gomez, D.; Mikhalovsky, S.; Galaev, I.Y. Pore structure in supermacroporous

polyacrylamide based cryogels. Soft Matter 2005, 1, 303–309. [CrossRef] [PubMed]
65. Henderson, T.M.; Ladewig, K.; Haylock, D.N.; McLean, K.M.; O’Connor, A.J. Cryogels for biomedical applications. J. Mater. Chem.

B 2013, 1, 2682–2695. [CrossRef]
66. Okay, O. Polymeric Cryogels: Macroporous Gels with Remarkable Properties; Springer: Berlin/Heidelberg, Germany, 2014; Volume 263.
67. Koshy, S.T.; Ferrante, T.C.; Lewin, S.A.; Mooney, D.J. Injectable, porous, and cell-responsive gelatin cryogels. Biomaterials 2014,

35, 2477–2487. [CrossRef] [PubMed]
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Abstract: Hydrogels possess porous structures, which are widely applied in the field of materials
and biomedicine. As a natural oligosaccharide, cyclodextrin (CD) has shown remarkable application
prospects in the synthesis and utilization of hydrogels. CD can be incorporated into hydrogels to
form chemically or physically cross-linked networks. Furthermore, the unique cavity structure of
CD makes it an ideal vehicle for the delivery of active ingredients into target tissues. This review
describes useful methods to prepare CD-containing hydrogels. In addition, the potential biomedical
applications of CD-containing hydrogels are reviewed. The release and degradation process of
CD-containing hydrogels under different conditions are discussed. Finally, the current challenges
and future research directions on CD-containing hydrogels are presented.

Keywords: cyclodextrin; hydrogel; preparation; release; degradation

1. Introduction

Many studies in the material science field have explored diverse materials that could
improve drug delivery, thus ensuring effective treatment of various diseases [1,2]. In
the past few decades, numerous materials have been synthesized and applied in drug
delivery systems [3,4]. Particularly, several clinical trials have explored the development
of hydrogels and their potential applications [5]. The physical properties of hydrogels
are biocompatible to organisms. Therefore, they have become indispensable materials in
several biomedical applications [6]. Hydrophilic groups present in the hydrogel network
enable the hydrogel to interact with water molecules in the surrounding environment. As
a result, the hydrogel can absorb large amounts of water to maintain its structure and
viscoelasticity. The volume changes of hydrogels can be controlled by changing parameters
such as composite molecules and cross-linking density in different environments. Hydro-
gels are mainly synthesized in the water phase, therefore the introduction of cross-linking
points throughout the hydrogel network is important in preventing the hydrogel from
dissolving. According to the different cross-linking properties in the hydrogel network,
hydrogels are mainly divided into two categories, including physical and chemical cross-
linked hydrogels [7,8]. Physically cross-linked hydrogels are formed through physical
interactions between the polymers that form hydrogels. On the other hand, chemically
cross-linked hydrogels are formed by covalent bonds.

These properties enable the use of hydrogels as macromolecular platforms in drug de-
livery, wound healing dressings, and implant coatings [9–11]. Previous studies developed
controllable, localized drug release systems for hydrogel systems [12,13]. Commonly used
methods for drug loading include forming unstable chemical bonds to covalently bind drug
molecules to the hydrogel matrix or employing non-covalent methods to encapsulate drug
molecules into the hydrogel. Although the hydrogel can effectively control the release time
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when the drug is loaded through a covalent method, the synthesis process and the loading
amount of the drug are not satisfactory [14,15]. On the contrary, physically trapping drug
molecules into the hydrogel is simpler, and results in a hydrogel with a higher drug loading
capacity. Drugs are mainly loaded to hydrogels through hydrophobic, electrostatic, or
hydrogen bond interactions. However, most hydrogels are hydrophilic in nature, therefore,
loading some hydrophobic drugs is not effective. Bringing hydrophobic regions into the
hydrogel network can increase drug loading capacity and reduce the burst effect of the
drug at the initial stage of entering the body [16–18].

Cyclodextrin (CD) is a cyclic oligosaccharide consisting of glucopyranoside units
linked through α-1,4 glycosidic bonds obtained [19]. Structural analysis shows that CD is
characterized by external hydrophilicity and internal hydrophobicity. Due to its unique
cavity structure, hydrophobic molecules can be loaded to form an inclusion complex in
dynamic equilibrium [19]. Because of several hydroxyl groups existing in the external
structure, CD could form physically cross-linked hydrogel through intermolecular forces.
In addition, CD can be connected to form a chemically cross-linked hydrogel network
through covalent bonds. Several studies have explored these two different types of CD-
containing hydrogels [2,20].

Although CD-containing hydrogels are still in the basic research stage, they have
prominent advantages in different applications [21–26] and remarkable potential in biomed-
ical applications, thus improving human health (Table 1). This review is aimed to discuss
and summarize the development of CD-containing hydrogels in drug delivery. The traits
of hydrogels are classified and discussed based on the different preparation methods.
Furthermore, the potential applications of these hydrogels are summarized. In addition,
the release rate of drugs and degradation of hydrogels are explored. Further, we summa-
rize prospects for the future development of CD-containing hydrogels based on previous
research findings.

Table 1. Comparison of cyclodextrin-containing hydrogels with other types of hydrogels.

Material for
Forming
Hydrogel

Cyclodextrin Chitosan Cellulose Alginic Acid Gum Arabic Polyacryl
Amide

Polyvinyl
Alcohol

Source Starch Chitin Plant Alga Acacia trees Acrylonitrile Vinyl acetate

Connection
type

α-1,
4-glycosidic

bond

β-1,
4-glycosidic

bond

β-1,
4-glycosidic

bond

1, 4-glycosidic
bond - - -

Techniques

Radical poly-
merization;

Click reaction;
Nucleophilic

addition/
substitution

Photo- poly-
merization;

Thermal poly-
merization

Chemical
crosslinking;
Free-radical
polymeriza-

tion; Grafting;
Freeze-thaw

Enzymatically
crosslinking;

Chemical
crosslinking

Photo-induced
radical poly-
merization

Radiation-
induced Freeze-thaw

Kinds of drug
delivery

Hydrophobic
drug

Small
molecules;
peptides;
proteins

Small
molecules;
peptides;
proteins

Traditional
low-molecular-
weight drugs

and macro-
molecules

Small
molecules;
proteins

Small
molecules;
peptides;
proteins

Small
molecules;
peptides;
proteins

Clinic trial Yes Yes Yes Yes No Yes Yes

Ref. [27–29] [30,31] [32,33] [34,35] [36] [37,38] [39]

2. Preparation Methods of CD-Containing Hydrogels

Studies on the use of the unique cavity of CD to encapsulate and deliver drugs are
ongoing [40–42]. CD hydrogels can be divided into two groups including physically
crosslinked hydrogels and chemically cross-linked hydrogels (Figure 1).
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Figure 1. Schematic representation of common methodologies for preparation of CD-containing
hydrogels.

Table 2 summarizes some examples of the preparation methods of physically cross-
linked or chemically cross-linked cyclodextrin-containing hydrogels. Although physical hy-
drogels are non-toxic, they still have some shortcomings, such as low mechanical strength,
and their pore size cannot be easily adjusted [43]. Physically cross-linked hydrogels are
stable enough to prevent them from dissolving in water [44,45]. The methods involved in
chemical cross-linking include free radical polymerization cross-linking-based methods;
nucleophilic addition/substitution-based methods; cross-linking methods based on ‘click’

24



Int. J. Mol. Sci. 2021, 22, 13516

reactions and incorporation of CDs through post-gelation attachment [2]. The chemical
activity produces permanent hydrogels through the covalent interaction of polymer and
crosslinker functional groups. Polymerization into a hydrogel network produces fine-tuned
hydrogels through chain growth, addition, or condensation reactions [46,47].

Table 2. The preparation methods of cyclodextrin-containing hydrogels.

Types Matrix Preparation Methods Characteristic Ref.

Physically cross-linked
cyclodextrin-containing

hydrogels

Chitosan Casting method Bilayer hydrogels [48]

Chitosan Freeze-thaw cycling method pH sensitivity [49]

Chitosan Freezing method Thermosensitive; Shortly
gelation time (3 min or less) [50]

Chitosan/Poly(Vinyl Alcohol) Dry at room temperature in vacuo pH-specific release behavior [51]

Gellan gum Gelation at room temperature Biocompatible material [52]

Hydroxypropyl
methylcellulose Dispersion method Benefit for skin [53]

Nanocellulose 30 min with autoclaving (121 °C, 103
kPa) Sustained release [54]

poly (vinyl alcohol) Freezing drying method Long-term release [55]

Soy soluble polysaccharide Reduced pressure and stored in a
desiccator

3D-nanocomposites,
superabsorbent, malleable,

bioadhesive
[56]

Xanthan Freezing drying method Long-term release [57]

Chemically cross-linked
cyclodextrin-containing

hydrogels

4-arm-Polyethylene
glycol-Succinimidyl Glutarate

Nucleophilic substitution-based
method

Improved the
therapeutic effect [58]

Agarose gel Nucleophilic substitution-based
method

Low gelling temperature for
controlled drug delivery [59]

Carboxymethyl cellulose Free radical polymerization
crosslinking-based method pH-responsive behaviour [60]

Carboxymethyl cellulose Nucleophilic substitution-based
method

Biocompatible, capable of
controlling the release for a

long duration
[61]

Chitosan Nucleophilic substitution-based
method Local antibiotic release [62]

Nanocellulose Nucleophilic substitution-based
method

Cell compatibility,
non-cytotoxicity [63]

Polyvinyl
alcohol

Nucleophilic substitution-based
method

Good strength, elasticity, WVP,
and swelling ability [64]

Poly(N-isopropylacrylamide) Free radical polymerization
crosslinking-based method Thermoresponsive [65]

Poly(2-hydroxyethyl
methacrylate)

Nucleophilic substitution-based
method

Sustained drug
delivery [66]

Sodium hyaluronan Nucleophilic substitution-based
method Controlled release [67]

In addition, hydroxyl groups occur at different positions in the CD molecule, thus
they have different effects on the formed derivatives [68]. CD formed from glucopyranose
has two types of hydroxyl groups, one is the primary hydroxyl group at the 6- position and
the other is the secondary hydroxyl group at the 2- and 3- positions [69]. On the other hand,
the primary hydroxyl group outside the cyclodextrin is free to move. In addition, the acidic
and basic properties of the three hydroxyl groups are significantly different. The hydroxyl
group at the 6- position is basic; the hydroxyl group at the 2- position is acidic (pKa = 12.1),
whereas the 3- hydroxyl group is not easily modified. Therefore, the chemical modification
process of CD is affected by the nucleophilicity of the hydroxyl group and the modification
reagent. Under normal reaction conditions, the 6-position hydroxyl group is the most
active and easily participates in the reaction after attack by electrophiles. Electrophiles
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can also attack other positions, including the less popular hydroxyl groups (2- and 3-).
More than 40% of the compounds have low water-solubility properties. In addition, some
compounds have poor stability or poor taste [70–72]. CD has become the ideal material
to solve solubility, light stability, and poor taste limitations. Different CDs have different
sizes of hydrophobic cavities, so it is important to choose specific CD derivatives based
on the molecular size of the target molecule [73]. Owing to the low solubility of parent
CD, its further application in medicine was limited. The preparation of water-soluble
derivatives is important for improving the application of CD in drug delivery systems.
Therefore, different CD-based derivatives have been developed to improve water solubility
and functionality of natural CD.

3. The Promising Application of CD-Containing Hydrogels for Drug Delivery

In this section, we classify and discuss different types of CD-containing hydrogels
based on the preparation method (Table 3). The release behavior of drugs after the intro-
duction of different CD into hydrogels will be explored. Besides, the potential application
of the prepared physical/chemical CD-containing hydrogel in the medical field will be
discussed.

Table 3. Comparison of the properties of CD-containing hydrogels loaded with drugs [74–79].

Property Physical Cross-Linked
Hydrogel

Chemical Cross-Linked
Hydrogel

Size of guest molecules Small molecules (lipophilic) Small molecules (lipophilic)

Drug loading strategies Encapsulation Encapsulation

Drug release speed Can be controlled Can be controlled

Drug release possible
mechanisms

External stimulus;
competition of external

molecules

External stimulus;
competition of external

molecule

Duration times Hours to days Days to months

Drug delivery characteristic
High drug loading effectivity;

low chance of drug
deactivation

High drug loading effectivity;
low chance of drug

deactivation

Potential application Drug delivery systems,
injectable, wound dressings

Transdermal drug delivery,
injectable, implantable,

oral/ophthalmic drug carrier

Advantages Non-toxic; cross-linking is
reversible

Strong mechanical strength;
the pore size can be adjusted;

the variety of synthesis
methods; difficult to degrade

Disadvantages Low mechanical strength;
difficult to adjust the pore size

Potentially toxic; no
cross-linking is reversible

3.1. Physically Cross-Linked CD-Containing Hydrogels

The physically cross-linked hydrogel formed by intermolecular interaction does not
cause damage to the environment during the preparation process [49,80]. Therefore, phys-
ically cross-linked hydrogels have wide applications in the medical field. This section
mainly summarizes and analyzes potential applications of physically cross-linked CD-
containing hydrogels loaded with different drugs in different medical fields (Table 4).
Because in the process of preparation, the physically cross-linked CD-containing hydrogels
don’t involve the chemical cross-linking agents and chemical solvents, so physical gela-
tinization and drug encapsulation simultaneously have important research and application
value, especially in the aspect of oral administration medicine, ocular delivery system,
wound dressing materials, local drug delivery system to treat cancer, etc.
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Table 4. Potential application of physically cross-linked CD-containing hydrogels.

No. Drug Formation
Materials

Hydrogel
State Type of Cells Summary Potential

Application Ref.

1 Berberine
hydrochloride

β-CD; Bacterial
cellulose;

Nano-
particle

S. aureus; P.
aeruginosa; E.

coli

The ultra-fine network of bacterial
cellulose resulted in different

release characteristics of berberine
hydrochloride. The drug-loaded

hydrogel had a good antibacterial
effect as revealed by in vitro

experiments.

Oral
administration

medicine
[54]

2 Chlorhexidine
β-CD; NaCl;

NaHCO3;
CaCl2

Contact lenses E. coli
β-CD in eye drops significantly

enhanced the delivery of
chlorhexidine into the cornea.

Ocular
delivery [81]

3 Coumestrol

Hydroxypropyl-
β-CD;

methylcellu-
lose

Not mentioned Animals

Hydrogel has high efficacy in
wound healing when compared to
Dersani, with 50% wound healing
achieved within a shorter period
compared to this positive control.

Wound
dressing
materials

[53]

4 Curcumin

Hydroxypropyl-
β-CD; silver

nanoparticles;
bacterial
cellulose

Film

P. aeruginosa; S.
aureus; C.

aureus; Panc 1,
U251, MSTO

The nano-silver particles loaded
into the bacterial cellulose hydrogel
showed high cytocompatibility and

therapeutic effects against three
common wound infection

pathogens.

Wound
dressing
materials

[82]

5 Curcumin
β-CD;

Polyvinyl
alcohol

Film

Glioblastoma
cell line C6;

melanoma cell
line B16F10;

astrocyte cells

The hydrogel controlled the release
of curcumin (48 h, 85% release). The

polymer membrane had higher
cytotoxicity than curcumin. The
drug-loaded hydrogel showed

prolonged cytotoxic effects (up to 96
h) at a lower concentration (50

µg/mL).

Local drug
delivery

system to treat
cancer

[83]

6 Curcumin

2-
hydroxypropyl-
β-CD; sodium

alginate;
chitosan

Film

E. coli; S.
aureus; NCTC
clone 929 cells;

NHDF cells

High concentration of crosslinking
agent concentration improved the

mechanical properties of the
hydrogel and decreased the

hygroscopicity, water swelling, and
weight loss. In addition, hydrogel

showed a slow-release effect (t > 50
h). Curcumin-loaded double-layer
hydrogel effectively treated E. coli

and S. aureus. The double-layer
hydrogel was not toxic to NCTC

clone 929 cells and normal human
dermal fibroblasts.

Wound
dressing
materials

[48]

7 Gallic acid

Hydroxypropyl-
β-CD; bacterial
cellulose; poly
(vinyl alcohol)

Not mentioned Not mentioned

The swelling properties during
encapsulation were inferior. The

release profile of the complex was
slower compared with gallic acid.

Pharmaceutical
and cosmetic

products
[55]

8
Honey bee

propolis
extract

β-CD;
κ-Carrageenan Not mentioned

S. aureus;
P. aeruginosa;
Aspergillus

Flavus; Candida
albicans

Higher active compound
concentration ensures sustained

in vitro release.

Wound
dressing [80]

9 Levofloxacin;
methotrexate

Hydroxypropyl-
β-CD; xanthan

gum
Film E. coli; S. aureus

The hydrogel loaded with the
methotrexate showed a

well-controlled release profile (t >
600 min). The hydrogel loaded with

levofloxacin had a good
antibacterial effect.

Drug delivery
system [57]

27



Int. J. Mol. Sci. 2021, 22, 13516

Table 4. Cont.

No. Drug Formation
Materials

Hydrogel
State Type of Cells Summary Potential

Application Ref.

10 Red thyme oil

γ-CD;
polyvinyl
alcohol;
chitosan;

clinoptilolite

Film L929 cells

Hydrogels with clinoptilolite
contained characteristics such as
compressed structure, improved
mechanical properties, decreased

swelling values, and reduced
release rate of the drug. In addition,
prepared hydrogels were low-toxic

based on MTT assay.

Drug delivery
systems and

wound
dressings

[84]

11 Thyme oil

Methyl-β-CD;
hydroxypropyl-
β-CD; γ-CD;

chitosan;
polyvinyl

alcohol

Film E. coli; S. aureus

The water vapor transmission rate
of the hydrogel was appropriate for
application in wound dressing. The
swelling degree of hydrogel loaded
with thyme oil varied with the pH.

The hydrogels containing γ-CD had
good antibacterial activity.

Wound
dressings

[49,
85]

Sajeesh et al. used chitosan, methacrylic acid, and polyethylene glycol to prepare
hydrogels, and then added insulin-loaded methyl-β-CD into the hydrogels [86]. Final
hydrogel particles were formed through the interaction between CD and the hydrogel
matrix. The encapsulation efficiency of the inclusion compound and insulin encapsulated
by hydrogel microparticles were evaluated. No significant differences were observed in
the encapsulation efficiency of the two systems. Insulin concentrations of 0.5 and 1 mg/mL
showed an encapsulation efficiency of the inclusion compound preparation of 87% and
82%, respectively. The efficiency of the non-encapsulated system was 90% and 85% for
insulin concentration at 0.5 and 1 mg/mL, respectively. In addition, in vitro drug release
experiment showed that the inclusion compound encapsulated by the hydrogel exhibited
pH responsiveness. At pH = 1.2 and 7.4, the amount of insulin released under more acidic
conditions was significantly lower compared with that under neutral conditions over the
same period. The effect of oral delivery of insulin by CD hydrogel inclusion compound
microparticles was studied using streptozotocin-induced diabetic rats. The experimental
results exhibited that insulin loading, and release characteristics of the hydrogel matrix
were not affected by the complexation of CD. In addition, CD compound insulin coated by
hydrogel particles effectively reduced blood sugar levels in diabetic animals.

To deliver oral hypoglycemic drugs into the body, Okubo et al. employed the host-
guest interaction between hydrophobically modified hydroxypropyl methylcellulose and
CD to develop and prepare heat-responsive injectable drug sustained-release hydrogel.
The hydrogel was prepared by mixing the CD inclusion compound containing insulin with
cellulose. Due to the interaction between the stearyl group of cellulose and the β-CD cavity,
the hydrogel underwent a thermal gelation reaction near the human body temperature. The
newly prepared hydrogel was effective for up to 24 h after subcutaneous administration
of mice. Notably, pharmacokinetic experiment results showed that the hydrogel released
insulin which reduced the blood sugar levels [87].

Drugs can be delivered into the human intestinal tract through oral administration to
achieve high efficacy [88]. The solubility of berberine hydrochloride could be enhanced by
β-CD (25 ◦C, 11.41 mM). CD-loaded berberine hydrochloride-containing bacterial cellulose
hydrogel was prepared by physical adsorption, and its drug loading (34%) was higher
compared with that of hydrogels prepared without CD (17.2%). In vitro, drug release
experiments revealed that the hydrogel achieved sustained drug release (t > 70 h) under
different pH conditions (pH = 1.2, 6.8, and 12.1) of the gastrointestinal fluid. In vitro
antibacterial experiments exhibited that hydrogels had better antibacterial effects (E. coli, S.
aureus, and P. aeruginosa), thus laying the foundation for oral drug delivery [54].

To speed up the healing of wounds on the skin surface and prevent bacterial infections,
some wound dressings are prepared through the physical synthesis method [89,90]. Sodium
alginate and chitosan are mixed to form a hydrogel matrix, and then β-CD inclusion
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compound containing curcumin is added as an active ingredient. It is reported that
sodium alginate and chitosan adsorb each other through electrostatic interaction. The
mechanical properties of hydrogel materials are significantly improved by an increase in
calcium chloride content. In the active ingredient release study, the hydrogel displayed
a sustained release effect (t > 48 h), which was not affected by the addition of calcium
chloride. The curcumin-loaded hydrogel showed a good inhibitory effect on the growth of
E. coli (73.95%) and S. aureus (71.59%). Toxicity studies displayed that the hydrogel was
non-toxic to NCTC clone 929 cells and normal human dermal fibroblasts [48]. A similar
study used hydroxypropyl-β-CD as a drug carrier for loading curcumin and added silver
nanoparticles with antibacterial activity to the hydrogels. These hydrogels showed broad-
spectrum antibacterial activity and antioxidant properties and can be used for wound
dressing. In addition, the hydrogels showed good cell compatibility with different cell
lines, including Panc 1 (human pancreatic ductal adenocarcinoma), U251 (Human brain
glioma U251 cell line), and MSTO (human mesothelioma). Its high moisture content and
good transparency further promote its application potential for the treatment of chronic
wounds [82].

Because most people do not pay much attention to hygiene, the risk of pathogenic
microorganisms coming into contact with the body is high. The eye, an organ that is directly
in contact with the external environment, often suffers from keratitis due to infection by
pathogens [91]. If keratitis is left untreated, it may cause permanent vision damage. Eye
drops are the preferred method of drug delivery for the timely treatment of infections [92].
However, when eyes are stimulated by the outside environment, the number of blinks
and secretion of tears will increase, thus most of the eye drops do not reach the infected
areas. Therefore, the frequency of administration of eye drops is increased to increase
efficacy. Hewitt et al. explored the possibility of adding drugs to contact lenses. They
selected pig eyes as the research object and prepared a hydrogel with β-CD loaded with
chlorhexidine. Antibacterial analysis showed that the drug-containing contact lenses
delivered a high amount of chlorhexidine to the cornea within 24 h. Although the contact
lens loaded with chlorhexidine β-CD failed to improve the drug delivery effect, it was
able to deliver the drug to the cornea. In addition, β-CD hindered drug release in the
hydrogel matrix. Continuous irrigation with simulated tear fluid can significantly reduce
the amount of drug delivered to the cornea. Chlorhexidine retains antibacterial activity
in all methods of administration. The hydrogel contact lens injected with chlorhexidine
showed a significantly higher effect on the cornea, whether it was used multiple times or
once compared with eye drops. Therefore, this method can be used to reduce the number
of administrations thus improving patient tolerance degree [81].

3.2. Chemically Cross-Linked CD-Containing Hydrogels

The chemically cross-linked CD-containing hydrogels are not easily degraded in the
external environment, thus reducing the number of hydrogels used during the application,
ultimately mitigating side effects by the hydrogel drug delivery system (Table 5). Chemical
methods can be used to prepare chemically cross-linked CD-containing hydrogels which
possess much higher stability than the physically cross-linked CD-containing hydrogels,
comparatively speaking. Therefore, the application scope of chemically cross-linked CD-
containing hydrogels has been extended to some extent by changing the properties of
hydrogels through different chemical reactions., especially in the aspect of injectable
nanocarriers, cancer therapy, transdermal drug delivery, tissue engineering, regenerative
medicine, wound healing, oral drug delivery, etc.
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Table 5. Potential application of chemically cross-linked CD-containing hydrogels.

No. Drug Formation
Materials

Hydrogel
State Types of Cell Summary Potential

Application Ref.

1 5-Fluorouracil

β-CD; N-
vinylcaprolactam;

N,
N′-methylene
bisacrylamide

Nanogel

Human colon
cancer cell
lines (HCT

116); MRC-5
normal cells

The hydrogel had the best drug
loading (659.7 mg/g) after

controlling the feeding ratio. The
drug release curve showed that the
hydrogel could continue to release
drugs for up to 30 h; especially in
the intestinal juice with pH = 7.4,
the 5-fluorouracil drug molecules

contained therein were not
completely released; and the

maximum release rate was 68%.

Implantable
hydrogels [93]

2 Coumarin

β-CD; alginate;
calcium

homopoly-L-
guluronate

Supramolecular
hydrogel

RAW 264.7
cells; T. cruzi

cells

The lowest release of substituted
amidocoumarins from the

hydrogels occurred at pH = 1.2
whereas the maximum release (34%)

was observed at pH 8.0.

Biomedicine [94]

3 Curcumin β-CD; epiclon Nanosponge

Non-
tumorigenic

human breast;
invasive
mouse

breast cell lines
(4T1)

The high degree of cross-linking led
to the formation of mesoporous
having high specific surface area

and high loading capacity.
Nanosponge showed no toxicity

against MCF 10A and 4T1 cells as
normal and cancerous cells,

respectively.

Cancer therapy [95]

4 Curcumin

Carboxymethyl-
β-CD; gelatin;
methacrylic
anhydride

Microneedle
arrays

B16F10
melanoma cell

The inclusion complex of curcumin
maintained 90% of the initial

concentration. Besides, the hydrogel
could enhance the drug loading and

adjust release. In vivo study
showed that hydrogel had good

biocompatibility and degradability.

Transdermal
drug delivery [96]

5 Dexamethasone
β-CD; low-acyl

gellan gum;
EDC

Injectable
hydrogel

NIH/3T3
mouse embryo

fibroblast

After drug loading, the gel-forming
temperature of the modified

hydrogel was reduced and the
mechanical properties are improved.

Hydrogel had a high affinity and
release rate for drugs. In vivo

studies had shown that the
drug-loaded hydrogel improved the

anti-inflammatory response.

Tissue
engineering

and
regenerative

medicine

[52]

6 Dexamethasone β-CD; sodium
hyaluronate

Delivery
hydrogel 3T3 cells

The novel hydrogels significantly
improved the therapeutic effect of

dexamethasone in burn wound
healing.

Wound healing [58]

7 Dexibuprofen

β-CD; acrylic
acid;

methylene
bisacrylamide

Nanosponges Not mentioned

The solubility of ibuprofen in the
hydrogel was increased 6.3 times.

In vitro release experiments
demonstrated that the drug release
rate of β-CD nanosponges reached

89% within 30 min under the
condition of pH = 6.8.

Oral
administration

of lipophilic
drugs

[97]

8 Diclofenac
sodium

β-CD; sodium
hyaluronan;

EDC;

Contact lens
materials

S. aureus; 3T3
fibroblasts

The hydrogel not only reduced the
adsorption of tearing proteins due

to electrostatic mutual repulsion but
also improved encapsulation

capacity and sustainable release of
diclofenac (t > 72 h). In vitro cell

viability analysis displayed that all
hydrogels were non-toxic to 3T3

mouse fibroblasts.

Ophthalmic
diseases [66]

30



Int. J. Mol. Sci. 2021, 22, 13516

Table 5. Cont.

No. Drug Formation
Materials

Hydrogel
State Types of Cell Summary Potential

Application Ref.

9 Doxorubicin

β-CD; 2-ethyl-
2-oxazoline;

aminopropyl-
triethoxy

silane;
FeCl2.4H2O;
FeCl3.6H2O

Magnetic
nanohydrogel MCF7 cells

The magnetic nanohydrogel had a
good drug loading rate (74%) and
encapsulation rate (81%). Under

acidic conditions (pH = 5.3), adding
a small amount of GSH (10 mM)

increased the release value (89.21%).
The magnetic nanohydrogel had

good cell compatibility even at high
concentrations (10 mg/mL).

Implantable
hydrogels [98]

10 Doxorubicin β-CD; agarose Injectable
hydrogel

Human
embryonic
kidney 239
cells; HeLa

cells

The hydrogel was able to easily and
uniformly load a drug at 30 ◦C. The
drug-loaded hydrogel maintained
the drug’s anti-cancer activity. In
addition, the hydrogels did not

exhibit toxicity toward the HEK-293
and HeLa cells.

Injectable
hydrogel [59]

11 Doxorubicin

β-CD;
hyaluronic
acid; bis(4-

nitrophenyl)
carbonate

Injectable
hydrogel

Human
colorectal

cancer cells
HCT-116

Rheological tests showed that this
hydrogel could be easily prepared
and used on a schedule compatible

with normal operating room
procedures. In vitro experiments
showed that the unique physical

and chemical properties of the
hydrogel ensured the sustained

release of anticancer drugs (t > 32 d)
and prevented the growth of

colorectal cancer micelles under 3D
culture conditions.

Device for
localized

chemotherapy
of solid tumors

[99]

12 Doxorubicin;
curcumin

β-CD;
multiwalled

carbon
nanotubes;

maleic
anhydride;

folic acid; hex-
amethylene
diisocyanate

Nanocarrier Not mentioned

This injectable hydrogel exhibited
pH/thermo response and exerted a
deleterious effect on the tumor. A
sustained release of the two drugs
was observed over a period of 30 h.

The release rate of doxorubicin
reached 90% under tumor

microenvironmental conditions,
and the release rate of curcumin

reached 85% under high
temperature and physiological pH

conditions.

Injectable
nanocarriers [100]

13 Doxorubicin β-CD; tetronic;
adamantane

Injectable
shear-thinning

hydrogels
HeLa cell

The hydrogels showed
shear-thinning behaviors, rapid

recovery properties, pH-responsive
properties, and long-term release of

the hydrophobic drug.

Embolic
material [101]

14 Insulin

Carboxymethyl
β-CD;

carboxymethyl
chitosan

Microparticles Caco-2 cells

The insulin was loaded into the
hydrogel, and the results of the

drug release experiment found that
the insulin was successfully

retained in the stomach
environment and slowly released

after passing through the intestine.
In vitro studies had shown that the

hydrogel particles exhibited
non-cytotoxicity and were mainly

transported in the Caco-2 cell
monolayer through paracellular

pathways.

Oral drug
delivery [102]
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Table 5. Cont.

No. Drug Formation
Materials

Hydrogel
State Types of Cell Summary Potential

Application Ref.

15 Vitamin E

β-CD; soy
soluble

polysaccha-
rides;

galacturonic
acid

Core-shell bio-
nanomaterials

hydrogel
Not mentioned

The hydrogel exhibited significant
swelling adsorption and sustained
release (t > 230 h) for the release of

vitamin E in vitro. The
encapsulation efficiency and drug
loadings were 79.10% and 16.04%,
respectively. In addition, after oral

administration of the vitamin
E-loaded hydrogel in rats, the
vitamin E level in the plasma

continued to increase within 12 h.

Oral drug
carrier [56]

Several studies are currently exploring controlled drug delivery systems based on
CD-containing hydrogels [103–106]. Xia et al. used new hesperidin-copper (II) (NH-Cu
(II)) as the model drug, then added it into a hydrogel composed of carboxymethyl cellulose
(CMC), cellulose nanocrystals (CNC), and hydroxypropyl-β-CD. Citric acid was used
as a cross-linking agent to prepare a natural hydrogel film which exhibited controllable
swelling behavior. The different dynamic behaviors of NH-Cu (II) in the hydrogel film
were then explored. Drug release studies showed that the hydrogel had a sustained release
effect at different temperatures. Furthermore, it had different swelling behavior under
different pH and different ion concentrations. The swelling kinetics followed the Fick
diffusion and Schott second-order kinetic model. In addition, the addition of CNC into
hydrogel film changed the mechanical properties, thermal stability at high temperatures,
swelling rate, salt sensitivity, and pH sensitivity of the hydrogel film in different solutions.
Moreover, CNC greatly improved the loading and encapsulation efficiency of the hydrogel
film. The addition of 4% CNC showed an optimal loading efficiency of 753.75 mg/g and a
cumulative release rate of 85.08%. The hydrogel membrane showed good cell compatibility
and was non-cytotoxic, thus it can be used as a potential drug delivery and controlled
release system for wound dressing [63].

Targeted delivery of anti-cancer drugs is one of the most effective treatment methods
for tumors [107]. Therefore, direct injection of the drug-containing hydrogel at the tumor
area to maximize drug concentration improves the efficacy of the drug. Hyaluronic acid
derivative and functionalized CD can be linked by a covalent bond to prepare an injectable
hydrogel, and doxorubicin is successfully loaded in the CD cavity. In vitro release experi-
ments of the drug-loaded hydrogels displayed a sustained-release effect. In this case, the
hydrophobic interaction between doxorubicin and CD cavity resulted in drug retention
in the hydrogel, thereby slowing its diffusion through the three-dimensional network.
Notably, after 32 days of incubation, only 50% of the drug load was released in the medium
without a significant burst effect. In addition, the hydrogel reduced the size of solid tumors
in mice. Moreover, histological analysis of the heart of treated mice displayed showed no
cardiotoxicity after treatment of the tumor with the drug-loaded hydrogel. These results
implied that this drug-loaded hydrogel is an effective biomedical device to locally treat
unresectable solid tumors or for preventing regeneration of residual tumors and inhibiting
disease recurrence [99].

Subcutaneous administration of drugs has some side effects. For example, when
treating diabetes, people prefer injecting insulin under the skin. However, daily insulin
injection is associated with adverse effects, such as hypoglycemia, allergies, and peripheral
hyperinsulinemia [102]. Therefore, an oral insulin delivery system can be used to avoid
these side effects. A previous study reports oral hydrogen comprising CD and chitosan as
raw materials and a water-soluble carbodiimide as cross-linking agent. SEM (scanning elec-
tron microscope), FTIR (Fourier transform infrared spectroscopy), XRD (X-Ray diffraction),
and swelling experiments indicated the hydrogel had a porous structure. Insulin release be-
havior was shown to be triggered by in vitro pH. Notably, insulin was successfully retained
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in the stomach environment and slowly released after passing through the intestine. The
stability of insulin secondary structure was studied by circular dichroism and fluorescence
spectrophotometry. Analysis experiment revealed no significant difference in secondary
structure between native insulin and released insulin. Furthermore, the hydrogel particles
exhibit non-cytotoxicity and were mainly transported in the Caco-2 cell monolayer through
paracellular pathways. Different insulin-loaded hydrogel microparticles were applied to
diabetic mice to evaluate the effectiveness of hydrogel sustained-release microparticles in
delivering insulin in the body. Insulin-loaded hydrogel particles significantly and continu-
ously (6–12 h) reduced blood sugar levels in diabetic mice compared with subcutaneous
injection. In summary, these findings indicate that hydrogel is a promising oral drug carrier
to achieve sustained release [102].

Previous studies explored the use of chemically cross-linked hydrogels and compared
them with physically cross-linked hydrogels for the treatment of eye diseases [108]. Cy-
closporine is a commonly used drug for the treatment of various immune-mediated ocular
surface diseases [109]. However, the poor water solubility of cyclosporine limits its applica-
tion. Only two topical formulations of cyclosporine have been approved for the treatment
of dry eye syndrome, Resis (Allergan, USA). An anionic emulsion (0.5 mg/mL cyclosporine)
was approved by the FDA in 2002, and Ikervis was recently approved in Europe (Santen,
Tampere, Finland), a cationic nanoemulsion containing 1 mg/mL cyclosporine [110–112].
Sodium hyaluronate and hydroxypropyl-β-CD are used as raw materials to prepare a
chemically cross-linked hydrogel. Cyclosporin is loaded into the hydrogel by dipping to
avoid degradation of cyclosporin during the cross-linking reaction. Interestingly, changing
the weight ratio of the raw materials in the hydrogel adjusts the swelling and the rate of
drug release. The swelling plays a key role in the feasibility of the drug penetrating through
the sclera and accumulating into the eye tissue. In vitro drug release, experiments show
that the hydrogel has a release time of up to 8 h. Therefore, chemically cross-linked hydro-
gels are effective systems for drug release to the ocular surface, however, the effectiveness
should be confirmed in preclinical studies [67].

The polymerization system of the hydrogel obtained by CD polymerization and
swelling has very few pores. Khalid et al. used β-CD, acrylic acid, and acrylamide
to prepare β-CD nanosponges for loading dexibuprofen. Water solubility experiments
showed that the water solubility of dexibuprofen was increased by 6.3 times after loading
it to the hydrogel. The particle size of this material was 275.1 ± 28.5 nm. The swelling
index of the nanosponge under weakly acidic conditions (pH = 6.8) was 3, and up to 89%
dexibuprofen was successfully released within 30 min under this condition. An acute oral
toxicity study using rats showed no toxicity-related conditions, death, adverse clinical
symptoms and had no toxicological changes in hematology, clinical biochemistry, and
histology. Therefore, the β-CD nanosponges prepared through the optimized condensation
method may be superior compared with other β-CD nanoformulations, thus they improve
oral administration of lipophilic drugs such as dexibuprofen [97].

4. Simulated Degradation Behavior for CD-Containing Hydrogels

The degradation process of hydrogel is one of the key indicators of its safety, and it
is also the basis for studying in vivo decomposition of the hydrogel [113–115]. In vitro
degradation behavior is studied through changes of the hydrogel under conditions such as
simulated body fluids, different types of biological enzymes, and different acids and bases
(Figure 2).
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Figure 2. Simulated degradation behavior for CD-containing hydrogels.

A previous study placed CD-based hydrogel loaded with gellan gum in a phosphate
buffer solution (pH = 7.4), and the weight loss of the hydrogel was measured at 1, 7, 14,
21 days. Analysis showed that the weight loss rate of the hydrogel was low with the
content of CD and that the weight loss rate of the modified hydrogel was higher compared
with hydrogels without CD. This phenomenon can be attributed to the reduction of cross-
linking sites in the modified hydrogel that lead to more unassociated chains in the gel
network. In addition, hydrogels without CD had a slower degradation rate compared
with those with CD, implying that the presence of CD in the matrix may increase the
decomposition rate of the hydrogel [52]. Exposure of different hydrogels to the external
environment, such as a phosphate buffer (pH = 7.4), showed that hydrogels with large
cross-linking concentrations required longer hydrolysis time. Unfortunately, the higher
cross-linking degree of the hydrogels caused more resistance to degradation in collagenase
solution in PBS buffer. The cross-linking could limit the accessibility of enzymes to the
cleavage sites of the hydrogels, and prevent the enzymes from penetrating the bulk of the
material [116]. The degradation mechanism of these hydrogels mainly resulted from the
breaking of cross-linking sites, ester bonds, hydrazone bonds, or steric hindrance through
chemical hydrolysis. The polymer backbone was then hydrolyzed and broken into lower
molecular weight and soluble fragments [117–123].

Degradation of hydrogel under pure water conditions was simulated, and the degra-
dation rate of gallic acid-loaded hydrogel was explored to determine the environmental
safety of bio-based hydrogels. Analysis showed that degradation of the hydrogel was
relatively fast in the initial stages, however, it remained stable within 8–360 h. This degra-
dation behavior can be attributed to the effect of water penetration in the bacterial cellulose
hydrogel network which resulted in the good degradation behavior of hydrogel. Moreover,
the aromatic ring (the presence of gallic acid and CD), slightly slows the degradation ability
of the hydrogel. The aromatic ring may delay the degradation of the hydrogel [55].

The ability of hydrogels to degrade in the presence of organisms is important for drug
release. A previous study evaluated the degradation of CD-based hydrogel using Penicil-
lium, Aspergillus niger, and mushroom. Analysis showed that the gel changed to a liquid
after six days of degradation. The degradation rate of the hydrogel increased gradually in
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Penicillium. In Penicillium, the degradation rate was 6.11% after three days, whereas after
21 days the degradation rate was 21.49%. In Aspergillus niger, the degradation efficiency of
the hydrogel increases rapidly with time. The degradation rate was 15.9% at three days and
68.7% at 21 days. In addition, the degradation effect of mushrooms was higher compared
with that of other strains. The experimentally prepared hydrogel was biodegradable and
had a good degradation rate in mushrooms. Therefore, even if the hydrogel is disposed
to the natural environment, the threat to the environment is minimal [124]. A different
study used lysozyme to degrade the cyclic oligosaccharide backbone of a hydrogel by
enzymatically hydrolyzing the glycosidic bonds on the hexasaccharide ring. The weight
of the hydrogel decreased, indicating that the hydrogel was biodegradable. In addition,
analysis of the infrared spectra of the degradation products (obtained on day 14 and day
28) showed that the C-O-C tensile peak intensity of the degradation products decreased
after 14 days, whereas the C-O-C tensile peak disappeared after 28 days of degradation. At
the same time, analysis of the day 14 and day 28 SEM images of the degraded hydrogel
showed that the porous network morphology of the hydrogel was deformed and degraded,
showing the degradability property of the hydrogel [125].

When preparing CD-loaded hydrogels, materials that are easily degraded in vivo
should be selected as preparation materials. A poly[(R)-3-hydroxybutyrate] fragment
was introduced into a hydrogel containing CD and analysis showed that the copolymer
produced was biodegradable under physiological conditions. In addition, the hydrogel
formulation was bioabsorbable after administration and was able to dissociate into its
components [126]. However, materials used in some heat-sensitive hydrogels are not
biodegradable [65]. A previous study explored a hydrogel that could be hydrolyzed by
α-amylase after the introduction of CD. Moreover, the degradation rate increases when part
of the poly-N-propylacrylamide molecular chain is replaced by maleic anhydride-β-CD
(MAH-β-CD), mainly due to an increase in the hydrolysis of β-CD by α-amylase. Analysis
of 1H NMR spectrum shows β-CD reacts with at least 2 maleic anhydride (MAH) molecules
on average. Therefore, MAH-β-CD is a better cross-linking agent in the hydrogel network.
At 37 ◦C, all hydrogels are in a semi-swelled state, and the speed at which enzymes enter
the internal network of the hydrogel slows down [127].

When the degradation behavior of hydrogels is studied in an organism, the hy-
drogel is placed on the organism and then changes of the hydrogel at different times
are observed [128]. Using mice as the model to verify the degradation of hydrogel, the
degradation rate of the hydrogel was found to be faster under irradiation than without
irradiation, indicating that the injectable hydrogel could be rapidly decomposed by pho-
tothermal treatment. Moreover, the fluorescence decay rate of the hydrogel was faster
after irradiation than without irradiation. On the 4th day, the relative fluorescence signal
intensity of the irradiated hydrogel group was about 60%, and the relative fluorescence
signal intensity of the non-irradiated hydrogel group was close to 80%. On the 8th day, the
relative fluorescence signal intensity of the non-irradiated hydrogel group was only about
40%, whereas the relative fluorescence signal intensity of the irradiated hydrogel group was
about 20%. Therefore, laser irradiation can accelerate the decomposition of the hydrogel
nanocomposite system. Light response assisted fluorescence imaging allows visualization
of the disassembly of medical biomaterials. The near-infrared light-responsive supramolec-
ular nanocomposite system is widely used to explore the fluorescent imaging tracking
process of biomedical materials. The visualization of degradable supramolecular hydrogels
on demand helps to eliminate carriers. The controllable non-invasive supramolecular
nanocomposite is a promising biomedical material that allows instant stimulation and sus-
tainable monitoring [129]. In another experiment on the degradation of hydrogels in mice
during transdermal administration, Zhou et al. discovered that long-term biodegradation
of hydrogels administered transdermally in mice may be caused by cross-linked hydrogel
side chains. The existence of the cyclodextrin cavity made it difficult for the biological
enzymes in the body to contact the hydrogel [96].
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5. Conclusions and Perspectives

As a host molecule that can form host-guest inclusion complexes, CD has great
application potential in the fields of medicine and materials science. Promisingly, the ad-
ministration of CD-containing hydrogels can avoid the annoying side effects of traditional
drug administration. In recent years, several studies have shown that hydrogel systems
composed of CDs can effectively deliver drugs into target tissues. Especially, many physical
and chemical methods have been successfully developed for preparing CD hydrogels.

Presently, the research on CD-containing hydrogel mainly focused on the field of
biomedicine. In this review, different methods to design and prepare CD hydrogels
are discussed. In addition, the potential applications of drug-loaded CD hydrogels are
summarized. The data reviewed here show that introduction of CD improves the properties
of the hydrogel and the drug release time of the hydrogels. Interestingly, some CD-
containing hydrogels based on light and heat response have been successfully synthesized.
This review broadens our understanding of the development trends in the application of
CD-containing hydrogels, which lays the foundation for future clinical research. At the
same time, looking forward to the future medical frontiers, we believe that an increasing
number of emerging technologies will be introduced to guide the preparation of CD-
containing hydrogels.

Future studies should design drug-loaded CD-containing hydrogels which can with-
stand factors in the external environment and internal environment in the body to guarantee
excellent drug-release dynamics and drug-loading capacity. Moreover, it is of great im-
portance to establish novel methods and tools for monitoring the metabolism of drugs
in the body when drug-loaded CD-containing hydrogels enter the body. Meanwhile, at-
tention should be paid to the safety issues associated with hydrogel materials inside the
body. How the CD-containing hydrogels are degraded in the body, how they change, and
whether they will interact with the body should be closely analyzed. Gratifyingly, more
smart stimuli-responsive hydrogels based on CD for drug delivery will be designed and
prepared, which can respond to different external and interior environmental stimuli to
release drugs. In the future, we can actively take a page from cutting-edge technologies
to prepare the CD-containing hydrogels for precision medicine that can accurately load
appropriate doses of drugs. In addition, we should have a deep insight into the basic
principles of drug loading and release of CD-containing hydrogels in the aspect of site-
targeting, release conditions, dosing intervals for optimal treatment to different diseases. If
the above-mentioned problems are fully solved, CD-containing hydrogels are expected to
be more widely applied in clinical practice.
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Abbreviation

FTIR Fourier transform infrared spectroscopy
NMR nuclear magnetic resonance
SEM scanning electron microscope
XRD X-Ray diffraction
S. aureus Staphylococcus aureus
P. aeruginosa Pseudomonas aeruginosa
E. coli Escherichia coli
C. aureus Staphylococcus aureus enterotoxin C
Panc 1 Human pancreatic cancer cell
U251 Human brain glioma U251 cell line
MSTO human mesothelioma
NHD Fskin fibroblast cells
L929 cells L929 mouse fibroblast cells
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Abstract: Over the past few years, researchers have demonstrated the use of hydrogels to design
drug delivery platforms that offer a variety of benefits, including but not limited to longer circulation
times, reduced drug degradation, and improved targeting. Furthermore, a variety of strategies have
been explored to develop stimulus-responsive hydrogels to design smart drug delivery platforms
that can release drugs to specific target areas and at predetermined rates. However, only a few
studies have focused on exploring how innate hydrogel properties can be optimized and modulated
to tailor drug dosage and release rates. Here, we investigated the individual and combined roles of
polymer concentration and crosslinking density (controlled using both chemical and nanoparticle-
mediated physical crosslinking) on drug delivery rates. These experiments indicated a strong
correlation between the aforementioned hydrogel properties and drug release rates. Importantly,
they also revealed the existence of a saturation point in the ability to control drug release rates
through a combination of chemical and physical crosslinkers. Collectively, our analyses describe
how different hydrogel properties affect drug release rates and lay the foundation to develop drug
delivery platforms that can be programmed to release a variety of bioactive payloads at defined rates.

Keywords: controlled drug delivery; hydrogel properties; polymer concentration; crosslinking density

1. Introduction

Conventional drug delivery systems are often limited by poor targeting and circu-
lation times [1–4]. Recent research has demonstrated the use of controlled drug delivery
systems based on nanoparticles, liposomes, hydrogels, and membranes, amongst others, to
address these issues [1,4,5]. In principle, controlled drug delivery can control when and
how bioactive molecules are made available to cells and tissues, thereby enhancing their
efficacy and reducing their required dosage and toxicity [2,4]. Hydrogels, in particular, have
received much attention given their low toxicity and excellent biocompatibility, tunable
physical properties (e.g., porosity, crosslinking density) that can be leveraged to modulate
drug loads and release rates, and their ability to stabilize and protect labile biomolecules
from degradation [6–9]. Furthermore, hydrogels can be prepared with a wide variety of
additional physical properties, including bioinertness, biodegradability, and bioresorbabil-
ity to meet the needs of specific applications [8,10,11]. They can also be formed into any
desired shape or size, providing a flexible platform to meet the requirements of various
drug delivery routes and systems [6,12,13]. Finally, hydrogels can be designed to respond
to various biological stimuli (both internal and external), and such stimulus-responsive
hydrogels have demonstrated wide applicability for the delivery of both small molecule
and macromolecule drugs [8,14,15].

Currently, the majority of the studies focus on the stimulus responsiveness of hy-
drogels to develop a wide variety of smart systems that exhibit tailorable drug delivery
properties in response to one or more (dual-responsive) stimuli, such as pH, temperature,
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light, enzymes, etc. [16–19]. Fewer studies focus on manipulating and studying the role of
inherent hydrogel properties (i.e., monomer concentration, crosslinking density) to tailor
drug delivery amounts and rates [20–26]. Developing a strong understanding of how innate
hydrogel properties influence their ability to deliver drugs will serve to provide an addi-
tional design feature in the development of more efficacious and responsive drug delivery
platforms. In this paper, we studied the role of polymer and crosslinker concentrations on
the release profiles of the cancer drug, 5-fluorouracil (5-FU), using polyacrylamide (pAAm)
hydrogels as the model system. pAAm hydrogel was chosen as the model as it is well
characterized, commercially available, and routinely used in a wide variety of scientific
applications, including for drug delivery [27–30]. These studies and results from additional
supplementary experiments (using nanoparticle-based crosslinkers and double-network
hydrogels) demonstrated a strong role for both polymer concentration and crosslinking
density on drug delivery rates. The differences in the drug delivery rates translated into sta-
tistically significant differences in cell viability when U-87 glioblastoma cells were exposed
to the different hydrogel-5-FU formulations.

2. Results
2.1. Influence of Polymer Concentration on Drug Release Rates

First, we explored the role of polymer concentration on the release rates for different
concentrations of 5-FU in pAAm hydrogels (Figure 1). These experiments clearly revealed
reduced drug release rates with increasing pAAm concentration. It is important to note
that the differences in drug release rates are quite significant; after 24 h only, <40% of the
drug had been released from 10% of the pAAm hydrogels, whereas ca. 70% of the drug
had been released from 2.5% pAAm hydrogels. Furthermore, the differences in slopes
for the initial and later stages of drug release for the different hydrogel samples—9, 5.6,
and 1.5 for 2.5, 5, and 10% pAAm, respectively—indicated increased burst releases for
lower concentrations of the hydrogel. Previous studies have indicated that higher drug
loadings often result in increased burst release [31]; we were curious, therefore, to study
if the polymer concentration had an effect on the burst release at higher drug loadings.
Consistent with the drug release profiles for lower loadings, we observed reduced drug
release rates and burst releases at higher pAAm concentrations (Figure 1b). The differences
in slopes for the initial and later stages of drug release for the higher drug loadings were
9.5, 9.0, and 2.5 for 2.5%, 5%, and 10% pAAm, respectively.
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Figure 1. Drug release (%) from hydrogels prepared using 2.5% (white circles), 5% (grey circles),
and 10% (black circles) AAm for (a) normal drug loading (1:8 w/w 5-FU:pAAm) and (b) high drug
loading (1:2 w/w 5-FU:pAAm). Data shown are the mean of triplicate measurements with a standard
error of <15%.

2.2. Influence of Crosslinking Density on Drug Release Rates

Next, we studied the effect of crosslinking density on the rate of drug release from
pAAm hydrogels of varying polymer concentrations. The crosslinking density was modi-
fied by changing the concentration of the chemical crosslinker, N,N′-methylenebis-acrylamide
(Bis). Irrespective of the polymer concentration, we observed a decrease in drug release
rates for pAAM hydrogels crosslinked using higher concentrations of Bis (Figure 2). Pre-
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vious studies have indicated that the swellability of hydrogels is an important parameter
in controlling drug release rates, with lower swelling ratios leading to slower release
profiles [32–34]. To confirm this correlation, we compared the swellability of the different
hydrogel formulations (Figure 3). These results clearly confirmed a significant negative
correlation between crosslinking density and swellability. Taken together, results from
Figures 2 and 3 support previously established hypotheses that lower drug release rates for
hydrogels prepared using a higher crosslinking ratio may be due to decreased swellability.
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circles). Data shown are the mean of triplicate measurements with standard error of <15%.
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Figure 3. Swelling ratios (%) of hydrogels after 24 h incubation in pH 7.2 buffer and at 37 ◦C, prepared
using different concentrations of AAm Bis: 0.0625% (white), 0.25% (grey) and 1% (black). Data shown
are the mean and standard error of triplicate measurements.

2.3. Nanoparticle-Mediated Increases in Crosslinking Density Affects Drug Release Rates

To confirm the role of crosslinking density on swellability and drug release rates, we
performed additional experiments using pAAm hydrogels incorporating silica nanopar-
ticles (SiNPs). Previous investigations, including our own research, have demonstrated
that nanoparticles may facilitate the formation of non-covalent or pseudo crosslinks within
a hydrogel network and thereby contribute to the overall crosslinking density [35–39].
Figure 4 compares the drug release rates and swellability for 5% pAAm prepared using
different concentrations of SiNPs. The data indicated that both drug release rates and
swellability decreased with increasing nanoparticle concentration; furthermore, they exhib-
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ited similar saturation behaviors (between 2 and 3% SiNPs). To offer additional support
to the data that suggested that nanoparticle-mediated increases in crosslinking density
can affect drug release rates, we repeated the drug release studies over a range of Bis and
SiNP concentrations (Table 1). Unsurprisingly, both Bis and SiNP concentrations played a
significant role on the drug release rates. Interestingly, we observed a decreased impact
of SiNPs on the drug release rates at higher Bis concentrations. Collectively, these results
(i.e., data presented in Figure 4 and Table 1) suggest the existence of a saturation point
in the ability to control drug release rates by modulating the crosslinking density of the
hydrogel network.
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different concentrations of SiNPs after 24 h incubation in pH 7.2 buffer and at 37 ◦C. Data shown are
the mean and standard error of triplicate measurements.

Table 1. Drug release (%) from 5% pAAm hydrogels prepared using different concentrations of Bis
and SiNPs after 24 h incubation in pH 7.2 buffer and at 37 ◦C.

Bis, % 0% SiNPs 2% SiNPs

0.0625 76.1 ± 9 35.4 ± 3
0.25 56.6 ± 5 31.2 ± 3
1.0 42.3 ± 5 30.3 ± 2

2.4. Drug Release Rates in Double-Network Hydrogels

To further validate the aforementioned observations that suggest the ability to control
drug release rates by modulating the hydrogel crosslinking density, we repeated the
nanoparticle studies using double-network (DN) hydrogels. In a previous study, we
demonstrated that nanoparticle-mediated enhancements in the mechanical properties of
DN hydrogels were strongly dependent on the extent to which SiNPs interact with the
individual networks and contribute to the overall crosslinking density of the hydrogel
network [40]. We were intrigued to test if these observations may be extended to drug
release, or in other words, do differences in the extent of nanoparticle-mediated increases
in crosslinking within DN hydrogels also impact drug release rates. Table 2 compares
the drug release rates for DN hydrogels prepared using either alginate or agarose as the
second network and incorporating or not incorporating SiNPs. The data reveals two
important takeaways: (i) the addition of a second polymer network led to reduced drug
release rates, and (ii) reduced drug release rates for DN hydrogels prepared using SiNPs
relative to neat hydrogels incorporating SiNPs. Furthermore, the observed effects on
SiNPs on drug release rates were consistent with the observations made for the mechanical
properties of DN hydrogels due to the addition of nanoparticles [40]. We observed reduced
decreases in release rates for pAAM-agarose DN hydrogels compared to pAAM-alginate
DN hydrogels. We attribute these differences in SiNP mediated effects on drug release
rates (and mechanical properties) to differences in the extent to which the nanoparticles
may interact with the polymer chains. While it has been reported that alginate may non-
covalently associate with silica nanoparticle surface [41], there are no published works
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(to the best of our knowledge) demonstrating positive interactions between agarose and
silica nanoparticles.

Table 2. Drug release (%) from double-network hydrogels prepared using different concentrations of
SiNPs after 24 h incubation in pH 7.2 buffer and at 37 ◦C.

Sample 0% SiNPs 2% SiNPs

5% pAAm 56.6 ± 5 31.2 ± 3
5% pAAm–1% alginate 43.2 ± 3 9.5 ± 1
5% pAAm–1% agarose 40.4 ± 5 30.3 ± 4

2.5. Differences in Drug Release Rates Translates to Differences in Cytotoxicity

Finally, we performed experiments to confirm that the differences in drug release rates
were biologically relevant, i.e., differences in drug release rates from the different hydrogel
formulations translate to differences in compound-mediated cell viability. For this, we
exposed human U-87 glioblastoma cells cultured on tissue-culture polystyrene surfaces to
pAAm hydrogels, prepared using different polymer and crosslinker (Bis) concentrations,
containing 5-FU. Figure 5 compares the percentage viability for U-87 cells exposed to 5-FU
released from different formulations of pAAm hydrogels. These results clearly demonstrate
significant differences in cell viability and a strong correlation between differences in drug
release rates (mediated by differences in either polymer or crosslinker concentrations) and
cell viability. We observe lower cell death for U-87 cells exposed to hydrogel formulations
prepared using higher concentrations of pAAm, i.e., conditions that led to reduced drug
release rates (Figure 5a). Similarly, increased crosslinking densities (achieved by increas-
ing the concentration of Bis) led to reduced 5-FU release rates and decreased cell death
(Figure 5b).
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Figure 5. Viability of U-87 cells (%) exposed to 5-FU released from pAAm hydrogels prepared using
(a) different concentrations of AAm: 2.5% (white), 5% (grey), and 10% (black) and 0.25% Bis, or (b) 5%
AAm and different concentrations of Bis: 0.0625% (white), 0.25% (grey) and 1% (black). Data shown
are the mean and standard error of triplicate measurements.

3. Discussion

Research over the past few years has clearly demonstrated the advantages of con-
trolled drug delivery over conventional delivery platforms, including increased stability
and bioavailability, improved and more reliable therapeutic effects, and reduced occurrence
and intensity of adverse effects [1,4,42]. Hydrogels hold enormous potential for controlled
drug delivery owing to their tunable physical properties, including porosity and degrad-
ability, and ability to respond to a variety of chemical and biological stimuli [6,8,43–46].
Furthermore, they are nontoxic and biocompatible, can be engineered to deliver drugs
with a range of chemical properties, and possess the ability to protect labile drugs from
degradation [44,46–49]. Combined, these properties enable hydrogel-based platforms to
serve as excellent candidates for the controlled delivery of various therapeutic agents,
including small molecule and macromolecular drugs. Hydrogel properties may be ma-
nipulated using a range of physical and chemical strategies to tailor these properties for
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controlled drug delivery [21,25,50]. In this study, our primary objective was to investigate if
we could leverage our current understanding of manipulating the properties of hydrogels
to develop drug delivery platforms with tunable release properties. Specifically, we wished
to study the role of polymer and crosslinker concentrations on drug release profiles and
develop an understanding of how these variables influence the ability of hydrogels to
deliver drugs in a more responsive manner.

Our results provided strong evidence in support of the influence of polymer concen-
tration and crosslinking density on drug release rates. Although others have reported
similar results (i.e., negative correlations between polymer and/or crosslinker concen-
trations and drug release rates), we believe a more systematic approach, as performed
in this work, is warranted before these properties may be used in combination with the
stimulus-responsive properties as design features to develop more efficacious and flexible
drug delivery platforms. To this effect, we were also intrigued to explore the correlation
between nanoparticle-mediated enhancements in mechanical properties of hydrogels and
the ability of nanoparticles to influence drug release properties of hydrogels. Previous
investigations have clearly indicated that the ability of nanoparticles to improve hydrogel
elastic modulus stems from their ability to increase the crosslinking density of polymer
networks—an attribute that has also been shown to influence drug release rates from
polymers [35–39]. Therefore, perhaps, it is not surprising that we observe a strong cor-
relation between nanoparticle-mediated effects on hydrogel modulus and drug release
rates. Our results indicated that at higher concentrations of nanoparticles, the hydrogel
nanocomposite formulations exhibited a slower rate of drug release, possibly due to the
increase in crosslinking density. We believe our work will provide a foundation for fu-
ture studies that aim to combine one or more properties of hydrogels to develop drug
delivery platforms with orthogonal design features for manipulating and controlling the
release of small molecule drugs. These future studies and models may also enable the
development and use of tunable hydrogel platforms, including polymeric nanocarriers
and nanogels [51,52], for the delivery of a wide range of therapeutics, including peptide,
protein, and nucleic acid payloads.

4. Materials and Methods
4.1. Materials

Materials for the preparation of the hydrogels, acrylamide (AAm, 40% w/v), N,N′-
methylenebisacrylamide (Bis, 2% w/v), alginic acid (sodium salt, low viscosity), ammonium
persulfate (APS), N,N,N′,N′-tetramethylethylenediamine (TEMED), and calcium chloride
(CaCl2) were purchased from Sigma Aldrich (Saint Louis, MO, USA), and agarose (low
melting) was purchased from Thermo Fisher Scientific (Waltham, MA, USA), and used as
received. Tris-HCl buffer (pH 7.2) was purchased from Life Technologies (Carlsbad, CA,
USA) and binzil silica nanoparticle colloid solution with a mean particle size of 4 nm was
a gift from AkzoNobel Pulp and Performance Chemicals Inc. (Marietta, GA, USA). 5-FU
was purchased from Sigma (Saint Louis, MO, USA). Human U-87 glioblastoma cells were
obtained from ATCC (Manassas, VA, USA), Dulbecco’s modified Eagle medium (DMEM)
from Mediatech (Manassas, VA, USA), fetal bovine serum and penicillin-streptomycin from
Invitrogen (Carlsbad, CA, USA), and sodium pyruvate, MEM non-essential amino acids
and GlutaMax from Life Technologies (Carlsbad, CA, USA). WST cell proliferation assay
kit was purchased from Dojindo Molecular Technologies (Rockville, MD, USA).

4.2. Preparation of Hydrogel Samples

All hydrogel samples for drug release studies were prepared using an acrylic mold
(1.6 mm thick and 6.5 mm in radius) at room temperature as previously described [37]. The
polymerization reactions were performed between parallel plates of the mold to minimize
exposure to air as oxygen inhibits the free radical polymerization reaction for pAAm. For
pAAm samples, the monomer (AAm), crosslinker (Bis), and 5-FU stocks were diluted to
their desired concentrations in pH 7.2, 250 mM Tris–HCl buffer, followed by the addition
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of TEMED (0.1% of the final reaction volume) and 10% w/v APS solution (1% of the final
reaction volume). Final concentration of 5-FU was 1:8 w/w drug:polymer and 1:2 w/w
drug:polymer for normal and high drug loadings, respectively. DN hydrogel samples
composed of pAAm and alginate were prepared by first dissolving alginate in Tris–HCl
buffer at room temperature. The alginate stock solutions were then diluted to the desired
concentrations and added to the pAAm/5-FU reaction mixture prior to the addition of APS
and TEMED, followed by the addition of 100 mM CaCl2 in Tris–HCl buffer to crosslink the
alginate. For DN hydrogels composed of pAAm and agarose, agarose stocks were prepared
by first dissolving agarose in Tris–HCl buffer at 70 ◦C. The pAAm reaction mixture was then
warmed to 37 ◦C, before the addition of agarose stock solutions at 37 ◦C and subsequent
addition of APS and TEMED. For nanocomposite hydrogels, various amounts of silica
nanoparticles were added to the reaction mixture prior to the addition of APS and TEMED
(and CaCl2 for hydrogels made using alginate).

4.3. Measurement of Drug Release Rates

Drug release rates for 5-FU were determined by incubating the hydrogel-5-FU samples
in pH 7.2, 100 mM Tris–HCl buffer, at 37 ◦C. At specific time intervals, the absorbance of
the releasate solution was measured at 266 nm (Tecan Infinite 200 PRO, Tecan, Switzerland).
The experiments were performed in triplicate, and the average drug release rates were
calculated as:

Drug release, % =
Drug released from the hydrogel

Total drug in the hydrogel
× 100 (1)

4.4. Measurement of Swelling Rates

To measure the swelling properties of the hydrogel samples, the hydrogel disks
containing no 5-FU were prepared as described above, wiped with tissue paper to remove
any excess water, before weighing to determine the initial weight (W0h). The samples were
then immersed in pH 7.2, 100 mM Tris–HCl buffer for 24 h at 37 ◦C. Their final weights
were recorded (W24h) after first blotting excess buffer with tissue paper. The experiments
were performed in triplicate, and the average swelling ratios were calculated as:

Swelling ratio, % =
W24h −W0h

W0h
× 100 (2)

4.5. Cell Maintenance and Measurement of Cytotoxic Responses

U-87 cells were maintained in DMEM supplemented with 15% fetal bovine serum,
sodium pyruvate, MEM non-essential amino acids, GlutaMax, and 1% penicillin–streptomycin
at 37 ◦C in a 5% CO2 humidified environment. Cell culture media was changed every
other day and cells were passaged every 4–5 days using 0.25% trypsin/EDTA. For cell
toxicity studies, U-87 cells were seeded into 96-well flat-bottom plates at a cell density of
8000–10,000 cells/well and allowed to proliferate for 24 h before exposure to the hydrogel
disks containing or not containing (control) 5-FU. Cell toxic responses to the drug released
from the hydrogel disks were measured by exposing the cells to the hydrogel-5-FU sam-
ples for predetermined periods of time and quantified using the commercially available,
formazan-based WST assay, as per manufacturer’s instructions. Briefly, 20 mL of the WST
solution for every 100 mL of culture media was added directly to the wells (after removing
the hydrogel-5-FU samples) and the cells were incubated for up to 4 h in a humidified
incubator at 37 ◦C and 5% CO2. 80 mL of the WST-media solution was transferred from
each well into a well of a new 96-well plate in order to avoid any background absorbance,
and the absorbance was measured at 570 nm (Tecan Infinite 200 PRO, Tecan, Switzerland).

4.6. Statistical Analysis

Average and standard error was calculated using Microsoft Excel (v. 16.54) and the
standard error was presented in the form of error bars in the graphs.
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25. Kopač, T.; Ručigaj, A.; Krajnc, M. The Mutual Effect of the Crosslinker and Biopolymer Concentration on the Desired Hydrogel
Properties. Int. J. Biol. Macromol. 2020, 159, 557–569. [CrossRef]

26. Lai, W.-F.; Huang, E.; Lui, K.-H. Alginate-based Complex Fibers with the Janus Morphology for Controlled Release of Co-delivered
Drugs. Asian J. Pharm. Sci. 2021, 16, 77–85. [CrossRef]

27. Telegeev, G.; Kutsevol, N.; Chumachenko, V.; Naumenko, A.; Telegeeva, P.; Filipchenko, S.; Harahuts, Y. Dextran-Polyacrylamide
as Matrices for Creation of Anticancer Nanocomposite. Int. J. Polym. Sci. 2017, 2017, e4929857. [CrossRef]

28. Bashir, S.; Teo, Y.Y.; Naeem, S.; Ramesh, S.; Ramesh, K. PH Responsive N-Succinyl Chitosan/Poly (Acrylamide-Co-Acrylic Acid)
Hydrogels and in Vitro Release of 5-Fluorouracil. PLoS ONE 2017, 12, e0179250. [CrossRef]

29. Qiao, Z.; Tran, L.; Parks, J.; Zhao, Y.; Hai, N.; Zhong, Y.; Ji, H. Highly Stretchable Gelatin-polyacrylamide Hydrogel for Potential
Transdermal Drug Release. Nano Sel. 2021, 2, 107–115. [CrossRef]

30. Torres-Figueroa, A.V.; Pérez-Martínez, C.J.; del Castillo-Castro, T.; Bolado-Martínez, E.; Corella-Madueño, M.A.G.; García-Alegría,
A.M.; Lara-Ceniceros, T.E.; Armenta-Villegas, L. Composite Hydrogel of Poly(Acrylamide) and Starch as Potential System for
Controlled Release of Amoxicillin and Inhibition of Bacterial Growth. J. Chem. 2020, 2020, e5860487. [CrossRef]

31. Chou, S.-F.; Carson, D.; Woodrow, K.A. Current Strategies for Sustaining Drug Release from Electrospun Nanofibers. J. Control.
Release 2015, 220, 584–591. [CrossRef]

32. Kou, J.H.; Fleisher, D.; Amidon, G.L. Modeling Drug Release from Dynamically Swelling Poly(Hydroxyethyl Methacrylate-Co-
Methacrylic Acid) Hydrogels. J. Control. Release 1990, 12, 241–250. [CrossRef]

33. Kim, S.W.; Bae, Y.H.; Okano, T. Hydrogels: Swelling, Drug Loading, and Release. Pharm. Res. 1992, 9, 283–290. [CrossRef]
34. Hegab, R.A.; Pardue, S.; Shen, X.; Kevil, C.; Peppas, N.A.; Caldorera-Moore, M.E. Effect of Network Mesh Size and Swelling to

the Drug Delivery from PH Responsive Hydrogels. J. Appl. Polym. Sci. 2020, 137, 48767. [CrossRef]
35. Xia, L.-W.; Xie, R.; Ju, X.-J.; Wang, W.; Chen, Q.; Chu, L.-Y. Nano-Structured Smart Hydrogels with Rapid Response and High

Elasticity. Nat. Commun. 2013, 4, 2226. [CrossRef]
36. Rose, S.; Prevoteau, A.; Elzière, P.; Hourdet, D.; Marcellan, A.; Leibler, L. Nanoparticle Solutions as Adhesives for Gels and

Biological Tissues. Nature 2014, 505, 382–385. [CrossRef]
37. Zaragoza, J.; Babhadiashar, N.; O’Brien, V.; Chang, A.; Blanco, M.; Zabalegui, A.; Lee, H.; Asuri, P. Experimental Investigation of

Mechanical and Thermal Properties of Silica Nanoparticle-Reinforced Poly(Acrylamide) Nanocomposite Hydrogels. PLoS ONE
2015, 10, e0136293. [CrossRef]

38. Adibnia, V.; Taghavi, S.M.; Hill, R.J. Roles of Chemical and Physical Crosslinking on the Rheological Properties of Silica-Doped
Polyacrylamide Hydrogels. Rheol. Acta 2017, 56, 123–134. [CrossRef]

39. Zaragoza, J.; Fukuoka, S.; Kraus, M.; Thomin, J.; Asuri, P. Exploring the Role of Nanoparticles in Enhancing Mechanical Properties
of Hydrogel Nanocomposites. Nanomaterials 2018, 8, 882. [CrossRef]

40. Chang, A.; Babhadiashar, N.; Barrett-Catton, E.; Asuri, P. Role of Nanoparticle–Polymer Interactions on the Development of
Double-Network Hydrogel Nanocomposites with High Mechanical Strength. Polymers 2020, 12, 470. [CrossRef]

41. Theodorakis, N.; Saravanou, S.-F.; Kouli, N.-P.; Iatridi, Z.; Tsitsilianis, C. PH/Thermo-Responsive Grafted Alginate-Based SiO2
Hybrid Nanocarrier/Hydrogel Drug Delivery Systems. Polymers 2021, 13, 1228. [CrossRef]

42. Langer, R. Drug Delivery and Targeting. Nature 1998, 392, 5–10.
43. Pillai, O.; Panchagnula, R. Polymers in Drug Delivery. Curr. Opin. Chem. Biol. 2001, 5, 447–451. [CrossRef]
44. McKenzie, M.; Betts, D.; Suh, A.; Bui, K.; Kim, L.D.; Cho, H. Hydrogel-Based Drug Delivery Systems for Poorly Water-Soluble

Drugs. Molecules 2015, 20, 20397–20408. [CrossRef]
45. Narayanaswamy, R.; Torchilin, V.P. Hydrogels and Their Applications in Targeted Drug Delivery. Molecules 2019, 24, 603. [CrossRef]
46. Rizzo, F.; Kehr, N.S. Recent Advances in Injectable Hydrogels for Controlled and Local Drug Delivery. Adv. Healthc. Mater. 2021,

10, e2001341. [CrossRef]
47. Roorda, W.E.; Boddé, H.E.; De Boer, A.G.; Bouwstra, J.A.; Junginer, H.E. Synthetic Hydrogels as Drug Delivery Systems. Pharm.

Weekbl. Sci. 1986, 8, 165–189. [CrossRef]
48. Hoare, T.R.; Kohane, D.S. Hydrogels in Drug Delivery: Progress and Challenges. Polymer 2008, 49, 1993–2007. [CrossRef]
49. Trombino, S.; Cassano, R. Special Issue on Designing Hydrogels for Controlled Drug Delivery: Guest Editors’ Introduction.

Pharmaceutics 2020, 12, 57. [CrossRef] [PubMed]
50. Das, R.; Bhattacharjee, C. 23—Hydrogel Nanocomposite for Controlled Drug Release. In Applications of Nanocomposite Materials in

Drug Delivery; Asiri, A.M., Mohammad, A., Eds.; Woodhead Publishing Series in Biomaterials; Woodhead Publishing: Sawston,
UK, 2018; pp. 575–588, ISBN 978-0-12-813741-3.

51. Sharma, A.; Garg, T.; Aman, A.; Panchal, K.; Sharma, R.; Kumar, S.; Markandeywar, T. Nanogel—an Advanced Drug Delivery
Tool: Current and Future. Artif. Cells Nanomed. Biotechnol. 2016, 44, 165–177. [CrossRef] [PubMed]

52. Das, S.S.; Bharadwaj, P.; Bilal, M.; Barani, M.; Rahdar, A.; Taboada, P.; Bungau, S.; Kyzas, G.Z. Stimuli-Responsive Polymeric
Nanocarriers for Drug Delivery, Imaging, and Theragnosis. Polymers 2020, 12, 1397. [CrossRef]

51



 International Journal of 

Molecular Sciences

Article

Hyaluronan/Diethylaminoethyl Chitosan Polyelectrolyte
Complexes as Carriers for Improved Colistin Delivery

Natallia V. Dubashynskaya 1 , Sergei V. Raik 1 , Yaroslav A. Dubrovskii 2,3,4 , Elena V. Demyanova 5,
Elena S. Shcherbakova 5, Daria N. Poshina 1 , Anna Y. Shasherina 3, Yuri A. Anufrikov 3 and Yury A. Skorik 1,*

Citation: Dubashynskaya, N.V.; Raik,

S.V.; Dubrovskii, Y.A.; Demyanova,

E.V.; Shcherbakova, E.S.; Poshina,

D.N.; Shasherina, A.Y.; Anufrikov,

Y.A.; Skorik, Y.A.

Hyaluronan/Diethylaminoethyl

Chitosan Polyelectrolyte Complexes

as Carriers for Improved Colistin

Delivery. Int. J. Mol. Sci. 2021, 22,

8381. https://doi.org/10.3390/

ijms22168381

Academic Editor: Inmaculada Aranaz

Corral

Received: 11 July 2021

Accepted: 30 July 2021

Published: 4 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Macromolecular Compounds, Russian Academy of Sciences, Bolshoi VO 31,
199004 St. Petersburg, Russia; dubashinskaya@gmail.com (N.V.D.); raiksv@gmail.com (S.V.R.);
poschin@yandex.ru (D.N.P.)

2 Almazov National Medical Research Centre, Akkuratova 2, 197341 St. Petersburg, Russia;
dubrovskiy.ya@gmail.com

3 Institute of Chemistry, St. Petersburg State University, Universitetskii 26, Peterhof,
198504 St. Petersburg, Russia; annakirillova980@mail.ru (A.Y.S.); anufrikov_yuri@mail.ru (Y.A.A.)

4 Research and Training Center of Molecular and Cellular Technologies, St. Petersburg State Chemical
Pharmaceutical University, Prof. Popova 14, 197376 St. Petersburg, Russia

5 State Research Institute of Highly Pure Biopreparations, Pudozhsakya 7, 197110 St. Petersburg, Russia;
lenna_22@mail.ru (E.V.D.); elenka.shcherbakova@ya.ru (E.S.S.)

* Correspondence: yury_skorik@mail.ru

Abstract: Improving the therapeutic characteristics of antibiotics is an effective strategy for controlling
the growth of multidrug-resistant Gram-negative microorganisms. The purpose of this study was
to develop a colistin (CT) delivery system based on hyaluronic acid (HA) and the water-soluble
cationic chitosan derivative, diethylaminoethyl chitosan (DEAECS). The CT delivery system was a
polyelectrolyte complex (PEC) obtained by interpolymeric interactions between the HA polyanion
and the DEAECS polycation, with simultaneous inclusion of positively charged CT molecules into
the resulting complex. The developed PEC had a hydrodynamic diameter of 210–250 nm and a
negative surface charge (ζ-potential = −19 mV); the encapsulation and loading efficiencies were 100
and 16.7%, respectively. The developed CT delivery systems were characterized by modified release
(30–40% and 85–90% of CT released in 15 and 60 min, respectively) compared to pure CT (100% CT
released in 15 min). In vitro experiments showed that the encapsulation of CT in polysaccharide
carriers did not reduce its antimicrobial activity, as the minimum inhibitory concentrations against
Pseudomonas aeruginosa of both encapsulated CT and pure CT were 1 µg/mL.

Keywords: colistin; polymyxin; hyaluronic acid; diethylaminoethyl chitosan; polyelectrolyte
complexes; drug delivery system; ESKAPE pathogens; antimicrobial activity

1. Introduction

Nanoparticles (NPs) based on natural and modified polysaccharides are well estab-
lished as potential platforms for the treatment of severe infectious diseases. These drug
delivery systems protect active pharmaceutical substances from untimely destruction in
the body, while also providing controlled release, overcoming biological barriers, and
targeting delivery of active agents to infection sites, thereby reducing drug doses and side
effects [1–5]. In addition, natural polysaccharides (hyaluronic acid (HA), alginic acid, starch,
and dextrin) and semi-synthetic chitin derivatives, including chitosan and its derivatives
(e.g., diethylaminoethyl chitosan (DEAECS), succinyl chitosan, and glutaryl chitosan), are
biocompatible, biodegradable, and non-toxic, while simultaneously providing suitable
drug loading efficiency [6–9].

One potential drug that could benefit from complexation with NPs is the antimicrobial
drug colistin (CT). CT is a mixture of the cyclic polypeptides colistin A (polymyxin E1)
and colistin B (polymyxin E2), which differ in their fatty acids [10]. CT is currently
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used as a last-reserve drug against multidrug-resistant infections, including nosocomial
pneumonia, caused by Gram-negative bacteria (e.g., Pseudomonas aeruginosa, Klebsiella
pneumoniae, Escherichia coli). Severe systemic infections require administration of CT by
injection; however, because the small CT molecules are quickly eliminated from systemic
circulation, high drug doses are required. Further disadvantages of CT therapy are its side
effects of neurotoxicity and nephrotoxicity [11–13]. These disadvantages can be reduced by
using nanotechnology-based drugs [3,4,14].

Polyelectrolytes are widely used in biomedicine due to the variety of their conforma-
tions and nanostructures, as well as their molecular interactions with biomedical materials.
For example, by varying the molar ratio between two oppositely charged polyelectrolytes,
it is possible to obtain different types of supramolecular systems (such as host–guest com-
plexes and interpolyelectrolyte complexes) through cooperative electrostatic interactions.
Such systems are capable of specifically interacting with a third component (the drug being
administered) [15,16].

As a cationic peptide antibiotic, CT has the ability to interact with anionic molecules,
including anionic polymers, and to form negatively charged NPs, and the resulting com-
plexes can be used as carriers for the targeted delivery of CT [6,17–20]. For example, our
research group [21] studied the formation of CT delivery systems formed by complexation
of the drug with HA via electrostatic interaction. The resulting particles had a negative
surface charge (−19 mV) and ranged in size from 200 nm to 1 µm, depending on the ratio
of HA/CT and the molecular weight (MW) of HA. The encapsulation efficiency (EE) was
30–100%, and the loading efficiency (LE) was 20–67%. The antibiotic release was 45%
and 85% in 15 and 60 min, respectively (pH 7.4). The minimum inhibitory concentrations
(MICs) of both encapsulated CT and pure CT were 1 µg/mL at pH 7.4 (against Pseudomonas
aeruginosa).

The positively charged CT can also be loaded into a system consisting of a polycation
and a polyanion. For example, Yasar et al. [6] developed polyelectrolyte complexes (PECs)
based on anionic starch (MW > 100,000) and oligochitosan (MW 5000) for the delivery
of CT and tobramycin. These PECs had a size of 170–380 nm, and a surface charge
from −17 mV to −30 mV; the EE was 97–99% and the LE was 17% (for CT) and 3% (for
tobramycin). The drug release into phosphate-buffered saline (PBS) at pH 7.4 reached
20–40% in 16 h. The antimicrobial activity of the loaded antibiotics against E. coli and
P. aeruginosa was similar to that of the corresponding free drugs. Deacon et al. [19] fabricated
NPs of tobramycin with alginate and alginate/chitosan and found that the presence of
low-molecular-weight chitosan increased the colloidal stability of the NPs. These NPs
had the following parameters: a size of 500–540 nm, ζ-potential of −25 to −28 mV, EE of
20–45%, and a tobramycin release (PBS, pH 7.4) of 45% in the first 90 min, which increased
to 80% after 48 h. The antimicrobial activity of the NPs against P. aeruginosa was equivalent
to that of unencapsulated tobramycin (MIC 0.625 mg/L). Balmayor et al. [20] produced an
injectable biodegradable starch/chitosan delivery depot system for the sustained release of
gentamicin for the treatment of bone infections. The obtained microparticles, prepared by a
reductive alkylation crosslinking method, had a spherical shape, a size range of 80–150 µm,
EE of 50–60%, and LE of 30%. The in vitro release profile (PBS, pH 7.4) was 50–70% in
24 h, followed by a sustained release for 30 days. In addition, a bacterial inhibition test on
Staphylococcus aureus showed 70–100% of the antimicrobial activity of free gentamicin.

In summary, the delivery of vital antibiotics (polypeptides, macrolides, aminoglyco-
sides, and fluoroquinolones) can be improved by encapsulating these drugs in carriers
based on polysaccharide PECs. In this case, the antibiotic release is regulated by modifi-
cation of the polymer MW, the component ratio, the particle size, and/or the preparation
method.

We previously studied polyelectrolyte interactions between HA and DEAECS [7] and
showed that mixing HA (MW of 950,000) with DEAEC (degree of substitution (DS) of
26, 55, 85, and 113%) resulted in the formation of spherical NPs whose size and charge
depended both on the ratio of the polymers and on the mixing order. The most stable PEC
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was obtained by mixing HA and DEAEC at ratios of 1:5 and 1.7:5. The hydrodynamic
diameter of these particles was 120–300 nm, and their surface charge was −10 mV to
−23 mV. The structure–sensitivity ratio (Rg/Rh), determined by comparing the gyration
radius (Rg) obtained by static light scattering and the hydrodynamic radius (Rh) obtained
by dynamic light scattering (DLS), depended on the DS of the DEAECS. The use of chitosan
with a DS of 25% and 55% gave an Rg/Rh of 1.1, whereas chitosan with high DS (85% and
113%) gave an Rg/Rh of 0.7. Spherically symmetric objects have an Rg/Rh of about 1,
while monodisperse spheres have values of 0.7–0.8.

DEAECS [22–25] and HA [26–29] have attractive biomedical properties, as both are
biodegradable, biocompatible, and non-toxic, water-soluble polymers. Chitosan and its
water-soluble derivatives are enzymatically biodegraded in body fluids and tissues by
lysozyme and are mainly distributed in the kidneys and urine, where they are further
destructed by enzymes and excreted; this prevents their accumulation in the body [30–32].
HA has a high affinity for stabilin-2 and CD44 receptors (expressed at inflammation
sites and on the surface of immunocompetent cells, such as T- and B-lymphocytes and
macrophages) [33–38] and for toll-like receptor 4 (TLR4), which is associated with protection
against Gram-negative bacteria [39,40]. The aim of the present work was to develop a
suitable drug delivery system for improved CT delivery based on HA-DEAECS PECs. The
CT delivery systems were expected to show an initial burst release of CT to provide a
therapeutic dose in the systemic circulation at 0.5–1 h, followed by a sustained release to
maintain an essential dose and antimicrobial activity for at least 10–12 h.

We determined the optimal conditions for the formation of suitable complexes by
studying parameters that affect the particle size and surface charge, as well as the EE and
the LE. The parameters included: (i) the MW of HA, (ii) the mass ratio of HA and CT, and
(iii) the addition of strong polycation DEAECS. We hypothesized that the inclusion of CT
in the HA-based polymer system would result in prolonged and targeted action due to the
high affinity of HA for CD44 receptors, while DEAECS would increase the stability of the
complex and allow controlled CT release. The advantages of these polymer carriers are
expected to improve CT delivery and antimicrobial activity, while reducing CT side effects.

2. Results and Discussion
2.1. Preparation and Characterization of HA-DEAECS PECs

The first step in our study was the preparation and characterization of drug-free
HA-DEAECS PECs (Scheme 1A). This step had two purposes: one was to study the effects
of MW and DS on the characteristics of the resulting particles to allow later comparisons
with CT-loaded NPs, and the other was to obtain drug-free particles for use in biological
experiments to exclude the influence of NPs on antimicrobial activity and toxicity. We
used polyanion HA with different MWs to have better control of the NP size, and we used
polycation DEAECS with different DS to have better control of the strength of the formed
PEC and the surface charge. Both HA and DEAECS are water-soluble, biocompatible,
biodegradable, and non-toxic, and their potential to serve as drug delivery vehicles is
enhanced by their simple preparation procedure. HA is an alternating copolymer of D-
glucuronic acid and N-acetyl-D-glucosamine, linked via alternating β-(1→4) and β-(1→3)
glycosidic bonds. DEAECS is an alkylated derivative of chitosan. As shown previously,
both amine and hydroxyl groups are substituted, and 0–15% of the diethylaminoethyl
groups are alkylated, forming quaternary ammonium groups [7].
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Scheme 1. Preparation of HA-DEAECS PEC (A) and CT-HA-DEAECS PEC (B,C).

The hydrodynamic diameter and ζ-potential of the resulting PEC are presented in
Table 1. The HA-DEAECS PECs were obtained with a negative surface charge, as evidenced
by a ζ-potential of around −32 to −35 mV. The hydrodynamic diameter of the PECs varied
from 400 to 2000 nm, and this depended heavily on the MW of the HA. The obtained data
led to the choice of HA54 for further experiments.

Table 1. Formation parameters and properties of HA-DEAECS and CT-HA-DEAECS PECs (mean ± standard deviation,
n = 3).

No. Formulation (Weight Ratio) Procedure 2Rh (nm) ζ-Potential
(mV) PDI EE (%) LE (%)

Formulation 1 HA54:DEAECS84 (5:1) Scheme 1A 446 ± 136 −32.8 ± 0.2 0.11 - -
Formulation 2 HA750:DEAECS84 (5:1) 1862 ± 442 −35.0 ± 0.8 0.09 - -
Formulation 3 HA54:DEAECS45 (5:1) 604 ± 158 −31.7 ± 0.6 0.10 - -
Formulation 4 HA54:DEAECS64 (5:1) 520 ± 76 −32.0 ± 0.6 0.06 - -

Formulation 5 CT:HA54:DEAECS84 (1:5:1) Scheme 1C 244 ± 66 −18.8 ± 0.2 0.10 100 16.7
Formulation 6 CT:HA54:DEAECS84 (2:5:1) 284 ± 134 −12.2 ± 0.6 0.24 98.5 32.8
Formulation 7 CT:HA54:DEAECS84 (4:5:1) 950 ± 248 −2.6 ± 0.2 0.10 47.8 31.8
Formulation 8 CT:HA54:DEAECS84 (6:5:1) 1104 ± 300 −1.9 ± 0.9 0.10 36.9 36.9
Formulation 9 CT:HA750:DEAECS84 (1:5:1) 612 ± 104 −24.4 ± 0.4 0.07 100 16.7
Formulation 10 CT:HA54:DEAECS45 (1:5:1) 210 ± 72 −19.0 ± 0.2 0.14 100 16.7
Formulation 11 CT:HA54:DEAECS64 (1:5:1) 210 ± 96 −18.9 ± 0.9 0.23 100 16.7
Formulation 12 CT:HA54:DEAECS84 (1:5:2) 210 ± 38 −14.9 ± 0.6 0.07 100 14.3

Formulation 13 CT:HA54:DEAECS84 (1:5:2) Scheme 1B 210 ± 68 −13.5 ± 0.4 0.12 100 14.3
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The thermodynamic stability of the HA-DEAECS PECs was studied using isothermal
titration calorimetry (ITC). The ITC data (Figure 1) are represented by two fragments: the
first is the PEC formation with an endothermal effect. Points for molar ratios from 0 to 1
were fitted by a one-site independent binding model, and the corresponding thermody-
namic parameters were Kd = 3.49 × 10−5; n = 0.521; ∆H = −0.207 kJ/mol; ∆G = −25.44
kJ/mol; and ∆S = 84.64 J/mol×K. Therefore, not surprisingly, the HA-DEAECS PEC
formation is an entropy-driven process.
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The heat effect at a molar ratio of 1.2–2 could not be explained by the ionic interactions
of HA and DEAECS. Turbidimetry data (Figure 1b) showed that a molar ratio of 1.2–1.4
led to a rapid decrease in turbidity. This reflects an endothermic effect on the ITC curve
and suggests that this effect represents a disaggregation at an excessive amount of titrant.

Consequently, the HA-DEAECS PEC preparation procedure represents a simple
method for the formulation of stable anionic particles of different sizes.

2.2. Preparation, Optimization, and Characterization of CT-HA-DEAECS PECs

CT is a cyclic heptapeptide with a tripeptide side chain that bears the covalently
attached fatty acid. It is positively charged at a neutral pH due to the presence of amine
functional groups in the structure. The positively charged CT molecules are able to interact
with polyanionic HA molecules and form PECs. In addition, the CT molecule contains
a lipophilic fatty acyl tail and a hydrophilic head group; therefore, CT can form micellar
structures with anionic polymers that are further stabilized by the addition of chitosan and
chitosan derivatives [6,17,21]. The use of this type of polyelectrolyte particle as a systemic
circulation drug carrier requires that the particles have a size below 300 nm and a negative
charge below −15 mV to ensure stability. We investigated the possibility of using HA and
DEAECS to load CT by studying the influence of various factors on the size, ζ-potential,
EE, and LE. The obtained results are presented in Table 1.

One point to note is that the introduction of CT into the HA-DEAECS (5:1) PECs
reduced their size from 400–600 nm to 210–244 nm (HA54) and from 1800 to 600 nm
(HA750), regardless of the DS of DEAECS. These results likely reflect the high efficiency of
CT binding to HA. The ζ-potential of the CT-loaded PEC decreased from −(31–32) mV to
−(18–19) mV (HA54) and from −35 mV to −24 mV (HA750) compared to CT-free particles.

Further experiments were aimed at examining the effect of DEAECS addition on the
properties of the resulted PEC. As presented in Table 1, the addition of DEAECS did not
significantly change the particle size. The surface charge was significantly reduced only
for the CT:HA:DEAECS ratios of 2:5:1 and 4:5:1. We used the CT:HA:DEAECS ratio of
1:5:1 to study the effect of DS, the amount of DEAECS84, and the order of addition of
the components to the HA. The obtained data show that these factors did not affect the
particle size, whereas a 2-fold increase in the DEAECS84 amount in the CT-HA-DEAECS
PEC changed the ζ-potential from −19 to −15 mV. The addition of DEAECS84 to the
CT-HA nanosuspension changed the ζ-potential from −19 to −13 mV. The EE and LE for
CT-HA-DEAECS84 depended primarily on the amount of the loaded CT; the best values
were 100% (EE) and 16.7% (LE) for the CT:HA:DEAECS ratio of 1:5:1 (Table 1). The PDI
values for most formulations were in the range of 0.1–0.2; PDI values of 0.2 and below are
generally considered acceptable for nanocarrier drug delivery systems [41].

Based on the optimization results, formulations 5, 10, 11, 12, and 13 were selected for
further study to test the stabilizing effect of DEAECS on CT release and on CT antimicrobial
activity.

The morphology of the PECs was visualized using AFM (Figure 2). The resulting
particles had a spherical shape with a size ranging from 10 to 500 nm, with most at
50–100 nm. The Formulation 1 particles were surrounded by non-complexed macro-
molecules. The particle size corresponds to the size estimated using DLS, taking into
consideration that AFM measurements were carried out on dry samples that reduced the
particle size compared to the hydrated complexes in suspension.
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2.3. In Vitro Release of CT from CT-HA-DEAECS PECs

The study of release kinetics into PBS (pH 7.4) simulated the pattern of CT behavior in
the systemic bloodstream. As shown in Figure 3, the CT release was 30–40% in 0.25 h, with
85–90% of the CT being released in 1–2 h for all three tested formulations (formulations 5,
12 and 13). Thus, when loaded into the HA-DEAECS PEC via polyelectrolyte interactions,
CT was rapidly released due to the high ionic strength of the release medium. A 2-fold
increase in DEAECS amount (formulations 12 and 13) stabilized the PEC and slowed this
CT release, but for only 1 h. After the first hour, the release from all test samples was
approximately the same [6,19].

The proposed modification of CT release from polymeric PEC compared to the release
profile of free CT will allow targeted drug delivery to the sites of bacterial inflammation
due to the high affinity of HA for the relevant receptors (CD44, stabilin-2, and TLR4 [33–40].
However, the initial rapid CT release is also necessary to ensure high antibiotic doses in
the first hours after administration, since the bactericidal effect of CT is mainly realized via
the carpet model of insertion, and it is dose-dependent [42–45].
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2.4. Antimicrobial Activity of CT-HA-DEAECS PECs

The MIC for Pseudomonas aeruginosa was determined at a concentration of 1 ×
107 CFU/mL (Figure 4). The CT-loaded NPs showed comparable antimicrobial effects to
those of unencapsulated CT. All MICs were 1 µg/mL, which may indicate the preservation
of the antibiotic activity in spite of encapsulation in different types of NPs. The blank NPs
had no discernible effects on the visible growth of the bacteria.
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The in vivo test showed that the encapsulated CT was released after 1–2 h in PBS, but
it could present different kinetics in the microbial culture medium. Therefore, the study of
the antimicrobial activity of developed drug delivery systems confirms that CT remains
active and that encapsulated CT is released at a sufficiently rapid rate to maintain the 24 h
result.

3. Materials and Methods
3.1. Materials

We used HA with MWs of 54,000 (HA54) and 750,000 (HA750). The MWs were deter-
mined by viscometry. The intrinsic viscosity of HA was determined using an Ubbelohde
viscometer (Design Bureau Pushchino, Pushchino, Russia) at 30 ◦C in 0.2 M NaCl. The MW
of HA was calculated from the Mark–Houwink equation: [η] = 3.9 × 10−2 ×MW0.77; [η]
HA54 = 1.7 dL/g and [η] HA750 = 13.1 dL/g [46,47].

DEAECS with different DS values of 45% (DEAECS45), 64% (DEAECS64), and 84%
(DEAECS84), determined by 1H NMR spectroscopy [7], were synthesized using a previously
described method [7]. The starting material was crab shell chitosan with an average MW
of 37,000 (determined by viscometry) and a degree of acetylation (DA) of 26% (determined
by elemental analysis and 1H NMR spectroscopy) [48].

CT sulfate (MW of 1390) was procured from BetaPharm (Wujiang, Shanghai, China).
The contents of CT A (polymyxin E1) and CT B (polymyxin E2) were 31.1 ± 0.4% and
68.9 ± 0.4%, respectively [49].

2-Chloro-N,N-diethylamine hydrochloride (99%), deuterium oxide (99.9 atom % D),
trifluoroacetic acid, and PBS were obtained from Sigma-Aldrich Co. (St. Louis, MO,
USA). Other reagents and solvents were obtained from commercial sources and were used
without further purification.

3.2. General Methods

The 1H NMR spectra were recorded on an Avance 400 spectrometer (Bruker BioSpin
GmbH, Rheinstetten, Germany) at 400 MHz and 70 ◦C using a zgpr pulse sequence with
suppression of residual H2O. Samples for NMR were dissolved in D2O and X µL of
CF3COOH (where X is the mass of the polymer) was added to protonate all the amino
groups.

Elemental analysis was performed on a Vario EL CHN analyzer (Elementar, Lan-
genselbold, Germany).

The hydrodynamic diameter (2Rh) and the ζ-potential were determined by dynamic
and electrophoretic light scattering, respectively, using a Compact-Z instrument (Photocor,
Moscow, Russia) with a 659.7 nm He–Ne laser at 25 mV power and a detection angle of 90◦.
The polydispersity index (PDI) was determined by cumulants’ analysis of autocorrelation
function using DynaLS software.

The particle morphology was studied using atomic force microscopy with a Smena
instrument (NT-MDT, Zelenograd, Russia).

3.3. Liquid Chromatography-Mass Spectrometry (LC-MS) Measurements

LC-MS was performed as previously described [21]. Chromatographic separation was
performed using an Elute UHPLC (Bruker Daltonics GmbH, Bremen, Germany) equipped
with a Millipore Chromolith Performance/PR-18e, C18 analytical column (100 mm× 2 mm,
Merck, Darmstadt, Germany) with Chromolith® RP-18 endcapped 5-3 guard cartridges
(Merck, Darmstadt, Germany). Mass spectra were obtained on a Maxis Impact Q-TOF mass
spectrometer (Bruker Daltonics GmbH, Bremen, Germany) equipped with an electrospray
ionization source (Bruker Daltonics GmbH, Bremen, Germany) and operated in positive
ionization mode. Mass spectra were analyzed using DataAnalysis® and TASQ® software
(Bruker Daltonics GmbH, Bremen, Germany).
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3.4. Isothermal Titration Calorimetry and Turbidimetry

HA54 (2.12 mM; moles of monomeric units) and DEAECS84 (14.3 mM; moles of N
atoms) solutions in 0.15 M NaCl were prepared and degassed under vacuum before the
titration. HA54 (1 mL) was loaded in a Nano ITC microcalorimeter (TA Instruments,
New Castle, DE, USA) and titrated by 24 injections (9.98 µL) of DEAECS84 solution. The
time interval between injections was 2400 s, and the temperature was 25.0000 ± 0.0001 ◦C.
ITC measurements were performed at the Center for Thermogravimetric and Calorimetric
Research of Science Park of St. Petersburg State University.

In parallel, 2 mL of 2.12 mM HA54 solution were loaded into a 10 mm quartz cuvette
and titrated with 14.3 mM DEAECS84 solution. After each 20 µL addition, the optical
density (OD) at 500 nm was measured on a UV-1700 spectrometer (Shimadzu, Kyoto,
Japan).

3.5. Preparation of HA-DEAECS PECs

Solutions of HA (0.5 mg/mL, pH 6.5) and DEAECS (0.5 mg/mL, pH 5.6–6.2) with a
DS of 45%, 64%, and 84% were prepared in ultrapure water.

Method A: HA-DEAECS PECs were obtained by the following procedure [7]: DEAECS
solution was added dropwise via a 23G needle into the HA solution (Scheme 1A) at a ratio
of 1:5, and the mixture was vortexed for 2 min and then allowed to stand for 2 h for PEC
formation. Various PEC formation parameters are presented in Table 1. The resulting NPs
were freeze-dried.

3.6. Preparation of CT-HA-DEAECS PECs

Solutions of CT (1 mg/mL, pH 6.9), HA (0.5 mg/mL, pH 6.5), and DEAECS (0.5 mg/mL,
pH 5.6–6.2) with DS of 45%, 64%, and 84% were prepared in ultrapure water. CT-HA-
DEAECS PECs were obtained by the following procedures.

Method B: CT solution was added to the HA solution, and the DEAECS solution was
added to this mixture (Scheme 1B).

Method C: CT was mixed with the DEAECS solution, and this mixture was added
to the HA solution (Scheme 1C). All solutions were added dropwise via a 23G needle,
and the mixtures were vortexed for 2 min and then allowed to stand for 2 h for forming
PECs. Various PEC formation parameters are presented in Table 1. The resulting NPs were
freeze-dried.

3.7. Encapsulation and Loading Efficiencies

The EE and LE were determined by measuring the concentration of the non-loaded
CT (by an indirect method). The CT-HA-DEAECS PEC suspension was concentrated
by ultrafiltration at 4500 rpm through a 10,000 MWCO Vivaspin® Turbo 4 centrifugal
concentrator (Sartorius AG, Göttingen, Germany) for 15 min at 20 ◦C. The amount of
encapsulated CT in the PEC was calculated by the difference between the total CT amount
used to prepare the PEC and the CT amount in the supernatant. The CT concentration in
the supernatant was analyzed by LC-MS. The results were calculated using the following
equations:

EE (%) =
CT mass total−CT mass in the supernatant

CT mass total
× 100%

LE (%) =
CT mass total−CT mass in the supernatant

Polymer mass
× 100%

3.8. In Vitro Release of CT from CT-HA-DEAECS PEC

The release medium conditions took into account the FDA recommendations for the
dissolution methods of injectable dosage forms. A 1 mg sample of PEC was dissolved
in PBS (4 mL, pH 7.4) and incubated at 37 ◦C. At regular intervals, 4 mL of medium
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was ultracentrifuged at 4500 rpm using a 10,000 MWCO Vivaspin® Turbo 4 centrifugal
concentrator. The amount of CT released into the supernatant was determined by LC-MS.

3.9. Antimicrobial Activity of CT-HA-DEAECS PEC

This assay was realized by the microtiter broth dilution method described by the
Clinical and Laboratory Standards Institute [50] using P. aeruginosa ATCC 27,853 (Mu-
seum of Microbiological Cultures, State Research Institute of Highly Pure Biopreparations,
St. Petersburg, Russia).

In a 96-well plate, 125 µL of Mueller-Hinton broth (HiMedia, Mumbai, India) were
added. Stock solutions of NPs with antibiotics were prepared by diluting the sample in
Mueller-Hinton broth to a maximum 2-fold required CT concentration. Serial dilutions
of CT at concentrations from 64 to 0.25 µg/mL were then obtained on the plate. The
OD of an overnight P. aeruginosa suspension in Mueller-Hinton broth was measured on a
UVmini-1240 spectrophotometer (Shimadzu, Kyoto, Japan) at a wavelength of 540 nm, and
the suspension was serially diluted 1:100 in Mueller-Hinton broth to give approximately
1 × 107 CFU/mL.

The inoculum was prepared by cultivation in a liquid medium (Mueller-Hinton broth)
for 18 h by adding 125 µL of inoculum to the wells of the plate. The plate also contained
controls: 100% growth (bacteria only), sterility control (Mueller-Hinton broth only), and
blank NPs at equivalent polymer concentrations. The plate was incubated for 24 h at 37 ◦C,
and then the OD was measured on an ELx808 ™ Absorbance Microplate Reader (BioTek
Instruments, Winooski, VT, USA) at 630 nm.

4. Conclusions

This study has several main conclusions: (i) Polyanionic HA and polycationic DEAECS
in aqueous solutions form stable PECs that are suitable for the inclusion of positively
charged CT molecules. The reaction entropy component (−T∆S) and free energy (∆G) were
negative, indicating a favorable reaction. A negative ∆G corresponds to an entropy-driven
process, which indicates strong bonding between the molecules; the Kd in the physiological
solution was about 3.49 × 10−5. (ii) Varying the MW of HA, component ratios, and mixing
procedure optimized the PEC preparation method and yielded formulations suitable for
intravascular injection (mean size 210–250 nm and surface charge −19 mV). (iii) In vitro
release experiments showed that the developed drug delivery systems provided sustained
CT release for approximately 1–2 h compared to pure CT. (iv) The drug delivery systems
exhibited comparable antimicrobial activity against P. aeruginosa to that of pure CT (both
had a MIC of 1 µg/mL). This study can be extended to include in vivo biological tests
to develop safe and effective antimicrobials for the treatment of infections caused by
Gram-negative multidrug-resistant microorganisms.
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Abstract: The growing number of drug-resistant pathogenic bacteria poses a global threat to human
health. For this reason, the search for ways to enhance the antibacterial activity of existing antibiotics
is now an urgent medical task. The aim of this study was to develop novel delivery systems for
polymyxins to improve their antimicrobial properties against various infections. For this, hybrid core–
shell nanoparticles, consisting of silver core and a poly(glutamic acid) shell capable of polymyxin
binding, were developed and carefully investigated. Characterization of the hybrid nanoparticles
revealed a hydrodynamic diameter of approximately 100 nm and a negative electrokinetic potential.
The nanoparticles demonstrated a lack of cytotoxicity, a low uptake by macrophages, and their own
antimicrobial activity. Drug loading and loading efficacy were determined for both polymyxin B
and E, and the maximal loaded value with an appropriate size of the delivery systems was 450
µg/mg of nanoparticles. Composite materials based on agarose hydrogel were prepared, containing
both the loaded hybrid systems and free antibiotics. The features of polymyxin release from the
hybrid nanoparticles and the composite materials were studied, and the mechanisms of release were
analyzed using different theoretical models. The antibacterial activity against Pseudomonas aeruginosa
was evaluated for both the polymyxin hybrid and the composite delivery systems. All tested samples
inhibited bacterial growth. The minimal inhibitory concentrations of the polymyxin B hybrid delivery
system demonstrated a synergistic effect when compared with either the antibiotic or the silver
nanoparticles alone.

Keywords: hybrid nanoparticles; core–shell structures; peptides; polymyxin; colistin; drug delivery
systems; antibiotics; antimicrobial properties; composite materials

1. Introduction

The emergence of antibiotics revolutionized the treatment of infectious diseases and
made a significant contribution to reducing the associated morbidity and mortality. How-
ever, the year-by-year growth in the use of antibiotics has led to the appearance of bacterial
resistance to these drugs. Today, the increasing number of drug-resistant pathogenic bacte-
ria poses a global threat to human health. Despite the fact that new antibiotics are actively
being researched to overcome the resistance of microorganisms to antibacterial drugs, a
steady and gradual reduction in the introduction of new drugs has been reported [1].

In the past decade, failures in the treatment of multidrug-resistant bacterial infec-
tions have led to the return of some antibiotics previously rejected by medical practice.
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These include the polymyxins (PMXs), a group of cyclic peptide antibiotics consisting of
encoded and non-encoded amino acids (Figure 1) and active mainly against Gram-negative
pathogens [2]. Polymyxin B contains phenylalanine in the peptide structure, which is
replaced by leucine in polymyxin E. Furthermore, both polymyxin B and E exist as mixtures
of closely related lipopeptides differing in the structure of the N-terminal fatty acyl group,
namely, 6-methyloctanoic acid (form B1 or E1) or 6-methylheptanoic acid (form B2 or
E2). This group of antibiotics was introduced into clinical practice more than 50 years
ago, but they were quickly discovered to have serious side effects, such as nephro- and
neurotoxicity [3]. However, in 2011, the World Health Organization reclassified PMXs as
extremely important antibiotics in practical health care for the treatment of infections for
which there are now practically no alternatives [4].
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The return of PMXs as therapeutic agents in clinical practice has prompted a search
for ways to minimize their side effects. The emergence of nanomaterials has presented one
strategy for developing drug delivery systems that can optimize the treatment of infectious
diseases while minimizing the toxic effects of drugs like PMXs [5–7]. PMXs are positively
charged, so they can interact with anionic phospholipids and anionic polymers; therefore,
the modern delivery systems considered for PMXs include anionic liposomes [8–10] and
anionic polymers. The anionic polymers form polyelectrolyte complexes (PECs) with
PMXs due to electrostatic interactions [11,12]. For instance, Liu et al. reported the prepara-
tion of nanoparticles (NPs) by complexation of colistin (polymyxin E) with poly(glutamic
acid) and further stabilization of this delivery system using 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N-(methoxy (polyethylene glycol)-2000) [11]. Dubashynskaya et al.
evaluated the efficiency of hyaluronan/colistin PECs as PMX delivery systems [12]. The
positively charged PMXs can also be successfully loaded into PECs formed by combina-
tions of polycations and polyanions. For example, Coppi et al. developed pH-sensitive
alginate/chitosan PECs for oral administration of PMX B [13,14]. Similar systems based
on PECs formed by a polycation (oligochitosan) and a polyanion (anionic starch) for
co-delivery of colistin and tobramycin were recently studied by Yasar et al. [15]. Hyaluro-
nan/diethylaminoethyl chitosan PECs for improved colistin delivery have been reported
by Dubashynskaya et al. [16].

The PMX structure, which includes a lipophilic tail and a hydrophobic amino acid
(phenylalanine or leucine), allows PMX loading into lipid NPs and polymers, as well as
into amphiphilic copolymers. Recently developed PMX delivery systems have included not
only lipid NPs [17,18] and hydrophobic poly(butyl cyanoacrylate)-based NPs [19], but also
poly(L-lactide)/halloysite nanotube nanofiber mats for wound treatment [20]. Therefore,
in addition to systemic administration (e.g., parenteral administration), PMXs can also
be used for external treatment to prevent skin infections in cases of postsurgical or burn
wounds [21]. The conventional forms for prolonged external skin treatments with PMXs
include patches [22] and hydrogel films [23,24]. Innovative microneedle technologies can
also be a choice for effective transdermal delivery of these antibiotics [25,26]. Compared to
systemic administration, local delivery of antibiotics has several advantages, including re-
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duced systemic toxicity, high therapeutic efficacy, and low occurrence of bacterial resistance.
Several biopolymers, such as hyaluronic acid, sodium alginate, chitosan, collagen, and
dextran, have been widely used to prepare materials for prolonged and safe antibacterial
wound treatment [24,27,28].

Like many other antibiotics PMXs can be used together with silver NPs (Ag NPs),
which already have their own antimicrobial activity against different microorganisms,
including Staphylococcus aureus, Vibrio cholerae, Pseudomonas aeruginosa, Bacillus subtilis,
Escherichia coli, etc. [29,30]. One of the proposed mechanisms of the antimicrobial activity
of Ag NPs is associated with a gradual release of silver ions (Ag+), which actively interact
with the cell membrane and penetrate into the microorganism. The internalized Ag+ ions
deactivate the respiratory enzymes, thereby blocking adenosine triphosphate production
but retaining electron transport, which then supports the generation of reactive oxygen
species that can modify DNA. The Ag+ ions can also bind to the phosphate groups of DNA,
thereby interfering with DNA replication [30]. Brown et al. compared the biological activity
of Ag and Au NPs, as well as the same NPs functionalized with the beta-lactam antibiotic
ampicillin [31]. The authors found no antibacterial effect with neat Au NPs, whereas the
NPs modified with the antibiotic showed antimicrobial activity. By contrast, the neat Ag
NPs clearly had antibacterial activity against Gram-positive and Gram-negative bacteria,
even without the presence of ampicillin. Manukumar et al. reported that a preparation
of Ag NPs coated with chitosan and capable of incorporating thymol showed broad bac-
tericidal activity against both Gram-positive and Gram-negative bacteria [32]. Moreover,
in some studies, antibiotics loaded into hybrid polymer–silver NPs have demonstrated
enhanced antibacterial activity [33,34].

Earlier, we studied the self-assembly of amphiphilic poly(glutamic
acid-co-polyphenylalanine) into NPs of ca. 200 nm and the use of these NPs as deliv-
ery systems for both PMXs B and E [35,36]. The developed NPs did not show cytotoxicity
but demonstrated reduced uptake by macrophages. PMX B, being slightly more hydropho-
bic than PMX E, demonstrated a higher loading and a stronger retention than PMX E. The
minimal inhibitory concentrations for the developed formulations were equal to those of
the free antibiotics.

In the present study, we prepared hybrid core–shell NPs consisting of an Ag core
covered by a poly(glutamic acid) (PGlu) shell, and we investigated these PGlu@Ag NPs as
delivery systems for PMXs B and E. The Ag core was chosen to enhance the antibacterial
effect of the PMX formulation, while PGlu was selected because of its effective PMX
binding and the absence of cytotoxicity. The hybrid PMX/PGlu@Ag NPs were carefully
characterized in terms of their size, polydispersity, and morphology. The loading of
PMXs was evaluated to optimize the amount of loaded drug and the stability of the
formulation. The PMX/PGlu@Ag NPs were used further as a filler to prepare agarose-
based hydrogel composites that could be considered as systems for antibacterial treatment
of skin damage. The release kinetics of PMX from both hybrid and composite delivery
systems were investigated and analyzed using different mathematical models to predict
the most probable mechanisms of release. The antimicrobial efficacy against P. aeruginosa
was evaluated for both types of PMX delivery systems developed in this study.

2. Results and Discussion
2.1. Synthesis of SH-PGlu

The preparation of PGlu@Ag NPs was based on the reduction of Ag+ in silver nitrate
to Ag0 by sodium borohydride in the presence of thiol-containing PGlu as a coating and
stabilizing agent.

PGlu containing a terminal thiol group was obtained by the ring-opening polymeriza-
tion of N-carboxyanhydride (NCA) of L-glutamic acid γ-benzyl ester (Glu(OBzl)) using
S-acetamidomethyl-L-cysteine (Cys(Acm)) as an initiator (its amino group can initiate ring
opening polymerization (ROP) via the amine mechanism). The scheme of the synthesis is
illustrated in Figure 2A. At this step, the polymer had a hydrophobic nature. According to
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size-exclusion chromatography (SEC), the synthesized protected polymer had the following
molecular weight characteristics: Mw = 5700, Mn = 4300, Ð = 1.32.
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In the next step, the obtained polymer was deprotected (Figure 2B). Initially, the γ-
carboxyl groups of glutamic acid were deprotected using trifluoracetic/ trifluoromethane-
sulfonic acid (TFA/TFMSA) solution. Finally, the Acm protection of the terminal cysteine
was removed to generate a free thiol group. The presence of the SH-group in PGlu was
testified by Ellman’s test [37]. The product of the reaction with Ellman’s reagent is easily
detected spectrophotometrically at a wavelength of 412 nm and can be quantified. The
content of thiol groups in the polymer was 2.28 mg, which corresponded to 70 ± 5 wt% of
the thiol groups in S-acetamidomethyl-L-cysteine taken as the initiator of the polymeriza-
tion reaction.

2.2. Preparation of Hybrid Nanoparticles

Hybrid NPs were obtained via the reduction of the Ag+ in silver nitrate with sodium
borohydride with a simultaneous stabilization of the generated NPs by SH-PGlu due to
the formation of -S-Ag bonds. The scheme of the reaction is shown in Figure 3A. During
the reaction, the suspension changed in color from light beige to a rich golden brown,
indicating that silver ions were reduced, and that stabilized NPs had formed. Ag NPs
stabilized with a low molecular weight compound, cysteine (Cys@Ag), were also obtained
for comparison (Figure 3B).
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The synthesized NPs were analyzed by dynamic and electrophoretic light scattering
(DLS and ELS) methods in various media to determine hydrodynamic diameter (DH),
polydispersity index (PDI), and ζ-potential. Table 1 shows that the hybrid NPs had hydro-
dynamic diameters close to 90–100 nm in all studied media. As expected, the PGlu@Ag NPs
demonstrated a strong negative charge and provided high stability to the colloid system.

Table 1. Characteristics of PGlu@Ag nanoparticles determined by dynamic and electrophoretic light
scattering.

Conditions of NPs’
Redispersion DH (nm) PDI ζ-Potential (mV)

H2O 97 0.44 ± 0.03 −57 ± 2
0.01 M PBS, pH 7.4 92 0.46 ± 0.02 −48 ± 5

0.02 M acetic buffer, pH 3.8 89 0.50 ± 0.01 −51 ± 3
0.02 M borate buffer, pH 10.5 88 0.50 ± 0.01 −55 ± 2

The morphology of the synthesized hybrid particles was investigated by TEM (Figure 4)
using non-contrasted NPs and NPs stained with uranyl acetate. In the first case, the detec-
tion of only the silver core is possible, while the use of uranyl acetate allowed the detection
of the size of the particle complete with its polymer shell.
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The DLS results for Cys@Ag NPs revealed that they were considerably larger than
PGlu@Ag NPs (Table 2). Most likely, this result could be associated with less stabilization
of the reducing Ag by cysteine. The Cys@Ag NPs have both amino- and carboxylic groups
on their surface; therefore, they showed the ability to change the ζ-potential depending on
the medium in which they were redispersed.

In addition, PGlu@Ag and Cys@Ag NPs obtained in PBS were studied by nanoparticle
tracking analysis (NTA) (Figure S1 of Supplementary Materials). The hydrodynamic
diameter of NPs determined by NTA is in agreement with the average DH obtained by
DLS: Ag NPs stabilized by PGlu had smaller size than those stabilized by small molecule
Cys. In both cases, DLS and NTA indicate fairly wide size distribution of NPs, but, unlike
PGlu@Ag NPs, a multimodal distribution was detected for Cys@Ag NPs. The appearance
of several modes for Cys@Ag may be related to the poor stabilization of Ag by a small
ligand as well as to the aggregation of particles due to the electrostatic interaction between
the amino and carboxyl groups that are present in each cysteine molecule and ionized at
pH 7.4.
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Table 2. Characteristics of Cys@Ag nanoparticles determined by dynamic and electrophoretic
light scattering.

Conditions of NPs’
Redispersion DH (nm) PDI ζ-Potential (mV)

H2O, 20 s 423 0.56 ± 0.01 −19 ± 1
0.01 M PBS, pH 7.4, 20 s 606 0.42 ± 0.03 −42 ± 3

0.02 M acetic buffer, pH 3.8, 45 s 505 0.32 ± 0.01 +39 ± 2
0.02 M borate buffer, pH 10.5, 30 s 780 0.36 ± 0.02 −53 ± 2

2.3. Biological Evaluation of Hybrid Nanoparticles

The cytotoxicity of the hybrid NPs was evaluated using HEK 293 and HepG2 cell lines
by the CTB test after 72 h (Figure 5).
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Figure 5. Viability of HEK 293 (A) and HepG2 (B) incubated with hybrid nanoparticles for 72 h.

In the case of Cys@Ag NPs, the IC50 values for normal (HEK 293) and cancer (HepG2)
cells were 284.4 ± 9.8 and 342.1 ± 16.7 µg/mL, respectively. In turn, IC50 values for
PGlu@Ag NPs were 84.9 ± 6.3 and 192.8 ± 9.5 µg/mL for HEK 293 and HepG2, respectively.
Taking into account that PGlu is a non-toxic polymer (IC50 > 1000 µg/mL) [36,38], the
cytotoxic effect of PGlu@Ag NPs at concentrations higher than 64 µg/mL is evidently
provided by the silver core of the NPs. According to the published data, Ag NPs are quite
toxic to mammalian cells. The reported cytotoxicity of non-coated Ag NPs with a size of
20–50 nm is in the range of 5–15 µg/mL for normal cells and 40 µg/mL for the cancerous
cells (MCF-7) [39,40]. In turn, coating of the Ag NPs with a low molecular or polymer shell
has been shown to improve their compatibility with cells [40,41]. In particular, the Janus
PEG@Ag NPs 40 nm in size appeared to be non-toxic to HepG2 cells at concentrations
up to 64 µg/mL [42]. Tang et al. reported IC50 values for Fe3O4@T. spicata/Ag NPs with
a size of 50 nm of 289, 311, and 174 µg/mL against Ramos.2G6.4C10, HCT-8 [HRT-18],
and HCT 116 cancer cell lines, respectively [43], while normal cells (HUVECs) retained
their viability in the presence of up to 1000 µg/mL Fe3O4@T. spicata/Ag. The cytotoxicity
of Ag NPs is associated with their size; smaller Ag NPs demonstrate higher cytotoxicity,
presumably due to their faster penetration into the cells [40]. This may be the reason for
the higher cytotoxicity of PGlu@Ag (~100 nm) compared to CyS@Ag (~420 nm) in HEK
293 and HepG2 cells.

Flow cytometry was used to study the uptake of NPs by macrophages. Besides the
two hybrid NP types, the poly(L-glutamic acid-co-L-phenylalanine) (P(Glu-co-Phe)) NPs
developed earlier were also applied as a benchmark. We have recently shown that uptake
of P(Glu-co-Phe) about 200 nm in size by macrophages was reduced in comparison with
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widely used PEG-b-PLA NPs [36]. The capture study was carried out by incubation of
mouse macrophages (J774.1A) with Cy5-labeled NPs for 0–8 h. As shown in Figure 6, the
lowest uptake by macrophages was observed for the control P(Glu-co-Phe) NPs. Both kinds
of Ag-based NPs demonstrated higher uptake by macrophages than was observed for the
polymer NPs. Several factors, such as shape, size, surface charge, and rigidity, are known
to affect the rate of phagocytosis [44,45]. Taking into account that all the tested NPs are
spherical and negatively charged under the conditions of the experiment, the most probable
reason for such behavior of the Ag-based NPs is their higher rigidity in comparison to the
self-assembled P(Glu-co-Phe) NPs. Indeed, the published data clearly indicate that softer
NPs demonstrate reduced uptake efficiency, which is associated with their tendency to
undergo local deformation upon contact with macrophages [44]. Compared to PGlu@Ag,
the silver NPs stabilized with cysteine (Ag@Cys) demonstrated an enhanced uptake during
the first hour, while the total uptake after 8 h was slightly lower. This trend might be
explained by the influence of the rigidity factor at the initial step and the size factor at a
subsequent step. In particular, a larger sized NP is known to require more time for uptake,
as the cell needs to build a larger phagocytic cup [44]. In general, the rate of uptake detected
for PGlu@Ag is comparable to that established by us earlier for rigid PEG-b-PLA NPs
of a similar size (~100 nm) [36]. Thus, it can be concluded that the coating of silver NPs
with PGlu demonstrated a satisfactory result and that the hybrid NPs can be considered as
viable delivery systems.
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As an additional experiment, the uptake of NPs by macrophages was visualized by
fluorescence microscopy (Figure 7) after 3 h of co-incubation. Analysis of the images
supported the results of flow cytometry regarding the capture of NPs by macrophages by
nonspecific endocytosis.
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ticles labeled with Cy5; (D–F) Cy5-P(Glu-co-Phe) nanoparticles. The images from left to right show
the fluorescence of Cy5-labeled nanoparticles in cells (blue), the stained cell membrane (green), and
the overlap of two images (scale bar equal to 50 µm).

2.4. Preparation of Polymyxin Formulations Based on Hybrid Nanoparticles

PMXs were loaded by exploiting the polyelectrolyte interactions between the positively
charged PMX B or E and the negatively charged PGlu. Drug loading (DL) and loading
efficacy (LE) are important parameters of drug delivery systems. The dependence on
DL and LE obtained for loading of PMXs B and E into PGlu@Ag is shown in Figure 8.
Both antibiotics demonstrated high binding ability to PGlu, in agreement with the results
previously observed for P(Glu-co-Phe) [36]. The loading of more than 1000 µg of PMX per
mg of NPs occurred to be possible for both antibiotics. However, the LE was slightly higher
for the more hydrophilic PMX E than for PMX B.
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hybrid nanoparticles.

Monitoring of the hydrodynamic diameter and ζ-potential of the delivery systems
revealed a considerable change in these characteristics with an increase in PMX loading
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(Table 3). The loading up to 450 µg/mg of NPs ensured the formation of stable compositions
with DH up to 210 nm. A further increase in the PMX loading led to a sharp increase in the
hydrodynamic diameter (more than 1 µm) with simultaneous reduction in ζ-potential that,
in turn, followed by the instability of the formulation over time. Thus, the loading of more
than 450 µg of PMX per mg of NPs seems impractical.

Table 3. Changes in characteristics of hybrid PGlu@Ag NPs after loading of polymyxin B.

Loaded PMX (µg/mg of NPs) DH (nm) ζ-Potential (mV)

0 93 ± 54 −48 ± 2
330 184 ± 95 −41 ± 1
450 206 ± 107 −36 ± 1
830 1215 ± 675 −28 ± 2

1250 1945 ± 874 −10 ± 1

2.5. Composite Delivery Systems

As mentioned earlier, the composite materials based on hydrogels may have potential
applications as systems for wound treatment. In this work, agarose was selected to prepare
the composite hydrogels for use as wound coatings. Agarose is an inexpensive natural
hydrophilic polymer obtained from various algal species. The key property of agarose is its
ability to form hydrogels due to the formation of hydrogen bonds between saccharide units
at room temperature. Agarose-based hydrogels are biocompatible and non-toxic, making
them promising for applications in medicine.

Composite films were manufactured by casting a warm agarose solution containing
free antibiotics or hybrid PMX-loaded PGlu@Ag NPs onto the surface of a plastic substrate
and then cooling to room temperature. The scheme for obtaining the composite material
and images of hydrogels loaded with free PMX B and hybrid delivery systems are illustrated
in Figure 9. The loading was 1.0–2.5 mg PMXs per 0.3 mL of hydrogel.
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concentration of hybrid nanoparticles in the composite gel shown was 5 mg per specimen (0.3 mL
of hydrogel).

2.6. Release of Polymyxins from Hybrid and Composite Systems

As was noted by several groups, the greater hydrophilicity of PMX E leads to less
retention in formulations than is seen with PMX B; therefore, PMX E shows a faster
release [8,9]. In the present study, the cumulative release of PMX E from PGlu@Ag NPs in
0.01 M PBS (pH 7.4) was two times faster than for PMX B (Figure 10A). These data are in
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agreement with our previous study, in which the release of both PMX E and B was studied
from PGlu-containing NPs [36]. Moreover, in that study, we observed a considerable
release of PMXs into human blood plasma. Here, to compare the effect of the presence
of competitive macromolecules, the release of PMX B into a simulated plasma solution
at 37 ◦C was monitored for 6 days (Figure 10A). As expected, the presence of competing
protein macromolecules (human serum albumin, HSA) in solution caused a pronounced
release, which reached almost 90% over the tested period.
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polymyxin B from composite hydrogels (B).

In the case of composite materials, the rate of release of PMX B was studied in
0.01 M PBS (pH 7.4) and compared with the release of a free antibiotic from the hydrogel
(Figure 10B). A release of 60% of the PMX B was observed within 6 h for the antibiotic-
loaded hydrogel, whereas the release was only half that value for the composite material
for the same time. A comparable rate of PMX B release has also been reported recently by
Shi at al., who investigated hydrogels from self-assembling peptide amphiphiles containing
negatively charged carboxyl groups and loaded with PMX B [46]. In particular, the release
of 60–80% PMX B after 60 h was documented by those authors.

The release from composite materials in acidic buffer (0.01 M acetic buffer, pH 5.5)
was more pronounced than for the same material in 0.01 M PBS (pH 7.4) (Figure 10B). This
result can be explained by better ionization of PMX amino groups in acidic buffer and, as a
result, faster diffusion of peptide into the medium.

The obtained PMXs release profiles were analyzed by fitting them with several math-
ematical models to elucidate the mechanisms of peptide release. All regression curves
and calculated data are presented in the Supplementary Materials (Table S1 and Figure S2).
Here we present some conclusions from the analysis of these data [47]. First, it is obvious
that release of polymyxins from both hybrid NPs and gels could hardly be fitted with
zero-order and first-order models (Figure 11A,B). Thus, the release of peptides is not only
a function of time, and the rate of the process is proportional not only to the amount of
remaining drug in the matrix. The release process is more complex because it involves
peptide–polymer interactions. It is also evident that polymyxins’ release profiles poorly
correlate with Hixson–Crowel and Hopfenberg models. This means that dissolutions and
matrix erosion could not be considered as rate-limiting processes for release. Among
standard models the best fitting was observed for Higuchi and Baker-Lonsdale models,
revealing the fact that diffusion is the most important process for peptides’ release from the
systems under study.
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Figure 11. Results of mathematical analysis of PMX release profiles with application of standard
models: (A) comparison of correlation coefficients of the regressions obtained with different models
for release from hybrid NPs; (B) comparison of correlation coefficients of the regressions obtained with
different models for release from agarose gel and composite gels; (C) results obtained by application
of the Korsmeyer–Peppas model, KKP—release rate constant from the Korsmeyer–Peppas equation,
n—parameter from Korsmeyer–Peppas equation showing the mechanism of drug release; (D) results
obtained by application of Korsmeyer–Peppas model, K1—impact of diffusional mechanism, K2—
impact of relaxation on release.

Quite good correlation was obtained with Korsmeyer–Peppas model by using initial
stage of release. The correlation coefficients allow to consider and analyze the rate constant
(KKP) and n parameters for different systems under investigation (Figure 11C). One can
observe that for hybrid NPs the n parameter is above 0.45 (above the dividing line on
Figure 11C), which means that mechanism of both PMX B and PMX E release is controlled
by non-Fickian diffusion. In the case of gels, the n is below the dividing line, so the
mechanism of release corresponds to Fickian diffusion. The release rate constants were
lower for all hybrid NPs, than those for released from the agarose gel and composite gels.

The obtained results also show very good correlation with the Weibull, Gompertz, and
Peppas–Sahlin models. The first model allows us to conclude that the release has some
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latency time (Ti) and could be described by parabolic curve (β < 1) [47]. Good correlation
with the Gompertz model looks quite rational because this model describes the release of
drugs possessing good solubility and an intermediate release rate [48]. The best results
with this model were obtained with PMX E release from hybrid NPs (R2 = 0.9915) and for
PMX B release from composite agarose gel loaded with hybrid NPs (R2 = 0.9993). Good
fitting of the full release curves with the Peppas–Sahlin model allowed us to evaluate the
impact of diffusion and relaxation on the mechanism of peptides release (Figure 11D). The
values of constants from this model, namely K1 and K2, show the effect of diffusion and
relaxation, correspondingly, on the process of release. One can observe that diffusion is
the major factor affecting peptide release for all systems under study. The polymer matrix
relaxation effect in the case of hybrid NPs is negligible. However, such relaxation seems to
be important in the case of systems containing agarose. This looks quite rational because
peptides need to diffuse through gel layer in those cases.

Thus, we can conclude that diffusion is the main mechanism of peptide release from
the systems under study. The nature of PMX, the release medium and the gel layer affect
the rate of release, but not the mechanism. The release is faster in simulated plasma (in the
case of hybrid NPs) and in acetate buffered solution, pH 5.5, than in phosphate buffered
solution, pH 7.4, but the diffusion control of the release is acting in all these systems.

2.7. Antimicrobial Activity

The antimicrobial activity of the PMX hybrid formulations was evaluated by determin-
ing the MIC against P. aeruginosa. The PGlu@Ag NPs loaded with PMX E or B effectively
suppressed the growth of P. aeruginosa. For both formulations, the MIC was 1 µg/mL
whereas the free PMX E and B demonstrated MICs of 1 and 4 µg/mL, respectively. For
comparison, a previously developed delivery system based on P(Glu-co-Phe) NPs also
demonstrated a MIC equal to 4 µg/mL for a system loaded with PMX B and 1 µg/mL for
a system containing PMX E [36]. Thus, the higher antimicrobial properties of the PMX B
formulation based on the hybrid NPs compared to a purely polymer delivery system or
free antibiotic can be attributed to the synergistic effect of the antibiotic and the silver NPs.
A synergistic effect of PMX B and Ag NPs has also been observed by Salman et al., who
studied the inhibition of P. aeruginosa using PMX B solution and non-covered Ag NPs in a
mixture [49].

Both empty PGlu@Ag and Cys@Ag NPs demonstrated an evident inhibitory effect:
a MIC of 32 µg/mL was determined for both silver-containing NPs (Figure 12). Since no
difference was evident if the silver core was coated with a polymer or with a low molecular
weight organic shell, the detected inhibitory activity may be related only to the presence
of the silver core. Our previous evaluation of the inhibitory activity of P(Glu-co-Phe)
NPs did not reveal any antimicrobial effect for PGlu-containing polymer NPs against
P. aeruginosa [36]. Thus, even the presence of a polymer shell on the surface of silver NPs
did not interfere with the manifestation of their antimicrobial activity.

The suppression of P. aeruginosa growth by composite materials was tested by the
agar disk diffusion method. First, the suspensions of PMX B/E hybrid delivery systems
were placed in wells formed in an agar plate and incubated for 24 h. In this case, the
inhibitory activity directly depends on the rate of antibiotic release. Free PMX E was used
as a control. Figure 13A shows that the inhibition zones due to free PMX E provided at two
different amounts (37.3 ± 1.1 and 74.6 ± 2.2 µg/zone) were 14 (zone 1) or 16 mm (zone 2)
in size. The inhibition zones produced by PMX E/PGlu@Ag formulations, taken at the
same concentrations of PMX E, were 15 (zone 1) or 17 mm (zone 2) in size. In this case, the
larger inhibition zones can be a result of both the fast release of PMX E from the hybrid
systems and the antimicrobial activity of the silver NPs. At the same time, in the case of
PMX B, which demonstrates a slower release rate than PMX E, the inhibition zones at the
same concentrations of antibiotic were 13 (zone 1) and 14 mm (zone 2) in size.
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for 24 h: (A) dispersions of PMX hybrid delivery systems and free PMX as control: contents of the
PMX in zones 1 and 2 were 37 ± 1 and 74 ± 2 µg/zone; (B) composite hydrogels and PMX in hydrogel
as control (85.6 ± 1.7 µg of PMX per each zone).

A similar tendency was observed when testing the hydrogels. Composite hydrogels and a
hydrogel containing PMX B as a control were loaded into the wells (85.6 ± 1.7 µg/zone) in the
agar plate and incubated for 24 h. As in the previous case, the largest inhibition zone (19 mm)
was detected for the hydrogel containing free PMX E (Figure 13B). As expected, the suppression
of the bacterial growth provided by PMX E and B present in the composite hydrogels was
proportional to the release rate of these antibiotics. In particular, the sizes of the inhibition zones
for PMX E PGlu@Ag/agarose and PMX B PGlu@Ag/agarose were 17 and 13 mm, respectively.

Thus, all developed formulations demonstrated satisfactory antibacterial activity
against P. aeruginosa. However, due to the faster release of PMX E, the inhibitory activity
was higher for the PMX E formulations than for the PMX B formulations.
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3. Materials and Methods
3.1. Chemicals and Supplements

L-glutamic acid-γ-benzyl ether (≥99.0%) (Glu(OBzl)), triphosgene (98%), α-pinene
(98%), trifluoromethanesulfonic acid (TFMSA) (98%), S-acetamidomethyl-L-cysteine
(Cys(Acm)) (99%), silver nitrate (≥99%), sodium tetaborate (99%), and human serum
albumin (≥99%) were purchased from Sigma-Aldrich (Darmstadt, Germany) and used
as received. Trifluoroacetic acid (≥99%) was purchased from Chemical Line LLC (St. Pe-
tersburg, Russia). Uranyl acetate was a product of Agar Scientific (Stansted, Essex, UK).
Polymyxin B (sulfate) and polymyxin E (colistin sulfate) were acquired from Fluka (Munich,
Germany) and BetaPharma (Wujiang, Shanghai, China), respectively. According to the
previous HPLC-MS analysis of preparations, the commercial PMX B contained of 81.5% of
PMX B1 and 18.5% of PMX B2 while the commercial PMX E contained 31.1% of PMX E1
and 68.9% of PMX E2 [36].

Dioxane, petroleum ether, ethyl acetate, and N,N-dimethylformamide (DMF) were
purchased from Vecton (St. Petersburg, Russia), purified according to standard protocols,
and dried before use.

Analytical-purity salts (Vecton, St. Petersburg, Russia) and deionized water were used
to prepare buffer solutions. All buffer solutions were additionally filtered through a 0.45 µm
Millex®® membrane microfilter (Millipore Merck, Darmstadt, Germany). Spectra/Pore®®

(molecular weight cut-off (MWCO): 1000) dialysis bags were purchased from Spectra (Ran-
cho Dominguez, CA, USA). Poly(methyl methacrylate) (PMMA) standards
(Mw = 17,000−250,000; Ð ≤ 1.14) (Supelco, Bellefonte, PA, USA) were used for size exclu-
sion chromatography (SEC) column calibration. The NPs self-assembled from poly(glutamic
acid-co-phenylalanine) (P(Glu-co-Phe)) and used for comparisons in this work were pre-
pared as described in our previous paper [36].

Human kidney embryonic cells (HEK 293), human liver carcinoma cells (HepG2), and
mouse BALB/c monocyte macrophages (J774A.1) were acquired from Cell Lines Service
GmbH (Eppelheim, Germany) and used for the evaluation of cytotoxicity and uptake of
NPs by macrophages. A P. aeruginosa (ATCC 27,853 strain) culture was obtained from the
collection of microorganisms of the State Research Institute of Highly Pure Biopreparations
(St. Petersburg, Russia) and used to test the delivery systems for their minimum inhibitory
concentrations (MICs).

3.2. Instruments

A VaCo 5-II Zirbus lyophilizer (Bad Grund, Germany) was used for freeze-drying. An
ultrasonic homogenizer Sonopuls HD 2070 Bandelin Electronic (Berlin, Germany) was used
for redispersion of the NPs. A Millipore Direct-Q 3 UV water purification system (Merck,
Guyancourt, France) was used to purify water for a wide range of laboratory applications.
A Zetasizer Nano ZS and Nanosight NS300, both from Malvern Instruments (Malvern, UK),
were used for the determination of hydrodynamic diameter (DH), polydispersity index
(PDI), and electrokinetic potential (ζ-potential) of the NPs. UV absorption measurements
were carried out on a UV–1800 Shimadzu spectrophotometer (Kyoto, Japan).

All obtained copolymers were analyzed by SEC using a tandem of two Agilent PLgel
MIXED-D columns (7.5 mm × 300 mm, 5 µm) (USA) and a Shimadzu LC-20 Prominence
system supplied with a refractometric RID 10-A detector (Kyoto, Japan). The analysis was
performed in a 0.1 M solution of LiBr in dimethyl formamide (DMF) as an eluent, at a
flow rate of the mobile phase of 1 mL/min and a temperature of 40 ◦C. Molecular weight
characteristics were calculated using GPC LC Solutions software (Shimadzu, Kyoto, Japan)
and the calibration curve was plotted using PMMA standards.

NMR spectroscopy was carried out using a Bruker Avance III WB 400 MHz (Karlsruhe,
Germany). A Shimadzu LC-20AD Prominence HPLC system (Kyoto, Japan) equipped with
a mass spectrometric detector was used for PMX analysis.

A Jeol JEM-1400 transmission electron microscope with a maximum accelerating
voltage of 120 kV was used to study the morphology of NPs.
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A Thermo Fischer Fluoroscan Ascent FL fluorimeter (Bradenton, FL, USA) was utilized
for the cytotoxicity study. A BD Accuri C6 flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA) was used to evaluate the cellular absorption of NPs. The visualization
of fluorescently labeled cells was carried out with a Cytation 5 cell imaging multi-mode
reader (Bad Friedrichshall, Germany).

3.3. Methods
3.3.1. Synthesis and Characterization of Thiol-Containing PGlu

PGlu was obtained by the ring-opening polymerization (ROP) of L-glutamic acid-
γ-benzyl ether N-carboxyanhydride (Glu(OBzl) NCA). Glu(OBzl) NCA was synthesized
as described elsewhere [38,50] and polymerized in freshly distilled and anhydrous DMF.
Cys(Acm) was used as an amine-type initiator (I). A Cys(Acm) solution in DMF was added
to the monomer (M) solution in the same solvent to achieve a ratio of [M]/[I] = 35. The
monomer concentration in the polymerization solution was 4 wt%. The polymerization
was performed under stirring at 25 ◦C for 48 h. The obtained polymer was precipitated in
200 mL diethyl ether, and the precipitate was separated by centrifugation at 10,000 rpm
for 7 min. The diethyl ether was decanted, and the precipitate was placed in a vacuum
desiccator and dried for 24 h. The polymer yield was 79%. 1H NMR (DMSO-d6), δ (ppm):
OBzl group: 7.33 (-C6H5) and 5.03 (-CH2); glutamic acid: 4.26 (-CH).

The obtained polymer was deprotected in two steps. First, the Bzl protective group
was removed using a TFA/TFMSA solution. For this, 30 mg of polymer were dissolved
in 1 mL trifluoroacetic acid and left in an ice bath with stirring for 30 min to completely
dissolve the polymer. TFMSA (50 µL) was added, and the reaction medium was left for
3.5 h. The PGlu was then precipitated in diethyl ether, and the precipitate was separated
by centrifugation at 10,000 rpm for 10 min. The resulting precipitate was dissolved in
5 mL DMF, and the solution was transferred to a dialysis bag (MWCO 1000). Dialysis was
performed against deionized water for 48 h to remove low molecular weight impurities.
The content of the dialysis bag was then freeze-dried. The yield of deprotected polymer
was 85 wt%.

As the second step, the Acm-protective group was removed from the terminal cysteine,
which had been used as an initiator in the polymerization process. The polymer was
dissolved in 10 mL 30% acetic acid. A solution of mercury (II) acetate was added to the
polymer solution at a ratio of 2 eq. of mercury (II) acetate per Acm-group of cysteine. The
reaction was carried out for 1 h at room temperature with intensive stirring in an argon
atmosphere. A 30% solution of a 10-fold excess of β-mercaptoethanol in 30% acetic acid
was then added to the reaction mixture. The resulting medium was left for an additional
2 h with stirring under the same conditions. Finally, the reaction mixture was poured
into a dialysis bag (MWCO 1000), and dialysis was performed for 8 h against deionized
water with frequent replacement of the water. The content of the dialysis bag was then
freeze-dried. The polymer yield after this step was 96 wt%.

The completeness of removal of the Acm-group was checked by performing an Ell-
man’s test to determine the presence of free thiol groups [51]. The test is based on the
reaction of thiol with Ellman’s reagent, during which the disulfide bond of the reagent
breaks, and yellow-colored 2-nitro-5-thiobenzoic acid is formed. In brief, polymer solutions
(10 mg/mL) and Ellman’s reagent (4 mg/mL) were prepared in 0.05 M sodium phosphate
buffer solution, pH 7.4, and 60 µL of Ellman’s reagent and 60 µL of the polymer solution
were added to 3 mL of the working buffer and thoroughly mixed. After 20 min, the ab-
sorbance of the colored product was measured at 412 nm. The concentration of the thiol
groups was calculated using the extinction coefficient (ε = 14,150 M−1 cm−1) [37].

3.3.2. Preparation of Hybrid Nanoparticles

Aqueous solutions of 2.3 equivalents (eq.) of silver (I) nitrate and 6.3 eq. of sodium
borohydride, calculated relative to the cysteine content in the polymer, were added to
SH-containing PGlu dispersed in DMF at a concentration of 7 mg/mL. This method
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requires that silver nitrate be added first to the polymer solution at 0 ◦C and vigorously
stirred, followed by dropwise addition of sodium borohydride solution, with stirring, over
25–30 min. During the reaction, a -S-Ag bond forms between the thiol group of the terminal
cysteine and the reduced silver. The obtained NPs were centrifuged at 8000 rpm, then
redispersed in 0.01 M sodium borate buffer, pH 9.3, and purified by dialysis against water
for 48 h. The final dispersion of particles in water was frozen and freeze-dried.

Silver NPs stabilized with cysteine (Cys@Ag) were prepared in the same way as
described above for PGlu@Ag. The only difference was that all components (cysteine,
silver nitrate, and sodium borohydride) were initially dissolved in a small amount of water
and then mixed in DMF. After sedimentation, the NPs were dispersed in 0.05 M MES
(2-(N-morpholino)ethanesulfonic acid) buffer, pH 6.5, purified by dialysis against water for
48 h.

3.3.3. Characterization of the Nanoparticles

The characteristics of the NPs, such as DH, PDI and ζ-potential, were determined by
dynamic and electrophoretic light scattering. Suspensions of NPs in different media with a
volume of 1 mL and a concentration of 0.3 mg/mL were used for measurements.

Transmission electron microscopy (TEM) was used to study the morphology of the
obtained hybrid NPs. Suspensions of NPs (0.3 mg/mL in water) were used for analysis. A
drop (2–3 µL) of the colloids was placed on a copper grid (300 mesh) (Electron Microscopy
Sciences, Hartfield, PA, USA) with the polymer (formvar) and carbon coatings and left in
the air until completely dry. One part of the samples was additionally stained with 2 µL of
a 2% uranyl acetate solution for 1 min, while the other part was left unstained. The grids
with adhered samples at an accelerating voltage of 120 kV.

3.3.4. Cytotoxicity and Uptake by Macrophages

The Hep G2 and HEK 293 cell lines were used to study the cytotoxicity of the NPs by
placing 4 × 103 cells into each well of a 96-well plate, followed by the addition of 200 µL
DMEM-FBS medium containing basal medium, fetal bovine serum (FBS), penicillin, and
streptomycin. The cells were cultured in a humidified atmosphere containing 5% CO2 at
37 ◦C for 24 h. The medium was then replaced with a fresh medium containing different
concentrations of NPs (n = 3), and the plate was incubated at 37 ◦C for a further 72 h. The
medium was removed, and the wells were filled with 10% CTB reagent solution in culture
medium and incubated for 2 h. The CTB test is based on the ability of living cells to convert
resazurin into the fluorescent product resorufin (λex. = 545 nm, λem. = 590 nm), with the
amount of conversion proportional to the number of viable cells [52]. The obtained data
were expressed as a percentage of the control.

The J7741.A cell line (mouse macrophages) was used to study the uptake of NPs by
macrophages by flow cytometry. Three types of samples fluorescently labeled with the
same amount of Cy5 were prepared: Cys@Ag, PGlu@Ag, and P(Glu-co-Phe). For the
experiment, 0.6 mL DMEM containing 15 × 104 cells were placed into each well of a 24-well
plate and cultivated in a humidified incubator with 5% CO2 at 37 ◦C for 24 h. The medium
was then replaced with a fresh medium containing 0.02 mg/mL of the labeled NPs. The
plates were incubated in 5% CO2 at 37 ◦C for 0–8 h, then the cells were detached with a
cell lifter, centrifuged at 300 rpm for 5 min, and resuspended in 250 µL phosphate buffered
saline (PBS; pH 7.4). The fluorescence signals were measured using a flow cytometer with
a 488 nm argon-ion laser. Only viable cells (at least 30,000 events/sample) were used in
the analysis.

The visualization of the uptake by macrophages was carried out in a 24-well black
plate seeded with 15 × 103 cells in 0.6 mL of culture medium. The cells were incubated
with 0.1 µg/mL Cy5-labeled NPs in 5% CO2 at 37 ◦C for 3 h. The cell membranes were then
stained with CellMaskTM green plasma membrane stain and visualized with a fluorescence
microscope (20×).
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3.3.5. Loading of Polymyxins into Hybrid Nanoparticles

Hybrid NPs loaded with PMX were prepared using a 1 mg/mL antibiotic solution in
0.01 M sodium phosphate buffer (pH 7.4). Dried NPs in the same buffer were redispersed
by ultrasonication for 20 s to prepare hybrid NPs (1 mg/mL). PMX solution (100–600 µL)
was added to the 300 µL of the NP dispersion, and the solution volume was brought to
1 mL. The resulting mixture was thoroughly vortexed and left at 4 ◦C overnight. Other
manipulations, as well as the protocol for PMX HPLC analysis, were as described in our
previous paper [36].

3.3.6. Preparation of Composite Materials

A weighed portion of agarose was placed into deionized water and heated to 90 ◦C to
obtain a homogenous solution. Hybrid NPs loaded with PMX or free antibiotic were used
as the fillers for the hydrogel matrix. To prepare a hydrogel, 100 µL of a PMX solution or
the hybrid delivery system dispersion were placed into the wells of a 24-well plate, and
200 µL of the warm agarose solution was added, with mixing with a pipette tip. The final
concentration of agarose was 1.5 wt%. The resulting mixture was rapidly cooled to form
the hydrogel composites. The loading of PMX was varied from 1.0 to 2.5 mg per 0.3 mL of
hydrogel. When the PMX hybrid delivery systems were used as fillers, the ratio of PMX to
PGlu@Ag NPs was 1:2.

3.3.7. Release of Polymyxins

The release of PMXs from hybrid NPs and composite materials was studied using
0.01 M PBS (pH 7.4) or simulated plasma solution (8% human serum albumin solution in
0.01 M PBS, pH 7.4). In the case of the loaded hybrid NPs, the release took place in 1 mL of
the selected medium. The removal of the released PMX from the system at different time
intervals was carried out concomitantly using an ultrafiltration method using membrane
concentrators with a MWCO of 3000. After the first round of ultrafiltration, a corresponding
aliquot of the medium was added to the NPs, and the solution was filtered again. The
procedure was repeated three times. At each time point, the colloid was made up to 1 mL
with the working medium. In the case of composite materials, the release took place in
500 µL 0.01 M PBS (pH 7.4). At the desired time points, the medium was changed to a
fresh one. The collected solutions were combined, freeze-dried, and then analyzed with an
Elute UPLC chromatograph (Bruker Daltonics GmbH, Bremen, Germany) connected with
a Maxis Impact Q-TOF mass spectrometer (Bruker Daltonics GmbH, Bremen, Germany)
equipped with an electrospray ionization (ESI) source (Bruker Daltonics GmbH, Bremen,
Germany) using a previously published procedure [12].

3.3.8. Antimicrobial Activity

The antimicrobial activity was studied by the microtiter broth dilution method de-
scribed by the Clinical and Laboratory Standards Institute using P. aeruginosa (ATCC 27,853).
The antimicrobial activity of PMX delivery systems based on the hybrid NP dispersions
was assayed using a previously developed protocol [36].

For composite materials, the suppression of P. aeruginosa growth was assayed by the
agar well diffusion method. The bacterial strain was cultured in Mueller–Hinton broth
(HiMedia, Mumbai, India) at 37 ◦C. The OD of an overnight P. aeruginosa suspension in
Mueller–Hinton broth was measured on a UV mini-1240 spectrophotometer (Shimadzu,
Kyoto, Japan) at a wavelength of 540 nm and plated for enumeration of CFU on Luria-
Bertani agar [53]. The culture suspension was then serially diluted in Mueller–Hinton broth
to give approximately 1 × 107 CFU/mL. A 20 mL volume of sterile Muller–Hinton Agar
(Research Center for Pharmacotherapy [RICF], St. Petersburg, Russia) was poured into
sterile Petri dishes (d = 100 mm). After solidification, 1 mL of inoculum at a concentration
of 1 × 107 CFU/mL was inoculated onto the Muller–Hinton Agar plates by rocking the
Petri dish. Excess inoculum was removed with a pipette, and the Petri dishes were dried at
room temperature (20–22 ◦C) for 10–15 min. Wells (6 mm diameter) were created in the
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agar using a sterile cylindrical template, 25 µL of colloids were added, and the wells were
filled with nutrient medium. The amounts of PMXs loaded per well as a solution of free
antibiotic or a dispersion of the delivery system were 37 ± 1 and 74 ± 2 µg per zone 1 and
2. In the case of hydrogels, circular pieces of hydrogel (6 mm diameter) were placed into
the wells. Each hydrogel sample contained 85.6 ± 1.7 µg of PMX. The antimicrobial agents
diffused to the nutrient medium and suppressed the growth of P. aeruginosa. The results
were evaluated by measuring the diameter of the inhibition zones, including the diameter
of the well.

4. Conclusions

Hybrid core–shell NPs, consisting of a silver core and poly(glutamic acid) shell, were
developed as potential delivery systems for PMXs. The obtained hybrid NPs had a hy-
drodynamic diameter of approximately 100 nm and were capable of binding PMXs at
amounts up to 450 µg per mg of NPs without aggregation. Moreover, the hybrid NPs did
not show cytotoxicity at amounts up to 64 and 125 µg/mL for normal and cancer cells,
respectively, and demonstrated quite low uptake by macrophages. Comparison of the
developed PGlu@Ag with silver NPs stabilized by cysteine revealed that both types of
NPs have similar biological properties. However, the PGlu-covered silver NPs are smaller,
more stable, and allow PMX loading for combined antibacterial therapy. Approximation
of the release data using several mathematical models has shown that the main release
mechanism is diffusion, namely non-Fickian diffusion in the case of hybrid NPs and Fickian
diffusion in the case of composite materials. The prepared PMX formulations based on
the hybrid PGlu@Ag NPs demonstrated a MIC of 1 µg/mL against P. aeruginosa. Notably,
the MIC was lower for the PMX B/PGlu@Ag delivery system than for the free antibiotic.
This result can be attributed to the synergetic action of PMX and the silver NP core. The
developed hybrid NPs showed antimicrobial properties when dispersed in a hydrogel.
These composite hydrogels with combined antibacterial properties can be considered as
potential candidates for the treatment of skin injuries, such as wounds and burns.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms23052771/s1.

Author Contributions: Conceptualization, E.K.-V.; methodology, M.V., E.D. and A.L.; formal analysis,
D.I. and E.K.-V.; investigation, D.I., M.V., E.D. and E.K.; data curation, E.K.-V.; mathematical approx-
imation, V.K.-V.; supervision, E.K.-V.; resources, A.L.; writing—original draft preparation, V.K.-V.
and E.K.-V.; writing—review and editing, Y.S. and E.K.-V.; visualization, V.K.-V. and E.K.-V.; project
administration, Y.S.; funding acquisition, Y.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Russian Science Foundation (project no. 19-73-20157).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request from the authors.

Acknowledgments: The authors are grateful to Y.A. Dubrovskii (Almazov National Medical Research
Centre, St. Petersburg, Russia) for HPLC-MS measurements. D. Iudin thanks the G-RISC foundation
for the one-month scholarship (#L-2020b-2).

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

References
1. Willyard, C. The drug-resistant bacteria that pose the greatest health threats. Nature 2017, 543, 15. [CrossRef] [PubMed]
2. Dubashynskaya, N.V.; Skorik, Y.A. Polymyxin Delivery Systems: Recent Advances and Challenges. Pharmaceuticals 2020, 13, 83.

[CrossRef] [PubMed]
3. Juston, J.; Bosso, J. Adverse reactions associated with systemic polymyxin therapy. Pharmacotherapy 2015, 35, 28–33. [CrossRef]

[PubMed]

82



Int. J. Mol. Sci. 2022, 23, 2771

4. Critically Important Antimicrobials for Human Medicine. Available online: http://apps.who.int/iris/bitstream/handle/10665/
77376/9789241504485_eng.pdf?sequence=1 (accessed on 3 January 2022).

5. Huh, A.; Kwon, Y. “Nanoantibiotics”: A new paradigm for treating infectious diseases using nanomaterials in the antibiotics
resistant era. J. Control. Release 2011, 156, 128–145. [CrossRef]

6. Zhang, L.; Pornpattananangku, D.; Hu, C.; Huang, C. Development of nanoparticles for antimicrobial drug delivery. Curr. Med.
Chem. 2010, 17, 585–594. [CrossRef] [PubMed]

7. Balaure, P.; Grumezescu, A. Smart Synthetic Polymer Nanocarriers for Controlled and Site-Specific Drug Delivery. Curr. Top. Med.
Chem. 2015, 15, 1424–1490. [CrossRef] [PubMed]

8. Desai, T.R.; Tyrrell, G.J.; Ng, T.; Finlay, W.H. In Vitro Evaluation of Nebulization Properties, Antimicrobial Activity, and Regional
Airway Surface Liquid Concentration of Liposomal Polymyxin B Sulfate. Pharm. Res. 2003, 20, 442–447. [CrossRef]

9. Wallace, S.J.; Li, J.; Nation, R.L.; Prankerd, R.J.; Boyd, B.J. Interaction of Colistin and Colistin Methanesulfonate with Liposomes:
Colloidal Aspects and Implications for Formulation. J. Pharm. Sci. 2012, 101, 3347–3359. [CrossRef] [PubMed]

10. Wang, S.; Yu, S.; Lin, Y.; Zou, P.; Chai, G.; Yu, H.H.; Wickremasinghe, H.; Shetty, N.; Ling, J.; Li, J.; et al. Co-Delivery of
Ciprofloxacin and Colistin in Liposomal Formulations with Enhanced In Vitro Antimicrobial Activities against Multidrug
Resistant Pseudomonas aeruginosa. Pharm. Res. 2018, 35, 187. [CrossRef]

11. Liu, Y.H.; Kuo, S.C.; Yao, B.Y.; Fang, Z.S.; Lee, Y.T.; Chang, Y.C.; Chen, T.L.; Hu, C.M.J. Colistin nanoparticle assembly by
coacervate complexation with polyanionic peptides for treating drug-resistant gram-negative bacteria. Acta Biomater. 2018, 82,
133–142. [CrossRef]

12. Dubashynskaya, N.V.; Raik, S.V.; Dubrovskii, Y.A.; Shcherbakova, E.S.; Demyanova, E.V.; Shasherina, A.Y.; Anufrikov, Y.A.;
Poshina, D.N.; Dobrodumov, A.V.; Skorik, Y.A. Hyaluronan/colistin polyelectrolyte complexes: Promising antiinfective drug
delivery systems. Int. J. Biol. Macromol. 2021, 187, 157–165. [CrossRef] [PubMed]

13. Coppi, G.; Montanari, M.; Rossi, T.; Bondi, M.; Iannuccelli, V. Cellular uptake and toxicity of microparticles in a perspective of
polymyxin B oral administration. Int. J. Pharm. 2010, 385, 42–46. [CrossRef] [PubMed]

14. Coppi, G.; Iannuccelli, V.; Sala, N.; Bondi, M. Alginate microparticles for Polymyxin B Peyer’s patches uptake: Microparticles for
antibiotic oral administration. J. Microencapsul. 2004, 21, 829–839. [CrossRef] [PubMed]

15. Yasar, H.; Ho, D.-K.; De Rossi, C.; Herrmann, J.; Gordon, S.; Loretz, B.; Lehr, C.-M. Starch-Chitosan Polyplexes: A Versatile Carrier
System for Anti-Infectives and Gene Delivery. Polymers 2018, 10, 252. [CrossRef] [PubMed]

16. Dubashynskaya, N.V.; Raik, S.V.; Dubrovskii, Y.A.; Demyanova, E.V.; Shcherbakova, E.S.; Poshina, D.N.; Shasherina, A.Y.;
Anufrikov, Y.A.; Skorik, Y.A. Hyaluronan/Diethylaminoethyl Chitosan Polyelectrolyte Complexes as Carriers for Improved
Colistin Delivery. Int. J. Mol. Sci. 2021, 22, 8381. [CrossRef] [PubMed]

17. Moreno-Sastre, M.; Pastor, M.; Esquisabel, A.; Sans, E.; Viñas, M.; Bachiller, D.; Pedraz, J.L. Stability study of sodium colistimethate-
loaded lipid nanoparticles. J. Microencapsul. 2016, 33, 636–645. [CrossRef]

18. Severino, P.; Silveira, E.F.; Loureiro, K.; Chaud, M.V.; Antonini, D.; Lancellotti, M.; Sarmento, V.H.; da Silva, C.F.; Santana, M.H.A.;
Souto, E.B. Antimicrobial activity of polymyxin-loaded solid lipid nanoparticles (PLX-SLN): Characterization of physicochemical
properties and in vitro efficacy. Eur. J. Pharm. Sci. 2017, 106, 177–184. [CrossRef]

19. Costa, J.S.R.; Medeiros, M.; Yamashiro-Kanashiro, E.H.; Rocha, M.C.; Cotrim, P.C.; Stephano, M.A.; Lancellotti, M.; Tavares, G.D.;
Oliveira-Nascimento, L. Biodegradable nanocarriers coated with polymyxin b: Evaluation of leishmanicidal and antibacterial
potential. PLoS Negl. Trop. Dis. 2019, 13, e0007388.

20. Zhang, X.; Guo, R.; Xu, J.; Lan, Y.; Jiao, Y.; Zhou, C.; Zhao, Y. Poly(l-lactide)/halloysite nanotube electrospun mats as dual-drug
delivery systems and their therapeutic efficacy in infected full-thickness burns. J. Biomater. Appl. 2015, 30, 512–525. [CrossRef]

21. Brothers, K.M.; Stella, N.A.; Hunt, K.M.; Romanowski, E.G.; Liu, X.; Klarlund, J.K.; Shanks, R.M.Q. Putting on the brakes:
Bacterial impediment of wound healing. Sci. Rep. 2015, 5, 14003. [CrossRef]

22. Alfalah, M.; Zargham, H.; Moreau, L.; Stanciu, M.; Sasseville, D. Contact Allergy to Polymyxin B Among Patients Referred for
Patch Testing. Dermatitis 2016, 27, 119–122. [CrossRef]

23. Obuobi, S.; Voo, Z.X.; Low, M.W.; Czarny, B.; Selvarajan, V.; Ibrahim, N.L.; Yang, Y.Y.; Ee, P.L.R. Phenylboronic Acid Functionalized
Polycarbonate Hydrogels for Controlled Release of Polymyxin B in Pseudomonas Aeruginosa Infected Burn Wounds. Adv.
Healthc. Mater. 2018, 7, 1701388. [CrossRef] [PubMed]

24. Wang, L.; Li, X.; Sun, T.; Tsou, Y.-H.; Chen, H.; Xu, X. Dual-Functional Dextran-PEG Hydrogel as an Antimicrobial Biomedical
Material. Macromol. Biosci. 2018, 18, 1700325. [CrossRef] [PubMed]

25. Dillon, C.; Hughes, H.; O’Reilly, N.; McLoughlin, P. Formulation and characterisation of dissolving microneedles for the
transdermal delivery of therapeutic peptides. Int. J. Pharm. 2017, 526, 125–126. [CrossRef] [PubMed]

26. Zhang, X.; Chen, G.; Yu, Y.; Sun, L.; Zhao, Y. Bioinspired Adhesive and Antibacterial Microneedles for Versatile Transdermal
Drug Delivery. Research 2020, 2020, 3672120. [CrossRef]

27. Kundu, R.; Payal, P. Antimicrobial Hydrogels: Promising Soft Biomaterials. ChemistrySelect 2020, 5, 14800–14810. [CrossRef]
28. Ferreira, N.N.; Perez, T.A.; Pedreiro, L.N.; Prezotti, F.G.; Boni, F.I.; Cardoso, V.M.D.O.; Venâncio, T.; Gremião, M.P.D. A novel

pH-responsive hydrogel-based on calcium alginate engineered by the previous formation of polyelectrolyte complexes (PECs)
intended to vaginal administration. Drug Dev. Ind. Pharm. 2017, 43, 1656–1668. [CrossRef]

29. Mühling, M.; Bradford, A.; Readman, J.; Somerfield, P.; Handy, R. An investigation into the effects of silver nanoparticles on
antibiotic resistance of naturally occurring bacteria in an estuarine sediment. Mar. Environ. Res. 2009, 68, 278–283. [CrossRef]

83



Int. J. Mol. Sci. 2022, 23, 2771

30. Yin, I.X.; Zhang, J.; Zhao, I.S.; Mei, M.L.; Li, Q.; Chu, C.H. The Antibacterial Mechanism of Silver Nanoparticles and Its Application
in Dentistry. Int. J. Nanomed. 2020, 15, 2555–2562. [CrossRef]

31. Brown, A.N.; Smith, K.; Samuels, T.A.; Lu, J.; Obare, S.O.; Scott, M.E. Nanoparticles Functionalized with Ampicillin Destroy
Multiple-Antibiotic-Resistant Isolates of Pseudomonas aeruginosa and Enterobacter aerogenes and Methicillin-Resistant Staphy-
lococcus aureus. Appl. Environ. Microbiol. 2012, 78, 2768–2774. [CrossRef]

32. Manukumar, H.M.; Umesha, S.; Kumar, H.N.N. Promising biocidal activity of thymol loaded chitosan silver nanoparticles
(T-C@AgNPs) as anti-infective agents against perilous pathogens. Int. J. Biol. Macromol. 2017, 102, 1257–1265. [CrossRef]
[PubMed]

33. McShan, D.; Zhang, Y.; Deng, H.; Ray, P.C.; Yu, H. Synergistic Antibacterial Effect of Silver Nanoparticles Combined with
Ineffective Antibiotics on Drug Resistant Salmonella typhimurium DT104. J. Environ. Sci. Health Part C 2015, 33, 369–384.
[CrossRef]

34. Zou, L.; Wang, J.; Gao, Y.; Ren, X.; Rottenberg, M.E.; Lu, J.; Holmgren, A. Synergistic antibacterial activity of silver with antibiotics
correlating with the upregulation of the ROS production. Sci. Rep. 2018, 8, 11131. [CrossRef] [PubMed]

35. Zashikhina, N.N.; Yudin, D.V.; Tarasenko, I.I.; Osipova, O.M.; Korzhikova-Vlakh, E.G. Multilayered Particles Based on Biopoly-
electrolytes as Potential Peptide Delivery Systems. Polym. Sci. Ser. A 2020, 62, 43–53. [CrossRef]

36. Iudin, D.; Zashikhina, N.; Demyanova, E.; Korzhikov-Vlakh, V.; Shcherbakova, E.; Boroznjak, R.; Tarasenko, I.; Zakharova,
N.; Lavrentieva, A.; Skorik, Y.; et al. Polypeptide self-assembled nanoparticles as delivery systems for polymyxins B and E.
Pharmaceutics 2020, 12, 868. [CrossRef] [PubMed]

37. Pilipenko, I.M.; Korzhikov-Vlakh, V.A.; Zakharova, N.V.; Urtti, A.; Tennikova, T.B. Thermo- and pH-sensitive glycosaminoglycans
derivatives obtained by controlled grafting of poly(N-isopropylacrylamide). Carbohydr. Polym. 2020, 248, 116764. [CrossRef]

38. Zashikhina, N.; Sharoyko, V.; Antipchik, M.; Tarasenko, I.; Anufrikov, Y.; Lavrentieva, A.; Tennikova, T.; Korzhikova-Vlakh, E.
Novel Formulations of C-Peptide with Long-Acting Therapeutic Potential for Treatment of Diabetic Complications. Pharmaceutics
2019, 11, 27. [CrossRef]

39. Liao, C.; Li, Y.; Tjong, S.C. Bactericidal and Cytotoxic Properties of Silver Nanoparticles. Int. J. Mol. Sci. 2019, 20, 449. [CrossRef]
40. Akter, M.; Sikder, M.T.; Rahman, M.M.; Ullah, A.K.M.A.; Hossain, K.F.B.; Banik, S.; Hosokawa, T.; Saito, T.; Kurasaki, M. A

systematic review on silver nanoparticles-induced cytotoxicity: Physicochemical properties and perspectives. J. Adv. Res. 2018, 9,
1–16. [CrossRef]

41. Fahmy, H.M.; Mosleh, A.M.; Elghany, A.A.; Shams-Eldin, E.; Abu Serea, E.S.; Ali, S.A.; Shalan, A.E. Coated silver nanoparticles:
Synthesis, cytotoxicity, and optical properties. RSC Adv. 2019, 9, 20118–20136. [CrossRef]

42. Xu, M.; Liu, J.; Xu, X.; Liu, S.; Peterka, F.; Ren, Y.; Zhu, X. Synthesis and Comparative Biological Properties of Ag-PEG
Nanoparticles with Tunable Morphologies from Janus to Multi-Core Shell Structure. Materials 2018, 11, 1787. [CrossRef] [PubMed]

43. Tang, T.; Xia, Q.; Guo, J.; Chinnathambi, A.; Alrashood, S.T.; Alharbi, S.A.; Zhang, J. In situ supported of silver nanoparticles on
Thymbra spicata extract coated magnetic nanoparticles under the ultrasonic condition: Its catalytic activity in the synthesis of
Propargylamines and their anti-human colorectal properties in the in vitro condit. J. Mol. Liq. 2021, 338, 116451. [CrossRef]

44. Vorselen, D.; Labitigan, R.L.D.; Theriot, J.A. A mechanical perspective on phagocytic cup formation. Curr. Opin. Cell Biol. 2020,
66, 112–122. [CrossRef]

45. Vonarbourg, A.; Passirani, C.; Saulnier, P.; Benoit, J.P. Parameters influencing the stealthiness of colloidal drug delivery systems.
Biomaterials 2006, 27, 4356–4373. [CrossRef] [PubMed]

46. Shi, Y.; Wareham, D.W.; Yuan, Y.; Deng, X.; Mata, A.; Azevedo, H.S. Polymyxin B-Triggered Assembly of Peptide Hydrogels
for Localized and Sustained Release of Combined Antimicrobial Therapy. Adv. Healthc. Mater. 2021, 10, 2101465. [CrossRef]
[PubMed]

47. Bruschi, M. Mathematical models of drug release. In Strategies to Modify the Drug Release from Pharmaceutical Systems; Elsevier:
Amsterdam, The Netherlands, 2015; pp. 63–86.

48. Dash, S.; Murthy, P.; Nath, L.; Chowdhury, P. Kinetic modeling on drug release from controlled drug delivery systems. Acta Pol.
Pharm. 2010, 67, 217–223.

49. Salman, M.; Rizwana, R.; Khan, H.; Munir, I.; Hamayun, M.; Iqbal, A.; Rehman, A.; Amin, K.; Ahmed, G.; Khan, M.; et al.
Synergistic effect of silver nanoparticles and polymyxin B against biofilm produced by Pseudomonas aeruginosa isolates of pus
samples in vitro. Artif. Cells Nanomed. Biotechnol. 2019, 47, 2465–2472. [CrossRef]

50. Wilder, R.; Mobashery, S. The use of triphosgene in preparation of N-carboxy alpha-amino acid anhydrides. J. Org. Chem. 1992,
57, 2755–2756. [CrossRef]

51. Ellman, G.L. Tissue sulfhydryl groups. Arch. Biochem. Biophys. 1959, 82, 70–77. [CrossRef]
52. CellTiter-Blue®Cell Viability Assay. Available online: https://www.promega.com/-/media/files/resources/protocols/technical-

bulletins/101/celltiter-blue-cell-viability-assay-protocol.pdf (accessed on 3 January 2022).
53. Burman, S.; Bhattacharya, K.; Mukherjee, D.; Chandra, G. Antibacterial efficacy of leaf extracts of Combretum album Pers. against

some pathogenic bacteria. BMC Complement. Altern. Med. 2018, 18, 213. [CrossRef]

84



 International Journal of 

Molecular Sciences

Article

High-Payload Buccal Delivery System of Amorphous
Curcumin–Chitosan Nanoparticle Complex in Hydroxypropyl
Methylcellulose and Starch Films

Li Ming Lim and Kunn Hadinoto *

Citation: Lim, L.M.; Hadinoto, K.

High-Payload Buccal Delivery

System of Amorphous

Curcumin–Chitosan Nanoparticle

Complex in Hydroxypropyl

Methylcellulose and Starch Films. Int.

J. Mol. Sci. 2021, 22, 9399. https://

doi.org/10.3390/ijms22179399

Academic Editor: Yury A. Skorik

Received: 30 July 2021

Accepted: 27 August 2021

Published: 30 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

School of Chemical and Biomedical Engineering, Nanyang Technological University,
Singapore 637459, Singapore; particletechnology.ntu@gmail.com
* Correspondence: kunnong@ntu.edu.sg; Tel.: +65-6514-8381

Abstract: Oral delivery of curcumin (CUR) has limited effectiveness due to CUR’s poor systemic
bioavailability caused by its first-pass metabolism and low solubility. Buccal delivery of CUR nanopar-
ticles can address the poor bioavailability issue by virtue of avoidance of first-pass metabolism and
solubility enhancement afforded by CUR nanoparticles. Buccal film delivery of drug nanoparti-
cles, nevertheless, has been limited to low drug payload. Herein, we evaluated the feasibilities
of three mucoadhesive polysaccharides, i.e., hydroxypropyl methylcellulose (HPMC), starch, and
hydroxypropyl starch as buccal films of amorphous CUR–chitosan nanoplex at high CUR payload.
Both HPMC and starch films could accommodate high CUR payload without adverse effects on the
films’ characteristics. Starch films exhibited far superior CUR release profiles at high CUR payload
as the faster disintegration time of starch films lowered the precipitation propensity of the highly
supersaturated CUR concentration generated by the nanoplex. Compared to unmodified starch,
hydroxypropyl starch films exhibited superior CUR release, with sustained release of nearly 100%
of the CUR payload in 4 h. Hydroxypropyl starch films also exhibited good payload uniformity,
minimal weight/thickness variations, high folding endurance, and good long-term storage stability.
The present results established hydroxypropyl starch as the suitable mucoadhesive polysaccharide
for high-payload buccal film applications.

Keywords: curcumin; nanoparticle complex; buccal drug delivery; polysaccharides

1. Introduction

The vast therapeutic activities of curcumin (CUR)—a polyphenol extracted from
turmeric plants—have been well-established, where antioxidant, antimicrobial, anti-
inflammatory, antidiabetic, and anticancer activities of CUR have been successfully demon-
strated in vivo [1–3]. Numerous human clinical trials on the use of CUR in the management
of several chronic diseases (e.g., cardiovascular, metabolic, neurological, cancers) have
also shown promising results [4,5]. Not unlike other pharmaceuticals, the oral route rep-
resents the most commonly used delivery route of CUR owing to the convenience and
cost-effectiveness of oral dosage forms (e.g., tablets, capsules, liquid suspension) for the
patients [6]. The oral route, however, produces low CUR systemic bioavailability due to
CUR’s low solubility in the gastrointestinal fluid, and due to CUR degradation by first pass
metabolism [7,8]. Consequently, high CUR dosages near its toxicity limit are often needed
in clinical trials to achieve the intended therapeutic outcomes [9].

Amorphization represents one of the most effective solubility enhancement strategy
of poorly soluble drugs by virtue of the ability of amorphous drugs to produce a highly
supersaturated concentration of the drug upon dissolution [10,11]. The supersaturation
generation is attributed to the low energy barrier for dissolution of amorphous drugs as
a result of their metastable liquid-like form. The supersaturation generation results in a
high kinetic drug solubility, which is multifold higher than the thermodynamic solubil-
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ity exhibited by the stable crystalline form [12]. Various amorphous CUR formulations
exhibiting enhanced CUR solubility have been developed in the form of amorphous solid
dispersion [13–15], co-amorphous system [16–18], and amorphous nanoparticles [19–21].

Among the amorphous drug formulations, amorphous CUR–polyelectrolyte nanopar-
ticle complex (or nanoplex in short) presented in Lim et al. [19] stands out because of its
significantly simpler preparation method. The amorphous CUR nanoplex is prepared
by bulk mixing of aqueous CUR solution with chitosan (CHI) solution acting as the op-
positely charged polyelectrolyte (PE). Soluble CUR–CHI complexes were formed upon
mixing by virtue of their electrostatic interactions. The soluble complexes subsequently
form aggregates due to hydrophobic interactions among the bound CUR molecules. The
aggregates precipitate upon reaching a critical mass to form the CUR–CHI nanoplex. The
restricted mobility of CUR molecules due to the electrostatic binding with CHI prevent
them from re-arranging to ordered crystalline structure, resulting in the formation of amor-
phous CUR [22]. Importantly, the bioavailability enhancement afforded by the CUR–CHI
nanoplex has been demonstrated in vivo for wound healing applications [23,24].

While formulating CUR in the form of the CUR–CHI nanoplex can adequately address
its low solubility issue in the gastrointestinal fluid, orally administered CUR remains
vulnerable to extensive CUR metabolisms in the gut, regardless of the solubility. Thereby,
low systemic bioavailability persists [25]. For this reason, parenteral delivery routes of CUR
that can be easily administered by the patients themselves, such as transdermal [26–28]
and buccal [29–31] routes, have been explored. Even though the transdermal and buccal
delivery routes of CUR can circumvent its gut metabolism issue, the systemic bioavailability
remains poor if the native form of CUR is used due to the low solubility of native CUR in
the plasma fluid. Therefore, it is imperative that the solubility-enhanced CUR formulation
is incorporated into whichever parenteral formulation used.

For this reason, the present work aimed to develop a buccal delivery system of the
amorphous CUR–CHI nanoplex in the form of nanoplex-loaded polymer films. The buccal
route for systemic drug delivery relies on transmucosal absorption of drug molecules
through mucosal membranes lining the cheeks [32]. In addition to systemic CUR delivery,
the buccal film of the CUR–CHI nanoplex can also have applications in local CUR adminis-
tration in the oral cavity, as CUR is known to be effective in treating various periodontal
diseases [33]. Unlike fast-dissolving oral thin film in which the drug payload is released
almost instantaneously [34], the buccal film in the present work was prepared using mu-
coadhesive polysaccharides to facilitate sustained CUR release known to be ideal for its
bioavailability enhancement [35].

Buccal films containing drug-loaded nanoparticles have been investigated before using
a wide range of drugs and materials for both the film and nanoparticle carrier [29,36–40].
The drug payload in these studies, however, were limited to a maximum value of ap-
proximately 1 mg of drug per square centimeter of the film. While the reason was not
elaborated in these studies, we rationalized that the limit on the maximum drug payload
investigated could be attributed to keeping the drug payload at ≤ 1 mg/cm2 in order to (1)
minimize agglomeration among the nanoparticles and (2) to maintain the physical integrity
of the buccal film. The nanoparticle agglomeration could adversely affect the drug content
uniformity in the buccal film and the drug release rate [41].

A high drug payload is desired in buccal films intended for sustained drug release,
as too low payload limits the amount of drug that can be delivered over time. At low
drug payload, multiple dosing is needed, which makes the sustained release formulation
redundant, and inevitably reduces patients’ compliance to the dosing regimen. Therefore,
the objective of the present work was to develop a high-payload mucoadhesive buccal film
containing the amorphous CUR–CHI nanoplex (up to ≈ 4 mg/cm2), which is capable of
producing a sustained CUR release profile.

In the present work, we investigated the feasibilities of three mucoadhesive polysac-
charides as the matrix former for buccal films at high drug payload. They were (1) hy-
droxypropylmethyl cellulose (HPMC), (2) pre-gelatinized starch, and (3) pre-gelatinized
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hydroxypropyl starch. The three polysaccharides exhibit well-established mucoadhesive-
ness, biocompatibility, and film-forming abilities [41]. HPMC represents one of the most
widely used mucoadhesive polymers for buccal drug delivery owed to its hydrogel forming
ability, which was ideal for producing a sustained drug release profile [42,43]. Starches,
on the other hand, have only been recently investigated for buccal drug delivery, despite
their well-established film-forming ability [44–46]. Starches, nevertheless, have many
applications in pharmaceutical formulations, for example, as fillers/binders/disintegrants
in oral tablets [47].

The abilities of the HPMC and starch films to accommodate the high drug payload
were individually examined using the following criteria: (1) high CUR entrapment effi-
ciency, (2) minimal variations in the film’s weight and thickness, (3) good CUR payload
uniformity, and (4) high folding endurance signifying physical robustness. In addition,
the buccal films ought to be able to produce sustained CUR release profiles at high drug
payload. The ideal sustained CUR release profile would be one that follows the zero-order
kinetics, where a constant amount of CUR was released from the film as a function of time,
resulting in uniform CUR concentrations over time.

The effects of the plasticizer’s type (i.e., glycerol and propylene glycol) and inclusion
of adjuvants (i.e., sodium alginate, polyvinyl alcohol) on the HPMC film’s characteristics
were investigated. From the results of the above evaluations, the optimal high-payload
nanoplex-loaded buccal film formulation was determined. Subsequently, the physical
stability of the amorphous CUR–CHI nanoplex in the optimal buccal film formulation
was characterized after long-term storage to examine the crystallization tendency of the
embedded nanoplex during its shelf life. The amorphous form stability of the nanoplex
during storage is crucial for the nanoplex to maintain its solubility enhancement capability.

2. Results and Discussion
2.1. Physical Characteristics of Amorphous CUR–CHI Nanoplex

From DLS, the CUR–CHI nanoplex was found to exhibit size and zeta potential
of 244 ± 24 nm and 32 ± 2 mV, respectively. The positive zeta potential indicated the
predominant presence of cationic CHI on the nanoplex surface. The CUR content of
the nanoplex was 61 ± 2% (w/w) with CHI making up the remaining mass. The CUR
encapsulation efficiency into the nanoplex was 83 ± 3% (w/w). The FESEM image of
the CUR–CHI nanoplex after lyophilization showed the appearance of agglomerates of
the nanoplex exhibiting roughly spherical shapes with individual sizes in the range of
100–150 nm (Figure 1). The nanoplex agglomerates shown in the FESEM image readily
dissociated into the individual nanoplex upon their reconstitution in deionized water,
resulting in similar size and zeta potential (i.e., 258 ± 13 nm and 34 ± 1 mV, respectively).

Figure 1. FESEM image of amorphous CUR–CHI nanoplex prior to its incorporation into buccal film.
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2.2. HPMC-Based Films
2.2.1. Effects of Plasticizer

Physical characteristics of HPMC films prepared using either Gly or PG as the plas-
ticizer are presented in Table 1. The HPMC films were prepared at two theoretical CUR
payloads of 1 and 5 mg/cm2. As mentioned before, the former represented the typical
drug payload used in the previous studies on buccal films of drug nanoparticles, whereas
the latter represented the higher drug payload pursued in the present work.

For HPMC films prepared using Gly as the plasticizer, the effects of increasing the
CUR payload on the CUR entrapment efficiency were found to be minimal, with both
payloads exhibiting entrapment efficiency of around 81–82% (w/w). Hence, approximately
20% of the supplied CUR–CHI nanoplex was not successfully embedded into the HPMC
matrix during the HPMC film formation. As these free nanoplexes were present on the
film’s surface, they were easily removed during the convective drying step. This resulted
in experimental CUR payloads of 0.8 ± 0.03 and 4.1 ± 0.3 mg/cm2 for the theoretical CUR
payloads of 1 and 5 mg/cm2, respectively, for HPMC (Gly) films.

For HPMC films prepared using PG as the plasticizer, the CUR entrapment efficiencies
at both payloads were similar in magnitude to the values in the HPMC (Gly) films at
around 80% (w/w). As a result, HPMC (Gly) and HPMC (PG) films exhibited similar
experimental CUR payloads. In this regard, as the CUR:CHI ratio in the nanoplex was
roughly equal to 60:40 (w/w), the CHI payloads in the films were equal to approximately
two-thirds of the CUR payloads. Therefore, the CHI payloads in the films were equal to
roughly 0.5 and 2.6 mg/cm2 at theoretical CUR payloads of 1 and 5 mg/cm2, respectively.

Table 1. Physical characteristics of HPMC (Gly) and HPMC (PG) films (n = 10, mean ± stdev).

Type of Film
Theoretical

CUR Payload
(mg/cm2)

% CUR
Entrapment

(w/w)

CUR Payload
(mg/cm2)

Weight
(mg/cm2)

Thickness
(µm)

HPMC (Gly) 1 81 ± 3 0.8 ± 0.03 13 ± 1 110 ± 3
HPMC (Gly) 5 82 ± 5 4 ± 0.3 30 ± 1 231 ± 7
HPMC (PG) 1 83 ± 3 0.8 ± 0.03 17 ± 2 138 ± 6
HPMC (PG) 5 79 ± 8 4 ± 0.4 31 ± 1 254 ± 5

The similar CUR entrapment efficiency between the HPMC (Gly) and HPMC (PG)
films were not unexpected as Gly and PG are highly similar chemically in terms of the
alcohol functional groups (3 vs. 2 OH groups), molecular weight (92 vs. 76 g/mol),
and density (1.2 vs. 1.0 g/cm3). While both Gly and PG are miscible in water, Gly
exhibits a significantly higher viscosity (1.41 vs. 0.04 Pa·s). The multifold difference in
their viscosities was nevertheless not found to have any impact on the CUR entrapment
efficiency. Noticeably, the minimal effect of increased CUR payload on the CUR entrapment
efficiency was observed in both the HPMC (Gly) and HPMC (PG) films. These results
signified that both HPMC (Gly) and HPMC (PG) films had the capacity to accommodate
the larger amount of the CUR–CHI nanoplex at high CUR payload without any adverse
effect on the CUR entrapment efficiency.

While the CUR entrapment efficiency was not affected by the increased CUR payload
in the films, the same was not observed for the films’ weight and thickness. The weight and
thickness of the HPMC (Gly) and HPMC (PG) films increased from roughly 13–17 mg/cm2

and 110–138 µm, respectively, at the low CUR payload to roughly 30–31 mg/cm2 and
231–254 µm, respectively, at the high CUR payload (Table 1). The increased thickness at
higher CUR payload suggested that the nanoplex accumulated in the films as vertical
layers. Importantly, both HPMC films passed the weight and thickness variation tests. All
ten independent samples exhibited weight and thickness that were within ± 10% of the
average weight and thickness signifying batch-to-batch consistency of their preparation.

Before the HPMC films were characterized further in terms of their CUR payload
uniformity and folding endurance, the CUR dissolution from the films was characterized
first to verify that their CUR payload could be released at the desired rate. Being a
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hydrogel, HPMC films swelled upon dissolution, resulting in the formation of viscous gel
layers acting as physical barriers for the CUR release. The CUR release rate from the film
was influenced by diffusion of CUR molecules across the gel layers, as well as the CUR
dissolution from the CUR–CHI nanoplex. As the CUR–CHI nanoplex was designed as a
supersaturating delivery system of CUR, the nanoplex dissolved rapidly in the swollen
HPMC matrix to produce a highly supersaturated CUR concentration in the film. Thus,
the CUR release rate from the film was essentially governed by the molecular diffusion
across the gel layers. Nevertheless, the supersaturated CUR concentration in the film was
thermodynamically unstable, thereby, CUR precipitation in the film might take place in the
absence of sufficient crystallization inhibition mechanisms [48].

For the HPMC (Gly) film prepared at theoretical CUR payload of 1 mg/cm2, the
results of the dissolution tests in the SSF showed that roughly only 25% (w/w) of the CUR
payload was released from the HPMC film (Gly) after 0.5 h. This signified the absence of a
burst CUR release profile as expected from HPMC-based drug delivery systems (Figure 2).
In this regard, the burst release is generally defined as rapid dissolution in which more
than 85% (w/w) of the drug payload is released after 0.5 h [49]. The % CUR release then
increased to reach approximately 60% after 1 h. However, the % CUR release plateaued
afterwards to remain at around 60% after 4 h. As HPMC is a highly hydrophilic hydrogel,
the incomplete CUR release was not likely to be caused by the lack of water uptake in
certain segments of the HPMC (Gly) film, which would have suppressed the nanoplex
dissolution in those segments.

Figure 2. CUR release from HPMC (Gly) and HPMC (PG) films (n = 6, error bars represent the
standard deviations).

Therefore, we postulated that the incomplete CUR release was caused by precipitation
of the supersaturated CUR concentration in the HPMC (Gly) film due to slow outward
diffusion of the CUR molecules across the viscous gel layers. In a separate experiment, the
HPMC (Gly) films were found to disintegrate very slowly in the SSF with disintegration
time of 550 ± 17 min until its complete disintegration. The slow disintegration of the
HPMC (Gly) film resulted in prolonged presence of intact gel layers that in turn slowed
down the outward diffusion of CUR molecules. The slow diffusion rate caused the CUR
supersaturation in the film to be at an unsustainably high level, resulting in high CUR
precipitation propensity. Theoretically, the likelihood of the supersaturated CUR concentra-
tion in the film to precipitate increased with increasing CUR payload. This was evidenced
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experimentally by the severe inhibition of the CUR release from the HPMC (Gly) film
prepared at theoretical CUR payload of 5 mg/cm2, where less than 5% of the CUR payload
was released after 4 h (Figure 2).

Compared to the HPMC (Gly) film, the HPMC (PG) film prepared at theoretical CUR
payload of 1 mg/cm2 exhibited a significantly slower CUR release rate in the beginning
with less than 15% (w/w) of the CUR payload was released after 1 h (Figure 2). Nevertheless,
the CUR release picked up afterwards to reach around 50% (w/w) after 4 h. The slower CUR
release in the HPMC (PG) film could be attributed to its thicker structure than the HPMC
(Gly) film, resulting in longer diffusion pathways for the CUR molecules. Significantly, not
unlike the finding in the HPMC (Gly) film, the HPMC (PG) film prepared at theoretical
CUR payload of 5 mg/cm2 also exhibited severely inhibited CUR release (Figure 2). This
was not unexpected, as the HPMC (PG) film also exhibited slow disintegration time at
520 ± 25 min.

Importantly, the failures of both the HPMC (Gly) and HPMC (PG) films in releasing
the CUR at high CUR payload led us to conclude that bare formulations of HPMC films
were inadequate for high drug payload applications. Therefore, the effects of adding
adjuvants to the HPMC films were investigated next. Gly was used as the plasticizer in the
subsequent studies, as the results in Table 1 and Figure 2 showed the minimal role of the
plasticizer’s type in the resultant characteristics of the HPMC films. Moreover, Gly was
preferred over PG owing to its better cytotoxicity profile.

2.2.2. Effects of Adjuvants

Besides precipitation of the supersaturated CUR concentration, another possible rea-
son for the suppressed CUR release at high CUR payload was the aggregation of the
nanoplex in the increasingly confined space of the film as the film solution was dried
up. The aggregation limited the nanoplex’s surface areas exposed to the aqueous sur-
rounding in the swollen polymer matrix, resulting in inhibited CUR release. Therefore,
the effects of adding PVA—a widely used amphiphilic polymeric surfactant for colloids
stabilization—were investigated to prevent the aggregation of the nanoplex in HPMC
films. Moreover, PVA is also known for its good film-forming ability and mucoadhesive
properties, rendering it a suitable adjuvant for buccal film applications [5].

In a separate study, the effects of adding AGN—another mucoadhesive polymer
with good film-forming ability [50]—were investigated as the addition of anionic AGN to
nonionic HPMC had been shown to improve the swelling properties of HPMC films [51].
We postulated that improved swelling properties of the HPMC film would lead to an
improved CUR release profile. Physical characteristics of the HPMC–PVA and HPMC–
AGN films prepared using Gly as the plasticizer are presented in Table 2. Both PVA and
AGN were added at HPMC:PVA and HPMC:AGN mass ratios of 10:1. On this note, higher
HPMC:PVA and HPMC:AGN ratios had also been investigated, but they were found to
have significantly adverse effects on the film’s physical integrity and CUR entrapment
efficiency; hence, they are not presented here.

Table 2. Physical characteristics of the HPMC–PVA (Gly) and HPMC–AGN (Gly) films (n = 10, mean
± stdev).

Type of Film
Theoretical

CUR Payload
(mg/cm2)

% CUR
Entrapment

(w/w)

CUR Payload
(mg/cm2)

Weight
(mg/cm2)

Thickness
(µm)

HPMC–PVA (Gly) 1 59 ± 1 0.6 ± 0.01 16 ± 1 130 ± 5
HPMC–PVA (Gly) 5 57 ± 9 3 ± 0.4 24 ± 1 194 ± 5
HPMC–AGN (Gly) 1 58 ± 1 0.6 ± 0.01 20 ± 2 159 ± 15
HPMC–AGN (Gly) 5 63 ± 2 3 ± 0.1 27 ± 3 230 ± 5

The results showed that the addition of PVA and AGN resulted in lower CUR entrap-
ment efficiency from roughly 81–82% in their absence to 57–63% in their presence. This
trend was observed at both theoretical CUR payloads of 1 and 5 mg/cm2. The lower CUR
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entrapment efficiency in the HPMC–PVA (Gly) and HPMC–AGN (Gly) films resulted in
their lower experimental CUR payloads of around 0.6 and 3 mg/cm2 for theoretical CUR
payloads of 1 and 5 mg/cm2, respectively. The impacts of adding PVA and AGN on the
experimental CUR payloads of HPMC films were found to be similar.

The lower CUR entrapment efficiency in the presence of PVA and AGN suggested that
fewer CUR–CHI nanoplexes were embedded into the HPMC films in their presence. We
postulated that the increased colloidal stability of the CUR–CHI nanoplex in the presence
of PVA caused a larger proportion of the nanoplex to remain in the bulk fluid during
the HPMC film formation, resulting in fewer nanoplexes incorporated into the film. For
AGN, we postulated that AGN, being polyanions, interacted with the positively charged
CUR–CHI nanoplex, resulting in destabilization of the nanoplex, where CUR was released
from the nanoplex prematurely and in turn precipitated due to its low aqueous solubility.
This resulted in less CUR available for incorporation into the HPMC film.

In terms of their weight and thickness, the HPMC–PVA (Gly) and HPMC–AGN (Gly)
films were also comparable with each other, albeit the HPMC–AGN (Gly) film was slightly
denser and thicker (Table 2). Both films also passed the weight and thickness variations at
high CUR payload denoting the batch-to-batch consistency of their preparation. Compared
to the bare HPMC (Gly) film, the weight and thickness of the HPMC–PVA (Gly) and
HPMC–AGN (Gly) films were increased.

The lower CUR payloads obtained upon the addition of PVA and AGN would be
acceptable if the CUR release from the films was enhanced compared to the CUR release
from the bare HPMC film. Indeed, for the films prepared at theoretical CUR payload of
1 mg/cm2, the results showed that the CUR release from the HPMC–PVA (Gly) film was
better than the CUR release from the bare HPMC (Gly) film (Figure 3). Specifically, the
CUR release from the HPMC–PVA (Gly) film reached > 80% (w/w) after 4 h, in contrast
to the plateau observed at ≈ 60% after 1 h for the HPMC (Gly) film (as shown earlier in
Figure 2). The CUR release from the HPMC–PVA (Gly) film was slower in the beginning,
where only roughly 20% (w/w) of the CUR payload was released after 1 h, resulting in a
more sustained CUR release profile. Hence, the inclusion of long-chain PVA in the HPMC
film was found to slow down the CUR release likely due to the increased physical barrier
for outward molecular diffusion.

Figure 3. CUR release from HPMC–PVA (Gly) and HPMC–AGN (Gly) films (n = 6, error bars
represent the standard deviations).
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A more sustained CUR release profile without a plateau after 1 h was also observed in
the HPMC–AGN (Gly) film prepared at theoretical CUR payload of 1 mg/cm2 (Figure 3).
In fact, the HPMC–AGN (Gly) film exhibited the ideal CUR release profile for sustained
release with nearly zero-order kinetics. This could be attributed to the abovementioned
improvement in the swelling properties of HPMC films with the addition of AGN. Impor-
tantly, the improvements in the CUR release profiles exhibited by the HPMC–PVA (Gly)
and HPMC–AGN (Gly) films could compensate for their lower CUR entrapment efficiency.

Unfortunately, despite the improved CUR release profiles at theoretical CUR payload
of 1 mg/cm2, both HPMC–PVA (Gly) and HPMC–AGN (Gly) films remained unsuccessful
in producing uninhibited CUR release at high theoretical CUR payload of 5 mg/cm2

(Figure 3). In this regard, even though our postulate that the presence of PVA could reduce
the aggregation tendency of the nanoplex at high CUR payload might be true, the slower
CUR release in the presence of PVA would keep the supersaturated CUR concentration in
the HPMC film at an unsustainably high level, which increased the precipitation propensity
of CUR in the film. The same phenomenon was believed to occur upon inclusion of AGN,
which also slowed down the CUR release from the HPMC film.

2.3. Starch-Based Films
2.3.1. Physical Characteristics

The inability of the HPMC-based films to effectively release their CUR payloads
upon an increase in the payload above 1 mg/cm2 required us to explore the use of an
alternative mucoadhesive polymer, such as starch. Two types of starch were investigated,
i.e., unmodified starch and HP starch. The latter is a modified starch in which some of
the hydroxyl groups of the starch’s amylose and amylopectin molecules are substituted
with hydroxypropyl groups at varying degree of substitution. HP starch is known to
exhibit superior swelling and aqueous solubility than unmodified starch owing to its
higher hydrophilicity [52]. The physical characteristics of the starch films prepared using
Gly as the plasticizer are presented in Table 3. Like the HPMC films, both starch films were
also prepared at two theoretical CUR payloads of 1 and 5 mg/cm2.

Table 3. Physical characteristics of the unmodified starch and HP starch films (n = 10, mean ± stdev).

Type of Film
Theoretical

CUR Payload
(mg/cm2)

% CUR
Entrapment

(w/w)

CUR Payload
(mg/cm2)

Weight
(mg/cm2)

Thickness
(µm)

Starch 1 74 ± 5 0.7 ± 0.05 65 ± 2 404 ± 7
Starch 5 79 ± 5 4 ± 0.2 65 ± 4 453 ± 23

HP starch 1 74 ± 3 0.7 ± 0.03 44 ± 1 307 ± 5
HP starch 5 77 ± 6 4 ± 0.3 51 ± 2 352 ± 10

The unmodified starch and HP starch films exhibited similar CUR entrapment effi-
ciencies in the range of 70 to 80%. The CUR entrapment efficiency in the starch-based
films was comparable, albeit slightly lower, to that of the bare HPMC films. Between the
starch-based films prepared at theoretical CUR payloads of 1 and 5 mg/cm2, the difference
in their CUR entrapment efficiencies were found to be statistically insignificant (Student’s
t-test, p ≤ 0.05). Therefore, similar to the trend observed in the HPMC films, the effects
of increasing the CUR payload had little effect on the CUR entrapment efficiency. This
signified the ability of the starch-based films to accommodate the high CUR payload.

With this CUR entrapment efficiency, the experimental CUR payloads of the starch-
based films were determined to be approximately equal to 0.7 and 4 mg/cm2 at theoretical
CUR payloads of 1 and 5 mg/cm2, respectively. The CUR payloads in the starch-based
films were slightly lower than the CUR payloads in the bare HPMC films. The CHI contents
in the starch-based films were approximately equal to 0.5 and 2.6 mg/cm2 at theoretical
CUR payloads of 1 and 5 mg/cm2, respectively.

In terms of the weight and thickness, the unmodified starch films were denser and
thicker than the HP starch films due to the higher density and viscosity of the unmodified
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starch. Specifically, the weight and thickness of the HP starch films were 44–50 mg/cm2

and 300–350 µm, respectively, compared to 65 mg/cm2 and 400–450 µm for the unmodified
starch films. The thickness of the starch-based films was also shown to increase with
increasing CUR payload indicating the accumulation of nanoplex as vertical layers in the
starch films. Both starch films also passed the weight and thickness variation tests at high
CUR payload, denoting their consistent preparation.

In comparison to the HPMC films, the starch-based films were denser and thicker due
to the higher concentration of the precursor solution required in the starch film to produce
films with good physical integrity, i.e., 15% (w/v) for starch and 5% (w/v) for HPMC.
On the one hand, the increased thickness exhibited by the starch-based films could affect
patients’ experience upon administration of the buccal film either positively or negatively.
This merits its own investigation in the future. On the other hand, the increased film
thickness could bode well for the present goal of producing sustained CUR release profile
at high CUR payload as we investigated in the next section.

2.3.2. CUR Release Profile

The CUR release profile from the unmodified starch film prepared at theoretical CUR
payload of 1 mg/cm2 in Figure 4a was found to closely resemble that of the HPMC (Gly)
film shown earlier in Figure 2. More specifically, the CUR release was relatively fast in
the beginning, when approximately 52% (w/w) of the CUR payload was released from
the unmodified starch film after 1 h. Afterwards, the CUR release slowed down greatly
and reached a plateau at around 60% after 4 h. However, unlike the HPMC (Gly) film,
the CUR release from the unmodified starch film was not severely suppressed at the
high CUR payload. In fact, the percentage CUR release from the unmodified starch film
prepared at theoretical CUR payload of 5 mg/cm2 was slightly higher after 4 h (Figure 4a).
Nevertheless, the plateau in the CUR release at around 65% (w/w) remained evident after
2 h.

Figure 4. CUR release from (a) unmodified starch and (b) HP starch films (n = 6, error bars represent the standard
deviations).

The CUR release was greatly improved in the HP starch films, as evidenced by the
absence of a plateau in the CUR release profile (Figure 4b). For the HP starch film prepared
at theoretical CUR payload of 1 mg/cm2, the initial CUR release was fast, with nearly 80%
(w/w) of the CUR payload released after 1 h. The CUR release slowed down significantly
afterwards to reach around 95% after 4 h. The CUR release from the HP starch film at this
CUR payload thus did not exhibit the desired sustained CUR release profile.

In contrast, at theoretical CUR payload of 5 mg/cm2, the CUR release from the HP
starch film was much slower, with roughly only 15% (w/w) of the CUR payload released
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after 1 h (Figure 4b). The CUR release rate picked up greatly afterwards with around 50%
and 85% released after 2 h and 4 h, respectively. The HP starch film thus was able to produce
the desired sustained release profile over 4 h at high CUR payload. The sustained CUR
release profile fitted the zero-order kinetics closely, as shown in Figure A1 in Appendix A.
Fitting the CUR release profiles to first-order kinetics and the Higuchi model led to poorer
fitting, hence indicating that the CUR release from the starch-based film was independent of
the CUR concentration in the film. Compared to the unmodified starch films, the superior
CUR release observed in the HP starch films could be attributed to the aforementioned
superior swelling and solubility of the HP starch, as well as the difference in the weight
and thickness between the two films.

Significantly, the results in Figure 4 established that starches were more suitable
than HPMC for use as the buccal film matrix at high CUR payload. The ability of the
starch-based films to produce uninhibited CUR release at high CUR payload suggested
that the precipitation propensity of the supersaturated CUR concentration in the film was
minimized. This occurred when the supersaturated CUR concentration generated by the
nanoplex could diffuse out of the film in a timely manner. Compared to the HPMC films,
both starch films, despite being thicker and denser, exhibited much shorter disintegration
time of 360 ± 50 and 330 ± 25 min for the unmodified starch and HP starch, respectively.
The shorter disintegration time enabled the entrapped CUR molecules to navigate the gel
layers more quickly, resulting in faster outward diffusion of CUR.

2.4. Further Characterizations of HP Starch Films
2.4.1. FESEM and FTIR

Having established the HP starch films as the optimal buccal film formulation at
high CUR payload, further characterizations of the HP starch films were carried out. The
macroscopic image of the HP starch film was presented in Figure A2 of Appendix A. The
CUR–CHI nanoplex embedded in the HP starch films was visible in the FESEM image
shown in Figure 5a using the HP starch film prepared at theoretical CUR payload of
5 mg/cm2 as the representative sample. The nanoplexes in the film were shown to be
well dispersed as individual nanoparticles in the size range of 150–300 nm with minimal
agglomeration among them. The FESEM image showed that the CUR–CHI nanoplex was
well preserved upon its incorporation into the HP starch films.

Figure 5. (a) FESEM; (b) FTIR spectra of the CUR–CHI nanoplex-loaded HP starch film.

The presence of CUR in the HP starch film was verified by FTIR analysis via the
appearance of the characteristic peaks of CUR at 1590, 1570, and 1410 cm−1 in the FTIR
spectrum of the nanoplex-loaded HP starch film (Figure 5b). These three peaks were
attributed to the (C=C) and (C=O) vibrations, C=C aromatic ring stretching vibration, and
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OH bending of the phenol group of CUR, respectively [19]. The three peaks in the HP
starch films were shifted from higher wavenumbers of 1620, 1600, and 1410 cm−1 in the
FTIR spectra of the native CUR and CUR–CHI nanoplex. These peaks were not visible in
the FTIR spectrum of the blank HP starch film. The peaks at 900–1100, 2900, and 3250 cm−1

were attributed to the C-O-H bending, C-H stretching, and OH vibration of the amylose
groups of the HP starch, respectively [53].

2.4.2. CUR Payload Uniformity and Folding Endurance

The CUR payload uniformity among the independent samples of HP starch films (n =
10) prepared at theoretical CUR payloads of 1 and 5 mg/cm2 was examined (Table 4). The
results showed that both HP starch films exhibited the CUR payload’s acceptance values
(AV) equal to lower or slightly higher than the 15% maximum threshold value set by USP
for AV. Hence, the HP starch films met the USP’s requirement for uniformity of a dosage
unit [54]. Nevertheless, we recognized that the AV value at high CUR payload barely met
the acceptance limit; thus, improvements in the HP starch film formulation will be needed
in the future. In terms of their physical robustness, both HP starch films exhibited good
folding endurance with values around of 2.5 to 2.7 denoting no film breakage was observed
after ≥300 double folds (Table 4).

Table 4. CUR payload uniformity (n = 10) and folding endurance of HP starch films (n = 3).

CUR Payload (mg/cm2) AV for CUR Payload (%) Folding Endurance

1 13.0 2.5 ± 0.07
5 15.2 2.7 ± 0.04

2.4.3. Amorphous form Stability and Thermal Stability

PXRD analysis of the nanoplex-loaded HP starch film performed after the accelerated
storage did not show the appearance of strong intensity peaks, which were present in
the PXRD pattern of the native CUR crystals (Figure 6a). The HP starch film prepared at
theoretical CUR payload of 5 mg/cm2 was used as the representative sample for PXRD.
Thus, the CUR–CHI nanoplex in the HP starch film maintained its amorphous form after the
accelerated storage equivalent to twelve-month storage at ambient condition. Nevertheless,
the amorphous halo at 2θ ≈ 15–25◦ visible in the PXRD pattern of the HP starch film
before storage became less pronounced after storage. The amorphous halo was replaced by
low-intensity peaks, indicating decreased amorphous contents as crystallization of some of
the nanoplex took place during storage.

Figure 6. (a) PXRD; (b) DSC of the CUR–CHI nanoplex-loaded HP starch film.
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The TGA results showed that the native CUR and HP starch film started to decompose
at temperatures above 280 ◦C (Figure A3 in Appendix A); thus, the DSC thermograph
for thermal stability was analyzed at temperatures below the decomposition temperature.
DSC thermograph of the HP starch film prepared at theoretical CUR payload of 5 mg/cm2

showed the appearance of a sharp endothermic peak at around 176 ◦C, which was typical
of the melting point of crystalline CUR (Figure 6b). Not unexpectedly, the same peak at
176 ◦C appeared in the DSC thermograph of the native CUR crystals. The DSC results
indicated that the CUR–CHI nanoplex in the HP starch film experienced amorphous to
crystalline transition upon heating above 170 ◦C. In contrast, the melting point peak was
not evident in the DSC thermograph of the free CUR–CHI nanoplex, where only solid
transition events at around 160–170 ◦C were recorded. This signified the higher thermal
stability of the free CUR–CHI nanoplex compared to the nanoplex embedded in the film.
Nevertheless, the CUR–CHI nanoplex embedded in the HP starch film remained stable
upon heating up to 150 ◦C, hence, the drying step in the film preparation should not
adversely affect the amorphous form stability of the CUR–CHI nanoplex.

3. Materials and Methods
3.1. Materials

Materials for CUR–CHI nanoplex’s preparation and characterization: curcumin (CUR)
from turmeric rhizome (>95% curcuminoid content) was purchased from Alfa Aesar
(Singapore). Chitosan (CHI) (190–310 kDa, 75–85% deacetylation), potassium hydroxide
(KOH), disodium phosphate (Na2HPO4.7H2O), ethanol, potassium dihydrogen phosphate
(KH2PO4), sodium chloride (NaCl), hydrogen chloride (HCl), phosphoric acid (H3PO4),
and glacial acetic acid (AA) were purchased from Sigma Aldrich (Singapore). Materials for
buccal film’s preparation: hydroxypropyl methylcellulose (HPMC) (MW = 26 kDa), polyvinyl
alcohol (PVA) (90 kDa, 99% hydrolyzed), sodium alginate (AGN), glycerol (Gly), and
propylene glycol (PG) were purchased from Sigma Aldrich (Singapore). Hydroxypropyl
(HP) starch (LYCOAT® NG720) and pre-gelatinized starch (LYCATAB®) were generously
provided by Roquette (Singapore).

3.2. Methods
3.2.1. Preparation and Characterization of CUR–CHI Nanoplex

The amorphous CUR–CHI nanoplex was prepared following the protocols presented
in Lim et al. [19]. Briefly, CUR was dissolved at 5 mg/mL in 0.1M KOH (pH 13) and
separately, CHI was dissolved at 5.9 mg/mL in 1.2% (w/v) AA (pH 2.7), both at room
temperature. Equal volumes of the CUR and CHI solutions (10 mL each) were then mixed
immediately after their preparation under gentle stirring to minimize alkaline degradation
of CUR. The resultant CUR–CHI suspension was ultrasonicated for 15 s at 20 kHz (VC
505, Sonics, New Town, CT, USA) to break up large agglomerates (if any). The nanoplex
suspension then underwent two cycles of ultracentrifugation (14,000× g, 10 min) and
washing with deionized water to remove free CUR and free CHI that did not form the
nanoplex. The CUR encapsulation efficiency into the nanoplex was characterized by
measuring the free CUR concentration in the supernatant after the first centrifugation step
using high performance liquid chromatography (HPLC) as described below. Afterwards,
the washed CUR–CHI nanoplex suspension was lyophilized for 24 h at −52 ◦C and 0.05
mbar in Alpha 1–2 LD Plus freeze dryer (Martin Christ, Osterode am Harz, Germany) for
characterization purposes.

The size and zeta potential of the CUR–CHI nanoplex suspension were characterized
in triplicates by dynamic light scattering (DLS) after 100× dilution, using Brookhaven 90
Plus Nanoparticle Size Analyzer (Brookhaven Instruments Corporation, Holtsville, NY,
USA). The CUR content in the nanoplex, which was defined as the amount of CUR per
unit mass of the CUR–CHI nanoplex, was determined in triplicates by dissolving 1 mg
of the lyophilized nanoplex powder in 10 mL 80% (v/v) ethanol. The amount of CUR in
the ethanol was subsequently determined by HPLC (Agilent 1100, Agilent Technologies,

96



Int. J. Mol. Sci. 2021, 22, 9399

Santa Clara, CA, USA) at CUR detection wavelength of 423 nm. The HPLC was performed
using ZORBAX Eclipse Plus C18 column (250 × 4.6 mm, 5 µm particle size) and 75%
(v/v) acetonitrile solution as the mobile phase at flow rate of 1 mL/min, resulting in
CUR retention time of approximately 2.8 min. The HPLC chromatogram of the CUR
detection was presented in Figure A4 of Appendix A. The physical appearances of the
CUR–CHI nanoplex before and after incorporation into the buccal film were examined
by field emission scanning electron microscope (FESEM) (JSM 6700F, JEOL, Peabody, MA,
USA).

3.2.2. Preparation of CUR–CHI Nanoplex-Loaded Buccal Film

The precursor solution for the HPMC film was prepared by overnight dissolution of
HPMC in deionized water at 5% (w/v) under gentle stirring. The plasticizer, Gly or PG, was
added to the HPMC solution at 5% (w/w). In the study on the effects of adjuvants inclusion,
aqueous AGN or PVA solution was added to the HPMC + plasticizer solution at 0.5%
(w/v). Freshly prepared CUR–CHI nanoplex was added last at theoretical CUR payloads
of 1 or 5 mg CUR per cm2 of the film. The precursor solution was then vortexed for 1 min
to ensure its homogeneity. Afterwards, the precursor solution was casted onto a 9 cm
diameter glass petri dish at a liquid height of 4 mm. Next, the petri dish was transferred to
a convective laminar flow oven for drying at 60 ◦C for 3 h. The resultant dried HPMC film
was peeled off the petri dish and stored in a sealed plastic bag for characterizations. The
starch films were prepared by the same procedures at starch concentrations of 15% (w/v)
for both unmodified and HP starches using 5% (w/w) Gly as the plasticizer for both. The
HP starch was pre-gelatinized in deionized water at 80 ◦C prior to the film preparation.
The CUR–CHI nanoplex was also added at theoretical CUR payloads of 1 and 5 mg CUR
per cm2 of the starch films.

3.2.3. Experimental CUR Payload, CUR Payload Uniformity, CUR Entrapment Efficiency

The experimental CUR payload in the buccal film (in mg of CUR per cm2 of film) was
determined by dissolving a 2 × 2 cm2 square film samples in 25 mL 80% (w/v) ethanol
solution for 1 h. Afterwards, the amount of CUR dissolved in the ethanol was determined
by HPLC as previously described. The CUR payloads of ten independently prepared films
were determined from which the CUR payload uniformity was characterized. According
to the United States Pharmacopeia’s (USP) criteria, the payload uniformity of a drug
dosage was deemed acceptable when the acceptance value (AV) was less than 15%. The
definition for AV is elaborately explained in USP monograph “<905> Uniformity of Dosage
Units” [54] and not repeated here for brevity. After the experimental CUR payload was
determined, the CUR entrapment efficiency (n = 10) was calculated from the ratio of the
experimental CUR payload to the theoretical CUR payload.

3.2.4. Weight, Thickness, Folding Endurance of the Buccal Film

The weight and thickness of the buccal film were characterized from 9 cm diameter
circular films using analytical balance and digital caliper, respectively. The variations in the
buccal film’s weight and thickness were characterized using ten independently prepared
films. According to the USP’s criteria, the variations in the weight and thickness among the
independent samples were determined to be acceptable if each sample exhibited weight
(or thickness) within ±10% of the arithmetic average of the weight (or thickness) [54]. The
folding endurance was defined as the logarithmic (log10) of the number of double folds
that resulted in the breakage of the buccal film. Briefly, triplicates of 2 × 2 cm2 square film
samples were manually double folded and the number of folds at which the film started
showing signs of breakage was noted.

3.2.5. CUR Dissolution from Buccal Film and Film Disintegration

CUR dissolution from the buccal film was characterized in six replicates in simulated
saliva fluid (SSF) under a sink condition at 1

4 of the thermodynamic saturation solubility
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of CUR in the SSF (CSat). The SSF was prepared following the formulation of Peh and
Wong [43] in which 4.49 g of Na2HPO4.7H2O, 0.19 g KH2PO4, and 8.00 g NaCl were
dissolved in one 1 L of deionized water. The pH of the SSF was adjusted to pH 6.75
by the addition of H3PO4. CSat of CUR in the SSF was experimentally determined by
incubating excess CUR in 100 mL SSF maintained at 37 ◦C in a shaking incubator. After
24-h incubation, the CUR concentration in the SSF was determined by HPLC as previously
described, resulting in CSat equal to 6.2 µg/mL.

Briefly, 2 × 2 cm2 square film samples were completely immersed in 100 mL SSF
maintained at 37 ◦C in a shaking incubator. At specific timepoints over a 4-h period, 1 mL
of aliquot was withdrawn from the dissolution flask and the same volume of fresh SSF was
added back to the flask as replenishment. The aliquot was syringe filtered (0.22 pore size),
followed by 3-min ultracentrifugation at 14,000× g. Afterwards, the CUR concentration in
the supernatant was determined by HPLC as previously described.

In a separate experiment, the disintegration time of the buccal film was characterized
in triplicates by immersing 2 × 2 cm2 square film samples in 10 mL SSF in a petri dish
maintained at 37 ◦C in a shaking incubator. The smaller volume of SSF used in the
disintegration test was to simulate the aqueous environment of oral cavity more closely.
Herein, the disintegration time was defined as the time at which the buccal film had been
completely disintegrated to aqueous suspension of the nanoplex and polymers, where no
visible film fragments were present.

3.2.6. PXRD, DSC, and FTIR

The long-term stability of the amorphous form of the CUR–CHI nanoplex in the
buccal film was examined by storing the nanoplex-loaded film in an open container placed
inside a desiccator for three months under accelerated storage condition of 40 ◦C and 75%
relative humidity. The accelerated storage condition was approximately equivalent to
twelve-month storage under ambient condition (i.e., 25 ◦C and 60% relative humidity). The
75% relative humidity was generated inside the desiccator by placing an open container
of saturated NaCl solution at 40 ◦C. At the end of the storage, the amorphous form of the
nanoplex in the buccal film was examined by powder X-ray diffraction (PXRD) using D8
Advance X-ray Diffractometer (Bruker, Berlin, Germany) performed between 10◦ and 70◦

(2θ) with a step size of 0.02◦/s. For comparison, the PXRD analysis was also carried out for
the native CUR, the free CUR–CHI nanoplex, and the nanoplex-loaded film before storage.

The thermal stability of the amorphous form of the CUR–CHI nanoplex in the buc-
cal film was characterized by thermal gravimetric analysis (TGA) (Pyris Diamond TGA,
PerkinElmer, Waltham, MA, USA) and differential scanning calorimetry (DSC) (DSC 822E,
Mettler Toledo, Columbus, OH, USA). The TGA analysis was performed at heating rate
of 10 ◦C/min between 30 ◦C and 400 ◦C. The DSC analysis was performed at heating
rate of 2 ◦C/min between 30 ◦C to 300 ◦C. Lastly, the presence of CUR in the buccal film
was verified by Fourier transform infrared spectroscopy (FTIR) from 450 and 4000 cm−1

at 4 cm−1 spectral resolution in Spectrum One (Perkin–Elmer, Waltham, MA, USA). The
DSC/TGA and FTIR analyses were also performed for the native CUR and the free CUR–
CHI nanoplex.

3.2.7. Statistical Analysis

All experiments were performed with a minimum of three replicates and the results
are presented as mean ± standard deviation. The statistical significance was analyzed
using Student’s t-test in GraphPad Prism software (GraphPad Software, San Diego, CA,
USA). All p-values were two-sided and considered significant at p ≤ 0.05, unless stated
otherwise.
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4. Conclusions

The feasibilities of HPMC and pre-gelatinized starch-based films as buccal sustained
release delivery systems of amorphous CUR–CHI nanoplex at high CUR payload were
investigated. HPMC and starch films were found to exhibit similar CUR entrapment
efficiencies (≈ 80% w/w), resulting in their similar CUR payloads in the range of 0.6 to
4 mg/cm2. Both HPMC and starch films were able to accommodate higher CUR payloads
without any adverse effect on the CUR entrapment efficiency. The starch films were denser
and thicker than HPMC films, as higher film precursor concentrations were needed to
produce starch films with good physical integrity. Despite being denser and thicker, starch
films disintegrated faster than HPMC films. The faster disintegration time of the starch films
resulted in its significantly superior CUR release profiles at high CUR payload (4 mg/cm2)
compared to the HPMC films. This was because the faster disintegration time enabled
faster outward CUR molecular diffusion across the swollen polymer matrix, which in
turn reduced the precipitation propensity of the highly supersaturated CUR concentration
generated in the film by the amorphous nanoplex dissolution. The superior CUR release
exhibited by the starch films, nevertheless, were not as evident at lower CUR payloads
(≤1 mg/cm2) due to the lower CUR supersaturation level generated in the film. Between
the unmodified starch and HP starch films, the HP starch films exhibited superior CUR
release profiles in which at least 85% (w/w) of the CUR payload was released within 4 h,
whereas the CUR release from the unmodified starch plateaued at around 65% (w/w) after
the same period. At the high CUR payload, HP starch films exhibited the ideal sustained
CUR release profile following the zero-order kinetics. The films prepared from different
batches (n = 10) exhibited good CUR payload uniformity and minimal weight/thickness
variations. The HP starch films were physically robust with high folding endurance and
the embedded nanoplex was thermally stable with good long-term storage stability.
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Abbreviations

AA Acetic acid
AGN Alginate
CSat Thermodynamic saturation solubility
CHI Chitosan
CUR Curcumin
DLS Dynamic light scattering
DSC Differential scanning calorimetry
FESEM Field emission scanning electron microscope
FTIR Fourier transform infrared spectroscopy
Gly Glycerol
HPMC Hydroxypropyl methyl cellulose
HP Hydroxypropyl
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PG Propylene glycol
PXRD Powder X-ray diffraction
PVA Polyvinyl alcohol
SSF Simulated saliva fluid
TGA Thermal gravimetry analysis
USP United States Pharmacopeia

Appendix A

Figure A1. Dissolution kinetics modelling of the CUR release from HP starch film prepared at 5 mg/cm2 (a) zero order
kinetics, (b) first order kinetics, and (c) Higuchi model.

Figure A2. Macroscopic image of the CUR–CHI nanoplex-loaded HP starch film.

Figure A3. TGA of the HP starch film prepared at theoretical CUR payload of 5 mg/cm2.

100



Int. J. Mol. Sci. 2021, 22, 9399

Figure A4. HPLC chromatogram of CUR detection.
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Abstract: Biopolymer-based antibacterial films are attractive materials for wound dressing application
because they possess chemical, mechanical, exudate absorption, drug delivery, antibacterial, and
biocompatible properties required to support wound healing. Herein, we fabricated and characterized
films composed of arabinoxylan (AX) and sodium alginate (SA) loaded with gentamicin sulfate (GS)
for application as a wound dressing. The FTIR, XRD, and thermal analyses show that AX, SA, and GS
interacted through hydrogen bonding and were thermally stable. The AXSA film displays desirable
wound dressing characteristics: transparency, uniform thickness, smooth surface morphology, tensile
strength similar to human skin, mild water/exudate uptake capacity, water transmission rate suitable
for wound dressing, and excellent cytocompatibility. In Franz diffusion release studies, >80% GS was
released from AXSA films in two phases in 24 h following the Fickian diffusion mechanism. In disk
diffusion assay, the AXSA films demonstrated excellent antibacterial effect against E.coli, S. aureus,
and P. aeruginosa. Overall, the findings suggest that GS-loaded AXSA films hold potential for further
development as antibacterial wound dressing material.

Keywords: arabinoxylan; sodium alginate; wound healing; antibacterial dressing; drug delivery

1. Introduction

A wound can be defined as a breakage in intact tissue (particularly skin), caused
by physical, thermal, chemical, or mechanical trauma, or may result from complicated
pathological conditions [1,2]. Immediately after injury, a programmed and complex wound
healing process takes place, which can be categorized into four major interlinked healing
stages: the hemostasis (clot formation), inflammatory (influx of inflammatory mediators
and cells), proliferative (dermal cells proliferation, epithelialization, angiogenesis, and
formation of granular tissues), and maturation (remolding and scar formation) stages [3–6].
The complete duration of healing may vary depending upon the nature of the wound [7,8].
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Depending on the time required for complete healing, wounds can be classified into acute
(1–12 weeks) and chronic (>12 weeks) wounds [8,9]. Wound infections, comorbidities (can-
cer, diabetes mellitus, obesity, etc.), malnutrition, and poor wound care are the main factors
leading to chronic wounds that put a physical, psychological, social, and financial burden
on patients [2,9,10]. Wound infections caused by bacteria (mainly Escherichia coli, Staphylo-
coccus aureus, Pseudomonas aeruginosa, Bacteroides fragilis) are one of the most predominant
reasons for the prolongation of wound healing (in the inflammatory stage) [1,11–13]. These
bacteria form colonies at the wound site and may overcome the patient’s immunity, result-
ing in tissue damage and life-threatening consequences [14,15]. The development of an
active dressing may prevent wound infections and augment the healing process.

Numerous kinds of dressing materials have been in human use since ancient times,
with the primary aim being to cover the wound to provide protection against the environ-
ment and prevent bleeding and further injury [5,12,16]. Wound dressing in current practice
can be broadly classified into dry/traditional (cotton, gauze, bandage) and moist/modern
(films, foams, hydrogels, sponges, hydro actives, hydrofibers) dressings [8,17]. Dry dress-
ings are still in clinical practice despite possessing the main limitations of wound dehydra-
tion and risk of infection [12,18,19]. Conversely, modern dressings augment wound healing
by preventing dehydration and facilitating cell proliferation [12,17]. Additionally, antimi-
crobial agents can be incorporated into the polymeric dressings for delivery into the wound
bed to prevent wound infections [8,20]. In addition to providing a moist environment and
promoting healing, an ideal dressing should be biocompatible, mechanically durable, and
flexible, allow water and gaseous exchange, and possess antimicrobial properties [5,8,16,21].
Among the modern dressings, polymeric films offer the advantage of gas permeability,
moisture transmission, wound inspection (due to transparency), impermeability to mi-
crobes, ease of application to joints (due to flexibility), and drug incorporation and delivery
to wound site [8,22]. However, difficulty in removing them from the wound, limited
inherent antimicrobial effect, and lesser absorption of the exudate are the major limitations
of the films [8]. Therefore, researchers are keen to develop films with novel combinations
of polymers and antibacterial agents to provide optimal healing conditions [23,24].

Several natural, semi-synthetic, and synthetic polymers have been explored to develop
film dressings, as reviewed recently by Savencu et al. [8]. Among the natural polymers,
alginate (sodium and calcium salts), a linear unbranched polysaccharide (containing man-
nuronic and guluronic acid) found in brown algae, is commonly employed in wound
dressing formulations owing to its excellent physicochemical, biocompatible, hemostatic,
water sorption, and film-forming properties [8,17,25–30]. Moreover, SA may also trigger
macrophages and the release of inflammatory mediators that augment the healing pro-
cess [29]. Numerous alginate-containing dressing materials are commercially available;
recent research on antibiotics-loaded alginate dressings has demonstrated their potential to
prevent infections [26]. Most of these dressings were prepared by a combination of sodium
alginate (SA) and other natural or synthetic polymers to improve various features required
in the dressings [25,27–30].

Arabinoxylan (AX), isolated from the husk of Plantago ovata (psyllium) seed husk
(PSH), is a branched polysaccharide that mainly contains xylose backbone and arabinose
side chains with a minor percentage of rhamnose and uronic acids [31]. AX is an attrac-
tive material for biomedical applications owing to its biocompatible, film-forming, water
absorption, and drug delivery characteristics [32,33]. In our previous studies, AX and AX-
gelatin (AX-GL) films exhibited potential for film dressing application [32,33]. However,
there is a need to improve the features of these AX-based films, especially their mechan-
ical stability in the wound exudate. Previously, it was found that AX and AX-GL films
rapidly uptake water, expand in the simulated wound environment, and start deteriorating.
Preparing composite films is a simple and efficient approach to improving polymeric films’
physicochemical characteristics [29]. Therefore, in this work, AX was combined with SA
to improve the physicochemical and wound healing properties of AX-based films. The
combination of AX with SA is expected to improve the mechanical stability of the AX-based
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films in a moist wound environment owing to the hydrogen bonding interaction between
AX and SA. Moreover, adding the SA in AX-based dressings formulation will also augment
the healing process by triggering the release of inflammatory mediators (as discussed
above). However, both AX and SA lack antibacterial activity; therefore, gentamicin sulfate
(GS), a broad-spectrum aminoglycoside, is incorporated into AXSA film dressings due to
its efficacy again bacteria causing wound infection [34,35]. To the best of our knowledge,
GS-loaded films composed of AX and SA have not been previously reported.

In this study, novel GS-loaded AXSA films were fabricated for application as an
antibacterial wound dressing. The thickness, mechanical properties, morphology, water
transmission, water uptake, chemical nature, thermal degradation behavior, drug release,
antimicrobial, and cell viability were investigated to assess the suitability of AXSA films for
antibacterial wound dressing application.

2. Materials and Methods
2.1. Materials

Sodium alginate (SA) (from brown algae) (Mol. Wt. 120,000–190,000, viscosity: 5 to
25 cps, M/G ratio: 1.56), glycerol (Gly). PBS tablets, CaCl2 granules (anhydrous), pen-strep
solution (containing 10,000 penicillin units and 10 mg of streptomycin per mL), cellulose
acetate membranes (0.45 µm, 25 mm), MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide), polystyrene petri dishes (10 cm × 20 mm), and gentamicin sulfate
were procured from MilliporeSigma (St. Louis, MO, USA). MRC-5 cells (ATCC CCL-171)
were cultured in RPMI-1640 culture medium supplemented with FBS (Nacalai Tesque,
Kyoto, Japan). Three bacterial strains S. aureus (ATCC 25923), E. coli (ATCC 8739), and
P. aeruginosa (ATCC 9027) were all cultured in Mueller-Hinton broth (MHB) and Agar
(Sigma-Aldrich, MO, USA). Arabinoxylan (AX), containing Xylp (72.5%), Araf (21.8%),
Rhap (2.3%), and uronic acids (1.4%) was isolated from Plantago ovata (PO) seeds husk (Mol.
Wt. 364,470) as reported previously [31,32].

2.2. Fabrication of AXSA Films

The AXSA films were fabricated by solvent casting technique [33]. Briefly, uniform
dispersions of SA (3.5, 3, 2.5, and 2% w/w) were prepared in distilled water by high-speed
stirring (1000 rpm) at 40 ◦C for 12 h. Then, AX (1.5, 2, 2.5, and 3% w/w) and glycerol
(2.5%) were added to SA dispersion and stirred until homogenized gel was obtained.
The resultant AXSA film casting gels were sonicated to eliminate air. After that, to cast
blank AXSA films, 25 g of AXSA gels were poured into polystyrene plates and kept for
drying in an oven at 40 ◦C for 48 h. While for GS-loaded AXSA films, GS (0.1% w/w)
was added in homogenized AXSA gels and films were cast as described for blank films.
After drying, films were peeled from plates, and their physical appearances (transparency,
flexibility/foldability, smoothness) were visually observed. The films were kept in a
desiccator until further analysis. The composition and codes of AXSA film formulations
are displayed in Table 1.

Table 1. Formulation codes and composition of arabinoxylan-sodium alginate (AXSA) films.

Composition
(% w/w) F1 F2 F3 F4 GF1 GF2 GF3 GF4

Arabinoxylan (AX) 1.5 2 2.5 3 1.5 2 2.5 3
Sodium alginate (SA) 3.5 3 2.5 2 3.5 3 2.5 2

Glycerol (Gly) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
Gentamicin (GS) – – – – 0.1 0.1 0.1 0.1
Distilled water 92.5 92.5 92.5 92.5 92.4 92.4 92.4 92.4
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2.3. Characterization of AXSA Films
2.3.1. Film Thickness

The cross-sectional thicknesses of all dried films were measured at five randomly
selected points. The thickness measurements were performed using a micrometer with
0.01 mm accuracy (APT measuring instruments, Omaha, NE, USA).

2.3.2. Water Vapor Transmission Rate (WVTR)

The WVTR of AXSA films was measured following the previously reported procedure
with some modifications [32]. Briefly, AXSA films were cut into ~2.5 cm diameter and
placed on openings of glass vials containing 2 g of CaCl2 (desiccant). Then, caps with a
1 cm opening were fitted on the film containing vials. Then, these vials were weighed and
kept in a desiccator at 85 ± 3% RH and 25 ± 2 ◦C. The change in the weights of the vials
was noted at constant time intervals up to 24 h. WVTR was calculated according to the
formula described earlier [32].

2.3.3. Mechanical Properties

Mechanical tests were performed using a 5 kN load cell (LS5) tensile testing machine
(Lloyd instruments, West Sussex, UK). For this purpose, dumbbell-shaped specimens
(0.5 cm width and 3 cm length) of AXSA films were prepared. To protect the film from
damage due to grip, the film’s area in contact with the grip was covered with double
adhesive tape. The films were stretched at a crosshead speed of 10 mm·min−1 until
breakage. Finally, tensile strengths (TS) and percent elongations at break (% EAB) were
calculated according to the formula described previously [36].

2.3.4. Surface Morphology

The surface morphology of gold sputter-coated AXSA films (with and without GS)
was observed using a Quanta 250-FEG scanning electron microscope (SEM) (FEI, OR, USA)
at 5 kV operating voltage and 1000× and 2000× magnifications.

2.3.5. FTIR Spectroscopy

ATR-FTIR spectroscopic analyses were performed with an FTIR-7600 spectrophotome-
ter (Lambda-Scientific, Marion, South Australia, Australia). Transmittance spectra were
recorded at 4 cm−1 resolution in the wavenumber range of 4000 to 550 cm−1.

2.3.6. X-ray Diffraction

X-ray diffraction (XRD) analyses were performed with Shimadzu X-ray diffractometer
(MAXima_X XRD-7000, Kyoto, Japan) using CuKα radiations. The X-ray diffractograms
were recorded in the 2θ range of 10 to 80◦ by operating at 30 mA, 40 kV, and 2◦ min−1

scanning speed.

2.3.7. Thermogravimetric Analyses (TGA)

The TGA analyses were performed with Shimadzu TGA-50 analyzer (Kyoto, Japan).
TG curves were obtained by heating weighed AXSA films from 30 to 600 ◦C at 20 ◦C. min−1

heating rate and 20 mL. min−1 nitrogen gas flow.

2.3.8. Differential Scanning Calorimetry (DSC)

The DSC curves were acquired on DSC3 STAR instrument (Mettler Toledo, Columbus,
OH, USA), operated at 20 ◦C. min−1 heating rate. The changes in the heat flow of AXSA
films were recorded from 30 to 450 ◦C under 20 mL.min−1 nitrogen gas flow.

2.3.9. Expansion Profile

The exudate absorbing profile of the AXSA films was investigated by measuring the
expansion of films over a gelatin solution (4 g. 100 mL−1). Briefly, to create an environment
similar to exudating wounds, 25 mL of gelatin solution was allowed to solidify in the
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polystyrene plates for 18 h at 25 ◦C. Then, pieces of AXSA films (~25 mm diameter) were
placed over solidified gelatin, and expansion in the size of the films was measured using a
ruler at predefined intervals of time. The percent expansion was calculated according to
the previously described formula [29].

2.4. Gentamicin Release Profile and Kinetics

The release profile of GS from GF2 and GF3 films was studied with DHC-6T Franz
diffusion cell (Logan-Instruments, Somerset, NJ, USA) using 10 mL release media (PBS,
pH 7.4) in the receiver compartment. Cellulose acetate membranes were placed over
the receiver compartment, and then weighed GS-loaded AXSA films (~1.5 cm diameter)
were mounted over these membranes. GS release experiments were performed at 37 ◦C,
with constant stirring of the release media. Aliquots were withdrawn from the receiver
compartment at pre-programmed time points. The concentration of GS in the aliquots was
determined according to the o-phtaldialdehyde derivatization method using a Genesys 10s
Uv-Vis spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The GS release
profile was plotted as percent cumulative release versus time [37].

To determine GS release kinetics and mechanism of release from AXSA films, the
following kinetic models were fitted to the release data:

Zero order Qt = Q0 + K0t (1)
First order InQt = InQ0 + K1t (2)

Higuchi Qt = KHt 1/2 (3)
Korsmeyer–Pappas Qt = Kk t n (4)

where Qt and Q0 are the amounts of GS released from AXSA films at time t and 0, while K0,
K1, KH, and Kk represent kinetic constants and n is the release exponent.

2.5. Antibacterial Effect of AXSA Films

Antibacterial activities of the GS-loaded (GF2 and GF3) films were estimated using
the agar disk (filter paper) diffusion method. For this purpose, AXSA films were cut into
~6.8 mm with filter paper backing and sterilized by UV exposure for 60 min. Autoclaved
MHA (40 mL) was poured into glass petri plates and allowed to solidify. Then, standardized
inoculums (20 µL) of bacterial strains (S. aureus, E.coli, and P. aeruginosa) were uniformly
spread over MHA using a glass spreader. After that, GS-loaded AXSA films (GF2 and GF3),
GS standard, and blank AXSA film (F2) were placed over the bacterial cultures, and plates
were incubated for 24 h at 37 ◦C. Clear zones of inhibition formed around the samples were
measured.

2.6. Indirect Cell Viability Assay

The effect of AXSA films on the viability of MRC-5 cells was investigated by indirect
MTT assay. For this purpose, extracts of the blank (F2) and GS-loaded (GF2) AXSA films
were prepared by incubating weighed films in culture media for 24 h under aseptic condi-
tions, as reported previously [38]. MRC-5 cells were cultured in RPMI-1640 with 10% v/v
FBS, 1% v/v pen-strep at 37 ◦C in humidified 5% CO2 incubator. Then, cells were harvested
and seeded in 96-well plates (~7500 cells per well) and incubated for another 48 h. After
that, culture media in the 96-well plates was replaced with AXSA films extract, except
the control (untreated) well, and incubated for 48 h. Finally, according to the previously
reported method, an MTT assay was performed to determine the percent cell viability (%
CV) [39].

2.7. Statistical Analysis

Statistical analysis of the data was performed using GraphPad Prism software. The
differences were considered statistically significant when p was found to be less than 0.05
by one-way ANOVA. The results are expressed as mean ± standard deviation (SD).
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3. Results and Discussion
3.1. Fabrication of AXSA Films

The AXSA gels containing 5% (w/w) AX and SA, prepared by high-speed stirring,
were easy to pour, and free from air bubbles and polymer aggregates. This 5% (w/w) gel
concentration for casting AXSA films was selected based on previous studies on alginate
composite films [29]. However, when AX concentration increased above 3% in AXSA gels,
the gel became highly viscous and difficult to pour [33]. Therefore, F1, F2, F3, and F4
gels were used to cast blank AXSA films. The resultant AXSA blank films were visually
observed for their appearance and suitability for wound dressing application. The pictures
of the blank and GS-loaded AXSA films are shown in Figure S1. Overall, all the AXSA
films were transparent, smooth, flexible (foldable), and free from air bubbles. There was no
significant difference in GS-loaded films’ physical appearance compared to blank AXSA
films of the same concentration. However, F1 films were thin and difficult to peel from the
plates. Therefore, F2, F3, and F4 films were selected for further studies. The transparency
and foldability of the dressing are important parameters as transparency allows observation
of the healing wound while foldability facilitates dressing of wounds in bending on parts
of the body [29]. To study the effect of the plasticizer on the handling of the films, AX (3%
w/v), SA (3% w/v), and AXSA (AX 2% and SA 3%) films without glycerol were prepared
and compared with F2 film (with 2.5% glycerol), as shown in Figure S2. These results
demonstrated that the dried films (without glycerol) were transparent but not flexible
(fractured upon folding). Therefore, the films without plasticizers were not considered for
further characterization for wound dressing application.

Gentamicin sulfate (0.1%) was incorporated into AXSA film formulation to fabricate
GS-loaded films. The selection of GS dose was based on the previous reports where 0.1%
GS was reported to be safe and effective for wound healing applications [14,40,41]. More-
over, topical formulations (creams and ointments) containing 0.1% GS are commercially
available for topical application and considered non-toxic [40]. The total GS-loaded in
10 cm (diameter) AXSA films is 25 mg.

3.2. Characterization of AXSA Films
3.2.1. Thickness

The mean thicknesses of F2, GF2, F3, GF3, F4, and GF4 AXSA films were 227 ± 6,
253 ± 6, 263 ± 11, 273 ± 6, 276 ± 14, and 276 ± 9 µm, respectively, as shown in Figure 1a.
These results indicate that there was no significant difference in the thickness of the AXSA
films. However, a slight increase in film thickness was found with increasing AX con-
centration and the addition of the GS in the film formulations. According to previous
reports, the major factors that control the thickness of polymeric films include composition,
the weight of the gel used for film casting, the interactions between the polymers, drying
conditions, and the flatness of the drying surface [25,29]. Since the total amount of AX and
SA (5%) was constant in AXSA films, the slight increase in the thickness of the AXSA film
formulations was due to AX, which has previously been reported to form thick films [33].
Despite containing higher total polymers contents (AX + SA), the thickness of the AXSA
films was lower than previously reported AX and AX-GL films, which may be due to
lower casting volume and hydrogen bonding between the AX and SA. Nevertheless, the
thickness of the AXSA films was in the range of the average thickness of the human skin
(200 to 500 µm). Therefore, it can be suggested that these AXSA films will be suitable for
application to skin wounds, as thin films are more comfortable for patients [25].

3.2.2. Water Vapor Transmission Rate (WVTR)

The results of the WVTR of the AXSA films (blank and GS-loaded) are presented
in Figure 1b. The average WVTR values for the F2, GF2, F3, GF3, F4, and GF4 films
were 1687 ± 41, 1537 ± 69, 1604 ± 39, 1498 ± 65, 1403 ± 59, and 1326 ± 57 g·m−2.day−1,
respectively. In blank AXSA films, WVTR of the F2 and F3 films was significantly higher
than in F3 films, while in GS-loaded films, WVTR of the GF2 and GF3 films was significantly
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higher than that of GF4 films. Moreover, the WVTR of GS-loaded films was less than that
of the blank AXSA films, but the difference was statistically insignificant. The WVTR of the
film dressings usually depends on the chemistry of the polymers, thickness, composition,
and porosity [29]. The WVTR results of the AXSA films indicate that this parameter
decreases in tandem with decreasing SA concertation in films. Since the thickness of the
AXSA films was not significantly different, the decrease in WVTR with smaller quantities of
SA in film can be explained by the decrease in the number of carboxylic groups interacting
with water molecules [42]. Moreover, an increase in AX in the film formulations might
result in a denser hydrogen bonding network between the -OH groups of AX and the
-COOH groups of SA, thus forming films with a lower WVTR [43]. Similar trends in the
decreasing WVTR of the SA-containing blended films have been reported previously [42,43].
The WVTR of the AXSA films was higher than previously reported values for AX-GL films;
this can be attributed to the lower thickness of the AXSA films [32]. The WVTR is vital in
developing a wound dressing aimed for drug delivery. The WVTR of dressing for clinical
application ranges between 139 to 10,973 g·m−2·day−1, and the WVTR of injured skin may
be up to 4274 g·m−2·day−1 [44]. Hence, the WVTR of our AXSA films reported here is
adequate for wound dressing application.
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Figure 1. Results of (a) thickness, (b) water vapor transmission rate (WVTR), (c) tensile strength (TS),
and (d) elongation at break (EAB) of the arabinoxylan (AX)-sodium alginate (SA) films (mean ± SD,
n = 3). * and # show statistically significant differences (p < 0.05) from parallel blank and gentamicin
(GS)-loaded films.

3.2.3. Mechanical Properties

The mechanical properties (TS and EAB) of the AXSA films are presented in Figure 1c,d.
The TS of the AXSA films ranged between 2.31 MPa and 2.75 MPa, while the EAB varied
from 54% to 67%. Overall, the TS of the AXSA films increased, and EAB decreased
with increasing AX concentration in the films. Moreover, the TS of the GS-loaded AXSA
films were slightly more than that of blank AXSA films. The TS of F3 and F4 films were
significantly higher than the TS of F2 films, while the EAB of the F2 was significantly
higher than that of F3 and F4 films. These differences in the mechanical properties suggest
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that intermolecular interactions between AX and SA resulted in the increased rigidness of
the films and decreased flexibility [29]. The mechanical properties of the film dressings
were also reported to be influenced by the concentration of plasticizer (glycerol) and the
total amount of solids in the films [29]. However, the amount of plasticizer and the total
amount of polysaccharides (AX + SA) was the same in all films; therefore, their influence
on the mechanical properties of the AXSA films was not prominent. The F2 and GF2
films (with 2% AX) were not damaged during mechanical testing as compared to the
previously repowered AX films, where films prepared by 2% AX were damaged during
mechanical testing, suggesting that the addition of SA improved the mechanical stability
of the films [33]. The TS and EAB of the AXSA films were lesser than earlier reported
AX-GL films that may be due to lesser thickness and lower amount of plasticizer in of
AXSA films [32]. The TS and the flexibility of the wound dressing are essential because
an ideal material for wound dressing should be strong enough to endure the pressure
and stretch during application and flexible for sustaining possible stretch during body
movements [21,36]. According to the literature, the TS of the human skin varies from
2.5 to 16 MPa [21]. Hence, the TS of the prepared AXSA films is adequate for wound
dressing applications.

3.2.4. Surface Morphology

SEM was used to investigate the surface microstructure and smoothness of the blank
and GS-loaded AXSA films, as presented in Figure 2. The surface morphology of the blank
films (F3) was compact and smooth, without any cracks, aggregation of the AX or SA, or
particles (Figure 2). This compactness and smoothness of the surface structure indicates
the physical compatibility and high miscibility between the AX and SA [43]. Conversely,
small particles were observed in the GS-loaded (GF3) film (Figure 2), which were uniformly
distributed throughout the surface of the films. Since the major difference between the
composition of the GF3 and F3 films is the presence of GS in GF3 film. Therefore, particles
observed in SEM images of GF3 film might be GS particles located at the film’s surface.
Similar particles were previously found on the surface of AX and AX-GL films after loading
the GS in films [32,33]. The uniform distribution of drugs in films formulations is essential
from the drug delivery perspective as it ensures the uniformity of the drug dosage [32,33].
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3.2.5. FTIR Spectroscopy

The ATR-FTIR spectra of AX, SA, GS, and AXSA films are presented in Figure 3.
Characteristic bands of the polysaccharide functional groups were present in the spectra
of AX and SA (Figure 3a). In spectra of both AX and SA, peaks attributed to the –OH,
–CH2, –COOH, C–O–C (glycosidic linkage), and C–O–H (primary alcohol) are present at
around 3650–3300 cm−1, 2930 cm−1, 1660 cm−1, 1450 cm−1, 1160 cm−1, and 1055 cm−1,
respectively [30,39]. The spectrum of GS exhibited major transmittance bands of –OH
and Amide A (3650–2550 cm−1), Amide I (1645 cm−1), Amide II (1540 cm−1), and C–O–C
(1050 cm−1) [31]. On the other hand, all characteristic peaks of both polysaccharides (AX
and SA) were present in the spectra of both blank and GS-loaded AXSA films (Figure 3b).
However, the peaks attributed to carboxylic groups were shifted from 1660 cm−1 and
1450 cm−1 to 1620 and 1425 cm−1, indicating the hydrogen bonding interaction between
polysaccharides. The shift in the vibrational frequency of hydroxyl groups from 3423 cm−1

(SA) and 3360 cm−1 (AX) to 3350 cm−1 (in films) confirms that hydrogen bonding is present
in the films due to the interaction between hydroxyl, carboxylic, and amide groups of AX,
SA and GS [39]. The hydrogen-bonding interactions contribute to increasing the tensile
strength of the AXSA films (Section 3.2.3). Moreover, in the spectra of AXSA films, some
functional group peaks were broad due to the overlapping of the polysaccharide peaks with
glycerol and GS peaks (in GS-loaded films). These findings of the FTIR spectra of AXSA
films suggest that the film components (AX, SA, GS, and glycerol) were finely blended,
chemically compatible, and no chemical reaction occurred during the fabrication of the
AXSA films.
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3.2.6. X-ray Diffraction

The results of the XRD analyses of AX, SA, F3 (blank film), and GF3 (GS-loaded
film) are presented in Figure 4. SA is semi-crystalline and exhibits characteristic peaks
at around 2θ 13◦, 56◦, 20.6◦, 20.1◦, 29◦ and 36.4◦ [45]. The purpose of performing XRD
analyses was to investigate the effect of combining film components on the semi-crystalline
nature of the SA in AXSA films. The XRD pattern of SA had peaks between 2θ 13◦ to
38◦, whereas AX did not show any sharp peaks attributed to its amorphous nature. The
intensities of the semi-crystalline peaks of the SA were reduced in the AXSA films (F3
and F4). This reduction in the peak intensities may originate from the hydrogen bonding
interaction of the SA with other amorphous components of the films (AX, Gly, and GS).
Previously, Ramakrishnan et al. 2021 suggested a similar decrease in the SA crystallinity
due to hydrogen bonding for SA/gum kondagogu blended films [43].

112



Int. J. Mol. Sci. 2022, 23, 2899Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 11 of 18 
 

 

 
Figure 4. XRD, DSC, TGA and DTG analyses of the AXSA films. 

3.2.7. Thermogravimetric Analyses (TGA) 
The thermal degradation and stability of the AXSA films were investigated by TGA. 

The TG and DTG curves of the blank (F2, F3 and F3) and GS-loaded (GF2, GF3 and GF4) 
films are presented in Figure 3, while Figure S2 shows the results of the TGA of film 
components (AX, SA, Gly, and GS). In the first step of thermal degradation, all tested 
films and pure components (except Gly) exhibited weight loss up to ~120 °C, which was 
attributable to the loss of free water molecules and water interacting with hydroxyl and 
carboxylic groups [27]. Glycerol underwent characteristic single-step degradation at 
temperature range (Trange) ~125–300 °C (weight loss (∆W) = 99.3%) with maximum weight 
loss temperature (Tmax) at 256.2 °C. The TG and DTG curves show that AX exhibited 
degradation at Trange < 120 °C (∆W = 5.1%), 260‒320 °C (∆W = 15.8%, Tmax = 291), 325‒395 °C 
(∆W = 28.9%, Tmax = 354 °C), and > 395 °C (∆W = 21.7%) attributed to the loss of water, AX 
backbone and complete pyrolysis [32]. On the other hand, SA showed thermal decom-
position at Trange < 105 °C (∆W = 5.7%), 265‒415 °C (∆W = 71.3%, Tmax = 330 °C), and > 415 
°C (∆W = 12.5%) due to water loss, fragmentation of polysaccharide backbone of SA and 
complete degradation [27]. Similarly, GS underwent thermal degradation at Trange < 120 °C 
(∆W = 13.7%), 245‒295 °C (∆W = 13.4%, Tmax = 274 °C), 295‒370 °C (∆W = 25.9%, Tmax = 330 
°C), and >370 °C (∆W = 35.5%), which shows that thermal decomposition of GS starts at 
245 °C [46].  

The F2 and GF2 films exhibited similar thermal degradation events at Trange <120 
°C (∆W up to 8%), 125‒245 °C (∆W up to 19.8%), 250‒430 °C (∆W up to 47.1%), and >430 
°C (∆W up to 18.8%). Similarly, F3 and GF3 films show similar degradation events at 
Trange <120 °C (∆W up to 7.2%), 140‒310 °C (∆W up to 36.6%), 310‒410 °C (∆W up to 
28.8%), and >410 °C (∆W up to 20.6%). These results suggest that AXSA films undergo 

Figure 4. XRD, DSC, TGA and DTG analyses of the AXSA films.

3.2.7. Thermogravimetric Analyses (TGA)

The thermal degradation and stability of the AXSA films were investigated by TGA.
The TG and DTG curves of the blank (F2, F3 and F3) and GS-loaded (GF2, GF3 and GF4)
films are presented in Figure 3, while Figure S2 shows the results of the TGA of film compo-
nents (AX, SA, Gly, and GS). In the first step of thermal degradation, all tested films and pure
components (except Gly) exhibited weight loss up to ~120 ◦C, which was attributable to the
loss of free water molecules and water interacting with hydroxyl and carboxylic groups [27].
Glycerol underwent characteristic single-step degradation at temperature range (Trange)
~125–300 ◦C (weight loss (∆W) = 99.3%) with maximum weight loss temperature (Tmax) at
256.2 ◦C. The TG and DTG curves show that AX exhibited degradation at Trange < 120 ◦C
(∆W = 5.1%), 260–320 ◦C (∆W = 15.8%, Tmax = 291), 325–395 ◦C (∆W = 28.9%, Tmax = 354 ◦C),
and > 395 ◦C (∆W = 21.7%) attributed to the loss of water, AX backbone and complete
pyrolysis [32]. On the other hand, SA showed thermal decomposition at Trange < 105 ◦C
(∆W = 5.7%), 265–415 ◦C (∆W = 71.3%, Tmax = 330 ◦C), and >415 ◦C (∆W = 12.5%) due
to water loss, fragmentation of polysaccharide backbone of SA and complete degrada-
tion [27]. Similarly, GS underwent thermal degradation at Trange < 120 ◦C (∆W = 13.7%),
245–295 ◦C (∆W = 13.4%, Tmax = 274 ◦C), 295–370 ◦C (∆W = 25.9%, Tmax = 330 ◦C), and
>370 ◦C (∆W = 35.5%), which shows that thermal decomposition of GS starts at 245 ◦C [46].

The F2 and GF2 films exhibited similar thermal degradation events at Trange <120 ◦C
(∆W up to 8%), 125–245 ◦C (∆W up to 19.8%), 250–430 ◦C (∆W up to 47.1%), and >430 ◦C
(∆W up to 18.8%). Similarly, F3 and GF3 films show similar degradation events at Trange
<120 ◦C (∆W up to 7.2%), 140–310 ◦C (∆W up to 36.6%), 310–410 ◦C (∆W up to 28.8%),
and >410 ◦C (∆W up to 20.6%). These results suggest that AXSA films undergo four main
events of thermal degradation corresponding to the degradation events of the individual

113



Int. J. Mol. Sci. 2022, 23, 2899

components of these films. However, the effect of the composition of the AXSA films was
observed in the TGA of the films. In F3 and GF3 films, the second degradation event was
broader than F2 and GF2 due to the higher AX contents in the F3 and GF3 films, resulting in
the merging of the degradation step for Gly and the first step for AX. Similarly, the second
degradation step was slightly broader in GS-loaded films than in the blank films due to the
merging of degradations steps for Gly and the first degradation step of GS in GS-loaded
films. The TG curves of F4 and GF4 also exhibited similar four-step thermal degradation
behavior. It was observed that due to the plasticizer’s effect, the onset temperature for
polysaccharide (AX and SA) degradation shifted to a lower temperature in films vs. pure
polysaccharides. These shifts in the TG and DTG curves for the AXSA films indicate the
miscibility of the components [47]. These findings for the thermogravimetric analysis of
the AXSA films are consistent with previous studies on AX and SA-based films [27,32,33].

3.2.8. Differential Scanning Calorimetry (DSC)

The results of the DSC analyses of the AXSA films (F2, F3, F4 GF2, GF3, and GF4)
are depicted in Figure 4, while DSC curves of AX, SA, and GS are given in Figure S4.
The DSC curves of the tested samples exhibited endotherms from 60 ◦C up to ~125 ◦C,
indicating the removal of the water molecules. SA exhibited prominent exotherm at 297 ◦C,
corresponding to the thermal degradation of the SA polysaccharide backbone as discussed
above [27]. The DSC thermogram of AX showed characteristic exotherms at 290 and 312 ◦C
(due to polysaccharide degradation), while a melting endotherm was found in the DSC of
the GS at ~250 ◦C, which are in close agreement with the previous report [32]. On the other
hand, two prominent endotherms were found in the DSC curves of the tested AXSA films
at ~95 ◦C (water loss) and ~210 ◦C (due to glycerol). However, in DSC GS-loaded GF2
and GF3 films, a third endotherm was present at ~245 and 250 ◦C, respectively, attributed
to the melting of GS. The second endotherm was broader in the DSC curve of the GF4,
which might result from merging the endotherms due to glycerol and melting of GS. The
exothermic peaks due to degradation of SA and AX were merged in the AXSA films and
are present at ~310 ◦C. The DSC curves of the AXSA films did not show any significant
shift in the DSC peaks of the components of the film. These findings of DSC analysis are
consistent with previous studies of AX- and SA-based films and suggest that components
of the AXSA films were highly miscible, and their stability was not affected during the
casting process [27,32].

3.2.9. Expansion Profile

Water uptake (or hydration) is a vital characteristic of polymeric materials designed
for wound dressing application. After application to the wounds, the dressings should
absorb water (exudate) and expand in size while maintaining their integrity and shape [48].
Hydration also plays a key role in the dissolution of the drugs entrapped in the films [38].
Therefore, the expansion profiles of the AXSA films were determined using the gelatin
model [32], and the results are shown in Figure 5a,b.

The expansion profile of AXSA films shows that films hydrated (uptake water) and
expanded rapidly during the first hour of contact with solidified gelatin. After that, the
expansion of the AXSA films slowed down. Among the blank AXSA films, F2 exhibited the
highest expansion, followed by F3 and F4, respectively. Similarly, the expansion of GF2 films
was highest among the GS-loaded AXSA films. Moreover, all AXSA films maintained their
shape after 24 h. Higher expansion of the F2 films can be attributed to greater SA content
in these films. The carboxylic group of SA converts to carboxylate ions in water, resulting
in electrostatic repulsion among the polymeric chains, leading to the film expansion [49].
Therefore, higher expansion was observed in films containing more SA. As discussed above,
an increase in the AX concentration in the films results in hydrogen bonding between the
polymers, leading to the formation of a denser network and a decrease in free carboxylate
ions available for interaction with water [50]. These factors lead to a further reduction in
the expansion of the F3 and F4 films. The expansion behavior of AXSA films was in close
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agreement with previously reported simvastatin-loaded SA-pectin films [29]. However, the
expansion percentage of the AXSA films was less than that previously reported for pure AX
and AX-GL films, which can be explained by the hydrogen bonding interaction in the AXSA
films [32,33]. Moreover, the AXSA films were intact (maintained their shape) throughout
the expansion study compared to previously reported AX and AX-GL films, which started
degrading after 5 to 6 in the expansion study [32,33]. Nevertheless, the expansion profile
of AXSA films suggests that they hold the capacity to absorb the wound exudate while
maintaining their shape and are suitable for wound dressing application [30].
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3.3. Gentamicin Release Profile and Kinetics

The GS release profile from AXSA (GF2 and GF3) films, investigated by Franz diffusion
cell, is presented in Figure 5c. The GF2 and GF3 films were selected for the antibiotic release
experiment owing to their better characteristics (EAB%, WVTR and expansion profile) for
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wound dressing application. The release study results show that GF2 and GF3 released 45%
and 41% of the incorporated GS during the first hour of the release study. The GS release
became slower after that, and reached equilibrium by 24 h. The maximum cumulative
release after 24 h was 83.4% and 81.2% for GF2 and GF4, respectively. This initial release
from the AXSA films is less than that of previously reported pure AX films and higher than
that of AX-GL films [32,33]. These results suggest that 10 cm (diameter) GF2 and GF3 films
will release up to 21 mg GS in 24 h. Previous studies on GS-based wound dressing materials
suggest that 0.1% GS is effective for wound infections [14]. Moreover, topical delivery of
0.1% GS is considered safe for avoiding the toxic effects (ototoxicity and nephrotoxicity)
associated with systematic GS administration [41,51].

The drug release from the dressing material depends on various factors, such as the
solubility of the drug in the release media, relaxation, swelling and erosion of the polymeric
network, and diffusion rate of the drug [33,38,52]. Therefore, mathematical models were
applied to investigate the GS release kinetics and mechanism of release from the GS-loaded
AXSA films. The results are shown in Table 2. The higher regression coefficient “R2” values
indicate the best fitting model. The results (Table 2) indicate that “R2” values, obtained by
fitting zero-order (0.4498 and 0.4243), first-order (0.543 and 0.5856), and Higuchi (0.6804
and 0.7015) equations, were less than those obtained with the Korsmeyer–Peppas equation
(0.9788 and 0.9451). These results suggest that the Korsmeyer–Peppas model is the best-
fitted model (“R2” close to 1) for GS release from GF2 and GF3 films. The values of n
(release exponent) for the Korsmeyer–Peppas model were 0.4603 and 0.4982 for GF2 and
GF3 films, respectively. According to Korsmeyer–Peppas, for thin films, n values below 0.5
indicate that Fickian diffusion is the mechanism governing drug release [53]. Therefore,
the n values of GS release from the AXSA films indicate that Fickian diffusion was the
predominant mechanism, with the rate of GS release being limited by solvent penetration
rate. A similar release mechanism was reported by Pires et al. for extract release from
chitosan and alginate membranes intended for wound dressing [54]. These findings for the
GS release profile suggest that the AXSA films hold potential for the treatment of infected
wounds by delivering an initial high concentration of GS, followed by slower release up to
24 h.

Table 2. Mathematical modeling of GS release from AXSA films.

Model Parameters GF2 GF3
R2 0.4498 0.4243

Zero order K0 1.7521 1.6294

First order
R2 0.543 0.5856
K1 −0.0225 −0.0211
R2 0.6804 0.7015Higuchi
KH 11.884 12.618

Korsmeyer–Peppas
R2 0.9788 0.9451
KK 1.6417 1.5627
n 0.4603 0.4982

3.4. Antibacterial Effect of the Films

The results of the antibacterial effect of GS solution, F3, GF2, and GF3 films are
depicted in Figure 6a,b. In this experiment, blank AXSA film (F3) was used as a negative
control, and filter paper disks dipped in 0.1% (w/w) GS solution were used as a positive
control. The F3 (blank) films formed no clear inhibition zones, suggesting an insignificant
antibacterial effect of AXSA films against the tested bacterial strains. However, opaque
regions were observed around F2 films due to bacterial growth in the expanded blank
AXSA films. In contrast, positive control (GS std.) and GS-loaded AXSA films (GF2 and
GF3) exhibited significant antibacterial effects against both Gram-positive (S. aureus) and
Gram-negative (E. coli and P. aeruginosa) bacteria. The values of inhibition zones for GF2 and
GF3 were slightly higher than for the positive control. The antibacterial effect of the films
was slightly higher against E. coli compared to the other two test strains, but this difference
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was statistically insignificant. The antibacterial effect of the AXSA films was better than the
effect of recently reported chitosan-SA/GS nanofibrous wound dressing [35]. These results
indicate GS-loaded AXSA films’ potential to protect wounds against infections caused by
Gram-positive and Gram-negative bacteria.
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3.5. Indirect Cell Viability Assay

The indirect cell viability assay results of AXSA films against MRC-5 are depicted in
Figure 6c. The results display that the viability of the cells treated with the extract of F2
and GF2 films exhibited no significant difference from that of untreated (control) cells. Cell
viability assays are typically performed to predict films’ safety for application on living
tissues [7]. The extracts of F2 and GF2 films demonstrated no cytotoxic effects on normal
cells and did not decrease cell viability. The cell viability (%) of the tested AXSA films was
higher than the previously reported AX films indicating that the biocompatibility of the
films increased by combining AX with SA in film formulation [33]. Therefore, it can be
suggested that AXSA films are safe for in vivo applications.

4. Conclusions

The findings of this study demonstrate that the optimized AXSA films possess various
desirable characteristics for antibacterial wound dressings. FTIR, XRD, and TGA analyses
suggested that AX, SA, Gly, and GS were finely blended and formed hydrogen bonds. The
prepared AXSA films were smooth, flexible, and transparent, which can aid in inspecting
wounds without removing the dressing. The skin-like mechanical strength and flexibility
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of AXSA films make them suitable for their application on wounds in problematic body
areas like joints. The moderate water uptake (expansion) and transmission (WVTR) of
these films could be helpful for protecting moderately exudating wounds from dehydration
and to maintain a moist environment for healing. The AXSA films released more than
80% of the loaded GS in 24 h with the initial rapid release (in the first hour), which can be
used to control infections. The inhibition zones formed by the GS-loaded AXSA films in
Gram-positive and Gram-negative bacteria were similar to those of GS solution, suggesting
that these films can be used to control bacterial growth in infected wounds. The AXSA
films also demonstrated excellent cytocompatibility in MTT assay, suggesting their safety
for in vivo applications. Overall, we demonstrated that the AXSA films are a potential
candidate for antibacterial wound dressing applications.
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Abstract: Surface modification of polypropylene (PP) films was achieved using gamma-irradiation-
induced grafting to provide an adequate surface capable of carrying glycopeptide antibiotics. The
copolymer was obtained following a versatile two-step route; pristine PP was exposed to gamma
rays and grafted with methyl methacrylate (MMA), and afterward, the film was grafted with
N-vinylimidazole (NVI) by simultaneous irradiation. Characterization included Fourier transform
infrared spectroscopy (FTIR), scanning electron microscope (SEM), thermogravimetric analysis (TGA),
X-ray photoelectron spectroscopy (XPS), and physicochemical analysis of swelling and contact angle.
The new material (PP-g-MMA)-g-NVI was loaded with vancomycin to quantify the release by UV-vis
spectrophotometry at different pH. The surface of (PP-g-MMA)-g-NVI exhibited pH-responsiveness
and moderate hydrophilicity, which are suitable properties for controlled drug release.

Keywords: grafting; polypropylene; gamma rays; methyl methacrylate; N-vinylimidazole;
pH-responsiveness; vancomycin; release

1. Introduction

The surface functionalization of polypropylene using conventional chemical methods
presents well-known difficulties [1]. Such difficulties are attributed to the thermal stability
and lack of reactivity from alkyl chains in the polymer. Nonetheless, the modification of
polymer materials is often a prolific rewarding task because the addition of functional
groups, whether in bulk or only in a specific part [2], is a standardized strategy to provide
new physical and chemical properties to materials to boost their functionality [3].

Grafting polymerization has been demonstrated as an excellent option to modify
PP [4], where different methods [5] have been tried to graft vinyl monomers, such as
N-vinylimidazole (NVI) [6], methyl methacrylate (MMA) [7], N-vinylcaprolactam
(NVCL) [8], or glycidyl methacrylate (GMA) [9], among others. However, there are issues
related to the low reactivity of PP, which produces non-uniform grafting, low yields, waste,
and residues [10].

Currently, alternative energy sources are becoming more relevant to carry out grafting
polymerization, such as gamma rays [11], plasma [12], UV-light, and electron-beam [13].
Among these energy sources, high energy gamma rays of 1.17 and 1.33 MeV from 60Co [14]
are suitable to promote the homolytic rupture of stable C-H and C-C bonds from PP
polymeric chains. Exposing PP to gamma rays produces free radicals (unstable), which are
stabilized as peroxides and hydroperoxides under an oxidizing atmosphere [15]. The said
process is named the “pre-irradiation oxidative method” and is used to induce grafting
polymerization onto PP surfaces with vinyl monomers [2]. The grafting degree of vinyl
monomers depends on different factors, such as the solvent, time, reaction temperature,
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and absorbed dose. In general terms, a good understanding of reactants ensures obtaining
materials with the desired properties.

Therefore, gamma-ray-induced graft polymerization can provide new materials that
meet multifunctional or multipurpose needs [3]. MMA is a methacrylic monomer used
for multiple purposes with an aliphatic part (non-polar) and a carbonyl group (polar) [16].
In addition, NVI is a vinyl molecule with an N heteroatom ring used for diverse objec-
tives [17,18]. Both carbonyl and imidazole groups can be employed in drug delivery
systems, thanks to electrostatic and hydrophobic interactions drug-polymer. Hence, these
polymers, PP, PMMA, and PNVI, may be implemented to design new materials with
tailored properties for biomedical devices considering their biocompatibility [12,19,20].

In summary, this work presents grafting polymerization of MMA and NVI onto PP
with the subsequent loading and release of vancomycin [21], where the pH-responsiveness
of NVI chains [22] was studied as well as other physicochemical properties, such as swelling
and contact angle.

2. Results

The materials were modified successfully with MMA by grafting polymerization
using the pre-irradiation oxidative method. The grafting degree showed a dependence on
the absorbed dose, temperature, monomer concentration, and reaction time, offering an
excellent control on the yield and leading to the possibility of obtaining tailored grafted PP
films. In the case of the grafting degree of NVI, this was carried out by the direct method
and did not show a considerable grafting yield if compared to MMA graft, which was more
quantitative.

2.1. Grafting

During the grafting process on PP films, it is possible to observe certain tendencies
regarding the grafted acrylate. Grafting of MMA exhibited a linear slope in the absorbed
dose experiment (5 to 25 kGy) and in the time reaction experiment (5 to 26 h) reaching
a maximum grafting of 49.5% (25 kGy and 16 h) and 31% (5 kGy and 26 h), respectively
(Figure 1a,b). However, the absorbed dose of 25 kGy could cause a detriment or deteriora-
tion on the PP matrix caused by polymer chain rupture, cross-linking, and increment of
oxygenated groups [23]; for this reason, 5 kGy is the absorbed dose preferred.
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Figure 1. Grafting of MMA onto pristine PP: (a) Effect of absorbed dose (16 h, 65 ◦C, MMA 20 vol%);
(b) reaction time (5 kGy, 65 ◦C, MMA 30 vol%); (c) monomer concentration (15 kGy, 16 h, 70 ◦C), and
(d) reaction temperature (5 kGy, 16 h, MMA 30 vol%).
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Graft by varying temperature and monomer concentration completed the grafting
study. Regarding the effect of monomer concentration, it had a maximum grafting of 77.5%
with a linear tendency (Figure 1c), but at the lower monomer concentrations (20%), the
graft was adequate to incorporate a superficial modification. Finally, the results indicated
that the minimum activation temperature for this system is about 50 ◦C, which is congruent
with the temperature to activate peroxides. The grafting degree increased progressively up
to 80 ◦C, but at 90 ◦C the graft slightly decreased, indicating that when the reaction took
place at 90 ◦C, the homopolymerization was benefited, so the graft was affected (Figure 1d).
Therefore, the results suggest a possible control on the grafting rate either by reaction time
or reaction temperature, offering a reasonable percentage of functionalization using a low
absorbed dose of 5 kGy and low monomer concentration, thus, ensuring lower damage in
the properties of the matrix.

The grafting of NVI was carried out on PP-g-MMA with different grafting degrees
from 8.5 to 77.5%. The NVI grafting degree was lower compared to the results obtained in
the MMA grafting, which indicates a lower monomer reactivity. Since the MMA grafting
degree of PP-g-MMA was higher, the grafting yield of NVI did not increase proportionally,
obtaining yields ranging from 4 to 6.5%. Hence, it is understood that a slight modification
with MMA is enough to promote the graft of NVI in a second step (Figure 2). In the
following lines, the notation (PP-g-MMA)-g-NVI (x/y%) represents the binary grafted
weight percent of “x” PMMA and “y” PNVI, respectively.
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Figure 2. Results of NVI grafted on PP-g-MMA (50%); reaction conditions, absorbed dose 15 kGy,
and room temperature (around 25 ◦C).

SEM microscopy was performed to analyze the surface morphology of PP-g-MMA
(17%) and (PP-g-MMA)-g-NVI (19.5/6%) (Figure 3). Morphological changes due to the
grafting polymerizations were observed, clearly indicating a surface copolymerization with
an amorphous appearance, which is suitable for the adsorption of solids, as was found in
this case.
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Figure 3. SEM images of (a–c) PP-g-MMA (17%) and (d–f) (PP-g-MMA)-g-NVI (19.5/6%), augmented
from left to right ×50, ×100, and ×500.

2.2. Infrared Spectroscopy

For pristine PP, as a linear polymer constituted just of propylene units, strong bands of
infrared corresponding to different modes of C-H vibration were displayed, which stretch
in the region of 2949–2838 cm−1 and bend methyl (-CH3) and methylene (-CH2) groups at
1456 and 1375 cm−1, respectively (Figure 4). Once the first copolymer was achieved, the
spectrum of PP-g-MMA, besides the aliphatic bands, showed the characteristic carbonyl
band around 1724 cm−1, which appeared as a strong signal accompanied by the C-O
stretching at 1145 and 1063 cm−1 [24]. After the second graft with NVI [25], in addition
to the mentioned bands, there was an aromatic C-H stretching band at 3112 cm−1 and the
characteristic bands of aromatic compounds in the fingerprint region between 900 and
650 cm−1 [26,27].
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2.3. XPS Spectroscopy

XPS study determined the surface atomic compositions of pristine PP [28] and grafted
films, confirming the existence of grafted PMMA [29] and PNVI [27] on the surface, as
shown in Figure 5. The characteristic peaks of carbon (C 1 s at 285.0 eV), oxygen (O 1 s at
531.0 eV), and nitrogen (N 1 s at 399.4 eV) were detected in the scanning, and the atomic
level relationship was obtained from the core level peak areas of C 1 s, O 1 s, and N 1 s, and
multiplied by the corresponding sensitivity factors giving the results in Table 1.

Table 1. XPS results of pristine PP, PP-g-MMA (17%), and (PP-g-MMA)-g-NVI (77.5/5%): elemental
composition used atomic sensitivity factor of C 1 s: 0.314, O 1 s: 0.733 and N 1 s: 0.499.

Film
Atomic (%)

C O N

PP 100 - -
PP-g-MMA (17%) 75.28 24.51 -

(PP-g-MMA)-g-NVI (77.5/5%) 72.59 22.90 3.76
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2.4. Thermal Gravimetry Analysis

Thermograms of grafted films displayed a faster weight loss compared to the TGA
curve observed in the pristine non-irradiated PP film, as the 10% weight loss indicates
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(Figure 6). Decomposition temperature (Td) of pristine PP was higher than in the PP-g-
MMA (25%) and (PP-g-MMA)-g-NVI (19.5/6%). The grafted films exhibited a multi-step
decomposition, as is shown in the thermogram of PP-g-MMA (25%), where there were
two decomposition stages, while in the (PP-g-MMA)-g-NVI (19.5/6%), there were three
decomposition stages (Table 2). In conclusion, the study showed that pristine PP had better
thermal stability in comparison to grafted films, but this difference is merely informative
because grafted films worked well at load and release temperatures.

Table 2. Results of TGA (weight loss, decomposition temperature, residue) analyses of pristine
non-irradiated PP film and films after single and binary grafting.

Film 10 wt% Loss
(◦C) Td (◦C) Residue

800 ◦C (%)

PP 411.7 458.5 8.30
PP-g-MMA (25%) 358.5 370.3, 453.6 4.1

(PP-g-MMA)-g-NVI (19.5/6%) 303.4 291.32, 406.9, 455.9 2.3
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Figure 6. Thermogram runs under nitrogen atmosphere at 800 ◦C and heating rate 10 ◦C min−1.

Multiple decomposition stages in the grafted films suggest a localized polymer com-
position forming a multilayer material. These zones are core, internal layer, and surface;
nonetheless, the PP zone is in the nucleus and preserves its inherent thermal properties.
This characteristic is found in a surface-grafting polymer [30].

2.5. Swelling and Critical pH

The unmodified and grafted PP films were put to swelling tests by immersion in
different solvents for 24 h to determine their behavior in liquid mediums. Solvents were
chosen according to their dielectric constant (ε), in order of polarity: water (78.5), dimethyl
formaldehyde (DMF) (38.25), methanol (32.6), n-propanol (20.1), toluene (2.38), and n-
hexane (1.89). The non-polar solvents n-hexane and toluene swelled the films more than the
other solvents. One parameter for choosing a suitable solvent to graft NVI is its capability
of swelling the film PP-g-MMA and as was expected, the highest swellings were achieved
in toluene because both PP-g-MMA and (PP-g-MMA)-g-NVI have non-polar groups in
their chains. These preliminary tests also helped to determine the viability of water for
the load/release assays (Figure 7), although the water had the lowest swelling percentage
followed by DMF, methanol, and n-propanol.
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Figure 7. Swelling of the films in different solvents.

One of the characteristics of NVI-containing polymers is their pH response. This
property is conferred by grafted PNVI, an electron donor polyelectrolyte (i.e., a Lewis base)
that shrinks or expands by varying pH, as was verified with the study of swelling in a pH
range of 3 to 11. In this case, two films of (PP-g-MMA)-g-NVI with different compositions
were analyzed, as shown in Figure 8. The behavior was similar in both films since they were
hydrophilic at acid pH and hydrophobic at alkaline pH, with inflection points at pH 6.9 for
(PP-g-MMA)-g-NVI (20/6%) and pH 7.3 for (PP-g-MMA)-g-NVI (34/6.5%), respectively.
The most significant difference was the higher swelling in the film with more PMMA
grafted, so it is inferred that this polyacrylate conferred a more hydrophilic behavior to the
film. Although swelling between 1 and 4% would seem low, the thickness of the films was
18 mm, and samples were above 250 mg, so even small weight changes, such as 0.1 mg,
were detected. Furthermore, the swelling percentage was enough to load and release the
vancomycin quantitatively (see Section 2.7), because in this case, the swelling occurred
exclusively on the surface. Thus, it is concluded that the surface of the grafted films is
moderately hydrophilic and pH-responsive can uptake water and molecules between their
chains.
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2.6. Contact Angle

Once MMA is grafted onto the surface, the wettability was an important parameter
because the acrylic chains are moderately hydrophilic, as swelling experiments showed
(see Section 2.5). Thereby, the contact angle before and after graft can be interpreted in
terms of surface energy, increasing in this case, which means that grafted films were more
hydrophilic than the pristine PP films, even when the grafted chains had a hydrophobic
moiety, the amorphous acrylic chains increased the wettability (Figure 9). The contact
angles determined by the drop of water on the pristine PP film were 87.5 ± 0.9◦ at 1 min
and 84.4 ± 0.9◦ at 5 min, and the highest compared with the grafted films, in which case
the contact angle decreased as the MMA graft percentage increased. The change from
hydrophobic to hydrophilic occurred since the first sample with the lowest graft that
was PP-g-MMA (10%), with angles of 76 ± 1.7◦ at 1 min and 71.2 ± 2.3◦ at 5 min and
decreased consecutively up to the last sample, PP-g-MMA (50%), exhibiting a contact angle
of 64.5 ± 4.4◦ at 1 min and 59.4 ± 4.8◦ at 5 min, being the lowest angle and therefore the
most hydrophilic.
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2.7. Load and Release of Vancomycin

Drug loading was performed using the sample (PP-g-MMA)-g-NVI (23/5.5%) in
an aqueous solution of vancomycin hydrochloride [2 mg mL−1]. The main reasons for
choosing water as solvent were its capability to dissolve the drug and its innocuousness.
These properties are more relevant than the limited capability to swell the film [31].

Once the vancomycin was loaded, the release was in a controlled pH [32], in both
acid (pH 4–6) and alkaline (pH 8–9) buffer medium to determine the release rate in simu-
lated physiological conditions, considering the pH responsiveness of PNVI grafted [33],
particularly at a pH close to that of the skin [34,35].

At neutral pH, the release rate was the highest, and the maximum reached within
the first 2 h, which was 109.5 ± 4.3 µg cm−2 (Figure 10a), which was around 83% of the
total loaded vancomycin. While in alkaline and acid pH, the release rate and the amount
of vancomycin released decreased considerably (Figure 10b). It was found that even after
48 h, the release value at pH 8 was only 47.1 ± 2.5 µg cm−2. In all buffers, unlike neutral
pH, release rates were slower, and the maximum concentration was not reached at 48 h.
When the kinetics were checked, it was found that they followed a different path than at
neutral pH, given that under neutral conditions the release rate was around three times
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and in a fraction of the time (2 h). Therefore, there is an expedited diffusion at pH 7 and a
prolonged release at pH 4, 5, 8, and 9.
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3. Discussion

The difficulty of grafting NVI directly onto pristine PP was overcome by the easiness
of grafting MMA. The difference among the reactivity of MMA and NVI is attributed to
electronic effects, solvent, stability of intermediates (during chain reaction), and homopoly-
merization rate (reaction in competition during the copolymerization). The surface of PP
grafted films exhibited changes in their hydrophilic/hydrophobic behavior and became
able to load and release vancomycin in different pH conditions. These grafted materials are
not limited to the vancomycin since the drug loading by swelling is a general method for
delivery with many bioactive principles [36].

SEM analysis suggested that the graft of both copolymers took place on the surface of
PP-g-MMA and (PP-g-MMA)-g-NVI films, which was supported by observing amorphous
layers and by the fact that there was no significant change in the film’s size. This information
was consistent with infrared, where it was possible to observe the corresponding bands of
the acrylic chains on the surface. While in XPS, elemental analysis detected the presence of
O and N from the graft. Finally, TGA confirmed that grafted PP was thermally stable [37],
even when the amorphous grafted binary and single copolymers decomposed earlier than
pristine PP.
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Regarding the swelling properties, grafted films showed a slight swelling on the polar
solvents, which is a significant difference with pristine PP because the polar solvent absorbs
between the alkyl backbones. The water drop contact angle showed that the surface of the
PP-g-MMA was wet consistently as the contact angle decreased while the grafting degree
increased. Overall, the swelling and contact angle results suggest an increase in the surface
energy of the grafted films and are suitable to use in drug release systems [38].

The release rate of vancomycin on (PP-g-MMA)-g-NVI (23/5.5%) was studied, finding
that this molecule, with several amines and one carboxylic group, at an acid or alkaline pH
formed strong H interactions with the grafted chains, prolonging the release and decreasing
the release rate [39]. At these conditions, the release could be conducted by a simultaneous
equilibrium, with an interchange of ions from the system and medium [40]. However, the
critical pH was reached at neutral conditions, where there was no excess of H+ or OH−

ions, which eased the release due to the strong interaction among medium and grafted
chains [41,42], yielding 83% of the total drug released in the first hours.

4. Materials and Methods
4.1. Materials

High-density polypropylene films (0.18 cm thickness) were from Goodfellow (Hunt-
ingdon, Cambridgeshire, UK). Vancomycin hydrochloride, MMA (99%), and NVI (99%)
were purchased from Aldrich Chemical Co. (Saint. Louis, Missouri, USA), and monomers
were purified by vacuum distillation. Boric acid, citric acid, trisodium orthophosphate, and
solvents (including double distilled water) were acquired from Baker (Mexico City, Mexico).

4.2. Grafting Method

MMA was grafted by oxidative pre-irradiation method, and NVI was grafted by
direct method [43], in both cases using a gamma-rays source of 60Co Gammabeam 651-PT
(UNAM, Mexico City, Mexico) at a dose rate of 8.4 kGy h−1, the methods are described in
detail in the next Sections 4.2.1 and 4.2.2.

4.2.1. Grafting Polymerization of MMA Using the Oxidative Pre-Irradiation Method

PP films of 3cm × 2cm × 0.18 cm (width, length, and thickness) were weighed (around
250 mg) and placed into open glass ampoules and exposed to gamma irradiation in the
presence of air. Afterward, the solutions of MMA were prepared in methanol as the solvent
at different concentrations (Table 3) and then added (5 mL) into the glass ampoules with
the pre-irradiated PP film. The ampoules were degassed by freezing and thawing cycles
with liquid nitrogen followed by a purged in the vacuum line; subsequently, the ampoules
were sealed at vacuum. Then, the polymerization was initiated by heating in a water bath
at different times and temperatures. Once completed the reaction time, the ampoules were
open, and the films were rinsed in a water/ethanol mixture 50/50 vol% under constant
stirring for 24 h. Finally, the samples were dried in a vacuum oven at 60 ◦C for 24 h. The
grafting percentage was calculated according to Equation (1), using the weight of pristine
(W0) and grafted (Wg) film.

Grafting (%) = 100[(Wg − W0)/W0] (1)

Table 3. Reaction conditions of grafting polymerization of MMA by pre-irradiation oxidative and
grafting degree.

Experiment Dose (kGy) Time (h) Temperature
(◦C)

Concentration
(vol%)

Grafting
(%)

Dose 5 16 65 20 10
Dose 10 16 65 20 18
Dose 15 16 65 20 31
Dose 20 16 65 20 39
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Table 3. Cont.

Experiment Dose (kGy) Time (h) Temperature
(◦C)

Concentration
(vol%)

Grafting
(%)

Dose 25 16 65 20 49.5
Time 5 5 65 30 6
Time 5 10 65 30 12
Time 5 16 65 30 18
Time 5 24 65 30 23
Time 5 26 65 30 31

Concentration 15 16 70 20 8.5
Concentration 15 16 70 40 19.5
Concentration 15 16 70 60 34
Concentration 15 16 70 80 29.5
Concentration 15 16 70 100 77.5
Temperature 5 16 60 30 15.5
Temperature 5 16 70 30 17.5
Temperature 5 16 80 30 25
Temperature 5 16 90 30 23.5

4.2.2. Grafting of NVI on PP-g-MMA by Direct Method

PP-g-MMA films with different MMA grafting degree (Table 4) were weighed and
placed into glass ampoules containing 6 mL of NVI in toluene (50 vol%). Then, oxygen was
removed from the ampoules with freezing and thawing cycles (see Section 4.2.1), then the
ampoules were sealed with a blowtorch and irradiated with an absorbed dose of 15 kGy
at room temperature. Finally, the ampoules were open, and the grafted films were rinsed
with methanol and dried into a vacuum oven at 60 ◦C for 24 h. The weight of films was
recorded to calculate the grafting degree according to Equation (1).

Table 4. (PP-g-MMA)-g-NVI, reaction conditions of NVI grafting by the direct method.

MMA Grafting (%) Dose (kGy) Concentration (vol%) Total Grafting MMA/NVI (%)

8.5 15 50 8.5/4
19.5 15 50 19.5/6
23 15 50 23/5.5
34 15 50 34/6.5

77.5 15 50 77.5/5

4.3. Swelling Experiments

The samples were placed in different solvents until they reached the limit swelling
(maximum 24 h) at room temperature (around 25 ◦C). Excess solvent was removed with an
absorbent paper. The solvents used for swelling were water, methanol, n-propanol, DMF,
and n-hexane. The swelling percentage (%) was calculated according to Equation (2):

Swelling (%) = 100[(Ws − Wd)/Wd] (2)

where Ws and Wd are the weights of swollen and dried films, respectively.
The (PP-g-MMA)-g-NVI (23/5.5%) film was employed to determine the critical pH.

The sample was put inside different phosphate buffers (pH 4–9) for 24 h to record the
weight. After each measurement, the sample was rinsed with double distilled water and
submerged in the next buffer. Equation (2) was also applied to calculate the swelling at
different pH.

4.4. Load and Release of Vancomycin

Vancomycin was loaded to the (PP-g-MMA)-g-NVI (23/5.5%) film. A fresh dissolution
of vancomycin hydrochloride [2 mg mL−1] was prepared with double distilled water and
poured into a vial containing the grafted film. The vial was stored in refrigeration at 4 ◦C
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for 48 h; then, the film was taken out, dried, and stored at room temperature (around
25 ◦C). The amount of vancomycin loaded was calculated by measuring the vancomycin
released under sonication and replacing the solvent (double distilled water) until reaching
absorbances close to 0, these absorbances represent the total vancomycin concentration,
resulting 132.2 ± 0.8 µg cm−2.

Release experiments were performed using the same film which was (PP-g-MMA)-
g-NVI (23/5.5%) in 4 mL of sodium phosphate buffer (pH 4–9), 0.1 M, and at 37 ◦C. The
releasing was monitored at different times, recording absorbances by spectrophotometry at
280 nm [44].

4.5. Instrumental

Infrared spectroscopy attenuated total reflection (FTIR-ATR) spectra of dry pristine and
modified films were analyzed using a Perkin–Elmer Spectrum 100 spectrometer (Norwalk,
CT, USA) with 16 scans.

X-ray photoelectron spectroscopy was performed in an ultra-high vacuum (UHV)
system Scanning XPS microprobe PHI 5000 Versa Probe II (Chanhassen, MN, USA), with
an excitation source of Al Kα monochromatic, energy 1486.6 eV, 100 µm beam diameter,
and with a Multi-Channel Detector (MCD). The XPS spectra were obtained at 45◦ to the
normal surface in pass energy mode (CAE) E0 = 117.40 and 11.75 eV. Peak positions were
calibrated to Ag 3d5/2 photopeak at 368.20 eV, having a full width at half maximum of
0.56 eV, and the energy scale corrected using the C 1s peak brought to 285.0 eV.

A Kruss DSA 100 drop shape analyzer (Matthews, NC, USA) was employed to measure
water droplet contact angle at 1 and 5 min in triplicates.

Scanning electron microscope (SEM) images were acquired by the Zeiss Evo LS15
instrument (Jena, Germany). Small pieces (1 cm length) of grafted samples were cut and
directly analyzed under a high vacuum without using any coating.

Thermogravimetric analysis (TGA) data of weight loss and decomposition of pristine
and modified films (around 10 mg) were analyzed under a heating rate of 10 ◦C min−1 and
run from 20 to 800 ◦C in a TGA instrument Q50 TA Instruments (New Castle, DE, USA).

Ultraviolet-visible (UV-vis) spectrophotometer model Agilent 8453 (Waldbronn, Ger-
many) was utilized to analyze the release of vancomycin at 280 nm, using quartz cuvettes
(1 cm length).

5. Conclusions

Radiation-grafting was a convenient method to modify the surface of PP films. In the
first step, the PP-g-MMA was obtained by the pre-irradiation oxidative method, and in the
second step, the final material (PP-g-MMA)-g-NVI was achieved by simultaneous irradi-
ation. The grafting of NVI endowed the surface with pH responsiveness and the chains
were able to load vancomycin hydrochloride in aqueous dissolution (2 mg mL−1). The
release of vancomycin was pH dependent with a higher rate at pH 7 and more controlled
release at non-neutral pH; the maximum amount of drug released at buffer pH 7 was
109.5 ± 4.3 µg cm−2 after 48 h. These findings suggest an active interaction in the equilib-
rium of the NVI chains-vancomycin-release medium. This type of superficial modification
onto a non-reactive thermoplastic, such as the PP, provides a route to get more sophisticated
materials and devices.
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Abstract: Titanium alloy (Ti6Al4V) is one of the most prominent biomaterials for bone contact
because of its ability to bear mechanical loading and resist corrosion. The success of Ti6Al4V
implants depends on bone formation on the implant surface. Hence, implant coatings which promote
adhesion, proliferation and differentiation of bone-forming cells are desirable. One coating strategy
is by adsorption of biomacromolecules. In this study, Ti6Al4V substrates produced by additive
manufacturing (AM) were coated with whey protein isolate (WPI) fibrils, obtained at pH 2, and
heparin or tinzaparin (a low molecular weight heparin LMWH) in order to improve the proliferation
and differentiation of bone-forming cells. WPI fibrils proved to be an excellent support for the growth
of human bone marrow stromal cells (hBMSC). Indeed, WPI fibrils were resistant to sterilization and
were stable during storage. This WPI-heparin-enriched coating, especially the LMWH, enhanced
the differentiation of hBMSC by increasing tissue non-specific alkaline phosphatase (TNAP) activity.
Finally, the coating increased the hydrophilicity of the material. The results confirmed that WPI fibrils
are an excellent biomaterial which can be used for biomedical coatings, as they are easily modifiable
and resistant to heat treatments. Indeed, the already known positive effect on osteogenic integration
of WPI-only coated substrates has been further enhanced by a simple adsorption procedure.

Keywords: WPI fibrils; Ti6Al4V; additive manufacturing; osseointegration; heparin; tinzaparin;
osteoblast differentiation; coating; enriched

1. Introduction

Ti6Al4V is a well-known biomaterial for orthopaedic implants widely used due to
its high specific strength and high corrosion resistance. One of the advantages of this
material is that it can be produced using AM techniques, allowing the generation of
implants with complicated shapes while keeping production costs reasonably low [1]. The
stability and long-term success of an implant depends on its ability to osseointegrate after
its stable fixation to the surrounding bone. One of the known methods of facilitating
this process is by modifying the surface of the implant with a coating. Collagen is the
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most studied protein for this type of application, especially in its fibrillar form [2–4]. The
advantages of using protein fibrils lie in their high surface/volume ratio, which facilitates
their adsorption onto the substrate, and the possibility of incorporating other molecules
on their surface such as phenols [4,5] and marine polysaccharides [5]. Heparin is a highly
sulfated glycosaminoglycan (GAGs) widely used as a coating for implants due to its ability
to accumulate and release growth factors (in the form of a crosslinked hydrogel), improve
blood compatibility by reducing the inflammatory and coagulative response, and facilitate
bone cells’ adhesion, growth and osteogenic differentiation [6].

Previous studies demonstrated that WPI increases cell proliferation and osteogenic
differentiation in soluble form both in cell culture medium [7] and as a hydrogel [8].
Additionally, this compound shows antibacterial effects [9]. WPI consists of more than
75% β-lactoglobulin (β-lg) and under conditions of acid hydrolysis (pH < 3, T > 80 ◦C)
it forms uniform fibrils that are several micrometers long and a few nanometers thick.
The fibrillation process occurs thanks to peptides that self-assemble into amyloid-like
structures [10]. In the fibrillar form, they have supported the attachment, spreading
and differentiating of human bone marrow stromal cells (hBMSC), which are cells with
great clinical relevance for bone regeneration. WPI fibrils also proved to be resistant to
autoclaving, making them an excellent option for biomedical coatings which need to be
sterile [11].

In this study, we demonstrated the possibility of coating Ti6Al4V with heparin-
enriched WPI fibrils in order to combine the positive effects of all the components, re-
sulting in a system that is easily sterilizable and can lead to the production, via AM, of
complex-shaped prostheses that are highly biocompatible. In addition, we evaluated the
influence of the molecular weight of heparin on its ability to modulate the growth of hBMSC
by comparing the effects of sodium heparin (MW: ~20,000 Da) and tinzaparin (LMWH;
MW: ~8000 Da). For this purpose, we studied cell proliferation via metabolic activity by
a metabolic assay and osteogenic differentiation via the activity of the tissue non-specific
alkaline phosphatase enzyme (TNAP) at days, in culture after two and 11 days.

2. Results and Discussion
2.1. Fibrils Characterization

The fluorescence emission of Thioflavin T (ThT) is an indication of the presence of
fibrils since the molecule binds to β-sheets that are present in the protein [12]. The internal
structure of the fibrils consists largely of crossed β-sheets arranged perpendicularly to the
main axis of the fibrils. Figure 1 shows the results of the ThT assay made to assess if the
fibrillation process has been successful. As clearly shown by the higher emission of the
acid-hydrolysis treated sample (WPI fibrils) compared to the untreated sample (WPI), the
reaction led to an increase of the fluorescence. A signal was also present in the untreated
sample. This is certainly due to the presence of a small number of β-sheets prior to heat
treatment, in accordance with Akkermans et al. [10]. Thereby, given the high increase in
β-sheet numbers after heat treatment, the fibrillation reaction was successful.

The effective presence of the fibrils has been confirmed by the scanning electron
microscopy (SEM) images shown in Figure 2. As indicated by the black arrows, on the
coated not sterile (NS) (Figure 2a,b) and sterilized (S) (Figure 2c,d) samples there were
long and thin fibrils well dispersed onto the analyzed area. The morphology appeared
similar to the structure expected after fibrillation at pH 2 [13]. Moreover, the images further
confirmed the ability of these type of fibrils to withstand washing and sterilization, as
shown by previous work, in which glass substrates were used [14]. However, the presence
of tinzaparin and heparin could not be detected by SEM. Therefore, the images are not
shown in the article but can be found in the Supplementary Materials (S9–S10).
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Figure 1. ThT test results of: 2.5% WPI at pH 2 (WPI); 2.5% WPI at pH 2 after 5 h incubation at 90 ◦C
under stirring at 350 rpm (WPI Fibrils). λex = 440 nm; λem = 486 nm. Error bars represent the standard
deviation (SD).

Figure 2. SEM images of Ti6Al4V WPI coated NS with 25,000× magnification (a) and 40,000×
magnification (b); WPI coated S at 25,000× (c) and 50,000× (d); Ti6Al4V uncoated at 25,000× (e) and
40,000× (f). Black arrows indicate WPI fibrils. Scale bar: 1 µm for the 25,000× images and 0.1 µm for
the more magnified.
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2.2. Coating Characterization

Table 1 shows the name of the samples object of this study and the corresponding
treatment.

Table 1. Samples name and treatment.

Sample Name Treatment

Uncoated Bare Ti6Al4V
WPI Coated NS (Not Sterile) Ti6Al4V coated with WPI fibrils

WPI Coated S (Sterile) Ti6Al4V coated with WPI fibrils and autoclaved

WPI Coated S + H (Sterile + Heparin) Ti6Al4V coated with WPI fibrils, autoclaved and
subsequently coated with Heparin

WPI Coated S + T (Sterile + Tinzaparin) Ti6Al4V coated with WPI fibrils, autoclaved and
subsequently coated with Tinzaparin (LMWH)

2.2.1. Contact Angle

Figure 3 shows the contact angle of a 5 µL-MilliQ water drop on the surface of Ti6Al4V
discs coated with WPI fibrils at pH 2 treated in different ways. Each sample was coated
following the protocol described in Section 3.2. The uncoated sample (bare Ti6Al4V)
showed a value of 114.73 ± 3.61◦. On the other hand, the coated material showed a lower
angle of contact in each condition: the sample “WPI Coated NS” had an angle of contact of
53.49 ± 2.35◦ while the same sample but sterilized (WPI Coated S) showed a slight increase
in the value with 80.40 ± 2.31◦. Finally, the samples with heparin and tinzaparin showed a
value in between those for the “WPI Coated S” and “WPI Coated NS” of 75.11 ± 4.85◦ and
59.33 ± 2.45◦ respectively. The large reduction in the contact angle between the uncoated
and coated pre-sterilization sample demonstrated a decrease in the hydrophobicity of the
Ti6Al4V following coating with WPI fibrils.

Figure 3. Contact angle measurements of Ti6Al4V discs: uncoated, coated with WPI fibrils at pH
2 not sterile (NS); coated with WPI fibrils at pH 2 and sterilized (S); coated and sterilized sample +
heparin (S + H); coated and sterilized sample + tinzaparin (S + T). Error bars represent the standard
deviation.
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According to statistical analysis (Table 2), each coated sample differed significantly
from uncoated samples. However, among the coated samples, unsterilized and tinzaparin-
enriched samples did not differ significantly in hydrophilicity. The same behavior can be
observed between sterilized and heparin-enriched samples, which do not differ significantly
from each other, but do differ from all other treatments. These results are in agreement
with previous studies with titanium alloy [11] and WPI fibrils [14]. In addition, the surface
became more hydrophobic following sterilization. One explanation could be that a small
percentage of the coating was lost because of the heat treatment; however, further analyses
are required. On the other hand, the addition of heparin made the sterilized sample more
hydrophilic (as expected) from the polar nature of the molecule and the results of other
studies on heparin-enriched coatings [15,16]. It is also important to note that the addition of
tinzaparin increased hydrophilicity more than heparin, giving a first proof of the presence
of the LMWH molecule. The increase of hydrophilicity leads to considerable advantages
because a low hydrophobicity is required in orthopedic prostheses, especially if in contact
with blood, as it reduces implant friction allowing better control in surgeries, limiting
thrombosis and increasing general biocompatibility. The result is a reduction in the cost
and time of the procedures [15].

Table 2. Water-Contact angle test results on Ti6Al4V uncoated and coated in different conditions.
Results are expressed as mean ± standard deviation (SD). Means without a common superscript
differ (p < 0.05).

Sample Mean ± SD (◦)

Uncoated 114.73 ± 3.61 a

WPI Coated NS 53.49 ± 2.35 be

WPI Coated S 80.40 ± 2.31 cd

WPI Coated S + H 75.11 ± 4.85 cd

WPI Coated S + T 59.33 ± 2.45 be

2.2.2. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) results (Figure 4) showed that the superficial
atomic composition of Ti6Al4V was: C (51%), O (34.8%), Ti (8.96%), Al (3.16%), N (2%).
The WPI coated NS sample showed an increase in the amount of carbon and nitrogen,
which are the main components of the coating. Consequently, the relative contents of
oxygen and titanium decreased (22.6% and 3.3% respectively) accordingly. Weak signals
of sodium (1.16%) and chlorine (0.71%) were recorded following sterilization (WPI coated
S), which could be due to autoclave steam contamination since the instrument was loaded
with tap water. Finally, it was possible to record the Sulphur signal (4.16%) in the sample
further coated with heparin, indicating the actual presence of the molecule (survey and
high-resolution spectra reported in Supplementary Figures S1–S8). However, with this
technique, it was not possible to record the signal for the sample with tinzaparin. We
assumed the presence of the LMWH molecule since in vitro investigations with hBMSC,
e.g., the TNAP activity test on tinzaparin-coated samples, gave a higher result compared to
the control and heparin-coated samples (see Section 2.4) and the CA measurement differed
significantly among the heparin coated samples, as explained in the previous section.
However, in future works it would be useful to develop a test to assess the presence of
the molecule directly. In our preliminary work with WPI fibrils coatings, similar results
were obtained with the same adsorption time on glass substrates [14], indicating that our
protocol allows a good coating of the substrate with a thickness of at least 10 nm, which is
considered to be the limit of detection of this technique.
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Figure 4. Atomic composition of uncoated and coated Ti6Al4V samples measured by XPS. Error bars
represent the standard deviation.

2.3. Influence of Different Ti6Al4V Coating on Metabolic Activity of hBMSC

The MTS assay measures metabolic activity of cells as an indication for cell number and
cell viability [17]. After two days in culture, the hBMSC number on coated Ti6Al4V seemed
to be slightly lower than that on uncoated Ti6Al4V. In particular, the WPI-Tinzaparin
coating tended to show the highest reduction of metabolic activity. However, the difference
was not statistically significant (Figure 5). Hence, the coating had no impact on the number
of cells that proliferate on the surface. In our previous study, similar results were found on
glass-WPI coated samples showing that, even if the number of cells does not change after
the coating, a better organization of the cytoskeleton occurs on the coated samples [14].

Figure 5. Metabolic activity of hBMSC on bare and coated Ti6Al4V. 6500 hBMSC/sample plated
onto bare Ti6Al4V (uncoated) and Ti6Al4V coated with WPI + heparin, and WPI + tinzaparin and
analysed after 48 h for metabolic activity. The results are shown as mean (bar) and individual values;
n = 3. Statistically significant differences were not noted.
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2.4. Influence of Different Ti6Al4V Coatings on TNAP Activity of hBMSC

For evaluation of the osteoinductive potential of different Ti6Al4V coatings, the activity
of the TNAP enzyme in hBMSC cultured for 11 days was analyzed. Besides the deposition
of calcium phosphate as a final differentiation marker for osteoblasts, TNAP activity is
frequently used as an early osteogenic differentiation marker that indicates the potential
of hBMSC to form hydroxyapatite [18,19]. Thus, TNAP activity is a prerequisite for bone
mineralization since the ectoenzyme releases phosphate ions and therefore increases their
concentration locally so that, finally, hydroxyapatite can be formed. The higher the activity
of alkaline phosphatase (ALP), the more bone mineral is deposited and the better an
implant can be integrated [20,21]. As highlighted in Figure 6, the coating of Ti6Al4V with
WPI slightly increased TNAP activity. The addition of heparin and tinzaparin to the WPI
significantly increased the activity of TNAP at day 11. The higher effect of tinzaparin
could be related to its short chain length compared to heparin. These findings were
consistent with our previous work which showed the significant effect of WPI coating
on the activity of TNAP [14]. However, here we proved that this behavior can be further
enhanced by adding LMWH to the system. Simann et al. [22] and Mathews et al. [23]
both showed a higher activity of ALP in hBMSC cultured in the presence of heparin,
supporting our results. Additionally, in our previous study, the positive effect of heparin
on the early-stage osteoblast-differentiation occurred only when the molecule was bound
to a protein substrate [24]. The results showed in this work gave a clear indication of
a pro-osteogenic effect of LMWH-modified WPI implant coatings. These results are a
promising starting point for future investigations involving more osteoblast features and
osteogenic parameters as mineral deposition, formation of osteocalcin, osteoprotegerin,
osteopontin, bone sialoprotein, etc. in order to elucidate the molecular mechanisms of such
coatings and to characterize the effects of heparin and tinzaparin as coating components in
more detail.

Figure 6. TNAP activity of hBMSC on bare and coated Ti6Al4V. 6500 hBMSC/sample plated in onto
bare Ti6Al4V and Ti6Al4V coated WPI, WPI + heparin, and WPI + tinzaparin. From day four after
plating, the cells were cultured with osteogenic supplements and analysed at day 11 for TNAP enzyme
activity. The results are shown as mean (bar) and individual values; n = 3. Statistical significant
differences versus bare Ti6Al4V are indicated with ** (p < 0.01) and *** (p < 0.001). (a) mU/mg protein;
(b) % of bare Ti6Al4V.
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3. Materials and Methods
3.1. Fibrils Production and Characterization

WPI fibrils were prepared according to the protocol described by Keppler et al. [25]):
WPI (BiPro, Davisco Foods International Inc., Eden Prairie, MN, USA) was dissolved in
Milli-Q water to a final concentration of 2.5 wt% and the pH was set to 2.0 with 2M HCl.
40 mL of protein solution were heated at 90 ◦C for five hours under stirring at 350 rpm to
allow the fibrillation reaction to take place. At the end of the specified time, the solution
was immediately cooled on ice to stop the reaction. The fibrils were stored in a refrigerator
and proved to be stable for approximately four months.

Qualitative determination of the fibrils was carried out using the ThT colorimetric
assay described by Loveday et al. [26]: 12 µL of the protein solution was added to 1 mL of
ThT (Sigma-Aldrich, Schnelldorf, Germany) solution and fluorescence was measured with
a plate reader (Infinite M200 PRO; Tecan, Reading, UK) after 1 min of incubation directly in
a 96-well plate. Excitation and emission wavelengths were 420 nm and 486 nm, respectively.
The analysis has been conducted against a blank sample with water and ThT.

3.2. Coating Protocol and Characterization

The Ti6Al4V discs (2 cm of diameter and 1 mm thick) additively manufactured in an
A2 ARCAM EBM machine (ARCAM EBM, Mölnlycke, Sweden) were coated with fibrils
by adsorption from the suspension. The substrates were left in contact with 1 mL of the
fibril solution (2.5 wt%) for one hour, then rinsed three times with Milli-Q water to remove
excess coating and left to air dry. For samples with heparin (or tinzaparin), the protocol
was repeated on the fibril-coated samples using a 10 wt% heparin (or tinzaparin) solution.

The sterilization (121 ◦C, 15 min, 1 atm) was performed after the coating procedure
with a Bench top Autoclave. Addition of heparin or tinzaparin by adsorption from solutions
was performed in sterile conditions under a laminar flow hood using syringe (NORM-JECT
12 mL, Henke-Sass Wolf GmbH, Tuttlingen, Germany) and filters (28 mm Diameter Syringe
Filters, 0.2 µm Pore SFCA-PF Membrane, Corning International, New York, NY, USA).

X-ray photoelectron spectroscopy (XPS) was performed to analyze the surface chemical
composition on the samples using an Axis Supra spectrometer (Kratos Analytical Ltd.,
Manchester, UK) with a monochromatic Al Kα source (1.487 keV). Samples were mounted
using carbon tape on a sample holder. An internal flood gun was used for neutralizing
charging effects. Wide scans were recorded at a pass energy of 160 eV and a step size of 1 eV.
Samples were measured at an emission angle of 0◦ (relative to the surface normal), power of
225 W (15 kV × 15 mA) and an analysis area of 700 × 300 µm. Three different locations on
each coating’s type were analyzed. Spectra were analyzed with CasaXPS software (version
2.3.22, Casa Software Ltd., Devon, UK). All binding energies were referenced to the C-C
component of the C1s spectrum at 284.8 eV to compensate for the surface charging effects.
The curve fitting procedure of the components was performed using Gaussian-Lorentzian
function and a linear background.

Contact angle measurements were achieved with a home-built system consisting of
a light, a stand and a camera connected to a computer. The images were analysed with
ImageJ software with the drop analysis plugin [27].

The SEM characterization was performed as follows: samples were mounted on
standard aluminum pin stubs using double sided conductive carbon adhesive dots. They
were subsequently sputter coated with approximately 5 nm of gold (at 20 mA for 60 s,
1x 10-2 mBar, under argon) using a system by Quorum Technologies Ltd., Lewes, UK,
Q150RES. Finally, samples were imaged using a Jeol JSM-7800F Field Emission Scanning
Electron Microscope (FEG-SEM) using the lower secondary electron detector.

3.3. Isolation and Cultivation of Human Bone Marrow Stromal Cells (hBMSC)

hBMSC were isolated from bone marrow aspirates obtained from donors at the Bone
Marrow Transplantation Center of the University Hospital Dresden. The cells were char-
acterized as described in the work by [28]. The donors (males, average age 25 ± 3 years.)
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were duly informed about the procedures and gave their full consent. The study was
approved by the local ethics commission (ethic vote No. EK466112016).

For the in vitro experiments, 5000 hBMSC were seeded in an 80 µL-droplet of cell
culture medium (Dulbecco’s minimal essential medium (DMEM; Merck-Millipore, Darm-
stadt, Germany), supplemented with 10% heat-inactivated fetal calf serum and antibiotics
(Sigma-Aldrich,) onto the surface of each sample (Ø 10 mm, 1 mm height, 0.78 cm2). Two
hours after plating, DMEM was added to cover the samples with medium. At day four
after plating, cell culture medium was replaced by osteogenic differentiation medium
(DMEM with 10% heat-inactivated fetal calf serum and antibiotics supplemented with 10
mM β-glycerol phosphate, 300 µM ascorbate, and 10 nM dexamethasone (Sigma-Aldrich)
as described previously [29]. The medium was changed twice per week.

3.4. Determination of Metabolic Activity

The metabolic activity of hBMSC cells was determined by the MTS assay (Cell Titer96
AQueous One Solution Proliferation Assay; Promega, Germany) at day two after plating.
The cell culture medium was replaced by fresh medium containing 10% of MTS dye
solution. After 2 h of incubation at 37 ◦C in a humidified CO2 incubator, 80 µL of medium
was transferred into a 96-well plate and the absorbance of the formed formazan dye was
measured photometrically at 490 nm.

3.5. Determination of Tissue Non-Specific Alkaline Phosphatase (TNAP) Enzyme Activity

At day 11 after seeding, hBMSC were analysed for TNAP enzyme activity. TNAP
enzyme activity was determined from cell lysates (TNAP lysis buffer: 1.5 M Tris-HCl, pH
10 containing 1 mM ZnCl2, 1 mM MgCl2 and 1% Triton X-100; Sigma-Aldrich, Germany)
with p-nitrophenylphosphate (Sigma-Aldrich, Germany) as a substrate, as previously
described [30]. TNAP activity was calculated from a linear calibration curve (r > 0.99)
prepared with p-nitrophenolate. Protein concentration of the lysate was determined with
RotiQuant protein assay (Roth GmbH, Karlsruhe, Germany) and was calculated from a
linear calibration curve (r > 0.99) obtained with bovine serum albumin (Serva, Heidelberg,
Germany). Specific TNAP activity is given in mU/mg protein.

3.6. Statistical Analysis

Cell experiments were performed with cells from three different donors (n = 3) each
in duplicate. The results were presented as mean ± standard error of the mean (SEOM).
Statistical significance was analyzed with GraphPad Prism 8.4 software (Statcon, Witzen-
hausen, Germany) by ANOVA analysis with Bonferroni’s post-test. The contact angle was
measured on four water drops for each sample. One-way ANOVA with Tukey’s post-test
was carried out with the software IBM SPSS Statistics Version 27.

4. Conclusions

Coating Ti6Al4V with WPI fibrils obtained at pH 2 enriched with heparin and tin-
zaparin proved to be a successful strategy to create a viable substrate for hBMSC. This
substrate for the cells promotes osteogenic differentiation by improving the quality of the
differentiated cells, as evidenced by the increase in the TNAP activity. In particular, this
work showed that enriching the coating with heparin and tinzaparin improves the afore-
mentioned effect considerably. Specifically, it seems that tinzaparin has the highest impact
on the TNAP activity. In any case, further investigations of the molecular mechanism are
needed to further elucidate this behavior. As far as the coating protocol is concerned, one
hour of adsorption time was sufficient to successfully coat Ti6Al4V substrates. However,
the presence of some uncoated areas was detected. Additionally, XPS can be used as a
method to evaluate the presence of heparin and proteins on the surface of the material.
Nonetheless, it seems that this is not a suitable method for the detection of tinzaparin, and it
advisable to use a different approach in future work. The coating increased the hydrophilic-
ity of the material with a higher extent when enriched with tinzaparin compared to heparin.
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This behavior, together with the statistically significant difference seen between the heparin
and tinzaparin coated samples in the TNAP activity test, provides further evidence of the
presence of the LMWH molecule.
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Abstract: The development of intravitreal glucocorticoid delivery systems is a current global chal-
lenge for the treatment of inflammatory diseases of the posterior segment of the eye. The main
advantages of these systems are that they can overcome anatomical and physiological ophthalmic
barriers and increase local bioavailability while prolonging and controlling drug release over sev-
eral months to improve the safety and effectiveness of glucocorticoid therapy. One approach to
the development of optimal delivery systems for intravitreal injections is the conjugation of low-
molecular-weight drugs with natural polymers to prevent their rapid elimination and provide
targeted and controlled release. This study focuses on the development of a procedure for a two-step
synthesis of dexamethasone (DEX) conjugates based on the natural polysaccharide chitosan (CS). We
first used carbodiimide chemistry to conjugate DEX to CS via a succinyl linker, and we then modified
the obtained systems with succinic anhydride to impart a negative ζ-potential to the polymer particle
surface. The resulting polysaccharide carriers had a degree of substitution with DEX moieties of 2–4%,
a DEX content of 50–85 µg/mg, and a degree of succinylation of 64–68%. The size of the obtained
particles was 400–1100 nm, and the ζ-potential was −30 to −33 mV. In vitro release studies at pH 7.4
showed slow hydrolysis of the amide and ester bonds in the synthesized systems, with a total release
of 8–10% for both DEX and succinyl dexamethasone (SucDEX) after 1 month. The developed conju-
gates showed a significant anti-inflammatory effect in TNFα-induced and LPS-induced inflammation
models, suppressing CD54 expression in THP-1 cells by 2- and 4-fold, respectively. Thus, these novel
succinyl chitosan-dexamethasone (SucCS-DEX) conjugates are promising ophthalmic carriers for
intravitreal delivery.

Keywords: dexamethasone; succinyl chitosan; intravitreal delivery systems; anti-inflammatory activity

1. Introduction

Inflammatory diseases of the posterior segment of the eye such as diabetic retinopa-
thy, glaucoma, age-related macular degeneration, macular edema, and uveitis are serious
medical challenges. These diseases affect the retina and choroid, resulting in visual im-
pairment and blindness in millions of patients globally [1,2]. However, delivery of ocular
drugs to the posterior segment of the eye is difficult due to the presence of anatomical and
physiological ophthalmic barriers, including nasolacrimal drainage and the corneal barrier,
and because of the non-target absorption of drugs by the conjunctiva [1,3–6]. Therefore,
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traditional dosage forms for both topical (eye drops) and systemic administration (enteral
and parenteral drugs) are ineffective for the treatment of retinal diseases [7,8].

Intravitreal injections enable the delivery of anti-inflammatory agents specifically
to the target sites of the posterior segment of the eye, but this medical procedure is in-
vasive, and frequent injections can have severe side effects, including infections and
retinal detachment [9,10]. For this reason, an intravitreal dosage form must have a pro-
longed release profile of active pharmaceutical substances over several months while still
maintaining the drug concentration at an adequate therapeutic level [8,11,12]. Current
intravitreal drugs include implants (e.g., FDA approved Ozurdex [13]) and various types
of polymeric nanoparticles, but many of these implants and nanoparticles consist of non-
degradable polymers, and this limits their wide clinical application for controlled drug
release [2,3,14–17]. The use of various nanoparticles for retinal delivery does not ensure
the desired months-long release profile and can also lead to increased intraocular pressure
and visual impairment [11]. In addition, the physical size of both implants and particles
can preclude targeted delivery specifically to the retinal cells [7].

One approach to the development of optimal intravitreal delivery systems is the
conjugation of low-molecular-weight active pharmaceutical substances with natural poly-
mers [1]. The diffusion rate of a drug in the vitreous humor and its elimination from the
eye depend on the size of the molecule [18]. Thus, the pharmacological effects of drugs
injected into the vitreous humor can be prolonged by increasing their molecular size [19],
as this prevents the rapid elimination seen with low-molecular-weight components while
also ensuring a targeted and controlled drug release. In addition to size, the particle surface
charge is a crucial factor for successful intravitreal delivery [20–22].

The vitreous humor consists of a negatively charged three-dimensional matrix based
on collagen and hyaluronic acid [14,23]. This structure allows the free movement of nega-
tively charged and neutral particles in the vitreous humor, while the mobility of positively
charged particles is strongly limited by their interactions with the anionic components of
the vitreous gel [24–26]. Covalent conjugation with macromolecular compounds (espe-
cially non-toxic, biocompatible, and biodegradable natural polymers) can increase the size
of a drug molecule, thereby increasing its residence time in the vitreous humor [27,28].
Altiok et al. [29,30] conjugated an anti-vascular endothelial growth factor (anti-VEGF) drug
(sFlt-1) with polyanionic hyaluronic acid to decrease sFlt-1 clearance and increase drug re-
tention time in the vitreous. This resulted in a tenfold increase in the drug half-life with no
change in pharmacological activity. Famili et al. [31] developed hyaluronic acid-fragment
antigen-binding (Fab) bioconjugates for anti-VEGF therapies. They found that conjugation
of Fab with negatively charged hyaluronic acid significantly slowed in vivo clearance from
rabbit vitreous humor after intravitreal injection. Compared with free Fab (the half-life in
the vitreous humor was 2.8 days), Fab conjugated with hyaluronic acid with molecular
weights of 40 kDa, 200 kDa, and 600 kDa cleared with half-lives of 7.6, 10.2 and 18.3 days,
respectively.

Unfortunately, polysaccharide-based conjugates for intravitreal delivery have rarely
been used [32]. The aim of the present study was therefore to synthesize conjugates of the
anti-inflammatory drug dexamethasone (DEX) with the natural polysaccharide chitosan
(CS) to explore its potential application as an intravitreal delivery system. CS was chosen
as the natural biopolymer because it is easily modified by amino groups to form both
positively and negatively charged water-soluble derivatives [33]. CS and its derivatives
have demonstrated safety and satisfying biocompatibility following intravitreal injections
on in vivo models [34–37]. DEX was chosen as the test drug because it is a high-efficacy
synthetic glucocorticosteroid (7 times more potent than prednisolone) and one of the
most frequently used anti-inflammatory drugs for the treatment of eye disease, including
inflammatory diseases of both the anterior (e.g., keratitis, blepharitis, allergic conjunctivitis,
and dry eye) and posterior (e.g., choroiditis, uveitis, age-related macular degeneration,
diabetic macular edema, and diabetic retinopathy) segments [38–40].
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2. Results and Discussion
2.1. Synthesis and Characterization of the Succinyl Chitosan-Dexamethasone
Conjugates (SucCS-DEX)

Conjugation of drug molecules with different polymers through linkers with different
stabilities (amide, hydrazone, or ester linkages) provides prolonged release by controlled
hydrolysis of the formed chemical bonds [41]. We used a succinyl linker to introduce the
carboxyl function to DEX for subsequent conjugation with CS amino groups [42]. The
resulting succinyl DEX (SucDEX) was characterized by 1H nuclear magnetic resonance
(1H NMR) spectroscopy (Figure S1).

SucCS-DEX was prepared by a two-step synthesis (Figure 1). SucDEX was first conju-
gated to CS by carbodiimide chemistry. The resulting intermediate product (CS-DEX) was
isolated and characterized by Fourier transform infrared (FTIR) spectroscopy (Figure S2),
1H NMR spectroscopy (Figure 2), and elemental analysis (Table 1). The CS-DEX-20 sample
was poorly redispersed in water, so we did not use it in further tests. The degrees of
substitution with DEX moieties (DSDEX) of CS-DEX ranged from 2 to 4% (Table 1).
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Table 1. Synthesis conditions and characterization of CS-DEX conjugates.

Sample Molar Ratio of Reagents ω (%) DSDEX **
(%) by EA

DSDEX (%)
by NMRCS EDC * NHS * SucDEX C N

CS-DEX-5 1 0.05 0.05 0.05 40.07 6.749 1.7 1.8
CS-DEX-10 1 0.1 0.1 0.1 40.09 6.424 3.1 2.9
CS-DEX-20 1 0.2 0.2 0.2 39.27 6.145 3.8 3.9

CS - - - - 41.55 7.449 - -

* EDC—1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride, NHS—N-hydroxysuccinimide. ** SDDEX was calculated from

elemental analysis data using the following formula:
(

ω(C)CS−DEX
ω(N)CS−DEX −

ω(C)CS
ω(N)CS

)
M(N)

M(C) n × 100%, where ω is the mass fraction of the element
in the sample, M is the molar mass of the element, n = 26 (the number of C atoms in SucDEX).
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The 1H NMR spectrum of CS-DEX (Figure 2B) revealed all the signals of the initial
CS, including the signal of the acetamide protons (2.08 ppm), H-2 of the glucosamine unit
(3.23 ppm), a multiplet at 3.5–4.1 ppm (H-3–H-6 and H-2 of the N-acetylglucosamine unit),
and the signals of the H-1 anomeric protons at 4.64 and 4.92 ppm. The spectrum also con-
tained signals of the DEX protons at 0.75–3.0 ppm. The signals H-2–H-6 of the glucosamine
ring were chosen as the reference signals, since no DEX protons are present in this region.
The DS was calculated from the DEX proton signals at 0.85–1.6 ppm (I(DEX)0.85–1.6), which

corresponds to 14 DEX protons using the following equation DSDEX =
6 I(DEX)0.85−1.6
14 I(H−2–H−6) . The

DS determined by the NMR method was in agreement with the elemental analysis data
(Table 1).

The synthesized conjugates self-assembled in aqueous media into submicron particles
with a positive ζ-potential due to the presence of the protonated CS amino groups on the
surface. Therefore, the second step of conjugate synthesis was the succinylation of the
positively charged particles at the amino group (Figure 1, step 2); this resulted in negatively
charged final particles suitable for intravitreal administration. The negative ζ-potential
prevents the particles from undergoing polyelectrolyte interactions with oppositely charged
ions and thus provides the stability and mobility of the conjugates in the vitreous humor
environment that consists of polyanionic hyaluronic acid [43]. Succinic anhydride (SA)
was chosen as the surface modifier for CS since it is biotransformed in the body into
succinic acid, a natural endogenous metabolite of the Krebs cycle, and is therefore non-
toxic [44]. Succinylated CS, in addition to its high safety profile and low toxicity, is
also less biodegradable than CS, so it is an excellent polymer platform for prolonged
glucocorticoid delivery systems and has a release profile for the active pharmaceutical
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substance of several months [33,45,46]. The resulting compound was characterized by
elemental analysis (Table 2) and 1H NMR spectroscopy (Figure 2).

Table 2. Characterization of SucCS-DEX.

Sample
ω (%) DSSuc * (%) by

EA
DSSuc (%) by

NMR
DSDEX (%) by

NMR
DEX Content

(µg/mg)C N

SucCS-DEX-5 31.58 3.868 65 64 1.8 50
SucCS-DEX-10 30.40 3.575 66 68 3.0 85

* DSSuc was calculated from elemental analysis data using the following formula: DSSuc =
(

ω(C)SucCS−DEX
ω(N)SucCS−DEX −

ω(C)CS−DEX
ω(N)CS−DEX

)
M(N)

M(C) n × 100%,
whereω is the mass fraction of the element in the sample, M is the molar mass of the element, and n = 4 (the number of C atoms in SA).

The 1H NMR spectrum of SucCS-DEX (Figure 2C) as compared to the CS-DEX spec-
trum (Figure 2B) shows the appearance of a signal of methylene protons of the succinyl
substituent at 2.7 ppm. The degree of succinylation (DSSuc) was calculated from the in-
tegral intensity of this signal (the number of protons is 4) using the following equation:
DSSuc =

6 I(CH2)
4 I(H−2–H−6) × 100%. DSSuc, determined by the NMR method, which agreed with

the elemental analysis data. The DSDEX of SucCS-DEX determined by the NMR method
(Table 2) was in agreement with that of CS-DEX (Table 1), which indicates the absence of
hydrolysis of the SucDEX substituent in the CS-DEX succinylation process. The DSSuc in the
SucCS-DEX was about 64–68%. The DEX content in SucCS-DEX samples was determined
by UV spectroscopy (Figure S3) at 242 nm (Table 2). The spectrum of SucCS was also
recorded to confirm that the polymer itself had no absorption at 242 nm.

The physicochemical characteristics (the hydrodynamic size and the ζ-potential) of
the conjugates are presented in Table 3. The synthesized conjugates were capable of self-
assembly in aqueous media and formed submicron-sized particles (400–1100 nm). The
ζ-potential was 14–23 mV for the non-succinylated samples and −30 to −33 mV for the
succinylated particles. The spherical shape of the particles was confirmed by scanning
electron microscopy (SEM) (Figure 3). The average particle size on SEM images was
200–600 nm, which did not conflict with the dynamic light scattering data.

Table 3. Physicochemical characteristics of CS-DEX and SucCS-DEX (mean ± standard deviation,
n = 3).

Sample 2Rh (nm) ζ-Potential (mV)

CS-DEX-5 816 ± 268 22.5 ± 0.5
SucCS-DEX-5 916 ± 326 −32.1 ± 0.5

CS-DEX-10 700 ± 252 14.9 ± 0.8
SucCS-DEX-10 950 ± 330 −30.9 ± 0.7

2.2. In Vitro DEX Release from the SucCS-DEX Conjugates

Anionic conjugates for intravitreal delivery were studied to determine the DEX release
pathway (i.e., whether by amide or ester bond hydrolysis). The pharmacological activity de-
pends on the chemical structure of the substance and the presence of substituents; therefore,
we needed to determine which form of DEX (native DEX or SucDEX) is released from these
polymer carriers. The mass spectrometry data showed that the hydrolysis of SucCS-DEX
results in the formation of both SucDEX and DEX (the extracted ion chromatograms of the
DEX forms released from SucCS-DEX-10 for 30 days are shown in Figure S4).

Both the DEX and SucDEX release kinetics for the SucCS-DEX-5 and SucCS-DEX-10
samples in phosphate buffered saline (PBS) at 37 ◦C are shown in Figures 4 and 5, re-
spectively. Under the conditions studied, the hydrolysis rate of the succinyl linker at the
amide bond was higher than at the ester bond, which resulted in the favorable formation
of SucDEX over DEX.
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Thus, the obtained conjugates prolonged the release of both DEX and SucDEX by a
total of 8–10% for at least a month at physiological pH. Polymeric conjugates of DEX with
this release profile are attractive candidates for use as intravitreal delivery systems.

2.3. Anti-Inflammatory Activity of the SucCS-DEX Conjugates

We needed to confirm that the two DEX forms (DEX and SucDEX) released from the
SucCS-DEX conjugate retained comparative anti-inflammatory activities to that of native
DEX. SucCS with DS of 65% [33] was used as a control. We first tested the influence of
SucCS-DEX on in vitro THP-1 cell viability. In the absence of LPS or TNFα stimulation, all
tested compounds at concentrations of 1 and 10 µg/mL significantly reduced the relative
number of viable THP-1 cells (Table 4); however, no significant differences were detected
between all samples under the inflammatory conditions.

Table 4. The influence of DEX, SucDEX, SucCS, and SucCS-DEX-10 solutions on THP-1 cell viability
under inflammatory conditions (mean ± SE).

Samples Concentration
(µg/mL) w/o LPS or TNF LPS

(1 µg/mL)
TNFα

(2 ng/mL)

Negative control (n = 11) - 95.8 ± 0.3 92.40 ± 0.7 87.8 ± 1.6

DEX (n = 6)
1 94.0 ± 0.8 * 91.49 ± 1.2 87.1 ± 0.9

10 92.6 ± 0.8 * 89.54 ± 1.5 85.9 ± 1.4

SucDEX (n = 6)
1 94.7 ± 0.5 91.94 ± 1.1 88.6 ± 0.8

10 94.0 ± 0.6 * 88.8 ± 1.8 84.6 ± 1.1

SucCS (n = 6)
1 94.2 ± 0.5 * 92.9 ± 0.7 88.8 ± 1.1

10 94.4 ± 0.6 * 92.1 ± 0.9 89.5 ± 0.9

SucCS-DEX-10 (n = 6)
1 94.4 ± 0.5 * 91.2 ± 0.8 87.33 ± 1.3

10 91.8 ± 0.9 * 91.4 ± 0.7 85.23 ± 1.2
*—the differences versus the negative control samples are significant, according to the Mann–Whitney U-test with
p < 0.05.
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We then tested SucCS-DEX-10 for its anti-inflammatory activity. We used the two
standard in vitro models of THP-1 cell activation, using TNFα or LPS to induce CD54
expression. CD54 (another name is intercellular adhesion molecule-1 or ICAM-1) is a
cell-surface adhesion glycoprotein that is expressed on the surface of endothelial and
immune system cells, including monocytes. Proinflammatory cytokines stimulation led to
augmentation of CD54 expression by human alveolar macrophages [47] and peripheral
blood neutrophil [48]. THP-1 cell activation results in increased expression of CD54 on its
surface.

Recombinant TNFα was added at a final concentration of 2 ng/mL and incubated for
24 h. The effect on CD54 expression was studied by flow cytometry (Table 5). We detected
a reduction in the TNFα-induced expression of CD54 in THP-1 cells in the presence of
SucCS-DEX-10, but expression was elevated compared to samples not induced with TNFα.

Table 5. The influence of DEX, SucDEX, SucCS, and SucCS-DEX-10 solutions on CD54 expression in
THP-1 cells under TNFα-stimulated inflammatory conditions, mean ± SE.

Sample Concentration
(µg/mL) w/o TNF TNFα (2 ng/mL) TNF vs.

w/o TNF, p

Negative control (n = 11) - 0.51 ± 0.02 3.3 ± 0.5 <0.001

DEX (n = 6)
1 0.47 ± 0.03 1.9 ± 0.2 <0.001

10 0.55 ± 0.05 2.01 ± 0.10 <0.001

SucDEX (n = 6)
1 0.46 ± 0.01 2.0 ± 0.2 <0.001

10 0.46 ± 0.02 2.1 ± 0.2 <0.001

SucCS (n = 6)
1 0.43 ± 0.06 2.2 ± 0.4 <0.001

10 0.43 ± 0.06 2.4 ± 0.4 <0.001

SucCS-DEX-10 (n = 6)
1 0.48 ± 0.02 1.2 ± 0.3 * 0.030

10 0.49 ± 0.02 1.04 ± 0.19 ** 0.018
* and **—differences with 2 ng/mL TNF-treated control sample are significant according to the Mann–Whitney
U-test with p = 0.004 and p = 0.008, respectively.

We also tested the anti-inflammatory activity of SucCS-DEX-10 in LPS-treated THP-1
cells (Table 6). We observed a significant decrease in LPS-induced CD54 expression in
THP-1 cells in the presence of SucCS-DEX-10, but no differences between LPS-treated and
untreated samples.

Table 6. The influence of DEX, SucDEX, SucCS, and SucCS-DEX-10 solutions on CD54 expression on
THP-1 cells under the LPS-stimulated inflammatory conditions, mean ± SE.

Sample Concentration
(µg/mL) w/o LPS LPS (1 µg/mL) LPS vs.

w/o LPS, p

Negative control (n = 11) - 0.51 ± 0.02 2.6 ± 0.9 <0.001

DEX (n = 6)
1 0.47 ± 0.03 2.1 ± 0.9 0.012

10 0.55 ± 0.05 3.0 ± 1.2 <0.001

SucDEX (n = 6)
1 0.46 ± 0.01 1.4 ± 0.5 <0.001

10 0.46 ± 0.02 1.8 ± 0.8 <0.001

SucCS (n = 6)
1 0.43 ± 0.06 1.1 ± 0.2 0.016

10 0.43 ± 0.06 1.0 ± 0.3 * 0.039

SucCS-DEX-10, (n = 6)
1 0.48 ± 0.02 0.69 ± 0.16 ** 0.231

10 0.49 ± 0.02 0.54 ± 0.12 ** 0.693
* and **—differences with the 1 µg/mL LPS-treated control sample are significant according to the Mann-Whitney
U-test, with p = 0.047 and p = 0.016, respectively.

Thus, despite the minor cytotoxic effect observed for all the tested samples in THP-1
cells cultured under standard conditions, we observed a significant anti-inflammatory
effect of SucCS-DEX-10. This effect was demonstrated in both infectious (LPS-induced)
and sterile (TNF-induced) models of inflammation. An interesting feature was that the
anti-inflammatory effect was dose-independent in both models and was the same and
significant at concentrations of 1 and 10 µg/mL. SucCS-DEX-10 significantly decreased the
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expression of CD54 in the THP-1 cells, and this can be interpreted as an inhibition of cell
activation under inflammatory conditions. This effect was detected only for SucCS-DEX-10.

3. Materials and Methods
3.1. Materials and Reagents

In this work, we used CS from crab shells (Bioprogress, Russia) with a viscosity
average molecular weight (Mη) of 37,000 and a degree of acetylation (DA) of 26% [49].
The intrinsic viscosity of CS was determined by viscometry using an Ubbelohde capillary
viscometer (Design Bureau Pushchino, Russia) at 20 ◦C with 0.33 M acetic acid/0.3 M
NaCl as the solvent. The Mη of CS was calculated using the Mark–Houwink equation:
[η] = 3.41 × 10−3 ×Mη1.02 [50]; [η] = 1.56 dL/g.

DEX, PBS, SA, tetrahydrofuran, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), sodium hydrogen carbonate, hy-
drochloric acid, trifluoroacetic acid, and deuterium oxide (D2O) (99.9 atom %D) were
obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). Pyridine was dried over sodium
hydroxide and distilled before use. Other reagents and solvents were obtained from
commercial sources and were used without further purification.

3.2. Synthesis of SucDEX

SucDEX was prepared according to the following procedure, with some modifica-
tions [42]: DEX 0.2 g (0.51 mmol) and SA 0.255 g (2.55 mmol) were dissolved in 2.2 mL
pyridine. The reaction mixture was left for 7 days at room temperature, and then the
product was precipitated with 30 mL 1 M HCl for purification from pyridine. The resulting
white precipitate was separated by centrifugation, washed 2 times with deionized water,
and dried at 60 ◦C for 3 h.

3.3. Synthesis of the SucCS-DEX Conjugates

The CS (0.1 g, 0.53 mmol of N) was first dissolved in 5 mL 0.1 M HCl, followed by
the addition of a certain amount of SucDEX dissolved in 0.5 mL tetrahydrofuran. EDC
and NHS were then added to activate the carboxyl group of SucDEX, and the reaction
mixture was stirred for 72 h at 20 ◦C (the molar ratio of the SucDEX, EDC, and NHS is
presented in Table 1). The resulting product was precipitated with acetone, washed twice
with acetone, filtered, dissolved in distilled water, dialyzed against distilled water for
3 days, and lyophilized. The synthesized CS-DEX (0.1 g, 0.45 mmol N) was then dispersed
in 10 mL distilled water, SA was added at a 5-fold molar ratio (relative to the CS), and the
reaction mixture was stirred at room temperature for approximately 7 h. Sodium hydrogen
carbonate was added to the reaction mixture to bring it to pH 7–8. The resulting product
was dialyzed for 3 days against distilled water and then freeze-dried.

3.4. Characterization of Conjugates

The 1H NMR spectra were recorded using a Bruker Avance 400 instrument (Bruker,
Billerica, MA, USA). Samples of SucDEX (10 mg) were dissolved in DMSO-d6, and the
spectrum was recorded at 20 ◦C. Samples of CS-DEX and SucCS-DEX were prepared by
dissolving 5 mg of conjugates in D2O. To protonate all amino groups, 5 µL trifluoroacetic
acid was added to the solution. The spectra were recorded at 70 ◦C using a zgpr pulse
sequence with suppression of residual H2O.

The FTIR spectra were obtained in the attenuated total reflection mode using a Vertex-
70 FTIR spectrometer (Bruker, Billerica, MA, USA) equipped with a ZnSe total reflection
attachment (PIKE Technologies, Fitchburg, WI, USA). Elemental analysis (EA) was per-
formed on a Vario EL CHN analyzer (Elementar, Langenselbold, Germany). The hydrody-
namic diameter (2Rh) was measured by dynamic light scattering and the ζ-potential by
electrophoretic light scattering on a Photocor Compact-Z device (Photocor, Moscow, Russia)
equipped with a He-Ne laser (659.7 nm, 25 mV). The measurements were performed at a
temperature of 20 ◦C with a scattering angle of 90◦.
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Particle morphology was studied by SEM using a Tescan Mira 3 instrument (Tescan,
Brno, Czech Republic). Images were obtained in the secondary electron mode (SE) with
an accelerating voltage of 20 kV; the distance between the sample and detector was 6 mm.
The studied samples were placed on double-sided carbon tape and dried in a vacuum oven
for 48 h prior to SEM observations.

3.5. Determination of DEX Content in the SucCS-DEX Conjugates

The DEX content in the SucCS-DEX was determined spectrophotometrically. To do
this, the DEX concentration was determined in nanosuspensions (1 mg of SucCS-DEX
per 20 mL double distilled water) at a wavelength of 242 nm using a calibration curve
according to the equation y = 89.817x, R2 = 0.9923, 10 mm quartz cuvette, UV-visible
spectrophotometer UV-1700 Pharma Spec (Shimadzu, Kyoto, Japan). The DEX content was
then calculated per 1 mg of the SucCS-DEX.

3.6. In Vitro DEX Release from the SucCS-DEX Conjugates

A 1 mg sample of SucCS-DEX was dispersed in PBS (4 mL, pH 7.4) and incubated at
37 ◦C for 30 days. At the selected time intervals, the nanosuspension was ultracentrifuged
at 4500 rpm using a Vivaspin®Turbo4 5000 molecular weight cut-off centrifugal concentra-
tor and a replenishing the volume of the dissolution medium with fresh buffer. The amount
and chemical structure of the released DEX or SucDEX was determined by ultra-high per-
formance liquid chromatography—mass spectrometry. Chromatographic separation was
undertaken using an Elute UHPLC (Bruker Daltonics GmbH, Bremen, Germany), equipped
with a Millipore Chromolith Performance/PR-18e, C18 analytical column (100 mm× 2 mm,
Merck, Darmstadt, Germany) with a Chromolith® RP-18 endcapped 5-3 guard cartridges
(Merck, Darmstadt, Germany), operated under a flow rate of 300 µL/min. Mobile phases
were as follows: A = water: acetonitrile: formic acid—100:1:0.1 (v/v/v) and B = water:
acetonitrile: formic acid—10:90:0.1 (v/v/v). Elution gradient was as follows: 0→1 min
40%B→50%B (linear gradient); 1→1.2 min 50%B→90%B (linear gradient); 1.2→2.2 min
90%B (isocratic); 2.2→2.4 min 90%B→40%B (linear gradient); 2.4→4 min 40%B (isocratic).
The total run time of the method was 4 min; the injection volume was 5 µL. Mass spectra
were obtained on a Maxis Impact Q-TOF mass spectrometer (Bruker Daltonics GmbH,
Germany) equipped with an electrospray ionization (ESI) source (Bruker Daltonics GmbH,
Germany). The instrument was operated in positive ionization mode with an electrospray
voltage of 4.5 kV and a MS scanning range of 50–1000 m/z. The obtained mass spectra
were analyzed using the DataAnalysis® and TASQ® software (Bruker Daltonics GmbH,
Germany).

3.7. Anti-Inflammatory Activity of the SucCS-DEX Conjugates

THP-1 cells (human monocytic leukemia cells) were seeded in 50 mL plastic flasks
(Sarstedt, Nümbrecht, Germany) at 37 ◦C in a humidified atmosphere containing 5%
CO2, and were maintained in RPMI-1640 culture medium (Biolot, St. Petersburg, Russia)
supplemented with 10% fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific Inc.,
Bartlesville, OK, USA), 50 µg/mL gentamicin (Biolot, Russia), and 2 mM L-glutamine (Biolot,
Russia), at a cell density of 0.5–1× 106 cells/mL with a medium change every 2–3 days.

For experiments, 200 µL of cell culture medium containing 1 × 105 cells in suspension
were seeded into 96-well flat-bottom culture plates (Sarstedt, Germany). The THP-1 cells
were activated in vitro by adding 2 ng/mL TNFα (BioLegend Inc., San Diego, CA, USA) or
lipopolysaccharides (LPS) from Escherichia coli (Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany) to each well (unactivated cells served as a negative control). The test compounds
(SucDEX, Suc-CS and Suc-DEX-CS-10) were added to the wells at final concentrations of 10
and 1 µg/mL (relative to DEX) and incubated with THP-1 cells for 24 h. The cells were
then transferred to 75 × 12 mm flow cytometry tubes (Sarstedt, Germany) and washed
with 4 mL sterile PBS (centrifugation at 300× g for 5 min). The washed cells were then
resuspended in 50 µL fresh PBS, stained with mouse antibodies against human CD54
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(Beckman Coulter Inc., Indianapolis, IN, USA) in the dark for 15 min, and washed again.
Finally, the washed cells were resuspended in 100 µL fresh PBS and stained for 5 min with
250 nM PO-PRO-1 iodide (Invitrogen, Thermo Fisher Scientific, USA) and 3 µM DRAQ7
(Beckman Coulter Inc., USA), as described previously [17]. At least 10,000 single THP-1
cells per each sample were acquired. Flow cytometry data were obtained with a Navios™
flow cytometer (Beckman Coulter, USA) equipped with 405, 488, and 638 nm lasers and
analyzed using Navios Software v.1.2 and Kaluza™ software v.2.0 (Beckman Coulter, USA).
The data were presented as the percentage of viable cells per sample ± standard error
(SE), and the intensity of CD54 expression was ultimately measured as mean fluorescence
intensity (MFI) on the cell surface of viable THP-1 cells.

4. Conclusions

We designed a two-step synthesis of SucCS-DEX conjugates for potential application
as a prolonged release intravitreal delivery system. We first used carbodiimide chemistry to
conjugate CS to DEX via a succinyl linker to form a hydrolysable amide bond. The resulting
conjugates had a DSDEX of 2–4% (DEX content of 50–85 µg/mg), a size of 450–1000 nm, and
a positive ζ-potential of 14–23 mV. Next, we modified the surface of the synthesized parti-
cles with SA to obtain a negatively charged system to level out the unwanted electrostatic
interaction of CS with the vitreous contents following intravitreal injection.

As a result, we produced particles 400–1100 nm in size with a ζ-potential of −30 to
−33 mV and a DSSuc of 64–68%. The DEX content in the succinylated conjugates did not
change compared to the initial conjugates, indicating an optimal selection of synthesis
conditions and satisfactory reliability of the proposed procedure. In vitro tests showed that
the developed conjugates sustained the release of the active pharmaceutical substance in
the form of both DEX and SucDEX (8–10% in total for 1 month). Obviously, the vitreous
environment has specific conditions (e.g., high viscosity and the presence of enzymes) that
will affect the hydrolysis and release of the drug from this type of conjugate. Nevertheless,
we expect that the achieved release profile will maintain therapeutic concentrations of
DEX in the vitreous for several months due to the low biodegradation of succinylated
CS and the sufficiently large particle size, thereby reducing side effects and the need
for frequent injections. In addition, the developed conjugates demonstrated significant
anti-inflammatory effects in both sterile (TNFα-induced) and infectious (LPS-induced)
models of inflammation, as confirmed by 2- and 4-fold suppression, respectively, of CD54
expression in THP-1 cells. Based on the current results showing an improved release profile
and the anti-inflammatory potential of the designed polymeric systems, we intend to
expand this research to in vivo experiments aimed at creating an intravitreal DEX delivery
system with improved pharmacological characteristics.
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Abstract: Suicide gene therapy was suggested as a possible strategy for the treatment of uterine
fibroids (UFs), which are the most common benign tumors inwomen of reproductive age. For
successful suicide gene therapy, DNAtherapeutics should be specifically delivered to UF cells. Peptide
carriers are promising non-viral gene delivery systems that can be easily modified with ligands and
other biomolecules to overcome DNA transfer barriers. Here we designed polycondensed peptide
carriers modified with a cyclic RGD moiety for targeted DNA delivery to UF cells. Molecular
weights of the resultant polymers were determined, and inclusion of the ligand was confirmed by
MALDI-TOF. The physicochemical properties of the polyplexes, as well as cellular DNA transport,
toxicity, and transfection efficiency were studied, and the specificity of αvβ3 integrin-expressing
cell transfection was proved. The modification with the ligand resulted in a three-fold increase of
transfection efficiency. Modeling of the suicide gene therapy by transferring the HSV-TK suicide
gene to primary cells obtained from myomatous nodes of uterine leiomyoma patients was carried
out. We observed up to a 2.3-fold decrease in proliferative activity after ganciclovir treatment of the
transfected cells. Pro- and anti-apoptotic gene expression analysis confirmed our findings that the
developed polyplexes stimulate UF cell death in a suicide-specific manner.

Keywords: DNA delivery; peptide-based carriers; gene therapy; thymidine kinase; uterine fibroids;
integrins; polycondensation

1. Introduction

Gene therapy is a treatment by delivery of nucleic acid constructs into cells with the
aim of repairing, adding, or removing a genetic sequence, or targeting genetic information
processes [1]. Gene therapy can be used to treat a wide range of inherited and acquired
diseases. According to the latest data from The Journal of Gene Medicine, most gene
therapy clinical trials focus on the treatment of both malignant and benign tumors (http:
//www.abedia.com/wiley; accessed on 1 September 2021).

The most common benign tumors in women of reproductive age are uterine fibroids
(UFs). UFs can cause profuse uterine bleeding, pelvic pain, complications inpregnancy, and
infertility, and they arethe most common cause of myomectomy [2,3]. There are three major
types of UF—submucosal, subserosal, and intramural fibroids [4]. The latter grow within
the muscular uterine wall and imply certain difficulties and increased traumatism of the
healthy myometrium during myomectomy, which makes this approach undesirable for
treatment of intramural fibroids in comparison with hormonal therapy [5]. In fact, in the
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case of UFs with an intramural location in infertile women, the surgical treatment is contro-
versial as there is no evidence that a myomectomy increases spontaneous or IVF-assisted
fertility [4,6]. The fibroids are easily accessible by various endoscopic methods that make
this disease a promising target for in situ gene therapy [7]. Delivery of apoptosis-inducing
genes can be an effective approach to UF gene therapy. Most studies on suicide gene
therapy use the delivery of the herpes simplex virus thymidine kinase (HSV-TK) gene
followed by treatment with prodrugs, such as acyclovir or ganciclovir (GCV) [8]. A signifi-
cant advantage of this approach is the so-called “bystander effect”, the phenomenon based
on the fact that phosphorylated GCV enters neighboring non-transfected cells through
intercellular contacts widely spread in UF cells compared to normal myometrium; this in
fact increases the efficiency of therapy without negative effects on healthy tissues [9,10].
Thus, the proposed gene therapy approach may be beneficial for UF treatment, especially
for fibroids with an intramural location.

One of the main reasons for the limited widespread application of gene therapy
is the lack of simultaneously effective, safe, and inexpensive methods for nucleic acid
(NA) delivery. It is known that in most cases unprotected NAs are not able to overcome
extracellular and intracellular barriers independently and easily degrade [11]. To date, the
adenovirus (Ad) vectors are the most studied as delivery vehicles for UF gene therapy.
The various modifications of Ad vectors are being developed to increase the efficiency and
specificity of gene delivery into UF cells in vitro and in vivo [12–15]. However, the use of
Ad vectors for systemic gene delivery is associated with the risk of the virus capsid proteins’
interaction with blood components whichcan cause a systemic inflammatory response [16].

Non-viral vectors are being actively developed as an alternate delivery method in
order to improve safety, reduce the difficulties in the production and storage of gene
therapeutics, and also lower their cost. In terms of efficiency, they are still inferior to viral
vectors, but these compounds are actively being developed in order to demonstrate their
promise as successful gene delivery vectors for clinical use. The first application of the non-
viral approach for HSV-TK gene delivery into UF cells was demonstrated earlier by Niu
and colleagues using calcium phosphate-facilitated transfection. The authors emphasized
the advantage of non-viral vector application associated with the lack of immune response
to pDNA delivery and the susceptibility of UF cells to non-viral gene transfer [17].

Today, cationic lipids and polymers are the most promising non-viral gene delivery
systems. Cationic lipids require extensive formulation work to optimize combinations
and concentrations of liposomal components, whereas cationic polymers tend to complex
with nucleic acids into smaller and more uniform nanoparticles. Cationic peptide car-
riers based on the cell-penetrating peptides (CPP) have additional advantages, such as
biodegradability and better interaction with cellular membranes, enhancing transfection ef-
ficiency [18–21]. Arginine-rich CPPs form stable complexes with nucleic acids and promote
their intracellular uptake due to hydrogen bond formation with various functional groups
of cell surface glycosaminoglycans [22,23]. The structure of peptide-based carriers can
be easily modified by the inclusion of different functional amino acids. For example, the
inclusion of histidine provides the release of complexes into the cytoplasm after endosome
destruction due to the “proton sponge” effect [24,25], whereas the inclusion of terminal
cysteines enables the formation of higher molecular weight polypeptide-like polymers
cross-linked by intermolecular disulfide bonds [26]. In the cytoplasm, the disulfide bonds
are degraded by glutathione with the subsequent NA release, while the carrier toxicity is
decreased to the level of low-molecular weight peptides [27]. There are two approaches to
the formation of cross-linked polypeptide-like polymers: matrix polymerization, where
interpeptide disulfide bonds are formed during NA complexation, and oxidative poly-
condensation, using dimethyl sulfoxide (DMSO) as a catalytic agent [28,29]. A number of
studies have shown an advantage in transfection efficiency of the polycondensed peptide
carriers compared to the matrix-polymerized carriers [26,29,30]. Recently, we observed a
significant decrease in the survival of GCV-treated primary UF cells after delivery of the
HSV-TK gene mediated by the polycondensed peptide carrier, polyR [31].

162



Int. J. Mol. Sci. 2022, 23, 1164

For successful gene therapy implementation, the NA complexes have to enter the cell
specifically. In tumor gene therapy, the widespread approach is to modify carriers with
the RGD motif (arginine–glycine–aspartic acid) for binding cell surface αvβ3 integrins.
This type of integrin is overexpressed on the surface of tumor cells compared to normal
tissues [32]. Importantly, αvβ3 integrins are widely expressed in UF cells but not in normal
myometrium, which makes them promising for targeted UF gene therapy [33]. Previously,
an increase in efficiency and specificity of UF cell transduction after Ad vector modification
with the cyclic RGD (arginine–glycine–aspartic acid) ligand has been demonstrated [12–14].
In addition, we showed recently that combining the matrix-polymerized arginine-rich
peptide carriers with the iRGD-modified peptides resulted in an increase in cell transfection
efficiency and successful suicide gene therapy of UF primary cells [34].

Here, we present the development and detailed characterization of polycondensed
peptide carriers modified with a cyclic RGD moiety during the polycondensation process.
Molecular weights of the resultant polymers and inclusion of the ligand were determined
by MALDI-TOF mass spectrometry. The physicochemical properties of the obtained pep-
tide/DNA complexes (the size and zeta-potential of the nanoparticles, the efficiency of
DNA complex formation, etc.), as well as the quantitative assessment of the complexes’
transport into cells, toxicity, transfection efficiency, and specificity were studied in vitro.
Modeling of the suicide gene therapy by the HSV-TK gene transfer into primary cells
obtained from myomatous nodes of patients with UFs, followed by an assessment of the
proliferative activity, apoptosis of the UF cells, along with apoptosis marker expression,
was carried out.

2. Results and Discussion
2.1. Carrier Design and Molecular Weight Characterization

In this work, we obtained the R6p-cRGD carrier via oxidative polycondensation of
arginine–histidine–cysteine-rich peptide R6 monomers with the inclusion of cyclic RGD-
ligand in the reaction mixture (Table 1). The combination of arginine, histidine, and cysteine
in the composition of the peptide-based gene delivery systems was proven to facilitate the
effective entry of NA complexes into the cells and provide endosome disruption [35–37].
The cysteine thiol group in the composition of the cyclic RGDligand was protected by a
3-nitro-2-pyridinesulfenyl group (Npys), which acts as an activating group for disulfide
bond formation, as it is displaced by the free thiol during oxidative polycondensation of R6
monomers [38]. Previously, we have shown that the peptide-based polyplexes require not
less than 50% modification by the RGDligand to achievespecific gene delivery into αvβ3
integrin-expressing cells [37]. Due to this fact, we included a cyclic RGD moiety in the
reaction mixture at the rate of one ligand molecule per two R6 monomers.

Table 1. Design and composition of the synthesized peptides and peptide carriers.

Name Composition

R6 CHRRRRRRHC

Monomers cRGD C(Npys)RGDy
|___________|

Carriers R6p
R6p-cRGD

(CHRRRRRRHC)n
cRGD-(CHRRRRRRHC)n-cRGD

The molecular weight of the R6p and R6p-cRGD carriers formed by oxidative polycon-
densation was determined with MALDI-TOF mass spectrometry (Tables S1 and S2). It was
found that the molecular weight of formed R6p polypeptides varied within 2.87–27.42 kDa,
which corresponds to polymers with a degree polymerization of monomers from 2 to 19.
MALDI-TOF analysis of R6p-cRGD also revealed a mixture of oligomers corresponding
to 1–18 peptide monomers modified with the cRGD ligand. It should be noted that the
absence or partial cRGD modification was also observed (Table S2). Nevertheless, it can
be concluded that the addition of the cRGD ligand bearing a Npys-protected thiol group
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during polycondensation results in successful carrier modification. Moreover, despite the
fact that cRGD is essentially a chain breaker during polycondensation, we did not observe
a significant decrease in the degree of polymerization of the R6p-cRGD carrier.

2.2. DNA-Binding and DNA Protection Properties of the Carrier

The degree of DNA binding with the polycondensed carriers was assessed by ethidium
bromide displacement assay (Figure 1). An increase of the carriers’ concentration gradually
resulted in an increase in the density of complexes. The EtBr fluorescence intensity in
peptide/DNA complexes sharply decreased at anN/P ratio of three(up to 3–8%) compared
to that of naked DNA (100%).
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Figure 1. EtBr displacement assay of DNA complexes with R6p and R6p-cRGD carriers. Values are
the mean ± SD of the mean of triplicates.

The DNA-binding capacity of carriers directly influences nuclease protection proper-
ties [39]. DNA integrity in the complexes was estimated using a DNase I protection assay.
The studied polycondensed carriers were able to protect DNA from nuclease degradation
at the same N/P ratio of three which corresponds to full DNA condensation (Figure 2).
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Thus, the obtained results showed no effect of the ligand inclusion inthe R6p-cRGD
carrier composition on its DNA-binding and protection abilities. This result may have a
positive effect on the specificity of DNA delivery because no interference between DNA-
binding and receptor-binding properties could be expected.

2.3. Size and ü-Potential of the Carrier/DNA Complexes

The size of peptide/DNA complexes is one of the key parameters affecting the mecha-
nism of cell penetration [40]. For example, 100–200 nm-size complexes enter the cell via
clathrin-mediated endocytosis, while larger ones penetrate into the cell by macropinocy-
tosis [41]. Caveolin-mediated endocytosis, or potocytosis, may be used when the particle
size does not exceed 100 nm [42]. Previous studies of non-viral carrier/DNA complexes
revealed that particles of 70–200 nm have the longest duration of bloodstream circula-
tion and the highest efficiency of tumor penetration [43]. We determined the size and
ü-potential of carrier/DNA complexes at N/P ratios 8/1 and 12/1, which provide full
DNA binding/protection and should be colloidally stable. It was found that the size of
the studied peptide/DNA complexes varied in the range of 100–200 nm (Table 2), and
thus in the optimal range for cell membrane penetration via clathrin-mediated endocytosis.
Importantly, cRGD ligand-modified nanoparticles were shown to internalize through the
clathrin-mediated pathway [44].

Table 2. Size and ü-potential of the carrier/DNA complexes.

Carrier N/P Ratio Size (nm) ± SD üüü-Potential (mV) ± SD

R6p 8/1 120.9 ± 0.17 35.6 ± 0.21
R6p 12/1 110.3 ± 9.12 35.5 ± 0.81

R6p-cRGD 8/1 104.5 ± 0.15 32.0 ± 1.17
R6p-cRGD 12/1 178.4 ± 24.32 31.5 ± 0.61

The surface charge density of the carrier/DNA complex plays an important role in
gene delivery efficiency [45]. To begin with, the positive charge of the carrier is substan-
tial for DNA condensation, and the positive surface charge of the formed complex may
increase cellular uptake due to electrostatic interaction with the negatively charged cell
membrane [46]. The studied peptide/DNA polyplexes were found to be positively charged;
their ü-potential varied within a range from +30 to +36 mV (Table 2). This may contribute
to increased cellular uptake and, as a result, to enhanced gene expression.

2.4. DTT and DS Treatment of the Complexes

DNA release is an essential step for the manifestation of its bioactivity [47]. R6p and
R6p-cRGD carriers contain disulfide bonds designed to facilitate DNA release into the
cytoplasm. In order to determine the rate of the DNA release after disulfide bond reduction,
we used dithiothreitol (DTT) at a concentration of 200 mM to mimic a cytoplasmic glu-
tathione interaction [48]. Before DTT treatment, we ensured complete DNA condensation
by the tested carriers at a charge ratio of 8/1. DTT treatment for 1 h resulted in a 2–7-fold
increase in fluorescence intensity, which corresponds to DNA release from the polyplexes
(Figure 3). However, the relative level of fluorescence after incubation with DTT compared
to free DNA (100%) was not very high, which indicates that electrostatic interaction is
more important for the stability of complexes between DNA and arginine-rich carriers [34].
Additional data on DNA release were obtained after treatment of the complexes with
negatively charged glycosaminoglycan in three-fold charge excess (Figure 4).

Glycosaminoglycans (GAGs), such as heparan sulfate (HS), chondroitin sulfate (CS),
and dextran sulfate (DS), influence several aspects of peptide-mediated DNA transfer. It
has been shown that GAGs may play a protective role against cytotoxicity associated with
polycations [49]. On the other hand, they are capable of disrupting peptide/DNA complex
integrity in the extracellular environment and significantly inhibit gene transfection [50,51].
After 24 h of DS treatment, an increase in the fluorescence intensity was detected, due to
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the relaxation of these complexes and a decrease in their density (Figure 4). For R6p and
R6p-cRGD polyplexes, the fluorescence increased from 0.3% to 36.3% and from 2.3% to
63.3%, respectively. Notably, the cRGD-modified carrier released DNA more efficiently
than the R6p carrier (Figure 4).
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Figure 3. DNA release after DTT treatment of DNAcomplexes with R6p and R6p-cRGD carriers
formed at anN/P ratio 8/1. Values are the mean ± SEM of the mean of triplicates. ** p < 0.01
compared to untreated complexes.
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Figure 4. Relaxation of DNAcomplexes with R6p and R6p-cRGD carriers (N/P ratio 8/1) after 24 h
of DS treatment in three-fold charge excess. Values are the mean ± SEM of the mean of triplicates.
** p < 0.01 compared to untreated complexes.

A delicate balance holds between DNA condensation and release. Too weak DNA
binding might be insufficient to protect DNA against extra- and intracellular nuclease
degradation, whereas too tight DNA binding might slow down or prevent DNA release
from the carrier and hinder gene transcription [52]. A better understanding of nucleic acid
binding mechanisms would be beneficial in designing more efficient gene delivery systems.
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2.5. Cytotoxicity of Peptide/DNA Complexes

Gene transfection usually correlates with the perturbation of cellular membranes,
which may elicit unwanted cytotoxicity [53,54]. Moreover, the relatively high net positive
charge density of the carrier/DNA complex (>30 mV) also might induce cellular toxic-
ity [55]. It is important to develop gene delivery carriers that have reduced toxicity without
a decrease in transfection efficiency. One strategy is the incorporation of biodegradable
linkers in the carrier composition [56,57]. The inclusion of the disulfide interpeptide bonds
in R6p and R6p-cRGD polymers resulted in their cytoplasmic reduction, which was con-
firmed by DNA release after DTT treatment (Figure 4). A decrease in carrier molecular
weight and, as a result, the reduction of positive charge density could decrease cytotox-
icity. The cytotoxicity of R6p/DNA and R6p-cRGD/DNA complexes was determined
in αvβ3-positive PANC-1 cells (Figure 5). Naked DNA was used as a negative control,
and PEI/DNA complexes at an N/P ratio of 8/1 were used as a positive control. For the
R6p/DNA complexes, cell viability exhibited a slightly decreasing trend with the increase
of the N/P ratio and was significantly lower than that of intact cells and naked DNA. In
the case of R6p/DNA complexes at anN/P of 12/1, the numberof living cells was reduced
to 58% and was lower compared to PEI/DNA complexes. However, the R6p-cRGD/DNA
complexes had relatively low cytotoxicity in PANC-1 cells at all tested N/P ratios; the cell
viability after the transfection was comparable with that of naked DNA.
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Figure 5. Cytotoxicity after transfection of DNA complexes formed with RGD1-R6, RGD0-R6, and
R6 carriers at charge ratios 4/1, 8/1, and 12/1. Values are the mean ± SD of the mean of triplicates.
*** p < 0.001 compared to intact cells.

2.6. Cellular Uptake

The intracellular uptake of DNA condensed by R6p or R6p-cRGD was determined by
flow cytometry (Figure 6). To prove targeted DNA delivery with the R6p-cRGD carrier we
used αvβ3-negative 293T cells and αvβ3-positive PANC-1 cells, which express a different
level of αvβ3integrins on their surface [37]. The normalized fluorescence intensity of
YOYO-1-labeled DNA taken up by cells 2 h after transfection is demonstrated in Figure 6.
The complexes were studied at an 8/1 charge ratio because they do not exhibit toxicity
at this N/P ratio, and no decrease in cellular uptake can be expected due to possible
negative effects on the cell membrane (Figure 5). In PANC-1 cells, R6p-cRGD/DNA
complexes showed higher intracellular uptake efficiency, 9.3times more efficient than
R6p/DNA complexes. The data obtained are consistent with the other studies that proved
an increase in the penetrating ability of the polyplexes modified with the αvβ3integrin
ligand [58]. For 293T cells, differences in the cell penetration efficiency of ligand-modified
and unmodified polyplexes were also found. However, R6p-cRGD/DNA polyplexes
entered the cell only 3.7 times more efficiently than R6p/DNA complexes. Thus, we
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observed a direct correlationbetween the intracellular uptake efficiency of complexes and
the presence of αvβ3 integrins on cell surfaces. It should be noted, that the cellular uptake
efficiency depends not only on the presence of the ligand part in the carrier but also on
polyplex size and other physicochemical properties [42]. Importantly, the size of R6p/DNA
and R6p-cRGD/DNA complexes lies in the range of 100–200 nm (Table 2) and is optimal for
clathrin-mediated endocytosis. Thus, it can be concluded that the polyplexes likely do not
differ in terms of penetration, which further confirms the specificity of R6p-cRGD/DNA
polyplexes uptake by receptor-mediated endocytosis via αvβ3 integrins.
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Figure 6. Normalized fluorescence intensity of PANC-1 and 293T cells after uptake of R6p/DNA
and R6p-cRGD/DNA complexes at 8/1 charge ratios labeled with YOYO-1. ** p < 0.01, *** p < 0.001,
when compared with R6p/DNA polyplexes.

2.7. Transfection Studies

In order to determine the transfection efficiency of R6p/DNA and R6p-cRGD/DNA
complexes in αvβ3-positive PANC-1 cells, pCMV-lacZ was used as a reporter gene plasmid.
PANC-1 cells were treated with the polyplexes at N/P ratios of 4/1, 8/1, and 12/1, with
pCMV-lacZ only as a negative control and PEI/DNA complexes as a positive one (Figure 7a).
At a 4/1 charge ratio, a significant difference in the transfection efficacy of ligand-modified
and non-modified polyplexes was not found. As we showed previously at this charge ratio,
iRGD-modified polyplexes could not provide ligand-mediated cellular penetration and
subsequently could not result in enhanced transfection efficacy [37]. Beta-galactosidase
activity after cell transfection with R6p-cRGD/DNA polyplexes at 8/1 and 12/1 N/P ratios
was 2–2.5 times higher than that with R6p/DNA complexes; moreover, in most cases the
transfection efficacy of ligand-modified polyplexes exceeded that of PEI/DNA complexes.
These results demonstrate an increased transfection activity of R6p-cRGD/DNA polyplexes
that was additionally proved using pEXPR-IBA5-eGFP plasmid transfer. In this instance,
the transfection efficiency of PANC-1 cells mediated by the complexes was evaluated by
flow cytometry analysis and estimated as a percentage (%) of transfected cells (Figure 7b).
The R6p-cRGD/DNA transfection resulted in 43% of GFP-positive PANC-1 cells compared
with 13.5% of GFP-positive cells after using DNA R6p/DNA complexes. Moreover, the
efficacy of R6p-cRGD/DNA complexes was higher than that of PEI polyplexes (24%). The
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result demonstrated the high efficiency of R6p-cRGD polypeptides for DNA delivery in
αvβ3-positive PANC-1 cells, and, thus, indirectly confirmed the specificity of gene transfer
by the cRGD-modified carrier.
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Figure 7. Transfection efficacy evaluation in the PANC-1 cells: (a) the cells were transfected with
R6p/DNA and R6p-cRGD/DNA complexes at charge ratios of 4/1, 8/1, and 12/1, ‘naked’ plasmid
pCMV-lacZ alone, and PEI/DNA complexes; (b) the cells were transfected with complexes of the
pEXPR-IBA5-eGFP plasmid with R6p and R6p-cRGD carriers at a charge ratio of 8/1 withPEI/DNA
polyplexes as a control; (c) the cells were transfected in the presence of the free cyclo(RGDfK) ligand
with R6p/DNA and R6p-cRGD/DNA complexes at a charge ratio of 8/1, with thepCMV-lacZ
plasmid alone and PEI/DNA polyplexes used as controls. lacZ gene expression was calculated as
milliunits (mU) of beta-galactosidase per milligram of total cell extract protein. GFP gene expression
was presented as a percentage of GFP-positive cells determined by flow cytometry assay. Values are
the mean ± SD of the mean of triplicates. ** p < 0.01, *** p < 0.001, when compared with R6p/DNA
polyplexes (a,b) and after free cyclo(RGDfK) ligand addition in transfection medium (c).

In order to further prove the selectivity of the R6p-cRGD-mediated transfection of
αvβ3-positive cells, PANC-1 cells were pre-treated with free cyclo(RGDfK) peptide ligand.
To perform competitive studies PANC-1 cells were transfected with R6p/DNA and R6p-
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cRGD/DNA complexes at an N/P ratio of 8/1 in the presence of a 10-fold excess of
cyclo(RGDfK) (Figure 7c). The cell pre-treatment resulted in a 27% decrease in the efficacy
of the R6p-cRGD/DNA polyplexes to the level of R6p/DNA complexes. However, the
transfection efficiency after cell treatment with R6p/DNA polyplexes was not changed in
the presence of the cyclo(RGDfK) ligand. Thus, we demonstrated the direct involvement of
the cRGD ligand in the complexes’ transfection via αvβ3 integrin binding.

To sum up, the obtained results proved that the cRGD-modified peptide carriers are
favorable for transfection of αvβ3-positive cell lines, due to the specific recognition of
the ligand-modified polyplexes by these cells that is beneficial for cellular uptake and
the transfection process. So, the polycondensed cRGD-modified carrier can be applied
as a targeted gene delivery vehicle for gene therapy purposes. Previously, it was shown
that αvβ3 integrin targeting increases UF cells transfection efficacy compared to normal
myometrial cells, indicating that an RGD moiety can selectively target uterine fibroids [13].

2.8. Assessment of Suicide Gene Therapy Effect in GSV-Treated Uterine Fibroid Cells after
R6p-cRGD/pPTK1 Polyplex Transfection

There are no conservative and sufficiently safe approaches to UF therapy for women
who want to keep their fertile potential [59]. The HSV-TK/GCV suicide gene therapy
seems to be one of the most promising therapeutic strategies for UF treatment as a lo-
calized and organ-preserving method. The strategy has been actively developed for UF
therapy and its successful application has been demonstrated in in vitro and in vivo stud-
ies [7]. The experimentally observed “bystander effect” arising from a large number of
gap-junctions in uterine leiomyoma cells greatly enhanced the efficiency of this gene ther-
apy approach [10,17]. It seems important that 48% of human UF cell death occurred when
only 5% of the cells were transfected with the HSV-TK gene [10]. In addition, the reduced
level of these junctions in normal myometrium compared to UFs will allow safety in suicide
gene therapy for surrounding tissues. Thus, the studied approach could be a basis for
future clinical trials of uterine leiomyoma.

UF cells overexpress αvβ3 integrins on their surface; our previous data demonstrated
that up to 73% of UF cells can contain these receptors [34]. Importantly, when both viral
and non-viral vehicles were modified with the RGD motif, a significant increase in the
efficiency of suicide gene therapy was demonstrated [13–15,34].

Herein, the suicide effect of R6p-cRGD/pPTK1 polyplexes at N/P ratios of 8/1 and
12/1 with 0.7 µg and 0.35 µg of DNA per well was evaluated in primary UF cells, obtained
from patients after myomectomy. The cells were treated with GCV at a concentration of
50 µg /mL. Assessment of the suicide gene therapy effect included determination of cell
proliferation efficiency using the AlamarBlue assay (Figure 8a) and the amount of living
cells by the trypan blue exclusion method (Figure 8b). For a visual demonstration of the
obtained results, we present micrographs of UF cells (Figure 9). Further, the evaluation of
relative apoptotic and necrotic cell number by ApoDETECT annexin V-FITC kit (Figure 10),
and pro- and anti-apoptotic factor expression analysis were carried out (Figure 11). The
RGD1-R6/pCMV-lacZ polyplexes were used to prove suicide gene therapy effects rather
than those associated with polyplex cytotoxicity. Intact cells and naked DNAs treated with
GCV also served as controls.

An AlamarBlue assay conducted 4 days after GCV treatment demonstrated the effect
of suicide gene therapy for R6p-cRGD/pPTK complexes (Figure 8a). Cell transfection
with naked DNA, both pPTKandpCMV-lacZ, showed no decrease in cell viability in the
presence of GCV. The therapeutic effect was observed in UF cells treated with GCV after
R6p-cRGD/pPTK transfection at 8/1 and 12/1 charge ratios; we registered a 1.7–2.3-fold
decrease in the cells’ proliferative activity compared to R6p-cRGD/pCMV-lacZ polyplexes.
It should be noted that no suicide effect occurred when UF cells were transfected with
PEI/pPTK1 complexes. The cytotoxicity caused by R6p-cRGD/pCMV-lacZ complexes with
0.35 µg of DNA did not exceed that of PEIpolyplexes. However, the DNA dose escalation
resulted in an increase of polyplex cytotoxicity. Nevertheless, R6p-cRGD/pPTK polyplexes
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at an N/P ratio of 8/1 and a DNA dose of 0.35 µg were less toxic and showed high suicide
efficiency at the level of 57% (Figure 8a).
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Figure 8. UF cell viability (a) and the number of living UF cells (b) after HSV thymidine kinase
expression and GCV treatment as determined by Alamar Blue assay (a) and Trypan Blue exclusion
assay (b). Values are the mean ± SEM of the mean of triplicates. * p < 0.05, ** p < 0.01, *** p < 0.001,
compared to pCMV-LacZpolyplexes.
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Figure 9. Representative microphotographs in bright field made 96 h after GCV treatment. The UF
cells were transfected with R6p-cRGD/pCMV-lacZ polyplexes at N/Pratios of 8/1 (a,b) and 12/1
(c) with 0.7 µg (a) and 0.35 µg (b,c) of DNA per well; with R6p-cRGD/pPTK1 complexes at 8/1
(d,e) and 12/1 (f) charge ratios with 0.7 µg (d) and 0.35 µg (e,f) of DNA per well. Control wells
contained GCV-treated intact cells (g) and untreated intact ones (h).
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Figure 10. Relative amount of apoptotic (a) and necrotic (b) UF cells induced by GCV treatment after
cell transfection with R6p-cRGD/DNA polyplexes formed with pPTK and pCMV-lacZ plasmids.
Values are the mean ± SEM of the mean of four independent experiments. * p < 0.05, ** p < 0.01,
compared to pCMV-lacZ-complexes.
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Figure 11. Relative gene expression levels of pro-apoptotic (p53, DAXX, bax) and anti-apoptotic
factors in UF cells induced by GCV treatment after cell transfection with R6p-cRGD/DNA polyplexes
formed with the pPTK plasmid. Values are the mean ± SEM of the mean of three independent
experiments. * p < 0.05, compared to intact cells.

The Trypan Blue dye exclusion method showed a similar tendency in the assessment
of the therapeutic effects (Figure 8b). No significant difference in the number of UF cells
was observed upon cell transfection with pCMV-lacZ complexes and intact cells treated
with GCV only. However, the number of viable UF cells transfected with R6p-cRGD/pPTK
polyplexes decreased to 23–44% compared to R6p-cRGD/pCMV-lacZ complexes. Cell trans-
fection with PEI/pPTK1 complexes resulted only in a 1.4-fold decrease in the population of
viable UF cells.

Accordingly, in micrographs, we demonstrate a significant decrease in the number of
UF cells after transfection with R6p-cRGD/pPTK polyplexes and GCV treatment compared
to controls (Figure 9).
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The success of suicide gene therapy is largely associated with the “bystander effect”,
when the phosphorylated GCV migrates to non-transfected cells through gap junctions or
by endocytosis of apoptotic vesicles [60,61]. Activation of apoptosis, which was triggered
by HSV-TK gene expression after UF cells transfection and subsequent treatment with GCV,
was estimated with anApoDETECT annexin V-FITC kit (Figure 10a). Apoptosis is one of the
best-studied forms of programmed cell death. Important signs of the apoptotic pathway are
the exposition of phospholipid phosphatidylserine on the cell surface, which occurs at the
initial or early stages of apoptosis, followed by membrane blebbing, nuclear fragmentation,
a decrease in cell volume, and the formation of apoptotic bodies [62]. Annexin V is a
protein that binds to phosphatidylserine, making it possible to detect the early apoptotic
cells. The flow cytometry analysis after cell labeling with theApoDETECT annexin V-FITC
kit showed that 28–39% of UF cells transfected by R6p-cRGD/pPTK polyplexes with 0.35 µg
of DNA were annexin V-positive. This percentage was significantly different from that of
R6p-cRGD/pCMV-lacZ complexes (14–20%), but detection of some annexin V-positive cells
after the control polyplex transfection could be associated with adherent cell detachment
via RGD-αvβ3 integrin interaction [63]. Staurosporine treatment showed the presence of
approximately 50% of annexin V-positive UF cells (data not shown). UF cells transfection
by control PEI/pPTK complexes also resulted in the appearance of cells at an early stage
of apoptosis (29%), although these polyplexes did not induce a largedecrease in UF cells
proliferative activity (Figure 8).

After apoptosis, cells undergo programmed necrosis, which is accompanied by outer
membrane disruption. Due to the membrane damage, propidium iodide can penetrate
into the cells and be detected [64]. We found that 5% of intact cells were PI-positive
(Figure 10b). UF cells transfection with R6p-cRGD/pCMV-lacZ polyplexes formed at 8/1
and 12/1 charge ratios resulted in 5.2% and 7.5% of PI-positive cells, respectively. After
the cells’ treatment with R6p-cRGD/pPTK complexes, the percentage of necrotic cells was
significantly higher and reached 9.7–13%. However, the percentage of necrotic UF cells was
demonstrated to be lower than that of the apoptotic cells. The highest amount of necrotic
cells (21%) was registered for PEI/pPTK complexes, whichis caused not only by suicide
effects but mainly by the cytotoxicity of PEIpolyplexes [65].

The key point of suicide gene therapy is the termination of DNA replication which
leads to apoptosis. Thus, we decided to evaluate whether there is a difference in the
expression level of the apoptotic factor transcripts (p53, Bax, DAXX, Bcl-2). Herein, we
demonstrated the increased level of transcription of pro-apoptotic factors (DAXX, Bax, p53)
and a decrease in anti-apoptotic Bcl-2 transcripts, which is further evidence of successful
TK gene delivery by the carrier and suicide gene therapy (Figure 11). p53 is one of the
key molecules regulating apoptosis and is involved in both the extrinsic (deathreceptor-
activating) and intrinsic (mitochondrial) pathways [66]. The regulating function of p53 is
presented by transcription activation of a variety of apoptotic factors, such as pro-apoptotic
Bcl-2 family proteins (such as Bax) and transcription suppression of anti-apoptotic Bcl-2
family proteins (Bcl-2) [67]. Death domain-associated protein (DAXX) is involved in the
extrinsic pathway and its expression was increased after UF treatment in Eker rats by
Ad-DNER vector [12]. The same work presented the difference in the protein level of Bcl-2
and Bax between Ad-DNER-treated and control UFs [12].

Taken together, our results indicate that UF cell incubation with R6p-cRGD/pPTK
complexes stimulated cell death in a suicide-specific manner and that the cells were reg-
istered mostly at the early apoptosis stage rather than the necrosis stage. Moreover, the
polyplex treatment resulted in a significant decrease in the proliferation activity of UF cells
and the number of viable cells. So, the developed complexes are capable of targeted therapy
and represent a promising delivery system for the successful application of suicide gene
therapy of uterine leiomyoma.
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3. Materials and Methods
3.1. Cell Lines

Human pancreatic (PANC-1) and human kidney (293T) cell lines were obtained from
Cell Collection of the Institute of Cytology RAS (Saint Petersburg, Russia). The cells
were maintained according to the standard method, “Fundamental Techniques in Cell
Culture”, Sigma-Aldrich (Sailsbury, Wiltshire, UK). Primary UF cell lines were obtained
previously after myomectomy in the D.O. Ott Research Institute of Obstetrics, Gynecology
and Reproductology (Saint Petersburg, Russia) and maintained as described earlier [31,68].

3.2. Peptide Synthesis and Characterization

R6 (CHRRRRRRHC), cRGD(cyclic RGDyC(Npys)), and cyclo(RGDfK) peptides were
synthesized with solid phase Boc-chemistry in NPF Verta, LLC (Saint Petersburg, Russia)
and were stored as a dry powder at −20 ◦C (Table 1). The purity of the peptides was
determined by high-performance liquid chromatography as 90–95%. The R6p carrier was
obtained as described previously [30]. Briefly, the peptide was dissolved at a 30 mM
concentration with 30% of DMSO, followed by oxidative polycondensation reaction for
the next 96 h. In the case of R6p-cRGD, the cRGD moiety dissolved at 30 mM with 30%
of DMSO added to R6p before polycondensation at the ratio of 1 cRGD molecule to 2 R6
molecules. The resultant R6p and R6p-cRGD were stored dissolved in water, 2 mg/mL
at −70 ◦C. The relative number of free thiol groups was estimated by Ellman’s assay and
subsequently calculated as (P/Pf) × 100%, where Pf is the absorbance of unpolymerized
peptide R6 [30]. The carrier molecular weight was analyzed on an AB Sciex 5800 TOF/TOF
tandem time-of-flight mass spectrometer (AB Sciex, Foster City, CA, USA) in a linear mode;
sinapic acid served as a matrix substance (Tables S1 and S2).

3.3. Reporter Plasmids

The pCMV-lacZ plasmid with the β-galactosidase gene was gifted from Prof. B. Sholte,
Erasmus University Rotterdam, Netherlands. The pEXPR-IBA5-eGFP plasmid with green
fluorescence protein (GFP) gene was obtained from IBA GmbH, Göttingen, Germany. The
pPTK1 plasmid containing the HSV1 herpes virus thymidine kinase gene was provided by
Dr. S.V. Orlov from the Institute of Experimental Medicine, Saint Petersburg, Russia. The
plasmids were isolated according to the standard alkaline lysis technique [69].

3.4. Complex Preparation, DNA-Binding and Protection Assays, DS and DTT Treatment

DNA/peptide complexes were prepared at various N/P ratios (peptide nitrogen/DNA
phosphorus ratio), as described previously [30,31]. The plasmid DNA was diluted to
20 g/mL in Hepes-buffered mannitol (HBM) (5% (w/v) mannitol, 5 mM Hepes, pH 7.5)
and then anequal volume of peptides at the required charge ratio in HBM was added to the
DNA solution, followed by vortexing. Complexes were incubated at room temperature for
30 min. Polyethyleneimine (branched PEI 25 kDa; Sigma-Aldrich, St. Louis, MO, USA) was
used as 0.9 mg/mL (pH 7.5) aqueous stock solution, stored at +4 ◦C. The ratio of PEI to
DNA was 8/1.

Peptide binding to DNA was studied using the ethidium bromide (EtBr) fluorescence
quenching method at different nitrogen-to-phosphate ratios (0.1–5) [70]. Fluorescence
measurements were performed in a Wallac 1420D scanning multilabel counter (PerkinElmer
Wallac Oy, Turku, Finland) in emission fluorescence at 590 nm (544 nm excitation). EtBr
displacement was calculated as (F − Ff)/(Fb − Ff), where Ff and Fb are the fluorescence
intensities of EtBr in the absence and presence of DNA, respectively.

DNAse I protection assay was carried out for complexes formed at a 0.1–5 N/P ratio
when adding to them 0.5 units of DNase I (Ambion, Austin, TX, USA) for 30 min at 37 ◦C
with 2 min subsequently of DNAse I activation. Then, 0.1% trypsin was added for DNA
overnight release at 37 ◦C and the DNA integrity was analyzed in 1% agarose gel [71].
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Dextransulfate (DS)(Sigma–Aldrich, St. Louis, MO, USA) was added to the complexes
at three-fold charge excess relative to the carrier for the next 24 h of incubation and analyzed
by EtBrexclusion assay.

The dithiotreitol(DTT) at 200 mM was incubated with the complexes for 1 h at 37 ◦C
and analyzed by SYBR-Green exclusion assay in a Wallac 1420D at an emission fluorescence
of590 nm (585 nm excitation). SybrGreen displacement was calculated similarly to the EtBr
assay [34].

3.5. Measurement of Size and ü-Potential of Peptide/DNA Complexes

The peptide/DNA complexes were prepared as described above in quantities of 5 µg
of DNA per sample. The size of the complexes was determined using dynamic light
scattering, and the zeta potential was determined by microelectrophoresis. Three inde-
pendent measurements were performed on a zetasizer NANO ZS (Malvern Instruments,
Malvern, UK).

3.6. Gene Transfer

PANC-1 cells were seeded at a density of 5.0 × 104 cells per well in 48-well plates
and incubated overnight. Before transfection, the cell culture medium was replaced with
serum-free medium. DNA complexes, prepared as above (2 µg of DNA in each well), were
added and incubated with cells for 4 h. Then, the transfection medium was replaced with
FBS-containing medium and the cells were incubated for the next 48 h.

The β-galactosidase activity in cell extracts was measured with methyl-umbelliferyl-β-
D-galactopyranoside (MUG) and normalized by the total protein concentration, measured
with Bradford reagent (Helicon, Moscow, Russia), as described previously [30].

For the competition transfection study a 10-fold excess of cyclo(RGDfK) peptide was
added to the cells 15 min before complex treatment, followed by the procedures described
above.

GFP expression was determined by flow cytometry using a BD FACS-Canto II cytoflu-
orimeter. Transfection efficacy was evaluated as a percentage of GFP-positive cells.

3.7. Cellular Uptake of Peptide/DNA Complexes

PANC-1 or 293T cells were seeded at a density of 5 × 104 cells/well in 48-well plates a
day before the experiments. Peptide/DNA complexes were formed with added YOYO-1
iodide based on 1 molecule of the dye per 50 base pairs. Transfection was performed
according to the protocol described above. After 2 h of incubation with complexes, the cells
were washed three times in 1× PBS (pH 7.2) and once with 1M NaCl (in 1× PBS). The cells
were detached and incubated with propidium iodide solution, as described previously [34].
Then, the living cells, at a rate of 10,000 per sample, were analyzed by flow cytometry with
a BD FACS-Canto II cytofluorimeter. The results were presented as RFU/cell.

3.8. Cytotoxicity Assay

The cytotoxicity of DNA/peptide complexes was evaluated in PANC-1 cells using
AlamarBlue assay (BioSources International, San Diego, CA, USA), as described previ-
ously [71]. Carrier/DNA complexes were prepared at the rate of 0.7 µg of DNA per well of
a 96-well plate. Fluorescence measurements were performed in a Wallac 1420D scanning
multilabel counter in emission fluorescence at 590 nm (544 nm excitation). The relative
fluorescence intensity was counted as (F − Ff)/(Fb − Ff) × 100%, where Fb and Ff are the
fluorescence intensities in untreated controls and without cells, respectively.

3.9. Suicide Gene Therapy

The primary UF cells were seeded on 96-well plates at 1.5 × 104 cells per well for
overnight incubation. Transfections were performed in serum-free medium with 0.7 µg
and 0.35 µg of DNA (pPTK1 or pCMV-lacZ plasmid) per well. After 2 h of cell incubation
with complexes, the medium was replaced with FBS-containing medium and the cells were
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incubated for the next 24 h. Further, the medium was replaced withfresh mediumbut with
ganciclovir at a concentration of 50 µg/mL and the cells were allowed to grow for 96 or
24 h [34].

After 96 h of incubation, the medium was replaced withthe same one but with 10%
Alamar Blue solution added, and the cells were incubated for the next 2 h. Fluorescence
measurements were performed in a Wallac 1420D scanning multilabel counter in emission
fluorescence at 590 nm (544 nm excitation). The cell proliferation activity was estimated
by the number of living cells, calculated as (F − Ff)/(Fb − Ff), where Fb and Ff are the
fluorescence intensities in untreated controls and without cells, respectively. Micrographs
of the cells were taken at 100× magnification with a AxioObserver Z1 microscope (Carl
Zeiss, Oberkochen, Germany) equipped with the AxioVision program.

Trypan Blue dye was used to count the number of living cells after 96 h of incubation.
UF cells were harvested with 0.25% Trypsin-EDTA (Thermo Fisher Scientific, Carlsbad,
CA, USA), followed by addition of 0.4% Trypan Blue solution (Sigma-Aldrich, Munich,
Germany) at a 1:1 volume ratio for 15 min. The Trypan Blue-negative cells were counted
with a hemocytometer (MiniMedProm, Dyatkovo, Russia).

The relative number of apoptotic and necrotic cells was determined after 24 h of
incubation with the ApoDETECT annexin V-FITC kit (Invitrogen, Darmstadt, Germany),
according to the manufacturer’s recommendations. The cells were detached, treated with
the kit and analyzed with aBD FACS-Canto II cytofluorimeter.

For the gene expression analysis, total RNA extraction and quantitative real-time PCR
analysis were performed as previously described [72]. The following primers were used:
Bax forward primer 5′-TTC TGA CGG CAA CTT CAA CTG G-3′, reverse primer 5′-AGG
AAG TCC AAT GTC CAG CC-3′ [73]; p53 forward primer 5′-TAA CAG TTC CTG CAT
GGG CGG C-3′, reverse primer 5′-AGG ACA GGC ACA AAC ACG CAC C-3′ [74];DAXX
forward primer 5′-CTG AAA TCC CCA CCA CTT CC-3′, reverse primer 5′-CTG AGCAG
CTG CTT CAT CTT C-3′ [75]; Bcl-2 forward primer 5′-GAG GAT TGT GGC CTT CTT
TG-3′, reverse primer 5′-GCC GGT TCA GGT ACT CAG TC-3′ [76]; and the endogenous
reference gene GAPDH was detected using forward 5′-CGC CAG CCG AGC CAC ATC-3′,
reverse primer 5′-CGC CCA ATA CGA CCA AAT CCG-3′. The samples were measured
three times and a final result was inferred by averaging the data. The values are presented
as mean ± SEM of the means obtained from two independent experiments.

3.10. Statistical Analysis

Statistically significant differences were obtained with the Mann–Whitney Utest and
the Student’s t-test using Instat 3.0 (GraphPad Software Inc., San Diego, CA, USA). p < 0.05
was considered statistically significant.

4. Conclusions

In the current study, we developed a promising non-viral gene delivery system based
on cysteine-flanked arginine-rich peptides. The developed carrier, R6p-cRGD, was modified
with a cyclic RGD ligand during a polycondensation reaction, as was proved by massspec-
trometry. Physicochemical experiments reveal that R6p-cRGD can form small-sized stable
complexes with DNA thatprotect it from nuclease degradation. Cell transfection experi-
ments confirmed the important role of the ligand modification for the specificity of DNA
delivery to αvβ3 integrin-expressing cells. Complexes of the developed carrier and HSV-1
thymidine kinase-encoding plasmid were extensively studied in model experiments on
suicide gene therapy of uterine leiomyoma in vitro. We showed that R6p-cRGD-mediated
HSV-1 thymidine kinase gene expression in uterine leiomyoma cells reduced their prolif-
erative activity and increased the number of apoptotic and necrotic cells. These findings
were confirmed by the increased expression of pro-apoptotic factors and a decreased ex-
pression of anti-apoptotic factor Bcl-2 in uterine leiomyoma cells after R6p-cRGD-mediated
transfection. Thus, we can conclude that the developed R6p-cRGD carrier can be used for
further efforts in the development of uterine leiomyoma suicide gene therapy.
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