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Preface to "Polymer-Based Biomaterials and Tissue
Engineering"

Polymeric biomaterials are one of the key elements in tissue engineering and controlled drug
release. In recent years, a wide range of biomaterials have been developed using different and more
sophisticated approaches. This Special Issue aims to present novel developments of biomaterials
based on polymeric matrices for biomedical applications, especially regenerative medicine, drug
delivery, and surgical solutions, to address pathologies such as hernias. It includes several research
studies performed in this area using different approaches, which could be of special interest for
researchers working in the field of biomaterials.

We would like to thank all the authors and reviewers who have contributed to this Special Issue,
as well as the MDPI staffs and editorial team of Materials. In particular, we would like to thank the
assistant editor, Ms. Taylor Liang, for her invaluable help throughout the process leading up to the

publication of this Special Issue.

Roser Sabater i Serra and Angel Serrano-Aroca
Editors
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Polymers in the form of films, fibers, nano- and microspheres, composites, and porous
supports are promising biomaterials for a wide range of advanced biomedical applications:
wound healing, controlling drug delivery, anti-cancer therapy, biosensors, stem cell therapy,
and tissue engineering. In this regard, polymer-based materials in the form of hydrogels;
interpenetrated and semi-interpenetrated polymer networks; composites; or nanocompos-
ites in their pure form, which can be functionalized or used in combination with other
materials, nanomaterials, particles, or nanoparticles, can be exploited to produce a broad
range of advanced nano- and macro-biomaterials. Specific features, such as mechanical
performance, wettability, water diffusion, electroactivity, thermal properties, and even
antimicrobial activity, can be tailored to engineer biomimetic microenvironments that are
able to promote cellular interactions and tissue development for tissue engineering and
regenerative medicine applications while preventing microbial infections. Furthermore,
polymers are becoming increasingly important as a primary tool for controlling the release
profile of drugs. New approaches have been developed to improve the efficacy of drug
therapy, improving healing effectiveness.

This Special Issue presents new approaches in the areas of novel biomaterials for
tissue engineering and drug delivery. It includes biomaterials based on polymeric matrices
with various structures, such as porous composites, nanofibrous scaffolds, hydrogels, or
meshes, which can include micro- or nanoparticles (graphene nanosheets, bioactive glass,
and hydroxyapatite and halloysite nanotubes).

Stefaniak and Masek [1] summarized in a short review the copolymerization of the
well-known poly(lactic acid) (PLA) with other polymers to improve PLA properties. PLA
can be considered an ecological material because it can be produced using renewable
resources. The review focuses on PLA copolymerization accomplishments for different
applications, especially in pharmaceutical and biomedical fields.

Studies [2-5] reported novel strategies for the development of biomaterials in the
form of composites, hydrogels, or electrospun fibers for tissue engineering applications.
Glab et al. [2] investigated the influence of collagen types on the physico-chemical properties
of polyvinylpyrrolidone and poly(vinyl alcohol) composites that also included a ceramic
phase (hydroxyapatite). The study demonstrated the great potential of collagen-modified
composites for biomedical use, particularly for bone tissue engineering.
Aparicio-Collado et al. [3] proposed a novel graphene-based poly(3-hydroxybutyrate-
co-3-hydroxyvalerate)/polyvinyl alcohol semi-interpenetrated networks with low amounts
of graphene (G) nanosheets within the polymer matrix to produce nanohybrid hydrogels
with electroactive properties. The mechanical and electrical properties significantly in-
creased in nanohybrid hydrogels with only 0.2% of G nanosheets, which showed good
biocompatibility with muscle cells. The conductive hydrogels, with electrical conductivity
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in the range of human skeletal muscle tissue, were able to induce myoblast proliferation,
indicating its great potential for musculoskeletal tissue engineering. Schuhladen et al. [4]
prepared polyhydroxyalkanoate (PHA)/bioactive glass (BG) composites. Bioglass 4555
(in wt.%: 45.0 SiO,, 24.5 NayO, 24.5 CaO, and 6.0 P,Os5) and copper-doped 4555 BG (in
wt.%: 45.0 SiOy, 24.5 NayO, 22.0 CaO, 6.0 P,0s5, and 2.5 CuO) were used to engineer
PHA /BG porous scaffolds (using the salt-leaching method). Murine stromal ST2 cells
cultured in media with different dissolution products released from the scaffolds show a
minor reduction in cell viability with an increase in VEFG release, which indicates that the
composites are interesting for tissue engineering applications. In addition, Matschegewski
et al. [5] prepared electrospun scaffolds from FDA-approved commercial medical-grade
polymers (PLA, polycaprolactone (PCL), and polyamide) to assess the physicochemical
and biological evaluation of cardiac implants. Untreated and plasma-activated polymeric
nonwovens were analyzed to evaluate their influence on endothelial cell response. The
study demonstrated the potential of plasma-activated electrospun scaffolds for advanced
cardiac implant development.

Studies [6-8] focused on different approaches related to drug delivery. Haroosh et at. [6]
developed PLA /PCL blends using halloysite nanotubes to obtain a sustained release of hy-
drophilic drugs. Using tetracycline hydrochloride (TCH) as a drug model, they found that when
TCH was loaded into hydrophobic PLA /PCL blends with halloysite nanotubes, drug release
decreased, overcoming the weak interaction between TCH and PLA /PCL blends. In another
study, Bhanderi et al. [7] reported a novel delivery approach to deliver rivastigmine, a reversible
cholinesterase inhibitor, for intranasal applications relative to brain delivery to treat neurodegener-
ative diseases such as Alzheimer’s disease. The study reports the development of mucoadhesive
rivastigmine loaded in chitosan and coated with Eudragit EPO, a cationic terpolymer from the
poly(methacrylate) family, for intranasal delivery. This system could circumvent the first-pass
metabolism of drugs and help achieve a sustained drug release. The development of microparti-
cles that are able to encapsulate the nanoparticles of compounds for pulmonary drug-delivery
applications has been addressed by Sato and Murakami [8]. Temperature-responsive polysaccha-
ride microparticles containing nanoparticles were engineered, which can release two differently
charged compounds in a two-step release. The delivery system has great potential to be used
as a temperature-responsive drug carrier for various administration routes, such as pulmonary,
transpulmonary, intramuscular, and transdermal administration.

Finally, Turlakiewicz et al. [9] focused on the problems related to parastomal hernia
and the major properties of surgical meshes (mainly based on polymers but also biological
meshes) available on the market. The review also includes the surgical techniques currently
used to treat parastomal hernia and post-surgery complications.

We hope that the findings presented in this Special Issue will be useful in ongoing
efforts to develop new biomaterials and novel approaches based on polymeric biomaterials
for advanced biomedical applications.
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Abstract: Polylactic acid (PLA) is a biodegradable and biocompatible polymer that can be applied in
the field of packaging and medicine. Its starting substrate is lactic acid and, on this account, PLA can
also be considered an ecological material produced from renewable resources. Apart from several
advantages, polylactic acid has drawbacks such as brittleness and relatively high glass transition
and melting temperatures. However, copolymerization of PLA with other polymers improves
PLA features, and a desirable material marked by preferable physical properties can be obtained.
Presenting a detailed overview of the accounts on the PLA copolymerization accomplishments is
the innovation of this paper. Scientific findings, examples of copolymers (including branched, star,
grafted or block macromolecules), and its applications are discussed. As PLA copolymers can be
potentially used in pharmaceutical and biomedical areas, the attention of this article is also placed on
the advances present in this field of study. Moreover, the subject of PLA synthesis is described. Three
methods are given: azeotropic dehydrative condensation, direct poly-condensation, and ring-opening
polymerization (ROP), along with its mechanisms. The applied catalyst also has an impact on the
end product and should be adequately selected depending on the intended use of the synthesized
PLA. Different ways of using stannous octoate (Sn(Oct);) and examples of the other inorganic and
organic catalysts used in PLA synthesis are presented.

Keywords: polylactic acid; copolymers; catalysts; polymer synthesis; ring-opening polymerization;
medical application

1. Introduction

Approximately 140 million tons of petroleum-based synthetic polymers are manufac-
tured globally per year, and a considerable amount of them perform in the ecosystem as
industrial waste products [1]. Additionally, more and more countries are banning plastic
grocery bags, which are said to be responsible for so-called “white pollution” around
the world [2]. Even European Union law issues the requirements that concern balanced
natural resources management and waste handling [3]. These issues encourage studies
on bioplastics that, as biodegradable and ecological replacements, are expected to limit
influence on the natural environment [2].

The above-mentioned issues regarding the need for environment protection, decreas-
ing resources of crude oil in the world, and global warming have led to a search for new
biodegradable materials. Bio-based plastics have been introduced in order to reduce carbon
emissions (because the bio-based raw materials absorb CO, from the atmosphere), and
biodegradable plastics have been developed to reduce plastic pollution (because they
degrade faster than traditional plastics) [4]. One such material is polylactic acid (PLA). It is
made from lactic acid (LA), which is a fermentation product of organic substances such
as sweetcorn, rice, soya, potatoes, or whey that is a by-product of the dairy industry. This
demonstrates that PLA is produced from renewable resources.

Ecological material has to be environmentally safe in every stage of its “life-cycle”—raw
materials sourcing, production, and waste management. Ideal eco-material should be
produced from renewable resources, have appropriate mechanical properties, and be easily
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degradable after exploitation [3]. PLA meets these requirements and, in comparison to other
biodegradable plastics, has better mechanical strength, durability, and transparency [4].
PLA is widely applied in food packaging and the medical sector [5]. It is worth noting that
several biomedical applications for PLA have been described, e.g., for orthopedic regen-
erative engineering, as surgical applications in human tissues, or as controlled delivery
carriers [6].

In recent years, several studies have been made on the subject of polylactic acid,
and new methods of synthesis have been proposed. Several methods of PLA structural
modifications have been described [2,4,7-9].

This article presents an overview of the studies concerning improving PLA proper-
ties and its synthesis. At first, the overall characteristics of PLA is given. The different
mechanisms of PLA synthesis and the catalysts used are then presented. Finally, this
manuscript concentrates on the variety of PLA copolymers that enable them to change
the physical properties of neat PLA. The main goal of this paper is to highlight the fact
that, despite PLA being intensely studied, there are still many research aspects that have
to be developed, e.g., to improve PLA’s brittleness and gas barrier, by investigating new
PLA copolymers. Moreover, attention to the topic of PLA should be drawn because it
is a prospective polymer due to its biodegradability and biocompatibility. This review
discusses and evaluates recent developments in PLA research with particular reference to
its copolymers [6,10,11].

2. Lactic Acid (LA)—PLA Monomer

Lactic acid (2-hydroxy propionic acid) (LA) is a starting substrate for obtaining poly-
lactic acid. It is an organic acid that contains asymmetric carbon atoms in its molecules
and, as a result, it exists in two different isomers: the levorotatory form called R or D(—)
lactic acid and the dextrorotatory form called S or L(+) lactic acid (Figure 1). The signs
(=) and (+) signify in which direction a chemical induces a rotation of plane-polarized
light. In mammalian organisms, only | -LA appears, but if an appropriate strain of bacteria
and conditions of process (pH, temperature) are provided, than both isomers or their
racemate can be obtained [12,13]. However, the racemic mixture of p-LA and -LA (i.e.,
p/1L-LA) is not recommended for the pharmaceutical, food, and drink industry by reason
of the metabolic problems that p-LA might cause. It is also not suggested in terms of PLA
synthesis because the PLA industry usually needs lactic acid with high optical purity (e.g.,
~99% 1-LA and ~1% p-LA) [13].

O )
o H
w SC H

H CHg

(S)Hactic acid (R)-lactic acid
L{+Hactic acid D(- MHactic acid

Figure 1. Two lactic acid isomers [13].

Lactic acid can be manufactured on an industrial scale, for example, by the catalytic
addition reaction of hydrogen cyanide and acetic aldehyde and then the hydrolysis of the
obtained cyanohydrin (Figure 2).
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C12H22041

Lactose

CHs CH,
CH; HCN | HOH
| CHOH CHOH
HC—=0 | |
C=N COOH

Figure 2. Scheme presenting the method of producing LA from acetic aldehyde using hydrogen
cyanide [5].

There is also the possibility of receiving lactic acid as a result of its fermentation
from food industry waste products (potatoes, sweetcorn, sugar beet) and proper bacteria
(Streptococcus, Pediococcus, Lactobacillus, Bifidobacterium) [14-16]. The process, which begins
with the hydrolysis of lactose, is presented in Figure 3.

Lactate

Hydrolysis Fermentation dehydrogenase

—= CgH1206 ———= 2CH;COCOOH ———=  2CH;CHOHCOOH + NAD
Glucose or z Lactic acid
galactose (coenzyme)

Figure 3. Scheme presenting receiving lactic acid [5].

3. Polylactic Acid (PLA) Chemical Properties

Polylactic acid (PLA) belongs to the family of aliphatic polyesters (Figure 4). It is also
known as polylactide [5].

CHs
Lo (|3H c
| I
O

n

Figure 4. Chemical structure of PLA [5].

Homochiral PLA is isotactic and semi-crystalline (up to 60%). Its glass transition is ca.
55 °C and its melting point is ca. 180 °C [5]. Poly(; -lactide) (PLLA) is marked by very good
tensile strength (60 MPa), small elongation (3—4%), and high modulus (4.8 GPa) [17]. PLA
is modified by adding plasticizers such as polyoxyethylene, polycaprolactone, or citrate
esters, and in that way PLA’s impact on strength and glass transition is improved [18].
Atactic PLA, made up of heterochiral chains (1,,p), is an amorphous polymer [5].

Saeidlou et al. [19] investigated two types of PLA—semi-crystalline PLA (containing
95% 1 -lactide and 5% p-lactide) and amorphous PLA (containing 82% 1 -lactide and 18%
p-lactide). The results showed that the shear viscosity and the crystallinity increased with
increasing | -isomer size in the  /p-isomer mixture. The 1 /p-isomer ratio in PLA also
impacts on glass transition temperatures, as shown in Figure 5. The higher the content of
L-stereoisomer is, the higher glass transition temperature occurs.
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Figure 5. Glass transition temperatures (Tg) of PLA polymers with different | -stereoisomer contents
as a function of number-average molecular weights (Mp). Symbols on the legend represent the

L./ p-isomers ratios [20].

Scientific research has confirmed that PLA is soluble in both polar and nonpolar
solvents, e.g., benzene, tetrahydrofuran (THF), dimethyl sulfoxide (DMSQO), acetonitrile,
and dioxan [21]. PLA is a completely biodegradable material under industrial composting
conditions and assimilable by living organisms [5].

Apart from PLA copolymers, which are precisely described in Section 6, various PLA-
based composites have been developed in order to improve PLA properties and applications.

Rodenas-Rochina et al. [22] prepared PLA /hydroxyapatite (FHA) composites for appli-
cation in devices created for bone healing. HA micro- or nanoparticles were dispersed in
the polymer matrix.

Natural fibers can be used in order to reinforce the PLA matrix. In a recent study,
PLA/flax, PLA/jute, and PLA/falx/jute were fabricated. The concentration of natural
fibers in individual composites varied (between 0-50%) by weight. PLA /jute and PLA /flax
composites with 40% by weight of fibers improved PLA tensile strength the most. The
tensile strength of pure PLA (18.77 MPa) increased to 72 MPa and 45 MPa after flax and
jute reinforcement in PLA, respectively [23].

PLA/carbon fiber (PLA/CF) composites are believed to have significant applica-
tions in biomedical and engineering sectors. The excellent tensile strength and chemical
stability of carbon fibers are the main reasons for interest in the production of PLA /CF
composites [24].

4. PLA Synthesis—Methods

There are three widely known ways to acquire PLA (Figure 6): lactic acid condensa-
tion, lactic acid azeotropic dehydrative condensation, and ring-opening polymerization
(ROP) [25]. In this section, every method will be concisely described.
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4.1. Direct Poly-Condensation

The direct poly-condensation process dehydrates lactic acid into oligomers, which are
then further polymerized to PLA with concurrent dehydration to avoid the degradation
of polymer molecules by moisture. Nonetheless, removal of water produced from the
condensation of lactic acid is noticeably demanding during the final stage of polymerization
because the diffusion of moisture in the very much viscous polymeric melt is quite slow.
The residual water trapped in the PLA melt can limit the achievable molecular weight
and the characteristics of PLA. Therefore, the direct poly-condensation process is little
used [27].

4.2. Azeotropic Dehydrative Condensation

During the direct LA polycondensation process, there is a difficulty in removing
by-produced water. Until 1995, it was believed that a high molecular weight PLA could
not be prepared by the polycondensation of LA. Progress was made by Mitsui Chemicals
Co. (Tokoy, Japan), because its azeotropic dehydrative polycondensation enabled an
increase of the molecular weight of PLA. This method allows the acquisition of PLA with a
high molecular weight after a comparatively long reaction time. The dissociated water is
removed by means of the so-called azeotropic distillation technique (Figure 7). Solvents
with a high boiling point are used for this method [28].

The azeotropic dehydration condensation reaction of LA provides high molecular
weight PLA without the use of chain extenders or adjuvants [10]. However, this process has
been problematic because of organic solvent usage, which made this method ecologically
unattractive [28].
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4.3. Ring-Opening Polymerization
Ring-opening polymerization (ROP), catalyzed by organometal catalysts, is a method
that consists of converting lactide (the cyclic dimer of lactic) to PLA (Figure 8) [29].

O

O O
CH';Hl\O CH'SK\O

O 0
me so-lactide clactide

Figure 8. Lactide—cyclic dimers for the ROP process [7].

Initially, lactic acid is dehydrated and poly-condensed into its oligomers at high
temperature and under vacuum in order for moisture to be removed. Lactide is then
obtained from catalytic depolymerization of these short PLA chains under reduced pressure.
The meso-lactide, lactic acid, and residual moisture can be removed from the optically pure
D or L form of lactide by diverse means such as crystallization or distillation. Eventually,
the purified lactide is polymerized by a ring-opening polymerization reaction into PLA at
temperatures above the melting point of lactide and below the degradation temperatures of
PLA. The unreacted lactide (around 5%) must be removed from PLA, and the flowing PLA
resin is solidified or/and crystallized into pellets. While the ROP of lactide is conducted,
there is little/no moisture to be removed from the molten PLA resin [13].

Three different ROP mechanisms for PLA can be specified: cationic, anionic, and
coordinative [14,30]. They differ from each other on the grounds that the lactide ring is
opened at different positions depending on the polymerization initiator used. A bond
between an oxygen and a carbon belonging to an acyl group of atoms (A) or a bond between
an oxygen and a carbon of an alkyl group of atoms (B) can be broken. This is presented in
Figure 9 [5].
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Figure 9. Possible positions of breaking lactide ring [5].

The cationic ROP mechanism for PLA (Figure 10) consists of breaking the alkyl-
oxygen bond of the lactide ring. The propagation mechanism starts with the positively
charged lactide ring being opened at the alkyl-oxygen bond by an SN2 attack by the
trifluoromethanesulfonate (triflate) anion. The triflate end-group then combines with
another molecule of lactide again in an SN2 manner to obtain a positively charged opened
lactide. Polymerization proceeds as the triflate anion again opens the charged lactide [31].
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Figure 10. Cationic ring-opening polymerization mechanism for PLA [21].

In this mechanism, the possibility of racemization appears because, during every
stage of polymer chain propagation, substitution of a monomer occurs in a chiral center. A
low molecular weight polymer is yielded with this method. Hence, it is not used on an
industrial scale [5].
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In the anionic ROP mechanism for PLA (Figure 11), alkali metals alkoxides (e.g.,
CH3O0K ) act as the initiators of the process. In this process, during the propagation mecha-
nism, the acyl-oxygen bond is cleaved by the initiator’s anion attack. In the obtained PLA
macromolecules, an oxygen atom of the alkoxide end-group that propagates has a negative
charge, so the configuration of these particles cannot be changed. The PLA synthesis with
alkali metal alkoxide as an initiator is marked by good reaction rate, few unwanted side
reactions, and high efficiency [5]. It has been shown that using primary alkoxides similar
to the aforementioned potassium methoxide enables one to obtain well-defined polymers
with insignificant racemization, termination, or transesterification. Racemization was lower
than 5% when started with 99.9% pure | .lactide [32,33].

CH,

CH, o CHs

Figure 11. Anionic ring-opening polymerization mechanism for PLA [5].

In coordinative mechanisms (Figure 12) the initiator combines with lactide after
previous acyl-oxygen cleavage. In this type of reaction, alkoxides or carboxylates, including
covalent bonds between oxygen and copper atoms or unoccupied p or d orbitals, are used
as initiators. Zinc, aluminum, titanium, and stannous alkoxides are the most widely known.
In industrial conditions in PLA synthesis, tin(II) 2-ethylhexanoate (also known as stannous
octoate) is used as a coordinative initiator [5]. This compound will be more precisely
described as a catalyst in the next section of this paper.
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Figure 12. Coordinative ring-opening polymerization mechanism for PLA [5].

5. PLA Synthesis—Catalysts

In this section, the topic of the catalysts used in PLA synthesis will be investigated,
and several examples will be described.

When PLA synthesis is conducted, an appropriate catalyst is usually used. During
this process, catalysts have an impact on the length of the synthesis, and the choice of
catalyst should also depend on the desirable application of the manufactured PLA. PLA

12
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polymerization reaction time fluctuates between a few minutes and more than 100 h,
depending on the catalyst used, the solvent, and the expected molecular weight [9].

A popular catalyst used in PLA synthesis is stannous octoate—Sn(Oct),. It is an
effective compound that gives high PLA molecular weights. Molecular weight distributions
obtained with Sn(Oct),, compared with other catalysts used in PLA synthesis, are presented
in Table 1.

Table 1. Comparison of catalysts used in PLA synthesis.

Polymer Catalyst Molecular Weight Reference
L-PLA Stannous octoate M, < 250,000 [34]
L-PLA Stannous octoate and compounds of titanium and zirconium M = 40,000-100,000 [9]
L-PLA Stannous octoate and triphenylamine Mj = 91,000 [35]
L-PLA Potassium naphthalenide M, < 16,000 [2]
L-PLA Yttrium tris (2,6-di-tert butyl phenolate) M, < 25,000 [36]

pL-PLA Lanthanum isopropoxide M, = 5300-21,900 [9]
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Sn(Oct), utility results in PLAs with a low degree of racemization (even at high
temperatures). Furthermore, it has low toxicity. Sn(Oct); is a catalyst currently used in
aliphatic polyester synthesis that produces atactic PLA chains [37]. It should be noted
that Sn(Oct); is accepted by the FDA (Food and Drug Administration, Silver Spring, MD,
USA) for biomedical applications [38]. Figure 13 presents the structure of Sn(Oct), and
the compounds, which are organometallic catalysts and organocatalysts, used in PLA
polymerization [6].
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Figure 13. Structure of organometallic catalysts and organocatalysts used in PLA polymerization [6].

5.1. Stannous Octoate

Several studies concerning stannous octoate as a catalyst in PLA synthesis have
been made. One of them was carried out on the function of polymerization temperature,
time, and concentration of catalyst Sn(Oct),. During the polymerization of | -lactide, PLA
with the highest value of intrinsic viscosity (My = 10°) was synthesized when catalyst
concentration was low (0.015 wt %) and at the temperature of 100 °C. A nonionic insertion
polymerization mechanism was suggested [39].

Hyon et al. [40] used the same catalyst and obtained PLA with the maximum molecular
weight at a catalyst concentration of 0.05% at a temperature of 130 °C. Furthermore, at

13
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prolonged polymerization, the decrease in My and higher polymerization temperature was
ascribed to thermal depolymerization of the resultant polylactides.

Other studies have compared the use of tin and zinc compounds. The kinetics and
mechanism of 1 -lactide bulk polymerization using stannous octoate and zinc bis (2,2-
dimethyl-3,5-heptanedionate-O,0’) was taken into consideration. Up until 80% conversion,
the rate of polymerization using Sn(Oct), was higher than that with zinc-containing catalyst.
However, at conversions over 80%, the latter catalyst gave the higher rate of polymeriza-
tion. The accelerating effect on the polymerization was caused by crystallization of the
newly formed polymer. It is suggested that the reason why the differences in the rate of
polymerizations at high conversion for the two catalysts is observed is that a difference
in crystallinity of the newly formed polymer occurs. Additionally, contaminants in the
catalyst and the monomer are thought to be the true initiators. Initiation, as well as poly-
merization, proceeds through a Lewis acid catalyzed transesterification reaction between
an activated lactone and a hydroxyl group [41].

The mechanism of the reaction between the lactide and Sn(Oct), is recognized as a
coordination-insertion mechanism. An alcohol molecule, such as MeOH or the propagating
hydrolyzed lactide, which acts as an initiator, exchanges with the octoate ligands. Coordi-
nation of lactide to the metal center then occurs. In the next step, the activated nucleophilic
alkoxide proceeds by the opening of the lactide. The propagation caused by the generated
linear monomer begins, which appears as subsequent lactide coordination and alkoxide
insertion until the metal-alkoxide bond is cleaved by termination reactions. Using this
method, the PLA obtained includes an ester end group derived from the initiator [42].

5.2. Stannous Octoate and Lewis Base

Stannous octoate can lead to relatively rapid lactide polymerization, but it is also
known to have a negative effect on the PLA molecular weight and properties. The back-
biting and intermolecular transesterification reactions, which occur not only during the
lactide polymerization but also during any further melt processing, are responsible for
these complications [43]. A solution for this issue has been proposed. The addition of an
equimolar amount of a Lewis base, particularly triphenylphosphine on stannous octoate,
considerably improves the lactide polymerization rate in bulk. What is more, the kinetic
effect has been accounted for by coordination of the Lewis base onto the metal atom of the
initiator, making the insertion of the monomer into the metal alkoxide bond of the initiator
easier [9].

5.3. Stannous Octoate and Distannoxane

The copolymerization of lactide (LA) with mevalonolactone (ML) was performed.
Copolymerizations with a monomer ratio LA/ML = 10 were prepared in the presence
of two different catalysts: stannous octoate or 1-ethoxy-3-chlorotetrabutyldistannoxane
(distannoxane). It was found that, in the presence of Sn(Oct),, branched polymer forma-
tion continued by a macromonomer formation step, accompanied by side reactions such
as ester exchange and/or alcoholysis. However, copolymerization catalyzed by distan-
noxane proceeded without side reactions. Due to multiangle laser light scattering and
size-exclusion chromatography (MALLS-SEC) analysis and differential scanning calorime-
try (DSC), measurement of the formation of branched polymers was also indicated. The
following mechanism for the polymerization system using Sn(Oct); is proposed. Initially,
1.-LA reacts with a pendant hydroxy group of ML; 1 -LA cannot be polymerized using neat
stannous octoate, except when in the presence of a protic compound, which is the actual
initiator. Side reactions such as the aforementioned ester exchange, alcoholysis, or cyclic
oligomer formation can then occur with the extension of the polymerization time. Until
L-LA is consumed, polymerization and depolymerization (side reaction) are balanced. This
can be an explanation of why the polymerization appears to have stopped in the late phase
of this reaction stage. Subsequently, the lactone group of monomeric (unreacted) ML and
ML units existing at the initiating terminal of a macromer is ring-opened. Therefore, a
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considerable increase in the molar portion of the ML units in the copolymer is seen at this
point. The hydroxy groups of both macromer ML and monomeric can act as initiating
groups [44].

5.4. Bi(III) Acetate and Creatinine

The catalytic activities of four compounds towards the ROP of 1 | -lactide were com-
pared: Bi(Ill) acetate (Bi(OAc)3); creatinine, a Sn(Oct),-based system; and a system cat-
alyzed by enzymes. In every case, high and moderate molar mass poly(;-lactide)s were ob-
tained. The Bi(OAc)3-based system was akin to Sn(Oct); at 140 °C. The reaction mechanism
when using bismuth compounds was recognized as a coordination-insertion mechanism.
On the other hand, the reactivity of creatinine (following the coordination mechanism)
was lower than that of Bi(OAc)3 but highly comparable with that of the enzyme lipase
Pseudomonas fluorescens [45].

5.5. Aluminum Based Catalysts

During the ring-opening polymerization of p-lactide, catalyst systems based on alu-
minum alkoxides are reported to give a polylactide marked by controllable molecular
weight with narrow dispersion [25]. It was found that ZnEt; and its complex with alu-
minum isopropoxide (Al(OiPr)s;) gave fast polymerization with low transesterification
when p -lactide was polymerized in bulk at 150 °C [46]. When Al(OiPr); was used in bulk
at 100 °C, comparable results were obtained. Moreover, using proton nuclear magnetic
resonance (NMR), it was discovered that all chains included isopropoxy ester end-groups
and molecular weights correlative to the number of alkoxide groups [47]. This shows that
an acyl-oxygen cleavage is a way by which the lactide polymerization is initiated by the
aluminum alkoxide. Furthermore, all alkoxide groups of an initiator are active initiating
species. It was observed that there was no transesterification at temperatures less than
150 °C, which yields polymers with a narrow molecular weight distribution [47]. The
kinetics and the mechanism of the aluminum alkoxide polymerization in solution have
been studied [48,49]. One of the findings was that, after an initial induction period, the
polymerization is first-order in both monomer and initiator. Despite that, for Al(OiPr);
in toluene at 70 °C, there are three active sites per aluminum molecule, which is contrary
to other lactone polymerizations where the number of active sites is less due to catalyst
aggregate formation [48,49]. The mechanism involving the insertion of the lactide into the
aluminum-alkoxide bond with lactide acyl-oxygen cleavage is presented in Figure 12 as a
ROP coordinative mechanism for PLA.

5.6. Summary

It has been known for many years that high molecular weight PLA can be obtained by
the ring-opening polymerization of lactide. An astonishing number of catalysts that have
been used in order to initiate this polymerization has been reported. Nevertheless, there is
still a need to devise safer, faster, and more stable catalysts. Considering the development
of a single-step extrusion process, there are doubts concerning the safety of the catalysts
that are left in the final polymer, which is later used in human body applications [9].

6. PLA Copolymers

In order to improve several PLA physical properties, there have been studies concern-
ing PLA modification by creating its copolymers. In this section, such solutions will be
described. However, at the outset of this section, nomenclature concerning polymers is
presented in Figure 14.

15



Materials 2021, 14, 5254

Linear polymer W

Star polymer

Comb polymer

Branched polymer

Graft polymer

*,
Graft copolymer

|Graft homopolymer|

AB diblock copolymer OOOOCOOOCCO000000000

ABA triblock copolymer 0000000000000

Figure 14. Summary of the selected polymer and copolymer architectures [50-52].

6.1. PLGA Copolymer

Poly(p,1-lactide-co-glycolide) (PLGA) is a linear copolymer of lactic acid (LA) and
glycolic acid (GA) [4]. Figure 15 shows its chemical structures. PLGA copolymers prepared
at different ratios were investigated, and its degradation time was compared. The results
shown in Table 2 indicate that the copolymerization of LA with GA shortens PLA degrada-
tion time by as much as three-fold, from 6 to 2 months. Furthermore, the higher the content
of polyglycolide (PGA) in the copolymer, the shorter the observed degradation time.
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Figure 15. Chemical structure of LA, LG, and PLGA [53].

Table 2. Degradation time of PGA, PLLA, and its copolymers.

Polymer Degradation Time (Months) 2 Reference

PGA 1.5-3 [53]

PLLA 6-24 [53,54]
PLGA (LA/GA =50/50) 1-2 [54]
PLGA (LA/GA =50/50) 1 [55]
PLGA (LA/GA = 65/35) 15 [56]
PLGA (LA/GA =75/25) 2 [56]
PLGA (LA/GA =75/25) 4-5 [54]
PLGA (LA/GA = 75/25) 4 [57]
PLGA (LA/GA =85/15) 5-6 [54]

2 Time to complete resorption.

There are several ways to obtain PLGA. Solution poly-condensation of LA and GA at
a temperature above 120 °C yields low molecular weight PLGA [4]. Using ring-opening
polymerization of glycolide and lactide with a metal catalyst (e.g., stannous octoate),
high molecular weight PLGA can be prepared. If there is a demand for PLGA with non-
possible toxic metallic contaminations, which is favorable for bio-medical applications,
enzymatic polymerization should be used [53]. Additionally, it is known that the se-
quence of PLGA has a significant impact on its degradation rate. Random PLGA degrades
quicker than sequenced ones. 4-(dimethylamino) pyridinium p-toluenesulfonate (DPTS)
and 1,3 diispropylcarbodiimide (DIC) have been used as catalysts in order to prepare
repeating sequence copolymers [58]. Ring-opening polymerization (ROP) and segmer
assembly polymerization (SAP) were used. The latter is a method that allows preparation
of sequence polymers and gives numerous possibilities for periodic copolymer synthesis.
In this approach, sequenced oligomers (segmers) are first prepared and then polymer-
ized. It is a paradigm that shows the convergence of synthetic, organic, and polymer
chemistries [59-61]. Figure 16 shows details of the previously described issue.
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Figure 16. Approaches to sequenced and random PLGAs: (a) DIC = diisopropylcarbodiimide; (b) DPTS = 4-(dimethylamino)

pyridinium ptoluenesulfonate. LG, LL, GG and GL are the different dimer units [58].

Because of a suitable time for degradation of PLGA to occur, this biocompatible
copolymer can be used, e.g., in drug delivery systems. Depending on the needs, choosing
an appropriate LA /GA ratio and the polymer’s molecular weight allows the creation of
desirable material. Furthermore, the two methods of PLGA synthesis described and the
wide variety of available catalysts enable adjustments to suit the needs of the end product.

6.2. Metal-Centered Star-Shaped PLA (Co)Polymers

A star polymer is a polymer composed of branched macromolecules that contain only
one common branch unit. Hence, in shape, it looks like a star. If the polymer’s arms are
chemically different then it is termed a miktoarm star polymer [50]. There are known
star-shaped PLA polymers and copolymers with metal ion cores. Fe?*, Fe3*, Eu®*, and
Ru?* ions are used as metal centers. Star structures can be produced by the combination of
coordination chemistry with controlled or living polymerization. Sn(Oct), is commonly
used as a catalyst [6]. These materials are designed for a specific role, and because of their
stimuli-responsiveness, luminescent materials for drug delivery can be conceived [37].
Luminescent ruthenium tris(bipyridine)-centered star block copolymers, consisting of
PLA as the hydrophobic core and poly(acrylic acid) (PAA) as the hydrophilic corona, may
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provide a multifunctional drug delivery system with the capability of optical imaging. Star
copolymers were obtained by the consecutive ROP of p -lactide, atom transfer radical
polymerization (ATRP) of tert-butyl acrylate, and finally, the tert-butyl end-groups were
hydrolyzed [62].

ATRP—atom transfer radical polymerization—is a particular type of a controlled
radical polymerization (CRP). ATRP enables entering monomers and cross-linking agents
into a polymer chain in a controlled way. This allows the procurement of nearly equally
long polymer chains. Their length is determined by the used monomer and initiator ratio.
Applying the ATRP method to polymer synthesis allows adjustment of the structure of
these polymers to drug delivery requirements. ATRP is based on a redox reaction between
dissolved transition metal ions and alkyl halides in order to regulate an equilibrium
between their active species (radicals) and dormant species (Figure 17). The initiation
stage is faster than the propagation stage in order to provide the concurrent growth of all
polymer chains. In the ATRP system, there are four elementary reagents: initiator (Pn-X),
activator (transition metal complex; Mt" /L), deactivator (Mt™*1 /L), and macroradicals
(Pn*), which grow as a result of adding other monomer particles. Transition metals such as
Cu(I), Ni(IT), and Fe(II) are the central metals in catalytic complexes. Derivatives of 2,2’-
bipyridine, such as N,N,N’,N” N”-pentamethyldiethylenetriamine (PMDETA), appear as
ligands (L). During the reversible redox process, one electron is moved from the transition
metal complex (which is in its the lowest oxidation state), and a halogen atom is ripped
off a polymer chain (dormant species), which leads to creating a radical and deactivated
catalytic complex in a higher oxidation state [63].
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Figure 17. ATRP Equilibrium; kp,—propagation reaction rate constant; ki—termination reaction rate
constant [64].

Implementing metal ions into polymer structures broadens the possibilities of further
research. Customizing the synthesis process in terms of the catalyst used, the provided
hydrophilicity /hydrophobicity, and the macromolecule structure, gives a potential oppor-
tunity to use the obtained copolymers in areas of nanotechnology, biomedicine, and drug
delivery systems.

6.3. PEG-PLA Copolymer

PLA and its copolymers can be applied as a base for hydrogel medicinal implants,
which can be used as scaffolds for tissue engineering or drug delivery vehicles. For
example, the copolymers of lactic acid with poly(ethylene glycol) (PEG) (structure of PEG
in Figure 18) form thermo-responsive hydrogels. The physical cross-linking mechanisms of
PEG-PLA consist of: ionic or lactic acid segment hydrophobic interactions, chemical bond
formation by radical- or photo-cross-linking, and stereocomplexation of p- and | -lactic
acid segments [65].

O H
n

Figure 18. Chemical structure of PEG [66].

19



Materials 2021, 14, 5254

Eight-arm star block PEG-b-(PLLA)g copolymers, functionalized with pyridine, were
used in order to form star block PEG-b-PLLA-py metallo-hydrogels in the presence of tran-
sition metal ions (Cu?*, Co?*, Mn?*). These PEG-b-PLLA block the copolymer hydrogels,
present distinguished biocompatibility and biodegradability, and could be adopted in a
broad range of biomedical and industrial applications [67].

With the use of Michael-type addition reaction, chemically cross-linked PEG-b-PLLA
hydrogels were prepared. Eight-arm thiol-terminated star PEG (PEG-(SH)g) reacted with
acrylated PEG-b-PLLA star block copolymers (PEG-b-(PLLA,)s-AC) (Figure 19). Excellent
mechanical properties presented by these hydrogels were observed. Furthermore, the
degradation time of the formed hydrogels oscillated between a few days to several months
and was regulated by the incorporated amount of PEG-(SH)g. Lysozyme was released from
the eminently cross-linked PEG-b-(PLLA7)s-AC/PEG-(SH)g hydrogels, predominantly by
diffusion [68]. Additionally, miktoarm star polymers, PLLA/PEG, were reported to form
thermo-responsive hydrogels in water at high concentrations (22.5 wt %) [69].
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Figure 19. Scheme of PEG-(PLLA,)s-AC synthesis [68].

In order to introduce stable cross-links and thus improve the mechanical properties of
the hydrogels formed by PEG-b-PLA star block copolymers, the stereocomplexation, that is
co-crystallization, of PLLA and PDLA blocks can also be exploited. Moreover, enantiomeric
PEG-PLA star block copolymers with a central PEG core and outer PLA blocks were shown
to gelate faster and form stereocomplexed hydrogels with improved mechanical strength,
in comparison with triblock PLA-b-PEG-b-PLA copolymers [6].

Regarding degradation issue, four-arm star PEG-b-PLA polymers are thermally sta-
ble at biological conditions. Due to relatively short degradation times, PEG-b-PLA star
copolymers might be a superb candidate for drug delivery applications. Because, during
hydrolytic degradation, the PLA chain length decreased, lactic acid concentration increased.
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The lactic acid concentration of the medium content PLA samples (PEG/PLA =2.5/0.8)
reached a maximum around day 21 (0.256 mg/mL x 10), suggesting total degradation of
the PLA chain. The initial concentration was ca. 0.140 mg/mL X 10. The high content PLA
sample (PEG/PLA =2.5/1.6) at day 21 had an acid concentration of 0.449 mg/mL x 10—the
initial concentration was ca. 0.200 mg/mL x 10. Using the aforementioned copolymers as
a short-term drug release agent was suggested [70].

The solutions presented in this subsection give information concerning other metal
ions that can be used in PLA copolymerization processes as they have key importance
in the issue of forming a shape of molecule by creating ligands. On the other hand, the
presence of star-shaped PEG-(SH)g is important in terms of degradation and protein release
time because of its molecular composition.

6.4. PCL-PLA Copolymer

Polycaprolactone (PCL) is a synthetic thermoplastic polymer. It is a linear semicrys-
talline polyester that is degraded in a natural environment by bacteria and fungi. In order
to enhance its properties, copolymers such as poly(glycolide-co-caprolactone) (PGCL) and
poly(; -lactide-co-¢-caprolactone) (PLCL) have been studied [17].

PCL-PLA copolymers have features of thermoplastic elastomers [71]. A biodegradable
PCL-PLA multiblock copolymer was obtained when hexamethylene diisocyanate (HMDI)
was added during the chemical reaction. A strong interaction between PCL and PLA was
observed. This might indicate that there is a reaction between the PCL hydroxyl, PLA
carboxyl, and HMDI isocyanate groups. A copolymer with a mass ratio of PCL:PLA = 80:20
has a Young’s modulus of 2.7 £ 0.7 MPa and tensile elongation at break ca. 790%. This
composition is desirable in medicine and technology [72].

A PCL-PLA long-chain branched block copolymer was introduced in order to prepare
a biodegradable PLA material with enhanced crystallinity, rheological behavior, and me-
chanical properties. Adding the PCL-PLA copolymer to the neat PLA improved its tensile
toughness without ill effect on the above-mentioned properties. Furthermore, PLA /PCL-
PLA blend with 15 wt % of the PCL-PLA copolymer had much better elongation at break
(210.7%) than neat PLA (7.1%). The studied copolymer was synthesized in the reaction of
single hydroxyl-terminated PLA (PLA-OH) with hydroxyl-terminated three-arm star PCL
(PCL-30H) in the presence of HMDI. HMDI was used as the chain-extending agent [73].
The toughening of PLA, while simultaneously preserving its biodegradability and me-
chanical properties, should be highlighted. Subsequent studies should focus on seeking
the most practical mass ratio between PLA and the PCL-PLA copolymer. The bioplastic
material described may find numerous technological applications.

Song et al. [74] studied ABA PCL/PLA/PCL block copolymers and AB PCL/PLA
(example structure in Figure 20) block copolymers. The physical and mechanical properties
of these compounds are intriguing—especially elongation at break. Elongation at break of
the PCL/PLA block copolymer with [CL]/[LA] = 72/28 is 380%, while the value for the
PCL/PLA/PCL block copolymer with [CL]/[LA] = 75/25 is 600%, without the sacrifice of
tensile strength. The suggestion of using ABA block copolymers as a biomedical material
with tough membrane forming properties for a sustained release drug delivery system
was presented.

>/P\/\/\/ MOJTH

Figure 20. Chemical structure of diPCLPLA block copolymer [75].
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Regarding thermal properties, tubular scaffolds made of poly(; -lactide-co-e-caprolactone)
(PLCL) (50:50) random copolymers were synthesized, and DSC analysis showed two
potential glass transition temperatures (Tg) of the scaffolds in the 0 to —40 °C region. No
crystalline melting peak was observed, which shows that the PLCL random copolymer
is amorphous. The DMA profile indicated two Tgs: one at —38 °C and a second at
—11 °C. This indicated a phase-separated structure of the PLCL studied. PCL and PLA
homopolymers had higher Tg: —60 °C and +50 °C, respectively. Hence, the Tg at —38°C
aligns with a phase composed of mainly CL units, and the Tg at —11 °C signifies the
other phase containing more LA moieties. Additionally, the scaffolds had 200% higher
elongation at break values than their homopolymers, which indicates the advantages of
copolymerizing LA and CL to make flexible and soft copolymer scaffolds. FT-IR analysis
confirmed the formation of random copolymers [76].

Elongation at break of PCL-PLA copolymers should be noted. The value of this
property is much higher for PCL-PLA copolymers than for PCL and PLA homopolymers.
This advantage can be used in the packaging and medical industries.

6.5. POSS-PLA Hybrid Copolymer

The physical and mechanical properties of PLA can be greatly improved by devel-
oping organic-inorganic hybrid materials. Polyhedral oligomeric silsesquioxane (POSS),
consisting of silicon and oxygen atoms arranged in an inner eight-cornered cage with Si
atoms positioned at the corners, was synthesized first. The star-shaped POSS-polylactides
(POSS-PLAs) with varied PLA arm lengths were then obtained through ring opening
polymerization of p,; -lactide. Eventually, the star-shaped POSS-PLA based polyurethanes
(POSS-PLAUSs) were formed by cross-linking POSS-PLA and polytetramethylene ether
(PTMEG) with HMDI. POSS-PLAUSs presented superb shape memory properties. POSS-
PLAUs with shorter arm length showed faster recovery speed as a result of the higher
POSS core content [77].

The ring-opening polymerization of 1,1 -LA, catalyzed by Sn(Oct), was initiated by
the functionalized silsesquioxane cages of the regular octahedral structure. As a result,
biodegradable hybrid star-shaped POSS-PLA and linear systems with an octasilsesquioxane
cage as a core and PLLA arms were given. Biodegradation of the compounds obtained is
assumed on the grounds that both lactide blocks and POSS moieties are biodegradable [78].
Biodegradable POSS lactide systems can be applied in biomedical applications. A unique
class of inorganic structures presented by POSS can be utilized in the era of hybrid polymer
systems with advantageous properties [79].

In order to reduce the brittleness of PDLLA, a highly branched hybrid copolymer
based on polyhedral oligomeric silsesquioxane POSS was composed. POSS-OH was used as
the core of the toughening material, and the ring-opening polymerization of e-caprolactone
and p, -lactide was then initiated sequentially to create the highly branched POSS-g-
poly(e-caprolactone)-b-poly(p,.-lactide) (POSS-g-PCL-b-PLA) copolymer with eight PCL-
b-PLA arms. Furthermore, POSS-g-PCL-b-PLA /PDLLA nanocomposites were prepared
via solution casting. Due to adding the PLA segment, good compatibility and distribution
between POSS-g-PCL-b-PLA and the PDLLA matrix were observed. Elongation at break
increased, and the yield stress decreased as the POSS-g-PCL-b-PLA content increased. This
was due to the core-shell structure of POSS-g-PCL-b-PLA, which considerably improved
the toughness of the PDLLA polymer matrix [80].

Synthesis of the star-shaped organic/inorganic hybrid PLLA, based on POSS, was
begun from POSS bearing octa(3-hydroxypropyl) moieties [81]. Subsequently, further
transformation of POSS-PLA was made. POSS-PLA was changed into the POSS-containing
star-shaped organic/inorganic hybrid amphiphilic block copolymers, poly(;-lactide)-
block-poly(N-isopropylacrylamide) (POSS(PLLA-b-PNIPAM)), by the reversible addition-
fragmentation transfer (RAFT) polymerization of N-isopropylacrylamide (NIPAM) (see
Figure 21). Star-shaped POSS-PLLA-b-PNIPAM amphiphilic block copolymers self-assembled
into vesicles in an aqueous solution. Hydrophilic PNIPAM blocks and the hydrophobic
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POSS core and PLLA created coronas and the vesicular wall, respectively. The temper-
ature dependence of the hydrodynamic radius (Ry,) for POSS(PLLA 1,-b—-PNIPAMj19)g
block copolymers in aqueous solution was investigated with dynamic light scattering
(DLS) measurements. When temperature decreased from 34 °C to 30 °C, the Ry, noticeably
increased from 53 nm to 93 nm. This shows that the PNIPAM block in the aggregates
is temperature responsive. At temperatures below 30 °C, the R}, did not change signifi-
cantly during the cooling or heating processes, meaning that the phase-transition process
of the PNIPAM block is reversible. It can be deduced that, for the cooling process with
temperatures below 34 °C, PNIPAM chains began to stretch. The self-assembly morphol-
ogy of POSS(PLLA-b-PNIPAM) block copolymers was studied by transmission electron
microscopy (TEM). Self-assembled vesicular structures of the star-shaped POSS(PLLA-b-
PNIPAM) amphiphilic block copolymers in aqueous solution were observed. However,
there was a broad disparity in the size of the vesicular aggregates, and the density of the
vesicular wall was not uniform. The outer diameter of the vesicles was polydispersed in
the range of 20 nm to 35 nm. This size of the vesicles was smaller than the values measured
by DLS. This results from the fact that DLS data directly reflects the size of self-assembly
aggregates in solution, where the PNIPAM block chains are sufficiently dispersed in water,
even although the PNIPAM chains are attached by one end onto the surface of the vesic-
ular wall. The block copolymers described could be exploited in medical and biological
fields [81].
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Figure 21. Structure of POSS(PLLA-b-PNIPAM) block copolymer [81].

The compounds presented in this subsection are distinct from the other examples
described in this paper on the grounds that they are inorganic-organic hybrid materials.
POSS-g-PCL-b-PLA /PDLLA composite desirably decreases the brittleness of linear PDLLA,
which is said to be its one of its biggest drawbacks. Moreover, the amphiphilic and self-
assembly character of the POSS(PLLA-b-PNIPAM) block copolymer should be noted. The
highlighted features of the aforementioned compounds give POSS-PLA hybrid materials
considerable prospects for biomedical applications.

6.6. PVA-g-PLA Copolymer

Graft polymers are a subclass of branched polymers. They are composed of blocks
connected to the main chain as side-chains, with the chemical constitution of these side-
chains differing from those of the main chain [50,51].

The grafting of PLA chains by initiating LA (or LA and GA) polymerization from OH
groups of the poly(vinyl alcohol) (PVA) backbone is an example of the “grafting from”
method (Figure 22) [82,83]. Such action allows modification of the polymer molecular
architecture. This in turn has an impact on the crystallinity and biodegradability of a
polymer. Graft polymers can be applied in drug delivery systems.
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Figure 22. Synthesis of graft polymer PLA (PGA) on PVA by “grafting from” method [82].

Wang et al. [83] performed lactide polymerizations in bulk (130 °C) and used stannous
octoate as a catalyst. PVA-g-PLA and PVA-g-P(LA-co-GA) copolymers with M,, in the
range of 75,000-275,000 (SEC) were obtained. They can be applied as drug delivery systems
with tunable physicochemical properties such as molecular composition, molecular weight,
degree of crystallinity, and both melting and glass transition temperatures that could
be adapted to the demands of drug delivery. Release of the hydrophilic dextran was
investigated by preparing microspheres. The release profiles depended on degradation
characteristics and were further modified by introducing sulfonate groups to poly(vinyl
alcohol), which resulted in generating negative charges along the PVA backbone.

Sulfonate modified P(VS-VA)-g-PLGA compounds are especially promising because
the degree of sulfonate substitution determines degradation time. One of the samples lost
50% of its mass in 8 days. It seems to be very useful in terms of drug delivery systems.
Further research concerning degradation and drug release appears to be necessary. Studies
concerning the potential applications of P(VS-VA)-g-PLGA in the packaging industry could
also be carried out.

6.7. PLA-Glycidol Copolymer

It was found that adding glycidol to PLA chains efficiently led to its branching.
Branched polymers were formed in a one-pot approach during polymerization performed
in bulk at temperatures above the melting point of LA (100-180 °C); 4-70 ratios of lac-
tide/glycidol (LA/GLY) were used with either BF3-Et,O as a Lewis acid or diphenyl
phosphate as a protic acid. With the use of diphenyl phosphate as a catalyst, a higher
level of lactide conversion was observed, and the products were colorless in contrast to
BF5-Et,O usage. The branched structure of the obtained polymers was additionally con-
firmed with thermal analysis. PLA copolymers were marked by a significant decrease in
the melting temperature (Tr,,) and melting enthalpy (AH,) compared with PLA homopoly-
mer. This resulted in a strongly lowered tendency for crystallization. In the copolymer,
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where [LA]/[GLY] = 17, Ty, was 130 °C and 134 °C and AH, was 4.5 J/kg. By use of
the multimodal SEC trace, it is suggested that, at the beginning of the copolymerization,
macromolecules of PLA initiated with glycidol molecules were formed, and only later were
these macromolecules coupled via terminal ring opening. Initiation with hydroxyl groups
occurring simultaneously in macromolecules eventuated in the formation of branches
(Figure 23) [84]. It is assumed that a branched structure in the studied system is formed in
terms of the activated monomer mechanism of cationic polymerization proceeding in the
presence of hydroxyl groups [85].
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Figure 23. Mechanism of branched polymer formation by ring-opening copolymerization of lactide with glycidol [84].

Besides improving thermal properties, the hydrophilicity of PLA was also markedly
enhanced as a result of adding glycidol units, which was confirmed with contact angle
measurements. The contact angle of polymer films on a glass plate (with water as a
reference liquid) decreased from 95.7° for linear PLA to 62.4° for a copolymer containing
20 mol% glycidol [11]. Better hydrophilicity is important for PLA because degradation
increases as material hydrophilicity increases.

Reducing LA-GLY copolymer melting temperature by over 30 °C in comparison
with linear PLA might create new possibilities in PLA synthesis, because the temperature
of synthesis is one of the key factors. The lower the melting temperature becomes, the
weaker are the forces between molecules and, as a result, chemical synthesis is facilitated.
Furthermore, carrying out the synthesis at lower temperature is technically more practical.
When synthesis is conducted taking melting temperature into consideration, finding the
purity of the compound obtained is also simplified. In order to extend the study, other
Lewis acids can be tested as catalysts. With regards to the enhanced hydrophilicity of
PLA/GLY, copolymer research concerning the degradation properties of these compounds
could be desirable in order to analyze the potential biomedical applications of this material.

6.8. PLA-Hydroxyoxetanes Copolymers

The bulk copolymerizations of lactide with 4-membered hydroxyetanes (3-hydroxymethyl-
3-methyl-oxetane (HMMOX) and 3-ethyl-3-hydroxymethyl-oxetane (EHMOX) were con-
sidered) catalyzed by diphenyl phosphate were completed. As a result, branched polymers
with molecular weights in the range of 1800-16,600 (SEC measurement with refractive
index (RI) detection and against PSt standards) were obtained. Their molecular weights
were depended on the lactide/oxetane ratio in the feed. Due to crude reaction mixture
SEC traces, it is revealed that a monomodal distribution was executed, in contradistinction
to that of lactide/glycidol copolymers. However, just as in lactide/glycidol copolymers,
DSC analyses showed a considerable decrease in crystallinity. Investigating copolymer
with [LA]/[OX] =17, Try was 134 °C and AHp, was 0.5 J/kg. Matrix assisted laser des-
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orption/ionization time of flight (MALDI TOF) analyses carried out for all polymers
confirmed the presence of several “branching monomer” units in LA/GLY and LA/OX
copolymers [11].

Attempts to increase molecular weights could be made. Additionally, it is worth
noting that the authors of studies on LA/OX copolymer reached even lower melting
enthalpy than researchers working on the aforementioned LA /GLY compound. Lower
melting enthalpy, and hence crystallinity, is essential for PLA compounds because of
degradation. Crystalline regions are more resistant to hydrolysis and, as a result, crystalline
and semicrystalline polymers are marked by slower degradation rates than amorphous
ones [7].

6.9. PLA Copolyesters

The “grafting from” method can be used to prepare graft polyesters, where the poly-
mer backbone is also a polyester, by the application of precisely designed comonomers [11].

Using lactide and a specially synthesized monomer, the cyclodepsipeptide cyclo[Glc-
Ser(OBz)] (CGS-OBz) copolyesters were prepared. Polymerization was catalyzed by stan-
nous octoate. When polymerizations were performed with 5-15 mol% cyclo[Glc-Ser(OBz)],
copolyesters with molecular weights in the range of 20,000-25,000 were obtained. Af-
terwards, deprotection of hydroxyl groups was conducted, and polylactide chains were
grafted onto this polymer, again using Sn(Oct), as a catalyst of polymerization performed
in bulk [86]. The applied strategy is presented in the Figure 24.
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Figure 24. Synthesis of graft polymer PLA onto poly(LA/CGS-OBz) by the generation of initiating groups and the “grafting

from” method [86].

In order to scrutinize the crystallinity of PLA-based graft polymers, the DSC analysis
method was introduced. Moreover, the copolymers were subjected to hydrolysis with the
aim of making a correlation between the polymer architecture and their crystallinity and
hydrolytic stability. The result was that the obtained comb-type PLA presented a decrease
in crystallinity and an increase in biodegradability compared with linear PLA. Varying the
molecular architecture could bring a change in the degradation rate of PLA [86].

Observed correlations between crystallinity, molecular architecture, and the degrad-
ability of synthesized copolymers are noticeably detailed, and extending the research on
mechanical studies is welcomed. Contact angle measurements would certainly give more
data regarding the hydrophilicity of graft comb-type PLA copolymers.
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6.10. PLA Copolymers—Summary

In summary, the aim of presenting PLA copolymers in this section was to show that
PLA copolymerization is a prospective method for changing several PLA properties. Es-
sentially, copolymerizing PLA with compounds such as PGA, PEG, or glycidol shortens
PLA degradation time. In the authors’ judgement, this is the main advantage of forming
different PLA copolymers. Secondly, creating various PLA copolymers enables the ma-
nipulation of PLA hydrophobicity. The ruthenium star block copolymer mentioned has a
PLA hydrophobic core and a PAA hydrophilic corona. Additionally, adding glycidol to
PLA enhances PLA hydrophilicity, which has an impact on degradation rate and potential
biomedical applications (e.g., drug delivery systems). Furthermore, PLA copolymers (e.g.,
PCL-PLA) are marked by improved toughness and/or elongation at break in comparison
with neat PLA. Depending on the needs, diversifying other PLA properties, such as crystal-
lization or contact angle values, makes it possible to compose new PLA copolymers. The
fact that both inorganic (e.g., POSS) and organic compounds can be used for PLA copoly-
merization is worthy of note Many possibilities as regards designing different copolymer
architectures also aid this method’s advance. As a result, PLA copolymers with broad
applications can be obtained—the next section is focused on this issue.

7. PLA Applications

Two main areas of PLA use can be detailed. The first field is represented by products of
general use, while the second involves specialistic applications in medicine. The following
products made of PLA for general use can be listed: containers, wrapping films, disposable
products, and elements of interior furnishings. On the other hand, in medicine, PLA can
be applied in the areas of bioresorbent implants, surgical sutures, clamps, clips, surgical
masks, or dressings [14,87-91]. PLA copolymers also have special applications.

Studies on the PLA-polyethylene glycol block copolymer (PLA-PEG) and the PLA-p-
dioxanone-polyethylene glycol block copolymer (PLA-p-DPEG) have been made. These
compounds have been used as carriers for bone morphogenetic proteins (BMPs). BMPs are
biologically active molecules able to induce new bone formation, and they are expected
to be used clinically in connection with biomaterials, such as bone-graft substitutes to
stimulate bone repair. The effect of PLA on the osteoinduction of demineralized bone and
the usefulness of PLA as a carrier of BMP were analyzed. It was found that PLA was a
satisfactory candidate as a carrier for BMP [92]. Initially, low molecular weight PLA was
mixed with BMP in order to form a composite, which was next implanted in the host bone;
new bone cells were formed while the degradation of the PLA matrix in the composite was
occurring [93]. However, the newly-formed bone was too low in quantity (bone mineral
density). For this reason, PLA copolymers with low molecular weight were used to solve
these problems [10].

However, in some cases, bone defects occur in positions that require dynamic strength
(e.g., the long bone of the leg). In these situations, in order to restore the bone, the
BMP /polymer composite has to be combined with a solid biomaterial with good affinity
for bone. As an example, a titanium implant featuring a porous surface on which the
BMP /polymer composites can be settled is an appropriate material that can be implanted
into the bone defect. The new bone formed by the BMP/polymer composites would then
firmly surround the titanium implant until the implant and the host bone fused [93]. Thus,
even repairing bone defects that require strength would become possible. This process
is described in Figure 25 [92]. When the pores of the solid implant are filled with the
BMP/polymer composite and implanted, the composite exudes from the pores and forms
a layer of bone covering the surface of the biomaterials. This layer of bone may encase the
implant and thus improve biological fixation of the biomaterials to the host bone [92].

27



Materials 2021, 14, 5254

BMP/polymer composite

:’:1"—7 :.—77..; 7—,‘2,: j’,‘,- E . 7?: = ~
?. . . . fr-rt' 9>i i:-:j.i;"::" ‘ ‘ . ‘ :-j:~ s

Lﬂ Porous biomaterial| L

Figure 25. The process of repairing bone defects with the use of BMP/polymer composites [92].

PLA, in view of its biodegradability, is also used in drug delivery systems (DDS)
in which the drug can be released continuously for different periods of time up to one
year [10]. PLA and their copolymers, in the form of nano-particles, have been used in
several applications in the encapsulation process of many drugs, such as dermatother-
apy [94], protein (BSA) [95], hormones [96], restenosis [97], antitumor oridonin [98], and
psychotic [99]. These nano-particles were received with different methods, such as solvent
displacement, solvent evaporation [100], emulsion solvent diffusion [101], and salting
out [99].

A lisinopril-conjugated triblock PLA-PEG-PLA copolymer was synthesized by the
reaction of PLA-PEG-PLA copolymer with lisinopril (the antihypertensive drug). Subse-
quently, the lisinopril-conjugated PLA-PEG-PLA was self-assembled into micelles in an
aqueous solution. Conjugated micelles were characterized by a better sustained release
profile in comparison with the lisinopril-conjugated copolymer and physically loaded mi-
celles [102]. This micellar formulation of drug conjugated amphiphilic copolymers seems
to be a significant achievement in controlled drug delivery.

A PLA-PEG-PLA copolymer was used to prepare microspheres containing paclitaxel.
The microspheres obtained had a porous structure inside, which advanced drug release.
In vitro release was 49% in one month, making drug action time in the body longer. This
drug delivery system avoids inconsistent local concentration on account of drug release.
Thus, the therapeutic effect is enhanced [90].

Poly(lactic-co-glycolic) acid nanoparticles were used for loading the drug, paclitaxel.
The preparation of nanoparticles was conducted by the emulsion solvent evaporation
method in the presence of tocopheryl polyethylene glycol succinate as an emulsion agent.
The ability of in vitro drug release of the nanoparticles, encapsulation efficiency, and
the drug loading efficiency were investigated. The in vitro release mode of drug-loaded
nanoparticles appeared to be two-staged—a fast release in the initial stage and a slower
release in a second stage. The encapsulation efficiency was 4.84%, and the drug loading
efficiency was 67.35% [103]. In order to enhance the abovementioned values, further
studies on the porosity of PLGA nanoparticles could be carried out. Changing the LA/GA
mass ratio in a copolymer would have a potential impact on its degradation behavior.
The two-staged mode of drug release described can be practically applied in particular
medical circumstances.

The combination of PLGA with the antibacterial substance totarol was used as a novel
coating solution for surgical sutures. Collected data suggests that the biodegradable suture
coating obtained has the potential to reduce the risk of surgical site infections (SSIs)—a
nosocomial infection that can result in severe complications after surgical intervention.
The coating prevents post-operative biofilm formation during the critical phase of wound
healing. It has no negative impact on tissue [104].

Regarding tissue engineering, PCL-PLA copolymer is a relevant compound for this
type of applications. Recently, a PCL-PLA copolymer nanofiber has been used in the
regeneration of damaged tissue [105]. Moreover, an improvement in the mechanical
properties of PCL can be achieved by copolymerization with PLA, enabling its use for
orthopedic applications, such as the repair of bone defects [106].
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Another copolymer that has the potential to be applied in medicine is PVA-g-PLA.
Animal experiments featuring thin copolymer films made of this material were conducted.
The thickness of the samples was 0.04-0.06 mm. In comparison with the PLA homopolymer,
the copolymer obtained had improved hydrophilicity and flexibility. The films showed
a satisfying anti-tissue adhesion effect and applicable degradability in the body of the
mouse. The film entirely disappeared after 8 weeks of implantation. The films were
also biocompatible, as expected, because no inflammation, hematoma, or infection were
noticed [107]. These results are very promising regarding future PVA-g-PLA use for
preventing post-operative organ tissue adhesion.

A poly(3,4-ethylenedioxythiophene) (PEDOT) polymer and a biocompatible polymer
polylactide were synthesized to design graft copolymers. The weight fraction of 3,4-
ethylenedioxythiophene (EDOT) was between 5 and 40%. The compound created can
be 3D printed using direct melting extrusion methods; 5:95 wt % PEDOT-g-PLA showed
the best performance during the printing process as it improved the ability to control its
shape. This compound was used as the patterning material for biocompatibility tests on
neonatal cardiac cultures. Tissue-like structures made of cardiomyocytes with fibroblast
were developed in PEDOT-g-PLA and cardiomyocyte, improving the approved suitable
maturation and functionality of these cells. The promising results of the presented study
could assist the progress of generating artificial tissue [108].

8. Conclusions

PLA is a biodegradable polymer synthesized from lactic acid. Because PLA is an
ecological material, its use could make a positive difference to the worldwide environment.

Regarding PLA synthesis, ring-opening polymerization is a method during which
lactide is converted into PLA. The reaction is catalyzed by organometal catalysts. Stannous
octoate (Sn(Oct);) is a compound commonly used as a catalyst. It gives PLA weight
distributions (M) between 40,000 and 250,000. Sn(Oct), efficiency can be improved by
adding a Lewis base or distannoxane to the synthesis process. Moreover, stannous octoate
can be applied in the biomedical sector as it is accepted by the FDA (Food and Drug
Administration, Silver Spring, MD, USA). However, studies concerning new catalysts that
can be used in PLA synthesis are necessary because there is a known negative impact of
Sn(Oct); on PLA properties. In particular, biocompatible catalysts are desirable.

Apart from the many advantages of PLA, such as appropriate biodegradability, dura-
bility, and transparency, it also has some drawbacks: brittleness, relatively high melting
temperature, and hydrophobicity. Hence, PLA copolymers are composed with the intent of
enhancing specific PLA properties. Diverse compounds in terms of composition (e.g., POSS-
PLA hybrid copolymers) and polymer architecture (e.g., PVA-g-PLA or PLA copolyesters)
have been created. As shown by DSC analysis, graft PLA copolymers are marked by a
lower crystallinity and higher degradation rate than linear PLA. The sequence of individual
monomers also has an influence; random PLGAs degrade quicker than sequenced ones. A
PLA-glycidol copolymer provides significant improvement in terms of thermal properties
and better hydrophilicity. Regarding elongation at break and tensile strength, PCL-PLA
copolymers should be highlighted. It can be concluded that PLA copolymers enable the
creation of ideal materials that can be applied in certain fields, such as medicine, packaging,
or technology. Biocompatible PLA copolymers seem to have considerable potential in
the field of biomedical applications such as drug delivery systems or tissue engineering.
Studies concerning this subject should be continued.

Polylactic acid might be a crucial material for the plastics industry in the near future
due to its environmentally friendly character. Several methods of PLA synthesis and
the many possibilities for creating new PLA copolymers make conducting new research
desirable. Improving PLA properties and searching for new applications for PLA seem to
be the two biggest challenges for the development of PLA-based materials.
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Abstract: Nowadays, a great attention is directed into development of innovative multifunctional
composites which may support bone tissue regeneration. This may be achieved by combining collagen
and hydroxyapatite showing bioactivity, osteoconductivity and osteoinductivity with such biocom-
patible polymers as polyvinylpyrrolidone (PVP) and poly(vinyl alcohol) (PVA). Here PVA /PVP-based
composites modified with hydroxyapatite (HAp, 10 wt.%) and collagen (30 wt.%) were obtained
via UV radiation while two types of collagen were used (fish and bovine) and crosslinking agents
differing in the average molecular weight. Next, their chemical structure was characterized using
Fourier transform infrared (FI-IR) spectroscopy, roughness of their surfaces was determined using a
stylus contact profilometer while their wettability was evaluated by a sessile drop method followed
by the measurements of their surface free energy. Subsequently, swelling properties of composites
were verified in simulated physiological liquids as well as the behavior of composites in these liquids
by pH measurements. It was proved that collagen-modified composites showed higher swelling
ability (even 25% more) compared to unmodified ones, surface roughness, biocompatibility towards
simulated physiological liquids and hydrophilicity (contact angles lower than 90°). Considering
physicochemical properties of developed materials and a possibility of the preparation of their
various shapes and sizes, it may be concluded that developed materials showed great application
potential for biomedical use, e.g., as materials filling bone defects supporting their treatments and
promoting bone tissue regeneration due to the presence of hydroxyapatite with osteoinductive and
osteoconductive properties.

Keywords: polymer-ceramic composites; hydroxyapatite; collagen; swelling capacity; surface rough-
ness; wettability; surface free energy; tissue engineering

1. Introduction

The development of the medical sciences taking shape over the years had a huge
impact on the extension of the average human life expectancy. This is undoubtedly a
great success but simultaneously a big challenge related to the necessity of the search for
effective therapies of treatments of diseases that often accompany the aging of organisms
including mainly diseases of the skeletal system [1]. Importantly, a development of the
so-called civilization diseases such as e.g., cardiovascular diseases, cancers or osteoporosis
is also a problematic issue [2,3]. In the case of osteoporosis, the risk of bone fractures
increases significantly as a result of a decrease in their mechanical resistance [4,5]. The
patients suffering from this ailment often experience very serious injuries, which in the

35



Materials 2022, 15, 37

majority of cases require surgical intervention [6]. Thus, investigations on the development
of novel bioactive composite materials that might support the treatment of bone defects
and promote faster bone regeneration are very meaningful and constitute one of the biggest
challenges of contemporary medicine.

Recently, one of the most popular research topics seems to be studies on the develop-
ment of composite materials containing a ceramic phase [7-9]. The substance which is the
most frequently used for this purpose is hydroxyapatite (HAp) which constitutes a mineral
component of bones [10]. Considering its bioactivity [11,12], biocompatibility [13-15],
osteoinductivity [16,17] and osteoconductivity [18,19], this substance has a key meaning
in preparation of materials designed for bone tissue regeneration. HAp is widely used in
bone substitute materials [20,21], in tissue engineering [22,23] and as a drug carrier [24,25].

Composite materials based on the combination of biodegradable synthetic and natural
polymers and modified additionally with hydroxyapatite were described by Gordienko
et al. The composites containing biologically active substance were analyzed in detail
which allowed to conclude e.g., that the developed materials showed no cytotoxicity
during in vivo experiments [26]. Next, Shirdar et al. proposed composites based on
poly(methyl methacrylate) and modified with hydroxyapatite nanofibers and magnesium
phosphate-based two-dimensional nanosheets. The statistical analysis performed indicated
the significant impact of both modifiers on the improvement of the compressive strength of
developed materials and, importantly, higher viability of cells was reported in the presence
of such modified composites compared to unmodified materials [27].

Other interesting studies were described by Liu et al. Here, the main attention was
focused on biodegradable composites based on poly(e-caprolactone) (PCL) and HAp
nanoparticles. The materials were prepared via 3D printing. It was observed during
in vivo biological analyses that developed scaffolds based on PCL and HAp provided
adequate adhesion and penetration of bone cells which, in turn, allowed bone tissue to
regenerate [28].

Next, Rodzen et al. also presented an innovative composite material designed for
bone regeneration. As a base material, polyetheretherketone (PEEK) modified with HAp
(30 wt.%) was used. In order to obtain a composite, one of the 3D printing methods,
i.e., fused filament fabrication, was employed. It was proved that surfaces of developed
PEEK/HAp composites supported adhesion and growth of U-2 OS osteoblast-like cells [29].
In other work, composite scaffolds based on HAp and bioglass obtained using a hy-
drothermal method were characterized. Performed in vitro biological studies confirmed
that developed materials showed no cytotoxicity while their biological performance was
significantly higher than in the case of unmodified scaffold [30].

Despite numerous studies on the development of innovative composite materials in-
tended for bone tissue regeneration, the methods leading to preparation of such composites
still have some limitations or require a lot of work, reagents and are time-consuming. Thus
the main purpose of the research was to prepare and characterize composite materials with
a wide application potential in regenerative medicine. The potential of developed materials
lies in their quick and simple synthesis methodology and an interesting composition in
viewpoint of their potential biomedical use which may affect bone regeneration process.
Furthermore, the methodology applied gives an opportunity to synthesize composites of
various shapes and sizes tailored to a given bone defect.

Furthermore, the presence of collagen of fish or bovine origin increases the innovative-
ness of the developed composite materials. Collagen is a main component of extracellular
matrix which makes it an interesting biopolymer for applications in tissue engineering and
regeneration medicine [31,32].

Collagen-based materials show interesting properties due to their good biocompatibil-
ity, ability to promote cell proliferation and adhesion, and non-toxicity. Moreover, collagen
exhibits hemostatic properties, and provides the reconstructed tissues with an adequate
elasticity [33]. In regenerative processes, collagen-based biomatrix imitates scaffolds that
fulfill structural and mechanical functions thus favoring the reconstruction of damaged
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organs and tissues. Importantly, the introduction of collagen into composite biomateri-
als increases the effectiveness of such materials in regenerative processes, their ability to
combine with growth factors, and also enables intracellular transmission and stabilization
of cellular components due to which such composite plays a role of a physical structure
supporting the regeneration processes [34,35].

The measurement methodology has been chosen so as to verify these composites’
usefulness and evaluate their potential for providing adequate conditions for such pro-
cesses as e.g., cell proliferation. That is why such properties of developed materials were
investigated as wettability (it was demonstrated that hydrophilic surfaces favor the bone
growth process) or roughness. Materials’ roughness affects the interactions between such
an implant and the newly formed tissue. This, in turn, has a crucial meaning in viewpoint
of potential cell proliferation, and so the healing and regeneration processes.

Thus, this work examined a series of composites based on synthetic polymers such as
polyvinylpyrrolidone (PVP) and poly(vinyl alcohol) and, importantly, containing also a
ceramic phase (hydroxyapatite) and an additional modifying agent—collagen, while two
series were prepared using two type of collagens, i.e., fish and bovine. Developed compos-
ites were subsequently analyzed in detail while the main attention was paid to verifying the
impact of the type of collagen and the average molecular weight of the crosslinking agent
used during the synthesis of composite materials on their physicochemical properties. For
this purpose, such analyses as Fourier transform infrared (FT-IR) spectroscopy as well as
swelling measurements and incubation in simulated physiological liquids were performed.
Moreover, the roughness of prepared materials and the topography of their surfaces were
also investigated.

2. Materials and Methods
2.1. Materials

Ammonium phosphate monobasic (NH4H,PO4, ACS reagent, >98%), calcium nitrate
tetrahydrate (Ca(NO3),-4H,0O, ACS reagent, 99%) and ammonia water (NH4;OH, 25%)
were used to obtain hydroxyapatite (HAp). Next, poly(vinyl alcohol) (PVA, crystalline
powder, 87-89% hydrolyzed, M,, 13,000-23,000), polyvinylpyrrolidone (PVP, powder,
average mol wt. 10,000), diacrylate poly(ethylene glycol) (crosslinking agent, PEGDA,
average molecular weight M;, = 700 g/mol and M, = 575 g/mol) and 2-hydroxy-2-
methylpropiophenone (photoinitiator, 97%, d = 1.077 g/mL) were applied during the
preparation of composite materials. All mentioned reagents were purchased from Sigma
Aldrich (Saint Louis, MO, USA). Fish collagen peptide (molecular weight 2000-5000 Da)
and bovine collagen peptide (molecular weight < 3000 Da) were purchased from Xi’an
Gawen Biotechnology Co., Ltd. (Xi’an, China).

2.2. Synthesis of Composite Materials

Firstly, HAp powder was prepared via wet precipitation method. Synthesis was per-
formed at room temperature and at constant stirring while ammonium phosphate monoba-
sic (0.36 mol/L) and calcium nitrate tetrahydrate (0.60 mol/L) were used as reagents. The
calcium nitrate solution was added dropwise (1 drop/s) into the ammonium phosphate
solution while maintaining the alkaline pH of the reaction mixture (pH > 10) by adding
ammonia water. pH of the reaction mixture was controlled in a continuous manner via a
multifunctional CX-701 pH-meter (Elmetron, Zabrze, Poland). After the reaction, the mix-
ture obtained was allowed to sediment for 24 h. The sediment was washed with distilled
water to neutral pH, lyophilized (parameters: T = —50 °C, p = 0.07 mbar, t = 24 h) and used
in further works for preparation of polymer-ceramic composites.

PVP/PVA-based composite materials containing HAp were prepared according to
procedure described previously in [36]. Briefly, the aqueous solutions of polymers—PVA
and PVP—were mixed with a ceramic phase (HAp) and selected collagen, i.e., fish collagen
or bovine collagen. Next, an appropriate amount of crosslinking agent PEGDA with an
average molecular weight of either 575 g/mol or 700 g/mol and photoinitiator (2-hydroxy-
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2-methylpropiophenone) was added. The whole mixtures were placed in vessels of the
selected shapes and polymerized under UV lamp (EMITA VP-60, power: 180 W, A = 320 nm;
Famed, Lodz, Poland). The process of photopolymerization was performed for 120 s.
Detailed compositions of obtained polymer-ceramic composites are given in Table 1.

Table 1. Compositions of polymer-ceramic composites.

15% PVP, 5% PVA, HAp, Photoinitiator, Crosslinking Fish Collagen, Bovine Sample Name
mL mL wt.% mL Agent, mL wt.% Collagen, wt.% p

20 - - 575_HAp
i 30 - 575_HAp/Coll-fish
(575 g/mol) - 30 575_HAp/Coll-bov

3 7 10 0.05 B _ 700_HAp

2.0 =

30 - 700_HAp/Coll-fish
(700 g/mol) - 30 700_HAp/Coll-bov

The use of vessels with various shapes allowed to obtain composites of selected shapes
and sizes; prepared materials are presented in Figure 1.

Figure 1. Various shapes of prepared composite materials—sample 575_HAp/Coll-fish (left) and
samples 700_HAp/Coll-bov (right).

Prepared polymer-ceramic composites were subsequently subjected to physicochem-
ical evaluation aimed at determining their properties such as swelling ability, surface
hydrophilicity or roughness.

2.3. Characterization of the Chemical Structure of Composite Materials via Fourier Transform
Infrared (FI-IR) Spectroscopy

FT-IR spectroscopy was performed to identify the functional groups present in the
structures of tested materials while the main attention was paid to group characteristics
for collagen. The analysis was conducted for samples without this protein as well as for
samples modified with collagen and prepared using crosslinking agents with different
average molecular weights. The investigations were carried out at room temperature and
using a Thermo Scientific Nicolet iS5 FI-IR spectrophotometer equipped additionally with
iD7 ATR (Attenuated Total Reflectance, Loughborough, UK) accessory. FT-IR spectra were
recorded within the wavenumber range 4000-500 cm ™! (32 scans, resolution 4.0 cm~!).

2.4. Evaluation of the Swelling Properties of Composite Materials

Subsequent study concerned the evaluation of swelling ability of the composites.
Considering intended application of developed composites for biomedical purposes, it is
significant to determine their behavior in liquids simulating environments occurring in the
human body. Thus, the investigations were performed using such liquids as SBF (simulated
body fluid), Ringer liquid (isotonic to human blood) and distilled water as a reference
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liquid. In order to determine this property, prepared materials were dried at 37 °C for 24 h,
weighed and placed in 50 mL of the mentioned solutions. After selected time periods—i.e.,
1h,24h, 48 h and 72 h—samples were separated from the solutions, an excess of unbound
water was removed using a paper towel and samples were weighed again. The swelling
ability defined using a swelling ratio « was determined via the following Equation (1):

(m —mp)

= 1
W= M
where:
a—swelling ratio, g/g; m—mass of swollen sample, g/g; and my—mass of dry sample
(before the study), g.

The study was performed for all prepared samples, i.e., both for unmodified materials
and materials containing collagen.

2.5. Incubation Studies

The study was performed to verify the interaction between simulated physiological
liquids and prepared composite materials during their long-term immersion in such en-
vironments. Samples of the composites (weighing approx. 1.0 g) were placed in 50 mL
of selected liquids (the same liquids were used as in the case of swelling studies, i.e., SBE,
Ringer liquid and distilled water) whose pH values were verified every two days. The
study was conducted for 14 days while samples were incubated at 36.6 °C so at temperature
of human body. Both samples with and without collagen were subjected to the research.

2.6. Evaluation of the Wettability of Composites

Wettability of prepared materials was measured by a sessile drop method followed by
Drop Shape Analysis system—DSA 10Mk2, Kruss, Germany. Contact angle was determined
for polar solvent which was ultra-high quality (UHQ) water (Purelab UHQ, Elga) of
resistivity 18 M()/cm, and non-polar diodomethane (Sigma Aldrich). Surface free energy
was calculated according to the Owens, Wendt, Rabel and Kaelble (OWRK) approach.

The mean contact angle values and deviation were determined from three repetitions
measurements at different spots on the sample.

2.7. Assessment of Roughness of Composites

The surface roughness was measured using a stylus contact profilometer TALYSURF6
(Taylor Hobson, San Francisco, CA, USA) Surface roughness was measured according to
ISO 4287 [37] with contact stylus acquisition mode in a line distance of 4 mm. The roughness
profile including parameters Ra (arithmetic mean of the departures), Rq (kurtosis) and Rsk
(skewness) numerically describe the topography of the measured surfaces. The mean value
and deviation was determined from at least three repetition measurements at different
spots on the sample. The TalyMap Platinum software (Taylor Hobson, San Francisco, CA,
USA) was used for 3D topography analysis and export of the surface images.

2.8. Statistical Analysis of the Results of the Investigations

The results of the investigations were subjected to the statistical analysis performed
via the two-way analysis of variance (ANOVA) while alpha value 5% was applied. All
measurements were carried out three times (n = 3) and are presented as an average value
with the standard deviation (SD).

3. Results and Discussion
3.1. Results of FI-IR Spectroscopy

Below in Figure 2 FT-IR, spectra of unmodified and modified composite materials are
presented. The study was performed both for samples containing fish collagen (Coll-fish)
and bovine collagen (Coll-bov).
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Figure 2. FT-IR spectra of both used collagens—fish collagen (Coll-fish) and bovine collagen (Coll-
bov) (a); composites prepared using PEGDA 575 (b) and composites prepared using PEGDA 700 (c).

Transmittance, a.u.

In Figure 2a FT-IR, spectra of fish collagen and bovine collagen are presented. In the
case of both samples, absorption bands characteristic for functional groups present in the
structure of the mentioned proteins were identified. The absorption bands at 3284 cm !
have been assigned to amide I bands corresponding to hydrogen bonds between NH
group and carbonyl group of the peptide chain. Next, the absorption bands at approx.
2939 cm ! deriving probably from the asymmetrical stretching vibrations of CH; charac-
teristic for amide B bands were identified. In turn, bands within the wavenumber range
1700-1600 cm ! which can be attributed to the stretching vibrations of C=0 from peptide
bonds (determined also as amide I bands) confirmed the occurrence of secondary structure
characteristic for proteins. Moreover, the absorption bands deriving also from amide II
and amide II may also be observed on analyzed FI-IR spectra. Next, the absorption bands
within the range 1570-1470 cm ! characteristic for amide II which may be assigned for
N-H bending vibrations coupled with C-N stretching vibration, were observed; while at
1350-1250 cm~! (amide III), absorption bands characteristic for stretching vibrations of
C-H group were identified. Bands marked in Figure 2a were identified analogously as in
other works [38—41]. Importantly, the absorption bands most characteristic for collagen
identified also on FT-IR spectra of polymer-ceramic composites containing this protein (fish
or bovine origin) have been marked with a red frame in Figure 2a—c.

3.2. Studies on Swelling Capacity of Composite Materials

Next, investigations were aimed at determining swelling capacity of composite ma-
terials while the main purpose of the study was to verify the potential difference in this
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Swelling ratio, g/g

property between unmodified materials and materials modified with collagen. Importantly,
the impact of the average molecular weight of the crosslinking agent used during the
synthesis of composites on their swelling sorption was also discussed. Results of per-
formed studies are presented in Figure 3. In Table 2, the statistical analysis of obtained data
is presented.
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Figure 3. Results of swelling studies of composite materials in distilled water (a), SBF (b) and Ringer
liquid (c) (n—number of repetitions, n = 3).

One of the basic properties of hydrogel materials is their ability to absorb liquids
without permanent loss of shape and deterioration of mechanical properties. These abilities
result mainly from the hydration of such hydrophilic functional groups as -OH, —COOH
or -CONH,; occurring in the structure of the polymers and also are due to the presence
of capillary forces. Importantly, during such a sorption these materials do not dissolve,
which is due to numerous covalent or hydrogen bonds or electrostatic interactions between
polymer chains.

Based on the results of performed swelling investigations, it may be concluded that
all tested materials show swelling properties. The highest swelling ratios were calculated
for samples swelling in distilled water while the sorption in Ringer liquid and in SBF was
significantly lower. For example, sample 575_HAp after 1 h swelling showed x =1.84 g/g
in distilled water, o = 1.67 g/g in Ringer liquid and o = 1.66 g/g in SBF. Such results result
from the fact that the swelling process depends strictly both on the composition of tested
sample and the composition of the liquid in which sorption takes place. Lower values of
swelling ratios in SBF and Ringer liquid result probably from the occurrence of divalent ions
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in these liquids which may, in turn, affect the formation of additional crosslinks between
polymer chains thus increasing the crosslinking density of the polymer. This, in turn, leads
to a decrease of free spaces between polymer chains available for absorbed liquid and
finally to lower swelling properties of samples in such liquids. In the case of distilled water,
where any additional ions do not occur, the above-described phenomenon concerning the
formation of additional crosslinks does not take place so there is more free space between
polymer chains for absorbed liquid.

Table 2. Statistical analysis of obtained data based on the two-way analysis of variance (ANOVA)
with repetitions.

Independent

Variable Study p*
Type;;;;c;sfsiionlll(;;g?gent 1 h swelling in distilled water ;géggg i }gji
Type;;;;‘(;sfslionlll(;ggr?gent 72 h swelling in distilled water gg;"?g z 18:3
P peotcalign 1 hswelling in SBF 042271
Type;;}:(z)sfsiionlll(;ggr?gent 72 h swelling in SBF 57;53?11 i }gii
T LTSRS
Typel?;;;?fsii;lf;ggr?gent 72 h swelling in Ringer liquid iggigi i 18:1:

* p indicates the statistical significance calculated using the two-way analysis of variance (ANOVA).

Moreover, it was observed that all samples prepared using a crosslinking agent with
an average molecular weight 575 g/mol (PEGDA 575) showed higher swelling ability
than materials obtained using PEGDA 700. The observed dependence is related to a
different structure of crosslinked materials depending on the crosslinking agent used. The
highest differences were observed during first 24 h of the swelling. Analogous results were
presented in other works [36]. The use of the crosslinking agent PEGDA 575 resulted in the
synthesis of polymer matrices consisting of shorter polymer chains compared to the chains
occurring in the structure of materials obtained using PEGDA 700. Such a difference affects
the swelling properties of tested materials—shorter polymer chains resulted in a formation
of more developed and porous structure which may absorb more liquids. Thus, the highest
differences in swelling ratios of composites obtained using different crosslinking agents
were observed between values calculated after 1 h and after 24 h when the material absorbs
liquids mainly on the surface. During the next hours of swelling, a penetration of liquids
into the interior of analyzed polymer samples takes place, therefore differences between
swelling ratios after 48 h and 72 h compared to « after 24 h were slight. On the other
hand, any significant impact of the type of the collagen used on the swelling properties
of modified composite materials was not observed. Similar observations concerning the
sorption capacity of the materials modified with collagens of various origin were presented
by Ghodbane et al. [42]. Nonetheless, the differences between unmodified samples and
samples modified with collagen were observed. Both introduction of fish collagen and
bovine collagen into the composite materials resulted in an increase in their swelling
properties. In general, collagen is responsible for water binding in tissues. Thus, its ability
of water sorption translates into the highest swelling ability of composites modified with
this protein compared to unmodified materials. These results are consistent with results
presented by Bai et al. who stated that as a result of the modification of materials with
collagen these materials had a higher amount of hydrophilic functional groups which
may interact with water [43]. As a result, materials with collagen show a higher swelling
capacity that was also reported in investigations presented here.
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3.3. Results of Incubation of Composite Materials in Selected Simulated Physiological Liquids

In Tables 3-5, results of 14-day incubation of composite materials are presented.
During the study, the change in pH was determined as a function of time while the
measurements were also performed for incubation liquids without samples (reference
measurements).

Table 3. Results of incubation in distilled water.

pH Value
Sample
Day 0 Day 2 Day 4 Day 6 Day 8 Day 10 Day 12 Day 14
Distilled wat 7.218 7.114 7.015 7.054 7177 6.912 7.036 6.991
1stitied water +0.216 +0.211 +0213 +0.209 +0214 + 0211 +0.216 +0.208
75 HA 7.132 7.141 7.053 6.990 7.012 6.984 7.013 7.181
-HAP +0.215 +0.212 + 0.209 +0.210 +0.215 +0.208 +0.213 +0.214
700 HA 7.041 7.028 6.986 6.944 6.972 6.954 7.021 7.047
AP +0.211 +0.208 +0.210 + 0.208 + 0211 +0.209 + 0.208 +0.211
. 7.183 6.604 6.694 6.756 6.833 6.757 6.655 6.842
575 HAp/Col-fish /o1 +0.198 +0.201 +0.205 +0.202 +0.199 +0.203 +0.201
. 7.144 6.557 6.645 6.723 6.782 6.710 6.681 6.796
700_HAp/Col-fish " 14 +0.194 +0.201 +0.192 +0.203 +0.198 +0.203 +0.196
7.164 6.564 6.656 6.715 6.793 6.511 6.612 6.809
575 HAp/Col-bov 15 +0.198 +0.197 +0.202 +0.204 +0.195 +0.197 +0.203
7.148 6.534 6.625 6.687 6.764 6.486 6.582 6.773

700_HAp/Col-bov

+0.214 =+ 0.202 +0.198 +0.203 =+ 0.195 + 0.197 + 0.194 +0.200

Table 4. Results of incubation in SBF.

pH Value
Sample

Day 0 Day 2 Day 4 Day 6 Day 8 Day 10 Day 12 Day 14

SBE 7.485 7.491 7.542 7.493 7.438 7.501 7.493 7.570
+0.222 +0.226 +0.225 + 0.224 + 0.224 +0.227 +0.222 +0.225

575 HA 7.526 7.466 7546 7.496 7.406 7.566 7516 7.636
-HApP +0.226 +0.224 +0.223 +0.226 +0.227 +0.225 +0.223 +0.224

700 HA 7.584 7484 7434 7.444 7.451 7.474 7.474 7.444
-HApP +0.227 +0.223 +0.222 +0.222 +0.223 +0.225 + 0.224 +0.223

. 7.576 7.455 7.425 7.435 7.505 7.465 7.465 7.435
575 HAp/Col-fish /) og +0.226 +0.227 +0.224 +0.229 +0.227 +0.226 +0.226

. 7.585 7.484 7.633 7.646 7511 7.572 7.572 7.546
700_HAp/Col-fish ") o +0.227 +0.223 +0.224 +0.226 +0.227 +0.226 +0.225

7557 7.413 7443 7.453 7.423 7.483 7483 7.453
575 HAp/Col-bov /g +0.223 +0.223 + 0.224 +0.227 +0.226 +0.227 +0.225

7.694 7.496 7.423 7.431 7.405 7.461 7.463 7.434
700_HAp/Col-bov ) o5y +0.229 +0.227 +0.226 +0.224 +0.225 +0.227 +0.225

Based on the above presented results, it may be concluded that in the case of all tested
samples, pH values measured in the course of their incubation varied, but only slightly.
Rapid jumps in pH values could indicate the degradation of polymer matrices or the
release of potential unreacted reagents such as crosslinking agent or photoinitiator from
their interior. In the case of tested composite materials, such changes were not observed,
which, in turn, may be evidence of the preparation of properly-crosslinked materials which
show biocompatibility with tested environments. The only big difference (compared to
the other results) was observed in the case of samples modified with collagen. This was
probably related to the method of its preparation. The collagen hydrolysates introduced
into the polymer matrices were obtained as a result of an enzymatic hydrolysis performed
in an acidic environment which, in turn, may translate into the mentioned pH decrease
during the incubation of such modified materials. However, these changes were slight
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and, importantly, the least noticeable for samples immersed in SBF, which may probably be
evidence of well buffering properties of prepared composites in this liquid.

Table 5. Results of incubation in Ringer solution.

pH Value
Sample
Day 0 Day 2 Day 4 Day 6 Day 8 Day 10 Day 12 Day 14
Rinser solution 5.749 5.881 5.941 5.820 5.842 5.841 5.850 6.051
ger solutio +0.172 +0.176 +0.174 +0.175 +0.173 +0.172 +0.176 +0.181
575 HA 5.654 5.794 5.854 5.834 5.854 5.754 5.864 6.064
-HApP +0.169 +0.173 +0.175 +0.175 +0.181 +0.176 +0.174 +0.176
700 HA 5.751 5.891 5.851 5.831 5.851 5.751 5.861 6.061
i 4 +0.169 +0.164 +0.166 +0.167 +0.164 +0.166 +0.169 +0.170
. 5.634 5.474 5.534 5.474 5.434 5.534 5.544 5.584
575 HAp/Col-fish 77 +0.175 +0.172 +0.181 +0.174 +0.175 +0.174 +0.176
. 5.641 5.481 5.541 5.421 5.441 5.541 5.551 5.451
700 HAp/Col-fish 5 169 +0.164 +0.166 +0.167 +0.164 +0.169 +0.167 +0.168
5.625 5.465 5.425 5.405 5.425 5.525 5.475 5.435
575 HAp/Col-bov ' 1¢7 +0.168 +0.165 +0.162 +0.166 +0.167 +0.164 +0.169
5.621 5.561 5.621 5.501 5.421 5521 5.531 5.541
700 HAp/Col-bov 7 16e +0.165 +0.168 +0.166 +0.168 +0.169 +0.171 +0.167

3.4. Results of Investigations on Wettability of Composites

In order to verify the hydrophilic/hydrophobic nature of the surface of prepared
composite materials, the values of their contact angles were determined. The study was
conducted using two measuring liquids, i.e., distilled water and diiodomethane. Results of
the research are shown in Figure 4 while in Table 6 the statistical analysis of obtained data

- Water

80+ \:’ Diiodomethane
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1
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. A

0 -
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700 _HAp/Coll-fish 700 HAp/Coll-bov
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(a) (b)

Figure 4. Contact angles of composite materials modified with collagen (fish or bovine one) deter-
mined both for distilled water and diiodomethane (a) and example images of distilled water-wetted
composites (b) (n—number of repetitions, n = 3).
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Table 6. Statistical analysis of obtained data based on the two-way analysis of variance (ANOVA)
with repetitions.

Independent Variable Measuring Liquid p*
Type of crosslinking agent . 0.00157
Type of collagen Distilled water 0.01485
Type of crosslinking agent .. 4.85299 x 104
Type of collagen Diiodomethane 0.00591

* p indicates the statistical significance calculated using the two-way analysis of variance (ANOVA).

Furthermore, the analysis performed using two mentioned measuring liquids, i.e.,
both polar and non-polar one, allowed to determine the surface free energies of analyzed
composite materials, whose values are presented in Table 7.

Table 7. Surface free energies determined for tested composites.

Surface Free Energy

Sample * Polar, Dispersive, Total Free Energy,
mJ/m? mJ/m? mJ/m?
575_HAp/Coll-fish 21.28 26.59 47.87
575_HAp/Coll-bov 18.71 33.74 52.45
700_HAp/Coll-fish 14.90 29.74 44.64
700_HAp/Coll-bov 1.40 43.66 45.06

* for samples HAp_ 575 and HAp_ 700 values of contact angles could not be determined.

Proper dental orthopedic implantation depends strictly on the osteointegration degree,
i.e., on the possibility of formation of stable connection between the implant and the tissue.
This, in turn, depends on many factors including e.g., the physicochemistry of the implant
surface. One of the most important parameters of such a surface is its hydrophilicity.
Thus, it was important to perform investigations aimed at determining the contact angles
of obtained composite materials which, in turn, allowed to define the hydrophilic or
hydrophobic nature of their surfaces. For example, it was demonstrated that hydrophilic
surfaces affect the formation of the environment conducive to bone growth [44]. It is
assumed that the mentioned dependency is related to the rapid spread of serum on the
hydrophilic surface of the implant which, in turn, provides a good substrate for bioactive
substances [45]. These substances may significantly affect the early adhesion of cells, their
proliferation and differentiation [46,47]. The materials whose contact angle with polar
liquid is less than 90° are defined as hydrophilic. Thus, it may be concluded that all tested
composites are hydrophilic in nature. This is a significant advantage of developed materials
when considering their potential use for biomedical use including tissue engineering.

In the case of unmodified samples, i.e., 575_HAp and 700_HAP, determining the
contact angle was not possible. The drops of the measuring liquid spread over the surface
of these material at the very first moment of the measurement. Thus, the images showing
the first contact of a drop with unmodified materials were not recorded which, in turn,
made it impossible to determine the contact angles of these samples.

In the case of the rest of tested samples, it may be concluded that composites prepared
using PEGDA 575 showed lower contact angles than samples obtained using PEGDA 700,
indicating better surface wettability. Values of contact angles of samples synthesized
using PEGDA 700 were significantly higher, which indicated a less hydrophilic nature
of their surfaces. Here, due to the use of the crosslinking agent with a higher average
molecular weight during the synthesis, prepared materials consisted of long polymer
chains. As a result, functional groups deriving from collagen as well as functional groups
from the structure of PVP and PVA responsible for interactions with polar measuring
liquid (distilled water) may be “embedded” between these long chains (“trapped” inside
the polymer matrix). On the other hand, the polymer matrix obtained using PEGDA 575
consisted of short polymer chains, thereby the mentioned hydrophilic functional groups
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may be more exposed and thus more available for interactions with measuring liquid via
e.g., hydrogen bonds.

3.5. Results of the Evaluation of the Surface Roughness of Composite Materials

The roughness of tested materials is another important parameter affecting the ad-
hesion and growth of cells, therefore the next investigations concerned the determination
of parameters describing the surface roughness. The study was performed via the profile
method according to the ISO 4287 standard [37]. Values characterizing the roughness
of tested materials are presented in Table 8, and statistical analysis of obtained data is
presented in Table 9.

Table 8. Roughness parameters according to ISO 4287 standard [37].

Sample Name R,, pm Rq, um Ry, pm
575_HAp 8.18 +1.36 9.87 £1.79 —0.09 £ 0.17
575_HAp/Coll-fish 9.63 + 0.06 11.71 £ 0.06 —0.07 £ 0.03
575_HAp/Coll-bov 9.02 £0.53 11.15 + 0.38 —0.02 £ 0.32
700_HAp 8.42 +1.49 10.15 + 1.56 —0.11 £ 0.31
700_HAp/Coll-fish 9.17 £+ 0.96 11.23 +£1.18 —0.11 £ 0.23
700_HAp/Coll-bov 7.98 £+ 0.68 1045 + 1.57 —0.12 + 047

Table 9. Statistical analysis via the two-way analysis of variance (ANOVA) with repetitions.

*
Independent Variable P
Ra Rq Rgi
Type of crosslinking agent 0.08072 0.19422 0.89284
Type of collagen 0.21614 0.48395 0.94069

Addition of Coll-fish (compared to unmodified material) 0.25956 0.26533 0.95593
Addition of Coll-bov (compared to unmodified material) 0.43402 0.04523 0.86937

* p indicates the statistical significance calculated using the two-way analysis of variance (ANOVA).

In Figures 5 and 6, roughness profiles and surface topography of analyzed materials
are shown.

The roughness and the surface topography of composite materials designed for appli-
cation in implantology and tissue regeneration are one of the most important factors which
may promote the osteointegration. The roughness of the surface had a great impact on the
potential interactions between newly formed bone tissue and the implant. The proliferation
of cell as well as the formation of extracellular matrix at the interface between the implant
and the healthy tissue is a key aspect in the bone reconstruction process. For example, in
previous studies it was proved that rough and bioactive surface of the implant may provide
an improved adhesion and proliferation of human osteoblasts [48]. In the case of all tested
materials, roughness parameter R, was within the range 7.98-9.63 um, which indicated a
relatively high roughness of analyzed composites. This, in combination with the fact that
analyzed materials were modified with a ceramic phase, i.e., hydroxyapatite, which pro-
vides osteoinductive and osteoconductive properties, allowed to conclude that developed
materials showed properties conducive to bone tissue regeneration due to the roughness of
their surface and simultaneous bioactivity provided via a presence of a ceramic phase.
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Figure 5. The roughness profile (left) and 3D image of sample 575_HAp (a), 575_HAp /Coll-fish (b)
and 575_HAp /Coll-bov (c).
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Figure 6. The roughness profile (left) and 3D image of sample 700_HAp (a), 700_HAp /Coll-fish (b)
and 700_HAp /Coll-bov (c).

4. Conclusions

Spectroscopic analysis confirmed the occurrence of absorption bands characteristic for
the modifier used, i.e., collagen. This, in turn, confirmed the effectiveness of the synthesis
methodology applied which led to obtaining modified composites.

Next, it was proved that all tested composite materials showed swelling properties in
simulated physiological liquids while the highest sorption was observed in distilled water
(swelling ratio o« = 2.0 g/g after 1 h). Swelling in SBF and Ringer liquid was adequately
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11.0% and 8.5% lower, which was a result of the presence of numerous ions in these
solutions which may increase the crosslinking density of such materials.

Impact of the modification of composites on their physicochemical properties was
demonstrated. It was proved that modification of polymer—ceramic composites with
collagen resulted in an increase of swelling ratios by 0.5-1.0 g/g compared to unmodified
composites. Next, considering the results of wettability investigations, it was demonstrated
that values of contact angles determined for polymer—ceramic composites modified with
collagen were lower than 90°, which indicated the hydrophilic nature of the surfaces of
developed materials. Furthermore, performed statistical analysis proved that the both the
type of the crosslinking agent used and the type of collagen had a statistically significant
impact on such properties as wettability and swelling ability in selected conditions.

During 14-day incubation of composites in simulated physiological liquids, any rapid
pH changes were not observed. Such changes might indicate the potential degradation of
immersed liquids.

In the case of studies on roughness of composite materials, any statistically significant
impact of both the average molecular weight of the crosslinking agent used and the type
of collagen introduced into the polymer matrix, was not demonstrated. All composites
showed similar surface roughness, which was due to a ceramic phase (hydroxyapatite)
present in all tested materials.

Considering such advantages of developed polymer—ceramic composites modified
with collagen as their quick and simple synthesis, a possibility of the preparation of their
various shapes and sizes depending on the vessel in which the polymerization is performed
as well as their properties desirable in viewpoint of bone tissue regeneration, it may be
concluded that developed materials showed great application potential and should be
subjected to more advanced experiments.
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Abstract: Electroactive composite materials are very promising for musculoskeletal tissue engi-
neering because they can be applied in combination with electrostimulation. In this context, novel
graphene-based poly(3-hydroxybutyrate-co-3-hydroxyvalerate)/polyvinyl alcohol (PHBV /PVA)
semi-interpenetrated networks (semi-IPN) hydrogels were engineered with low amounts of graphene
(G) nanosheets dispersed within the polymer matrix to endow them with electroactive properties. The
nanohybrid hydrogels, obtained by applying a hybrid solvent casting—freeze-drying method, show
an interconnected porous structure and a high water-absorption capacity (swelling degree > 1200%).
The thermal characterization indicates that the structure presents microphase separation, with PHBV
microdomains located between the PVA network. The PHBV chains located in the microdomains
are able to crystallize; even more after the addition of G nanosheets, which act as a nucleating agent.
Thermogravimetric analysis indicates that the degradation profile of the semi-IPN is located between
those of the neat components, with an improved thermal stability at high temperatures (>450 °C) after
the addition of G nanosheets. The mechanical (complex modulus) and electrical properties (surface
conductivity) significantly increase in the nanohybrid hydrogels with 0.2% of G nanosheets. Never-
theless, when the amount of G nanoparticles increases fourfold (0.8%), the mechanical properties
diminish and the electrical conductivity does not increase proportionally, suggesting the presence of
G aggregates. The biological assessment (C2C12 murine myoblasts) indicates a good biocompatibility
and proliferative behavior. These results reveal a new conductive and biocompatible semi-IPN with
remarkable values of electrical conductivity and ability to induce myoblast proliferation, indicating
its great potential for musculoskeletal tissue engineering.

Keywords: carbon-based nanocomposite; conductive cell substrate; semi-IPN hydrogel; graphene
nanosheets; poly(3-hydroxybutyrate-co-3-hydroxyvalerate); polyvinyl alcohol

1. Introduction

Tissue engineering (TE) aims to engineer artificial biocompatible structures which
mimic the in vivo environment of a specific tissue, allowing its regeneration and healing.
This strategy combines engineered biomaterials, specific cell populations, and bioactive
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molecules to induce differentiation in different human tissues [1-4]. A wide variety of
polymeric biomaterials can be used to generate artificial scaffolds for TE, both of natural and
synthetic origin. Natural polymers are those derived from living organisms, which present
excellent biocompatibility, biodegradability, and biological performance [5,6]. Nevertheless,
their lack of strong mechanical properties and other tissue microstructural features might
limit their applications [7]. On the other hand, synthetic polymers are artificially produced,
and their properties, such as mechanical strength, chemical stability, or microstructural
topography, can be modeled to match specific requirements for different tissues to enhance
cell adhesion, proliferation, and differentiation [8].

Hydrogels are of special interest in TE, since they are hydrophilic crosslinked struc-
tures able to retain large amounts of water/fluids without being dissolved [9]. Several
polymers have been employed for hydrogel preparation, with poly (vinyl alcohol) (PVA)
being one of the most interesting. PVA is a synthetic polymer with good biocompatibility
and hydrophilic behavior produced from vinyl acetate and approved for biomedical ap-
plications by the American Food and Drug Administration (FDA). Its molecular structure
can be modified by crosslinking its -OH groups with different methodologies (e.g., chemi-
cal crosslinking with glutaraldehyde, physical crosslinking by freeze-thaw, etc.) to form
hydrogels with excellent water-sorption capacities, widely used in different applications
such as drug delivery, wound dressing, and tissue engineering [10-13]. However, its low
mechanical properties and lack of cell adhesive motifs require surface modification or
combination with other polymers to produce novel biomaterials with enhanced properties
and broader applications [14,15]. Semi-interpenetrated polymer networks (semi-IPNs)
represent an interesting approach to combine different natural and/or synthetic polymers,
forming polymeric composites in which only one component is crosslinked, and the other/s
remains entangled into the crosslinked matrix in a linear or branched conformation [10,16].
With a semi-IPN structure based on crosslinked PVA and a second polymer that will im-
prove its drawbacks, the properties of the hydrogel can be maintained while enhancing
mechanical properties and bioactivity (in terms of cell adhesion).

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is a natural aliphatic biopolyester
found in different bacteria and archaea as an internal carbon source and energy storage [17].
Itis also approved by the FDA, and its excellent mechanical properties, tunable degradation,
and cell adhesion capacity make PHBV one of the most studied polyhydroxyalkanoates
(PHAS) in the field of TE [18-21]. Its brittleness, null antimicrobial activity, and no water
sorption due to its hydrophobic nature evidence that a suitable application for PHBV would
be its use in combination with hydrophilic and more flexible polymers [22].

In addition, conductive biomaterials have been used in TE to generate electroactive
substrates able to stimulate regeneration in electrically active tissues (bone, nerve, heart,
muscle) even without external electrical stimulation [23-26]. Conductive polymers, such
as polyaniline (PANI), polypyrrole (PPy), poly(3,4-ethylenedioxythiophene (PEDOT), etc.,
and carbon nanomaterials are typically used in combination with natural or synthetic
biomaterials [27,28]. Graphene (G), a characteristic 2D carbon nanomaterial, is of particular
interest in the biomedical field since it presents remarkable conductivity, excellent mechani-
cal properties, good thermal stability, and extended surface area [29,30]. Graphene itself
and some of its derivates such as graphene oxide (GO) and reduced graphene oxide (rGO)
have been proposed as a new approach to enhance regeneration of different electrosensi-
tive tissues [30-33]. Hurtado et al. recently reported that the incorporation of graphene
nanoplatelets into semi-IPNs of calcium alginate and PHBV significantly increased its
antiviral activity against a surrogate of SARS-CoV-2, while showing a good compatibility
with human keratinocyte HaCaT cells [22]. Several approaches have developed conductive
PVA hydrogels for tissue engineering applications in combination with different conduc-
tive nanoparticles. For example, Wang et al. [34] described how the combination of PVA
with GO and rGO increased cell attachment in comparison with pure PVA. Moreover, the
mechanical and electrical properties of PVA were significantly enhanced after the addition
of few-layer graphene [35]. In addition, the combination of hydrophobic polymers such as
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PHBV or PCL with graphene nanosheets have resulted in different nanocomposites with en-
hanced conductivity, mechanical properties, and good cell adhesion [36,37]. Nevertheless,
the lack of hydrophilicity limits their application in tissue engineering. To our knowledge,
there is no evidence in the literature about the combination of PVA /PHBV materials with G
nanosheets to obtain novel nanohybrid hydrogels with electroactive properties for muscle
tissue engineering.

In previous work from our research group, we developed and patented a novel semi-
IPN based on PHBV /PVA with incorporated PPy nanoparticles to enhance the network’s
conductivity [10,38]. The obtained nanocomposite presented a homogeneous compact
structure with enhanced thermal and conductive properties, but it lacked a 3D porous
structure, and the conductivity values were quite low, even with high nanoparticles content
(up to 15% wt/wt). Therefore, the door was left open to further study different approaches
to modify this novel hydrogel in terms of morphology, swollen properties, and electrical
conductivity for its use as electroactive artificial extracellular matrix for TE.

In the present work, we developed a new method to generate PHBV /PVA semi-IPNs
with a porous 3D structure, incorporating G nanosheets to generate new 3D polymeric
networks (PHBV /PVA/G) with enhanced conductivity despite using ultra-low graphene
concentrations (0.2% and 0.8% wt/wt) to mimic the physiological electrical properties
of musculoskeletal tissue and avoid potential cytotoxic effects. The morphological and
physicochemical characterization was performed by electronic microscopy, Fourier trans-
form infrared spectroscopy, swelling assay, thermal and mechanical analysis, and surface
electrical conductivity. Finally, its biocompatibility was assessed with murine myoblasts
(C2C12 cell line).

2. Materials and Methods
2.1. Materials and Reagents

PVA (Mw 13,000-23,000 g/mol, 87-89% hydrolyzed), 1-methyl-2-pyrrolidinone (NMP)
(Mw 99.13 g/mol), and G nanosheets were supplied from Sigma Aldrich-Merck, St. Louis,
MO, USA. PHBYV, with 2% wt of 3-hydroxyvalerate (Mw 410,000 g/mol) was purchased
from Goodfellow (Huntingdon, UK). Chloroform (Mw 119.4 g/mol, 99.9% pure), glu-
taraldehyde (GA) (25 % wt/wt solution), methanol (Mw 32 g/mol, 99.8% pure), and
sulfuric acid (Mw 98 g/mol, 95-98% pure) were supplied by Scharlab, Sentmenat, Spain.
All reagents were used as received.

2.2. Preparation of Semi-IPN PHBV/PVA/G Hydrogels

The materials’ synthesis was adapted from a previous work by the same research
group in which a similar goal was shared: development of semi-IPN hydrogels based on
PHBV/PVA, ratio 30/70 wt/wt, with conductive properties provided by filler nanoparticles.
Nanoparticles of the conductive polymer PPy were added as conductive filler [10]. In this
work, the aim is to obtain highly porous 3D structures with electroactive properties by
using very low amounts of G nanosheets. A new method to prepare the materials was
developed, based on a hybrid solvent casting—freeze-drying process.

PVA was dissolved in NMP (5% wt/wt) for 2 h at 150 °C, while PHBV was dissolved in
chloroform (3% wt/wt) for 2 h at 50 °C (both with continuous stirring of 500 rpm for PHBV
and 300 rpm for PVA). Then, PHBV and PVA solutions were mixed in a 30/70 PHBV /PVA
ratio and the crosslinking solution (4% wt/wt GA with respect to the total PVA content) was
added and stirred for 30 min at 50 °C prior to solvent casting, in order to crosslink the PVA
chains, forming a hydrogel where PHBV remains entangled within the PVA matrix. This
solution was composed of GA (crosslinker, 25% GA solution), methanol (quencher, diluted
50% in MilliQQ water), acetic acid (pH controller, diluted 10% in MilliQ water), and sulfuric
acid (catalyst, diluted 10% in MilliQ water) mixed in a 2:2:3:1 volumetric ratio [10]. Then,
the solution was transferred to Petri dishes for solvent casting (24 h at 60 °C), followed
by three consecutive washings with MilliQQ water (three times) and three immersions in
MilliQ water after 1 h, 3 h, and 24 h to remove any traces of solvent and keep the swollen
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state of the samples. Then, the samples were frozen at —80 °C for 24 h and subsequently
lyophilized for 72 h at —80 °C under vacuum (0.1 mbar) to preserve the porous structure.

Crosslinked PVA and pristine PHBV were used as reference. Crosslinked PVA was
obtained following the same procedure but skipping the mixing step with PHBV. PHBV
samples were obtained by solvent casting; the PHBV-chloroform solution was poured into
a Petri dish, allowing solvent evaporation for 24 h at room temperature, followed by drying
at 60 °C under vacuum to constant weight to completely remove all traces of solvent.

A previous step was carried out to prepare the semi-IPNs of PHBV /PVA containing
G nanoparticles (in the form of nanosheets). The nanoparticles (0.2% and 0.8% wt/wt
relative to the total polymeric mass) were dispersed in the specific amount of NMP needed
to dissolve PVA in an ultrasonic bath for 6 h, after which PVA was dissolved in the NMP-G
suspension. Then, the semi-IPN PHBV /PVA /G substrates were prepared following the
same protocol described for the semi-IPN without G nanosheets.

Table 1 provides detailed information about the sample compositions of the study.

Table 1. Notation of the samples.

Identification Description

PHBV PHBV 3% wt/wt film (solvent casting)
PVA 5% wt/wt film crosslinked with 4% wt/wt GA (solvent
casting—freeze-drying)
30% PHBV /70% PVA semi-IPN crosslinked with 4% wt/wt GA
(solvent casting—freeze-drying)

30% PHBV /70% PVA semi-IPN crosslinked with 4% wt/wt GA
+ 0.2% G nanosheets (solvent casting—freeze-drying)

30% PHBV /70% PVA semi-IPN crosslinked with 4% wt/wt GA
+ 0.8% G nanosheets (solvent casting—freeze-drying)

c-PVA
c-PHBV/PVA
¢-PHBV/PVA 0.2% G

c¢-PHBV/PVA 0.8% G

Figure 1 shows the preparation process of the hydrogel scaffolds and the schematic
diagram of the proposed PVA-PHBV-G system.

a)
PVA/G

y "B — ==

Graphene (6) Solvent casting PHBV/PVA/G
PHBV/PVA/G Freeze-drying Lyophilized hydrogel
Sparsion RHBY. 24h 60 °C Hydrogel 72h-80°C
b) Crosslinking Crosslinking
PVA

PVA
PHBV

B Gluaraldehyde :>

%

Figure 1. (a) Preparation process of the hydrogel scaffolds and (b) schematic diagram of the proposed
PVA-PHBV-graphene hydrogel system. Created with Biorender.com.

Semi-IPN of PHBV/PVA
with G nanosheets

PHBV

Semi-IPN of
PHBV/PVA

PHBYV

2.3. Morphological and Physicochemical Characterization
2.3.1. Electron Microscopy

The surface and cross-section morphology of the crosslinked samples were analyzed
by SEM (Zeiss ULTRA 55 Field Emission Scanning Electron Microscope (FESEM) (Carl
Zeiss Microscopy, Jena, Germany)) with an accelerating voltage of 1.5-3.0 kV. The samples
were coated with a platinum layer using a sputter coating (EM MEDO020, Leica, Wetzlar,

56



Materials 2023, 16, 3114

Germany). The cross-section was observed in samples previously immersed in liquid
nitrogen and cryofractured.

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared (FTIR, Bruker ALPHA II Compact FI-IR Spectrometer, MA,
USA) was used to study the surface functional groups (transmittance mode). The experi-
ments were carried out at room temperature using 32 scans over a range of 4000-400 cm !

at a resolution of 2 cm 1.

2.3.3. Swelling Assay

Swelling experiments were performed gravimetrically in crosslinked samples. Circular
freeze-dried samples (11 mm diameter) were immersed in MilliQ water at 37 °C until
equilibrium after 24 h. Redundant surface water was removed using filter paper. The
experiments were performed in triplicate to ensure reproducibility.

Samples were weighted before (Wy) and after (W;) swelling, and the swelling degree
(Weq) was calculated as follows:

u.lo

Weq (WO) = WO

0 1)

2.3.4. Differential Scanning Calorimetry (DSC)

DSC analysis was carried out in a PerkinElmer DSC 8000 (Pekin Elmer, Waltham, MA,
USA) under a flowing nitrogen atmosphere (20 mL/min). After erasing the effects of any
previous thermal history by heating at 220 °C for 5 min, the samples were subjected to
a cooling scan down to —20 °C, followed by a heating scan from that temperature up to
220 °C, both at 20 °C/min. The glass transition temperature, T, was calculated from the
heating scan as the inflexion point of the specific heat capacity, C,, vs. temperature, which
coincides with a maximum in the temperature derivative (dc,/dT).

The degree of crystallinity, X (%), was calculated according to

AHlll
X (%) = #-100 @)

comp

where AHy, is the melting enthalpy of the sample, AH? is the melting enthalpy for the 100%
crystalline component of the semi-IPN, and w is the component weight fraction.

2.3.5. Thermogravimetric Analysis (TGA)

TGA was used to study the thermal decomposition kinetics. Vacuum-dried samples
(5-10 mg weight) were heated from 30 to 600 °C at a rate of 10 °C/min using a Mettler
Toledo TGA 2 (SF) system (Mettler Toledo, Columbus, OH, USA). The mass of the samples
was constantly measured as a function of temperature.

2.3.6. Mechanical Properties

Dynamic mechanical analysis was performed on a DMA 8000 (PerkinElmer, Waltham,
MA, USA) at a frequency of 1 Hz on circular samples (11 mm diameter) in an immersion
bath (MilliQ water) in compression mode. The storage modulus (E’) and loss modulus (E”)
were measured in the temperature range 36 to 38 °C at a heating rate of 1 °C/min.

2.3.7. Electrical Conductivity

To study the conductivity of the developed hydrogels, a flat structure was needed to
ensure good contact with the probes. Thus, the hydrogels were first hydrated, subsequently
placed between glass covers, and dried in a vacuum until constant weight to remove any
water residue.
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The electrical surface resistance (Rg) of flat circular samples (10 mm diameter) was
measured on a T2001A3-EU four-point probe system-EU plug (Ossila Limited, Sheffield,
UK). The electrical conductivity (c) was calculated according to the following expression:

1
Rs><l

®)

where [ is the film thickness, measured with a digital caliper (Acha, Spain). The measure-
ments were performed in triplicate to ensure reproducibility.

2.4. Cytotoxicity Assessment

The cytotoxicity of the hydrogels was tested by performing a direct MTS assay. This
colorimetric test is based on the reduction of the tetrazolium salt (3-[4,5, dimethylthiazol-
2-yl]-5-[3-carboxymethoxy-phenyl]-2-[4-sulfophenyl]-2H-tetrazolium) (MTS) by the mito-
chondrion NADPH-dependent dehydrogenases, only active in viable cells. This metabolic
process results in the generation of a soluble formazan dye whose absorbance can be
quantified, providing information on the viability of cells cultured on the material.

Murine myoblasts (C2C12 cell line) were cultured on plasma-treated 24-well culture
plates at 20.000 cells/cm? with growth media (DMEM high glucose, 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin antibiotic mix (P/S)) for 48 h at 37 °C and 5%
CO, to allow cell confluence. Cell substrates (c-PHBV/PVA, c-PHBV/PVA 0.2% G, and
c-PHBV/PVA 0.8% G) were first sterilized with 3 consecutive washings (5 min) with 70%
ethanol and one last washing (10 min) with MilliQQ water and then placed above cells in
direct contact (3 biological replicates with 3 technical replicates for each biological replicate,
material, and time). These conditions were kept for 24, 48, and 72 h. At every time point,
the materials were carefully removed, and the culture medium was replaced by DMEM
without phenol red with an MTS 1:10 dilution and left incubating for 2 h to allow MTS
metabolization by cultured cells. After that, the resulting formazan-dyed media absorbance
was measured in a microplate reader (Victor Multilabel Plate Reader, Perkin Elmer, MA,
USA) at 490 cm ™. Cell viability was calculated as follows:

o ODtest
Cellviability (%) = ODeontrol * 100 4)
where OD corresponds to the optical density of the tested material and OD control is the
optical density of the negative control. The negative control (cell life) consisted of C2C12
seeded in growth media without any material. C2C12 cells seeded in growth media, with
2% triton X-100 solution inoculation 1 h before MTS inoculation (at every time point), were
used as positive control (cell death).

2.5. Statistical Analysis

Statistical analysis was carried out by one-way ANOVA tests on all samples using
GraphPad Prism 8.0 software, with three replicates per condition unless noted. Data are
presented as mean =+ standard deviation. If significant differences were noted between
samples, Tukey tests were used to perform pairwise comparations with a 95% confidence
level (p < 0.05).

3. Results and Discussion
3.1. Microstructure and FTIR Analysis of the Nanohybrid Hydrogels

The morphology of the samples is depicted in Figure 2 (surface) and Figure 3 (cross-
section). The combined technique (solvent casting—freeze-drying) produced a highly
interconnected porous structure with pores between 0.5 and 10 pm (crosslinked PVA
(Figures 2a and 3a) is included as reference). After the addition of 30% of the hydrophobic
polymer PHBYV, the porous structure of the swollen samples is maintained, although a
decrease in pore size and the presence of small threads (more noticeable in the surface
images can be observed (Figures 2b and 3b). The reduction in the pore size indicates a
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decrease in the swollen capacity, which is analyzed below. However, the semi-IPN shows a
homogeneous structure, and the small threads can be produced by traces of PHBV or PVA
not integrated into the structure of the semi-IPN during the solvent evaporation.

Figure 2. (a) High-resolution FESEM surface images of the hydrogels: (a) c-PVA, (b) c-PHBV/PVA,
(c) c-PHBV/PVA 0.2% G, and (d) c-PHBV/PVA 0.8% G. (e f) Aggregated and detailed single-form
HRFESEM pictures of graphene nanosheets on a TEM grid previously dispersed in THE. To preserve
the porous structure, the samples were immersed in MilliQ water for 24 h, frozen in liquid nitrogen,
and stored at —80 °C until freeze-drying for 24 h. Magnification (a-d): 5 kX, (e): 3.5 kX, (f): 10.8 kX.

Figure 3. High-resolution FESEM cross-section pictures of the hydrogels: (a) c-PVA, (b) c-PHBV/PVA,
(c) -PHBV/PVA 0.2% G, and (d) c-PHBV /PVA 0.8% G. Cross-sections were obtained after cryogenic
cut with liquid nitrogen. Magnification: 7 kX.
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The addition of G nanosheets does not alter the porous structure, and the mixture
of the solvents water and chloroform, which are miscible, favors the dispersion of G
nanosheets, as observed in Figure 3c,d (see the yellow arrows in the cross-section images).
The methodology used to prepare the samples results in highly porous structures, both
in the surface (Figure 2c,d) and the cross-section (Figure 3c,d). It has been reported that
nano/micropores promote cell adhesion by increasing the surface area and facilitating nu-
trient diffusion. In addition, microporous structures (a few microns) play an important role
at the cellular level, improving the biological performance of artificial cell substrates [39].

FTIR spectra of the semi-IPN PHBV /PVA hydrogel with and without G nanosheets
are shown in Figure 4. Pristine PVA, crosslinked PVA (c-PVA), and PHBV are included
as reference. The spectra of neat PVA and c-PVA show the major vibrational peaks: the
stretching of OH groups (band between 3600 and 3200 cm~!) related to the intermolecular
and intramolecular hydrogel bonds, the vibrational band related to the stretching of the
C-H bond in the alkyl group (2840-3000 cm 1), and the stretching of the C=O and C-O
bonds (1750-1735 cm~!). PVA crosslinking with bifunctional crosslinker GA produces the
formation of acetal bridges between the hydroxyl groups in PVA and the aldehyde groups
of GA [40,41]. The reduction in the intensity of the OH band (3600-3200 cm ') in the c-PVA
sample evidences the crosslinking by the formation of acetal. The PHBV spectrum shows
the characteristic -C—O-C- stretching vibration (800 and 1050 cm~!) and a band related to
the C=0 stretching at 1719 cm ™! [42]. The spectrum of the semi-IPN PHBV /PVA reveals
the peaks related to both PVA and PHBV. The reduction of the intensity of the OH band
(3600-3200 cm 1) is indicative of the reduced number of the hydroxyl groups after the
addition of the hydrophobic PHBV [10]. As graphene does not have functional groups [43],
the FTIR spectra of the hydrogels with G nanosheets do not show differences to that of
the semi-IPN without nanoparticles, confirming that there is no interaction between the
graphene nanosheets and the polymer matrix.

PHBV 1719

______________________ £1050-800

c-PVA

transmittance (a.u)

c-PHBV/PVA 0.2% G

c-PHEV/PVA 0.8%

3800 3300 2800 2300 1800 1300 800 300
Wavenumber (cm-1)

Figure 4. Fourier transform infrared spectroscopy (FTIR) spectra in the region 4000-300 cm ™! of the
semi-IPN with and without G nanoparticles. Neat PVA, crosslinked PVA (c-PVA), and neat PHBV are
also included as reference samples.

3.2. Physical Characterization
3.2.1. Swelling Properties

The equilibrium swelling degree of the semi-IPN PHBV/PVA with and without
G nanosheets is included in Figure 5. As expected, the swelling capacity of the semi-
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IPN c-PHBV/PVA decreased significantly (p < 0.05) due to the presence of 30% of the
hydrophobic PHBV compared to crosslinked PVA (reference), although due to its high
porous structure, the swelling degree is still higher than 1200%. The addition of 0.2% and
0.8% of G nanosheets does not have a significant impact on the swelling capacity compared
with the semi-IPN without G nanoparticles, although statistically significant differences
remain with respect to crosslinked PVA (p < 0.05 and p < 0.01 for the nanocomposites
with 0.2% and 0.8% of G nanosheets, respectively). This behavior indicates that low
percentages of G nanosheets (<1%) distributed within the polymer matrix, despite being
highly hydrophobic, are not enough to affect the swelling capacity of the nanocomposites.
The highly porous structure is maintained after the addition of G nanosheets, allowing
swelling degrees higher than 1100%.
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Figure 5. Equilibrium swelling degree of the engineered hydrogels after 24 h immersed in MilliQ
water. Graph shows mean =+ standard deviation. (*) and (**) indicate significant differences (p < 0.05
and p < 0.01, respectively). Crosslinked PVA (c-PVA) is included as reference.

3.2.2. Thermal Behavior and Thermal Degradation

Figure 6 shows the DSC scan (on heating) of the material system, and the characteristic
thermal parameters obtained from the thermogram (glass transition temperature (Tg), cold
crystallization temperature (T¢(,11)), melting temperature (Ty,), melting enthalpy (AHy,),
degree of crystallinity (X.(%)) are collected in Table 2. Crosslinked PVA and neat PHBV
(flat sample) are included as references. Neat PHBV shows the glass transition process
around 0 °C (Ty), an exotherm peak related to cold crystallization (T4 = 45 °C) followed
by a multiple peak associated with the melting process (T, ~ 155 °C). As expected, and
consistent with previous results, no melting process was observed in crosslinked PVA,
pointing out that crystallization is prevented by the crosslinking to which the sample was
subjected. The glass transition process of crosslinked PVA can be observed in the interval
between 45 and 65 °C [10]. The semi-IPNs with and without G nanosheets show different
processes identified in both pristine PHBV and crosslinked PVA. The glass transition of the
PHBYV chains can be observed in the composites (see the arrows in Figure 4). In addition,
the thermogram shows a cold crystallization process in the same interval as the crosslinked
PVA glass transition, followed by a small melting process. The cold crystallization, between
30 and 50 °C, and the melting, from 130 to 170 °C, can be observed in the same intervals as
the PHBV cold crystallization and melting, respectively, suggesting that PHBV chains are
involved in these processes. These results indicate that the combined methodology used to
prepare the hybrid hydrogels induces phase separation between the hydrophilic PVA and
the hydrophobic PHBV.
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—PHBV c-PVA
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Figure 6. DSC thermograms at a rate of 20 °C/min of c-PHBV /PVA and ¢-PHBV /PVA with graphene
nanosheets (0.2% and 0.8%). Normalized heat flow on heating. Neat PHBV, crosslinked PVA (c-PVA),
and G nanosheets are included as reference.

Table 2. Glass transition temperature (Tg), cold crystallization temperature (T¢(c14)), melting temper-
ature (Ty;), melting enthalpy (AH;), degree of crystallinity (X.(%)), and decomposition temperature
at which weight loss was 50% (T 7502

Tg Tc(cold) T AHy, o, Tdf 50%
Sample e e €0 gy X e
PHBV —3.6 46 156 21.2 16.1 276.3
c-PVA 57 - - - 352.8
c-PHBV /PVA -3.5 50 162 1.0 2.6 334.5
c-PHBV /PVA 0.2% G -2 50,5 160 1.8 4.7 331.1
c-PHBV /PVA 0.8% G —-3.1 48 156 4.8 12.3 339.2

However, the semi-IPN morphology (at micrometric scale) is homogeneous, as shown
in the microscopy images (Figures 1 and 2), which indicate that the semi-IPN presents
microphase separation, with microdomains of PHBV highly intertwined with the PVA
network. As mentioned above, in a previous study, where PHBV /PVA semi-IPN with
PPy nanoparticles were prepared using a different methodology (solvent casting in two
phases at different temperatures), the thermal analysis (DSC results) showed a single
glass transition process located between those of the neat components, indicating a good
miscibility of the blend, with no phase separation [10]. Using this new method to obtain
hydrogels with higher porosity, the microphase separation might have occurred during the
washing and swelling in water applied between the solvent evaporation and the freeze-
drying, causing PHBV chains (of hydrophobic character) to clump together in the presence
of water. The PHBV chains inside the microdomains, despite the restriction imposed by the
PVA network, can reorganize and crystallize, albeit to a lesser extent than pristine PHBV, as
shown in Figure 6. The degree of crystallinity of the PHBV, X (%), was calculated according
to equation 2. The enthalpy AH,, was obtained from the area of the melting peak, taking a
baseline from 125 to 170 °C (Figure 4). Considering the low percentage of hydroxyvalerate
in the copolymer PHBV (2%), it can be assumed that the crystallization process is related to
poly-hydroxybutyrate (PHB); therefore, AHg,,,,, = AHpp, ~ AHDyp =132 ] /3.
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The degree of crystallinity of PHBV microdomains in the semi-IPN decreases signifi-
cantly compared to pristine PHBV (from 16.1 to 2.6%). The procedure used in this study,
despite the microphase separation, produces highly porous hydrogels with a good stability
in aqueous environments. The thermal behavior of the semi-IPN after the addition of G
nanosheets is not significantly changed. The cold crystallization process and melting of the
PHBV microdomains can be observed, although the crystallinity of these microdomains
increased from 2.6% for the semi-IPN PHBV/PVA without G nanosheets to 4.7% and
12.3% after the addition of 0.2% and 0.8% of G nanoparticles, respectively. These results
indicate that the G nanosheets, distributed within the semi-IPN, act as nucleating agent
for PHBV. The increase of G nanosheets from 0.2 to 0.8% (four times higher), raises the
crystallinity of the PHBV microdomains, although to a lesser extent (2.6-fold), suggesting
the presence of aggregates when the quantity of nanoparticles increases. The structure of
the PVA-PHBV-G hydrogel system is shown in Figure 1b.

The thermal degradation, analyzed by thermogravimetry for temperatures up to
600 °C, is shown in Figure 7. PHBV presents a one-stage degradation at temperatures
above 250 °C, related to the hydrolysis and chain scission that produce crotonic acid [44].
Crosslinked PVA shows a three-stage profile, related to moisture vaporization (50-130 °C),
followed by two processes at higher temperatures related to the dehydration of hydroxyl
groups and hydrocarbon products degradation (above 250 °C) and, finally, the breakage
of the main chain (above 400 °C) [45,46]. As expected, the degradation profile of the semi-
IPN PHBV /PVA is located between those of the components, closer to crosslinked PVA
(the major component of the semi-IPN) and with a similar behavior. The decomposition
temperature at which weight loss was 50% (T;_5¢%), included in Table 2, increases from
276.3 °C for pristine PHBV to 334.5 °C for the semi-IPN, close to 352.8 °C obtained for the
crosslinked PVA sample. The addition of G nanosheets does not significantly change the
degradation profile, which is similar to that of the semi-IPN without G nanosheets, with
T;_50% in the same temperature range (331.1-339 °C). However, at temperatures above
450 °C, a residual weight that increases with G nanosheets content can be observed, which
suggests that G nanosheets contribute to improve thermal stability at high temperature, as
previously reported [47].
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Figure 7. (a) Thermogravimetric analysis of the semi-IPN with and without G nanosheets. (b) Deriva-
tive of the weight loss. Neat PHBV and crosslinked PVA (c-PVA) are included as reference.

3.2.3. Mechanical and Electrical Properties

The measurement of mechanical properties by dynamical mechanical analysis is a
first approach to evaluate the applications of engineered scaffolds [48-50]. The complex
modulus, storage modulus (E’), and loss modulus (E”), obtained in a wet environment
(immersion bath) at 37 °C to simulate physiological conditions, are shown in Figure 8.
Statistically significant differences were found between all the samples (p < 0.001). As
expected, both E’ and E” increased from 7.52 x 10* Pa and 7.26 x 10% Pa, respectively, for

63



Materials 2023, 16, 3114

crosslinked PVA (considered as reference) to 1.02 x 10° Pa and 2.08 x 10* Pa for the semi-
IPN, due to the presence of 30% of PHBYV, that possesses higher mechanical strength. This
enhancement indicates that the PHBV chains, located between the PVA network, reinforce
the structure of the composite, despite the microphase separation between both compo-
nents (as stated by the thermal characterization). The addition of small percentages of G
nanosheets significantly increases the mechanical properties, as reported elsewhere [51,52].
In this study, the increase of the storage modulus after the addition of only 0.2% of G
nanosheets increased almost fourfold (from 1.02 x 10° Pa for the semi-IPN to 3.87 x 10° Pa
for the nanocomposite), due to the interfacial interactions between the nanoparticles and
the polymer matrix, which also suggest a good dispersion within the matrix. However,
after incorporating 0.8% of G nanosheets, the enhancement in the storage module decreases
until 2.02 x 10°, although it is still above of that of the semi-IPN without nanofiller. The
loss modulus of the c-PHBV /PVA 0.8 G also decreases, with a value slightly lower than
that of the semi-IPN without nanoparticles. These results suggest that, at this concentration,
G nanosheets, due to strong van der Waals forces, tend to agglomerate, which results in
a weaker interaction with the matrix and a less effective stress transfer [51,53]. Yang et al.
prepared hybrid membranes based on polydimethyl siloxane-G nanosheets and reported
that when the nanofiller content reached 0.5% wt, the agglomeration of the nanoparticles
reduced the interfacial area, hindering the stress transfer across the G nanosheets—polymer
matrix interface [54], in good agreement with the obtained results.
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Figure 8. Dynamical mechanical analysis (compression mode). (a) Storage modulus (E’) and (b)
loss modulus (E”) at 37 °C for c-PHBV/PVA and nanohybrid hydrogels with 0.2% and 0.8% of G
nanosheets. Crosslinked PVA (c-PVA) is included as reference. Graph shows mean =+ standard
deviation; (****) indicates significant differences (p < 0.001).

The electrical surface conductivity, obtained by equation (3) and depicted in Figure 9,
shows a statistically significant increase (p < 0.001) after the addition of G nanosheets
compared to the semi-IPN without nanoparticles as expected. Significant differences were
also found between nanocomposites with 0.2% and 0.8% of G nanosheets (p < 0.001).
The conductivity increases more than 600% after the addition of 0.2% of nanofiller (from
5.0 to 30.7 mS/m). When 0.8% of G nanosheets are added, the surface conductivity
increases to 53.2 mS/m; however, increasing the nanofiller content four times results in
a 1.7-fold enhancement of surface conductivity (compared to 0.2% G nanosheets). Thus,
the noncorrelation between the nanofiller content and conductivity may be related to the
presence of nanoparticles aggregates, which is consistent with the previously analyzed
thermal behavior and mechanical performance.
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Graph shows mean =+ standard deviation; (***) indicates significant differences (p < 0.001).

A particular challenge in musculoskeletal tissue engineering is to engineer constructs
that mimic the properties of the native tissue. Mechanical and electrical signaling cues
(skeletal muscle is considered an electrosensitive tissue) are considered as important factors
for successful muscle regeneration, together with topography and porosity [55,56]. The
mechanical properties of the semi-IPN with and without G nanosheets are in the range of
those reported for the elastic modulus of skeletal muscle tissue (30-8000 kPa) [57]. Regard-
ing electrical properties, the values of surface conductivity (between 5.03 to 53.25 mS/m),
which may be effective in the transference of electrical cues, are also in the same range
as the skeletal muscle tissue (o ~ 1072 S/m) [58] and other engineered conductive cells
substrates prepared for musculoskeletal regeneration that have shown an improved cell
response [59,60].

3.3. Biocompatibility

The biocompatibility of the biomaterial was assessed for C2C12 murine myoblast
exposed to direct contact with the materials (semi-IPN PHBV /PVA without G nanosheets
and with 0.2% and 0.8% of nanoparticles). Both pristine components, PHBV and PVA, are
biocompatible polymers, widely used for biomedical applications [14,61-63]. On the other
hand, it has been reported that carbon nanomaterials may induce cytotoxic effects in a
dose-dependent manner [64], although the shape (layer or nanotube, for example) and
the processing techniques to prepare the biomaterials play a decisive role [65,66]. The cell
viability after 24, 48, and 72 h are shown in Figure 10.
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Figure 10. Cell viability after 24, 48, and 72 days from MTS assay. Semi-IPN ¢-PHBV/PVA and
nanohydrogels with 0.2% and 0.8% of graphene nanosheets. Positive control: growth medium with
latex extract as cytotoxic agent. Negative control: growth medium. Graph shows mean =+ standard
deviation; (**) and (***) indicate significant differences (p < 0.01 and p < 0.001, respectively).

All the materials show viability values over the negative control (cells seeded with
growth medium and without any materials, considered as 100% viability) in the evaluated
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References

times. Statistically significant differences were found for all the evaluated times (p < 0.001
for 24 and 72 h, and p < 0.01 for 48 h) between the cell substrates (with and without
nanoparticles). The semi-IPN shows values higher than 140% for the three times assessed,
with significant differences compared to the negative control, indicating cell proliferative
activity, even after only 24 h of culture. The addition of 0.2% and 0.8% of G nanosheets
maintains high values of cell viability, in agreement with previous results, where small
amounts of G nanosheets entangled in polymeric matrices were not cytotoxic [37,67] and
promoted proliferation [68]. The high values of viability in the evaluated times imply that
the nanohybrid hydrogels do not lose the proliferative capacity.

4. Conclusions

The engineered conductive hydrogels developed in this study are safe in terms of
cytotoxicity and possess high bioaffinity with C2C12 cells, thus promoting cell proliferation.
These porous hydrogels, developed by a hybrid solvent casting—freeze-drying method,
and 0.2% of G nanosheets possess interconnected porous structure, high water-absorption
capacity, thermal stability, and suitable mechanical and conductive properties (in the range
of skeletal muscle tissue). Although further physicochemical and biological studies are
needed to explore the applications of these novel electroactive semi-IPN PHBV /PVA/G
hydrogels, the results of this study postulate them as promising candidates for electroactive
tissue regeneration applications, particularly muscle tissue engineering.
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Abstract: Polyhydroxyalkanoates (PHAs), due to their biodegradable and biocompatible nature and
their ability to be formed in complex structures, are excellent candidates for fabricating scaffolds
used in tissue engineering. By introducing inorganic compounds, such as bioactive glasses (BGs),
the bioactive properties of PHAs can be further improved. In addition to their outstanding bioactivity,
BGs can be additionally doped with biological ions, which in turn extend the functionality of the
BG-PHA composite. Here, different PHAs were combined with 4555 BG, which was additionally
doped with copper in order to introduce antibacterial and angiogenic properties. The resulting
composite was used to produce scaffolds by the salt leaching technique. By performing indirect cell
biology tests using stromal cells, a dose-depending effect of the dissolution products released from
the BG-PHA scaffolds could be found. In low concentrations, no toxic effect was found. Moreover,
in higher concentrations, a minor reduction of cell viability combined with a major increase in
VEGEF release was measured. This result indicates that the fabricated composite scaffolds are suitable
candidates for applications in soft and hard tissue engineering. However, more in-depth studies
are necessary to fully understand the release kinetics and the resulting long-term effects of the
BG-PHA composites.

Keywords: bioactive glass; copper; polyhydroxyalkanoates; tissue engineering; scaffolds

1. Introduction

Due to disease, injury and trauma, treatments to promote the repair, replacement or regeneration
of damaged and degenerated tissues in the human body are necessary. These treatments typically
involve living tissue and organs for transplantation and have been lifesaving [1-4]. However, due to
donor limitations and organ rejection, tissue engineering (TE) as a suitable alternative is being
increasingly investigated [5]. In the most common TE approach, cells grow on a scaffold made using
suitable methods to provide a temporary support and a well-defined pore structure [6]. Furthermore,
growth factors and other biomolecules can be incorporated within the scaffold in order to guide the
regulation of cellular functions during tissue regeneration [7]. The first important step in the designing
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of TE scaffolds is to find suitable biomaterials for building a 3D structure, which would degrade
appropriately, in a rate similar to the new tissue growth rate. Natural and synthetic polymers are
widely used as biomaterials for TE scaffolds [8]. Natural polymers are extracted from animals or plants
(e.g., collagen, chitosan), whereas synthetic polymers are synthesized chemically (e.g., poly-L-lactic
acid, poly-e-caprolactone) [9].

Polyhydroxyalkanoates (PHAs) are polyesters of 3-, 4-, 5- and 6-hydroxyalkanoic acid which are
synthesized using microbial biotechnology approaches involving bacterial fermentation. Some bacteria
store PHAs as an intracellular storage compounds for energy and carbon, normally under conditions
of nutrient limitation (e.g., nitrogen, sulphur, oxygen, magnesium or phosphorus), with the excess of
carbon (e.g., carbohydrates, lipids, fatty acids) [10-13]. The number of carbon atoms in a monomer unit
is crucial to the properties of PHAs. Depending on this number, PHAs can be classified as short-chain
length PHAs (scl-PHAs) and medium-chain length PHAs (mcl-PHAs). Scl-PHAs contain 3-5 carbon
atoms, whereas mcl-PHAs contain 6-14 carbon atoms. Scl-PHAs are generally brittle and stiff, with a
high melting point and crystallinity, except for poly(4-hydroxybutyrate), P(4HB). Typical examples for
scl-PHAs include poly(3-hydroxybutyrate-co-3-hydroxyvalerate), P(3HB-co-3HV), and the most well
studied one, poly(3-hydroxybutyrate), P(3HB) [14]. Mcl-PHAs, on the other hand, are semi-crystalline
polymers, have a low melting point, and are extremely elastomeric. Poly(3-hydroxyhexanoate)
and poly(3-hydroxyoctanoate) are typical examples for mcl-PHAs [10,15,16]. In general, PHAs are
biodegradable, insoluble in water, nontoxic, biocompatible, piezo-electric (which stimulates bone
growth and promotes wound healing), thermoplastic and/or elastomeric [15-17].

Polymers, such as PHAs, are highly biocompatible and can be easily formed in complex shapes and
structures. However, in order to further enhance their biological properties and to tailor the properties
of PHAs for different applications, these biomaterials can be mixed with inorganic components
(e.g., hydroxyapatite, bioactive glasses) forming composites [9,18,19]. For example, such composites
have been shown to have enhanced capability to form an apatite layer on the implant surface, which for
instance is important in the regeneration of bone [20-22].

In 1969, Hench and co-workers invented the first bioactive glass (BG), showing a strong bone
bonding ability of 4555 BG [23]. This glass composition (45% SiO;-24.5% Nap;O-24.5 CaO-6% P05
in wt.%) is highly reactive when in contact with an aqueous environment [23,24]. It has been
reported that 4555 BG has been used in more than a million patients to repair bone defects in the
jaw and in orthopaedics [24]. The 4555 BG is in general bioactive, biocompatible, biodegradable,
osteoconductive, osteoinductive, angiogenic, nontoxic and noninflammatory because of its ability
to form a hydroxycarbonate apatite surface layer in a biological medium and exploiting the release
of ionic dissolution products that stimulate specific cellular pathways [24-29]. Since the release of
ionic dissolution products, after exposure to a physiological environment, is believed to improve
the bioactivity of materials, new approaches for enhancing BG bioactivity are being investigated by
introducing therapeutic ions in BG compositions [30-32]. In this work, Cu-doped BG was used as an
example of the use of inorganic ions to further enhance the bioactivity of PHAs. Copper has been
shown to promote synergistically stimulating effects on angiogenesis by stabilizing the expression of
hypoxia-inducible factors and promote the proliferation of human endothelial cells [33-38]. Moreover,
Cu ions were shown to promote wound healing in rats, which has been linked to the up regulation of
vascular endothelial growth factor (VEGF) by stimulated cells [6] and to the antimicrobial behavior of
Cu. Indeed, Cu is able to artificially mimic hypoxia, which plays an important role in blood vessel
formation as well as in the differentiation and recruitment of endothelial cells [37,39]. The angiogenic
effect of Cu-doped 4555 BG has been investigated and proven in vitro and in vivo using 3D BG
scaffolds [40].

In the present work, 3D mcl/scl-PHA scaffolds containing 4555 and Cu-doped 4555 BGs were
prepared using solvent casting/salt leaching technique in order to create an advanced PHAs based
composite with Cu-ion delivery capability, and with tailored properties for use in different types
of hard and soft tissue engineering. For the first time, the interaction of stromal (ST2) cells with
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the dissolution products of the neat and composite PHA scaffolds was studied by evaluating the
cell viability, cell morphology and the release of VEGF from the cells cultivated in the presence of
dissolution products from the scaffolds. The newly designed composites are considered to be suitable
for soft and hard tissue engineering due to the enhanced angiogenic effect potentially due to the
release of therapeutic ions, especially copper, from the BG particles embedded in the PHA matrix of
the scaffold [10,16,23,24].

2. Materials and Methods

2.1. Materials

All the chemicals used for PHA production were purchased from VWR (Lutterworth, UK) or from
Sigma-Aldrich (Dorset, UK). The two different BGs, the 4555 composition (in wt.%: 45.0 SiO,, 24.5 Na,O,
24.5 CaO, 6 P,0s5) and a Cu-doped 4555 composition (in wt.%: 45.0 SiO,, 24.5 Na,0O, 22.0 CaO,
6 P,Os, 2.5 CuO) used in this study were produced by melt-quenching, presented elsewhere [40].
Briefly, the BGs were produced by mixing SiOy, NapyCO3, CaCOj3, Caz(POy4); and CuCO5-Cu(OH),
(all analytical grade) and melting the raw materials in a platinum crucible at 1450 °C for 45 min.
The produced BGs were milled using a jaw crusher and a planetary mill (both Retsch, Germany) to
obtain a particle size of d5p = 5 pum.

2.2. Scl-PHA Production

A P(3HB) polymer was synthesized by using Gram-positive bacterium Bacillus subtilis OK2.
The production with some modifications was carried out as described elsewhere [11], by using a
modified seed culture medium and a modified Kannan and Rehacek medium. Briefly, a single colony
of this strain was grown at 30 °C and 200 rpm for 16 h in a seed culture medium (containing (g/L):
meat peptone, 4.3; casein peptone, 4.3; sodium chloride, 6.4). Afterwards, the inoculum was used to
inoculate a fermenter containing the modified Kannan and Rehacek medium (containing (g/L): glucose,
35; yeast extract, 2.5; ammonium sulphate, 5.0, potassium chloride, 3.0). The culture was grown for
48 h with constant stirring (200 rpm) and an air flow (1 L of air/min/1 L of media) at 30 °C.

2.3. Mcl-PHA Production

P(BHO), P(3HO-co-3HD) and P(BHO-co-3HD-co-3HDD) polymers were produced using
Gram-negative bacterium Pseudomonas mendocina CH50, obtained from the National Collection
of the Industrial and Marine Bacteria (NCIMB 10541) and different carbon sources (Table 1) based
on optimized protocols [41-43]. A single colony of this strain was grown under the same conditions
and in the same seed culture medium as described for P(3HB). The remaining production steps for
mcl-PHAs were described in Rai et al. [43]. Briefly, to inoculate the second stage, a modified mineral
salt medium (containing (g/L): ammonium sulphate, 0.45; potassium phosphate monobasic, 2.38;
Di-sodium hydrogen phosphate anhydrous, 3.42; magnesium sulphate heptahydrate, 0.8; trace element
solution, 1 mL/L; suitable carbon sources, (Table 1)) and to inoculate the production stage, a second
modified mineral salt medium (containing (g/L): ammonium sulphate, 0.5; potassium phosphate
monobasic, 2.65; Di-sodium hydrogen phosphate anhydrous, 3.8; magnesium sulphate heptahydrate,
0.8; trace element solution, 1 mL/L; related carbon sources, (Table 1)) were used. In order to simplify
the labelling of the different tested PHAs, the short versions of the mcl-PHAs were used according to
Table 1.

Table 1. Produced mcl-PHAs with the related carbon sources.

Mcl-PHA Abbreviations Carbon Source Concentration
P(3HO) P(3HO) Sodium octanoate 3.36 g/L
P(3HO-3HD) P(3HD) Glucose 20 g/L
P(BHO-3HD-3HDD) P(BHDD) Coconut oil 20 g/L
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2.4. PHA Extraction

For the extraction of PHAs, the cells were harvested by centrifuging the cultures at 4600 rpm,
then homogenized and lyophilized. In order to extract the polymer, Soxhlet extraction was used firstly
with methanol and secondly with chloroform. The extracted solution was concentrated by evaporation,
followed by the precipitation of the polymer, using chilled methanol with continuous stirring [43].

2.5. PHA and BG-PHA Scaffold Preparation

The PHA and BG-PHA scaffolds were prepared by using the salt-leaching technique. For composite
scaffolds, 1 wt.% (in case of scl-PHAs) or 2 wt.% (in case of mcl-PHAs) of 4555 BG/4555-2.5Cu powder
was added to the dissolved PHAs (to obtain a final BG content of 20 wt.%) in chloroform (5 wt.%
of scl-PHAs/10 wt.% of mcl-PHASs) and dispersed by sonication. Sodium chloride (sieved, diameter,
355 um, Sigma Aldrich, Dorset, UK) was then added in the 10:1 ratio to the PHAs, as a porogen.
The solution was cast layer by layer in a mould (3.5 cm X 1.2 cm). After drying, the scaffolds were
immersed in distilled water for 24 h in order to dissolve the sodium chloride, and thus to form
pores [44].

2.6. Scanning Electron Microscopy (SEM)

Characterization of the scaffolds was carried out using a scanning electron microscope (LEO 435 VP;
LEO Electron Microscopy Ltd., Cambridge, UK, and Ultra Plus; Zeiss, Jena, Germany). The samples
were placed on the 8 mm diameter aluminum holder and images were then recorded at different
magnifications. The microscope was operated at 1 kV and a working distance of 2 mm. The pore size
range was calculated based on at least 5 different SEM images per sample (not shown here) using
Image] (NIH, Bethesda, MD, USA) [45].

2.7. Cell Culture

Stromal ST2 cells (Deutsche Sammlung von Mikroorganismen and Zellkulturen GmbH,
Braunschweig, Germany) derived from the mouse bone marrow of BC8 mice were used to study the
biocompatibility of the produced scaffolds. ST2 cells were chosen due to their potential to differentiate
in osteoblasts, adipocytes and hematopoietic cells [46]. The cells were grown, harvested and counted
as described by Balasubramanian et al. [47]. For the biocompatibility test, 100,000 ST2 cells per mL
of cell culture medium (CCM, RPMI 1640 medium (Gibco, Schwerte, Germany) containing 10 vol.%
fetal bovine serum (Sigma-Aldrich, Darmstadt, Germany) and 1 vol.% penicillin/streptomycin (Gibco,
Germany)) were transferred per well in a 48-well plate (VWR, Darmstadt, Germany) and incubated for
24 h. Scaffolds were cutin 0.1 + 0.01 g cubes and disinfected by using UV for a period of 30 min on each
side. The scaffolds were immersed in 1 mL of CCM and incubated for 24 h under the same conditions as
the cells. After 24 h, 1 mL. CCM containing ionic dissolution products (IDPs) of 0.1 + 0.01 g of scaffolds
was removed and named 10%-CCM in accordance to a previous publication [45] (although the 0.1 g of
scaffold did not completely dissolve). By further diluting this 10%-CCM, dilutions were produced and
named as 1%-, 0.1%- and 0.01%-CCM in order to simplify the labelling. After removing the CCM from
the cells incubated for 24 h, the now attached ST2 cells were incubated with the different dilutions of
the CCM containing IDPs for 48 h under the same conditions as described above. Cells grown in CCM
containing no IDPs were taken as a reference. Every sample type was investigated as replicates of
three. After 48 h, the CCM was collected in Eppendorf tubes for VEGF release measurement studies.
The cell viability using a WST-8 assay (Sigma Aldrich) and the release of VEGF was tested as described
by Balasubramanian et al. [47]. Briefly, the VEGF release was measured by using a RayBio mouse
VEGF enzyme-linked immunosorbent assay (ELISA) kit. The cell viability, as well as the release of
VEGF, was determined by following the manufacturer’s protocol and then spectrometrically analyzed
using a microplate reader (PHOmo, Anthos Mikrosysteme, Krefeld, Germany) at 450 nm. Further,
hematoxylin and eosin (H&E) staining was used to investigate the morphology. Prior to staining,
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cells were washed with PBS and fixed using Fluoro-fix. After another washing step with distilled
water, the cells were stained using Hematoxylin for 10 min. Subsequently afterwards, Hematoxylin
was removed by first washing with tap water, followed by “Scott’s tap water” and distilled water for
1-5 min. Then, cells stained with an Eosin solution (0.1% Eosin in 90% ethanol and 5% acetic acid) for
5 min and finally washed with 100% ethanol. Stained cells were observed using a light microscope
(Primo Vert, Zeiss, Oberkochen, Germany).

3. Results

In Figure 1, SEM images of neat and composite P(3HB) and P(3HO) scaffolds can be seen. The pores
were of irregular shape and of varied sizes (10-250 um) proven by the SEM images in Figure 1A,B.
Moreover, good pore interconnectivity was indicated by the SEM images, which needs to be proven in
future work (e.g., by pCT). The fabrication technique used to prepare these samples leads to results
similar to the ones achieved for other polymers using this method [48]. No obvious difference could be
observed between the neat scl-PHAs and mcl-PHAs scaffolds. Furthermore, it was confirmed that the
microstructures of the composite foams were similar to that of the neat ones. In Figure 1, SEM images
of neat P(3HB) (C) and a composite P(3HB) (D) scaffold at high magnification are shown as examples.
No BG particles could be found on the surface of the composite P(3HB) scaffolds, and the same was
observed for all composite mcl-PHAs scaffolds. This observation confirmed that the BG particles were
fully embedded in the polymer matrix. Figure 1E shows an exemplary digital image of a P(3HB)/BG
and a P(BHO)/BG scaffold, indicating that the scaffolds maintained the shape of the used molds.

\
%
i
|

~.4 __d 10 mm

Figure 1. SEM images of neat P(3HB) scaffold (A), neat P(3HO) scaffolds (B), P(3HB)/Cu-doped
bioactive glass (BG) composite (C), and P(3HO)/Cu-doped BG composite (D). (E) Digital camera images
of P(BHB)/BG (left) and P(3HO)/BG (right) scaffolds.
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There were no differences between the viability of cells grown in 0.01%-CCM and 0.1%-CCM
of all the different scaffolds compared to the cells grown in CCM without any IDPs, and Figure 2
shows the results for the cells grown in 1%- and 10%-CCM. As seen in Figure 2a, a 60-80% decrease
in cell viability was observed when 1%-CCM was added as compared to the reference for both the
neat and composite PHA samples. No significant difference was found between the different PHAs.
Furthermore, the addition of BG did not seem to have any influence. Figure 2b shows that cells grown
in 10%-CCM exhibited remarkably less cell viability. Here too, no significant influence of adding BG
into the polymer scaffold was detected.

neat
] [ 145S5BG
140 4 [ ]45S5-2.5Cu BG
1 B Reference
120
X ]
2100 ~
o * ok
@© * X x * T
S 80 * im . {H_ +
= | * = *
g %% N % %{‘
o 604
=
£ ]
o 404
m <4
20
0 T T T T T
P(3HB) P(3HO) P(3HD) P(3HDD)  Reference
(@) 1% dilution of the dissolution products
neat
4585 BG
1207 4585-2.5Cu BG
1 I Reference
o\'? 100
=
B 80 _ *
Q #
=
© 60 -
o
® | L
=
T 40
)
o T 1
20 +
0 T

P(3HB P(3HO P(3HD P(3HDD) Reference
(b) 10% dilution of the dissolution products

Figure 2. Relative viability of ST2 cells cultured in media containing 1% (a) and 10% (b) dilution of
ionic dissolution products (IDPs) from different BG-PHA and neat PHA scaffolds. One-way ANOVA
statistical analysis denotes significant differences compared to the reference (* p < 0.05). As reference
pure CCM was used (Bonferroni’s post hoc test was used).
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Light microscopy images of H&E-stained ST2 cells cultured with 1%-CCM and 10%-CCM of neat
PHA scaffolds and PHA scaffolds containing 4555 BG are shown in Figure 3. Cells cultured in 1%-CCM
of BG-PHA and neat PHA scaffolds exhibited their typical phenotypic cell morphology, and showed
adhesion to the well plate. Moreover, the density of cells grown on 1%-CCM was seen to be almost the
same as the density observed in the reference sample (control). This indicates that ST2 cells grown in
contact with the dissolution products of the PHA scaffolds containing additional BG in concentrations
lower than 10% do not have any adverse effect on the cell morphology. However, cells cultured
in 10%-CCM of all scaffolds showed relatively poor cell proliferation and adhesion. These results
confirm the data from the cell viability test. According to Figure 3, in all CCM containing the same
concentration of IDPs, only minor differences were observed between the different PHAs as well as
between the neat and BG-containing scaffolds.

The VEGEF release from the ST2 cells cultured in media with different dilutions (10, 1, 0.1 and
0.01%) of dissolution products of different neat and composite PHA scaffolds was measured. Since no
difference between the VEGF release from cells cultured in media containing 0.1%-CCM and 0.01%-CCM
of all BG-PHA and neat PHA scaffolds compared to the reference could be observed, these results
are not shown here. According to Figure 4a, it was observed that the VEGEF release increased, up to
150-220%, for all the investigated scaffolds. In contrast to cells grown in 1%-CCM, VEGEF released by
cells cultured in the 10%-CCM of all other neat and composite scaffolds exhibited a major reduction.
In summary, the cells cultured in 1%-CCM showed a minor reduction of cell viability, but the remaining
cells released higher concentrations of VEGFE, whereas cells grown in 10%-CCM were relatively less
viable and able to release less VEGF as compared to the cells cultured in 1%-CCM.

Neat P(3HB)

Figure 3. Cont.
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Neat P(3HO-3HD) NeatP(SHO-3HDY

Control

Figure 3. Images of hematoxylin and eosin (H&E)-stained cells cultured in 1% (left) and in 10% (right)
dilution of the dissolution products of the different neat and composite PHA scaffolds. Cells cultured
in CCM containing no dissolution products were used as control.

Overall, the promotion of the bioactivity by adding bioactive glass in the case of bioactive
glass/PHA scaffolds could only be found in the case of 1%-CCM. Here, the addition of bioactive glass
led to a major increase in VEGEF release and to a minor increase in cell viability. Several studies in
the past have already proven the biocompatibility of different PHAs [16]. Additionally this study
indicates that the polymer can promote VEGF secretion. Angiogenesis plays a crucial role in tissue
regeneration and therefore is essential for the success of scaffolds in tissue engineering [28]. VEGF is
known to be involved in the formation of blood vessels, and therefore the ability of PHAs to increase
VEGEF secretion makes them interesting for applications in tissue engineering. However, in the case
of 10% dilution, the dissolution products of all scaffolds showed a major reduction of cell viability
and VEGF release, proven by the cell morphology. A possible reason could be that the used salt to
produce the scaffolds was not completely leached out and could therefore have a negative impact
on cell viability and VEGF release. Additionally, it is also possible that the lower concentration of
the 1% dilution leads to the measured increase in VEGF release as observed in a previous study [49].
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Moreover, the 0.01% and 0.1% dilutions showed no influence on cell viability and VEGF release
compared to the reference. Therefore, the concentration of the CCM seems to play a crucial role and
further studies, especially under dynamic conditions, are necessary to understand the dose-dependent
effect on VEGF release. A significant effect of the addition of BGs in the polymer matrix could not be
measured. It is well known that the degradation and therefore the dissolution of ions start from the
surface of bioactive glass particles [6], hence it is important that bioactive glass particles are exposed
to the fluid environment at various stages during the in vitro degradation of the composite. Here,
most of the BG was not present on the surfaces of the scaffolds, which was proven by SEM. Instead,
BG particles were embedded in the polymer matrix and therefore prevented from direct contact with
the CCM. Therefore, it is suggested that an immersion time of 24 h is not enough to measure any
significant release of BG dissolution products and their influence on cell viability and VEGF secretion.
Moreover, future experiments should include direct cell biology studies in order to test the impact that
the stiffness and the topography of the BG-PHA scaffolds have oncell viability and VEGF secretion.
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Figure 4. Relative vascular endothelial growth factor (VEGF) release from ST2 cells cultured in media
containing 1% (a) and 10% (b) dilution of dissolution products of BG-PHA and neat PHA scaffolds.
One-way ANOVA statistical analysis denotes significant difference (* p < 0.05) compared with the
reference. As reference pure CCM was used (Bonferroni’s post hoc test was used).
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4. Conclusions

In this study, composite BG-PHA scaffolds were successfully produced using the salt leaching
technique. To evaluate the biocompatibility and the effect of the addition of BG, cell studies on the
fabricated scaffolds were performed. The results indicated good biocompatibility and thus the present
composites are interesting for applications in tissue engineering. However, long-term cell studies need
to be carried out to better examine the effect of dissolution products of BGs, which should be followed
by in vivo studies.
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Abstract: Nanofiber nonwovens are highly promising to serve as biomimetic scaffolds for pioneering
cardiac implants such as drug-eluting stent systems or heart valve prosthetics. For successful
implant integration, rapid and homogeneous endothelialization is of utmost importance as it forms a
hemocompatible surface. This study aims at physicochemical and biological evaluation of various
electrospun polymer scaffolds, made of FDA approved medical-grade plastics. Human endothelial
cells (EA.hy926) were examined for cell attachment, morphology, viability, as well as actin and
PECAM 1 expression. The appraisal of the untreated poly-L-lactide (PLLA 1210), poly-¢-caprolactone
(PCL) and polyamide-6 (PA-6) nonwovens shows that the hydrophilicity (water contact angle > 80°)
and surface free energy (<60 mN/m) is mostly insufficient for rapid cell colonization. Therefore,
modification of the surface tension of nonpolar polymer scaffolds by plasma energy was initiated,
leading to more than 60% increased wettability and improved colonization. Additionally, NH3-
plasma surface functionalization resulted in a more physiological localization of cell-cell contact
markers, promoting endothelialization on all polymeric surfaces, while fiber diameter remained
unaltered. Our data indicates that hydrophobic nonwovens are often insufficient to mimic the native
extracellular matrix but also that they can be easily adapted by targeted post-processing steps such as
plasma treatment. The results achieved increase the understanding of cell-implant interactions of
nanostructured polymer-based biomaterial surfaces in blood contact while also advocating for plasma
technology to increase the surface energy of nonpolar biostable, as well as biodegradable polymer
scaffolds. Thus, we highlight the potential of plasma-activated electrospun polymer scaffolds for the
development of advanced cardiac implants.

Keywords: nonwoven; cardiovascular stent; human endothelial cells; biocompatibility; CD31

1. Introduction

Structural and valvular heart diseases are of increasing incidence and a leading cause
of mortality worldwide [1-3]. Minimally invasive surgery for coronary revascularization
by percutaneous coronary intervention (PCI) based on stent implantation has become
the standard procedure of care to relieve the stenosis and to restore the dysfunctional
stenotic vessel. However, stent surgery is accompanied with local vessel injury, comprising
disruption of the intimal smooth muscle cell layer and the luminal endothelial cell layer.
The most important clinical complications following PCI are stent restenosis and stent
thrombosis, associated with hyperplasia, delayed endothelialization, and acute and chronic
inflammation events [4]. Since stent restenosis is mainly related to bare metal stents, drug-
eluting stents (DES) have been shown to effectively reduce hyperplasia by comprising
a polymer coating with incorporated antiproliferative drugs that inhibit smooth muscle

83



Materials 2022, 15,2014

cell proliferation following implantation [5]. However, clinical follow-up studies reported
higher rates of late stent thrombosis attributed to DES compared to bare metal stents [6].
Although those DES-related complications are relatively rare, their severity demands
further improvements in cardiac implant technology [7].

Contemporary efforts in stent technology focus on polymer-based bioresorbable coro-
nary scaffolds or nanofibrous covered stent systems such as the commercial Papyrus
(Biotronik), Jostent Graft-Master (Abbott) or Bioweb (Zeus), in order to decrease inci-
dence of late stent thrombosis [3,8-10]. Artificial scaffolds can not only be applied in DES
systems but could also be adopted for the development of a variety of other minimally
invasive cardiac implants, such as biomimetic heart valves or occluder devices [11]. At
the moment, these prosthetics are most commonly xenografts of porcine aortic valves
or calf pericardium, with the disadvantages of structural valve deterioration often being
accompanied by subsequent valve thickening and calcification, as well as their limited
durability [12].

Polymer-based nano- and microfibrous scaffolds hold great potential for overcoming
some of the major disadvantages of current polymer stent and cardiac implant designs.
Polymeric fibrous scaffolds can be produced in layers or as a composite, in the form of single,
core-sheath, blended or co-polymer film or fiber coating systems. Within a comprehensive
search using the search engine Web of science, PubMed and Scopus, the increasing interests
in electrospun nanofibers over the last 20 years are clearly visible (see Supplementary
Materials Figures S1-54). In addition to synthetic polymers, natural biopolymers can also
be used for scaffold fabrication. Intensive research is being conducted by mixing synthetic
biopolymers with, e.g., hyaluronic acid derivatives, silk fibroin, cellulose, chitosan, shellac,
gelatin, alginates or heparin [13-16]. The advantages of natural biopolymers can include
biostatic properties and biomimetic properties due to extraction from natural sources such
as bones, plants, skins, cocoons or algae. However, their source can also be a disadvantage
because of their batch and origin dependence. It is difficult to produce reproducible and
high-quality implants for medical technology if there is a possibility that (i) allergens are
present in the material or (ii) not all components are known or (iii) complex matrices can
only be analyzed with great effort.

In contrast, synthetic scaffolds are often limited due to suboptimal biomechanical
properties, low biocompatibility or their biodegradation behavior [11,13-15]. Since scaffold
structure directly influences these properties, the introduction of innovative nano- and mi-
crofabrication techniques, such as micropatterning, electrospinning or 3D-bioprinting, will
support the development of novel scaffold designs for cardiac implants and similarly will
enable the fine-tuning of the desired mechanical requirements as well as biological prop-
erties by controlling fiber structure. In particular, electrospinning enables the fabrication
of biomaterial scaffolds with tunable parameters, including fiber diameter and alignment,
porosity, pore size, inter-connectivity and mesh thickness, which makes them suitable for a
range of applications [16-19]. In addition, electrospinning allows for the fabrication of fused
fiber biomaterial scaffolds in the nano- to micrometer range, with fiber diameters starting at
5 nm [20], including the range of feature sizes known to facilitate cellular contact guidance
and directed cellular response [21]. Moreover, electrospun nonwovens can offer small
pore sizes, up to 90% porosity and pronounced interfibrous integrity [16] with controlled
degradation kinetics, if required. Since implants holding the capability of inducing directed
cellular response are in high demand, nonwovens are favored, due to their biomimetic sur-
face, which allows for cell attachment, while additionally being highly porous for nutrient
transport and cell migration events [19]. Electrospun polymeric scaffolds have already been
reported to possess superior capacity in shaping cell morphology, guiding cell migration
and affecting cell differentiation in vivo and in vitro [22-26]. The influence of nanofibrous
polymer matrices on cell physiology and endothelialization is determined by the specific
surface topography and by the physicochemical properties [21,27]. The attachment of cells
to the biomaterial surface and the initiated subsequent cell-biomaterial interaction triggers
a signaling cascade, which substantially regulates diverse cell functions, including viability,
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proliferation and the expression of cell-specific proteins [28]. Thereby, alterations in cellular
function are suggested to coincide with morphological changes and vice versa.

Alterations in surface topography, e.g., porosity, surface roughness or fiber diameter
of electrospun scaffolds have been shown to enhance endothelialization of biomateri-
als [17,18,29,30]. Additionally, modifications of physicochemical properties such as surface
functionalization with plasma, accompanied by changes in hydrophilic properties, have
also been demonstrated to influence cell physiology [25].

The first use of plasma-generated amino groups on polymer surfaces to improve blood
compatibility was reported in 1969 [31]. Since then, several studies have been performed
that have achieved biocompatible surfaces based on the controlled surface properties of
the materials, in particular, wettability, chemistry, morphology, crystallinity or surface
charge. Plasma modifications, especially cold plasmas, only affect the surface and do not
affect bulk properties such as the mechanical and optical properties of the material. Cold
plasma is very gentle and therefore suitable for a diverse range of polymers, especially
temperature-sensitive materials. Screenings have to be performed for each material and
plasma system to optimize parameters to the needs of the desired application. Additionally,
a wide range of surface modifications are possible based on the choice of gas or gas mixture.
The method can be performed quickly and is suitable for complex geometric samples. In
addition to cold low vacuum methods, cold atmospheric plasma systems were developed
leading to new applications in plasma medicine such as plasma pens [16,31].

The desired application of the scaffold material, and thus the cell type chosen, is
crucial as the same surfaces can show different effects, depending on the cell type, or
improving permeation of cell nutrients through nonwovens [32]. For example, enhanced
osteogenic differentiation was observed for human mesenchymal stem cells on ammonia
plasma treated titanium [33]. Additionally, reduced antimicrobial activity was observed
for wound dressings [16,33] or increased C,C1, proliferation for PLA surfaces [34]. Several
studies have been devoted to enhancing the hydrophilicity of polymer surfaces to promote
protein and cell attachment [35-38]. Moreover, plasma surface treatment was shown to
directly affect biocompatibility since surface functionalization with NH3- or O,-plasma has
been observed to improve cell growth [39-45]. NH;3-plasma generates amino groups on
the surface, and it has been demonstrated to be more effective than O,-plasma treatments
regarding improved cell growth patterns on polymer surfaces or scaffolds [39,42,44,46-49].
In this context, plasma treatment has been extensively studied and applied to thin films
and bulk polymer scaffolds but has not yet been sufficiently investigated for electrospun
hydrophobic fiber scaffolds [50]. We selected ammonia plasma based on previous studies
of the materials in the field of cardiovascular application [42,49,51]. Thus, this study
examined the potential of NH3-plasma functionalization of electrospun fibrous biomaterials
for promoting cell attachment and physiological growth patterns of human endothelial
cells in vitro for the development of biocompatible and biomimetic cardiac scaffolds.

Therefore, we aimed to combine the possibility of electrospinning and low-pressure
cold plasma, to meet the needs of medical applications based on the combination of
(i) the morphology of nonwoven fibers, with their structure and mechanical properties;
and (ii) the surface energy and chemistry of plasma treatment without affecting the fiber
morphology. Ammonia plasma treatment was tested on diverse nonwovens of FDA-
approved and clinically tested polymers, namely, polylactide (PLA), polycaprolactone (PCL)
and polyamide (PA), which represent both biodegradable and biostable biocompatible
materials (see Figure 1).

Untreated and plasma-activated polymeric nonwovens were analyzed regarding their
influence on endothelial cell characteristics, including viability, spreading and PECAM-1
expression, for judging endothelial activation and phenotype maintenance to evaluate
their potential as innovative biomaterials (see Figure 2). These results are a decisive step
in the development of novel, advanced scaffolds for cardiac regeneration and a better
understanding of cell-biomaterial interactions, not least because endothelialization is a
prerequisite for the successful integration of cardiovascular devices, as it forms a natural
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hemocompatible surface that prevents inflammation and thrombosis events, thus ensuring

implant integrity.
0 O
HO%OHOHOH o) H i
@) n O n n
Polylactide Polycaprolactone Polyamide

Figure 1. Chemical structure of the well-established polymer types for biomedical application used
in this study.
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Figure 2. Systematic illustration of the study design and methodological background. (I). Preparation

of the different used nonwovens using Elmarco nanospider setup, including (1) high-voltage source
at the rotating emitter; (2) a bath filled with a polymer solution; (3) fiber formation under solvent
evaporation; and (4) a nonwoven collecting unit, (5) which is electrical driven. (II). Surface plasma
activation of a nonwoven illustrated by a SEM image. (III). Characterization of the prepared polymer-
based nonwovens via comprehensive biological studies, SEM and contact angle measurements, before
and after plasma treatment.

2. Materials and Methods
2.1. Fabrication of Polymeric Nanofiber Nonwovens by Electrospinning

Nanofibrous nonwovens were fabricated out of poly-(L-lactide) (PLLA L210), polyamide
(PA-6) and poly-e-caprolactone (PCL) by electrospinning as following: clear and homoge-
nous polymer solutions of 11 to 12 wt% poly-e-caprolactone (Capa 6800, Perstop UK Limited)
and of 12 wt% polyamide (Ultramid B24N03, BASE, Ludwigshafen, Germany) were obtained
by dissolving the polymer in a solvent mixture of formic acid and acetic acid (ratio 1:2, v/v) at
37 °C. A polymer solution of 2 wt% poly-(L-lactide) (RESOMER® 1.210, Mw ~400,000 g/mol,
Evonik, Essen, Germany) with addition of 1vol% surfactant Triton X-100 (Sigma-Aldrich,
Darmstadt, Germany) was obtained by dissolving in a solvent mixture of chloroform and
methanol (ratio 4:1, v/v) at 37 °C.

Fibrous nonwovens were fabricated from these different polymer solutions by free-
surface, needleless electrospinning via the Nanospider Lab 200 (ELMARCO, Liberec, Czech
Republic) using a rotating wire emitter in a high-volume spinning tube, and a static collector.
Emitter-to-collector distances of 18 cm at 16 rpm, 17 cm at 12 rpm or 16.5 cm at 13 rpm
were used accordingly for PLLA 1210, PCL and PA-6, each resulting in nonwoven samples
with randomized fibers. The applied high voltages were 49 to 58 kV, 60 to 80 kV and 72
to 76 kV for PLLA L210, PCL and PA-6, respectively, each under ambient conditions of
23 °C and humidity of 35%. The generated polymeric nonwoven mats were dried for 12 h
at 40 °C using the vacuum oven VO 200 (Memmert GmbH and Co., Schwabach, Germany,
40 mbar).
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2.2. Nonwoven Characterization by Scanning Electron Microscopy

Fiber morphology of the PLLA 1210, PCL and PA-6 nonwovens was examined by
scanning electron microscopy (SEM) using a QUANTA FEG 250 (FEI Company, Dreieich,
Germany) with an Everhart-Thornley secondary electron detector (ETD) at an acceleration
voltage of 10 kV; a working distance of around 10 mm, at a high vacuum of 3.5 x 10~ mbar;
and a spot size of 3.0. The samples were fixed onto aluminum trays with conductive tape
and sputter coated with gold by Agar Sputter Coater (Agar Scientific Ltd., Essex, UK).
Therefore, the samples were put under vacuum of 0.2 mbar and exposed to gold flow 2 times
for 120 s. SEM images were taken at magnification 500, 1000 %, 5000 x and 8000 x. For
quality assurance of the produced polymeric nonwovens and for determining the average
fiber diameter, SEM analysis was performed at different areas of the nonwovens. Fiber
diameters were calculated from SEM images by using EDAX Genesis software, measuring
50 random fibers from five micrographs for each nonwoven at high magnification.

2.3. Surface Plasma Modification of Nonwovens

Plasma-chemical surface modification was conducted by plasma etching (PE) of non-
woven samples in an ammonia (NH3) plasma, generating radical species and amino groups.
The short plasma activation process was performed for 1 min and 60% generator output in
an ammonia radio frequency (RF) plasma generator (frequency 13.56 MHz, power 100 W,
Diener electronic GmbH and Co. KG, Ebhausen, Germany) at a low pressure of 0.3 mbar
based on previously studies [42,49,51]. The screening data were not presented because the
energy density of the plasma in the chamber depends on a wide range of factors such as
chamber material, design, sample positioning and mounting, electrode spacing, size, shape
and material, and the method of excitation. Generalization or the transfer of parameters
from one system to another is not possible, so screening of suitable parameters depending
on the objective must always be performed.

2.4. Water Contact Angle and Surface Free Energy

Water contact angle measurements were performed by the sessile drop method (water)
on the nonwoven polymer surface using a goniometer (OCA 20, Dataphysics Instruments
GmbH, Filderstadt, Germany) equipped with SPSS software 15.0. Nonwovens of PLLA
L210 were washed three times for 10 min each with pure water to remove Triton X-100.
Nonwovens were attached to glass slides, and water contact angles were determined by the
sessile drop method with water droplets of 5 L. A time-resolved measurement over 60 s
was performed, whereby the smallest standard deviation was obtained after 10 s. Mean
values and standard deviations were calculated from five independent samples with n = 4
measurements per sample.

To calculate the surface free energy (SFE) of untreated nonwovens according to Owens-
Wendt-Rabel-Kaelble (OWRK) [52], further measurements were performed with a mobile
surface analyzer (MSA, KRUSS GmbH, Hamburg, Germany) with ADVANCE 1.9.2 soft-
ware. The initial contact angles of two liquids, water and diiodomethane, were determined
against air, whereby drops with a volume of 1 or 2 uL were deposited and measured within
a few seconds (n = 3).

2.5. Cell Culture

Human vascular endothelial cells EA.hy926 (ATCC®, CRL-2922™, Manassas, VA,
USA) were cultured in Dulbecco’s Modified Eagle Medium (DMEM), including 4.5 g/L glu-
cose and 3.7 g/L NaHCO;3; with 10% fetal calf serum (FCS) (both: PAN Biotech, Aidenbach,
Germany) and penicillin (100 units/mL), streptomycin (100 ng/mL) at 37 °C, and 5% CO,
under humidified atmosphere. For the experiments, cells were seeded at a concentration of
2 x 10* cells/cm? on the nanofibrous polymer scaffolds and incubated for 48 h at 37 °C
and 5% CO; under humidified atmosphere.
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2.6. Cell Viability Assay

Cell viability of human endothelial EA hy926 cells was determined using the CellQuanti-
Blue™ assay (BioAssaySystems, Hayward, CA, USA) according to the manufacturer’s in-
structions. Briefly, cell viability was assessed via quantification of cellular metabolic activity
by the reduction of the substrate resazurin to resorufin by cellular reductases. Therefore,
cells were incubated with CellQuanti-Blue™ as 10% of the culture medium volume for 2 h
after a 46-h cell cultivation period on the polymeric surfaces. The resulting fluorescence
of resorufin was measured at an emission wavelength of 590 nm with an excitation wave-
length of 544 nm using a microplate reader (FLUOstar OPTIMA, BMG Labtech, Offenburg,
Germany). For each polymer, six independent biological replicates were measured. Data
were normalized to viability of EA.hy926 cells grown on planar non-cytotoxic tissue culture
polystyrene (TCPS) as control surface (NC) [40,42].

2.7. Cell Morphology Analysis by Scanning Electron Microscopy

Cell morphology of human endothelial EA.hy926 cells grown for 48 h on either
polymeric nonwovens or tissue culture polystyrene control surface (NC) was observed by
scanning electron microscopy. After the incubation on the polymeric surfaces, cells were
fixed with 2.5% glutaraldehyde and 0.2 M sodium cacodylate, in PBS for 30 min. Samples
were then washed with sodium phosphate buffer, dehydrated in a graded series of ethanol
(50%, 75%, 90% and 100%) and dried with CO; in a critical point dryer (CPD 7501, Quorum
Technologies Ltd., Laughton, Lewes, East Sussex, UK). Samples were sputter-coated with
gold by Agar Sputter Coater (Canemco Inc., QC, Canada), and image acquisition was
performed with the scanning electron microscope Quanta™ FEG 250 (FEI Company,
Hillsboro, OR, USA) at 10 kV under high vacuum conditions by using the Everhart-
Thornley secondary electron detector (ETD).

2.8. Endothelialization Analysis by Cell Spreading and Cell Shape Index

Endothelialization potential of polymeric nonwovens was assessed by quantification
of cellular spreading of EA.hy926 endothelial cells and analysis of phenotype maintenance,
evaluated by cell shape index after a 48 h cultivation period on all surfaces. This quantifi-
cation was done based on SEM images of fixed cells. For determination of cell spreading,
cell areas of 40 cells per specimen of three independent replicates were measured using
the area measurement function of Image] software. Cell shape index (CSI) analysis was
performed with Image]J software by using the formula CSI = 47t x area/(perimeter)? [53].
Calculated CSI defines cellular morphological shape ranging from 0 to 1, corresponding to
a circular shape (CSI = 1) or a straight line, i.e., maximum elongated shape (CSI = 0).

2.9. Immunofluorescence of PECAM-1 (CD31) and Actin Cytoskeleton

For immunostaining, endothelial EA.hy926 cells were examined after incubation for
48 h on the polymeric nonwovens as well as on the control surface (NC) at 37 °C and 5%
CO; under humidified atmosphere. Cells were fixed in 4% paraformaldehyde (PFA) for
30 min at room temperature (RT), rinsed in PBS (pH = 7.4) and permeabilized with Triton X-
100 (Sigma-Aldrich, Darmstadt, Germany) for 30 min at RT. Cells were then incubated with
primary murine monoclonal anti-human PECAM-1 (CD31) antibody (1:20, DAKO, Agilent,
Santa Clara, CA, USA) overnight. Afterwards, cells were rinsed in PBS and incubated with
secondary donkey anti-mouse antibody conjugated with Alexa Fluor 488 (Life Technologies
GmbH, Darmstadt, Germany) for 1 h at RT. For actin staining, TRITC-conjugated phalloidin
(500 pg/mL, Sigma-Aldrich, Taufkirchen, Germany) was used by incubating the cells in the
staining solution for 1 h at RT. Cell nuclei were stained with Hoechst 33,342 (1:500, Sigma-
Aldrich, Taufkirchen, Germany) for 1 h at RT. Cells were mounted in VectaShield mounting
medium (Vector Laboratories, Burlingame, CA, USA) and examined by confocal laser
scanning microscopy (FluoView FV1000, Olympus, Hamburg, Germany). Quantification
of mean fluorescence intensity of the respective markers in cell images was evaluated by
CellProfiler software.
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2.10. Statistical Analysis

Data were reported as mean value with standard deviation and analyzed by one-way
ANOVA carried out with GraphPad©Prism 5 software (La Jolla, CA, USA). Statistical
significance was defined as ns = not significant *** p < 0.001.

3. Results
3.1. Morphology of Polymeric Nonwovens

Different polymeric nonwovens were produced via electrospinning and then com-
pared in terms of fiber diameter. Representative images of the three polymer classes are
shown in Figure 3 (additional magnifications of the SEM images are presented in Figure S5).
Morphological differences between the individual polymer classes are evident but not after
NH;-plasma treatment. The PLLA L1210 fibers are about twice as thick as the PCL fibers
and four times thicker than PA-6 fibers.
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Figure 3. High-resolution scanning electron micrographs of morphology of untreated (first row) and

NHj3-plasma treated (second row) nanofibrous PLLA L210, PCL and PA-6 nonwovens (magnifica-
tion x8000, bar =5 um).

The fiber diameters of the different polymeric nonwovens were determined from
50 measurements each and are shown in absolute terms in Figure 4. Whereas the diversity
of the fibers varies the most within PLLA nonwovens, the fiber diameter of untreated and
plasma functionalized PLLA L210, PCL and PA-6 nonwovens differ only marginally. This
implies that the fiber structure is not changed by the plasma treatment. Additionally, the
frequency of the respective fiber diameters for each investigated polymer is presented
in Figure S6.

3.2. Wettability Analysis and Surface Free Energy of Polymeric Nonwovens

First, the wettability of the nonwovens was determined in a time-resolved manner
(Figure 5A). A second measurement, performed instantaneously after only a few seconds,
provides a direct comparison of the initial wettability of untreated and plasma-activated
nonwovens (Figure 5B).
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Figure 4. Fiber diameter of untreated and NH3-plasma functionalized PLLA L210, PCL and PA-6
nonwovens based on individual measurement points. For each polymer, 10 fibers were measured
manually in 5 different SEM images (1 = 50).

A 180 B 180
160 - 160 4
\ S —_
5= 140 - 2 140 4
) 2
D 120 - \\ 2 120 +
e + s
g 100 - \+ 4 100 -
© I
T 80 \% S 80+
o o
Q (3]
; o | \ F’_, 60 -
® ©
2 40 ¥ = 404
-=— PLLA L210
20 {-=— PCL 20
-m—PA6
0 T T T T T 0-
0 10 20 30 40 50 60 S v
—— R \:{,‘ Q\g& &L V‘gbs v
(N
&M © &
J
Q\/

Figure 5. Water contact angle of (A) time-resolved measurement over 60 s using untreated nonwoven
material and (B) measurement after a few seconds using untreated and NH3-plasma functionalized
PLLA L210, PCL and PA-6 nonwovens.

It can be seen that the water contact angle (WCA) of PA-6 nonwovens does not remain
constant and decreases rapidly over 60 s (Figure 5A). In contrast, the WCA of the PLLA
L210 and PCL nonwovens is very high at 130 to 140° as expected, which is due to the
special surface morphology of nonwoven structures. As opposed to film or foil materials,
nanofibrous nonwovens have pores that are filled with air. The wetting properties of
nonwovens are influenced by their weight, layer thickness or (more precisely) their pore
structure. Such a surface, where air is trapped between the liquid and the solid and thus
can only be wetted incompletely, is called a composite interface. [54] The initial WCA
before and after plasma treatment is shown in Figure 5B. It can be clearly seen that the
WCA for all investigated nonwovens can be greatly reduced by one-minute NH3-plasma
treatment, indicating that plasma treatment is very efficient at improving the wettability of
nonwoven fibers.

Further results on surface free energy and its division into polar and disperse fractions
are summarized in Table 1. For their calculation by means of OWRK, the diiodomethane
contact angle was additionally determined. The surface free energies of untreated PLLA
L210 and PCL nonwovens differ only marginally. The SFE of PA-6 nonwoven is slightly
lower, but in this case the measurement is affected by a high standard deviation. After
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plasma activation, the SFE is noticeably improved for PCL and PA-6, whereby the disperse
fraction is reduced and the polar fraction strongly increased for all polymers.

Table 1. Summary of wettability and surface free energy of untreated and NH;3-plasma functionalized
PLLA L210, PCL and PA-6 nonwovens. MSA measurement after 2s, n = 3.

Untreated Nonwovens

NHj3;-Plasma-Activated Nonwovens

PLLA L210 * PCL PA-6 PLLA L210 * PCL PA-6
Mean £+ SD Mean £+ SD Mean £+ SD Mean £+ SD Mean £+ SD Mean £+ SD
Water [°] 133.6 + 5.6 137.6 + 3.8 78.0 + 22.2 37.8+1.7 193+ 48 29.8 + 4.1
Diiodomethane [°] 181+ 24 21.6 +11.1 26.8 + 7.6 64.6 + 03 259 + 1.0 31.6 + 3.3
Surface free energy 571+ 2.8 573 +5.3 485+96 59.5 + 1.3 75.9 + 1.9 70.7 + 3.5
[mN/m]
Disperse fraction 483+ 0.7 473+ 35 455429 259 + 0.2 458 4 0.4 43.6 + 1.4
[mMN/m]
Polar fraction 88421 100 + 1.8 31468 33.6 + 1.0 301416 271420
[mN/m]
* washed.

3.3. Biocompatibility of Polymeric Nonwovens Assessed by Cell Viability

Cell viability of human endothelial EA hy926 cells grown for 48 h on untreated and
NH3-plasma modified polymeric nanofiber nonwovens of PLLA L210, PCL and PA-6 is
shown in Figure 6. Values were normalized to values from the control surface (NC, TCPS),
which was set to 100%. For the untreated nonwovens, relative cell viability was highest for
PLLA L210 (57.1%), followed by nonwovens of PA-6 (54.1%) and PCL (49.6%); however,
these differences were not statistically significant.
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Figure 6. Relative viability of human endothelial EA.hy926 cells on unmodified and NHj-plasma
functionalized polymeric nonwovens after 48 h (mean + SD, n = 6, one-way ANOVA, ns = not
significant, and *** p < 0.001).

In contrast, NH3-plasma modification has indeed shown to increase the relative
cell viability of endothelial EA.hy926 cells on all polymeric nonwovens. This effect was
most prominent for PCL nonwoven, where NH;3-plasma modification yielded the highest
and most statistically significant (p < 0.001) increase in EA.hy926 cell viability of 75.6%,
corresponding to an enhancement of 26.0% compared to untreated PCL nonwovens. Addi-
tionally, for PLLA L210 and PA-6 nonwovens, a positive effect of NH3-plasma treatment on
cell viability was observed, although it was not significant and slightly lower than what was

91



Materials 2022, 15,2014

untreated

+ NH;-plasma

PLLA L210

detected for PCL. NHjz-surface treatment of PLLA 1.210 and PA-6 resulted in an increased
viability of endothelial EA.hy926 cells up to 61.3% for PLLA 1210 and 63.0% for PA-6.

3.4. Influence of Nanofiber Scaffolds on Cell Attachment and Morphology

Cell morphology analysis using scanning electron microscopy revealed phenotypic
differences of human endothelial EA hy926 cells grown on untreated nonwovens of PLLA
L210, PCL and PA-6 compared to those grown on NHj3-plasma-modified polymeric non-
wovens (Figure 7). Only moderate cell attachment and spreading of EA hy926 cells could
be observed on the untreated nanofiber nonwovens of PLLA 1210, PCL and PA-6. In
particular, cells that were grown on electrospun PLLA L210 and PCL scaffolds were more
likely to exhibit spherical phenotypes than cells that were grown on PA-6 nonwovens
where they appeared more flattened. Especially on PLLA 1210 nonwovens, EA.hy926 cells
were shown to grow around the scaffold nanofibers to some degree. After NH3-plasma
treatment, all of the three types of polymeric nonwovens were shown to facilitate better cell
attachment of human endothelial cells and showed increased cell spreading of EA.hy926
cells when compared to the corresponding untreated polymer surfaces. In general, endothe-
lial EA hy926 cells grown on all NH;3-plasma treated surfaces were larger and exhibited
a flattened and more elongated phenotype with more filopods than on the unmodified
nonwovens. Furthermore, this altered effect on cell spreading and the phenotype change
was most obvious for cells that were grown on NH3-plasma treated PLLA L210 nonwovens.
It was also apparent that on all nanofibrous scaffolds, human endothelial cells were able to
spread between individual fibers of the mats, but none of the cells were observed to have
grown deeper into the pores of the analyzed nonwovens.

PCL PA-6 control
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Figure 7. Cell morphology of human endothelial cells (EA.hy926) on untreated and NH3-plasma
functionalized PLLA L210, PCL and PA-6 nonwovens and on a planar control surface (NC) after 48 h
(SEM, bar = 40 pm).

Regarding phenotype maintenance, the morphology of human EA hy926 cells grown
on the NH3-plasma modified polymeric nonwovens was comparable to those on the control
surface (NC), although on the control surface, cells generally exhibited a much larger cell
area compared to those on all of the polymeric nonwovens.
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3.5. Quantification of Endothelialization

To evaluate the impact of NHj3-plasma treatment on endothelialization potential as a
substantial biological requisite for successful cardiac scaffolds, cell spreading of endothelial
EA hy926 cells was quantified by measuring cell areas (Figure 8). Measurements were there-
fore conducted on cells either grown on NH3z-modified or untreated polymeric nonwovens
of PLLA L210, PCL and PA-6.
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Figure 8. Spreading of human endothelial EA hy926 cells on untreated and NH;3-plasma functional-
ized polymeric nonwovens after 48 h (mean + SD, n = 40, one-way ANOVA, ns = not significant, and
***p < 0.001).

Mean cell area of human endothelial EA.hy926 cells on untreated nonwovens ranged
from 144.9 um? to 203.2 um? for PLLA 1.210 and PA-6, respectively. Modification with NH;-
plasma led to a remarkable increase of the cell area of human endothelial cells for all three
types of investigated polymeric nonwovens. The effect was most obvious for PLLA L210
and PA-6 nonwovens, where the cell area was significantly increased and even doubled
after NHz-plasma treatment, ranging from 404.5 um? to 406.0 um?, respectively. The cell
area also tended to increase on PCL nonwovens after NH3-plasma modification, although
the difference was not statistically significant compared to untreated PCL mats. However,
cell area of human EA.hy926 cells was highest on the control surface (NC), ranging from
1565.0 pm? for NC and 1873.0 pm? for NH;3-plasma treated NC.

In order to judge the quality of endothelialization based on maintenance of the en-
dothelial phenotype, cell shape of human endothelial cells was analyzed by calculating cell
circularity by cell shape index (CSI). The index, ranging from 0 to 1, is either corresponding
to a circular shape (1) or a straight line (0 for maximum elongated shape). CSI of human
endothelial cells on untreated polymeric nonwovens ranged between 0.64 for PCL nonwo-
ven and 0.73 for PLLA nonwoven, compared to 0.61 for the control surface (NC) (Figure 9).
After NH3-plasma modification, CSI was diminished on all polymeric surfaces, with lower
circularity measurements averaged to 0.67, 0.65 and 0.58 for PLLA L210, PCL and PA-6
nonwovens, respectively, thus representing a less circular shape and more elongated phe-
notype of human EA hy926 cells on the NH3-plasma modified nonwovens. In particular,
CSI was lowest on plasma-modified PA-6 nonwoven and therefore expressed the smallest
difference compared to control surface with respective CSI of 0.54. Nonetheless, cells were
not detected to be aligned in one specific direction.
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Figure 9. Cell shape described by cell circularity of human endothelial EA.hy926 cells on untreated
and NHj3-plasma functionalized polymeric nonwovens after 48 h (mean + SD, n = 40, one-way
ANOVA, *** p <(0.001).

3.6. Endothelial Actin Cytoskeleton Formation on Polymeric Nonwovens

The formation of the actin cytoskeleton of human endothelial EA.hy926 grown on
specific polymer nonwovens is shown in Figure 10 (see also Figure S7) with regard to
NHj3-activation status and is compared to the respective control surface (NC).
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Figure 10. Fluorescent staining of F-actin in human endothelial EA.hy926 cells grown for 48 h on

untreated and NH;z-plasma functionalized polymeric nonwovens (red: phalloidin-TRITC for F-actin,
blue: Hoechst-staining indicating cell nuclei, confocal microscopy, and bar = 50 um).

On all of the unmodified polymeric nonwovens comprising PLLA 1210, PCL and
PA-6, EA hy926 cells was shown to exhibit a much reduced actin formation. This reduction
in actin formation was evident due to the merely faint background staining of F-actin,
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with a concentrated F-actin ring at the outer cell membrane and a lack of any any visible
intracellular actin fibers. In contrast, intracellular actin fibers could be observed spanning
the entire cell body on the control surface.

NHs-plasma treatment also showed a striking positive effect on the intracellular
cytoskeleton formation regardless of the observed polymeric nonwovens. In particular,
intracellular F-actin expression was enhanced on PLLA L210, PCL and PA-6 nonwovens
when compared to the respective untreated counterparts. However, distinct stress fiber
formation, as it is seen in EA.hy926 cells grown on the control surface, still remained
relatively poor on all of the plasma-activated polymer nonwovens.

3.7. Expression of Endothelial Cell-Specific PECAM-1 Marker

Immunofluorescent staining was examined to determine the expression of endothelial
cell specific cell-cell contact PECAM-1 (CD31) marker in human EA.hy926 endothelial
cells growing on polymeric nonwovens of PLLA 1210, PCL and PA-6, with or without
NH;-plasma surface modification and control surface (NC). Analysis of CD31 expression
was used as a positive indicator of successful formation of cell—cell junctions in human
endothelial EA hy926 cells. Results indicate that on all untreated polymeric nonwovens,
only a sparse CD31 expression in EA . hy926 cells was observed compared to the control
surface (NC) (Figures 11 and S8).

PCL PA-6 control

Figure 11. Immunostainings of CD31 in human endothelial EA.hy926 cells on unmodified and
NHj;-plasma functionalized polymeric nonwovens after 48 h (green: CD31, blue: Hoechst-staining
indicating cell nuclei, confocal microscopy, and bar = 50 um).

On the contrary, EA.hy926 cells that were grown on NH3-plasma-modified polymeric
nonwovens demonstrated an increased CD31 expression that was concentrated in the cell-
to-cell contact sites. Thus, CD31 expression patterns on NH3-plasma-modified nonwovens
were more similar to general CD31 expression on the respective control surface. While
comparing the different NH3-plasma-treated nonwovens, CD31 expression was highest
and most homogeneous for EA.hy926 cells grown on NHs-plasma treated nonwovens of
PA-6. Here, it showed a faint intracellular constitutive background expression with intense
cell—cell contact sites and thus was most comparable to the control (NC).
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4. Discussion

Advancements in micro- and nanotechnology provide the technical platform to fabri-
cate innovative biomaterials for tissue engineering in order to restore, maintain or even
improve biological function. Electrospun polymeric scaffolds possess similar structural and
morphological properties to extracellular matrix that might make them excellent biomimetic
scaffolds for several cardiac interventions [18,26,55-58]. This includes drug-eluting systems,
artificial heart valve prosthetics, or occluder systems. Although contemporary efforts have
been made in stent technology regarding efficacy and safety, polymeric scaffolds are still
facing challenges such as inflammation or late thrombosis events [9]. Delayed endothelial-
ization is believed to play a key role in the occurrence of late stent thrombosis, and therefore
research has attempted to improve stent designs to accelerate endothelialization. Since the
endothelium represents an inherently antithrombogenic surface, fast formation of an intact
endothelium at the implant site can prevent thrombus formation, or inflammation, events.

The present study is focused on the fabrication of nanofibrous polymer matrices as
biomimetic scaffolds and the characterization of their physicochemical properties and
biological performance in order to evaluate their suitability for the development of inno-
vative artificial grafts for structural and valvular heart diseases [11,15,57]. Additionally,
the effect of plasma functionalization of polymeric nonwovens was evaluated in attempt
to improve endothelialization and thus biocompatibility of polymeric nanofibrous ma-
trices [42,48,59]. Critical cellular parameters of human endothelial cells were examined
to determine distinct growth patterns on polymeric nonwovens and investigate whether
plasma functionalization with NHj3 affects biocompatibility and the maintenance of the
endothelial cell phenotype.

4.1. Surface Characterization and Chemical Modification by Plasma Treatment

This study demonstrated that nanofibrous polymer scaffolds of biodegradable PLLA
L210 and PCL as well as of biostable PA-6 were successfully fabricated by needleless
electrospinning. Polymeric nonwovens exhibit uniform meshes with randomly distributed
fibers with mean fiber diameters of 450 & 250 nm for PLLA L210 and 100 £+ 50 nm for
PA-6 and 200 £ 50 nm for PCL while forming interconnected pores. Additionally, fiber
morphology was shown to lack the formation of beads and junctions, which indicates
sufficient evaporation of organic solvent mixtures during the electrospinning process.

The physicochemical surface analysis of polymeric nonwovens demonstrated clear
differences in wettability and surface free energy among the fabricated polymeric nonwo-
vens (see Table 1). Water contact angles of unmodified polymeric nonwovens ranged from
hydrophobic to highly hydrophobic, which likely indicatives that, despite the chemical
composition, the hydrophobicity is a consequence of the nanostructured surface topog-
raphy itself [60-63]. Contact angle measurements confirmed that surface treatment with
NHj3-plasma increases hydrophilicity of all types of investigated polymeric nonwovens.
Moreover, the NH;3-plasma led to a higher polar fraction of the surface free energy for
all examined polymeric nonwovens. Thus, NHs-plasma functionalization was observed
to exhibit a significant decrease of water contact angles (less than 40°) after NH3-plasma
deposition for all polymeric nonwovens, indicating a more hydrophilic surface. Among
the tested polymer scaffolds, the very high contact angles of untreated PLLA L210 and
PCL nonwovens, compared to the nearly zero apparent contact angles after NH3-plasma-
treatment, might be induced by capillary effects and the highly porous fibrous structure.
That effect was observed to be highest for PLLA L210 nonwovens, while PCL- and PA-6
nonwovens exhibited less than half of the mean fiber diameters of PLLA L210.

4.2. Evaluation of Cell Physiology and Cell Phenotype Maintenance on Nanofibrous
Polymer Scaffolds

Generally, cells are known to be able to sense aspects of their environment, including
distinct surface topographical and chemical features, and adopt cellular physiology in
response to those physicochemical properties of the biomaterial [28]. Thus, the results
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of the present study show that the nanofibrous topography of the fabricated electrospun
polymeric matrices alone influences cell physiology and phenotype maintenance of human
endothelial EA.hy926 cells, while distinct chemical characteristics, due to NH3-plasma
treatment, have a significant influence on these properties. In this study, human endothelial
EA hy926 cells were successfully proven to grow on fabricated nanofibrous nonwovens
of PLLA L210, PCL and PA-6. However, for all of those untreated nonwovens, only a
moderate biocompatibility, assessed by cell viability analysis (ranging from 49.6 to 57.1%),
could be observed. Correspondingly, compared to the planar control surface, cells grown
on the polymeric nonwovens also demonstrated less cell adhesion, as well as reduced cell
viability nearly independent of the type of polymer. This could be a consequence of the
nanofibrousness of the polymeric scaffolds, causing initially altered cell physiology affecting
cell attachment, cell morphology and cell-functional parameters. Beyond the effect of the
nanofibrous surface, in general, the nonwoven scaffolds also provide a different growing
environment since the nonwovens are a more three-dimensional scaffold compared to the
planar negative control (NC), which is simply two-dimensional with an additionally cell
culture treated surface [40]. In consequence, the different dimensions between nonwoven
and the planar control surface might be the reason for the observed differences in cell
attachment and vitality of human endothelial EA.hy926 cells. In this context, Del Gaudio
et al. [56] also reported lower cell vitality for primary human endothelial HUVEC cells
seeded on PCL nonwovens in comparison to a planar TCPS surface, which is in agreement
with the results on cell viability and attachment in the present and prior studies [42].

Regarding the evaluation of distinct cell-nanofiber interactions, Ahmed et al. [55] also
described alterations in cell shape and function of primary human endothelial HUVEC
cells grown on nano- and microfibrous poly(lactic-co-glycolic acid) PLGA meshes in a fiber
diameter dependent manner. In particular, HUVECs became more spherical with smaller
fiber diameters in the nanometer range (up to 500 nm), indicated by higher cell shape index,
when compared to cells grown on micrometer fibers. Similarly, the results in the present
study also demonstrate high CSI values of human endothelial cells on the tested nanofiber
polymeric nonwovens.

In addjition to the nanofibrous surface topography that might be responsible for distinct
growth patterns of endothelial cells on polymeric nonwovens, the observed differences in
wettability and surface free energy of the polymeric meshes could also contribute to changes
in cell morphology. Limited cell attachment and viability can be attributed to the high
hydrophobicity of all nanofibrous polymer surfaces that are known to negatively influence
cell growth patterns. According to other studies, material surfaces that possess moderate
hydrophilicity, i.e., water contact angle ranging between 40° and 80°, are shown to be
favored by several cell types regarding cell attachment and vitality [64,65]. Therefore, the
results of this study suggest that enhanced cell adhesion and viability of human endothelial
EA hy926 cells grown on PLLA 1210 and PA-6 nonwovens might be attributed to the higher
hydrophilicity than of PCL nonwovens. However, it is worth noting that the hydrophilic
surface of PLLA L210 (less than 20° before washing, results not shown) was artificially
induced by the addition of a surfactant and could not be maintained after the introduction
of washing processes. Consequently, after release of Triton X-100, the contact angle of
PLLA 1210 was highly hydrophobic and similar to that of PCL nonwoven (see Table 1).
As a general conclusion, it is essential to consider all additives used during production to
simplify the electrospinning process and for a correct comparison of different final polymer
fiber surfaces.

While distinct fiber geometries and surface wettability among the investigated un-
treated polymeric nonwovens were exhibited, differences in cell viability and cell shape
were only slight and not significant. This might also be based on only slight differences
in fiber diameters within the three polymer scaffolds, which only ranged within 100 to
450 nm for PCL, PA-6 and PLLA L1210 nonwovens. In consequence, nanofiber-dependent
differences in cell morphology and physiology patterns might become more obvious when
comparing a higher range of fiber diameters. This might be evidenced by other studies that
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reported altered cell physiology according to differences in fiber diameters of polymeric
nonwovens. Here, Ko et al. [58] showed increased proliferation and growth behavior of en-
dothelial cells with increased fiber diameters of PLGA matrices by comparing nonwovens
produced in nanofiber diameters of 200 nm and 600 nm.

Moreover, since no significant differences regarding cell viability and growth patterns
among the investigated polymer nonwovens could be demonstrated, it seems that surface
chemistry might be less influential than surface topography because endothelial EA.hy926
cells exhibited similar growth patterns on all polymeric nonwovens, regardless of their
distinct chemical composition, i.e., PLLA L.210 vs. PCL vs. PA-6. In regard to this differenti-
ation between the relative influence of topographical and chemical effects, Cousin et al. [66]
showed that changes in the morphology of fibroblasts could be predominantly attributed to
the surface topography of nanoparticulated coatings, irrespective of the surface chemistry,
which is consistent with the results of the present study.

4.3. Plasma Functionalization of Nanofibrous Polymer Scaffolds towards Improved Biocompatibility
and Cellular Growth Patterns

Surface functionalization with NH3-plasma was applied in order to improve biocom-
patibility and endothelialization of the polymeric nonwovens and thus their biological
functionality and integrity regarding their usage as potential artificial cardiac or cardiovas-
cular grafts.

Indeed, NH;3-plasma functionalization resulted in remarkable elevation of biocompat-
ibility and phenotype maintenance of human endothelial cells on all of the investigated
nanofibrous polymer scaffolds. In particular, NH3-functionalization increased cell viability
by up to 26% above untreated nanofibrous nonwovens as observed for PCL scaffolds.
Additionally, phenotypic traits of endothelial cells were improved after NH;-treatment,
seen in enhanced cell spreading along with more elongated cell shapes (represented by
lower CSI) as well as improved formation of actin cytoskeleton and more physiological
CD31-expression. In consequence, surface functionalization with NHz-plasma was proven
to exert positive effects on endothelialization, which could potentially improve biocom-
patibility and hemocompatibility of PLLA 1210, PCL and PA-6 nanofiber matrices. Those
results are in accordance with other studies that also have shown a positive effect of NH;-
plasma of polymer films on cell viability and expression of endothelial markers such as
CD31 in human endothelial HUVEC and HCAEC cells [42]. The positive effects seen in
this study of NH3-plasma treatment of the polymeric nonwovens of PLLA L210, PCL and
PA-6 could be attributed to the incorporation of functional NH;-groups that caused an
increase in hydrophilicity of the polymeric nonwovens, subsequently leading to improved
cell viability, which is also consistent with previous studies [67]. Because the surface mor-
phology characterization did not reveal any significant effect of plasma treatment on the
fiber diameters, it seems plausible that the enhancement of cell spreading and viability on
the plasma-treated surfaces was induced solely by the increased hydrophilicity and the
incorporation of amino functionalities, i.e., NHy-groups. In particular, NH,-group surface
coupling might facilitate the adsorption of serum proteins to the surface that elevates cell
attachment, subsequently leading to improved spreading and improved physiological
patterns of human endothelial cells. Additionally, surface-adsorbed serum proteins might
possess favorable configurations that are advantageous for cell attachment, spreading and
growth patterns, as previous studies already reported [68]. Previous studies that demon-
strated increased cell spreading of endothelial cells on NHj3-treated fibrous PLLA scaffolds
postulate that the long-term beneficial effect of NH3 plasma-treatment of polymer surfaces
is a result of NH,-group coupling to the surfaces [42,45].

4.4. Limitations and Potential of Plasma-Activated Nonwovens for Cardiovascular Applications

Within this study, we were able to gain basic knowledge about the biological inter-
action between cell-nonwoven surfaces under the influence of NHj plasma activation.
However, so far we have only been able to make limited statements about the colonization
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of the fiber networks with human endothelial cells [58,69,70]. Both untreated and plasma-
treated nonwovens were only studied within in vitro cell culture for short periods of time
(48 h). In literature, a doubling time of approximately 25 h of the used endothelial cells
is described [71,72]. Therefore, longer cell culture experiments in the future could yield
more information. As already mentioned before, no general conclusions about polymer-
or nonwoven-specific plasma treatment can be predicted. In general, parameters such as
polymer type and electrospinning processing or plasma treatment time need to be adjusted
to the desired applications. In addition, insights into biological response such as cell colo-
nization and inflammatory behavior are limited in vitro experiments. In preparation for
in vivo experiments, new methods such as cell behavior under flow conditions have to be
established to quantify effects of shear stress on a confluent endothelial cell layer and to
examine more complex situations such as biofilm formation or thrombotic events.

According to literature [11,69,73], the following important current questions cannot
yet be conclusively or adequately addressed: (i) how long does complete endothealization
of nonwoven materials take in vivo (with blood circulation)? (ii) do specific cells penetrate
through the fiber network and does biodegradation influence the functionality? (iii) which
polymer type should be preferred for which implant region—biodegradable vs. biostable?

In addition, Table 2 provides a brief summary of further considerations regarding
plasma surface treatment of electrospun polymer scaffolds.

Table 2. Exemplary potentials and limitations of plasma surface treatment of electrospun poly-
mer scaffolds.

Control of

Selected Parameters

Selected Limitations

Fiber topography

Adjustable fiber diameters ranging
from nano- to micrometers

No electrospinning of chemical inert
polymers, complex 3D scaffolds

Biological response

Polymer specific nonwovens,
long-term stability of plasma
activation

Biofilm inhibition and endothelial cell
enhancement

Tribological properties

Surface roughness, sliding vs.

adhesive Specific hydrophilicity

Local- or side-specific modifications

Layer structure, composites, and top Possible material defects, e.g.,
vs. bottom delamination, etching or radiation

Plasma — < Electrospinning

Patient individuality

Transferability, e.g., no defined
electrospinning and plasma
parameters

Easy and fast plasma modification,
e.g., during interventions

Surface chemistry

Specific functional groups for

graftings, coatings or drugs Material and plasma dependence

5. Conclusions

In this study, nanofibrous scaffolds of PLLA 1210, PCL and PA-6 were successfully
fabricated by electrospinning for enabling their usage as biomimetic matrices for endothe-
lialization. Results showed surface-topography-dependent alterations in cell physiology
and endothelialization potential of human EA hy926 endothelial cells. Untreated polymer
meshes showed moderate biocompatibility and low cell spreading, which might complicate
their use as implants. In order to improve the biocompatibility and biological integrity
of the nanofibrous polymeric scaffolds, surface modification by NH;3-plasma functional-
ization was performed as it is described as a promising method to optimize biomaterials
towards better cell compatibility and implant integrity. Chemical surface modification
by NH;z-plasma treatment was demonstrated to alter hydrophilicity of all investigated
polymer nonwovens while not affecting fiber morphology or structure integrity. Short func-
tionalization with NHj3-plasma was demonstrated to effectively promote cell attachment
and cell growth patterns of human endothelial cells on polymer nanofiber scaffolds. The
positive effect was proven by enhanced cell attachment and spreading as well as increased
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cell viability. Thus, surface functionalization by NH;-plasma could further promote en-
dothelialization and hemocompatibility of polymeric nonwovens of PLLA L210, PCL and
PA-6, making them suitable as advanced biomaterials for several cardiac and vascular
interventions.

Further studies should more closely examine the influence of fiber thickness and pore
size of nanofiber nonwovens using one specific polymer type. We know that, for instance,
flat human endothelial cells forming a uniform monolayer with cell clusters of 200-400 um
are probably too large for the pores of our nanofiber meshes [74]. However, complex
biodegradable PLLA or PCL matrices, where fiber degradation and cavity generation over
time plays a role, need to be considered in vitro. To study degradation or ingrowth behavior
under in vivo conditions for longer time periods, fast-degrading medically approved
polymers could also become interesting as model fiber systems, if the influence of the
polymer type on cell colonization is incidental. In addition, growth-promoting substances
can be released via fiber degradation [74].

Controlling the fabrication parameters of the electrospinning process to optimize
fiber diameter, pore structure, and mesh density and thickness is an important task to
ensure adequate cell functionality and biological integrity. Together with the finely tunable
fabrication properties of the electrospinning technique, plasma-treated polymer nonwovens
are promising biomaterials for specifically directing cellular response. Thereby, systematic
modulation of biomaterial’s physicochemical properties will support the elucidation of key
cell-biomaterial interactions to further improve implant technology.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mal5062014/s1, Figure S1: The annual number of publications
for the last 20 years with topic “engineer* cardi* scaffold*” provided by the search engine of Scopus,
PubMed and Web of Science before the 15 February 2022; Figure S2: The annual number of publi-
cations for the last 20 years with topic “engineer* cardi* scaffold*” associated with supplementary
search terms: “polymer*”, “hydrogel*”, “micropattern*”, “nanofib*”, “bioprint*” or “decellular*”,
provided by the search engine of Web of Science before 15 February 2022; Figure S3: The annual
number of publications for the last 20 years with topic “engineer* cardi* scaffold*” associated with
supplementary search terms: “polymer*”, “hydrogel*”, “micropattern*”, “nanofib*”, “bioprint*” or
“decellular*”, provided by the search engine of PubMed before before 15 February 2022; Figure S4: The
annual number of publications for the last 20 years with topic “engineer* cardi* scaffold*” associated
with supplementary search terms: “polymer*”, “hydrogel*”, “micropattern*”, “nanofib*”, “bioprint*”
or “decellular*”, provided by the search engine of Scopus before 15 February 2022; Figure S5: Repre-
sentative SEM images of PLLA 1210, PCL and PA-6 nonwovens at magnification 1000 x and 5000 x ;
Figure S6: Frequency of the respective fiber diameters within the individually defined increments for
untreated and activated (A) PLLA L210, (B) PCL and (C) PA-6 nonwovens based on 50 individual
measurement points (where for each polymer 10 fibers were measured manually in 5 SEM images);
Figure S7: Fluorescence intensity of F-actin formation (phalloidin-TRITC for F-actin) in human en-
dothelial EA.hy926 cells grown for 48 h on untreated and NH3-plasma functionalized polymeric
nonwovens and polystyrene control surface (n = 1); Figure S8: Mean fluorescence intensity of CD
31 expression by human endothelial EA.hy926 cellsgrown for 48 h on untreated and NH3-plasma
functionalized polymeric nonwovens (1 = 1).
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Abstract: Electrospinning is a flexible polymer processing method to produce nanofibres, which
can be applied in the biomedical field. The current study aims to develop new electrospun hybrid
nanocomposite systems to benefit the sustained release of hydrophilic drugs with hydrophobic
polymers. In particular, electrospun hybrid materials consisting of polylactic acid (PLA):poly(e-
caprolactone) (PCL) blends, as well as PLA:PCL /halloysite nanotubes-3-aminopropyltriethoxysilane
(HNT-ASP) nanocomposites were developed in order to achieve sustained release of hydrophilic
drug tetracycline hydrochloride (TCH) using hydrophobic PLA:PCL nanocomposite membranes
as a drug carrier. The impact of interaction between two commonly used drugs, namely TCH and
indomethacin (IMC) and PLA:PCL blends on the drug release was examined. The drug release
kinetics by fitting the experimental release data with five mathematical models for drug delivery
were clearly demonstrated. The average nanofiber diameters were found to be significantly reduced
when increasing the TCH concentration due to increasing solution electrical conductivity in contrast
to the presence of IMC. The addition of both TCH and IMC drugs to PLA:PCL blends reduced the
crystallinity level, glass transition temperature (T¢) and melting temperature (Ty;) of PCL within the
blends. The decrease in drug release and the impairment elimination for the interaction between
polymer blends and drugs was accomplished by mobilising TCH into HNT-ASP for their embedding
effect into PLA:PCL nanofibres. The typical characteristic was clearly identified with excellent
agreement between our experimental data obtained and Ritger—Peppas model and Zeng model in
drug release kinetics. The biodegradation behaviour of nanofibre membranes indicated the effective
incorporation of TCH onto HNT-ASP.

Keywords: electrospun nanofibres; nanocomposites; polylactic acid (PLA); poly(e-caprolactone)
(PCL); halloysite nanotubes (HNTs); drug release; release kinetic modelling

1. Introduction

Electrospinning, as a combination of two processing methods, namely electrospraying
and spinning [1,2], is an efficient, convenient and versatile method for creating reliable ultra-
fine fibres from polymer solutions. It has been a hot subject with significant growing interest
to scientific communities during recent years. It offers a promising technique to manufac-
ture continuous fibres with the diameters ranging from nanometres to microns [3,4]. It
is also deemed as an alternative approach to fabricate hybrid fibre membranes based on
polymer nanocomposites when compared with commonly used manufacturing processes
of twin-screw extrusion, high shear mixing and injection moulding. Polymer nanocom-
posites when incorporated with nanoparticles become very attractive advanced materials
due to their well-tailored properties [5] and unique structures, which might not be possibly
accomplished in conventional composites [6,7]. Halloysite nanotubes (HNTs) have also
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gained widespread attention as tubular clay-based nanoparticles with cost-effectiveness
mainly used for the reinforcement purpose [8]. In general, poly(e-caprolactone) (PCL) is a
hydrophobic and semi-crystalline polymer [9]. It degrades in the body due to the existence
of an aliphatic ester bond for hydrolysis [10], and the resulting materials can be metabolised
via tricarboxylic acid cycle or eliminated directly by the renal secretion [11]. On the other
hand, polylactic acid (PLA), as one of the most promising biodegradable polymers, has
remarkable material merits including easy processability, ability to be dissolved in common
solvents, good sustainability and reasonable biocompatibility [12,13]. Since PLA has a low
degree of crystallinity, when compared with PCL, which can degrade to form nontoxic
monomers, it is well utilised in biomedical applications such as medical devices, drug
delivery, tissue scaffolding, etc. [14]. As a typical example, it submits the secession to
monomeric units of lactic acid in the body, which naturally takes place in the carbohydrate
metabolism [15,16]. Whereas, PCL is a slowly degraded biopolymer as opposed to many
other counterparts such as PLA owing to its semi-crystalline nature [17,18] and a high
degree of crystallinity. Moreover, PCL is not harmful to local tissues because it does not
form an acidic environment like poly(lactide-co-glycolide) (PLGA) or PLA. In the past
decades, the use of polymers, as a carrier and release controller for drug delivery systems,
has been the major research focus due to the improvement of healing effectiveness and
the reduction in toxic side-effect [19]. In addition, the interaction between drugs and their
carriers is paramount to control a sustained drug release [20,21]. Hydrophobic drugs
including clindamycin, ciprofloxacin, and cephalexin can be simply incorporated with,
and thus interacted with hydrophobic polymers. However, hydrophilic drugs cannot be
embedded into hydrophobic polymers due to their weak interactions while the drug release
rate may not be well controlled [22]. This study aims to develop new electrospun hybrid
nanocomposite systems to benefit the sustained release of hydrophilic drugs when encoun-
tered with hydrophobic polymers in order to ultimately overcome the weak interaction
issue identified between the drugs and their carriers.

2. Materials and Methods
2.1. Materials

PLA 3051D (molecular weight (MW) = 93,500 g/mol) was supplied by Nature Works,
Blair, Nebraska, USA. PCL (MW = 80,000 g/mol), tetracycline hydrochloride (TCH)
(CopHp4N,Og-HCl, MW= 480.9 g/mol) shown in Figure la, Indomethacin (IMC)
(C19H16CINOy, MW = 357.79 g/mol) illustrated in Figure 1b, phosphate buffer solution
(PBS), chloroform and methanol were all purchased from Sigma-Aldrich Ltd., Castle Hill,
NSW, Australia, and these materials were used without any purification. Halloysite nan-
otubes (HNT) were obtained from Imerys Ceramics, Kaeo, Northland, New Zealand.

2.2. Electrospinning

TCH and IMC drugs with a fixed concentration of 5 wt% were initially mixed with
blend solutions (i.e., PLA:PCL at a mix ratio of 1:1), in which TCH was mixed with
1wt%/v HNT-ASP and subsequently added to PLA:PCL solution. The solvent used
in all cases was the mixture of chloroform and methanol (volume ratio: 2:1). In the
following electrospinning process, different types of solutions were transferred to a 10 mL
syringe pump (A Fusion 100 syringe pump, Chemyx Inc., Stafford, TX, USA) with a needle
specification of 20 G (inner diameter: 0.584 mm). The flow rate of the solution was set
to 2 mL/h, the applied voltage was in the range of 25-28 kV, and the needle-to-collector
distance was fixed at 13 cm. The electrospinning process was carried out at 24 °C in the
closed system and in ventilated fume cupboards with optimal conditions of humidity and
temperature. The polymer solution was electrospun immediately after being prepared
to reduce the effect of environmental conditions. The resulting fibres were collected on a
ground collector covered by flat aluminium foil. A sharp blade was used to cut fibre mats
and they were removed with fine forceps. The thicknesses of fibre mats produced were
measured using a digital electronic micrometer, recorded in the range from 330 to 450 pm.
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Figure 1. Chemical structure of two model drugs: (a) TCH [23] and (b) IMC [24].

2.3. In Vitro Drug Release Study

The drug-loaded fibre mat samples (sample size: 2 cm X 2 cm) were incubated in
20 mL PBS (pH = 7.4) using a rotary shaker at 37 °C. After the required incubation time
for drug release, the samples were transferred to 20 mL fresh buffer solution and 36
separate incubations were conducted to obtain TCH and IMC release data for the three
nanofibre mats (i.e., PLA:PCL/IMC, PLA:PCL/TCH and PLA:PCL/HNT-ASP/TCH) and
subsequently, the released drug amount in the buffer solution was determined accordingly.

The percentage of the released drug was calculated from the primary weight of the
drug (i.e., TCH and IMC) contained in the electrospun mats. The cumulative amount of
drug released from nanofibre mats was calculated according to the following Equation:

Cumulative amount of drug released (%) = (AA/ft) x 100% 1)

(09)

where M; is the number of drugs released up to time t and M, is the initial amount of drug
within electrospun fibres.

2.4. Mathematical Models for Drug Release Kinetics

The kinetics of TCH and IMC release from nanofibre mats were determined from the
release curves against time . The experimental drug release data were fitted to five typical
mathematical models for drug release kinetics consisting of conventional zero-order model,
first-order model, Higuchi model, Ritger-Peppas model, as well as Zeng model [20].

2.4.1. Zero-Order Model
A zero-order model is employed to a drug delivery system in which the drug release
rate is independent of drug concentration. Its empirical equation [25] can be described as

M;
— =K 2
Meo of @
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where M;, M and Ky are the absolute cumulative amounts by mass of drug released at
time f and infinite time, and zero-order release constant, respectively. The ratio M;/Me
denotes the cumulative amount released in percentage [26].

2.4.2. First-Order Model

The first-order equation can be expressed in a derived mathematical form [27] for the
released drug in an aqueous phase [28] given below

M; Kyt
=1-¢f 3
Moo ¢ ®)
in which Kj is the first-order release constant.

2.4.3. Higuchi Model

Higuchi [29] developed important mathematical models to study the release of water-
soluble and low soluble drugs loaded in semi-solid and solid matrices. The equation can
be simplified by

M; 1
where Ky is Higuchi kinetic constant that reflects design variables in a drug delivery
system.

2.4.4. Ritger-Peppas Model

Ritger and Peppas [25] established a simple exponential relationship to investigate
both Fickian and non-Fickian drug release conditions in swelling and non-swelling poly-
meric delivery systems. Such a mathematical equation is given by

DU K ®)

where Ky is Ritger—-Peppas kinetic constant, which incorporates structural and geometric
characteristics of a macromolecular network system and the drug. = is the diffusion
exponent for the transport mechanism through the polymer.

2.4.5. Zeng Model

Zeng and co-workers [20] developed a three-parameter model with the close-form
analytical solution to consider the reversible drug—carrier interaction and first-order drug
release from liposomes. The equation is relatively complex as given by

M; Koff —Ket Kon —K, ¢st
kil (1= J — (1- off 6
Mo Kon +1<off( ) + +1<off( o) ©)

and

AG = —kBT<K0”> )
Kos

In Equation (6), Ky, is the rate constant of association for non-dispersed drug molecules
in the system to be disassociated from carriers prior to drug release. Conversely, K is
the rate constant of disassociation accordingly and Kg is a constant proportional to the
surface-to-volume ratio of the carriers in order to improve drug release. In addition, AG
is the difference of free energy between the free and bound states, kg is the Boltzmann's
constant and T is the absolute temperature where T = 300 K in Equation (7). K., Ks and AG
are three critical parameters in Zeng model to explain the effect of cumulative drug release.
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2.5. In Vitro Biodegradation Study

With respect to in vitro degradation studies, nanofibre mats with the thickness ranging
from 300 to 450 pm were cut into 2 cm X 2 cm testing samples. They were measured to
determine the initial weight (77) and then were placed into an incubated rotary shaker at
the rotor speed of 100 rpm and the temperature of 37 °C during the biodegradation study
where 15 mL PBS (pH = 7.4) was utilised for the required incubation time.

Such nanofibre mats were removed at each designated incubation period and washed
with deionised water. These mats were dried under vacuum at 37 °C until they reached a
constant weight (11). Mass loss (%) was determined using the equation below

m —mq

mass loss (%) = ( ) x 100% 8)

3. Characterisation Techniques

The morphology of electrospun nanofibres was examined via an EVO 40XVP scanning
electron microscope (SEM) (Carl Zeiss AG, Jena, Germany) at the accelerating voltage
of 5 kV. Before SEM observation, the samples were sputter-coated with platinum. Fibre
diameters were calculated from the SEM images by using an image analysis tool within
Zeiss Smart SEM software. A minimum of 150 fibres was selected from multiple scanned
SEM images for the measurements per sample based on a sampling rate of 15 fibres
per image.

Solution viscosity was determined with the aid of a Visco 88 portable viscometer from
Malvern Instruments, Malvern, UK. The electrical conductivity of the solution was mea-
sured by using a WP-81 Waterproof Conductivity Meter, TPS, Brendale, QLD, Australia).

XRD measurements of prepared samples were undertaken in a Bruker Discover 8
X-ray diffractometer, Bruker Corporation, Berlin, Germany. It operated at 40 kV and
40 mA using Cu-K« radiation subjected to the monochromatisation with graphite sample
monochromators in a 26 range from 5° to 40° (scanning rate: 0.05°/s).

Thermal analysis was performed via a DSC6000 Perkin Elmer, Boston, MA, USA with
a cryofill liquid nitrogen cooling system. Approximately 10 mg fibre mat was cut and
sealed in an aluminium pan. The thermal behaviour was analysed during the first heating
scan in a temperature range from —90 °C to 200 °C at the ramp rate of 10 °C/min.

Thermogravimetric analysis (TGA) was carried out by using a SeikoSII Exstar 6000
(TG/DTA 6200), Tokyo, Japan to evaluate the thermal decomposition effect of electrospun
PLA:PCL fibres loaded with drugs. About 6-10 mg TGA samples were heated from 40 °C
to 900 °C at a heating ramp rate of 10 °C/min under a nitrogen flow of 200 mL/min [30].

Fourier transform infrared spectroscopy (FTIR) was performed in a Spectrum 100
FTIR Spectrometer, Perkin Elmer, Kanagawa, Japan. Resulting spectra were recorded in a
wavenumber range of 4000-550 cm~! with the resolution of 4 cm~! by using an attenuated
total reflectance (ATR) technique [31].

The amount of TCH present in the release PBS was obtained by means of a UV-vis
spectrophotometer, JascoV-67, Easton, MD, USA at two specific wavelengths of 360 nm [32]
and 319 nm [33] for TCH and IMC drugs accordingly.

4. Results and Discussion
4.1. Drug Effect on Fiber Morphology

To investigate the drug effect, PLA:PCL polymer solution was blended with IMC and
TCH at a fixed concentration of 5 wt%. As observed in Figures 2 and 3, loaded IMC gave
rise to uniform composite fibrous structures in possession of much larger fibre diameters
at approximately 794 nm as opposed to 623 nm for TCH counterparts. No remarkable
variation in fibre diameter was identified with the addition of IMC when compared with
PLA:PCL blend fibres. Similarly, PLA:PCL/HNT-ASP/TCH composites were also found
to attain uniform fibrous structures despite a small fibre diameter of 716 nm relative to
those PLA:PCL blends and PLA:PCL/HNT-ASP composites.
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Figure 2. Scanning electron micrographs of electrospun fibre mats (a) PLA:PCL (b) PLA:PCL/HNT-ASP (c) PLA:PCL/IMC
(d) PLA:PCL/TCH and (e) PLA:PCL/HNT-ASP /TCH. All the scale bars represent 10 um in size.
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Figure 3. Effects of HNT-ASP, IMC and TCH on nanofibre diameter.

Figure 4 reveals that the addition of IMC to PLA:PCL solution did not appear to
significantly affect the solution electrical conductivity in good accordance with previous
work [34]. However, as expected, the use of cationic drug TCH further increases the solution
conductivity. The additional amphoteric molecules of TCH, having several ionisable
functional groups [35], further increases the solution conductivity as compared to that
without TCH.

120

100

Electrical Conductivity (nS/cm)
- =) o
(=) (=) =]

[
(=]

I
0
PLA: PCL PLA: PCL/ PLA: PCL PLA: PCL PLA: PCL

HNT-ASP /IMC /TCH /HNT-ASP/
TCH

Figure 4. Effects of HNT-ASP, IMC and TCH on solution electrical conductivity.

111



Materials 2021, 14, 5344

4.2. Crystallinity Level

An XRD examination was carried out to investigate the impact of drug type on
crystallinity level and fibrous structures of electrospun nanocomposites fibre mats. The as-
sociated crystalline peaks in XRD patterns were directly detected with the aid of a DICVOL
program used in the FullProf software [36] and labelled with XRD reflection and crystal
planes (hkl) accordingly. Figure 5 illustrates the XRD patterns with respect to fibre mats of
PLA:PCL, PLA:PCL/TCH, PLA:PCL/IMC and PLA:PCL/HNT-ASP/TCH. Such patterns
possess two distinct diffraction peaks at the angles of 20 = 20.1° and 23.2° corresponding
to the crystal planes (101) and (200), respectively. In particular, the characteristic XRD
peak of PCL/HNT-ASP/TCH was detected at 26 = 12.4°, which is indicative of the HNT
reflection plane (001). The basal reflection of HNTs results from their tubular morphological
structures and small crystal size L = 21.7 nm obtained according to the Scherrer relation [8].
No significant difference in relation to peak position was manifested regardless of different
material samples, indicating the minor effect arising from loaded TCH and IMC to alter
crystalline structures of electrospun nanocomposite fibre mats. As such, it may be revealed
that TCH and IMC are most likely to be dispersed in an amorphous state into PLA:PCL
fibre mats. This may be attributed to rapid solvent evaporation, which did not have enough
time to cause relaxation of chain orientation. A short period for drug recrystallisation
and the formation of a preferred configuration in the amorphous state would take place
accordingly [37].

101
40,000 -
- 1- PLA: PCL
- 2- PLA: PCL/ TCH
3- PLA: PCL/IMC
30,000 4- PLA: PCL/ HNT-ASP/ TCH
w)
=
3 25,000
S
‘E 20,000
§ 200
=
= 15,000
10,000
5,000 e, —JJ& 2

7.5 12.5 17.5 22.5 27.5 325 375
2 theta (degree)

Figure 5. XRD patterns for selected material samples showing the relative positions of reflection
peaks when loaded with TCH and IMC drugs.

Figure 6 suggests that the degree of crystallinity (X.) of nanocomposite fibre mats
is reduced more remarkably when TCH is concurrently added, as opposed to that of
PLA: PCL counterparts. Additionally, the use of IMC loaded to PLA:PCL fibre mats was
found to influence X, more significantly in comparison with TCH loaded counterparts.
It is evidently shown that the presence of TCH and IMC enables to greatly accelerate
the nucleation effect, thus resulting in a shorter period than the required time for the
disentanglement of molecular chains. This is because the resulting degree of crystallinity
can be impacted by the restricted mobility of polymeric chains in order to prevent the more
rapid growth of developed crystals. In addition, the crystallinity of nanocomposites was
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reduced when HNT-ASP was embedded into polymers due to the diminished mobility of

polymeric chains.

(PLA: 15%PCL) (PLA:15%PCL/ (PLA:15%PCL/
5%TCH) 5%IMC)

Degree of crystallinity (X.) of electrospun PLA: PCL fibre mats loaded with TCH and IMC drugs.

4.3. Thermal Properties

(PLA:15%PCL/
1% HNT-ASP/

5%TCH)

The thermal properties of electrospun nanocomposite fibre mats loaded with IMC
and TCH separately via differential scanning calorimetry (DSC) are shown in Table 1
and Figure 7. There is a considerable decreasing trend with respect to the T, of PCL
within nanocomposite fibre mats despite a slight decline for the T}, levels of both PLA and
PCL when embedded with HNT-ASP and drug-loaded with 5 wt% /v TCH. The effect of
decreased Tg can be associated with the low molecular weight of TCH. Short molecular
chains of TCH are believed to yield the decline in the packing density of polymeric chains,
thus facilitating the chain mobility as a result of lower Tq. On the contrary, the addition of
TCH offers a significant increase in T, with respect to electrospun nanocomposites.

Table 1. Thermal properties of PLA:PCL fibre mats and PLA:PCL nanocomposite fibre mats loaded

with TCH and IMC.
. Tg (°C) T °O) Tc (CO Ty CO)
g m m 0,

Material Sample PCL PCL PLA PLA X (%)
PLA:PCL —52.19 63.75 83.97 152.54 58.84
PLA:PCL/IMC —58.55 54.57 82.01 148.98 48.89
PLA:PCL/TCH —58.48 59.64 105.77 151.93 53.69
PLA:PCL/HNT-ASP/TCH —61.43 59.17 102.77 149.07 43.60
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Figure 7. DSC thermograms for selected PLA:PCL material samples.

PLA:PCL/HNT-ASP/TCH fibre mats possess the crystallisation temperature (T.)
about 103 °C as opposed to 106°C for PLA:PCL/TCH and 84 °C for PLA in PLA:PCL
counterparts. This result suggests that low-molecular-weight TCH enables to hinder the
cold crystallisation process of PLA in an anti-nucleating agent role as opposed to HNT-ASP.
On the other hand, loaded IMC results in an evident drop in T}, in contrast with a slight
decline in T¢. This finding lies in a better interaction between PLA:PCL fibre mats when
compared with the use of TCH. The T, of PLA within the blends is hardly detected as it
has overlapped the melting peak of PCL

4.4. TGA Analysis

TGA spectra of electrospun nanocomposite fibre mats loaded with IMC and TCH are
exhibited in Figure 8. The addition of TCH, IMC or HNT-ASP does not appear to induce a
significant alteration in thermal stability of PCL with a narrow degradation peak range
from 398 to 399 °C. When TCH, IMC and HNT-ASP/TCH are incorporated, it is evidently
demonstrated that a peak shift to higher temperatures takes place within nanocomposite
fibre mats, thus retarding the thermal degradation. The temperature associated with
the TGA peak, which is assigned to PLA at 334 °C within PLA:PCL fibre mats, shifts
to 345 °C when loaded with IMC and further increases up to 350 °C with the addition
of TCH and HNT-ASP/TCH, resulting in much better thermal stability. Furthermore,
the residual masses were increasingly recorded to be 0.36%, 0.68%, 2.4% and 15.6% for
PLA:PCL, PLA:PCL/IMC, PLA:PCL/TCH and PLA:PCL/HNT-ASP/TCH fibre mats,
respectively. In particular, the higher residue mass of PLA:PCL/TCH when compared
with that of PLA:PCL/IMC can be ascribed to different molecular structures of TCH
(i.e., CpoHy5CIN,Og) with a larger number of carbon atoms relative to that of IMC (i.e.,
C19H16CINOy).
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Figure 8. (a) TGA curves and (b) derivative thermogravimetric (DTGA) curves for typical PLA: PCL blend fibre mats.

4.5. FTIR Evaluation

Figure 9 depicts the FTIR spectra of PLA:PCL fibre mats loaded with or without TCH
and IMC for comparison in terms of their chemical bonding effect. The spectra of TCH
within PLA:PCL fibre mats and corresponding nanocomposite fibre mats do not appear
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to be easily assigned to the band shift. Nonetheless, corresponding TCH bands recorded
at 1614 and 1581 cm ™! within nanocomposite fibre mats are assigned to C=O stretchings
at ring A and ring C, respectively [38], signifying the successful encapsulation of TCH.
In a similar manner, effective encapsulation of IMC is also manifested, as evidenced by
the existing bond taking place at 1560 cm~! associated with the ionisation of carboxyl
groups [39] according to the FTIR spectra of PLA:PCL/IMC fibre mats.
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Figure 9. FTIR spectra for typical PLA:PCL based fibre mats showing drug effect on FTIR peaks.

4.6. In Vitro Drug Release

Drug particles within PLA:PCL fibre mats tend to remain on the fibre surfaces owing
to the fast solvent evaporation arising from the corresponding blend solution in electro-
spinning along with high ionic interactions [40]. As such, it is quite convincing that a
considerable burst release may happen at the initial drug-release stage. As a result of
weak interaction, the burst release becomes more pronounced on the condition that it is
incompatible between the drug and PLA:PCL solution. In comparison, the release rate
of hydrophilic drug TCH, when interacting with hydrophobic PLA:PCL blends, becomes
faster than that of hydrophobic drug IMC. As seen from Figure 10, drug release intends to
be quite rapid during the first 5 h, which is especially the case when using TCH (i.e., 42%
for PLA:PCL/TCH vs. 30% for PLA:PCL/IMC). This phenomenon is attributed to better
interaction and more active compatibility taking place between IMC and PLA:PCL fibre
mats, as opposed to the use of TCH. It is worth noting that chemical interaction between the
drug and its carrier may impede drug crystallisation within its carrier leading to a sustained
drug-release condition in a crystalline state [41]. The addition of 1 wt%/v HNT-ASP into
PLA:PCL blends can reduce initial burst release to 30% after 5 h as opposed to initial 42%
for PLA: PCL blends alone. In the meantime, a similar release trend was observed over the
steady release period from 50 to 250 h, indicating a robust drug release control over both
short and long evaluation periods, which appears to arise from the embedded HNT-ASP.
It is well known that HNTs possess negative charges on the outer surfaces while positive
charges on their inner surfaces [42]. Such distinct charges on HNT-ASP may give rise to the
electrostatic interaction identified between TCH and outer surfaces, as well as the lumen
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structures of HNT-ASP. Accordingly, the drug release rate of TCH can be reduced when
PLA:PCL/HNT-ASP nanocomposite fibre mats act as a drug carrier.

70 - T S
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Cumulative Release (%)

1- PLA:PCL/ TCH
2- PLA:PCL/IMC

Cumulative Release (%)
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Figure 10. Drug release profiles for PLA:PCL fibre mats incorporated with IMC, TCH and HNT-
ASP/TCH.

4.7. Release Kinetics

The mechanism of drug release kinetics is vital to investigate the efficacy of drug
release with the carriers. Consequently, our drug release data obtained were fitted with
five mathematical models whose equations and corresponding parameters are explicitly
listed in Table 2. The conventional first-order model reveals that drug release rate can
completely depend on drug concentration and its carrier feature. Whereas, Ritger-Pappas
model demonstrates a particular drug release mechanism following a Fickian transport
phenomenon [26] according to 7 values in a dominant diffusion process. On the other hand,
Zeng model [20] reveals that drug release may be significantly influenced by the diffusion
process and close interaction between TCH and IMC drugs and PLA:PCL blend fibre mats
as an effective carrier. In particular, IMC has relatively low free energy variation between
free and bound states, namely AG shown in Table 2.1t is found that AG = —2.1 x 1072 for
IMC when compared with AG = —2.0 x 10722 for TCH. PLA:PCL fibre mats are supposed
to decrease the release rate of hydrophobic IMC though it may not work for hydrophilic
TCH owing to their enhanced interaction. Additionally, the decrease in K,g values of IMC
presented in Table 2 implies a strong drug-carrier interaction when compared with K of
TCH ranging from 0.0033 to 0.0025 h—1.
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Table 2. Drug release parameters determined by fitting drug release data to five different mathematical models for drug
release kinetics.

Matlil/[zlgzilcal Zero-Order First-Order Higuchi Ritger-Peppas Zeng
Equation MiMeo =Kot MiMo =1— e Kt My/Mo= Ky t12 M¢/Mo = Kgt" **
Kon =0.0049 h~1
_ _ 3 Kg =1.618 Ko =0.0025 !
PLA:PCL/IMC Iljg " 8221 g; " 8'32’2 ﬁfj B 8 ggf n=0.251 Ks=1.006 h~!
e e o R*=0.938 *AG=-21x10"21]
R? =0.945
~ Kon =0.0034 h~!
Ko = 0.002 K =0.582 Ky = 0.038 I;R_—Oli)? Ko =0.0033 h™!
PLA:PCL/TCH R?=0.434 R?=0.839 R%=0.691 R2 = 0927 Ks=1.160h~!
' *AG=-2.0x 1072
R? =0.920
Ko =0.0012 h 1
= Ky =0. h~!
PLA:PCL/ Ko = 0.0012 K; =0.857 Kpy = 0.024 I;R_ 025%5 o _0 000631,1
HNT-ASP/ TCH  R?=0314 R2 = 0.961 R2 =0.534 =0 Ks=1025h—
R? =0.684 *AG =-22x10721]
R? =0.986

#* Mi /Moo = (Kogr/ (Kon + Kopp))(1 — e Kty + (Ko / (Ko + Kog)(1 — e’KUff). * AG = —kpT In(Kon/Ky5) where kp is the Boltzmann'’s constant
and T is the absolute temperature (300 K).

It is worth noting that with the incorporation of HNT-ASP into PLA:PCL fibre
mats, very minor alteration is evidently observed in Kg though AG could decrease from
—2.0 x 10722 to —2.2 x 10~2! J. This finding confirms that embedded HNT-ASP may de-
crease the drug release rate of TCH, and further overcome the fast release issue induced by
the poor interaction between loaded TCH and PLA:PCL fibre mats. Generally speaking,
the close interaction between TCH molecules and HNT-ASP enables to yield hydrogen
bonds with silanol groups mounted on HNT-ASP. Since our proposed models do not take
erosion/biodegradation and dimensional alteration of drug carriers into consideration,
TCH release data are hard to be completely fitted with those available models. On the
flip side, the fitting results based on Zeng model is seemingly in overall good agreement
with those obtained through experimental data because this model detected the effect
of interaction between both drugs (i.e., TCH and IMC) and the carrier (i.e., PLA: PCL
nanofibres) on the release rate.

4.8. Mass Loss of Fibre Mats

The biodegradability of PLA:PCL fibre mats in terms of mass loss is displayed in
Figure 11. After the degradation period from the first 3 to 72 h in PBS, it is well noted
that the weights of both PLA:PCL/TCH and PLA:PCL/IMC fibre mats have very trivial
variations. The difference of mass has been identified between them to just commence after
168 h. It is worth mentioning that mass loss tends to increase over the degradation time up
to 336 h by reaching the levels of 2.9% and 2.5% for PLA:PCL/TCH and PLA:PCL/IMC
fibre mats, respectively. Overall, PLA:PCL/HNT-ASP/TCH nanocomposite fibre mats
consistently gain the highest mass losses in all degradation time, as exemplified by 3.44%
at 336 h. The small mass loss may be ascribed to PCL within the blends, thus hindering the
water penetration inside the nanofibres. Additionally, water absorption has been found to
take place slowly since PCL behaves with hydrophobic and semi-crystalline characteristics.
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Figure 11. Mass loss of electrospun PLA:PCL fibre mats during both short and long degradation
periods.

In spite of smaller fibre diameters of PLA:PCL/TCH fibre mats, their degradation
seems to be relatively high as compared with those of PLA:PCL/IMC counterparts. When
hydrophilic drug TCH is released from fibre mats, it may accelerate the degradation
process of hydrophobic nanofibres in a more rapid manner due to its increased wettability,
as opposed to that of hydrophobic IMC drug. Moreover, HNTs have been detected to
improve the PBS absorption and also increase the porosity at the nanofiber surfaces for
PLA:PCL/HNT-ASP/TCH nanocomposite mats. Such a phenomenon presents the strong
evidence for the good incorporation of TCH drug molecules onto HNT-ASP in order to
reduce the drug release rate. However, such nanocomposite fibre mats may undergo
relatively high degradability.

5. Conclusions

It was found that the addition of TCH appears to increase the electrical conductivity of
PLA:PCL solution, thus considerably decreasing nanofiber diameters. However, nanofibre
diameters are shown to be further altered insignificantly when loaded with IMC. Loaded
TCH and IMC drugs help to decrease the degree of crystallinity, the Ty and T, of PCL
within PLA:PCL fibre mats. FTIR spectra confirm the successful encapsulation of IMC and
TCH into PLA:PCL fibre mats and corresponding nanocomposites. Thermal degradation
of PLA may be delayed with the addition of these two drugs, as well as HNT-ASP/TCH in
nanocomposite fibre mats despite the little variation to PCL. When hydrophilic drug TCH
is loaded into HNT-ASP and hydrophobic PLA:PCL blends, it decreases the drug release
and overcomes the weak interaction between TCH and PLA:PCL blends. Such a typical
characteristic is evidenced by excellent agreement achieved between Ritger-Peppas model
and Zeng model and experimental data in order to clearly understand the mechanism of
drug release kinetics. These models might not completely fit drug release data because
they do not consider the erosion/biodegradation and dimensional alteration of the carriers.
The mass loss in relation to the degradation effect signifies good TCH-embedding effect
onto HNT-ASP leading to the reduction in drug release rate.
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1. Introduction

The neurological and neurodevelopmental conditions are the main reason for disability-
adjusted life years (DALYs) and the second leading cause of death globally, accounting
for 9 million deaths per year. The main contributors of neurological DALYs in 2016 were
stroke (42.2%), migraine (16.3%,) dementia (10.4%), meningitis (7.9%), and Epilepsy (5%).
Dementia results from a number of diseases and injuries that primarily or secondarily
affect the brain. Alzheimer disease (AD) is the most frequent form of dementia and
may contribute to 60-70% of cases [1]. The worldwide cases of AD are increasing dras-
tically and are likely to be 74 million by 2030 [2]. The prevalence of this disease is rel-
atively high in Asia and Africa. As the world population is growing older, the socioe-
conomic consequences of AD are immense and pose a serious challenge for healthcare
in modern society. The main reason for the higher costs associated with AD is due to
prolonged survival with costly disease-modifying treatment. Presently, for the current
35 million patients with dementia, societal cost is more than $600 billion per year, which is
nearly 1% of global Gross Domestic Product [3].

Due to progressive damage or death of neurons during the neurodegenerative disease
conditions, such as Parkinson disease, AD, or Huntington disease, researchers are facing the
challenge to transport the drugs to the brain at effective concentrations without producing
any toxic manifestation [4,5]. Aging is the chief cause of such neurodegeneration and
the increasing geriatric population in the near future will further aggravate the present
situation [6,7]. Conditions of patients with AD are expressed by the loss of intellectual
ability and cognition and impairment of memory due to changes in the morphology of the
brain. Prediction of increasing numbers of AD patients in the coming decades has initiated
scientists to explore novel deliveries to transport therapeutics directly to the brain [8].
Drug delivery through non-invasive intranasal routes has gained tremendous attention
by formulation scientists in the last few decades [9]. Compared to conventional drug
delivery systems, nasal drug delivery represents a non-invasive approach with additional
advantages such as the rapid onset of action and reduced side effects by a more targeted
drug delivery [10]. This route is considered a better alternative for delivering therapeutics
to the brain via the olfactory and trigeminal pathways, circumventing the rigid blood-brain
barrier that limits the access of actives to the central nervous system while administered
using conventional oral or parenteral routes [11].

Rivastigmine is a US FDA-approved natural para-sympathomimetic agent that re-
versibly inhibits acetylcholinesterase and butyl cholinesterase to treat dementia associated
with AD [12]. Such inhibition of cholinesterase increases the brain concentration of acetyl-
choline to facilitate recovery from memory loss and cognitive deficits due to selective loss
of cholinergic neurons in the cerebral cortex, nucleus basalis, and hippocampus [13,14].
However, the oral bioavailability of rivastigmine tartrate is very low, 36%, because of exten-
sive first-pass metabolism and its hydrophilicity [15,16]. Further, this agent is associated
with severe gastrointestinal side effects, when administered orally [17]. Thus, there is an
urgent requirement to solve the issues with this drug, the low bioavailability, and side
effects. Considering the advantages of intranasal administration of therapeutics to directly
deliver the drugs to the brain, the present study attempted to deliver this potent agent
to the brain using intranasal delivery. The literature signifies that in situ Pluronic F-127
hydrogel constituting Eudragit RL-100 nanoparticles has been previously investigated
for the intranasal administration of rivastigmine [18]. Ex vivo studies reported signifi-
cant permeability enhancement through sheep nasal mucosa in comparison to the drug
solution. However, the cumulative percentage of drug released ranged between 60-80%
after 24 h and the amount of drug permeated per unit area was rather limited, ranging
between 16 x 107 to 49 x 10~% mg/cm? min after 8 h. In another study, Polysorbate
80-coated poly(n-butyl cyanoacrylate) nanoparticles significantly transported (3.82 fold)
rivastigmine to the brain after intravenous administration, when compared to a free drug
solution [19]. However, this approach has certain drawbacks such as systemic toxicity,
patient non-compliance, and distribution of drug to non-target tissues.
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On the contrary, delivering therapeutics using an intranasal route needs special at-
tention for retention at the site with a prolonged-release profile so that the released drug
could be transported to the brain [10,20]. Being a popular delivery system for controlled
release characteristics, properly designed nanoparticles are known to sustain the release
of encapsulated drugs over a longer period from the polymeric matrix [21]. Different
polymers have been used to obtain polymer/active ingredient composite systems with
rapid, controlled, or targeted delivery. Among the others, PVP [22], zein [23], or PLLA [24]
have been utilized to prepare nanoparticles with controllable morphology, encapsulation,
release, and improvement of bioavailability.

Further, wide varieties of available components provide the options to choose the
desired ingredients favoring mucoadhesion for intranasal application. For example, chi-
tosan, a cationic polymer from a natural origin and its thiolated derivatives have received
tremendous attention because of its non-irritant, non-toxic, biocompatible, and biodegrad-
able characteristics along with significant mucoadhesive properties [8,25,26]. Chitosan
is reported to disrupt the intercellular tight junctions, hence enhancing the permeabil-
ity of an epithelium [27]. Similarly, Eudragit® EPO is a cationic terpolymer from the
poly(methacrylate) family specifically used as a coating polymer to overcome humidity-
related instability of dosage forms and also has good mucoadhesive properties [28,29]. The
combination of the repeating methacrylate units within this polymer promotes its solubility
under acidic conditions, which is applicable in the design of dosage forms targeted for
nasal mucosal region with a pH range typically between 5.5-6.5. Excellent mucoadhesive
properties of Eudragit® EPO have been demonstrated using freshly excised sheep nasal
mucosa [29]. Due to the inherent clearance mechanism that exists in the nasal cavity,
exploitation of mucoadhesive agents along with mucoadhesive coating may extend the
time of contact between the drug and the mucus layer, disrupt tight junctions, enhance
permeation, and prolong the duration of action, respectively. Therefore, the current investi-
gation aimed to develop mucoadhesive rivastigmine loaded in chitosan and coated with
eudragit for intranasal delivery, which could circumvent the first-pass metabolism of drugs
and help to achieve a sustained drug release over an extended period. To our knowledge,
this is the first study of its type where the rivastigmine was loaded with chitosan and
coated with eudragit EPO for the purpose of intranasal delivery. Various formulation and
processing parameters were optimized to obtain chitosan nanoparticles having the desired
quality. Later, the optimized formulation was coated using Eudragit, to prolong the drug
release, and evaluated for in vitro release and permeation study. Finally, the ciliotoxicity
study of the coated nanoparticles was done to evaluate the effect on sheep nasal mucosa.

2. Materials and Methods
2.1. Materials

Rivastigmine tartrate (purity > 98%) was procured from Cadila Healthcare, Mumbai,
India. Low-molecular-weight chitosan (50,000 Da; 75-85% deacetylated) was purchased
from Sigma Aldrich, Bangalore, India. Eudragit EPO was received from Evonik India,
Mumbai, India. Span 80 and glutaraldehyde were obtained from SD Fine Chemicals,
Mumbai. Glacial acetic acid was procured from High Purity Lab Chemicals, Mumbeai, India.
Light and heavy liquid paraffin were obtained from Central Drug House, New Delhi, India.

2.2. Preliminary Optimization of Process Parameters for Blank Nanoparticle Preparation

To achieve various desirable properties of the nanoparticles, several preliminary
trials were done. First, blank nanoparticles were prepared to select the external phase
and the stirrer position. Selection of the external phase was done by experimenting with
three different phases, light liquid paraffin, heavy liquid paraffin, and the combination
of light and heavy liquid paraffin at a ratio of 1:1. Similarly, to optimize the location of
the stirrer, it was set at the top, middle, and bottom positions to check its effect on the
formation of nanoparticles.
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2.3. Optimization of Parameters to Fabricate Drug-Loaded Nanoparticles

To optimize the amount of chitosan, three different batches of nanoparticles (P1, P2,
and P3) were prepared using 2%, 3%, and 4% (weight percent) chitosan, respectively. The
other components were fixed to fabricate the formulations and to characterize accordingly.
Once the percentage of chitosan was optimized during the preliminary process, the amount
of drug (batch P4 (150 mg), P5 (100 mg), and P6 (75 mg)) was modified to check the
influence of the drug on the formulation characteristics. In a similar process, the volume of
span 80 (batch P7 (1%), P8 (2%), and P9 (3%)) in the formulation, volume percentage of
crosslinking agent (i.e., glutaraldehyde) (batch P10 (2 mL), P11 (3 mL), and P12 (4 mL)),
stirrer speed (batch P13 (1000 rpm), P14 (1500 rpm), and P15 (2000 rpm)), and crosslinking
time (batch P16 (2 h), P17 (3 h), and P18 (4 h)) were varied one after another and evaluated
to obtain the product having the desired quality.

2.4. Full Factorial Design of the Rivastigmine-Loaded Nanoparticles

The above preliminary trials provide us the data to consider the various process and
formulation variables for the preparation of the optimization batch. Accordingly, the drug-
to-polymer ratio, stirrer speed, and crosslinking time were found to significantly affect the
% drug release after 8 h and entrapment efficiency (% EE) of the fabricated nanoparticles.
Thus, for the optimization process using the design of experiments’ statistical technique,
these three variables were selected as independent variables, and % drug release after 8 h
and % EE were selected as dependent variables. A 22 full factorial design (Design Expert®
software, version 12, Stat-Ease Inc. Minneapolis, MN, USA) was applied [30] to check the
effects of independent variables on dependent variables at two levels demonstrating low
and high, respectively (Table 1). The design formulation batches (D1-D8) representing
independent variables with coded values and their levels are depicted in Table 1.

Table 1. Independent variables with levels and coded values.

Independent Variables
Levels
+1 -1
A (Drug: Polymer) 1:5 1:2
B (Stirrer Speed (rpm)) 1500 1000
C (Crosslinking Time (h)) 4 2

Design Matrix with the Independent Variables and Their Coded Values
Values of Independent Variables

Batches A (Drug: Polymer) B (Stirrer Speed (rpm))  C (Crosslinking Time (h))
D1 -1 -1 -1
D2 +1 -1 -1
D3 -1 -1 1
D4 +1 -1 1
D5 -1 +1 -1
D6 +1 +1 -1
D7 -1 +1 +1
DS +1 +1 +1

2.5. Preparation of Nanoparticles

The emulsion crosslinking method was selected for the preparation of mucoadhesive
chitosan nanoparticles containing rivastigmine tartrate by a method described previously
with minor modifications [31]. Accurately weighed amounts of drug and chitosan were
added to 10 mL of prepared acetic acid solution (2% w/v) placed in a glass beaker. The
dispersion was initially stirred with a glass rod, followed by sonication in a bath sonicator
(Trans-o-sonic, D-compact, Mumbai, India) to facilitate the dissolution. The Sonication
process continued until chitosan dissolved completely and formed a transparent gel. Mean-
while, the required quantity of light liquid paraffin and Span 80 were taken in another
beaker. The mixture was stirred for 10 min using a stirrer (Remi Instruments, Ahmed-
abad, India) at room temperature. Thereafter, the drug—polymer solution was added
dropwise to the external oil phase with continuous stirring at constant rpm for 15 min.
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Thereafter, glutaraldehyde solution (strength) was added dropwise to the emulsion to
facilitate crosslinking and stirring continued for 3-5 h. The suspension was left to stand for
20 min to allow nanoparticles to sediment under the force of gravity. The supernatant was
discarded, and the remaining portion constituting nanoparticles with small amounts of
oil was separated employing a vacuum filter (NOVA instruments, Mumbai, India). The
nanoparticles were then washed 4-5 times using petroleum ether to remove the traces of
oil from the surface of nanoparticles and freeze-dried at —60 °C for 24 h. Finally, it was
air-dried for 24 h at room temperature (25 £ 1 °C) and stored in a cool and dry place.

2.6. In Vitro Release of Rivastigmine from the Designed Batches

The dialysis tube method was used to carry out the in vitro drug release study of the
fabricated nanoparticles. Accurately weighed nanoparticles equivalent to 6 mg of drug
dispersed in 2 mL of simulated nasal fluid (pH 6.4) were taken in a cellophane dialysis bag
(molecular cutoff 12-14 kDa) and placed in the receptor compartment (20 mL of simulated
nasal fluid). The temperature of the receiver fluid was maintained at 37 = 0.5 °C and
100 rpm was set throughout the study [32]. A sample (3 mL) was withdrawn from the
receptor compartment at various time intervals and a fresh solution of the same volume
was replaced to maintain sink condition. The collected samples were analyzed at 220 nm,
and Lambert-Beer’s equation was used for the calculation of % of drug released at different
time points. Kinetics and possible mechanisms of drug release from formulations were
evaluated by fitting the data into various mathematical models, as described elsewhere [33].

2.7. % Entrapment Efficiency and Drug Loading

To determine the % EE of the fabricated formulation, accurately weighed (70 mg)
nanoparticles were pulverized in a glass mortar. Then, 50 mg of the crushed nanoparticles
were weighed and placed into a flask containing 50 mL of methanol. The flask was shaken
using a magnetic stirrer (400 rpm) for 24 h and kept aside for 4 h to solubilize the entrapped
drug in the nanoparticles. Filtration of the solution was done using Whatman filter paper
(Grade 602 h) to separate the polymers from the supernatant. Finally, the concentration of
the drug in the methanol was measured using a spectrophotometer (UV 1800, Shimadzu,
Japan) [34] at 220 nm to find out the amount of drug entrapped in the nanoparticles [35].

The % EE was estimated using the following formula:

Amount of drug in nanoparticles

% EE =
/ Amount of drug used

x 100 1)

The percentage of drug loading was estimated using the same procedure followed for
EE. Then % drug loading was calculated by using the formula mentioned below.

Amount of drug in nanoparticles

% D loadi -
%o Drug loading Amount of nanoparticles formed

x 100 )

2.8. Coating of the Optimized Nanoparticles

Eudragit EPO is soluble in acetone; thus, the emulsion solvent evaporation technique
was employed for the coating of prepared nanoparticles [36]. Different core-(nanoparticles)-
to-coat ratios were selected to check their effect on drug release. Light liquid paraffin was
selected as the external phase and Tween 80 was used as an emulsifier for the coating.
Optimized batch D8 was selected as the core and the coating was done by the method
described in the literature with minor modifications [37]. Briefly, the required quantity of
polymer was dissolved in acetone and previously prepared chitosan nanoparticles were
added to the polymeric solution with constant stirring. The mixture was then added
dropwise to light liquid paraffin and Tween 80 solution with magnetic stirring at constant
speed for 2 h to evaporate acetone completely. The hardened nanoparticles were recovered
by centrifugation and washed three times in petroleum ether to remove the excess of
oil. Nanoparticles were then lyophilized and stored in a cool and dry place. Different
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% Mucoadhesion = (Amount of nanoparticles adhere to the mucosa)/(Total amount of nanoparticles

ratios of nanoparticles and the coating polymer-eudragit (1:1 (batch C1), 1:3 (batch C2),
and 1:5 (batch C3)) were tested to fabricate the coated nanoparticles.

2.9. FTIR Analysis

Compatibility study was carried out using a Jasco FT-IR spectrophotometer (FP-6500,
Tokyo, Japan). The IR spectrum of the pure drug (2 mg), chitosan (2 mg), and nanopar-
ticles” formulation D8 (equivalent to 2 mg of drug) was studied by preparing potassium
bromide (KBr) pellets with 98 mg KBr [38]. The prepared pellets were then scanned
50 times over the range of 4000-400 cm~! wavenumber. The characteristic absorption
peaks of rivastigmine tartrate and chitosan at different wavenumbers were compared with
the peaks obtained in the nanoparticles’ formulation.

2.10. In Vitro Release of Rivastigmine from the Coated Nanoparticles

The in vitro release of rivastigmine from the eudragit-coated nanoparticles (batches C1,
C2, and C3) and the optimized uncoated nanoparticle (batch D8) were studied similarly to
the procedure mentioned in Section 2.6.

2.11. In Vitro Drug Permeability Study

In vitro rivastigmine transport from the nanoparticles was studied using the freshly
excised sheep nasal mucosa obtained from a local slaughterhouse (Ahmedabad, India).
Nasal mucosa was sandwiched between the donor and receptor cells with the mucosal
side directed towards the donor cell. The active diffusion area for drug permeation
was 1.13 cm?. The receiver fluid was filled with simulated nasal fluid (20 mL), stirred
with a magnetic bar at 50 rpm, and the temperature was maintained at 37 & 0.5 °C [39].
Different ratios (1:1, 1:3, 1:5) of coated nanoparticles equivalent to 12 mg of the drug were
dispersed in 1 mL of simulated nasal fluid and placed in the donor compartment. For
comparison purposes, a drug solution with the same amount of drug was used as a con-
trol. Aliquots were withdrawn at various intervals for 24 h and were replaced with an
equal volume of fresh medium. Samples were filtered through a 0.2-pm Millex syringe-
driven membrane unit, diluted appropriately, and assayed at Amax 220 nm. The flux and
enhancement were calculated according to the formula described elsewhere [40,41].

2.12. Measurement of Particle Size, Particle Size Distribution, and Zeta Potential

For the measurement of the particle size, size distribution, polydispersity index, and
zeta potential of the nanoparticles, a Zeta sizer (Nano Z590, Malvern Instruments, Malvern,
UK) was utilized. Nanoparticles were dispersed in water and the measurement was done
at room temperature [42].

2.13. In Vitro Mucoadhesion Testing

This analysis was performed to evaluate the mucoadhesive property of the fabri-
cated nanoparticles according to the method described in literature [43]. To perform this
test, a freshly cut 2-cm-long piece of sheep nasal mucosa was collected and tied to a
glass slide with the help of clips. Accurately weighed 50-mg nanoparticles were placed
on the apical surface of the mucosa. The setup was kept in the humidity control cham-
ber (75 & 5% humidity) for 10 min to allow the anionic mucosa to interact with cationic
Eudragit-coated nanoparticles. Then, this slide was hung at an angle (45°) under the burette
tip, which allowed the prepared phosphate buffer (pH 7.0) to flow at a rate of 2 mL/min.
The number of dry nanoparticles disadhered from the setup was collected on the What-
man filter paper. The collected nanoparticles were weighed and used to calculate the %
mucoadhesion using the following formula [43].

applied to the mucosa) x 100 ®)
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2.14. Scanning Electron Microscopy (SEM)

The surface morphology of optimized nanoparticles was observed under the scan-
ning electron microscope. For SEM analysis, nanoparticles (coated and uncoated) were
suspended in petroleum ether and a small amount of this suspension was put on an alu-
minum stud. Following dehydration and fixation, the nanoparticles were coated with
gold-palladium by using the SEM coating system POLORON E5100 (sputter coater) in a
neutral environment and the morphology of the formulated nanoparticles was measured
using a Nova Nano SEM-450 (FEI, Hillsboro, OR, USA). The images were recorded at
HT-15 kV with a high-voltage electron beam, and a probe current of 3 x 10710 A was
passed through it to scan the nanoparticles [44].

2.15. Differential Scanning Calorimetry (DSC)

The thermal nature of rivastigmine tartrate, the physical mixture, and rivastigmine-
loaded nanoparticles-optimized formulation was studied using the DSC 4000 system
(Perkin Elmer, Waltham, MA, USA). A sample (5 mg) of rivastigmine nanoparticles was
precisely weighed and hermetically sealed in aluminum pans. Thermograms were captured
by heating samples at a constant rate of 10 °C/min from 30-300 °C. An unfilled sealed pan
was employed as a reference [45].

2.16. Nasal Ciliotoxicity Studies

Nasal ciliotoxicity studies of nanoparticles of rivastigmine were conducted using
sheep nasal mucosa by following the ethical guidelines (VSCP/EC/11508/2020/4, dated
24 August 2020). For this study, three sheep nasal mucosal scrapings, namely, A, B, and C,
with uniform thickness were collected and mounted on Franz diffusion cells [46]. ‘A’ was
treated with 0.5 mL of phosphate buffer as the negative control, ‘B’ with 0.5 mL of selected
nanoparticles (batch C1) of rivastigmine for 2 h as a test, and ‘C” with 0.5 mL of isopropyl
alcohol for 2 h as a positive control. After 2 h, the nasal mucosa was rinsed with saline
fluid and subjected to histological studies using hematoxylin-eosin staining [47]. The
stained slides were examined using a light microscope (under 400 x magnification) and
the image was captured using a camera attached with the microscope (ZEISS, Axioscope 5,
Jena, Germany).

2.17. Statistical Analysis

Data were examined using one-way ANOVA, followed by Turkey’s multiple com-
parison post-test. The statistical differences between values exhibiting p < 0.05 were
considered significant.

3. Results and Discussion
3.1. Preliminary Optimization of Process Parameters for Blank Nanoparticle Preparation

When three different phases were taken for the selection of the external phase for the
preparation of nanoparticles, a stable emulsion was formed with heavy liquid paraffin,
whereas the flakes were formed with the combination of light and heavy paraffin. On the
other hand, light liquid paraffin was found to be suitable for the fabrication of nanoparticles.
Therefore, it was selected as an external phase for further investigations. When the stirrer
was set at top positions, it showed the formation of small and irregular-sized nanoparticles.
Alternatively, setting the stirrer at the bottom position resulted in the development of big
and spherical nanoparticles. It was shown that when the stirrer was set at the middle
position, it produced better and desirable results when compared to the other two positions.
Therefore, the middle position of the stirrer was selected for further studies.

3.2. Optimization of Preliminary Batches of the Drug-Loaded Nanoparticles

Preliminary studies (with batches P1-P18) were carried out to select the percentage
of chitosan, the amount of drug, the volume of span 80, the crosslinking agent, stirrer
speed, and crosslinking time by varying one after another and evaluated for % EE, drug
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release, and mucoadhesion. It was found that the concentration of chitosan (in batches
P1, P2, and P3) had a significant effect on % EE and a minor effect on drug release and
mucoadhesion. As the concentration of chitosan was increased, % EE was also proportion-
ately increased. It could be attributable to the fact that when the concentration of chitosan
was increased in the formulation, viscosity of the solution correspondingly increased, and,
finally, the diffusion of the drug became difficult, which prevented drug release from
the particles [48]. A similar observation was noted in the drug release profile as well.
Initially, faster drug release was observed at a lower concentration. Alternatively, at higher
concentrations of chitosan, initially slower drug release was observed followed by faster
release. Increasing the concentration of chitosan in the formulation revealed a comparable
effect as that noticed in the drug release as well as drug permeability. At lower concentra-
tions, drug permeability was higher, as drug diffusion became easier from the less dense
polymeric structure. There was no significant effect found in mucoadhesion but it was
shown that mucoadhesion was slightly increased with an increase in the concentration of
chitosan. It was observed that % EE, drug release, and mucoadhesion was good in batch P2
(with 3% chitosan) and P3 (with 4% chitosan) but batch P2 had good syringe ability when
compared to batch P3. Thus, batch P2 with 3% chitosan was selected for further studies.

On the other hand, it was observed that % EE was significantly affected by the drug-
to-polymer ratio. The % EE was inversely proportional to the drug to polymer ratio in the
formulation, where 150 mg (batch P4, drug: polymer, 1:2) showed 45.34% EE but 75 mg
(batch P6, drug: polymer, 1:4) showed 71.45% EE. In addition, the drug-to-polymer ratio
was found to have a significant effect on drug release as well as drug permeability. It
was observed that drug release and permeability retarded markedly at a higher drug-to-
polymer ratio (1:4). This could be explained by the fact that the slower the rate of swelling
of the polymer, the more controlled the drug release from the matrix [49,50]. Based on the
results demonstrating higher % EE, controlled drug release, and sustained permeability,
batch P6 with 75 mg drug and 1:4 drug-to-polymer ratio was selected for further studies.

Due to the non-ionic and lipophilic nature of Span 80, it tended to form a stable
coating over the spherically dispersed droplets of the emulsion. Based on the results drawn
from different batches (P7-P9) of formulations, the aggregation of the nanoparticles was
observed at a higher concentration of Span 80. Alternatively, including a higher percentage
of Span 80 did not significantly affect % EE, drug release, and drug permeability. Therefore,
the batch P8 with 2% of Span 80 was selected for further investigations to avoid aggregation
between nanoparticles.

The amount of the cross-linking agent in batches P10-P12 revealed significant alter-
ation in % EE. The higher the amount of crosslinking agent (glutaraldehyde; 4 mL), the
higher % EE, which might be because of preventing the leaching of drug from the polymeric
structure during the washing step of the nanoparticles [51]. It was proven since the drug
release from the polymeric matrix was also retarded from nanoparticles with a higher
amount of crosslinking agent. Increasing the concentration of the crosslinking agent might
have increased the density of the polymer matrix, thereby retarding the release of the drug
from these polymeric particles [52]. A similar effect was observed for drug permeability,
where the higher amount of crosslinking agent reduced the permeability of the drug. On
the other hand, mucoadhesion was found to be decreased with an increased concentration
of the crosslinking agent in the formulation. This might be correlated to the decrease in the
availability of free cationic groups of chitosan at higher crosslinking [53]. With increasing
the amount of crosslinking agent, particle size was decreased but shrinkage of nanopar-
ticles occurred due to higher crosslinking of particles. Therefore, 3% of glutaraldehyde
(batch P11) was considered as the optimum concentration required for further studies as it
was providing minimum particle size (150-200 nm), maximum % EE (64.32%), reasonable
drug release (65.72% within 8 h), and strong mucoadhesion (85%).

Stirrer speed is the most critical factor in the preparation of nanoparticles. Although,
in the present research, the stirring speed did not have any significant effect on % EE, the
drug release was significantly affected. As the speed was increased (1000 to 2000 rpm),
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the particle size of the nanoparticles was found to be decreased from 350 nm (batch P13)
to 200 nm (batch P15). On the contrary, the surface area of particles increased; thus, a
higher drug release (88.56%) was recorded at the higher stirrer speed (2000 rpm). A similar
observation was also made for an in vitro drug permeability test. Alternatively, the particle
size was found to enlarge at a lower stirrer speed, which would not be suitable for nasal
delivery, as reported earlier [54]. Therefore, 1500 rpm was considered ideal.

On the other hand, the crosslinking time during the fabrication of the nanoparticles
had a significant effect on % EE. Improper crosslinking of the polymer matrix resulted in
incomplete encapsulation of drugs in the polymer matrix. Therefore, the loaded drug was
leaked during the washing period of the fabricated nanoparticles. Additionally, the release
of drugs from the nanoparticles (batches P16-P18) was also influenced by the duration of
crosslinking. The drug release was largely retarded with increased time of crosslinking
since a higher degree of crosslinking causes particles to became denser and thereby hinder
their release from the polymer matrix [55]. Further, mucoadhesion of the nanoparticles was
reduced due to a higher degree of crosslinking with chitosan contributed by a prolonged
period of crosslinking [56]. The particle size was also affected by the extent of crosslinking.
As the time increased, particle size decreased significantly. Based on the initial optimization
of the different process parameters and compositions, the final composition and parameters
of the optimized formulation are depicted in Table 2.

Table 2. Formulation composition and characterization parameters of batch P17 to fabricate nanopar-
ticles containing rivastigmine.

Components Optimized Values
Rivastigmine 75 mg
Chitosan 3%
Span 80 2%
Glutaraldehyde 3mL
Stirrer speed 1500 rpm
Crosslinking time 3h
Characterization
Parameter Outcome
Average particle size 150 nm
% EE 67.92
% Drug loading 11.98
Aggregation No
% Mucoadhesion 89
% Cumulative drug release (within 8 h) 82.32

3.3. Optimization of the Formulation Parameters Using 23 Full Factorial Design
3.3.1. Drug Release from Rivastigmine Nanoparticles

Rivastigmine nanoparticles’ formulation was optimized using three-factor, two-levels
statistical design. Responses of dependent variables for designed batches are shown in
Table 3. The statistical data showed that the interaction of three independent variables, drug-
polymer ratio (A), crosslinking time (B), and stirrer speed (C) on % drug release after 8 h from
rivastigmine nanoparticles and % EE, where the model (23 full factorial design) was found
to be significant and the significant influence of model terms A, B, and C on % rivastigmine
release from the nanoparticles formulation was confirmed by the p-values (p < 0.05).

A polynomial equation was generated based on the interaction of three model terms
on the % release of rivastigmine from the developed formulations (Equation (4)). The
positive coefficient value (+2.08) of C in Equation (4) indicates that the increasing % of
drug release could be achieved with increasing the level of stirring speed, whereas the
negative coefficient of model terms A (—2.75) and B (—3.39) represented decreasing % of
drug release with the increasing level of drug—polymer ratio and crosslinking time. This
could be correlated to the findings of the preliminary results. The increased crosslinking
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time and drug—polymer ratio increased the barrier to release the entrapped drug from the

polymeric nanoparticles [57].

Table 3. Responses of dependent variables for designed batches.

Actual Responses

Batches

Cumulative Drug Release (%) after 8 h % EE
D1 78.77 43.46
D2 73.33 57.33
D3 72.55 49.33
D4 67.24 75.63
D5 83.77 40.22
D6 77.90 55.33
D7 76.14 45.06
D8 70.75 73.33

% drug release = 75.06 — 2.75A — 3.39B + 2.08C + 0.0762AB — 0.0637AC — 0.3087BC

4)

Further, the similar effect of model terms A, B, and C is reflected in the 3D surface
plot (Figure 1la—c), where it is presented that the increasing levels of model terms A led to
decreasing % drug release, whereas an increasing level of stirring speed led to increasing
% drug release from the fabricated rivastigmine nanoparticles’” formulation.
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Figure 1. Effect of the interaction of (a) drug—polymer ratio, (b) crosslinking time, and (c) stirring speed is represented in
the 3D surface plot on percentage of drug released from rivastigmine nanoparticle formulation.

3.3.2. Entrapment Efficiency of Rivastigmine Nanoparticle
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The statistical data indicated that the interaction of three independent variables, drug-
polymer ratio (A), crosslinking time (B), and stirrer speed (C) on % EE of the rivastigmine
nanoparticles, where the model 2 full factorial design was found to be significant and the
significant influence of model terms A, B, and C on % EE of rivastigmine in the nanoparticle

formulation was confirmed by the p-values (p < 0.05).

A polynomial equation was produced based on the interaction of three model terms
on % EE of the developed formulations (Equation (5)), where the positive coefficient values
for all the three model terms represents the increment of % EE with increasing level of

model terms.

% EE =54.96 + 10.44A + 5.88B — 1.48C + 3.20AB + 0.4043AC — 0.1662BC
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Further, a similar effect of model terms A, B, and C is reflected in the 3D surface plot
(Figure 2a—c), where it is presented that the increasing levels of model terms A and B led to
increasing % EE of the rivastigmine in nanoparticles.
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Figure 2. Effect of the interaction of (a) drug—polymer ratio, (b) crosslinking time, and (c) stirrer speed is represented in the
3D surface plot on percentage entrapment efficiency of rivastigmine nanoparticle formulation.

The 3D surface plot of % EE in Figure 2 signifies that the drug-to-polymer ratio had a
more significant effect on % EE when compared with crosslinking time. As the drug-to-
polymer ratio increased from 1:2 to 1:5, % EE increased from 40 to 57, while crosslinking
time increased from 2 to 4 h and % EE increased from 40 to 48. These results are in good
agreement with the % EE existing literature [51]. However, it was observed that the stirrer
speed had a negative effect on % EE. Indeed, the increase in stirrer speed led to a decrease
in % EE. This is probably because when the stirrer speed was increased, the particles could
have broken and help the drug escape into the external phase, which resulted in lower
entrapment efficiency.

3.3.3. Checkpoint Batches

To identify the design space, the overlay curve was drawn considering percent en-
trapment efficiency at least above 60-65% and drug release at 8 h below 75%, as shown
in Figure 3. Based on the suggestions from the optimization software to validate the op-
timization process, two checkpoint batches (D9 and D10) were selected from the overlay
plots (Figure 3a—c) and the respective analysis was done for those batches. From the result
displayed in Table 4, it was observed that practical values of the checkpoint batches were
very close to the values of batches that were obtained from the overlay plot. Therefore, it
could be concluded that the model used for the interpretation was validated.

Table 4. Predicted and actual cumulative drug release (%) and entrapment efficiency (%) values of the checkpoint batches.

Predicted Value Actual Value
Batches Drug: Crosslinking Stirrer P lative D P lative D
Polvmer Ti h Speed (rpm umulative Drug o umulative Drug o
y ime (h) P pm) Release (%) % EE Release (%) %o EE
D9 1:5 3 1500 74.19 64.68 71.45 63.34
D10 1:4 3 1000 71.81 60.64 68.76 59.31
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Figure 3. The overlay plots of the nanoparticle formulation, (a) overlay plot of the drug-to-polymer ratio and stirrer speed,

(b) overlay plot of the drug-to-polymer ratio and crosslinking time, (c) overlay plot of stirrer speed and crosslinking time.

From the optimization of different data and validation of the process, the desirability
was set to obtain the optimized formulation. Based on desirable characteristics for % EE,
particle size, and cumulative drug release (%), the parameters of the optimized nanoparticle
formulation are depicted in Table 5, which is also similar to the design batch D8.

Table 5. Optimized formulation parameters for the development of rivastigmine nanoparticles (D8)
and characterization parameters.

Components Optimized Parameters
Drug (mg) 60
Chitosan (%) 3
Span 80 (%) 2
Glutaraldehyde (mL) 3
Stirrer speed (rpm) 1500
Crosslinking time (h) 4
Characterization
Parameter Outcome
Average particle size 145 nm
% EE 73.33
% Drug loading 11.76
Aggregation No
% Mucoadhesion 89
% Cumulative drug release (within 8 h) 70.75

3.4. Coating of the Optimized Nanoparticles

The drug-loaded optimized chitosan nanoparticle (D8) was then coated with Eudragit
EPO to extend the release of nanoparticles to provide 1-day delivery and provide mucoad-
hesion. Eudragit EPO was chosen as the coating polymer for the chitosan nanoparticles
because this polymer is widely used as a coating material in the pharmaceutical field and
enhances the mechanical strength and restricts the dissolution rate of chitosan. In addition,
it exhibits mucoadhesive properties and has also been used for nasal drug delivery [58,59].
The size of all the coated nanoparticles (batches C1-C3) was found to be <220 nm, with the
lowest average size being recorded by batch C1 (~175 nm) followed by batch C2 (~190 nm)
and batch C3 (~210 nm). Further, there was no major alteration in % EE from the coated
nanoparticles in the formulation, which varied between 64.83% to 69.82% for the core-to-coat
ratio of 1:1 to 1:5, respectively.

3.5. FTIR Analysis

Figure 4 shows the FTIR spectra of pure rivastigmine, chitosan, and drug-loaded
nanoparticles (batch D8). The predominant peaks represent the main functional groups
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of pure rivastigmine that showed characteristic spectral peak positions at 3318 cm™
representing N-H stretching and 1715 cm~! representing C=O stretching (carbamate
band); 1401 cm ! refers to C-N stretching in tertiary amines and 954 cm~! corresponds
to the =C-H bending. Additionally, there are also other vibrational bands depicted due
to the presence of stretching vibrational bands of C=C of the structural aromatic ring,
observed
FTIR spectra of the drug are quite similar to the reported [60]. The spectra of optimized
nanoparticles’ formulation also showed all essential peaks of the pure drug with a minor
reduction in peak intensity. Additionally, no evidence of the shift in characteristic peaks of
the drug was observed. Therefore, it can be confirmed that there were no compatibility

O-H band of the tartrate, and formed N-H between the tartrate and the drug. The

issues between the drug and other excipients used in the optimized formulation.
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Figure 4. FTIR spectra of rivastigmine tartrate, chitosan, and rivastigmine-loaded nanoparticles

(batch D8).

3.6. In Vitro Release of Rivastigmine from the Coated Nanoparticles

The cumulative release profiles of rivastigmine from the formulated batches of

only ~80% in 24 h [16].

135

eudragit-
coated nanoparticles (batches C1, C2, and C3) and the uncoated batch D8 are presented
in Figure 5. Chitosan and its derivatives have been extensively probed as mucoadhesive
agents to increase the nasal absorption of hydrophilic drugs and macromolecules due
to its ability to decrease mucociliary clearance, enhancing membrane permeability [54],
besides interfering with the formation of tight junctions in naso-respiratory epithelial
cells [61]. However, results indicated that the cumulative percentage of drug released from
rivastigmine loaded in uncoated chitosan nanoparticles using the dialysis sac method was
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Figure 5. Comparison of cumulative percentage of rivastigmine release from batches with different
core-to-coat ratios and control (uncoated). Batch C1 (nanoparticle: eudragit, 1:1), batch C2 (nanopar-
ticle: eudragit, 1:3), and batch C3 (nanoparticle: eudragit, 1:5). The data represent an average + SD
of six trials.

Coating with eudragit slowed the release rate of the entrapped drug, which might have
been due to an extra barrier created over the chitosan nanoparticles. The cumulative release
of rivastigmine from the coated formulations revealed 97.59%, 90.55%, and 75.74% release
from the coated formulations with the core-to-coat ratio of 1:1, 1:3, and 1:5, respectively,
within the time frame of 24 h (Figure 5). Indeed, this observation could be related to the
well-known fact that surface-specific dissolution rate and equilibrium solubility increase
with a decrease in particle size. Release kinetics were assessed for batch C1. The goodness
of fit models was selected by evaluating r? value, the sum of squares of residuals (SSR),
and Fischer Ratio (F) to avoid error in the prediction of the release mechanism. The data
indicate a higher r? value (0.990), least SSR value (87.92), and F value (10.99) with the
Korsmeyer—Peppas model. The n value noticed (0.572) signifies the diffusion mechanism
was anomalous transport [62]. Hence, it was concluded that the release of rivastigmine
from batch C1 followed the Korsmeyer-Peppas matrix diffusion-controlled mechanism.

3.7. In Vitro Permeability of Rivastigmine from the Coated Nanoparticles

In vitro release profile does not always correlate with in vivo plasma level-time profile;
hence, the suitability of a nasal drug delivery system is generally demonstrated using a
permeation study, preferably using sheep nasal mucosa. The permeation of molecules
across the biological membrane is generally influenced by the physicochemical properties
of the permeant as well as the physiological features of the membrane [63]. The study
was conducted for both the coated formulations (1:1, 1: 3, and 1:5) and drug solutions
containing equivalent amounts (12 mg) of rivastigmine. Figure 6 exhibits a greater extent of
rivastigmine permeation from coated nanoparticles at all ratios through the sheep mucosa
in comparison to the drug solution. It was reported earlier that the cumulative percentage of
rivastigmine permeated through porcine nasal mucosa from chitosan nanoparticles without
any coating was only 70.1% in 24 h [16]. The statistical analysis suggested that the difference
in the cumulative amount of drug diffused at 24 h between coated nanoparticles and drug
solution was significant (p < 0.0001). The steady-state flux (40.39 & 3.52 ug h/ cm?) noticed
with 1:1 core—coat ratio of nanoparticles was more than 1:3 (36.23 + 3.97 ug h/ cm?) and
1:5 (33.19 =+ 3.64 ug h/cm?) core—coat ratio of nanoparticles. The higher permeation of
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rivastigmine from the coated nanoparticles demonstrated by flux values could be directly
corroborated with the release profile displayed in Figure 5. In addition, the increase in
permeation of nanoparticles at 1:1 ratio could be attributed to a minimum particle size that
enabled it to penetrate the nasal mucosal layer more efficiently than the larger particle size
associated with 1:3 (190 nm) and 1:5 (~200 nm) coated nanoparticles. On the other hand,
the lower diffusion of the pure drug solution may have been due to the polar character
of rivastigmine, since, for effective transport across nasal mucosa, the drug should have
preferably a lipophilic property [64]. From the results, it can be concluded that eudragit-
coated chitosan nanoparticles act as an effective drug transporting and targeting carrier
because of nano size and unique physicochemical properties.
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Figure 6. Comparison of rivastigmine permeation across isolated sheep mucosa from batches
with different core-to-coat ratios. Batch C1 (nanoparticle: eudragit, 1:1), batch C2 (nanoparticle:
eudragit, 1:3), and batch C3 (nanoparticle: eudragit, 1:5). The data represent an average £ SD of
six trials.

The in vitro release profile and drug permeability analysis reported from coated
formulations with a core-to-coat ratio of 1:1 (batch C1) showed the best results among
the three formulations tested. Considering a gradual release and higher drug permeation,
these coated nanoparticles (batch C1) with a core-to-coat ratio of 1:1 were selected as an
optimized formulation for further characterization.

3.8. Particle Size, Particle Size Distribution, and Zeta Potential

The particle size and zeta potential distribution of coated and uncoated batches are
shown in Table 6 and Figure 7. The designed batch D8 (uncoated) showed nanoparti-
cles with an average particle size of 144.2 & 28.4 nm (Table 6) and polydispersity index
was 0.24 £ 0.03, while batch C1 (coated) showed nanoparticles with an average particle
size of 175.4 & 41.1 nm (Table 6) and a polydispersity index of 0.19 =+ 0.03, indicating
uniform and narrow size distribution of particles. The zeta potential values exhibited
all positive values and greater than 18 £ 3.6 mV for coated and uncoated nanoparticles
(Table 6), confirming the stability of nanoparticles and avoiding aggregation behavior [42].
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Table 6. Particle size and zeta potential of rivastigmine nanoparticles.

Batches Particle Size (nm) Zeta Potential (mV)
D1 163.2 + 33.1 22 £ 5.8
D2 166.8 £+ 32.8 23+ 3.1
D3 159.1 £29.6 19 t+41
D4 162.4 +33.3 25+ 28
D5 154.2 + 30.7 22 +3.7
D6 1519 £28.5 20+4.1
D7 148.9 +£29.2 20+ 1.8
D8 1442 + 284 18+ 3.6
C1 1754 +£41.1 204+29
C2 182.3 +£40.9 23 4+35
C3 192.1 £43.9 18 +£3.1
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Figure 7. Upper panel: Representative size distribution curve of (a) uncoated (batch D8), (b) coated nanoparticles (batch C1).
Lower panel: Representative zeta potential distribution pictures of (c) uncoated (batch D8), (d) coated nanoparticles (batch C1).

3.9. In Vitro Mucoadhesion Testing

To check the adhesion of coated nanoparticles to the nasal mucosa (absorption site) for
a prolonged period, in vitro mucoadhesion testing was performed. The results exhibited
that all coated nanoparticle batches (C1 to C3) had good mucoadhesive properties ranging
from 91-93% and could suitably adhere to sheep nasal mucosa. The results proved that
the selected core-to-coat ratio provides higher adhesion probably due to good interaction
between the Eudragit® EPO and mucus, as reported early [29].
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3.10. SEM Analysis of the Nanoparticles

The shape and surface of prepared nanoparticles were examined by SEM (Figure 8a,b).
From the SEM micrographs, it was noticed that the optimized uncoated nanoparticles’ (batch D8)
size was ~145 nm, whereas, upon coating, the size increased slightly from ~145 nm to ~175 nm.
Further analysis indicated that all the fabricated coated nanoparticles were less than 200 nm. Our
findings are similar to the data reported in the literature [65]. Further, the SEM images in Figure 8
also demonstrate the spherical morphology of the formulated nanoparticles. Furthermore, the
image (Figure 8b) indicates that there is no defective coating on the chitosan nanoparticles,
which confirms the coating process was done properly on the chitosan nanoparticles.

————30NM:

Sample : Uncoated

(a) | (b)

Figure 8. Representative scanning electron pictures of (a) uncoated (batch D8), (b) coated nanoparticles (batch C1).

3.11. DSC Analysis of Nanoparticle Formulation

DSC thermograms of the drug, physical mixture, and nanoparticle formulation
(batch C1) are shown in Figure 9. The Thermogram of rivastigmine tartrate shows a
sharp endothermic peak at 126.02 °C, confirming the melting point of the drug. The physi-
cal mixture shows a sharp endothermic peak of the drug at 126.02 °C and the broad and
diminished endothermic peak of chitosan and eudragit EPO in the range of 180-220 °C
and 260-300 °C, respectively, which indicates that the drug and polymers were not in-
teracting with each other. However, no characteristic peak of the drug was seen in the
thermogram of nanoparticle formulation, which is probably because the drug was encap-
sulated in the polymeric nanoparticles, as described in the literature [16,66].

3.12. Nasal Ciliotoxicity Studies

Figure 10 illustrates the nasal toxicity studies of nanoparticles of rivastigmine (batch C1)
performed using sheep nasal mucosa. It is evident from Figure 10 that the sheep nasal
mucosal cells treated with phosphate buffer (Figure 10A) and nanoparticles of rivastigmine
(Figure 10C) showed intact, undamaged nasal cells with intact basement membrane, suggest-
ing no indication of toxicity of the formulation. However, mucosa treated with isopropyl
alcohol (positive control) showed destruction of the normal architecture of the mucosal mem-
brane (Figure 10B). Results of histological studies implied that the formulated rivastigmine
nanoparticles are safe to apply to the nasal mucosa, where the formulation will be retained
for a longer period due to significant mucoadhesive properties.
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Figure 9. Differential scanning calorimetry patterns of rivastigmine tartrate, physical mixture, and

optimized nanoparticle formulation (batch C1).

Figure 10. Light microscopic examination of sheep nasal mucosa stained using hematoxylin and eosin stain. (A) Negative
control: nasal mucosa treated with phosphate buffer shows undamaged nasal cells with unimpaired basement membrane
(blue arrow), intact glandular cells with a well-defined nucleus (green arrow). (B) Positive control: mucosa treated with
isopropyl alcohol illustrates widespread destruction of nasal tissues including the injury to the basement membrane
(blue arrow) and glandular cells (with consequent loss of nucleus) (green arrow). (C) Test: nasal tissue exposed to
rivastigmine drug demonstrates unharmed basement membrane (blue arrow), undamaged glandular cells with distinct

nuclei (green arrow).

4. Conclusions

Rivastigmine-loaded chitosan nanoparticles were successfully optimized using phar-
maceutical quality design. The preliminary optimization process disclosed the effect of
formulation variables, viz. different concentrations of polymer, drug, surfactant, crosslink-
ing agent, and processing variables, such as stirring speed and crosslinking time on the
quality of the product. Based on the collected data, the levels of independent variables,
i.e., drug—polymer ratio, stirrer speed, and crosslinking time, were set to obtain an op-
timized batch with spherical nanoparticles with no aggregation, good mucoadhesive
property, in vitro release profile, and in vitro permeation. The core-to-polymer ratio (1:1)
was fixed to fabricate the coated nanoparticles that control the release pattern of the
entrapped drug for a prolonged period. The prepared coated nanoparticles showed
size less than 200 nm and released the entrapped drug gradually for 24 h (97.59%) from
the 64.83% drug entrapped nanoparticles. Further, in vitro drug permeation through the
sheep nasal mucosa revealed greater rivastigmine permeation. Finally, the application
of the coated nanoparticles resulted in no toxicity to the nasal cilia of the experimental
sheep nasal mucosa. Therefore, developed rivastigmine-nanoparticles could be used as an
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alternate delivery system to overcome the poor bioavailability issues of the drug. However,
this novel drug delivery system should be evaluated further to establish the safety and
efficacy in the in vivo experimental models before advancing towards the clinical stage.
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Abstract: Most drug carriers used in pulmonary administration are microparticles with diameters
over 1 um. Only a few examples involving nanoparticles have been reported because such small
particles are readily exhaled. Consequently, the development of microparticles capable of encapsulat-
ing nanoparticles and a wide range of compounds for pulmonary drug-delivery applications is an
important objective. In this study, we investigated the development of polysaccharide microparticles
containing nanoparticles for the temperature-responsive and two-step release of inclusions. The
prepared microparticles containing nanoparticles can release two differently charged compounds
in a stepwise manner. The particles have two different drug release pathways: one is the release of
nanoparticle inclusions from the nanoparticles and the other is the release of microparticle inclusions
during microparticle collapse. The nanoparticles can be efficiently delivered deep into the lungs
and a wide range of compounds are released in a charge-independent manner, owing to the suitable
roughness of the microparticle surface. These polysaccharide microparticles containing nanoparticles
are expected to be used as temperature-responsive drug carriers, not only for pulmonary admin-
istration but also for various administration routes, including transpulmonary, intramuscular, and
transdermal routes, that can release multiple drugs in a controlled manner.

Keywords: polysaccharide; carrageenan; nanoparticle; pulmonary drug delivery

1. Introduction

A variety of nanoparticles have been developed, including inorganic nanoparticles
formed from silica and gold and polysaccharide nanoparticles formed from alginate and
chitosan [1-4], as drug carriers in various drug-dosage forms, including oral and intra-
venous administration [5-7]. Among these, cationic nanoparticles have been reported to
exhibit antimicrobial activities and membrane permeabilities, which can be used as anti-
cancer agents [8,9]. Biologically-derived polymers, such as chitosan and poly-L-lysine, are
often used as cationic polymers to form cationic nanoparticles [10-12]. Chitosan is a linear
polymer prepared by deacetylating natural chitin, which is obtained from crustaceans, such
as shrimps and crabs. Poly-L-lysine is a polymer produced by the fermentation of lysine by
Streptomyces albulus [12]. Nanoparticles formed from chitosan or poly-L-lysine have been
reported on several occasions [12-15]. For example, mixing chitosan or poly-L-lysine with
tripolyphosphoric acid (TPP) has been reported to form nanoparticles through electrostatic
interactions between the amino groups of the cationic polymer and phosphate groups
of TPP [16-19]; such nanoparticles are easily formed by ultrasonication in the absence
of surfactants.

Pulmonary administration [20,21], in which drugs are inhaled and absorbed into the
body through the lungs, is a medication method that has several advantages, including
simplicity of administration [22], excellent immediate efficacy [23], and efficient treatment
of lung diseases [24,25]. However, current pulmonary administration uses drug carriers
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that are mainly microparticles with diameters over 1 um; only a few examples have used
nanoparticles because nanoparticles less than 1 um in diameter are too small for pulmonary
administration. This is because they are expelled from the body through exhalation [26].

We previously developed temperature-responsive carrageenan microparticles that are
efficiently delivered to the lungs [27]. These particles, which are readily prepared by the sol-
gel transition of carrageenan, can rapidly release their inclusions by collapsing in response
to temperature. Carrageenan particles are formed from water-in-oil (w/0) emulsions
and readily encapsulate the compounds dissolved or dispersed in the carrageenan solu-
tion. However, as carrageenan particles are negatively charged, encapsulating negatively
charged compounds is difficult owing to electrostatic repulsion. Therefore, developing
carrageenan microparticles capable of encapsulating a wide range of single or multiple
compounds is important.

In the present study, we developed temperature-responsive microparticles by complex-
ing cationic nanoparticles with anionic microparticles. Dispersing these cationic nanoparti-
cles in an aqueous carrageenan solution during microparticle preparation facilitates their
complexation with anionic microparticles through electrostatic interactions. Furthermore,
these cationic nanoparticles can contain anionic compounds, also through electrostatic
interactions. Therefore, the previously developed carrageenan microparticles [27] can
contain positively charged compounds, whereas the microparticles developed in this study
facilitate the concurrent containment of negatively charged compounds through complexa-
tion with cationic nanoparticles. The carrageenan microparticles designed based on this
idea should exhibit two-step release behavior; that is, the nanoparticles and compounds
dispersed inside the microparticles are released in a temperature-responsive manner, fol-
lowed by the release of another compound from within the nanoparticles (Figure 1). In
the present study, the nanoparticles were first prepared using chitosan or poly-L-lysine,
after which we evaluated the release behavior of the negatively charged compounds from
these nanoparticles. Using the sol-gel transition of carrageenan, we then investigated
the complexation of the nanoparticles in the microparticles. In addition, we prepared
carrageenan microparticles containing both positively charged compounds and the afore-
mentioned nanoparticles and evaluated the release behavior of the two compounds from
the microparticles. To the best of our knowledge, the release of a wide range of compounds
by combining polysaccharide microparticles and biopolymer nanoparticles based on the
proposed technology that controls both the sol-gel transition and emulsion formation has
not been reported.
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water
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Figure 1. Temperature-responsive nanoparticle-containing or nanoparticle-decorated polysaccharide
microparticles for the release of multiple compounds. The nanoparticles and compounds (red squares)
dispersed inside the microparticles are released in a temperature-responsive manner, followed by the
release of another compound (blue squares) from within the nanoparticles.
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2. Materials and Methods
2.1. Materials

k-Carrageenan (k-CRG), potassium chloride, methylene blue trihydrate (Mb), pen-
tasodium triphosphate (TPP), acetic acid, hydrochloric acid, sodium hydroxide solu-
tion, and toluene were purchased from Wako Pure Chemical Industries (Osaka, Japan).
-Carrageenan (--CRG) and poly-L-lysine (405 kDa, PLL) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Sodium 2-naphthalenesulfonate (Ns) was purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Chitosan (100 kDa, CS) was obtained
from Dainichiseika Color & Chemicals Mfg. Co., Ltd. (Tokyo, Japan). Poly(ethylene glycol)-
b-poly(e-caprolactone) block copolymer (PEG-b-PCL) was synthesized as a polymeric
surfactant according to a previously reported method [28,29] with slight modifications
(Mps of the PEG and PCL units were 3500 and 4300, respectively; M, / My ratios of PEG
and PEG-b-PCL were 1.09 and 1.35, respectively). All other reagents were of analytical
grade and used without further purification. The chemical structures of k-CRG, t-CRG, CS,
PLL, TPP, Mb, and Ns are shown in Figure S1.

2.2. Preparation of CS(Ns) and PLL(Ns) Nanoparticles

The CS(Ns) and PLL(Ns) nanoparticles were prepared according to previously re-
ported methods [16,18,19,30-32]. Here, A(m) nanoparticles refer to nanoparticles A that
contain m inside them. If a compound is contained within the nanoparticles, then m is
the name of the compound; otherwise, m is simply written as “-” if the nanoparticle has
no compound. CS(Ns) nanoparticles were prepared by dropping an aqueous solution
(5mL, pH 5) of TPP (4.2 mg) into an acetate buffer solution (10 mL, pH 5) containing CS
(20 mg) and Ns (20 mg) under sonication (20 kHz, 5 min) with an ultrasonic homogenizer
(UH-50, SMT Co., Ltd., Tokyo, Japan). The solution was ultrasonicated for another 10 min,
then stirred at 300 rpm for 30 min and centrifuged at 9200 rpm for 20 min to produce
CS(Ns) nanoparticles. In contrast, PLL(Ns) nanoparticles were prepared by dropping an
aqueous solution (5 mL, pH 4) containing TPP (0.92 mg) into an aqueous solution (10 mL,
pH 4) of PLL (10 mg) and Ns (20 mg) under sonication (20 kHz, 5 min) with an ultrasonic
homogenizer. The pH was then adjusted to 7 with NaOH, and then ultrasonicated for
another 10 min. The PLL(Ns) nanoparticles were subsequently obtained following the
same procedure used for the CS(Ns) nanoparticles.

2.3. Preparation of the CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) Microparticles

The CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) microparticles were prepared according
to a previously reported method [27]. Here, A(m, n) refers to microparticle A that contains
nanoparticle m and compound 7 inside them. If the microparticle contains only one
nanoparticle or compound, then only m is provided, whereas m is simply written as “-”
if the microparticle contains no compound or nanoparticle. An aqueous polysaccharide
solution was prepared by dissolving k-CRG (2.5 w/v%), 1-CRG (2.5 w/v%), potassium
chloride (32 mM), and Mb (7.3 mM) in Milli-Q water (70 °C, 40 mL). A mixture of k-CRG
and 1-CRG was used instead of k-CRG or 1-CRG alone because the mixture gelates rapidly
with moderate rigidity [27]. The organic solvent was prepared by dissolving PEG-b-PCL
(0.5 mM) in toluene (10 mL). The w/o emulsion was then prepared by emulsifying (70 °C,
12,000 rpm, 5 min) the polysaccharide solution (0.35 g), organic solvent, and nanoparticle
dispersion (1.6 mg/mL CS(Ns) or 0.6 mg/mL PLL(Ns) nanoparticles, 100 uL) with a high-
speed homogenizer (NS-51 K and NS-10, Microtec Co., Ltd., Chiba, Japan). The emulsion
was gradually cooled to 25 °C in a water bath, and the microparticles were washed three
times by the repetitive addition of toluene and subsequent centrifugation to remove excess
PEG-b-PCL. The CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) microparticles were finally
obtained after drying naturally in a perfluoroalkoxylalkan beaker. For comparison, the
formation of the microparticles using only PLL (Ns) nanoparticles without CRG was also
investigated. The w/o emulsion was prepared by mixing a solution of PEG-b-PCL (0.5 mM)
in toluene (10 mL), Milli-Q water (0.35 mL), and nanoparticle dispersion (100 uL) with a
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homogenizer (70 °C, 12,000 rpm, 5 min). The white solid was collected by the same process
used to prepare the CRG-containing microparticles.

2.4. Characterization of Nanoparticles and Microparticles

The hydrodynamic diameters of the nanoparticles and microparticles were determined
by dynamic light scattering (DLS). A particle dispersion (1 mg/mL) was placed in the
DLS instrument (Zetasizer Nano-ZS; Malvern Instruments, Malvern, UK) and the effects
of temperature (70 °C) and homogenization (12,000 rpm, 5 min) on the nanoparticle di-
ameter were evaluated. The particle zeta potentials were also determined using the same
instrument. All the experiments were performed three times.

The nanoparticle morphologies were examined by transmission electron microscopy
(TEM; JEM-1400, JEOL, Tokyo, Japan). A CS(Ns) or PLL(Ns) nanoparticle dispersion (5 uL)
was applied to a grid (Microgrid Cu200, JEOL, Tokyo, Japan), and the solution was removed
using a filter paper after 1 min. A drop of gadolinium acetate (2.5 w/w%, 5 uL) was applied
for 1 min to negatively stain the sample. The excess staining solution was removed using
a filter paper and the sample was dried for 15 min. An accelerator voltage of 120 kV was
used for the TEM.

The microparticles morphologies were examined by scanning electron microscopy
(SEM; VE-9800, KEYENCE, Osaka, Japan) with an accelerator voltage of 1.3 kV. The speci-
mens were prepared by placing the microparticles on an aluminum plate and coating them
with an ~10-nm-thick platinum thin film under reduced pressure using an MSP-1S ion
coater (Vacuum Device, Ibaraki, Japan).

The nanoparticle inclusions in the microparticles were examined by differential scan-
ning calorimetry (DSC). The CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) microparticles
(5 mg) were placed in a sealed aluminum pan and subjected to DSC at 10 °C/min from
0 to 500 °C using a differential scanning calorimeter (DSC-60A plus, SHIMADZU, Kyoto,
Japan). To examine in detail the complexation of nanoparticles inside the microparticles,
we subjected the following samples to DSC: CS(Ns) and PLL(Ns) nanoparticles, CRG(Mb)
microparticles, CS, PLL, Mb, Ns, TPP, PEG-b-PCL, and «,1-CRG (i.e., a physical mixture of
k-CRG and (-CRG).

The following quantities were determined by spectrofluorometry (FP-6500, JASCO Co.,
Ishikawamachi, Japan; Aex = 273 nm, Aem = 324 nm for Ns, Aex = 640 nm, A = 680 nm for
Mb): (1) encapsulation ratios and efficiencies of Ns in the CS(Ns) and PLL(Ns) nanoparticles;
(2) encapsulation ratios and efficiencies of Mb in the CRG(CS(Ns), Mb) and CRG(PLL(Ns),
Mb) microparticles; (3) retention ratio and efficiencies of the CS (Ns) nanoparticles in the
CRG(CS(Ns), Mb) microparticles; and (4) retention ratio and efficiencies of the PLL(Ns)
nanoparticles in the CRG(PLL(Ns), Mb) microparticles. The nanoparticles and microparti-
cles were placed in a dialysis membrane and immersed in phosphate-buffered saline (PBS).
At regular intervals (10 min), the solution outside the dialysis membrane was collected, and
its fluorescence intensity was determined by spectrofluorometry. The number of fluorescent
substances (Ns or Mb) contained in each particle was determined from the fluorescence
intensity at saturation. The encapsulation rate and efficiencies of Ns for the nanoparticles
and Mb for the microparticles were calculated using the amounts of particles recovered,
fluorescent substance used in the preparation of the particles, and fluorescent substance
contained in the particles. The retention ratio and efficiencies of the nanoparticles in the
microparticles were calculated based on the encapsulation ratio of Ns in the nanoparticles
and weight of Ns released from the microparticles.

The encapsulation ratio and encapsulation efficiency were determined using the
following equations:

Encapsulation ratio [%]:

Weight of Ns or Mb in the nanoparticles or microparticles [mg]
Weight of the nanoparticles or microparticles [mg]

x 100 1)
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Encapsulation efficiency [%]:

Weight of Ns or Mb in the nanoparticles or microparticles [mg]
Weight of Ns or Mb (mg)

x 100 @)

The retention ratio and efficiency were determined using the following equations:
Retention ratio [%]:

Weight of Ns in the microparticles [mg]

1
Microparticle weight [mg] x (encapsulation ratio of Ns in the nanoparticles [%]) /100 x 100 ®)
Retention efficiency [%]:
Weight of Ns in the microparticles [mg] « 100 4

Weight of the Ns [mg] x (encapsulation ratio of Ns in the nanoparticles [%]) /100

2.5. Nanoparticle and Microparticle Ns- and Mb-Release Profiles

The profiles depicting the release of Ns and Mb from the nanoparticles and micropar-
ticles were constructed using a dialysis method (1 = 3) according to a previous report [33].
CS(Ns) or PLL(Ns) nanoparticles (1 mg), and CRG(CS(Ns), Mb) or CRG(PLL(Ns), Mb)
microparticles (3 mg) were dispersed in PBS solution (1 and 3 mL, respectively). The
nanoparticle (1 mL) or microparticle (3 mL) dispersion was dialyzed against PBS solution
(39 and 37 mL, respectively) through a Spectra/Por6 dialysis membrane (molecular weight
cut-off: 10,000; Spectrum Houston, TX, USA). Ns or Mb was released from the nanoparti-
cles and the microparticles in a sustained manner under gentle stirring. Each sample was
collected periodically (1 mL/15 min) from the exterior of the dialysis membrane and the
same amount of PBS (1 mL) was added to the solution. The particle-release behavior was
evaluated using three temperature patterns: (1) constant at 10 °C, (2) constant at 70 °C, and
(3) ramped from 10 °C to 70 °C at 1 h after the start of experiment. The following values
were determined by spectrofluorometry: (1) release ratio of Ns from the CS (Ns) or PLL
(Ns) nanoparticles and (2) release ratio of Mb from the CRG(CS(Ns), Mb) or CRG(PLL(Ns),
Mb) microparticles. All the releases experiments were performed three times.

3. Results and Discussion
3.1. Preparation and Characterization of the CS(Ns) and PLL(Ns) Nanoparticles

Controlling the charge states of both molecules in a solution is important when forming
CS(Ns) and PLL(Ns) nanoparticles through electrostatic interactions between cationic
polymers and TPP. Most of the amino groups of CS are positively charged at approximately
pH 4.43 because its pK, is approximately 6.5 [17,34], whereas 80% of its amino groups
are deprotonated at pH 7.14 [17]. Meanwhile, three of the five phosphate groups of TPP
are negatively charged at pH 4-5 [17]. Therefore, the CS nanoparticles were formed by
electrostatic interactions in acetate buffer solution at pH 5. In contrast, because PLL has a
pKa of ~10 [35-37], most of its amino groups are positively charged, even at approximately
pH 7. In addition, because four of the five phosphate groups of TPP are negatively charged
at pH 7 [17], TPP exhibited stronger electrostatic interactions with PLL than with CS,
resulting in the formation of nanoparticles with higher structural stability. However,
strong electrostatic PLL-TPP interactions may also promote cross-linking reactions between
nanoparticles to form nanoparticle aggregates. Therefore, the aqueous TPP solution was
adjusted to pH 4 during particle formation to reduce electrostatic interactions between PLL
and TPP and inhibit aggregate formation; the solution was shifted to pH 7 after particle
formation to facilitate crosslinking within each nanoparticle.

Figure 2 shows the TEM images of the CS(Ns) and PLL(Ns) nanoparticles and their
respective diameter distributions evaluated by DLS. Figure 2A,B display the TEM images
before heating and agitation. The diameters of the CS5(Ns) and PLL(Ns) nanoparticles are
almost equal (100-200 nm). The particles appeared white when negatively stained (as
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observed for the PLL nanoparticle in Figure 2B); however, they appear black (as observed
for CS nanoparticle in Figure 2A) owing to the particle overlap caused by aggregation. The
aggregates of the CS(Ns) nanoparticles were attributed to the nanoparticle dialysis with
Milli-Q water during nanoparticle preparation, i.e., the solution becomes almost neutral
during dialysis, which lowers the positive charge of CS through progressive deprotonation
and, consequently, finally aggregates the nanoparticles through hydrophobic interactions.
In contrast, almost no aggregates were observed for the PLL(Ns) nanoparticles, which can
be ascribed to the positive charge of PLL, even at an almost neutral pH, which prevents the
formation of aggregates through electrostatic repulsion between nanoparticles. As obtained
by the DLS, the diameters of the CS(Ns) and PLL(Ns) nanoparticles are approximately 200
and 500 nm, respectively, which are larger than those measured by TEM. This difference is
attributed to the nanoparticle swelling in water, which is consistent with previous reports
whereby nanoparticles formed from water-soluble polymers swelled and increased in size
when dispersed in water [38]. Because the PLL(Ns) nanoparticles are more hydrophilic
than the CS(Ns) nanoparticles, they swell more easily; hence, the DLS data show that the
PLL(Ns) nanoparticles are larger (Figure 2D) than the CS(Ns) nanoparticles (Figure 2C).
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Figure 2. TEM images of the CS(Ns) and PLL(Ns) nanoparticles, and their respective diameter
distributions evaluated by DLS ((A,C): CS(Ns) nanoparticles and (B,D): PLL(Ns) nanoparticles).
Measurement conditions: 25 °C (black trace), 70 °C (red trace), and 70 °C after homogenization at
12,000 rpm for 5 min (blue trace).

To evaluate the effects of temperature and homogenization on the particle state dur-
ing nanoparticle/microparticle complexation, we measured the particle diameters after
heating (70 °C) and homogenization (12,000 rpm, 5 min), the results of which are shown
in Figure 2C,D. The diameters of the CS(Ns) nanoparticles were relatively constant under
heating; however, the diameters increased under heating and homogenization. Meanwhile,
the average particle diameter of the PLL(Ns) nanoparticles did not vary significantly upon
heating or homogenization. The different results suggest the higher structural stability
of the PLL-TPP nanoparticles than the CS-TPP nanoparticles, which can be attributed
to several factors. This includes the high electrostatic interaction between PLL and TPP.
When the cross-linking reaction inside the PLL particles was carried out at pH 7, the four
phosphate groups of TPP are in their ionized state. Meanwhile, when the cross-linking
reaction inside the CS nanoparticles was carried out at pH 5, the three phosphate groups
are in the ionized state. Another factor is the large molecular weight of PLL, which is four
times that of CS, resulting in the intense entanglement of the PLL chains. The thermal
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stability of nanoparticles has been discussed to date [39]. Except for inorganic nanoparticles
with high thermal conductivity, heat can affect the structural stability of nanoparticles.

In the absence of Ns encapsulation, the CS(-) and PLL(-) nanoparticles had average
diameters of 150 and 300 nm, respectively (Figure S2). However, as shown in Figure 2, the
diameters of the CS(-) nanoparticles increased from 150 nm to 200 nm, whereas those of
the PLL(-) nanoparticles increased from 300 nm to 500 nm during the encapsulation of N.
Nanoparticle size has been reported to depend on the amount of TPP added. In addition,
electrostatic interactions between the cationic polymers and TPP decrease as the amount
of added TPP decreases, resulting in an increase in the nanoparticle diameter [40]. Hence,
in the present experimental system, the diameters of the obtained nanoparticles increased
owing to the stronger electrostatic interactions between the positively charged polymers
and Ns and concurrent weaker electrostatic interactions with TPP from the encapsulation
of negatively charged Ns. In other words, we suggest that the nanoparticle size can easily
be adjusted by changing the amount of inclusion or TPP added.

3.2. Ns-Release Profiles of the CS(Ns) and PLL(Ns) Nanoparticles

Figure 3 shows Ns-release profiles of the CS(Ns) and PLL(Ns) nanoparticles, which
reveals that the Ns-release behavior does not significantly vary based on the type of cationic
polymer. The number of fluorescent substances (Ns or Mb) contained in each particle
was determined from the fluorescence intensity of the solution at saturation because it
was difficult to completely collapse the particles. The nanoparticles were formed by the
electrostatic interaction of cationic polymers and anionic TPPs. Since the increase in
temperature increases the mobility of each molecule, the structural stability of the particles
was decreased, thus facilitating the release of the inclusions. After the number of Ns released
reached saturation, increasing the temperature did not further release Ns, suggesting that
there was no residual Ns retained in the polycation by intermolecular interactions (i.e., the
saturated amount of Ns released is the amount of Ns that was encapsulated in the particles).
Both the CS(Ns) and PLL(Ns) nanoparticles released almost 100% of their inclusions within
1 h, demonstrating that these nanoparticles rapidly released Ns. Furthermore, the CS(Ns)
nanoparticle dialysis membrane dispersion became cloudy with further increases in time,
whereas the analogous dispersion remained transparent for the PLL(Ns) nanoparticles.
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Figure 3. Ns-release profiles of (A) CS(Ns) and (B) PLL(Ns) nanoparticles.

We calculated the Ns-nanoparticle encapsulation ratios and efficiencies of CS(Ns) and
PLL(Ns) (Table S1). The encapsulation ratios of CS(Ns) and PLL(Ns) were 19.6 £ 4.8% and
ad 42.8 £ 5.9%, respectively. The results show that the PLL(Ns) nanoparticles encapsu-
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lated more Ns than the CS(Ns) nanoparticles, which is attributed to the different cationic
properties of CS and PLL. In particular, the pH of the CS(Ns) nanoparticle dispersion is
close to neutral owing to the dialysis during the preparation of the nanoparticles, and the
amino groups of CS are partially deprotonated. Therefore, there was a weak interaction
between CS and the negatively charged Ns, which resulted in a lower internalization ratio.
The encapsulation efficiency of 33.3 £ 8.1% and 37.2 £ 5.1% for the CS(Ns) and PLL(Ns)
nanoparticles, respectively, did not vary based on the type of cationic polymer used to form
the nanoparticles.

3.3. Surface Morphologies of the CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) Microparticles

Figure 4 shows the SEM images of the white solid formed from the PLL(Ns) nanopar-
ticles in the absence of CRG, CRG(CS(Ns), Mb) microparticles, and CRG(PLL(Ns), Mb)
microparticles. No spherical structures were obtained by cooling the w/o emulsion formed
from water with dispersed PLL(Ns) nanoparticles only (Figure 4A). However, micropar-
ticles were formed when the w/o emulsion prepared using a nanoparticle dispersion in
a CRG solution was cooled (Figure 4B,C). We confirmed that these particles were formed
by the sol-gel transition of CRG by cooling the w/o emulsion in the presence of CRG
only. We measured the zeta potential of the particles under the conditions where the
particles did not aggregate because the surfaces of the particles significantly affect their
zeta potential [41]. The zeta potentials of the CS(Ns) and PLL(Ns) nanoparticles were
determined to be 38.5 £ 1.1 and 44.9 & 0.7 mV, respectively, whereas those of the CRG(Mb),
CRG(CS(Ns), Mb), and CRG(PLL(Ns), Mb) microparticles were —38.1 = 1.5, —34.8 £ 2.3,
and —34.5 £ 1.6 mV, respectively. These values are more positive than the zeta potential of
the CRG(-) microparticles (—44.1 £ 0.78 mV) reported in a previous paper [27], suggesting
that the positively charged nanoparticles and Mb affects the surface properties of the mi-
croparticles. Particles with rough surfaces can be delivered more easily to deep lung sites,
such as the alveoli, compared to smooth particles [42]. The rough surface of the particles
causes the boundary layer on the upstream side of the particle to change from laminar
to turbulent. The turbulent boundary layer can remain attached to the particle surface
much longer than a laminar boundary with less eddies and, hence, creates a narrower
low-pressure wake with a reduced pressure drag. The reduction in pressure drag causes
the particle to travel further [43]. Thus, the rough microparticles obtained in this study are
expected to be useful drug carriers for pulmonary drug-delivery applications.

Figure 4. SEM images of (A) the white solid formed from PLL(Ns) nanoparticles devoid of CRG,
(B) CRG(CS(Ns), Mb) microparticles, and (C) CRG(PLL(Ns), Mb) microparticles.

3.4. Nanoparticle Inclusions in the Microparticles

Figure 5 shows the DLS data for the microparticle dispersions before and after heating
(70 °C), a PEG-b-PCL dispersion, an aqueous k,1-CRG (i.e., a physical mixture of k-CRG and
-CRG) solution, and a nanoparticle dispersion. The DLS data revealed that the micropar-
ticles have significantly different diameters before and after heating. The CRG(CS(Ns),
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Mb) microparticles (Figure 5A) exhibited a unimodal peak at 2 um (orange trace), whereas
three peaks at 100 nm, 600 nm, and 9 um were observed after heating (black trace). Three
situations are depicted in Figure 5A: (1) PEG-b-PCL was not completely dissolved when
dispersed in water and formed structures with diameters of 100-200 nm (blue trace); (2) the
CS(Ns) nanoparticles formed aggregates with diameters of approximately 600 nm when
heated and homogenized (green trace), as shown in Figure 2; and (3) the CRG precipitated
and formed structures of several micrometers in diameter after the particles were collapsed
by heat because of the insolubility of CRG in water at 25 °C (red trace). Thus, the multi-
ple peaks, which were not observed in the pre-heated CRG(CS(Ns), Mb) microparticles,
were obtained after heating, owing to the PEG-b-PCL, CS(Ns) nanoparticles (and their
aggregates) and CRG. Hence, despite the lack of homogenization after heating, the CS(Ns)
nanoparticles aggregated owing to the presence of anionic polysaccharides. These results
strongly suggest that CS(Ns) nanoparticles are complexed inside the CRG(CS(Ns), Mb)
microparticles because a peak corresponding to the CS(Ns) nanoparticles was observed for
the heated CRG(CS(Ns), Mb) microparticles.
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Figure 5. DLS-determined diameter distributions of (A) CRG(CS(Ns), Mb) and (B) CRG(PLL(Ns),
Mb) microparticles. DLS data for CS (Ns) and PLL(Ns) nanoparticles, PEG-b-PCL, and a «,1-CRG
(physical mixture of k-CRG and 1-CRG) are also shown for comparison.

In comparison, the PLL(CS(Ns), Mb) microparticles (Figure 5B) exhibited a unimodal
peak at approximately 2 um (light blue trace), and three peaks at 100 nm, 500 nm, and
9 um (pink trace), similar to the CRG(CS(Ns), Mb) microparticles. The peaks near 100 nm
and above 9 um can be ascribed from structures formed by the PEG-b-PCL and CRG
precipitates, whereas the peak at approximately 500 nm agreed well with the particle size
distribution of the PLL(Ns) nanoparticles (purple trace). These results strongly suggest that
the PLL(Ns) nanoparticles were complexed inside the CRG(PLL(Ns), Mb) microparticles.

Figure 6 shows the thermal behavior of the particles, particle-forming agents, and in-
clusions evaluated by DSC. Figure 6 reveals that the CRG(CS(Ns), Mb), CRG(PLL(Ns), Mb),
and CRG(Mb) microparticles exhibit endothermic peaks at ~55 °C, and exothermic peaks at
220 or 240 °C. Furthermore, the CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) microparticles
show minor endothermic peaks at approximately 400 °C. In contrast, the CS(Ns) nanopar-
ticles exhibit an exothermic peak at 250 °C, whereas the PLL(Ns) nanoparticles show a
minor endothermic peak at approximately 300 °C. Figure 6 also shows that PEG-b-PCL
is associated with the endothermic peaks at 55 and 350 °C. In addition, k,-CRG and CS
exhibit exothermic peaks at 200 and 300 °C, respectively, whereas PLL exhibits an endother-
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mic peak at ~300 °C. Mb has exothermic peaks at 200 and 300 °C. Meanwhile, Ns has an
endothermic peak at 400 °C, and TPP is associated with the endothermic peaks at 90 and
120 °C.

B CRG(CS(Ns),Mb)
m CRG(PLL(Ns),Mb) m CS(Ns)
m CRG(Mb) W PLL(Ns)

1A R

or or

i 1S

<= Fndo
4= Fndo

" | L i L | i
0 100 200 300 400 500

L 1 L L " 1 L
0 100 200 300 400 500

Temperature [°C] Temperature [°C]
H i, -CRG
{physical mixture)
m PEG-b-PCL ®Mb
mCS H Ns
EPLL mTPP
tlc flo
ol ol
> >
| |
or (o]
e} T
c c
I I

PR (N NTR N N TR R L TN
0 100 200 300 400 500 0O 100 200 300 400 500
Temperature [°C] Temperature [°C]
Figure 6. DSC thermograms (0-500 °C) of (A) microparticles, (B) nanoparticles, (C) polymers that

form the particles and (D) low-molecular-weight molecules that form the microparticles and were

encapsulated in the particles.

The CS(Ns) and PLL(Ns) nanoparticles do not exhibit endothermic peaks derived from
Ns (~400 °C), suggesting that Ns is uniformly dispersed inside the nanoparticles; however,
the microparticles composited with these nanoparticles exhibit a minor endothermic peak
at approximately 400 °C, which suggests that a small number of Ns was released from the
nanoparticles, which formed local microcrystals during microparticle preparation.

The exothermic peak corresponding to the CRG particles is shifted to a higher tem-
perature than that of the physical mixture of CRGs, indicating that CRG is more thermally
stabilized by particle formation, which is ascribed to the nanoparticle internalization and
the Mb inside the CRG microparticles. Pure CS has been reported to have an exothermic
peak at approximately 300 °C, whereas pure PLL has an endothermic peak at approxi-
mately 300 °C [44]. The exothermic peak reportedly shifts to a higher temperature when CS
and PLL are mixed with CRG owing to the electrostatic interactions between the cationic
polymers and CRG [45,46]. Furthermore, Mb exhibits an exothermic peak at approximately
280 °C and is more thermally stable than CRG. Therefore, both nanoparticle complexation
and electrostatic interactions between Mb and CRG can reduce the free volume of CRG and
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limit polymer-chain mobility, thereby improving the thermal stability of CRG. Furthermore,
an endothermic peak associated with the evaporation of the water retained by each material
was observed at approximately 100 °C. Therefore, these results show that microparticles
several micrometers in diameter can be prepared by the emulsion method while controlling
the sol-gel transition of CRG.

3.5. Ns- and Mb-Release Profiles of the CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) Microparticles

Figure 7 shows the release profiles of Ns and Mb from the CRG(CS(Ns), Mb) and
CRG(PLL(Ns), Mb) microparticles. Approximately 80% of Ns was released by the CRG(CS(Ns)
Mb) microparticles at 60 min, whereas the CRG(PLL(Ns), Mb) microparticles released
almost 100% at 120 min; both release profiles were found to be temperature-independent
(Figure 7A,B). The nanoparticle complexation within the microparticles slightly reduced
the Ns-release ratio because the nanoparticles released almost 100% of the Ns in 60 min
(Figure 3). These results suggest that the inclusions are rapidly released from the nanopar-
ticles, even near body temperature. In contrast, the release of Mb dispersed within the
microparticles was temperature-responsive (Figure 7C,D).
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Figure 7. Ns- and Mb-release profiles of the microparticles. The microparticles used were
(A,C) CRG(CS(Ns), Mb) and (B,D) CRG(PLL(Ns), Mb) microparticles.

We determined the retention ratios and efficiencies of the CS(Ns) and PLL(Ns) nanopar-
ticles within the CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) microparticles (Table S2). In ad-
dition, we analyzed the encapsulation ratios and efficiencies of Mb within the microparticles
(Table S3). The type of the encapsulated nanoparticles has minimal effect on the retention
ratios and efficiencies of the nanoparticles or compounds within the microparticles. The
nanoparticles complexed more efficiently with the negatively charged microparticles, de-
spite the positive charge of nanoparticles and Mb, which is attributed to the polymer-chain
entanglement and electrostatic interactions during microparticle complexation. In other
words, the interactions between the cationic nanoparticles and anionic CRG and the entan-
glement of the CRS chains from the sol—gel transition inhibited the nanoparticle release from
the microparticles, resulting in a highly efficient nanoparticle/microparticle complexation.
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At the beginning of our research, we designed microparticles containing nanoparticles
to achieve a two-step release behavior. It was assumed that Mb retained in the microparti-
cles would be released quickly, followed by the release of Ns retained in the nanoparticles,
as shown in Figure 1. In this study, a uniform dispersion of the nanoparticles inside the
microparticles was assumed. However, contrary to the initial assumption, we observed the
reverse order of Mb and N release; that is, Ns retained in the nanoparticles were released
quickly, followed by the release of Mb retained in the microparticles. This difference can be
attributed to the non-uniformity of the nanoparticles inside the microparticles, their pres-
ence near the surface of the microparticles, or their exposure to the solvent. Several factors
can cause our above assumption concerning the coexisting structures of the nanoparticles
and microparticles, namely (1) crystallinity of PEG-b-PCL, (2) surface morphologies of
the particle, and (3) release properties of the particles. Although Ns was hardly released
from the particles during their preparation by dialysis, Ns was rapidly released in the
PBS solution (Figure 3), suggesting that the state of the nanoparticle-forming compounds
(polycation and Ns) was greatly affected by the salts (Na* or C17) in the PBS solution.
This is mainly ascribed to the electrostatic interaction of the amino group (NH3*) in the
polycationic molecule and sulfate group (SO3~ of Ns with the Na* and C1~ ions in the
PBS solution, thereby reducing the electrostatic interaction between polycation and N,
resulting in the rapid release of Ns from the particles. In contrast, the release of Mb retained
in the microparticles was suppressed even in the PBS solution (Figure 7). As PEG-b-PCL
crystallizes at approximately 20 °C [47,48], the release of Mb was suppressed at 10 °C
because of the crystallization of PEG-b-PCL oriented on the surface of the microparticles,
which inhibited solvent flow into the particles, thereby releasing Mb after the collapse of the
particles as the temperature increased. As Ns was rapidly released from the nanoparticles
without the protective effect of the PEG-b-PLC crystallization, the nanoparticles are likely
located near the particle surface, or a part of the particle is exposed to the solvent. In
fact, the diameter of the nanoparticles and microparticles make it difficult to uniformly
disperse the nanoparticles inside the microparticles. Considering the uneven surface of the
microparticles observed in Figure 4, a part of the nanoparticles surface is exposed to the
solvent owing to the slower release rate of Ns from the nanoparticles in the microparticles
(Figure 7) than that of the nanoparticles alone (Figure 3). Therefore, the results obtained
in the present study revealed that the prepared polysaccharide microparticles containing
nanoparticles can release two different charged compounds in a stepwise manner (Figure 8)
with the observed release behavior different from that assumed at the beginning of this
study (Figure 1).
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Figure 8. Release behavior of temperature-responsive nanoparticle-containing polysaccharide mi-
croparticles based on the experimental results of this study.
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4. Conclusions

In this study, we developed polysaccharide microparticles containing nanoparticles for
the temperature-responsive and two-step release of inclusions. The CS nanoparticles, PLL
nanoparticles, and CRG microparticles separately complexed with both nanoparticles were
prepared. The inclusion ability of the nanoparticles in the microparticles, and the effect of
the type of cationic polymer on the nanoparticle and microparticle release behavior were
evaluated. Nanoparticle/microparticle complexation was confirmed by DSL and DSC. The
nanoparticles released their inclusions rapidly regardless of the type of cationic polymer
and temperature. Meanwhile, the inclusions within the nanoparticles on the microparticle
surfaces were released first, after which the microparticle inclusions were released through
microparticle collapse, which revealed the ability of the prepared microparticles to release
two differently charged compounds in two steps.

The major challenge for future research involves including the nanoparticles uniformly
within the microparticles. The process presented in the paper is expected to result in
the formation of nanoparticles even with the use of various other polymers, such as
polyethyleneimine (pK,: 7.0) and polyarginine (pK,: 12.0). The hydrophilicity of the
nanoparticles in the solution can be adjusted significantly by judiciously choosing a polymer
with the required pK,. Increasing the hydrophilicity of the nanoparticles or increasing the
amount of nanoparticles and surfactants is expected to disperse the nanoparticles into the
emulsion. In addition, further reduction of the nanoparticle size is another major approach
for the uniform dispersion inside the microparticles. The nanoparticles are more likely to
be dispersed inside the microparticles by further reducing the size of the nanoparticles by
varying the ultrasound irradiation time and intensity, type of polycation, and concentration
of polycation and TPP (electrostatic interaction). These approaches should promote the
two-step release behavior of the microparticles in which the microparticles collapse in
response to temperature, followed by the nanoparticle release and the subsequent release
of their inclusions.

The particles developed in this study can release a variety of compounds indepen-
dently of their electric charge, and thus have potential applications in drug delivery systems
through various routes of administration, such as transpulmonary, intramuscular, and
transdermal routes. In other words, these particles are expected to be used as temperature-
responsive drug carriers and for the controlled release of multiple drugs. Although various
further optimization studies need to be performed in order to fabricate particles that show
temperature responsiveness at practical temperatures (around 37 °C), we believe that
the fundamental results obtained in this paper (i.e., the ambitious challenge of two-step
release using a combination of nanoparticles and microparticles) will make a significant
contribution to research in the field of drug delivery systems.
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(CRGs, CS, and PLL) and compound (TPP) used to form particles, and their inclusions (Mb and
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S1: Encapsulation ratios and encapsulation efficiencies for Ns in CS(Ns) and PLL(Ns) nanoparti-
cles; Table S2: Retention ratios and retention efficiencies for CS(Ns) and PLL(Ns) nanoparticles
inside CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) microparticles; Table S3: Encapsulation ratios and
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Abstract: A parastomal hernia is a common complication following stoma surgery. Due to the large
number of hernial relapses and other complications, such as infections, adhesion to the intestines,
or the formation of adhesions, the treatment of hernias is still a surgical challenge. The current
standard for the preventive and causal treatment of parastomal hernias is to perform a procedure with
the use of a mesh implant. Researchers are currently focusing on the analysis of many relevant options,
including the type of mesh (synthetic, composite, or biological), the available surgical techniques
(Sugarbaker’s, “keyhole”, or “sandwich”), the surgical approach used (open or laparoscopic), and the
implant position (onlay, sublay, or intraperitoneal onlay mesh). Current surface modification methods
and combinations of different materials are actively explored areas for the creation of biocompatible
mesh implants with different properties on the visceral and parietal peritoneal side. It has been shown
that placing the implant in the sublay and intraperitoneal onlay mesh positions and the use of a
specially developed implant with a 3D structure are associated with a lower frequency of recurrences.
It has been shown that the prophylactic use of a mesh during stoma formation significantly reduces
the incidence of parastomal hernias and is becoming a standard method in medical practice.

Keywords: parastomal hernia; surgical mesh; hernia repair; prevention; biocompatibility

1. Introduction

Hernias are one of the most common diseases treated by surgery and occur in both
women and men, regardless of age. The formation of a hernia is the result of intra-
abdominal pressure that is greater than the strength of the connective tissues [1]. A typical
hernia consists of a gate and a hernial sac and its contents, e.g., an intestinal loop or a
fragment of the network.

The appearance of hernias is facilitated by factors that weaken the transverse fas-
cia or increase the pressure on it, disturbances in collagen metabolism, and defects in
anatomical structures [2].

Additionally, some diseases promote the development of hernias, including prostate
hypertrophy, malnutrition, constipation, diabetes, hypoproteinemia, or previous surgical
procedures that weakened the strength of the connective tissue [3].

Post-operative infection and recurrence are the primary problems associated with
hernia repair [4]. The formation of peritoneal adhesions between the abdominal viscera
and the mesh is another cause for concern and is the most crucial parameter for parastomal
hernia repair. Mesh applications also remain a concern due to potential mesh-associated
complications [5]. The selection of an appropriate mesh type and composition of biomateri-
als affects the success post-implantation and the ability to avoid complications related to
specific surgeries [6]. The ideal mesh must permit repair of the fascial defect and incorpo-
ration into the surrounding body tissue while providing little adhesion, minimal immune
reactions, and suitable tensile strength. The mesh must allow tissue to grow, peritoneal
regeneration, and the regular healing process [7].
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The high prevalence of parastomal hernia and unsatisfactory clinical results make
this ailment challenging to treat. The prophylactic use of a prosthetic mesh is one of the
most increasingly used approaches and may reduce the frequency of the occurrence of
parastomal hernia [8].

The aim of this work is to outline the problems related to parastomal hernia, review
the key properties of surgical meshes available on the market, present surgical techniques
currently used to treat parastomal hernia, and characterize the related complications.

2. Parastomal Hernia

Stoma is a surgically created connection between an organ’s lumen and the body’s
surface, i.e., the skin. Stomas are defined depending on the organ involved: colostomy—
colon fistula; ileostomy—small intestine fistula; urostomy—urinary tract fistula [9].

The most common long-term complication of a stoma is a parastomal hernia, occurring
in approximately 50% of patients with an isolated stoma [10,11]. It is estimated that this is
an inevitable complication, and the risk of hernia increases by several percent every year
after stoma surgery [12]. According to Carne et al., the incidence of parastomal hernia is
assessed differently depending on the type of stoma: with loop ileostomy, hernia occurs in
about 0-6.2% of cases; with loop colostomy, hernia occurs in about 0-30.8% of cases; with
ileostomy, hernia occurs in approximately 1.8-28.3% of cases, and with colostomy, hernia
occurs in 4-48.1% of cases [13].

There are several classifications of parastomal hernia, but so far, the most widely applied
is the classification created by a team led by Professor Marek Szczepkowski MD, PhD, named
the Bielanski Hospital Classification (BHC) (Table 1) [14]. Based on this classification, the
European Hernia Society (EHS) classification was subsequently developed.

Table 1. Bielanski Hospital Classification (BHC) Classification.

BHC Classification

Typel
Type I
Type III
Type IV

Small, isolated parastomal hernia

Parastomal hernia with coexisting hernia in the midline scar (no significant abdominal deformation)

Isolated large parastomal hernia

Parastomal hernia with coexisting hernia in a scar after a midline incision (significant abdominal deformity)

According to the clinical indications and types of hernia, a parastomal hernia should
be treated as a special case of incisional hernia. The development of a hernia is the result
of alternations within the structure of the connective tissue, including a problem with
collagen synthesis [15-17].

3. Treatment

In Poland, according to National Health Fund (NFZ) data, about 40,000 patients live
with a stoma, and each year, approximately 7000 stoma operations are performed, at least
2000 of which will be a parastomal hernia that is eligible for surgical repair [18].

Polish summaries published by the National Health Fund within the “Statistics of the
NFZ JGP” programs were analyzed. The listed stoma procedures in which a mesh implant
can be applied are presented in Table 2.

The above treatments from groups F22, F31 (A), and F32 account for 10.3% of all
procedures, leading to, on average, 4323 hospitalizations per year. The mean value of
hospitalization in these groups is EUR 2436. The estimated total value of hospitalizations
in these groups is approximately EUR 10.5 million [19].

Repair with the use of a mesh implant (mesh graft) is currently the standard procedure
used in the treatment of parastomal hernias. The previously recommended simple suturing
of the fascial defect and translocation of the stoma have now been almost completely
withdrawn due to the high percentage of hernial recurrences (33-76%) [20] and local
infection at a level of 12% [21-23].
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Table 2. Stoma procedures in which a mesh implant can be applied.

Surgical Procedure Group
Loop ileostomy F22
Other ileostomy F22
Permanent ileostomy—other F22

Anterior rectal resection with the formation of a colostomy F31 (A)
Permanent colostomy F32
Colostomy—other F32
Loop colostomy F32

The method for treating a hernia depends on the extent of damage of the fascia
muscular elements of the abdominal wall, the presence of an infection focus, the possibility
of using appropriate prosthetic materials, the patient’s condition, and the preferences and
qualifications of the doctor [24].

The use of a synthetic mesh significantly reduces the recurrence rate of parastomal
hernias, but the rate of local complications still requires attention and ranges from 7%
to 18% [23].

3.1. Surgical Access

Open and laparoscopic surgery is possible for all types of hernia. The decision
regarding the type of surgery is made based on the surgeon’s preferences and the patient’s
medical history and comfort. Laparoscopic surgery is associated with less pain, shorter
hospitalization time, and a low probability of intraoperative complications; on the other
hand, it requires general anesthesia. People with massive intraperitoneal adhesions, past
inflammatory processes of the abdominal cavity, or radiotherapy will not benefit from the
laparoscopic technique. For open surgery, the procedure is easier to perform and can be
performed under local anesthesia but is characterized by a longer hospitalization time and
a greater number of complications [25].

A study by Halabi and colleagues showed that only 10.4% of patients in the study
underwent laparoscopic parastomal hernia surgery. The authors concluded that this result
may be related to the high number of adhesions in the case of stoma hernias or clear clinical
evidence for the management of this type of hernia [26].

3.2. Implant Position

The promising results in using mesh implants for other hernia types [27-30] have
encouraged the implantation of meshes also in the treatment of parastomal hernia and for
prophylactic purposes.

Studies conducted on various methods of mesh arrangements—sublay, onlay, and
intraperitoneal onlay mesh (IPOM)—during parastomal hernia surgery confirmed the
minimization of intraoperative and postoperative complications after implantation of a
mesh device in comparison with conventional suture repair [31,32].

The simplest method for the use of a synthetic implant is to place the prosthesis on
the fascia in the “onlay” position. This procedure involves first preparing the hernial sac
and its contents and then reducing or removing the sac after opening. Then, after suturing
the hernial gates, an appropriately selected mesh size is placed on the fascia [24]. The
theoretical advantage of this technique is that patients do not need to undergo extensive
dissection of the abdominal wall to create planes in which the mesh can be inserted,
resulting in a shorter recovery time. The disadvantage is that the pressure in the abdominal
cavity can displace the mesh, which increases the risk of recurrence, reported in up to 18.6%
of cases [23]. Another disadvantage of the onlay method is the increased risk of infection
because the selected implant is located near the contaminated stomal opening.

An alternative method is the “sublay” technique, which involves placing the mesh
in the preperitoneal layer and fixing it with a single non-absorbable suture. The sublay
method is characterized by a lower risk of infection and greater stabilization of the mesh
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via intra-abdominal pressure [24]. While sublay repair prevents the mesh from interacting
with the abdominal organs, the intraperitoneal position (IPOM) poses an increased risk
of intestinal erosion and the formation of adhesions. During IPOM repair, care should be
taken to maximize tissue adhesion between the mesh and the abdominal wall to minimize
seroma formation.

Hansson et al. systematically reviewed surgical techniques for parastomal hernia
repair, including a total of 35 studies, which found onlay to have the highest recurrence
rate and IPOM to have the lowest [23].

3.3. Operational Technique

In the case of parastomal hernia, the applied surgical technique has a key influence on
the number of recurrences [23].

Among the techniques for the repair of parastomal hernia with the use of a mesh, the
most common in the literature are the Sugarbaker technique (or the modified Sugarbaker
technique using a laparoscopic approach), the keyhole technique, and the sandwich technique.

In the modified Sugarbaker technique, intraperitoneal adhesions and hernial gates
are prepared after generation of the pneumoperitoneum. After dissecting the adhesions,
the intestine is moved to the lateral edge of the hernial gate to create a tunnel between the
parietal peritoneum and the mesh. After inserting the mesh into the peritoneal cavity, the
hernial gates are covered with a margin of at least 6—7 cm in all directions or, if necessary,
across all coexisting hernias. The mesh is fixed to the parietal peritoneum using tackers or
sutures at intervals of 3—4 cm [33].

Open access and laparoscopic access are also used for so-called keyhole surgery. This
technique uses a round or oval mesh cut from the medial side with an opening for the
stoma. This mesh is inserted intraperitoneally. After being fixed, the mesh is sutured,
which leads to its closure around the stoma [34,35].

The third technique is the “sandwich” technique, which is a combination of the Sugar-
baker and “keyhole” techniques and uses two meshes that are placed intraperitoneally. The
first implant, which is the incised mesh or the hole-type mesh, is placed around the stoma
sling to cover the orifice of the hernia using the “keyhole technique”. The second flat mesh
implanted by the Sugarbaker technique forms a plane and, with its medial edge, covers
the median wound after laparotomy, making it possible to supply the hernia through the
postoperative scar in parallel.

The relapse rate for the Sugarbaker technique is 11.6%, that of the keyhole technique
is 34.6% [34], and that of the sandwich technique is 2.1% [36].

The latest research describes experiments that use a dedicated synthetic composite
mesh with a 3D structure (Dynamesh—IPST) for the prevention of parastomal hernia. This
observational study included 88 patients divided into two cohort groups of patients: a
mesh prophylaxis group (43 patients) and a non-mesh prophylaxis group (45 patients).
The implant was placed in the IPOM position. During the procedure, the intestinal loop
was pulled through a central funnel with 2-3 cm diameter. Then, the funnel was oriented
towards the abdomen and made to fit snugly around the gut to prevent stomal loss as well
as hernia recurrence. The mesh was fixed with tackers, anchors, or surgical sutures. The
results of the study showed that parastomal hernia occurrence after 12 months was 11%
in the mesh prophylaxis group (MP) and 54% in the non-mesh prophylaxis group (NMP).
There were no significant differences in long-term complications (bowel occlusion (2—MP;
0—NMP), stenosis (2—MP; 1—NMP), or prolapse (1—MP; 2—NMP)) [37].

The aim of the study by G. Kohler et al. was to assess the occurrence of postoperative
complications and the possibility of parastomal hernia in patients undergoing stoma
surgery with simultaneous prophylactic placement of a 3D hernia mesh. The retrospective
analysis was based on the collected data of 80 patients. A parastomal hernia developed in
three patients (3.75%). No mesh-related complications were reported. In seven patients,
there were complications related to the emerged stoma (infections (3), seroma (2), stenosis
(1), and stomal retraction (1)). According to the authors, using the prophylactic implantation
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of a specially selected 3D mesh implant via the IPOM technique, stoma formation is safe,
efficient, and relatively easy to perform. In contrast to flat meshes, by using meshes
featuring chimneys at the boundary areas of the stoma, the stoma can be well protected
against the internal organs. At the same time, the vertical funnel-shaped portion of the
mesh provides protection against stoma loss [38].

Another publication compared the methods for treating a parastomal hernia, focus-
ing on the complications that arose and the number of relapses (Table 3). The analysis
performed included 135 patients, and eight different surgical techniques were used. Laparo-
scopic operations accounted for 46.7% (63/135). In 44 cases, the hernia recurred (32.6%),
while in 24 patients (17.8%), perioperative complications occurred; 12 of these patients un-
derwent re-operation. Only in the case of hernia repair using an implant with a 3D structure
featuring both open and laparoscopic access were no hernia recurrences noted [39].

Table 3. List of complications depending on the method used [39].

. . Complication Hernia Number of Performed
Surgical Technique Occurrence Recurrence Treatments
(Re-Operation) (Re-Operation)
Tension method 4(3) 10 (6) 25
Onlay 5(4) 12 (6) 22
Sublay 3(1) 9(8) 20
Laparoscopic method: keyhole 4(2) 10 (6) 22
Laparoscopic method: Sugarbaker 1(1) 2(2) 4
Laparoscopic method: “sandwich” 4(1) 1(0) 21
Laparoscopic method with 3D implant 2(0) 0 16
Laparotomy method with 3D implant 1(0) 0 5

A review carried out by Francis ] DeAsis et al. focused on evaluating the efficacy and
safety of laparoscopic approaches for parastomal hernia repair. A total of 469 patients
were deemed eligible for the present review. Three different surgical techniques were
described. Most studies used an expanded polytetrafluoroethylene (ePTFE) mesh. The
primary outcome analyzed was the recurrence of parastomal hernia. The recurrence rate
was 10.2% for the modified laparoscopic Sugarbaker approach, whereas the recurrence rate
was 27.9% for the keyhole approach. For the sandwich technique, there was one recurrence
out of 47 repairs. Secondary outcomes (referring to the overall cohort) were mesh infection
(1.7%), surgical site infection (3.8%), obstruction requiring reoperation (1.7%), and other
complications, such as ileus, pneumonia, and urinary tract infections (16.6%). There were
no intraoperative mortalities and six mortalities during the postoperative course [40].

4. Mesh Implants

In addition to the variety of surgical techniques used in the treatment of parastomal
hernias, a number of materials are currently available for the replacement of fascia muscular
defects in the abdominal wall [24].

Regardless of the type of material used, the material should meet a number of basic
parameters that affect the body’s immune response to the implant and also reduce fibrosis [41,42].

In the repair of abdominal hernias, prostheses are characterized by their durability and
ease of use. The construction of mesh devices used in the surgical treatment of parastomal her-
nia should allow for safe intraperitoneal implantation via open and laparoscopic methods [24].

4.1. Required Parameters and Properties
4.1.1. Resistance and Elasticity

The tension on the abdominal wall can be calculated according to Laplace’s law: ten-
sion = (diameter x pressure)/(4 x wall thickness). The maximum intra-abdominal pressure
in healthy adults is generated by coughing and jumping and is approximately 170 mmHg.
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Surgical meshes used to repair large hernias should withstand at least 180 mmHg before
they break (tensile strength approx. 16 N/cm) [41,42].

Notably, the abdominal wall has twice the flexibility in the longitudinal direction than
in the transverse direction [43,44].

The overall strength of the implant depends on the material used. Hernia recurrence
increases when the mesh stretches more or less than the abdominal wall. Moreover, to
meet the elasticity requirements, a hernial mesh should be elastic in all directions and have
an anisotropic structure [45].

Saberski and Novitsky evaluated the anisotropy of six commercial meshes: Prolite,
Pareietex, Ultrapro, Trelex (made of polypropylene), Dualmesh ePTFE, and INFINIT knitted
polytetrafluoroethylene (PTFE). All implants, except for Dualmesh, feature significant
anisotropic properties [46].

Due to the anisotropic properties of most of the designed products, there is a need to
describe the two-direction strength properties of the meshes on the packaging, as well as
the lowest strength value.

4.1.2. Pore Size

Porosity is a major indicator of tissue response. The geometry and sizes of pores define
the ability of mesh ingrowth. These parameters can be controlled during the manufacturing
process. Mesh pores are classified into five different groups: micro-pores (size less than
0.1 mm), small pores (0.1-0.6 mm), medium pores (1 mm), large pores (1-2 mm), and very
large pores (>2 mm) [47].

The pores of meshes must be larger than 75 um to allow the infiltration/penetration
of macrophages, fibroblasts, blood vessels, and collagen. Surgical meshes with larger pores
allow for the faster growth of soft tissues and are also more flexible due to the lack of
formation of so-called granuloma bridging [30,41,48].

The above-mentioned bridges illustrate the process by which individual granulomas
blend together and cover the entire mesh. As a result, the mesh stiffens the implant and
reduces its flexibility. This phenomenon occurs in meshes with pores smaller than 800 um [41].

Studies have shown that macroporous meshes have a positive effect on vasculariza-
tion [30] and also reduce the risk of infection [49]. Meshes with larger pore sizes featuring
reduced polypropylene mass lead to a decreased inflammatory reaction in the human
abdominal wall [50].

Orenstein et al. reported that large pore sizes (pores larger than 1.5 mm) in meshes
improved patients’ quality of life after a surgical procedure with the mesh [51].

According to the review carried out by A.S.W. Jacombs, the dual concepts of effective
porosity and biofilm may be crucial in mesh-related morbidity and should be investigated
further. Developing new mesh implants to maintain effective porosity and reduce biofilm
formation may help reduce mesh-related complications [52].

4.1.3. Surface Mass

The weight of the surgical mesh depends both on the weight of the biomaterial itself
and the amount of its use (pore size). Heavy surgical meshes are made out of materials
with a higher linear mass and have both small pores and high tearing strength. On the
other hand, ultralight surgical meshes are made from thinner filaments and have large
pores (>1 mm). Lightweight meshes, in general, reduce adverse effects, including chronic
pain, fibrosis, adhesion and inflammatory response, and foreign body sensation. These
meshes are also characterized by greater flexibility in comparison with heavy-weight
meshes [53-56]. Despite their lower strength parameters, ultralight meshes are able to
withstand pressures above the maximum intra-abdominal pressure of 170 mmHg.

Based on their weights, the meshes are classified into four categories: ultralight meshes
(<35 g/m?), light meshes (>35-70 g/m?), standard meshes (>70-140 g/m?), and heavy
meshes (>140 g/m?) [44,57,58].
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4.1.4. Implant Contraction

Shrinkage of the mesh occurs due to the reduction in scar tissue around it. Scar tissue
contracts to approximately 60% of the original wound surface, and smaller pores cause
greater contraction [41].

It is assumed that light meshes, which reduce the amount of scar tissue formation,
will have a lower degree of contraction [48]. Due to this shrinkage, it is recommended to
use at least a 5-cm overlap around the defect [59].

Research carried out by Masayuki Endo et al. showed a reduction in the apparent
surface area between implantation and the second day, indicating that most mesh deforma-
tion occurs prior to tissue ingrowth. In conclusion, the surface area of implanted meshes
(Marlex, DynaMesh, Ultrapro) decreased by 21% by day 90 [60].

4.1.5. Biocompatibility

The biomaterials currently available on the market are physically and chemically
inert. They are generally stable, non-toxic, and do not trigger an immune system response.
Despite this, these materials are not biologically inert, and their presence in the patient’s
body causes a reaction to the foreign body (inflammation, fibrosis, calcification, thrombosis,
and the formation of granulomas). Mesh implantation infections are always of concern
because they are difficult to deal with without removing the mesh. The risk of infection
increases in an infected surgical field, such as parastomal hernia surgery.

4.1.6. Adhesion to the Intestines

As the medical community began to locate the surgical mesh, concerns arose about
the adhesion of this device. The effect on the adhesion of the implant to the intestine is
determined by the structure and surface of the fibers and the size of the pores. Meshes
with a high surface mass cause intense fibrotic processes, yielding strong adhesion to the
abdominal wall [61].

On the other hand, microporous ePTFE meshes do not allow for tissue hypertrophy.
Therefore, the risk of adhesion is lower, as the mesh is unable to adhere to the abdomi-
nal wall [62].

The presented examples show the difficulties associated with the production of a
surgical mesh that would have both adhesive and anti-adhesive properties. Hence, manu-
facturers of surgical meshes have made attempts to design a composite device that allows
the mesh to grow into the abdominal cavity without the formation of adhesions on the
peritoneal side through the use of surface modification techniques and methods of knitting
fabrics by combining several synthetic materials.

4.1.7. Material

For the production of surgical meshes, monofilament or multifilament yarns of various
surface masses are used [63,64]. Microporous and multifilament meshes are among the
devices at a higher risk of infection because macrophages and neutrophils are unable to
penetrate through small pores (<10 um). This allows bacteria (<1 pm) to survive unhindered
inside the pores. Meshes with a low infection risk include those made of monofilaments
with openings greater than 75 um [65].

4.2. Implants Available on the Market
4.2.1. Synthetic

Non-resorbable synthetic surgical meshes are used for long-term strengthening of
damaged tissues as a result of a hernia. Mesh implants come in two different structures:
knitted and woven. The conducted research showed that polypropylene (PP) is the most
commonly used non-absorbable material for mesh implants [41,66—-68].

Apart from PP, the materials used also include ePTFE, PTFE, and poly(ethylene
terephthalate) (PET) [69,70].
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First-generation implants can be divided into three categories: (1) macroporous
meshes, (2) microporous meshes, (3) and macroporous meshes with multifilament and
microporous components [71].

The use of non-resorbable mesh implants has many clinically proven advantages
and disadvantages. On the one hand, due to the higher strength values of these meshes
compared to natural tissues, these meshes lead to a reduction in flexibility, the occurrence
of immune reactions in the body, and chronic pain. On the other hand, their affordable
price and good overgrowth with native tissue support their worldwide use [55].

First-generation implants also include fully resorbable meshes. Unlike non-resorbable
meshes, these meshes are designed to minimize inflammation and the amount of foreign
material implanted. Due to progressive degradation, mechanical stability can be lost early,
leading to possible hernia recurrences [65]. Table 4 presents examples of first-generation
mesh implants available on the market.

Table 4. Classification of commercially available first-generation mesh implants [41].

Product Manufacturer Material Filament Surface i\/lass Resorbable Pore Size
(g/m?) (mm)
Vicryl Ethicon Polyglactin Multifilament 56 Yes 0.4
Sefil B-Baun PGA Multifilament 56 Yes 0.75
Goretex Gore e-PTFE Multifilament N.A. No 0.003
Optomesh Tricomed PP Monofilament 60-85 No >1
Parietene Covidien PP Monofilament 80-100 No 0.8
Prolene Ethicon PP Monofilament 80-100 No 0.8
3D Max BARD PP Monofilament 80-100 No 0.8
Premilene B-Braun PP Monofilament 80-100 No 0.8
Polysoft BARD PP Multifilament 80-100 No 0.8
Optomesh Ultralight Tricomed PP Monofilament 24-35 No >1
Prolene Light Covidien PP Monofilament 36-48 No 1.0-3.6
Optilene B-Baun PP Monofilament 3648 No 1.0-3.6
Mersilene Ethicon PP Monofilament 40 No 1.0-2.0
Parietex Lightweight Medtronic PET Monofilament N.A. No >1

4.2.2. Composite

Second-generation meshes include implants made of at least two synthetic materials
with different properties on each side of the mesh (Table 5). Improvements have been made
to reduce complications such as recurrent hernia, infections, and adhesions. The main
advantage of composite meshes is their intraperitoneal application. The side of the mesh in
contact with the peritoneum is usually smooth and microporous to prevent adherence to
the intestines, while the side facing the connective tissues is rough with large pores, which
positively affects tissue overgrowth [72].

Composite meshes mainly consist of a PP core covered with another synthetic or
natural material. Materials used for non-adhesive coatings include, among others, tita-
nium [73,74], chitosan [75], poly(glycolic acid) (PGA) [76], cellulose [77], and collagen [78].
Another approach for the production of composite meshes is to join filaments with different
properties, such as PP, e-PTFE [79], and polyvinylidene fluoride (PVDF) [80,81].

Table 5. Classification of commercially available composite mesh implants [41].

Surface Mass

Product Manufacturer Material Filament (g/m?) Resorbable Pore Size
Ultrapro Ethicon PP/PGC-25 Monofilament 28 Partially (<140 days) >3
Vypro, Vypro I Ethicon PP /polyglactin 910 Multifilament 25 and 30 Partially (42 days) >3
Composix EX Dulex BARD PP/e-PTFE Monofilament N.A. No 0.8
Proceed Ethicon PP/cellulose Monofilament 45 Partially N.A
TiMeshTiMesh Extralight PFM PP/tytan Monofilament 16 and 35 No >1
DynaMesh—IPST /IPOM FEG Textiltechnik PP/PVDF Monofilament 60 No 1-2
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Experience in the use of composite meshes for both repair and prophylactic purposes in
parastomal hernia indicates a minimal risk of infection and a low risk of complications [82].

4.2.3. Biological

Biological meshes were introduced in the 1990s. Cells derived from human tissues
(allograft) or animals (xenograft) are used for their production. The dermis is the most
commonly used tissue due to its ability to create a larger mesh size, but prostheses with
cells derived from the intestinal mucosa and pericardium are also available. Essentially,
all biological meshes provide the extracellular scaffold necessary to rebuild healthy tis-
sue, allowing mass transport by ingrowing new blood vessels and infiltrating native
cells, including fibroblasts and myocytes, ultimately resulting in the deposition of a new
extracellular matrix [83].

Compared to synthetic meshes, biological meshes are more biocompatible and elicit
a lower inflammatory response in the body but are associated with a greater number of
hernia recurrences due to their lower mechanical strength compared to synthetic meshes
[84]. Although, the research carried out by Holmdahl et. al. showed comparable recurrence
rates between the group of patients who received a full-thickness skin graft (8.3%) and a
synthetic mesh (7.1%) [85]. Commercially available biological mesh implants are outlined
in Table 6.

Table 6. Classification of commercially available biological mesh implants [86-89].

Product Manufacturer Material Cross-Linking Resistance
(MPa)
CollaMend Davol Animal cell-free skin matrix Yes 11
Permacol Covidien Animal cell-free skin matrix Yes 39
Strattice LifeCell Animal cell-free skin matrix No 18
XenMatrix Davol Animal cell-free skin matrix No 14

5. Prophylactic Implantation of a Mesh Device

According to the guidelines of the European Hernia Society, the prevention of paras-
tomal hernias in patients undergoing end colostomy surgery with prophylactic mesh
implantation was satisfactory [90].

The prophylactic use of a mesh implant in permanent stoma surgery reduces the
risk of a parastomal hernia by 75%. Moreover, complications occur only in individual
cases, so it can be concluded that mesh implantation in this type of surgery could be
routinely applied [91].

An analysis conducted by Shuanhu Wang et al. aimed at assessing the effectiveness
of prophylactic mesh implantation during end colostomy. The results showed that in the
case of sigmoid terminal colostomy, prophylactic mesh placement reduced the incidence of
parastomal hernias and associated reoperations. There were no significant differences in
stoma-related complications. Moreover, the surgical techniques of sublay and IPOM are
considered to be safe and feasible, reducing the likelihood of a parastomal hernia [92].

6. Current Trends

Electrospinning and 3D printing are examples of manufacturing techniques used for
the fabrication of drug-loaded devices.

The encapsulation of antimicrobial agents or drugs is one of the possible approaches
that could be utilized to produce meshes with antibacterial properties. Pérez-Kohler et al.
developed a new coating material known as hyaluronic acid-poly(N-isopropylacrylamide)
(HApN), which forms a hydrogel that can be used as a coating for meshes only when it
reaches body temperature. The authors selected two different coating formulations—one
based on antibiotics (gentamicin + rifampicin) and one based on an antiseptic (chlorhexi-
dine). The results of this study showed that HApN, when loaded with drugs, inhibited the
in vitro the growth of several Gram-positive and Gram-negative bacteria [93].
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The next study carried out by Nadia Qamar et al. explored the application of the
fused deposition modeling in the fabrication of personalized hernial meshes with and
without loading of a pharmaceutical agent (ciprofloxacin HCI). All the printed meshes (PP
and polyvinyl alcohol (PVA)) showed good mechanical properties. Meshes made of PVA
demonstrated a faster release of the loaded drug in comparison to the PP mesh. Moreover,
in vivo testing revealed no signs of implant rejection along with a reduction in adhesion to
the visceral side and faster wound healing [94].

Another solution to improve the implant properties could involve the use of metallic or
diamond nanoparticles. A polypropylene-nano-diamond composite hernia mesh exhibited
a significant reduction in protein absorption consistent with lower inflammatory responses;
furthermore, no cytotoxicity was observed [95].

The implementation of these novel materials needs further clinical trials to determine
the superiority of such materials compared to those available on the market.

7. Conclusions

The best strategy for the prevention and treatment of parastomal hernias has not yet
been identified. The variety of available mesh implants—their various sizes, materials,
possible spatial structures, and related surgical techniques—and the choices of mesh
arrangement in relation to the layers of the abdominal wall allow surgeons to choose the
best parameters depending on the preferences and needs of the patient. Choosing the right
surgical mesh, however, is not the objective for a successful operation. One of the most
important considerations for surgeons should be the technique used to secure the mesh
in the surgical field. If the mesh is too small or under too much tension, complications
with implantation will be inevitable, regardless of the material used. Despite the reduction
in hernia recurrence when surgical meshes are used, it remains necessary to consider the
possibility of complications such as infections, adhesions, or intestinal obstruction. Most
of these disadvantages are related to the chemical and structural nature of the implant
itself. The “golden mean” for the mesh is considered to be optimal integration with the
abdominal wall and minimal adherence on the peritoneal side. Due to the technique’s
satisfactory clinical results, the prophylactic use of meshes during stoma recovery is an
increasingly common approach to reduce the occurrence of parastomal hernias.

Despite the progress that has been made in the design of hernial meshes, further
research is needed to understand the complex tissue-implant interactions to achieve a
reduction in adhesion, infections, and immune responses, as well as better biocompatibility.
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We have recently been made aware by Dr. Holmdahl’s (Umea University—Department
of Surgical and Perioperative Sciences) and the MDPI Editorial offices of some errors and
omissions in Section 4.2.3. Biological of our recent paper [1]. The second paragraph of said
Section 4.2.3. Biological currently reads as follows:

(Compared to synthetic meshes, biological meshes are more biocompatible and elicit a
lower inflammatory response in the body but are associated with a greater number of hernia
recurrences due to their lower mechanical strength compared to synthetic meshes. In a
clinical trial comparing PP and biological meshes, 12% of patients experienced a recurrence
of hernia after implantation of a biological mesh, but no recurrence was observed with
the synthetic mesh [84]. Commercially available biological mesh implants are outlined in
Table 6.)

To set straight the scientific record, we would like to make the following corrections:

(Compared to synthetic meshes, biological meshes are more biocompatible and elicit
a lower inflammatory response in the body but are associated with a greater number of
hernia recurrences due to their lower mechanical strength compared to synthetic meshes
[84]. Although, the research carried out by Holmdahl et. al. showed comparable recurrence
rates between the group of patients who received a full-thickness skin graft (8.3%) and a
synthetic mesh (7.1%) [85]. Commercially available biological mesh implants are outlined
in Table 6.)

Adding a new article resulted in the renumbering of the bibliography in the manuscript.
Below amendments were made:

Table 6. Classification of commercially available biological mesh implants [86-89].

. C 1. Resistance
Product Manufacturer Material Cross-Linking (MPa)
CollaMend Davol Animal cell-free skin matrix Yes 11
Permacol Covidien Animal cell-free skin matrix Yes 39
Strattice LifeCell Animal cell-free skin matrix No 18
XenMatrix Davol Animal cell-free skin matrix No 14

5. Prophylactic Implantation of a Mesh Device

According to the guidelines of the European Hernia Society, the prevention of paras-
tomal hernias in patients undergoing end colostomy surgery with prophylactic mesh
implantation was satisfactory [90].

The prophylactic use of a mesh implant in permanent stoma surgery reduces the risk
of a parastomal hernia by 75%. Moreover, complications occur only in individual cases,
so it can be concluded that mesh implantation in this type of surgery could be routinely
applied [91].
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An analysis conducted by Shuanhu Wang et al. aimed at assessing the effectiveness
of prophylactic mesh implantation during end colostomy. The results showed that in the
case of sigmoid terminal colostomy, prophylactic mesh placement reduced the incidence of
parastomal hernias and associated reoperations. There were no significant differences in
stoma-related complications. Moreover, the surgical techniques of sublay and IPOM are
considered to be safe and feasible, reducing the likelihood of a parastomal hernia [92].

6. Current Trends

Electrospinning and 3D printing are examples of manufacturing techniques used for
the fabrication of drug-loaded devices.

The encapsulation of antimicrobial agents or drugs is one of the possible approaches
that could be utilized to produce meshes with antibacterial properties. Pérez-Kohler et al.
developed a new coating material known as hyaluronic acid-poly(N-isopropylacrylamide)
(HApN), which forms a hydrogel that can be used as a coating for meshes only when it
reaches body temperature. The authors selected two different coating formulations—one
based on antibiotics (gentamicin + rifampicin) and one based on an antiseptic (chlorhexi-
dine). The results of this study showed that HApN, when loaded with drugs, inhibited the
in vitro the growth of several Gram-positive and Gram-negative bacteria [93].

The next study carried out by Nadia Qamar et al. explored the application of the
fused deposition modeling in the fabrication of personalized hernial meshes with and
without loading of a pharmaceutical agent (ciprofloxacin HCI). All the printed meshes (PP
and polyvinyl alcohol (PVA)) showed good mechanical properties. Meshes made of PVA
demonstrated a faster release of the loaded drug in comparison to the PP mesh. Moreover,
in vivo testing revealed no signs of implant rejection along with a reduction in adhesion to
the visceral side and faster wound healing [94].

Another solution to improve the implant properties could involve the use of metallic or
diamond nanoparticles. A polypropylene-nano-diamond composite hernia mesh exhibited
a significant reduction in protein absorption consistent with lower inflammatory responses;
furthermore, no cytotoxicity was observed [95].

The implementation of these novel materials needs further clinical trials to determine
the superiority of such materials compared to those available on the market.

Data Availability Statement: The data presented in this study are openly available at [d0i:10.1007 /
500268-015-3187-1], [39]; at [d0i:10.1308 /003588410X12664192076296], [41]; at [doi.org/10.1007 /s10029-
013-1054-2], [86]; at [d0i:10.1007/510029-013-1070-2], [87]; at [d0i:10.1007 /s10029-010-0777-6], [88]; at
[doi:10.1016/j.surge.2012.02.006], [89].
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These changes have no material impact on the conclusions of our paper. We apologize

for any inconvenience caused to the readers.
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