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Preface to “Functional Chitosan-Based Composites”

Chitosan is a nature-originated biopolymer prepared from chitin, the dominant renewable
polysaccharide found in the marine environment and the second most abundant on Earth, after
cellulose. Its history starts in 1859, when boiling chitin in concentrated KOH solution under reflux,
Charles Roguet obtained a product soluble in dilute solutions of organic acids. He was thus the first
to describe the deacetylation of chitin, an important step forward that opened new horizons for its
use in applications [1]. In 1894, Hoppe-Seyler named this modified chitin “chitosan”, and in 1971,
chitosan was produced industrially for the first time in Japan by Kyowa Yushi Co., Ltd. Nowadays,
chitin, chitosan, and their numerous derivatives are used industrially in more than 2000 applications.
Presently, over 10000 papers/year have been published (WoS data) since 2019, the number steadily
growing by an average of 10.6% over the last 10 years. The great expansion of studies focused on
chitosan is related to the large variety of material types that can be prepared based on it, such as
hydrogels, fibers, nanostructures, films and coatings, which can then be further applied in diverse
fields such as medicine, food packaging, environmental protection, cosmetics, agriculture, textiles,
the paper industry and so on. The aim of this book is to present some of the latest developments
in the field of chitosan biomaterials and their potential applications in, but not limited to, the areas
mentioned above. The individual chapters of this reprint have been previously published in a Special

Issue of the MDPI journal, Polymers.

The first chapter, co-authored by Yuanbing Wu et al., comprises a review focusing on all aspects
of the use of chitosan for the fish farming industry, including drug delivery, fish immunization
and chitosan-mediated gene delivery into fish. The authors of Chapter 2, Ioana A. Duceac et
al., investigated the properties of chitosan-based hydrogels conjugated with arginine using FTIR
spectroscopy, elemental analysis and SEM. The materials are superabsorbent and their tunable
properties make them promising candidates for wound dressings and drug delivery applications.
In Chapter 3, the authors (Shunli Chen et al.) discuss a novel biocomposite packaging film
featuring antibacterial activity combined with good mechanical and barrier properties. The material
consists of a chitosan matrix, cellulose nanofibrils as a reinforcing filler and oregano essential
oil as an antibacterial agent. Chapter 4 (Cha Yee Kuen et al.) describes a modified chitosan
nanoparticle system for the encapsulation of natural phenolic compounds to be used for the delivery
of cancer therapeutics. Prokhorov et al. describe the dielectric, conductivity, mechanical, and
piezoelectric properties of chitosan-ZnO nanocomposites for applications in flexible electronics, and
in biomedicine as biocompatible sensors, actuators, and nanogenerators (Chapter 5). The authors of
Chapter 6 (Andra-Cristina Humelnicu et al.) studied biopolymer-based membranes with the aim of
developing cheap and environmentally friendly polymer electrolyte membranes for fuel cells. To this
end, novel chitosan-based composite materials were prepared, their properties analyses and three
different crosslinkers were studied. Nurul Illya Muhamad Fauzi et al. in Chapter 7 investigated
the properties of chitosan/Fe,;O;3 films to determine their suitability as active layers for the Surface
Plasmon Resonance technique. The aim of the study was to develop a system capable of detecting
concentrations of mercury ions Hg?* as low as 0.01 ppm in solutions of different concentrations.
Chapter 8 (Mengjie Wang et al.) discusses the thermo-thickening behavior of a chitosan derivative,
chitosan-grafted-polyacrylamide. The authors argue that the formation of larger aggregates upon
heating is responsible for the high viscosity of the composite and postulate that such materials have
potential applications in oil recovery. Authors Nareekan Chaiwong et al. (Chapter 9) synthesized and

studied the properties of carboxymethyl chitosan prepared from chitosans having different molecular



weights, concentrating, in particular, on the antioxidant and moisturising properties. In Chapter 10,
the authors (Manuela Maria Iftime et al.) studied urea release from a series of soil conditioner systems
containing chitosan, salicylaldehyde and different amounts of urea. The empirical in vitro urea release
data were then used in a theoretical multifractal model that was found to be in good agreement
with the release profile after calibration. It is proposed that this methodology can be adapted to also
describe drug release mechanisms. Chapter 11 is a feature article co-authored by Iuliana Spiridon
et al. dealing with a cellulose-based material that is a polysaccharide closely related structurally to
chitosan. A matrix based on cellulose, collagen and polyurethane was prepared, into which several
bioactive substances having antioxidant properties were incorporated. The biomaterials studied
were characterized by FTIR and SEM, and their mechanical and biological properties were tested,

confirming their potential for prospective medical and cosmetic applications.
References

[1] Crini G. Historical review on chitin and chitosan biopolymers. Environmental Chemistry
Letters 2019, 17, 1623-1643. [https:/ /doi.org/10.1007 /s10311-019-00901-0]
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Abstract: Chitosan is increasingly used for safe nucleic acid delivery in gene therapy studies, due
to well-known properties such as bioadhesion, low toxicity, biodegradability and biocompatibility.
Furthermore, chitosan derivatization can be easily performed to improve the solubility and stability
of chitosan—nucleic acid polyplexes, and enhance efficient target cell drug delivery, cell uptake,
intracellular endosomal escape, unpacking and nuclear import of expression plasmids. As in other
fields, chitosan is a promising drug delivery vector with great potential for the fish farming industry.
This review highlights state-of-the-art assays using chitosan-based methodologies for delivering
nucleic acids into cells, and focuses attention on recent advances in chitosan-mediated gene delivery
for fish biotechnology applications. The efficiency of chitosan for gene therapy studies in fish
biotechnology is discussed in fields such as fish vaccination against bacterial and viral infection,
control of gonadal development and gene overexpression and silencing for overcoming metabolic
limitations, such as dependence on protein-rich diets and the low glucose tolerance of farmed fish.
Finally, challenges and perspectives on the future developments of chitosan-based gene delivery in
fish are also discussed.

Keywords: chitosan; gene delivery; gene overexpression; gene silencing; fish biotechnology

1. Introduction

Chitosan is a cationic polymer of 3 (1-4)-linked 2-amino-2-deoxy-p-glucose interspersed by residual
2-acetamido-2-deoxy-p-p-glucose, derived from chitin by deacetylation under alkaline conditions.
Chitin is the second most abundant polysaccharide in nature, after cellulose, and it is obtained from the
external skeleton and skin of arthropods and insects. Chitin is also found in some microorganisms, yeast
and fungi. Mucoadhesion, low toxicity, biodegradability and biocompatibility, as well as antioxidant,
antibacterial, antifungal, antitumor and anti-inflammatory properties led, in recent years, to the
increasing use of chitosan in a wide variety of pharmaceutical, biomedical and biotechnological fields,
including wound healing, tissue engineering, bone regeneration, gene therapy, food industry and
agriculture [1-6].

Chitosan has many desirable biological properties that make it a highly suitable carrier to deliver
nucleic acids for the development of gene therapy assays. The goal of gene therapy is to introduce
exogenous genetic material into target cells, with the aim of modifying the expression of specific
genes. The efficient delivery of plasmid DNA to express exogenous genes or siRNA to knockdown the
expression of target genes must overcome systemic and cell barriers, depending on the target tissue



Polymers 2020, 12, 1177

and nature of the molecular mechanism triggered by the gene therapy. Ideally, for safe nucleic acid
delivery, the vector must establish a stable interaction with the cargo, protect it from the action of
nucleases, reach target cells, enable crossing the cell membrane and, once inside the cell, facilitate
escape from endosomes and lysosomes. Decomplexation from the carrier must allow plasmid DNA to
cross the nuclear membrane and become transcribed, or in the case of siRNA, render the cargo in the
cytosol [7-9].

Nucleic acid delivery into cells is facilitated by viral and non-viral vectors. The choice of the vector
for gene therapy is a key step to properly reach target cells, confer protection from nucleases, cross the
cell membrane, nucleic acid escape from endosomal vesicles, determine transient or permanent effects,
allow transcription of delivered plasmid DNA and knockdown the expression of target genes by RNA
interference (RNAi) [7,10].

Due to its high transfection efficiency, viral vectors are still used in most gene therapy assays.
However, immunogenicity, acute inflammation and other unwanted effects, such as reversal of the
wild-type phenotype associated with the use of viral vectors, have focused attention on the development
of safer alternative gene delivery systems [9,11,12]. Non-viral vectors include lipid-based vectors
and cationic polymers. Low transfection efficiency in vivo, reduced half-life of lipoplex circulation,
cytotoxicity and other non-desired effects, such as complement activation, limit in vivo use of cationic
lipids and lipid-based vectors [10,13-16]. Unlike viral vectors, cationic polymers, such as chitosan and
its derivatives, exhibit increased ability to select target tissues, easy large-scale production, low toxicity
and immunogenicity in vivo and biocompatibility [4,9,10]. In this review, we will summarize recent
advances in chitosan-based formulations for delivering nucleic acids, and address current progress of
the use of chitosan for fish biotechnology applications and gene therapy.

2. Chitosan as a Nucleic Acid Delivery Vector

The use of chitosan as a vector for nucleic acid delivery was proposed in 1995 [17]. A few
years later, in 1998, in vivo administration of chitosan complexed with plasmid DNA to express a
reporter gene in the upper small intestine and colon of rabbits was published [18]. It was in 2006
when chitosan nanoparticles encapsulating small interfering RNA (siRNA) were shown to be also
effective for silencing the expression of target genes [19]. Since pioneering studies, much progress
has been made in this area, and chitosan is considered, at present, one of the most effective non-viral
gene delivery systems. Figure 1 shows Web of Science (Clarivate Analytics) citations, with the topics
chitosan, fish and gene delivery until 2019.
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Figure 1. Web of Science (Clarivate Analytics) citations published until 2019 with the topics: (a) chitosan
and gene therapy; (b) chitosan, fish and gene therapy.

The presence of numerous primary amine groups that are protonated at slightly acidic pH in
chitosan allows electrostatic interaction with negatively charged nucleic acids. The stability of the
complex formed between chitosan and nucleic acids allows oral, nasal, intravenous and intraperitoneal
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administration of chitosan-DNA complexes, and prevents dissociation before reaching the intracellular
compartment [20-22]. Oral delivery would mainly result in intestinal absorption of the product [22].
Biodistribution of radioiodinated chitosan fractions with different molecular mass, intravenously
injected to rats, showed rapid plasma clearance (<15% in the blood 5 min following treatment) and
localization in the liver of most of the chitosan with diameter size >10 kDa (>50% at 5 min following
intravenous administration and >80% at 60 min post-treatment). However, low molecular weight
chitosan (<5 kDa) was cleared more slowly from the circulation and significantly less retained in the
liver at the short- and long-term [20].

2.1. Chitosan Derivatization

Derivatization can greatly influence biodistribution of chitosan complexes. An illustrative
example was developed by Kang et al. to down-regulate Akt2 expression for treatment of colorectal
liver metastases in mice [23]. To protect siRNA from gastrointestinal degradation, facilitate active
transport into enterocytes and enhance transportation to the liver through the enterohepatic circulation,
the authors first obtained gold nanoparticles conjugated with thiolated siRNA (AR). The resulting
complex was subsequently complexed with glycol chitosan—taurocholic acid (GT) through electrostatic
interaction to generate AR-GT nanoparticles. Derivatization with taurocholic acid successfully
protected Akt2-siRNA from gastrointestinal degradation and favored targeting to the liver through the
enterohepatic circulation. Chitosan derivatization with hydrophilic ethylene glycol (glycol chitosan)
increases solubility in water at a neutral/acidic pH. In addition, the reactive functional groups of glycol
chitosan facilitate chemical modifications and formation of different derivatives useful for targeting
gene delivery [24]. In addition to the properties of chitosan derivatives, the efficient delivery of the
cargo greatly depends on chitosan polyplex properties, such as pH, molecular weight, deacetylation
degree and N/P ratio [7,9].

The molecular weight of chitosan is a major factor affecting polyplex formation, the stability of the
chitosan/DNA complex, cell entry, DNA unpacking after endosomal escape and transfection efficiency.
Furthermore, the average particle size is highly dependent on the molecular weight of chitosan [7,9,25].
Chitosan between ~20-150 kDa forms chitosan—plasmid DNA complexes with diameter size of ~155-200
nm. High molecular weight chitosan >150 kDa losses solubility and favors aggregate formation,
whereas chitosan of molecular weight <20 kDa tends to form polyplexes with diameter size >200
nm [26]. The optimal molecular weight range for stable chitosan—siRNA nanoparticle formation and
efficient transfection and silencing effect is considered to be ~65-170 kDa [27].

Chemical modification of chitosan can greatly improve desirable properties for gene delivery.
Functional groups of chitosan include C3-OH, C4-OH, C,-NHj, acetyl amino and glycoside bonds [6,28].
Two of the functional groups, C¢-OH and C,-NH,, have chemical properties that make them of particular
interest for derivatization (Figure 2).

OH

@)
HO

HO NHg*

Figure 2. Schematic representation of chitosan. Functional groups C,-NH,; and C4-OH and are
represented in blue and red color, respectively.

2.2. Chitosan Solubility

The water solubility of chitosan is low due to the presence of highly crystalline intermolecular
and intramolecular hydrogen bonds, and can be greatly influenced by the pH, molecular weight and
deacetylation degree [6,9,29]. The solubility of chitosan has been improved by introducing a hydrophilic
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group on amino or hydroxyl groups. Examples include: N-acylated chitosan derivatives, which exhibit
enhanced biocompatibility, anticoagulability, blood compatibility and sustained drug release [6,30];
chitosan conjugation with saccharides through N-alkylation, such as glycosylation [3,31,32]; and the
introduction of a quaternary ammonium salt group, which increases chargeability, mucoadhesion,
crossing of mucus layers and binding to epithelial surfaces [6,33,34].

2.3. Stability of Chitosan Polyplexes

To increase the stability of chitosan-based formulations, a number of chitosan derivatives have
been developed. Among them, PEGylation [35-37], glycosylation [3,38,39] and quaternization [39-42].
The choice of the method for preparing chitosan—nucleic acid complexes can also significantly
affect stability of the complex and transfection efficiency. Katas and Alpar showed that for efficient
siRNA-mediated silencing of the expression of target genes in CHO K1 and HEK 293 cells, nanoparticles
produced by ionic gelation of tripolyphosphate (TPP) with chitosan were more efficient in delivering
siRNA than chitosan—siRNA complexes and siRNA adsorbed onto chitosan—TPP nanoparticles.
Chitosan-TPP-siRNA nanoparticles generated by ionic gelation presented higher binding capacity and
loading efficiency [19]. During ionic gelation, TPP is a polyanion that crosslinks with positively charged
chitosan through electrostatic interaction, avoiding the use of toxic reagents for chemical crosslinking,
and allowing for the easy modulation of size and surface charge of the nanoparticles (Figure 3).
The addition of TPP was shown to reduce the particle size and increase the stability of complexes in
biological fluids [19,43-47]. The inclusion of hyaluronic acid in chitosan—siRNA polyplexes can be also
a promising strategy to increase stability and targeting capacity, while lowering aggregation in the
presence of serum proteins [48].
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Figure 3. Molecular structure and electrostatic interactions of chitosan-tripolyphosphate (TPP) (a), and
chitosan-TPP-plasmid DNA nanoparticles (b).

One major advantage of chitosan is that chitosan-DNA complexation protects DNA from
DNase-mediated degradation, possibly as a result of modification of the DNA tertiary structure [20,49].
Cell penetration of chitosan-based gene delivery systems involves interaction between positively
charged chitosan—-nucleic acid polyplexes and negatively charged cell membrane components,
such as heparan sulfate proteoglycans, enabling ATP-driven crossing of the cell membrane,
or receptor-mediated endocytosis. In any case, chitosan polyplexes are internalized following the
endocytic-lysosomal pathway [7].
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2.4. Targeting Drug Delivery, Cellular Uptake and Intracellular Trafficking

Safe and effective therapies can be performed by using chitosan derivatives to improve target
drug delivery. To this end, a variety of molecules can be conjugated to chitosan, such as proteins and
peptides, polysaccharides, oligonucleotides and other molecules [4].

2.4.1. Targeting Drug Delivery with Chitosan Derivatives

A common strategy to target drug delivery is based on ligand-receptor specificity. Cell-target
delivery drugs can be thus enhanced by conjugation of chitosan—nucleic acid complexes with ligands
that enable binding to receptors specifically found in the target cell membrane. Examples of ligands
conjugated to chitosan formulations include transferrin, galactose and mannose. For instance,
transferrin can be used as a targeting ligand for delivery into tumor cells through binding to the
transferrin receptor, whose expression is enhanced in tumor cells to provide iron as a necessary cofactor
for DNA synthesis and rapid cell proliferation [50-52]. The presence of asialoglycoprotein receptors
on the hepatocyte surface and selective binding of asialoglycoprotein receptors to galactose allow
galactosylated chitosan to target hepatocytes [53,54]. Mannosylated chitosan takes advantage of
mannose recognition by mannose receptors to target dendritic cells [55].

Chitosan derivatives generally achieve mucosal adhesion through hydrogen bonding or
non-specific, non-covalent, electrostatic interactions. Thiolated chitosan increases mucoadhesion
and enhances crossing capability trough the cell membrane and ophthalmic drug delivery [56-60].
The mucoadhesive properties of chitosan derivatives allow oral administration and nasal immunization
to treat respiratory diseases [61]. Other examples include O-carboxymethyl chitosan, which can be
used for intestine-targeted drug delivery [62], and acetylated low molecular weight chitosan, for
targeting the kidneys [63].

2.4.2. Endosomal Escape, Unpacking and Nuclear Import of DNA

The proton sponge effect of chitosan gene delivery formulations allows endosomal escape before
the maturation of early endosomes into late endosomes, and the ultimate fusion with lysosomes.
The increasing acidification in early endosomes generated by the V-type ATPase proton pump results
in progressive protonation of the amine groups of chitosan (pKa value of ~6.5), leading to the influx of
water and chloride ions into the endosomes, increased osmotic swelling, endosome lysis and cytosolic
release of the endosomal content [9,64]. The endosomal release of chitosan polyplexes can be enhanced
by fusogenic peptides [65,66] and pH-sensitive neutral lipids [67]. Efficient transfection and endosomal
escape of chitosan polyplexes can be also enhanced by chitosan-polyethylenimine (PEI) copolymeric
delivery systems. PEl is a cationic polymer non-viral vector with high transfection efficiency and a
strong buffering capacity, which may enhance the influx of chloride anions, osmotic swelling and
endosomal lysis. However, PEI-dependent cytotoxic effects constitute a major concern when using PEI
for gene delivery [7,68-70]. In contrast, chitosan-PEI complexes exhibit efficient uptake by target cells,
high transfection efficiency and negligible toxicity [36,71-75].

Following endosomal escape into the cytosol, chitosan polyplexes carrying DNA must be
unpacked, and the entrance of loaded DNA into the nucleus is needed for transfection. The molecular
events that mediate DNA unpacking after endosomal release and translocation to the nucleus remain
not fully understood. It is generally accepted that, in non-dividing cells, molecules smaller than
~40 kDa can passively diffuse through the nuclear pores, while larger molecules must carry nuclear
localization signals for active transportation [68]. Sun et al. largely improved DNA unpacking from
chitosan and transfection efficiency upon the conjugation of chitosan with small peptides that can
be phosphorylated [76]. The phosphorylation of conjugated peptides mimics the process leading
to genomic DNA release and the activation of transcription, mediated by histone phosphorylation.
In addition, the introduction of negatively charged phosphate groups may result in electric repulsion
between DNA and chitosan conjugated with phosphorylated peptides. Hence, further enhancement of
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transfection was obtained by conjugating chitosan with small peptides carrying a nuclear localization
signal, in addition to a potentially phosphorylatable serine residue [77]. Exogenous gene expression
was improved through a mechanism that enabled DNA import into the nucleus, and enhanced
unpacking by the action of nuclear histone kinases. Miao et al. improved endosomal escape and
intracellular drug release in HepG2.2.15 cells by loading DNA into a redox-responsive chitosan
oligosaccharide-SS-octadecylamine (CSSO) polymer. Intracellular reduction and cleavage of CSSO
disulfide bonds ‘-SS-" by gluthation allowed rapid DNA release [78].

For strategies aiming RNAi on target genes, chitosan has been mostly complexed with siRNA,
microRNA (miRNA) and plasmids expressing short hairpin RNA (shRNA). After unpacking,
siRNA/miRNA associates with RN A-induced silencing complex (RISC) in the cytosol. The RNAi-guided
complex hybridizes with target mRNA, leading to mRNA cleavage and/or translation repression,
and subsequent inhibition of protein synthesis [9,10,48,79]. The use of shRNA expression plasmids
allowing long lasting expression of siRNA may improve RNAI in vivo. Following plasmid DNA
transcription in the nucleus, the transcribed shRNA is processed by Drosha, exported to the cytosol
and processed by Dicer, leading to cleavage of double-stranded shRNA and the formation of specific
siRNA [75,80-85].

Sequential events associated with three illustrative examples using chitosan to deliver nucleic
acids are represented in Figure 4 (chitosan—TPP complexed with a plasmid construct, to express an
exogenous protein), Figure 5 (chitosan—TPP complexed with a plasmid construct, to express a shRNA
designed for target gene silencing) and Figure 6 (chitosan loading siRNA for target gene silencing).
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Figure 4. Cellular events associated with chitosan-based plasmid delivery for exogenous gene
expression. 1, Cellular uptake of chitosan-DNA by endocytosis. 2, Endosomal escape of the
chitosan-DNA complex, plasmid dissociation from chitosan and translocation to the nucleus. 3,
Transcription of plasmid (exogenous DNA) in the nucleus and mRNA generation. 4, Translation of
newly transcribed mRNA in the cytosol. 5, Exogenous protein assembly.
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Figure 5. Cellular events associated with chitosan-based plasmid delivery for short hairpin RNA (shRNA)
expression, siRNA formation and target gene silencing. 1, Cellular uptake of chitosan-DNA by endocytosis.
2, Endosomal escape of chitosan-DNA complex, plasmid dissociation from chitosan and translocation to
the nucleus. 3, Transcription of plasmid (exogenous DNA) in the nucleus and generation of shRNA. 4,
Transportation of sShRNA to the cytosol and association with Dicer to generate siRNA. 5, siRNA association
with RNA-induced silencing complex (RISC) and target mRNA by base pairing, resulting in mRNA
cleavage and/or translation repression, and subsequent inhibition of protein synthesis.
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Figure 6. Cellular events associated with chitosan-based siRNA delivery for target gene silencing. 1,
Cellular uptake of chitosan-siRNA by endocytosis. 2, Endosomal escape of chitosan—siRNA. 3, Dissociation
of siRNA from chitosan. 4, siRNA association with RISC and target mRNA by base pairing, resulting in
target mRNA cleavage and/or translation repression, and subsequent inhibition of protein synthesis.
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3. Use of Chitosan in Fish Biotechnology

Chitosan and its derivatives are widely used in aquaculture. Low toxicity, biodegradability,
biocompatibility, bioadhesion and immunomodulatory properties make chitosan and its derivatives
of increasing interest for the fish farming industry as dietary additives, non-viral vectors enabling
fish vaccination and protection against diseases, control of gonadal development and for the gene
therapy-based modulation of fish metabolism.

3.1. Chitosan and Its Derivatives as Dietary Additives

Dietary supplementation with chitosan and its derivatives has been shown to improve fish growth
performance, non-specific immunity and antioxidant effects [86,87]. However, the strategy for chitosan
dietary supplementation in fish requires extensive investigation, according to the species and the
growth stage of fish.

3.1.1. Dietary Supplementation with Chitosan

The inclusion of chitosan as feed additive for fish has been receiving attention since the 1980s [88].
Shiau et al. reported that inclusion of dietary levels of chitosan from 2% to 10% for 28 days decreases
the weight gain and increases the feed conversion ratio (FCR) in hybrid tilapia (Oreochromis niloticus X
Oreochromis aureus) [89]. However, other studies performed in Oreochromis niloticus showed positive
effects of chitosan on fish growth. Feed supplementation of tilapia with chitosan (0-8 g/kg dry
diet) for 56 days led to the conclusion that 4 g/kg of chitosan was the optimal dose to promote
the highest body weight gain (BWG) rate and specific growth rate (SGR) [90]. Similarly, chitosan
supplementation at 5 g/kg diet for 60 days improved growth performance, BWG, SGR and FCR in
tilapia [91]. The contradictory effects reported for chitosan on tilapia growth could be attributed to the
fact that the studies were performed using different fish growth stages. Indeed, the initial weight of
fish in the study by Shiau et al. was of 0.99 + 0.01 g, while the latter two reports used a significantly
higher initial body weight (50.1 + 4.1 g and 39.3 + 0.3 g, respectively).

In addition to the developmental stage and amount of dietary chitosan supplied, chitosan effects
exerted on fish growth performance also seem to depend on the species [87]. According to the effect
observed on SGR, the apparent digestibility coefficient of dry matter and the apparent digestibility
coefficient of protein, 75 days of feeding on diets supplemented with 10-20 g chitosan/kg significantly
reduced the growth performance of gibel carp (Carassius gibelio) (initial body weight, 4.80 + 0.01 g) [92].
However, the supply of 0-0.2 g chitosan/kg diet caused a dose dependent increase of the average daily
weight and SGR in post-larvae sea bass (Dicentrarchus labrax) [93]. Yan et al. also reported that dietary
supplementation of 0%-5% chitosan improved growth performance by inducing dose dependent
increases of BWG and SGR, while FCR decreased [94]. Similarly, 70 days of supplementation with 1-5
g chitosan/kg diet of loach fish (Misqurnus anguillicadatus) with an average body weight of 3.14 + 0.05 g,
significantly increased BWG, SGR and condition factor (CF), whereas it decreased FCR [95]. In contrast,
Najafabad et al. found that Caspian kutum (Rutilus kutum) fingerlings (1.7 + 0.15 g) supplied with 0-2
g chitosan/kg diet for 60 days showed no effect of final weight, SGR and condition factor [96].

The positive effect of chitosan on the growth performance of some fish species might result
from its role in nonspecific immunity. Chitosan acts as an immunostimulary drug through induction
of nonspecific immunity in fish. In loach fish, the dietary supplement of chitosan increased the
serum levels of factors considered as immune boosters, such as the content of immunoglobulin M
(IgM), complement component 3 (C3) levels, the activity of lysozyme, acid phosphatase and alkaline
phosphatase, as well as increased the survival rate after being challenged by Aeromonas hydrophila [95].
In accordance with the immune boost, other investigations also showed immune reinforcement
by chitosan, when fish were challenged by bacteria in regard to immunoglobulin content, serum
lysozyme, bactericidal activity, inmune-related gene expression, phagocytosis and respiratory burst
activity [90,92,94,97]. Consistently, chitosan was shown to modify hematological parameters of fish,
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which are also considered important indicators of immunostimulation. In Asian seabass (Lates calcarifer),
chitosan supplement during 60 days at 5-20 g/kg diet increased red blood cells (RBC), white blood cells
(WBC), total serum protein, albumin and globulin [98]. Supplementation with chitosan was reported
also to increase RBC, WBC, haemoglobin, lymphocytes, monocytes, neutrophils and thrombocytes in
mrigal carp (Cirrhinus mrigala) and kelp grouper (Epinephelus bruneus) [99-101].

Concomitant to the effects on immunity, chitosan also elevates antioxidant responses in fish.
In loach fish, the activity of phenoloxidase, superoxide dismutase (SOD) and glutathione peroxidase
(GPx) increased after 12 weeks of chitosan supplementation [95]. Similarly, chitosan induced the
activity of SOD and catalase (CAT) after 56 days of dietary supplementation in tilapia [90], and the
mRNA levels of SOD, CAT, GPx and nuclear factor erythroid 2-related factor 2 [94]. The protective
effect of chitosan from oxidative stress was also reported in olive flounder (Paralichthys olivaceus)
challenged with Hy,O; [97]. The authors observed that chitosan-coated diets significantly narrowed
the increase of protein carbonyl formation and DNA damage in the plasma.

3.1.2. Dietary Supplementation with Chitosan Nanoparticles

Wang et al. reported that BWG significantly increased in tilapia (initial body weight, 23.6 +
1.2 g) fed with chitosan nanoparticles (5 g/kg dry diet) [102]. Similar results were described by
other authors. Chitosan nanoparticle intake increased final weight, weight gain, SGR and FCR in
tilapia supplied for 45 days with 0-2 g/kg (initial body weight, 19.8 + 0.6 g) and 70 days for 1-5 g/kg
(initial body weight, 5.66 + 0.02 g). In these reports, innate immunity was also enhanced and fish
exhibited increased respiratory burst activity, lysozyme malondialdehyde, CAT and SOD activity,
and hematological parameters such as RBC, hematocrit, hemoglobin, mean corpuscular volume, WBC
and platelets [103,104]. Remarkably, optimal supplement of dietary chitosan nanoparticles to improve
growth and immunity against pathogens may vary, according to parameters such as developmental
growth stage and species.

Dietary supplementation of chitosan nanoparticles complexed with vitamin C and thymol
is more effective in enhancing immunity than supplementation with the single additives.
Dietary chitosan-vitamin C nanoparticles slightly improved growth performance of tilapia, while
inducing the viscerosomatic index, therefore decreasing economic performance. However, when fish fed
chitosan—vitamin C nanoparticles were challenged by imidacloprid-polluted water, chitosan—vitamin
C supplementation significantly strengthened immunity and antioxidant activity, including the activity
of lysozyme, glutathione reductase and CAT, C3 and immunoglobulins [105]. Growth effects of
dietary supplementation with chitosan nanoparticles mixed with thymol, the most important phenolic
compound in Thymus vulgaris essential oil, were evaluated on hematological parameters, and the
liver and kidney function in tilapia [106]. The results showed that chitosan-thymol nanoparticle
supplementation increased feed efficiency and protein efficiency ratio, while it had moderated effects
on final weight, weight gain and SGR. Nevertheless, chitosan-thymol produced a synergistic effect on
lymphocytes and monocyte leukocytes. The use of chitosan nanoparticles as feed additive is limited by
the fact that it can exhibit toxic effects at high levels. In this regard, chitosan nanoparticles significantly
decreased hatching rate and survival rate of zebrafish (Danio rerio) when the immersion concentration
reached 20 and 30 pg/mL or higher [107,108].

3.1.3. Dietary Supplementation with Chitin and Chitooligosaccharide

Meanwhile the inclusion of chitin in the diet has no significant effects on fish growth
performance [109-111], chitooligosaccharide (COS) enhances growth performance parameters
such as BWG, hepatosomatic and intestosomatic index, SGR and FCR in a number of
fish species, including juvenile largemouth bass (Micropterus salmoides) [112], striped catfish
(Pangasianodon hypophthalmus) [113], Nile tilapia (Oreochromis niloticus) [114], tiger puffer (Takifugu
rubripes) [115], koi (Cyprinus carpio koi) [116], and silverfish (Trachinotus ovatus) [117]. Similarly as in
most fish species, dietary supplementation with low molecular weight and highly deacetylated COS
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enhances growth performance, innate immunity and digestive enzyme activity in Pacific white shrimp
(Litopenaeus vannamei) [118]. However, the effect of dietary COS may depend on the species. In this
regard, dietary COS supplementation was reported to cause not significant effects on weight gain,
FCR and the survival rate in hybrid tilapia (Oreochromis niloticusxO. aureus) [109]. Similar results were
reported for rainbow trout (Oncorhynchus mykiss) [119]. Incomplete intestinal development in early
developmental stages may contribute to the lack of COS effect on growth performance observed in
several fish species.

A number of studies showed that both chitin and COS can be potentially utilized
as immunostimulants in fish. Respiratory burst activity, phagocytic activity and lysozyme
activity, which are considered indicators of non-specific immunity, have been shown to be
significantly stimulated by chitin and COS in a number of fish species, including juvenile
largemouth bass (Micropterus salmoides) [112], Nile tilapia (Oreochromis niloticus) [114], striped catfish
(Pangasianodon hypophthalmus) [113] and mrigal carp (Cirrhina mrigala) [99]. Chitin and COS also induce
other immunity parameters, such as nitric oxide production, inducible nitric oxide synthase (iNOS)
activity and gene expression [112,120], leukocyte count [99,112,116] and complement activity [99,100].

3.2. Chitosan as a Carrier for Drug Delivery in Fish

Chitosan is nanoscale, biodegradable, biocompatible, hemocompatible, simple and mild for
preparation conditions, and is highly efficient for drug loading. Therefore, chitosan has been used
for loading a variety of bioactive compounds, such as vitamins, metal ions, inactivated pathogens for
vaccines, proteins and nucleic acids in a variety of applications in fish farming. In addition, loading
into chitosan can significantly boost the bioeffects of these compounds.

3.2.1. Chitosan Loading Chemical Compounds

The sustained release of compounds complexed with chitosan nanoparticles fulfills the
requirements of artificial breeding in fish farming and enable delivery and cell uptake of compounds
with low toxicity [121,122]. Chitosan nanoparticles loaded with vitamin C, an important but labile
antioxidant, were proven to enhance sustained vitamin C release in the stomach, the intestine and
in serum after oral administration in rainbow trout (Oncorhynchus mykiss) [123]. Chitosan—vitamin
C nanoparticles exhibited a markedly high antioxidant activity and no toxicity up to 2.5 mg/mL in
the culture medium of ZFL cells, a zebrafish liver-derived cell line. In addition, chitosan—vitamin C
nanoparticles showed the capability to penetrate the intestinal epithelium of Solea senegalensis [124].
Several studies evaluated chitosan nanoparticles loading aromatase inhibitors and eurycomanone,
compounds that promote gonadal development. Chitosan-mediated delivery of aromatase inhibitors
and eurycomanone prolonged serum presence, improved testicular development with lack of testicular
toxicity, and led to higher serum concentrations of reproductive hormones [125-128].

3.2.2. Chitosan Loading Metal Ions

Loading with chitosan facilitates delivery of metal ions that are micronutrients and antibacterial
factors, such as selenium and silver, to fish in culture. Barakat et al. showed that chitosan-silver
nanoparticles successfully treated European sea bass larvae infected with Vibrio anguillarum.
Chitosan-silver nanoparticles significantly decreased the bacterial number and improved fish
survival [129]. In addition, dietary supplementation with chitosan-silver nanoparticles were shown to
altering gut morphometry and microbiota in zebrafish. Feeding with chitosan-silver nanoparticles
increased Fusobacteria and Bacteroidetes phyla, goblet cell density and villi height, while upregulated
the expression of immune-related genes [130]. Similarly, chitosan-selenium nanoparticles had
immunostimulary roles and increased disease resistance in zebrafish and Paramisgurnus dabryanus by
improving the activity of lysozyme, acid phosphatase and alkaline phosphatase, phagocytic respiratory
burst and splenocyte-responses towards concanavalin A [131,132].
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3.2.3. Chitosan Loading Inactivated Pathogens

Vaccines against pathogens is a major challenge in aquaculture. In this regard, chitosan can
be used as proper carrier and adjuvant to enhance effectiveness of vaccination. A number of
inactivated bacteria and virus have been evaluated with chitosan or its derivatives as adjuvant
against infections in fish. Vaccines, such as inactivated Edwardsiella ictaluri and infectious spleen
and kidney necrosis virus, have been tested with chitosan in yellow catfish (Pelteobagrus fulvidraco)
and Chinese perch (Siniperca chuasi), respectively. Chitosan enhanced incorporation into the host
cells and improved fish survival rate and immune response, increasing IgM content, lysozyme
activity and mRNA levels of interleukin (IL)-13, IL-2 and interferon (IFN)-y2 [133,134]. A mixture
of COS and inactivated Vibrio anguillarum vaccine significantly reduced zebrafish mortality against
Vibro anguillarum [135], while COS combined with inactivated Vibrio harveyi also markedly increased
survival rate, IgM and the expression of immune-related genes, such as IL-13, IL-16, tumor necrosis
factor-alpha (TNF-«) and major histocompatibility complex class I alpha (MHC-I«), in the grouper
QEpinephelus fuscoguttatusxd Epinephelus lanceolatus [136]. Similarly, rainbow trout (Oncorhynchus
mykiss) immunized against bacterial infection (Lactococcus garvieae and Streptococcus iniae) through
chitosan-alginate coated vaccination exhibited a higher survival rate, immune-related gene expression,
and antibody titer than fish submitted to non-coated vaccination [137].

Olive flounder (Paralichthys olivaceus) vaccinated against inactivated viral haemorrhagic
septicaemia virus encapsulated with chitosan through oral and immersion routes showed effective
immunization in the head kidney, which is considered as the primary organ responsible for the
initiation of adaptive immunity in fish, skin and intestine, which are regarded as the main sites for
antigen uptake and mucosal immunity. Additionally to upregulation of IgM, immunoglobulin T (IgT),
polymeric Ig receptor (pIgR), MHC-I, major histocompatibility complex class II (MHC-II) and IFN-y in
the three tissues, caspase 3 was also highly induced 48 h post-challenge, suggesting cytotoxicity due to
rapid T-cell response and impairment of viral proliferation [138].

Coating chitosan with membrane vesicles from pathogens such as Piscirickettsia salmonis was also
shown to be an effective strategy to induce immune response in zebrafish (Danio rerio) and upregulation
of CD 4, CD 8, MHC-I, macrophage-expressed 1, tandem duplicate 1 (Mpegl.1), TNFe, IL-1f3, IL-10,
and IL-6 [139].

3.2.4. Chitosan Loading Proteins

Effectiveness of fish vaccination against infections can be also improved with antigenic proteins
derived from bacteria and virus. For example, chitosan nanoparticles encapsulated with the recombinant
outer membrane protein A of Edwardsiella tarda was used for oral vaccination of fringed-lipped peninsula
carp (Labeo fimbriatus). Treated fish showed significant higher levels of post-vaccination antibody
in circulation and survival rate against Edwardsiella tarda [140]. In another study, oral vaccination
with alginate-chitosan microspheres encapsulating the recombinant protein serine-rich repeat (rSrr) of
Streptococcus iniae were evaluated and the results showed that lysozyme activity and immune-related
genes were induced, leading to a 60% increased survival rate of channel catfish (Ictalurus punctatus)
against Streptococcus iniae infection [141]. In grass carp (Ctenopharyngodon idella), chitosan was also
used for carrying the immunomodulatory factor IEN-y2. Treatment with chitosan—-Ctenopharyngodon
idella IFN-y2 highly upregulated inflammatory factors, leading to severe inflammatory damage in the
intestine, hepatopancreas and decreased survival rate [142].

3.2.5. Chitosan Loading Nucleic Acids

Compared to chitosan-based gene delivery in other organisms, gene therapy methodologies
using chitosan for improving desirable traits in farmed fish have great potential for development
(Figure 1b). A number of studies addressed the characterization of factors that can influence the
efficiency of chitosan loading and nucleic acid release, such as the average diameter, zeta potential

11



Polymers 2020, 12, 1177

and encapsulation efficiency of chitosan-DNA microspheres or nanospheres. Table 1 summarizes
chitosan—plasmid DNA encapsulation efficiency and changes in particle diameter and zeta potential
before and after encapsulation for fish biotechnology studies. Existing data show that the diameter of
chitosan nanospheres before loading DNA mostly ranged from ~30 to ~230 nm, while encapsulation
with plasmid DNA led to ~40-190 nm diameter increase. The zeta potential indicates the surface
charge on the particles. A higher positive zeta potential suggests higher stability of nanoparticles
in the suspension [143]. The zeta potential before loading plasmid DNA were ~25-33 mV, which
mostly tended to decrease to ~14-18 mV. The exception was reported by Rather et al., who found that
zeta potential of chitosan nanospheres increased ~6 mV following DNA encapsulation [144]. DNA
encapsulation efficiency was generally higher than 80%, which indicates that chitosan is capable to
load a high mass of DNA, which in turn may benefit many applications in aquaculture.

Table 1. Characteristics of chitosan—plasmid DNA polyplexes for studies performed in fish.

Preloading Postloading ZPreloadlng Postloadm.g Encapsulation
. . eta Potential Zeta Potential . . References
Diameter (nm) Diameter (nm) @V) @V) Efficiency
- <10,000 - - 94.5% [145]
30-60 - - - - [146]
- 200 - - 91.5% [147]
- - - - 83.6% [148]
193 + 531 246 + 74 1 320+1.01 144 +131 - [80]
- 146 + 22 - 243052 92.8% + 1.4% 2 [149]
- 133 - 34.3 63% [150]
- 50-200 - - 97.5% [151]
87 156 30.3 36.5 60% [144]
- 743 - - 98.6% [152]
135 - 26.7 - 86% [153]
- - - - 84.2% [154]
Similar to
224+ 621 preloading 33.0+121 144 +131 - [81]
diameter
- 750-950 - - 98.6% [155]
116 306 24.7 18.0 - [156]
231 + 182 272 + 362 312+1.52 14.1+£232 - [157]
- 267 - 27.1 87.4% [158]

1 Mean + SD; 2 mean + SEM.

Chitosan-encapsulated DNA is more stable in vivo, exhibit sustained-release and increased cell
uptake than naked DNA. Taken together, these factors confer chitosan-delivered DNA a particular
expression profile regarding tissue distribution, persistence of expression and abundance in fish.
Saez et al. found that intramuscular injection led to a restricted expression to adjacent tissues of both
chitosan-encapsulated DNA and naked DNA, while the oral administration of chitosan-encapsulated
DNA, largely used for fish vaccination studies, showed enhanced expression not only in the intestine,
but also in the liver of gilthead sea bream (Sparus aurata) [152,155]. Furthermore, oral administration of
chitosan nanoparticles loaded with pCMV 3, a plasmid encoding for Escherichia coli 3-galactosidase,
enabled sustained detection of the exogenous plasmid and bacterial 3-galactosidase activity in the
liver and the intestine of Sparus aurata juveniles up to 60 days posttreatment [152].

Through the immersion route, Rao et al. showed that chitosan-coated DNA was confined to the
surface area of rohu (Labeo rohita), i.e., gill, intestine and skin-muscle, while no detection was observed
in the kidney and the liver. Naked DNA was undetectable due to degradation [158]. Oral delivery
seems to have a wider distribution of chitosan-encapsulated DNA, being found in the stomach, spleen,
intestine, gill, muscle, liver, heart and kidney [148,154,159]. Chitosan-encapsulated DNA has longer
and more abundant presence than naked DNA after administration. For example, Rajesh Kumar et al.
showed that antibody in serum from fish immunized with a chitosan-DNA vaccine was 30% higher
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than naked DNA after 21 days of oral immunity [160]. The presence of DNA vaccine was reported
more than 90 days after oral administration of chitosan-DNA [145]. Additionally, Rather et al. reported
that chitosan-DNA induced 2-fold longer and higher peak abundant expression of downstream genes
than naked DNA [144].

3.3. Chitosan-Based Applications in Fish Biotechnology and Gene Therapy

In recent years, chitosan has been increasingly used for drug and gene delivery in fish biotechnology.
Most of the studies used chitosan-based systems to improve oral vaccination, control of gonadal
development, and the modification of fish intermediary metabolism.

3.3.1. Fish Vaccination

DNA vaccines delivered by chitosan significantly increase relative percent survival of fish at a range
of 45%—-82% against bacterial and viral infection [151,156]. Higher doses of chitosan-DNA vaccines
resulted in concomitant increase of fish relative percent survival from ~47% to ~70% [154]. In addition,
DNA vaccination with chitosan stimulated expression of immune-related genes. Zheng et al. reported
upregulation of the expression of immune-related genes, such as interferon-induced GTP-binding
protein Mx2 (MX2), IFN, chemokine receptor (CXCR), T-cell receptor (TCR), MHC-Ix and MHC-Ile, 7
days after oral vaccination against reddish body iridovirus in turbot (Scophthalmus maximus). A 10-fold
higher expression of TNF-« gene expression was found in the hindgut [149].

In addition to the short-term modification of the expression levels of immune-related genes, the
administration of chitosan-DNA vaccines also promote a sustained effect after treatment. Valero et al.
found that European sea bass (Dicentrarchus labrax) orally vaccinated with chitosan-encapsulated
DNA against nodavirus failed to induce circulating IgM. However, the expression of genes involved
in cell-mediated cytotoxicity (TCRf and CD8«) and the interferon pathway (IFN, MX and IFN-vy)
were upregulated. Three months following vaccination, challenged fish exhibited partial protection
with retarded onset of fish death and lower cumulative mortality [151]. Kole et al. immunized rohu
(Labeo rohita) with chitosan nanoparticles complexed with a bicistronic DNA plasmid encoding the
antigen Edwardsiella tarda glyceraldehyde 3-phosphate dehydrogenase and the immune adjuvant
gene Labeo rohita IFN-y [156]. Follow-up of the expression of immune-related genes in the the kidney,
liver and spleen showed maximal upregulation of IgHC (IgM heavy chain), iNOS, toll like receptor
22 (TLR22), nucleotide binding and oligomerization domain-1 (NOD1) and IL-1§3 at 14 days post
immunization. The authors also confirmed that oral and immersion vaccination with chitosan-DNA
nanoparticles enhances the fish immune response to a greater extent than intramuscular injection of
naked DNA. In another study, the oral vaccination of rainbow trout fry with chitosan-TPP nanoparticles
complexed with pcDNA3.1-VP2, showed that the expression of genes related with innate immune
response, IFN-1 and MX, reached maximal values at 3 days postvaccination and 7 days after boosting
(22 days postvaccination), while, with regard to genes involved in the adaptative immune response,
CD4 peaked at 15 days postvaccination and IgM and IgT at 30 days postvaccination [154].

3.3.2. Control of Gonadal Development

Chitosan nanoparticles have been used for drug delivery in studies aiming proper gonadal
development in fish farming. Bhat et al. administered chitosan conjugated with salmon luteinizing
hormone-releasing hormone (sLHRH) into walking catfish (Clarias batrachus) to promote gonadal
development. Chitosan-conjugated sLHRH and naked sLHRH exerted similar effects: upregulation
of Sox9 expression in the gonads and increase of circulating steroid hormonal levels, testosterone
and 11-ketotestosterone in males and testosterone and 173-estradiol in females. However, sSLHRH
conjugation with chitosan induced sustained and controlled release of the hormones with maximal
levels observed in the last sampling point of the experiment (36 h posttreatment), while naked
sLHRH peaked circulating steroid hormones at 12 h posttreatment [150]. Similarly, compared to the
administration of naked kisspeptin-10, intramuscular injection of chitosan-encapsulated kisspeptin-10
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in immature female Catla catla caused a delayed but greater increase of gonadotropin-releasing
hormone, luteinizing hormone and follicle-stimulating hormone expression, as well as circulating
levels of 11-ketotestosterone and 173-estradiol [144].

With the ultimate goal of controlling gonadal development in fish, chitosan was also assayed
for gene delivery. In walking catfish (Clarias batrachus), intramuscular administration of chitosan
nanoparticles conjugated with an expression plasmid encoding steroidogenic acute regulatory
protein (StAR), a major regulator of steroidogenesis, also resulted in long-lasting stimulatory
effects than administration of the naked plasmid construct on the expression of key genes in
reproduction, cytochrome P450 (CYP) 11A1, CYP17A1, CYP19A1, 33-hydroxysteroid dehydrogenase
and 173p-hydroxysteroid dehydrogenase [153].

3.3.3. Control of Fish Metabolism

Chitosan has been used for enhancing fish digestibility, the absorption of food constituents and
increasing the utilization of dietary carbohydrate in carnivorous fish. To supplement exogenous
proteolytic enzymes and thus facilitate protein digestion and amino acid absorption, Kumari et al.
orally administered chitosan—TPP nanoparticles encapsulating trypsin to Labeo rohita over 45 days.
Treatment with chitosan-TPP-trypsin enhanced nutrient digestibility, intestinal protease activity and
transamination activity, alanine aminotransferase (ALT) and aspartate aminotransferase (AST), in the
liver and the muscle [161].

The substitution of dietary protein by cheaper nutrients with reduced environmental impact in
farmed fish is a challenging trend for sustainable aquaculture [162]. However, the metabolic features
of fish, particularly carnivorous fish, constrain the replacement of dietary protein by other nutrients
in aquafeeds. Carnivorous fish exhibit a preferential use of amino acids as fuel and gluconeogenic
substrates, and thus require high levels of dietary protein for optimal growth. Instead, carbohydrates
are metabolized markedly slower than in mammals, and give rise to prolonged hyperglycemia [163,164].
The essential role of the liver in controlling the intermediary metabolism makes this organ an ideal
target for investigating and modifying the glucose tolerance of farmed fish.

To overcome metabolic limitations of carnivorous fish, in recent years we synthesized chitosan-TPP
nanoparticles, complexed with plasmid DNA, to induce in vivo transient overexpression and the
silencing of target genes in the liver of gilthead sea bream (Sparus aurata). With the aim of decreasing
the use of amino acids for gluconeogenic purposes and improving carbohydrate metabolism in the liver,
chitosan—TPP nanoparticles complexed with a plasmid overexpressing a shRNA designed to silence
the expression of cytosolic ALT (cALT) were intraperitoneally administered to Sparus aurata juveniles.
Seventy-two hours posttreatment, a significant decrease in cALT1 mRNA levels, immunodetectable
ALT and ALT activity was observed in the liver of treated fish. Knockdown of cALT expression to
~63%-70% of the values observed in control fish significantly increased the hepatic activity of key
enzymes in glycolysis, 6-phosphofructo 1-kinase (PFK1) and pyruvate kinase, and protein metabolism,
glutamate dehydrogenase (GDH). In addition to showing efficient gene silencing after administration
of chitosan-TPP-DNA nanoparticles, the findings supported evidence that the downregulation of liver
transamination increased the use of dietary carbohydrates to obtain energy, and thus made it possible
to spare protein in carnivorous fish [80].

Following the same methodology, we showed that the shRNA-mediated knockdown of GDH
significantly decreased GDH mRNA and immunodetectable levels in the liver, which, in turn,
reduced GDH activity to ~53%. Downregulation of GDH decreased liver glutamate, glutamine and
2-oxoglutarate, as well as the hepatic activity of AST, while it increased 2-oxoglutarate dehydrogenase
activity and the PFK1/fructose-1,6-bisphosphatase (FBP1) activity ratio. Therefore, by reducing hepatic
transdeamination and gluconeogenesis, the knockdown of GDH could impair the use of amino acids
as gluconeogenic substrates and facilitate the metabolic use of dietary carbohydrates [81].

With the aim of inducing a multigenic action leading to a stronger protein-sparing effect,
Sparus aurata were intraperitoneally injected with chitosan-TPP nanoparticles complexed with a
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plasmid expressing the N-terminal nuclear fragment of hamster SREBP1a, a transcription factor that—in
addition to exhibiting strong transactivating capacity of genes required for fatty acid, triglycerides
and cholesterol synthesis—previous reports showed can also transactivate the promoter of genes
encoding key enzymes in hepatic glycolysis, glucokinase (GK) and 6-phosphofructo 2-kinase/fructose
2,6-bisphosphatase (PFKFB1) in fish [165,166]. Overexpression of exogenous SREBP1a in the liver of
Sparus aurata enhanced the expression of glycolytic enzymes GK and PFKFB1, decreased the activity
of the gluconeogenic enzyme FBP1 and increased the mRNA levels of key enzymes in fatty acid
synthesis, elongation and desaturation (acetyl-CoA carboxylase 1, acetyl-CoA carboxylase 2, elongation
of very long chain fatty acids protein 5, fatty acid desaturase 2), as well as induced NADPH formation
(glucose 6-phophate dehydrogenase) and cholesterol synthesis (3-hydroxy-3-methylglutaryl-coenzyme
A reductase). As a result, chitosan-mediated SREBP1a overexpression caused a multigenic action that
enabled the conversion of dietary carbohydrates into lipids (Figure 7), leading to increased circulating
levels of triglycerides and cholesterol in carnivorous fish [157].

SREBP1a
overexpression

A Pentose
Phosphate
Pathway
A Glycolysis (G6PD)
(GK, PFKFB1) ‘

s NADPH
A Fatty acid synthesis A Cholesterol
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desaturation (FADS2)

Figure 7. Multigenic action and metabolic effects in the liver of Sparus aurata after intraperitoneal
administration of chitosan-TPP-DNA nanoparticles to overexpress exogenous SREBP1a [157]. ACC1,
acetyl-CoA carboxylase 1; ACC2, acetyl-CoA carboxylase 2; ELOVLS5, elongation of very long chain
fatty acids protein 5; FADS2, fatty acid desaturase 2; G6PD, glucose 6-phophate dehydrogenase; GK,
glucokinase; HMGCR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; PFKFB1, 6-phosphofructo
2-kinase/fructose 2,6-bisphosphatase.

4. Conclusions

Characteristics such as nanoscale, low-toxicity, biodegradability, biocompatibility, derivatization,
immunomodulatory effects, and easily affordable preparation conditions make chitosan a strong
candidate for drug delivery into fish. Therefore, the use of chitosan in fish biotechnology has
received growing attention in recent years. However, applications based on novel chitosan-based
gene therapy methodologies to improve desirable traits in farmed fish have enormous potential for
development. Most remarkable advances in the field addressed fish immunization, the control of
reproduction for broodstock management and the modulation of gene expression to spare protein and
overcome metabolic limitations of farmed fish. Further studies are needed for a better understanding
of the extracellular and intracellular process, following chitosan-mediated gene delivery into fish.
In addition, future trends in fish farming may greatly benefit from improved and more efficient chitosan
formulations for enhancing gene delivery targeting and intracellular traffic in farmed fish.

15



Polymers 2020, 12, 1177

Author Contributions: Conceptualization, .M. and M.P.A.; writing—Original draft preparation, YW., AR,
M.PA. and I.M.; writing—Review and editing, M.P.A. and I.M.; supervision, L.M.; project administration, .M.;
funding acquisition, .M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Ministerio de Economia, Industria y Competitividad (Spain), grant number
AGL2016-78124-R, co-funded by the European Regional Development Fund (EC).

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Mahdy Samar, M.; El-Kalyoubi, M.H.; Khalaf, M.M.; Abd El-Razik, M.M. Physicochemical, functional,
antioxidant and antibacterial properties of chitosan extracted from shrimp wastes by microwave technique.
Ann. Agric. Sci. 2013, 58, 33—41. [CrossRef]

Sun, M.; Wang, T.; Pang, ].; Chen, X_; Liu, Y. Hydroxybutyl chitosan centered biocomposites for potential
curative applications: A critical review. Biomacromolecules 2020, 21, 1351-1367. [CrossRef] [PubMed]

Sacco, P.; Cok, M.; Scognamiglio, F.; Pizzolitto, C.; Vecchies, F.; Marfoglia, A.; Marsich, E.; Donati, I.
Glycosylated-chitosan derivatives: A systematic review. Molecules 2020, 25, 1534. [CrossRef] [PubMed]
Chuan, D.; Jin, T; Fan, R.; Zhou, L.; Guo, G. Chitosan for gene delivery: Methods for improvement and
applications. Adv. Colloid Interface Sci. 2019, 268, 25-38. [CrossRef]

Ivanova, D.G.; Yaneva, Z.L. Antioxidant properties and redox-modulating activity of chitosan and its
derivatives: Biomaterials with application in cancer therapy. Biores. Open Access 2020, 9, 64-72. [CrossRef]
Wang, W.; Meng, Q.; Li, Q.; Liu, J.; Zhou, M.; Jin, Z.; Zhao, K. Chitosan derivatives and their application in
biomedicine. Int. J. Mol. Sci. 2020, 21, 487. [CrossRef]

Raftery, R.; O’Brien, EJ.; Cryan, S.-A. Chitosan for gene delivery and orthopedic tissue engineering
applications. Molecules 2013, 18, 5611-5647. [CrossRef]

Lostalé-Seijo, I.; Montenegro, J. Synthetic materials at the forefront of gene delivery. Nat. Rev. Chem. 2018, 2,
258-277. [CrossRef]

Cao, Y;; Tan, Y.F,; Wong, Y.S.; Liew, M.W.].; Venkatraman, S. Recent Advances in Chitosan-Based Carriers for
Gene Delivery. Mar. Drugs 2019, 17, 381. [CrossRef]

Santos-Carballal, B.; Fernandez Fernandez, E.; Goycoolea, F. Chitosan in non-viral gene delivery: Role of
structure, characterization methods, and insights in cancer and rare diseases therapies. Polymers 2018, 10,
444. [CrossRef]

Ginn, S.L.; Amaya, A K.; Alexander, L.E.; Edelstein, M.; Abedi, M.R. Gene therapy clinical trials worldwide
to 2017: An update. J. Gene Med. 2018, 20, e3015. [CrossRef] [PubMed]

Picanco-Castro, V.; Pereira, C.G.; Covas, D.T.; Porto, G.S.; Athanassiadou, A.; Figueiredo, M.L. Emerging
patent landscape for non-viral vectors used for gene therapy. Nat. Biotechnol. 2020, 38, 151-157. [CrossRef]
[PubMed]

Simoes, S.; Filipe, A.; Faneca, H.; Mano, M.; Penacho, N.; Diizgiines, N.; de Lima, M.P. Cationic liposomes for
gene delivery. Expert Opin. Drug Deliv. 2005, 2, 237-254. [CrossRef] [PubMed]

Saffari, M.; Moghimi, H.; Dass, C. Barriers to liposomal gene delivery: From application site to the target.
Iran. J. Pharm. Res. 2016, 15, 3-17.

Ramamoorth, M.; Narvekar, A. Non viral vectors in gene therapy- an overview. |. Clin. Diagn. Res. 2015, 9,
GEO1-GEO06. [CrossRef]

Patil, S.; Gao, Y.G.; Lin, X,; Li, Y;; Dang, K.; Tian, Y.; Zhang, W.J.; Jiang, S.F; Qadir, A.; Qian, A.R.
The development of functional non-viral vectors for gene delivery. Int. |. Mol. Sci. 2019, 20, 5491. [CrossRef]
Mumper, R.; Wang, J.; Claspell, J.; Rolland, A. Novel polymeric condensing carriers for gene delivery.
Proc. Int. Symp. Control. Release Bioact. Mater. 1995, 22, 178-179.

MacLaughlin, EC.; Mumper, R.J.; Wang, J.; Tagliaferri, ].M.; Gill, I.; Hinchcliffe, M.; Rolland, A.P. Chitosan
and depolymerized chitosan oligomers as condensing carriers for in vivo plasmid delivery. J. Control. Release
1998, 56, 259-272. [CrossRef]

Katas, H.; Alpar, H.O. Development and characterisation of chitosan nanoparticles for siRNA delivery.
J. Control. Release 2006, 115, 216-225. [CrossRef]

16



Polymers 2020, 12, 1177

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Richardson, S.C.; Kolbe, H.V.; Duncan, R. Potential of low molecular mass chitosan as a DNA delivery
system: Biocompatibility, body distribution and ability to complex and protect DNA. Int. . Pharm. 1999, 178,
231-243. [CrossRef]

Xu, W,; Shen, Y,; Jiang, Z.; Wang, Y.; Chu, Y.; Xiong, S. Intranasal delivery of chitosan-DNA vaccine generates
mucosal SIgA and anti-CVB3 protection. Vaccine 2004, 22, 3603-3612. [CrossRef] [PubMed]

Sun, C.-J,; Pan, S.-P; Xie, Q.-X.; Xiao, L.-J. Preparation of chitosan-plasmid DNA nanoparticles encoding zona
pellucida glycoprotein-3alpha and its expression in mouse. Mol. Reprod. Dev. 2004, 68, 182-188. [CrossRef]
[PubMed]

Kang, S.H.; Revuri, V,; Lee, S.-].; Cho, S.; Park, I.-K.; Cho, K.J.; Bae, W.K,; Lee, Y. Oral siRNA delivery to treat
colorectal liver metastases. ACS Nano 2017, 11, 10417-10429. [CrossRef] [PubMed]

Lin, E; Jia, H.-R.; Wu, E-G. Glycol chitosan: A water-soluble polymer for cell imaging and drug delivery.
Molecules 2019, 24, 4371. [CrossRef] [PubMed]

Huang, M.; Fong, C.-W.; Khor, E.; Lim, L.-Y. Transfection efficiency of chitosan vectors: Effect of polymer
molecular weight and degree of deacetylation. J. Control. Release 2005, 106, 391-406. [CrossRef] [PubMed]
Huang, M.; Khor, E.; Lim, L.-Y. Uptake and cytotoxicity of chitosan molecules and nanoparticles: Effects of
molecular weight and degree of deacetylation. Pharm. Res. 2004, 21, 344-353. [CrossRef] [PubMed]

Liu, X.; Howard, K.A.; Dong, M.; Andersen, M.@.; Rahbek, U.L.; Johnsen, M.G.; Hansen, O.C.; Besenbacher, F.;
Kjems, J. The influence of polymeric properties on chitosan/siRNA nanoparticle formulation and gene
silencing. Biomaterials 2007, 28, 1280-1288. [CrossRef]

Razmi, FA.; Ngadi, N.; Wong, S.; Inuwa, LM.; Opotu, L.A. Kinetics, thermodynamics, isotherm and
regeneration analysis of chitosan modified pandan adsorbent. J. Clean. Prod. 2019, 231, 98-109. [CrossRef]
Alameh, M.; Lavertu, M.; Tran-Khanh, N.; Chang, C.-Y.; Lesage, F.; Bail, M.; Darras, V.; Chevrier, A.;
Buschmann, M.D. siRNA delivery with chitosan: Influence of chitosan molecular weight, degree
of deacetylation, and amine to phosphate ratio on in vitro silencing efficiency, hemocompatibility,
biodistribution, and in vivo efficacy. Biomacromolecules 2018, 19, 112-131. [CrossRef]

Al-Remawi, M. Application of N-hexoyl chitosan derivatives with high degree of substitution in the
preparation of super-disintegrating pharmaceutical matrices. J. Drug Deliv. Sci. Technol. 2015, 29, 31-41.
[CrossRef]

Chung, Y.-C.; Kuo, C.-L.; Chen, C.-C. Preparation and important functional properties of water-soluble
chitosan produced through Maillard reaction. Bioresour. Technol. 2005, 96, 1473-1482. [CrossRef] [PubMed]
Gullén, B.; Montenegro, M.L; Ruiz-Matute, A.I; Cardelle-Cobas, A.; Corzo, N.; Pintado, M.E. Synthesis,
optimization and structural characterization of a chitosan-glucose derivative obtained by the Maillard
reaction. Carbohydr. Polym. 2016, 137, 382-389. [CrossRef] [PubMed]

Uccello-Barretta, G.; Balzano, F.; Aiello, F; Senatore, A.; Fabiano, A.; Zambito, Y. Mucoadhesivity and
release properties of quaternary ammonium-chitosan conjugates and their nanoparticulate supramolecular
aggregates: An NMR investigation. Int. |. Pharm. 2014, 461, 489—-494. [CrossRef] [PubMed]

Li,H.; Zhang, Z.; Bao, X.; Xu, G.; Yao, . Fatty acid and quaternary ammonium modified chitosan nanoparticles
for insulin delivery. Colloids Surf. B. Biointerfaces 2018, 170, 136-143. [CrossRef]

Jiang, X; Dai, H.; Leong, K.W.; Goh, S.-H.; Mao, H.-Q.; Yang, Y.-Y. Chitosan-g-PEG/DNA complexes deliver
gene to the rat liver via intrabiliary and intraportal infusions. J. Gene Med. 2006, 8, 477-487. [CrossRef]
Ping, Y.; Liu, C.; Zhang, Z.; Liu, K.L.; Chen, J.; Li, J. Chitosan-graft-(PEI-f3-cyclodextrin) copolymers and
their supramolecular PEGylation for DNA and siRNA delivery. Biomaterials 2011, 32, 8328-8341. [CrossRef]
Lee, H.; Jeong, ].H.; Park, T.G. PEG grafted polylysine with fusogenic peptide for gene delivery: High
transfection efficiency with low cytotoxicity. J. Control. Release 2002, 79, 283-291. [CrossRef]

Strand, S.P.; Issa, M.M.; Christensen, B.E.; Varum, K.M.; Artursson, P. Tailoring of chitosans for gene delivery:
Novel self-branched glycosylated chitosan oligomers with improved functional properties. Biomacromolecules
2008, 9, 3268-3276. [CrossRef]

Thanou, M.; Florea, B.I; Geldof, M.; Junginger, H.E.; Borchard, G. Quaternized chitosan oligomers as novel
gene delivery vectors in epithelial cell lines. Biomaterials 2002, 23, 153-159. [CrossRef]

Kean, T,; Roth, S.; Thanou, M. Trimethylated chitosans as non-viral gene delivery vectors: Cytotoxicity and
transfection efficiency. J. Control. Release 2005, 103, 643—653. [CrossRef]

17



Polymers 2020, 12, 1177

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Ren, Y.; Zhao, X,; Liang, X.; Ma, P.X.; Guo, B. Injectable hydrogel based on quaternized chitosan, gelatin and
dopamine as localized drug delivery system to treat Parkinson’s disease. Int. J. Biol. Macromol. 2017, 105,
1079-1087. [CrossRef]

Raik, S.V.; Andranovits, S.; Petrova, V.A.; Xu, Y.; Lam, J.K.-W.; Morris, G.A.; Brodskaia, A.V.; Casettari, L.;
Kritchenkov, A.S.; Skorik, Y.A. Comparative study of diethylaminoethyl-chitosan and methylglycol-chitosan
as potential non-viral vectors for gene therapy. Polymers 2018, 10, 442. [CrossRef] [PubMed]

Calvo, P; Remuiian-Lépez, C.; Vila-Jato, J.L.; Alonso, M.]J. Novel hydrophilic chitosan-polyethylene oxide
nanoparticles as protein carriers. J. Appl. Polym. Sci. 1997, 63, 125-132. [CrossRef]

Gan, Q.; Wang, T.; Cochrane, C.; McCarron, P. Modulation of surface charge, particle size and morphological
properties of chitosan-TPP nanoparticles intended for gene delivery. Colloids Surf. B Biointerfaces 2005, 44,
65-73. [CrossRef] [PubMed]

Raja, M.A.G.; Katas, H.; Jing Wen, T. Stability, intracellular delivery, and release of siRNA from chitosan
nanoparticles using different cross-linkers. PLoS ONE 2015, 10, e0128963.

Vimal, S.; Abdul Majeed, S.; Taju, G.; Nambi, K.S.N.; Sundar Raj, N.; Madan, N.; Farook, M.A.; Rajkumar, T.;
Gopinath, D.; Sahul Hameed, A.S. Chitosan tripolyphosphate (CS/TPP) nanoparticles: Preparation,
characterization and application for gene delivery in shrimp. Acta Trop. 2013, 128, 486—493. [CrossRef]
Fabregas, A.; Minarro, M.; Garcia-Montoya, E.; Pérez-Lozano, P.; Carrillo, C.; Sarrate, R.; Sanchez, N.;
Tico, J.R.; Sufié-Negre, ] M. Impact of physical parameters on particle size and reaction yield when using the
ionic gelation method to obtain cationic polymeric chitosan-tripolyphosphate nanoparticles. Int. J. Pharm.
2013, 446, 199-204. [CrossRef]

Serrano-Sevilla, I.; Artiga, A.; Mitchell, S.G.; De Matteis, L.; de la Fuente, J.M. Natural polysaccharides for
siRNA delivery: Nanocarriers based on chitosan, hyaluronic acid, and their derivatives. Molecules 2019,
24,2570. [CrossRef]

Koping-Hoggard, M.; Tubulekas, I.; Guan, H.; Edwards, K.; Nilsson, M.; Varum, K.; Artursson, P. Chitosan
as a nonviral gene delivery system. Structure—property relationships and characteristics compared with
polyethylenimine in vitro and after lung administration in vivo. Gene Ther. 2001, 8, 1108-1121. [CrossRef]
Mao, H.Q.; Roy, K.; Troung-Le, V.L.; Janes, K.A.; Lin, K.Y.; Wang, Y.; August, ].T.; Leong, K.W. Chitosan-DNA
nanoparticles as gene carriers: Synthesis, characterization and transfection efficiency. J. Control. Release 2001,
70, 399-421. [CrossRef]

Chan, P,; Kurisawa, M.; Chung, J.E.; Yang, Y.-Y. Synthesis and characterization of chitosan-g-poly(ethylene
glycol)-folate as a non-viral carrier for tumor-targeted gene delivery. Biomaterials 2007, 28, 540-549. [CrossRef]
[PubMed]

Jhaveri, A.; Deshpande, P; Pattni, B.; Torchilin, V. Transferrin-targeted, resveratrol-loaded liposomes for the
treatment of glioblastoma. J. Control. Release 2018, 277, 89-101. [CrossRef] [PubMed]

Gao, S.; Chen, J.; Xu, X,; Ding, Z.; Yang, Y.-H.; Hua, Z.; Zhang, ]. Galactosylated low molecular weight
chitosan as DNA carrier for hepatocyte-targeting. Int. J. Pharm. 2003, 255, 57-68. [CrossRef]

Park,1.-K; Yang, J.; Jeong, H.-].; Bom, H.-S.; Harada, I.; Akaike, T.; Kim, S.-1.; Cho, C.-S. Galactosylated chitosan
as a synthetic extracellular matrix for hepatocytes attachment. Biomaterials 2003, 24, 2331-2337. [CrossRef]
Kim, TH.; Nah, ] W,; Cho, M.-H.; Park, T.G.; Cho, C.S. Receptor-mediated gene delivery into antigen
presenting cells using mannosylated chitosan/DNA nanoparticles. ]. Nanosci. Nanotechnol. 2006, 6, 2796-2803.
[CrossRef] [PubMed]

Negm, N.A ; Hefni, H.H.H.; Abd-Elaal, A.A.A_; Badr, E.A.; Abou Kana, M.T.H. Advancement on modification
of chitosan biopolymer and its potential applications. Int. ]. Biol. Macromol. 2020, 152, 681-702. [CrossRef]
[PubMed]

Shastri, D.H. Thiolated chitosan: A boon to ocular delivery of therapeutics. MO]J Bioequivalence Bioavailab.
2017, 3, 34-37. [CrossRef]

Mahmood, A.; Lanthaler, M.; Laffleur, F.; Huck, C.W.; Bernkop-Schniirch, A. Thiolated chitosan micelles:
Highly mucoadhesive drug carriers. Carbohydr. Polym. 2017, 167, 250-258. [CrossRef]

Boateng, ].S.; Ayensu, I. Preparation and characterization of laminated thiolated chitosan-based freeze-dried
wafers for potential buccal delivery of macromolecules. Drug Dev. Ind. Pharm. 2014, 40, 611-618. [CrossRef]
Boateng, J.; Mitchell, J.; Pawar, H.; Ayensu, I. Functional characterisation and permeation studies of
lyophilised thiolated chitosan xerogels for buccal delivery of insulin. Protein Pept. Lett. 2014, 21, 1163-1175.
[CrossRef]

18



Polymers 2020, 12, 1177

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Liu, Q.; Zhang, C.; Zheng, X.; Shao, X.; Zhang, X.; Zhang, Q.; Jiang, X. Preparation and evaluation of
antigen/N-trimethylaminoethylmethacrylate chitosan conjugates for nasal immunization. Vaccine 2014, 32,
2582-2590. [CrossRef] [PubMed]

Huang, G.-Q.; Zhang, Z.-K.; Cheng, L.-Y.; Xiao, ].-X. Intestine-targeted delivery potency of O-carboxymethyl
chitosan-coated layer-by-layer microcapsules: An in vitro and in vivo evaluation. Mater. Sci. Eng. C Mater.
Biol. Appl. 2019, 105, 110129. [CrossRef] [PubMed]

Zhou, P; Sun, X.; Zhang, Z. Kidney-targeted drug delivery systems. Acta Pharm. Sin. B 2014, 4, 37-42.
[CrossRef] [PubMed]

Vasanthakumar, T.; Rubinstein, J.L. Structure and roles of V-type ATPases. Trends Biochem. Sci. 2020, 45,
295-307. [CrossRef]

Li, W.; Nicol, F; Szoka, FC. GALA: A designed synthetic pH-responsive amphipathic peptide with
applications in drug and gene delivery. Adv. Drug Deliv. Rev. 2004, 56, 967-985. [CrossRef]

El Ouahabi, A.; Thiry, M.; Pector, V.; Fuks, R.; Ruysschaert, ].M.; Vandenbranden, M. The role of endosome
destabilizing activity in the gene transfer process mediated by cationic lipids. FEBS Lett. 1997, 414, 187-192.
Ma, Z.; Yang, C.; Song, W.; Wang, Q.; Kjems, J.; Gao, S. Chitosan Hydrogel as siRNA vector for prolonged
gene silencing. J. Nanobiotechnol. 2014, 12, 23. [CrossRef]

Shi, B.; Zheng, M.; Tao, W.; Chung, R.; Jin, D.; Ghaffari, D.; Farokhzad, O.C. Challenges in DNA delivery and
recent advances in multifunctional polymeric DNA delivery systems. Biomacromolecules 2017, 18, 2231-2246.
[CrossRef]

Molinaro, R.; Wolfram, J.; Federico, C.; Cilurzo, E; Di Marzio, L.; Ventura, C.A.; Carafa, M.; Celia, C;
Fresta, M. Polyethylenimine and chitosan carriers for the delivery of RNA interference effectors. Expert Opin.
Drug Deliv. 2013, 10, 1653-1668. [CrossRef]

Boussif, O.; Lezoualc’h, F; Zanta, M.A.; Mergny, M.D.; Scherman, D.; Demeneix, B.; Behr, ].P. A versatile
vector for gene and oligonucleotide transfer into cells in culture and in vivo: Polyethylenimine. Proc. Natl.
Acad. Sci. USA 1995, 92, 7297-7301. [CrossRef]

Bae, Y.; Lee, YH.; Lee, S.; Han, J.; Ko, K.S.; Choi, J.S. Characterization of glycol chitosan grafted with low
molecular weight polyethylenimine as a gene carrier for human adipose-derived mesenchymal stem cells.
Carbohydr. Polym. 2016, 153, 379-390. [CrossRef] [PubMed]

Chen, H.; Cui, S.; Zhao, Y.; Zhang, C.; Zhang, S.; Peng, X. Grafting chitosan with polyethylenimine in an
ionic liquid for efficient gene delivery. PLoS ONE 2015, 10, e0121817. [CrossRef] [PubMed]

Liu, Q.; Jin, Z.; Huang, W.; Sheng, Y.; Wang, Z.; Guo, S. Tailor-made ternary nanopolyplexes of thiolated
trimethylated chitosan with pDNA and folate conjugated cis-aconitic amide-polyethylenimine for efficient
gene delivery. Int. |. Biol. Macromol. 2020, 152, 948-956. [CrossRef]

Lee, Y.H.; Park, H.I.; Choi, ].S. Novel glycol chitosan-based polymeric gene carrier synthesized by a Michael
addition reaction with low molecular weight polyethylenimine. Carbohydr. Polym. 2016, 137, 669-677.
[CrossRef]

Javan, B.; Atyabi, F.; Shahbazi, M. Hypoxia-inducible bidirectional shRNA expression vector delivery using
PEI/chitosan-TBA copolymers for colorectal Cancer gene therapy. Life Sci. 2018, 202, 140-151. [CrossRef]
Sun, B.; Zhao, R,; Kong, F; Ren, Y.; Zuo, A.; Liang, D.; Zhang, J. Phosphorylatable short peptide conjugation
for facilitating transfection efficacy of CS/DNA complex. Int. . Pharm. 2010, 397, 206-210. [CrossRef]
Zhao, R.; Sun, B,; Liu, T.; Liu, Y.; Zhou, S.; Zuo, A.; Liang, D. Optimize nuclear localization and intra-nucleus
disassociation of the exogene for facilitating transfection efficacy of the chitosan. Int. J. Pharm. 2011, 413,
254-259. [CrossRef]

Miao, J.; Yang, X.; Gao, Z.; Li, Q; Meng, T.; Wu, J.; Yuan, H.; Hu, F. Redox-responsive chitosan
oligosaccharide-SS-Octadecylamine polymeric carrier for efficient anti-Hepatitis B Virus gene therapy.
Carbohydr. Polym. 2019, 212, 215-221. [CrossRef]

Cryan, S.-A.; McKiernan, P.; Cunningham, C.M.; Greene, C. Targeting miRNA-based medicines to cystic
fibrosis airway epithelial cells using nanotechnology. Int. J. Nanomed. 2013, 8, 3907. [CrossRef]

Gonzalez, ].D; Silva-Marrero, J.I.; Metén, 1.; Caballero-Solares, A.; Viegas, I.; Fernandez, F.; Minarro, M.;
Fabregas, A.; Tico, J.R; Jones, ].G.; et al. Chitosan-mediated shRNA knockdown of cytosolic alanine
aminotransferase improves hepatic carbohydrate metabolism. Mar. Biotechnol. 2016, 18, 85-97. [CrossRef]

19



Polymers 2020, 12, 1177

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Gaspar, C.; Silva-Marrero, ].I.; Fabregas, A.; Mifiarro, M.; Tico, ] R.; Baanante, I.V.; Meton, I. Administration of
chitosan-tripolyphosphate-DNA nanoparticles to knockdown glutamate dehydrogenase expression impairs
transdeamination and gluconeogenesis in the liver. J. Biotechnol. 2018, 286, 5-13. [CrossRef] [PubMed]
Acharya, R. The recent progresses in shRNA-nanoparticle conjugate as a therapeutic approach. Mater. Sci.
Eng. C 2019, 104, 109928. [CrossRef] [PubMed]

Zheng, H.; Tang, C.; Yin, C. Oral delivery of shRNA based on amino acid modified chitosan for improved
antitumor efficacy. Biomaterials 2015, 70, 126-137. [CrossRef] [PubMed]

Wang, S.-L.; Yao, H.-H.; Guo, L.-L.; Dong, L.; Li, S.-G.; Gu, Y.-P; Qin, Z.-H. Selection of optimal sites for
TGFB1 gene silencing by chitosan-TPP nanoparticle-mediated delivery of shRNA. Cancer Genet. Cytogenet.
2009, 190, 8-14. [CrossRef] [PubMed]

Karimi, M.; Avci, P, Ahi, M.; Gazori, T., Hamblin, M.R.; Naderi-Manesh, H. Evaluation of
chitosan-tripolyphosphate nanoparticles as a p-shRNA delivery vector: Formulation, optimization and
cellular uptake study. J. Nanopharm. Drug Deliv. 2013, 1, 266-278. [CrossRef] [PubMed]

Ahmed, E; Soliman, EM.; Adly, M.A_; Soliman, H.A.M.; El-Matbouli, M.; Saleh, M. Recent progress in
biomedical applications of chitosan and its nanocomposites in aquaculture: A review. Res. Vet. Sci. 2019,
126, 68-82. [CrossRef]

Abdel-Ghany, H.M.; Salem, M.E. Effects of dietary chitosan supplementation on farmed fish; a review.
Rev. Aquac. 2020, 12, 438-452. [CrossRef]

Kono, M.; Matsui, T.; Shimizu, C. Effect of chitin, chitosan, and cellulose as deit supplements on the growth
of cultured fish. Bull. Jpn. Soc. Sci. Fish. 1987, 53, 125-129. [CrossRef]

Shiau, S.-Y.; Yu, Y.-P. Dietary supplementation of chitin and chitosan depresses growth in tilapia, Oreochromis
niloticusxO. aureus. Aquaculture 1999, 179, 439-446. [CrossRef]

Wu, S. The growth performance, body composition and nonspecific immunity of Tilapia (Oreochromis
niloticus) affected by chitosan. Int. ]. Biol. Macromol. 2020, 145, 682-685. [CrossRef]

Fadl, S.E.; El-Gammal, G.A.; Abdo, W.S.; Barakat, M.; Sakr, O.A.; Nassef, E.; Gad, D.M.; El-Sheshtawy, H.S.
Evaluation of dietary chitosan effects on growth performance, immunity, body composition and
histopathology of Nile tilapia (Oreochromis niloticus) as well as the resistance to Streptococcus agalactine
infection. Aquac. Res. 2020, 51, 1120-1132. [CrossRef]

Chen, Y,; Zhu, X,; Yang, Y,; Han, D.; Jin, J.; Xie, S. Effect of dietary chitosan on growth performance,
haematology, immune response, intestine morphology, intestine microbiota and disease resistance in gibel
carp (Carassius auratus gibelio). Aquac. Nutr. 2014, 20, 532-546. [CrossRef]

El-Sayed, H.S.; Barakat, K.M. Effect of dietary chitosan on challenged Dicentrarchus labrax post larvae with
Aeromonas hydrophila. Russ. |. Mar. Biol. 2016, 42, 501-508. [CrossRef]

Yan, J.; Guo, C.; Dawood, M.A.O.; Gao, J. Effects of dietary chitosan on growth, lipid metabolism, immune
response and antioxidant-related gene expression in Misgurnus anguillicaudatus. Benef. Microbes 2017, 8,
439-449. [CrossRef] [PubMed]

Chen, J.; Chen, L. Effects of chitosan-supplemented diets on the growth performance, nonspecific immunity
and health of loach fish (Misgurnus anguillicadatus). Carbohydr. Polym. 2019, 225, 115227. [CrossRef]
[PubMed]

Kamali Najafabad, M.; Imanpoor, M.R.; Taghizadeh, V.; Alishahi, A. Effect of dietary chitosan on growth
performance, hematological parameters, intestinal histology and stress resistance of Caspian kutum (Rutilus
frisii kutum Kamenskii, 1901) fingerlings. Fish Physiol. Biochem. 2016, 42, 1063-1071. [CrossRef] [PubMed]
Samarakoon, K.W.; Cha, S.-H.; Lee, ].-H.; Jeon, Y.-]. The growth, innate immunity and protection against
H,0O,-induced oxidative damage of a chitosan-coated diet in the olive flounder Paralichthys olivaceus.
Fish. Aquat. Sci. 2013, 16, 149-158. [CrossRef]

Ranjan, R.; Prasad, K.P; Vani, T.; Kumar, R. Effect of dietary chitosan on haematology, innate immunity and
disease resistance of Asian seabass Lates calcarifer (Bloch). Aquac. Res. 2014, 45, 983-993. [CrossRef]
Shanthi Mari, L.S.; Jagruthi, C.; Anbazahan, S.M.; Yogeshwari, G.; Thirumurugan, R.; Arockiaraj, J.;
Mariappan, P; Balasundaram, C.; Harikrishnan, R. Protective effect of chitin and chitosan enriched diets on
immunity and disease resistance in Cirrhina mrigala against Aphanomyces invadans. Fish Shellfish Immunol.
2014, 39, 378-385. [CrossRef]

20



Polymers 2020, 12, 1177

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Harikrishnan, R.; Kim, J.-S.; Balasundaram, C.; Heo, M.-S. Immunomodulatory effects of chitin and chitosan
enriched diets in Epinephelus bruneus against Vibrio alginolyticus infection. Aquaculture 2012, 326-329,
46-52. [CrossRef]

Harikrishnan, R.; Kim, ].-S.; Balasundaram, C.; Heo, M.-S. Dietary supplementation with chitin and chitosan
on haematology and innate immune response in Epinephelus bruneus against Philasterides dicentrarchi.
Exp. Parasitol. 2012, 131, 116-124. [CrossRef] [PubMed]

Wang, Y.; Li, J. Effects of chitosan nanoparticles on survival, growth and meat quality of tilapia, Oreochromis
nilotica. Nanotoxicology 2011, 5, 425-431. [CrossRef] [PubMed]

Abdel-Tawwab, M.; Razek, N.A.; Abdel-Rahman, A.M. Immunostimulatory effect of dietary chitosan
nanoparticles on the performance of Nile tilapia, Oreochromis niloticus (L.). Fish Shellfish Immunol. 2019, 88,
254-258. [CrossRef] [PubMed]

Abd El-Naby, ES.; Naiel, M.A.E.; Al-Sagheer, A.A.; Negm, S.S. Dietary chitosan nanoparticles enhance the
growth, production performance, and immunity in Oreochromis niloticus. Aquaculture 2019, 501, 82-89.
[CrossRef]

Naiel, M.A.E.; Ismael, N.E.M.; Abd El-hameed, S.A.A.; Amer, M.S. The antioxidative and immunity roles
of chitosan nanoparticle and vitamin C-supplemented diets against imidacloprid toxicity on Oreochromis
niloticus. Aquaculture 2020, 523, 735219. [CrossRef]

Abd El-Naby, A.S.; Al-Sagheer, A.A.; Negm, S.S.; Naiel, M.A.E. Dietary combination of chitosan nanoparticle
and thymol affects feed utilization, digestive enzymes, antioxidant status, and intestinal morphology of
Oreochromis niloticus. Aquaculture 2020, 515, 734577. [CrossRef]

Gao, ].-Q.; Hu, Y.L.; Wang, Q.; Han, E; Shao, J.Z. Toxicity evaluation of biodegradable chitosan nanoparticles
using a zebrafish embryo model. Int. J. Nanomed. 2011, 6, 3351-3359. [CrossRef]

Nikapitiya, C.; Dananjaya, S.H.S.; De Silva, B.C]J.; Heo, G.-J.; Oh, C; De Zoysa, M.; Lee, ].
Chitosan nanoparticles: A positive immune response modulator as display in zebrafish larvae against
Aeromonas hydrophila infection. Fish Shellfish Immunol. 2018, 76, 240-246. [CrossRef]

Qin, C; Zhang, Y.; Liu, W.; Xu, L.; Yang, Y.; Zhou, Z. Effects of chito-oligosaccharides supplementation on
growth performance, intestinal cytokine expression, autochthonous gut bacteria and disease resistance in
hybrid tilapia Oreochromis niloticus $x Oreochromis aureus &. Fish Shellfish Immunol. 2014, 40, 267-274.
[CrossRef]

Gopalakannan, A.; Arul, V. Inmunomodulatory effects of dietary intake of chitin, chitosan and levamisole on
the immune system of Cyprinus carpio and control of Aeromonas hydrophila infection in ponds. Aquaculture
2006, 255, 179-187. [CrossRef]

Karlsen, @.; Amlund, H.; Berg, A.; Olsen, R.E. The effect of dietary chitin on growth and nutrient digestibility
in farmed Atlantic cod, Atlantic salmon and Atlantic halibut. Aquac. Res. 2017, 48, 123-133. [CrossRef]
Lin, S.-M.; Jiang, Y.; Chen, Y.-J.; Luo, L.; Doolgindachbaporn, S.; Yuangsoi, B. Effects of Astragalus
polysaccharides (APS) and chitooligosaccharides (COS) on growth, immune response and disease resistance
of juvenile largemouth bass, Micropterus salmoides. Fish Shellfish Immunol. 2017, 70, 40-47. [CrossRef]
[PubMed]

Nguyen, N.D.; Van Dang, P,; Le, A.Q.; Nguyen, T.K.L.; Pham, D.H.; Van Nguyen, N.; Nguyen, Q.H. Effect of
oligochitosan and oligo-f-glucan supplementation on growth, innate immunity, and disease resistance of
striped catfish (Pangasianodon hypophthalmus). Biotechnol. Appl. Biochem. 2017, 64, 564-571. [CrossRef]
Meng, X.; Wang, J.; Wan, W.; Xu, M.; Wang, T. Influence of low molecular weight chitooligosaccharides on
growth performance and non-specific immune response in Nile tilapia Oreochromis niloticus. Aquac. Int.
2017, 25, 1265-1277. [CrossRef]

Su, P; Han, Y;; Jiang, C.; Ma, Y,; Pan, ].; Liu, S.; Zhang, T. Effects of chitosan-oligosaccharides on growth
performance, digestive enzyme and intestinal bacterial flora of tiger puffer (Takifugu rubripes Temminck et
Schlegel, 1850). J. Appl. Ichthyol. 2017, 33, 458—467. [CrossRef]

Lin, S.; Mao, S.; Guan, Y.; Luo, L.; Luo, L.; Pan, Y. Effects of dietary chitosan oligosaccharides and Bacillus
coagulans on the growth, innate immunity and resistance of koi (Cyprinus carpio koi). Aquaculture 2012,
342-343, 36-41.

Lin, S.; Mao, S.; Guan, Y;; Lin, X.; Luo, L. Dietary administration of chitooligosaccharides to enhance growth,
innate immune response and disease resistance of Trachinotus ovatus. Fish Shellfish Immunol. 2012, 32,
909-913. [CrossRef]

21



Polymers 2020, 12, 1177

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Liu, Y,; Xing, R.; Liu, S.; Qin, Y.; Li, K.; Yu, H.; Li, P. Effects of chitooligosaccharides supplementation with
different dosages, molecular weights and degrees of deacetylation on growth performance, innate immunity
and hepatopancreas morphology in Pacific white shrimp (Litopenaeus vannamei). Carbohydr. Polym. 2019,
226, 115254. [CrossRef]

Luo, L.; Cai, X.; He, C.; Xue, M.; Wu, X.; Cao, H. Immune response, stress resistance and bacterial challenge
in juvenile rainbow trouts Oncorhynchus mykiss fed diets containing chitosan-oligosaccharides. Curr. Zool.
2009, 55, 416-422. [CrossRef]

Liu, L.; Zhou, Y.; Zhao, X.; Wang, H.; Wang, L.; Yuan, G.; Asim, M.; Wang, W.; Zeng, L.; Liu, X,; et al.
Oligochitosan stimulated phagocytic activity of macrophages from blunt snout bream (Megalobrama
amblycephala) associated with respiratory burst coupled with nitric oxide production. Dev. Comp. Immunol.
2014, 47, 17-24. [CrossRef]

Fernandez-Diaz, C.; Coste, O.; Malta, E. Polymer chitosan nanoparticles functionalized with Ulva ohnoi
extracts boost in vitro ulvan immunostimulant effect in Solea senegalensis macrophages. Algal Res. 2017, 26,
135-142. [CrossRef]

Wisdom, K.S.; Bhat, I.A.; Chanu, T.I.; Kumar, P; Pathakota, G.-B.; Nayak, S.K.; Walke, P.; Sharma, R.
Chitosan grafting onto single-walled carbon nanotubes increased their stability and reduced the toxicity
in vivo (catfish) model. Int. J. Biol. Macromol. 2020, 155, 697-707. [CrossRef] [PubMed]

Alishahi, A.; Mirvaghefi, A.; Tehrani, M.R.; Farahmand, H.; Koshio, S.; Dorkoosh, F.A.; Elsabee, M.Z.
Chitosan nanoparticle to carry vitamin C through the gastrointestinal tract and induce the non-specific
immunity system of rainbow trout (Oncorhynchus mykiss). Carbohydr. Polym. 2011, 86, 142-146. [CrossRef]
Jiménez-Fernandez, E.; Ruyra, A.; Roher, N.; Zuasti, E.; Infante, C.; Fernandez-Diaz, C. Nanoparticles as a
novel delivery system for vitamin C administration in aquaculture. Aquaculture 2014, 432, 426-433. [CrossRef]
Bhat, I.A.; Nazir, M.I,; Ahmad, I.; Pathakota, G.-B.; Chanu, T.I.; Goswami, M.; Sundaray, ] K.; Sharma, R.
Fabrication and characterization of chitosan conjugated eurycomanone nanoparticles: In vivo evaluation of
the biodistribution and toxicity in fish. Int. J. Biol. Macromol. 2018, 112, 1093-1103. [CrossRef]

Wisdom, K.S.; Bhat, I.A.; Kumar, P,; Pathan, M.K.; Chanu, T.I.; Walke, P.; Sharma, R. Fabrication of chitosan
nanoparticles loaded with aromatase inhibitors for the advancement of gonadal development in Clarias
magur (Hamilton, 1822). Aquaculture 2018, 497, 125-133. [CrossRef]

Bhat, I.A.; Ahmad, I.; Mir, .N.; Yousf, D.].; Ganie, P.A.; Bhat, R.A.H.; Gireesh-Babu, P.; Sharma, R. Evaluation
of the in vivo effect of chitosan conjugated eurycomanone nanoparticles on the reproductive response in
female fish model. Aquaculture 2019, 510, 392-399. [CrossRef]

Bhat, I.A.; Ahmad, I; Mir, LN.; Bhat, RAH.,; P, G-B,; Goswami, M.; Sundaray, J.K.; Sharma, R.
Chitosan-eurycomanone nanoformulation acts on steroidogenesis pathway genes to increase the reproduction
rate in fish. J. Steroid Biochem. Mol. Biol. 2019, 185, 237-247. [CrossRef]

Barakat, K.M.; El-Sayed, H.S.; Gohar, Y.M. Protective effect of squilla chitosan-silver nanoparticles for
Dicentrarchus labrax larvae infected with Vibrio anguillarum. Int. Aquat. Res. 2016, 8, 179-189. [CrossRef]
Udayangani, R.M.C.; Dananjaya, S.H.S.; Nikapitiya, C.; Heo, G.-].; Lee, ].; De Zoysa, M. Metagenomics analysis
of gut microbiota and immune modulation in zebrafish (Danio rerio) fed chitosan silver nanocomposites.
Fish Shellfish Immunol. 2017, 66, 173-184. [CrossRef]

Xia, LE; Cheung, J.S.; Wu, M.; Wong, K.-S.; Kong, H.-K.; Zheng, X.-T.; Wong, K.-H.; Kwok, K.W.
Dietary chitosan-selenium nanoparticle (CTS-SeNP) enhance immunity and disease resistance in zebrafish.
Fish Shellfish Immunol. 2019, 87, 449-459. [CrossRef] [PubMed]

Victor, H.; Zhao, B.; Mu, Y; Dai, X.; Wen, Z.; Gao, Y.; Chu, Z. Effects of Se-chitosan on the growth performance
and intestinal health of the loach Paramisgurnus dabryanus (Sauvage). Aquaculture 2019, 498, 263-270.
[CrossRef]

Zhang, J.; Fu, X,; Zhang, Y.; Zhu, W.; Zhou, Y.; Yuan, G.; Liu, X.; Ai, T.; Zeng, L.; Su, J. Chitosan and
anisodamine improve the immune efficacy of inactivated infectious spleen and kidney necrosis virus vaccine
in Siniperca chuatsi. Fish Shellfish Immunol. 2019, 89, 52-60. [CrossRef]

Zhu, W.,; Zhang, Y.; Zhang, J.; Yuan, G.; Liu, X.; Ai, T.; Su, J. Astragalus polysaccharides, chitosan and
poly(I:C) obviously enhance inactivated Edwardsiella ictaluri vaccine potency in yellow catfish Pelteobagrus
fulvidraco. Fish Shellfish Immunol. 2019, 87, 379-385. [CrossRef]

22



Polymers 2020, 12, 1177

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Liu, X.; Zhang, H.; Gao, Y.; Zhang, Y.; Wu, H.; Zhang, Y. Efficacy of chitosan oligosaccharide as aquatic
adjuvant administrated with a formalin-inactivated Vibrio anguillarum vaccine. Fish Shellfish Immunol. 2015,
47,855-860. [CrossRef]

Wei, G,; Cai, S; Wu, Y,; Ma, S.; Huang, Y. Immune effect of Vibrio harveyi formalin-killed cells
vaccine combined with chitosan oligosaccharide and astragalus polysaccharides in QEpinephelus
fuscoguttatusxd'Epinephelus lanceolatus. Fish Shellfish Immunol. 2020, 98, 186—192. [CrossRef]

Halimi, M.; Alishahi, M.; Abbaspour, M.R.; Ghorbanpoor, M.; Tabandeh, M.R. Valuable method for production
of oral vaccine by using alginate and chitosan against Lactococcus garvieae/Streptococcus iniae in rainbow
trout (Oncorhynchus mykiss). Fish Shellfish Immunol. 2019, 90, 431-439. [CrossRef]

Kole, S.; Qadiri, S.S.N.; Shin, 5.-M.; Kim, W.-S; Lee, J.; Jung, S.-J. Nanoencapsulation of inactivated-viral
vaccine using chitosan nanoparticles: Evaluation of its protective efficacy and immune modulatory effects
in olive flounder (Paralichthys olivaceus) against viral haemorrhagic septicaemia virus (VHSV) infection.
Fish Shellfish Immunol. 2019, 91, 136-147. [CrossRef]

Tandberg, J.; Lagos, L.; Ropstad, E.; Smistad, G.; Hiorth, M.; Winther-Larsen, H.C. The use of chitosan-coated
membrane vesicles for immunization against salmonid rickettsial septicemia in an adult zebrafish model.
Zebrafish 2018, 15, 372-381. [CrossRef]

Dubey, S.; Avadhani, K.; Mutalik, S.; Sivadasan, S.; Maiti, B.; Girisha, S.; Venugopal, M.; Mutoloki, S.;
Evensen, @.; Karunasagar, I.; et al. Edwardsiella tarda OmpA encapsulated in chitosan nanoparticles shows
superior protection over inactivated whole cell vaccine in orally vaccinated fringed-lipped peninsula carp
(Labeo fimbriatus). Vaccines 2016, 4, 40. [CrossRef]

Wang, E.; Wang, X.; Wang, K.; He, J.; Zhu, L.; He, Y,; Chen, D.; Ouyang, P.; Geng, Y.; Huang, X,; et al.
Preparation, characterization and evaluation of the immune effect of alginate/chitosan composite microspheres
encapsulating recombinant protein of Streptococcus iniae designed for fish oral vaccination. Fish Shellfish
Immunol. 2018, 73, 262-271. [CrossRef] [PubMed]

Chen, T;; Hu, Y;; Zhou, J.; Hu, S.; Xiao, X.; Liu, X;; Su, J.; Yuan, G. Chitosan reduces the protective effects
of IFN-y2 on grass carp (Ctenopharyngodon idella) against Flavobacterium columnare infection due to
excessive inflammation. Fish Shellfish Immunol. 2019, 95, 305-313. [CrossRef] [PubMed]

Sharma, D.; Maheshwari, D.; Philip, G.; Rana, R;; Bhatia, S.; Singh, M.; Gabrani, R.; Sharma, SK.; Ali, J.;
Sharma, RK;; et al. Formulation and optimization of polymeric nanoparticles for intranasal delivery of lorazepam
using Box-Behnken design: In vitro and in vivo evaluation. Biomed Res. Int. 2014, 2014, 156010. [CrossRef]
Rather, M.A ; Bhat, I.A.; Gireesh-Babu, P.; Chaudhari, A.; Sundaray, ].K.; Sharma, R. Molecular characterization
of kisspeptin gene and effect of nano-encapsulted kisspeptin-10 on reproductive maturation in Catla catla.
Domest. Anim. Endocrinol. 2016, 56, 36—47. [CrossRef] [PubMed]

Tian, J.; Yu, J.; Sun, X. Chitosan microspheres as candidate plasmid vaccine carrier for oral immunisation of
Japanese flounder (Paralichthys olivaceus). Vet. Immunol. Immunopathol. 2008, 126, 220-229. [CrossRef]
Vimal, S.; Taju, G.; Nambi, K.S.N.; Abdul Majeed, S.; Sarath Babu, V.; Ravi, M.; Sahul Hameed, A.S. Synthesis
and characterization of CS/TPP nanoparticles for oral delivery of gene in fish. Aquaculture 2012, 358-359,
14-22. [CrossRef]

Li, L,; Lin, S.-L.; Deng, L.; Liu, Z.-G. Potential use of chitosan nanoparticles for oral delivery of DNA vaccine
in black seabream Acanthopagrus schlegelii Bleeker to protect from Vibrio parahaemolyticus. J. Fish Dis.
2013, 36, 987-995. [CrossRef]

Vimal, S.; Abdul Majeed, S.; Nambi, K.S.N.; Madan, N.; Farook, M.A.; Venkatesan, C.; Taju, G.; Venu, S.;
Subburaj, R.; Thirunavukkarasu, A.R; et al. Delivery of DNA vaccine using chitosan-tripolyphosphate
(CS/TPP) nanoparticles in Asian sea bass, Lates calcarifer (Bloch, 1790) for protection against nodavirus
infection. Aquaculture 2014, 420421, 240-246. [CrossRef]

Zheng, F; Liu, H.; Sun, X.; Zhang, Y.; Zhang, B.; Teng, Z.; Hou, Y.; Wang, B. Development of oral DNA
vaccine based on chitosan nanoparticles for the immunization against reddish body iridovirus in turbots
(Scophthalmus maximus). Aquaculture 2016, 452, 263-271. [CrossRef]

Bhat, I.A.; Rather, M.A.; Saha, R.; Pathakota, G.-B.; Pavan-Kumar, A.; Sharma, R. Expression analysis of Sox9
genes during annual reproductive cycles in gonads and after nanodelivery of LHRH in Clarias batrachus.
Res. Vet. Sci. 2016, 106, 100-106. [CrossRef]

Valero, Y.; Awad, E.; Buonocore, F; Arizcun, M.; Esteban, M. A ; Meseguer, J.; Chaves-Pozo, E.; Cuesta, A.
An oral chitosan DNA vaccine against nodavirus improves transcription of cell-mediated cytotoxicity and

23



Polymers 2020, 12, 1177

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

interferon genes in the European sea bass juveniles gut and survival upon infection. Dev. Comp. Immunol.
2016, 65, 64-72. [CrossRef] [PubMed]

Séaez, ML.I; Vizcaino, A.].; Alarcon, EJ.; Martinez, T.F. Comparison of lacZ reporter gene expression in gilthead
sea bream (Sparus aurata) following oral or intramuscular administration of plasmid DNA in chitosan
nanoparticles. Aquaculture 2017, 474, 1-10. [CrossRef]

Rathor, PK.; Bhat, I.A.; Rather, M.A.; Gireesh-Babu, P.; Kumar, K.; Purayil, S.B.P.; Sharma, R. Steroidogenic
acute regulatory protein (StAR) gene expression construct: Development, nanodelivery and effect on
reproduction in air-breathing catfish, Clarias batrachus. Intf. ]. Biol. Macromol. 2017, 104, 1082-1090.
[CrossRef] [PubMed]

Ahmadivand, S.; Soltani, M.; Behdani, M.; Evensen, J.; Alirahimi, E.; Hassanzadeh, R.; Soltani, E. Oral DNA
vaccines based on CS-TPP nanoparticles and alginate microparticles confer high protection against infectious
pancreatic necrosis virus (IPNV) infection in trout. Dev. Comp. Immunol. 2017, 74, 178-189. [CrossRef] [PubMed]
Séez, M.L; Vizcaino, A.].; Alarcén, FJ.; Martinez, T.F. Feed pellets containing chitosan nanoparticles as
plasmid DNA oral delivery system for fish: In vivo assessment in gilthead sea bream (Sparus aurata)
juveniles. Fish Shellfish Immunol. 2018, 80, 458-466. [CrossRef]

Kole, S.; Kumari, R.; Anand, D.; Kumar, S.; Sharma, R.; Tripathi, G.; Makesh, M.; Rajendran, K.V,;
Bedekar, M.K. Nanoconjugation of bicistronic DNA vaccine against Edwardsiella tarda using chitosan
nanoparticles: Evaluation of its protective efficacy and immune modulatory effects in Labeo rohita vaccinated
by different delivery routes. Vaccine 2018, 36, 2155-2165. [CrossRef]

Silva-Marrero, J.I; Villasante, J.; Rashidpour, A.; Palma, M.; Fabregas, A.; Almajano, M.P; Viegas, L; Jones, ].G.;
Minarro, M.; Ticd, J.R; et al. The administration of chitosan-tripolyphosphate-DNA nanoparticles to express
exogenous SREBP1a enhances conversion of dietary carbohydrates into lipids in the liver of Sparus aurata.
Biomolecules 2019, 9, 297. [CrossRef]

Rao, B.M.; Kole, S.; Gireesh-Babu, P.; Sharma, R.; Tripathi, G.; Bedekar, M.K. Evaluation of persistence,
bio-distribution and environmental transmission of chitosan/PLGA/pDNA vaccine complex against
Edwardsiella tarda in Labeo rohita. Aquaculture 2019, 500, 385-392. [CrossRef]

Ramos, E.A ; Relucio, J.L.V.; Torres-Villanueva, C.A.T. Gene expression in tilapia following oral delivery of
chitosan-encapsulated plasmid DNA incorporated into fish feeds. Mar. Biotechnol. 2005, 7, 89-94. [CrossRef]
Rajesh Kumar, S.; Ishaq Ahmed, V.P,; Parameswaran, V.; Sudhakaran, R.; Sarath Babu, V.; Sahul Hameed, A.S.
Potential use of chitosan nanoparticles for oral delivery of DNA vaccine in Asian sea bass (Lates calcarifer)
to protect from Vibrio (Listonella) anguillarum. Fish Shellfish Immunol. 2008, 25, 47-56. [CrossRef]

Kumari, R.; Gupta, S.; Singh, A.R.; Ferosekhan, S.; Kothari, D.C.; Pal, AK.; Jadhao, S.B. Chitosan
nanoencapsulated exogenous trypsin biomimics zymogen-like enzyme in fish gastrointestinal tract. PLoS ONE
2013, 8, €74743. [CrossRef] [PubMed]

Naylor, R.L.; Hardy, RW.; Bureau, D.P.; Chiu, A.; Elliott, M.; Farrell, A.P; Forster, I.; Gatlin, D.M.;
Goldburg, R.J.; Hua, K,; et al. Feeding aquaculture in an era of finite resources. Proc. Natl. Acad. Sci. USA
2009, 106, 15103-15110. [CrossRef] [PubMed]

Polakof, S.; Panserat, S.; Soengas, ].L.; Moon, T.W. Glucose metabolism in fish: A review. J. Comp. Physiol. B.
2012, 182, 1015-1045. [CrossRef]

Rashidpour, A.; Silva-Marrero, J.I; Segui, L.; Baanante, 1.V, Metén, I. Metformin counteracts
glucose-dependent lipogenesis and impairs transdeamination in the liver of gilthead sea bream (Sparus aurata).
Am. |. Physiol. Integr. Comp. Physiol. 2019, 316, R265-R273. [CrossRef]

Meton, I; Egea, M.; Anemaet, 1.G.; Fernandez, F.; Baanante, 1.V. Sterol regulatory element binding protein-la
transactivates 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase gene promoter. Endocrinology 2006, 147,
3446-3456. [CrossRef]

Egea, M.; Meton, I.; Cérdoba, M.; Fernandez, F; Baanante, I.V. Role of Spl and SREBP-1la in the
insulin-mediated regulation of glucokinase transcription in the liver of gilthead sea bream (Sparus aurata).
Gen. Comp. Endocrinol. 2008, 155, 359-367. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

24



o% polymers MoPY

Article

Design and Preparation of New Multifunctional
Hydrogels Based on Chitosan/Acrylic Polymers for
Drug Delivery and Wound Dressing Applications

Ioana A. Duceac '>*, Liliana Verestiuc 2*(, Cristina D. Dimitriu 3, Vasilica Maier *
and Sergiu Coseri !

1 “Petru Poni” Institute of Macromolecular Chemistry of Romanian Academy, 41 A Gr. Ghica Voda Alley,

700487 lasi, Romania; coseris@icmpp.ro
Department of Biomedical Sciences, Faculty of Medical Bioengineering, “Grigore T. Popa” University of
Medicine and Pharmacy, 9-13 M. Kogalniceanu Street, 700454 Iasi, Romania
Department of Morpho-Functional Sciences, Faculty of Medicine, “Grigore T. Popa” University of Medicine
and Pharmacy, 16 Universitatii Street, 700115 Iasi, Romania; daniela.dimitriu@umfiasi.ro
Department of Textiles and Leather Chemical Engineering, “Gheorghe Asachi” Technical University of Iasi,
700050 Iasi, Romania; vmaier@tuiasi.ro
*  Correspondence: duceac.ioana@icmpp.ro (I.A.D.); liliana.verestiuc@bioinginerie.ro (L.V.);

Tel.: +40-232-217454 (I.A.D.); Fax: +40-232-211299 (I.A.D.)

Received: 18 May 2020; Accepted: 26 June 2020; Published: 30 June 2020

Abstract: The dynamic evolution of materials with medical applications, particularly for drug delivery
and wound dressing applications, gives impetus to design new proposed materials, among which,
hydrogels represent a promising, powerful tool. In this context, multifunctional hydrogels have
been obtained from chemically modified chitosan and acrylic polymers as cross-linkers, followed by
subsequent conjugation with arginine. The hydrogels were finely tuned considering the variation
of the synthetic monomer and the preparation conditions. The advantage of using both natural
and synthetic polymers allowed porous networks with superabsorbent behavior, associated with a
non-Fickian swelling mechanism. The in vitro release profiles for ibuprofen and the corresponding
kinetics were studied, and the results revealed a swelling-controlled release. The biodegradability
studies in the presence of lysozyme, along with the hemostatic evaluation and the induced fibroblast
and stem cell proliferation, have shown that the prepared hydrogels exhibit characteristics that make
them suitable for local drug delivery and wound dressing.

Keywords: superabsorbent hydrogel; N-citraconyl-chitosan; poly(acrylic acid)/poly(methacrylic acid)

1. Introduction

Hydrogels are a momentous collection of materials with highly diverse applications in engineering,
biomedical and pharmaceutical sciences [1]. Among these, drug delivery and wound dressing are
specifically of interest for scientists due to the increasing number of patients having various types of
acute or chronic wounds (surgical, ulcers or burns that need emergency or constant, long-term medical
assistance) combined with a considerable economic burden. The significance of this problem is easily
illustrated by the growing wound dressing market share and size, from USD 7.1 bln. of the global
market in 2019 to an estimated USD 12.5 bln. by 2022 [2].

An effective treatment is a constant challenge which leads to a careful selection of materials in
medical practice and requests an imperative development of new advanced wound dressings with
combined properties. These smart materials are able to absorb blood and wound fluids, protect the
injury, accelerate the healing process by one or more mechanisms: promoting fibroblast proliferation
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and keratinocyte migration, which are both necessary for complete epithelialization; prevention of the
wound contamination with opportunistic pathogen species; efficient transport of biologically active
molecules (e.g., antimicrobial agents and other pharmaceuticals) [2].

Aiming at products that could be marketed, one of the research strategies focuses on multifunctional
advanced dressings. These smart, high performance materials in the form of superabsorbent hydrogels,
are expected to show various characteristics and fulfil several demands for application as wound
dressing, such as to provide a porous structure required to absorb exudates, while maintaining a moist
environment; a high swelling ratio and fluid retention, which entail the ability to rehydrate dry wounds
(e.g., eschars); transparency to allow wound monitoring; offer the possibility to endow bioactive
molecules in their matrix; good biodegradability, biocompatibility, and hemocompatibility [3,4].

Furthermore, the wound healing process is improved by using the same hydrogel system for
the additional delivery of a therapeutic payload, such as antibiotics, anti-inflammatory drugs or
growth factors [5]. Given the premises that hydrogels enable large amounts of bioactive molecules
to be loaded into the polymeric network, they permit controlled release at the desired site as the
hydrogels are placed directly at the targeted location (like a dressing or injectable/in situ gelling
material), and the drug release occurs through a specific mechanism or strategy (swelling, network
relaxation, temperature-induced transition, etc.), it can be hypothesized that hydrogels can be used as
dressings able to perform controlled drug delivery [6].

The challenge of multifunctional hydrogel design and preparation consists of finding the optimal
formulation that yields in the material with the best performance as both a drug delivery system and
wound dressing. Such a macromolecular structure can be obtained by using a wise selection from
the large variety of natural and synthetic polymers able to provide good biological interactions and
modulated mechanical resistance and biochemical interactions [7].

Chitosan, a copolymer which consists of (3-(1—4)-linked 2-acetamido-2-deoxy-D-glucopyranose
and 2-amino-2-deoxy-D-glucopyranose units, is one of the most abundant polysaccharides in nature
and possesses specific properties highly required for materials suitable in drug delivery, wound
healing, and, ultimately, in regenerative medicine. This natural macromolecule is widely used for
hydrogel fabrication due to its intrinsic properties such as excellent biocompatibility, low toxicity and
immune-stimulatory activity [8], leading to positive effects on wound healing [9]. However, chitosan
is poorly soluble in water and in the common organic solvents, except in aqueous acidic medium.
To overcome this drawback, chitosan is often subjected to chemical modifications [10]. Chitosan is
already the major component of various commercial wound dressings with hemostatic activity, such as
ChitoSAM™ (SAM Medical, Wilsonville, OR, USA, 2018), ChitoGauze XR pro (North American Rescue,
Greer, SC, USA, 2018), ChitoFlex (H.M.T. Inc., The Woodlands, TX, USA, 2007), and Axiostat®(AXIO,
New York, NY, USA, 2018), which recommends this polymer to be further investigated for this type of
application [11].

On the other hand, poly(acrylic acid) (PAA) and poly(methacrylic acid) (PAM) are synthetic
polymers with biocompatible and antibacterial properties, and, therefore, are widely used as
(bio)adhesives or superabsorbent materials [12-14]. Polymers grafted with acrylic acid yield in
highly hydrophilic materials and tunable scaffolds for drug delivery systems due to the presence
of pendant carboxylic groups [15-18]. In other words, acrylic acid-based hydrogels make excellent
wound dressings due to their ability to retain large volumes of water and water-soluble drugs loaded
into their matrix [19].

This study focused on the design, synthesis and advanced characterization of novel multifunctional
hydrogels, having a specific composition optimized according to the targeted applications. Thus,
a series of hydrogels based on N-citraconyl-chitosan and acrylates with various structures has been
obtained, and their level of performance was comparatively assessed. The variation of two parameters
was considered for the optimization: (i) the nature of the cross-linking agent, either PAA or PAM,
and (ii) the initiator ratio used for free radical polymerization. In addition, L-arginine, an amino
acid which is a key factor in accelerated wound healing and in cellular recognition and adhesion,
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was conjugated with the hydrogels network in order to modulate their interaction with various fluids
and contact with cells. The influence of different components on the ability of hydrogels to respond to
relevant biological media was also investigated. Moreover, the hydrogels capacity to act as a drug
carrier and delivery system was evaluated by studying the release profiles and kinetics of ibuprofen,
a nonsteroidal anti-inflammatory drug.

2. Materials and Methods

2.1. Materials and Hydrogel Preparation

Chitosan (MW 80 kDa, Sigma-Aldrich, Darmstadt, Germany) was purified by the
solubilization—precipitation method. Briefly, chitosan was solubilized in 5% aqueous
acetic acid solution, and then, precipitated with 20% NaOH solution, centrifuged and
dialyzed against distilled water. Citraconic anhydride, acrylic acid (AA), methacrylic acid
(AM), ammonium persulfate (APS), N,N,N’,N’-tetramethylethylenediamine (TEMED), L-arginine,
1-ethyl-3-(3-dimethyl-aminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS) and ibuprofen
(Ib) were purchased from Sigma-Aldrich, Germany. AA and AM were purified by passing through an
inhibitor removal column (HQ, Sigma-Aldrich, Germany) and APS was recrystallized from methanol.
For the cytotoxicity assays, the following were used: Hank’s Balanced Salt Solution (HBSS), Dulbecco’s
Modified Eagle’s Medium (DMEM), thiazolyl blue tetrazolium bromide (MTT) and calcein AM
(Sigma-Aldrich, Germany). All other solvents and chemicals were obtained from Sigma-Aldrich,
Germany, and were used as received.

2.1.1. Chitosan Chemical Modification

Chitosan was chemically modified with citraconic anhydride by the N-acylation reaction using a
previously described method. [20] Briefly, 27.5 mL citraconic anhydride were solubilized in 40 mL
acetone and the solution was added dropwise under stirring to a chitosan solution (1% w/wt. in 5%
acetic acid aqueous solution) in the presence of 80 mL methanol, to prevent chitosan precipitation
in the presence of acetone, and has been allowed to react at room temperature (25 °C), for 18 h.
The chitosan/anhydride molar ratio was 1:15, chosen based on our previous studies [20]. The obtained
product was further purified through dialysis against distilled water for 7 days and then freeze-dried.

2.1.2. Hydrogels Preparation

The chemical method of hydrogel preparation is the copolymerization of citraconyl-chitosan
with AA or AM by free radical polymerization with the formation of cross-linked networks. Thereby,
a stock solution of 1% citraconyl-chitosan in distilled water was prepared and the necessary volume
for each hydrogel was transferred. AA or AM, followed by APS and TEMED, were added to the
chitosan solution under vigorous stirring at 800 rpm and allowed to homogenize for 10 min. In Table 1,
the hydrogels composition is presented in terms of synthetic monomer/initiator ratio, which is the
variable for the hydrogels. The AA and AM volumes are not given in the table, as it is a constant
ratio between the natural and synthetic polymers of 1:7 w/w citraconyl-chitosan/synthetic monomer.
The APS/TEMED thermolabile initiator system was chosen due to its low toxicity and it was added to
the polymerization mixture in different ratios, as presented in Table 1. The mixtures were transferred
into molds (10 mL glass cylinders) and the radical polymerization reaction was carried out for 2 h
at 70 °C. The obtained hydrogels have been thoroughly washed in distilled water until constant pH
(pH = 6.5) to ensure the removal of all unreacted monomers, APS, TEMED, oligomers and other
residues. The purified materials were freeze-dried for further characterization, thus, ensuring porous
network conservation.
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Table 1. Hydrogels composition, the cross-linking reaction yield, and final chitosan and synthetic
polymer content present in 100% hydrogel, as determined by elemental analysis.

Molar Ratio e . . .
Code®  Cross-Linker (%) ANAM: XS LOUHIE 0 C e eomer (o)
APS/TEMED ° ° y °
CA6 0.6 79.13 25.89 7411
CAS8 0.8 76.26 23.09 76.91
CA10 1 59.12 29.74 70.26
CA12 PAA 12 63.96 25.95 74.05
CA14 14 60.23 20.30 79.70
CA16 1.6 58.5 34.42 65.58
CM6 0.6 59.21 17.99 82.01
CMS 0.8 51.44 20.88 79.12
CM10 PAM 1 48.03 22.16 77.84
CM12 12 4417 26.88 73.12
CM14 14 41.36 33.56 66.44

* an additional A was added to hydrogels code after the reaction with arginine.

2.1.3. L-Arginine Coupling with the Hydrogels Network

The amino acid coupling reaction evolved in two stages. Firstly, the weighted samples were
immersed in specific volumes of EDC/NHS solution buffered at pH = 5.4 for 6 h, for the activation
of carboxylic groups. The pH value was chosen to ensure the availability of COOH groups from the
synthetic polymer chains for the coupling reaction. The EDC/NHS solution volumes were determined
for each sample based on the molar ratios COOH:EDC = 1:2, EDC:NHS = 1:1, and on the concentration
of COOH groups for each hydrogel calculated from the elemental analysis data. Then, all hydrogels
were washed three times with PBS, and then, put in contact with the arginine solution, at pH = 10
for 24 h, to enable the formation of the amide bond between the activated carboxylic groups from
hydrogels and the x-amino moieties in the structure of arginine. Finally, the functionalized scaffolds
were washed thoroughly with PBS and distilled water, then freeze-dried.

2.2. Hydrogels Characterization

2.2.1. Structural and Morphological Analysis

The chemical composition was evaluated by elemental analysis, quantifying the nitrogen content
in hydrogels by the Kjeldahl method. All FTIR spectra were recorded on dried samples in KBr
pellets using a Bruker Vertex 70 spectrophotometer (Berlin, Germany) and scanned within the range
400-4000 cm~! in transmittance mode. Gold coated cross-sections of hydrogels were examined with
a SEM Tescan-Vega microscope (Brno, Czech Republic), at ambient temperature, with an operating
voltage of 30 kV, and the morphology images were analyzed with Image] software.

2.2.2. Fluid Retention Study

The swelling behavior of all hydrogels was tested in phosphate-buffered solution (PBS) and
simulated wound fluid (SWF), using the gravimetric method (50 mg aliquots immersed in 10 mL
solution, incubated at 37 °C). The PBS solution had precise parameters: pH = 7.4, density 1.02 g/mL and
concentration 0.01 M. The SWF solution was prepared using albumin (2%), NaCl (0.4 M), CaCl, (0.02 M)
and was finally buffered at pH = 7.4 with Trisbase (0.08 M); all components were solubilized in
deionized water. Measurements were made for all aliquots at regular intervals and the swelling degree
was calculated using the following equation:

W — Wo

D =
S Wo

x 100 1)
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where SD—swelling degree (%), Wi—hydrogel weight at different times and Wy—initial
hydrogel weight.

Before each gravimetric measurement, the swollen aliquots were gently tapped on absorbing
paper to eliminate the surface liquid excess. The tests were performed in triplicate.

2.2.3. Drug Release Study

Ibuprofen was used as a model for drug release study. Initially, hydrogels were loaded by the
swelling-diffusion method [21,22]. Weighted dry aliquots of 80 mg were immersed in 10 mL of
8 mg/mL ibuprofen solution in water/ethanol (1:1 v/v). After 24 h, the excess was removed and the
samples were freeze-dried (using a freeze-dryer with pump for solvents, Labconco, USA). The in vitro
release study was performed at 37 °C and neutral pH, chosen to mimic the extracellular environment.
The aliquots were introduced in dialysis membrane and immersed in 500 mL PBS (pH = 7.2, 0.035 M),
under dynamic conditions, and the samples were analyzed. The release was studied for 600 min and
readings were performed automatically at preset time intervals. The absorbance was recorded at
220 nm, using an Erweka Dissolution tester DT 700 (Germany) coupled with a PharmaSpec UV-1700
spectrophotometer (Shimadzu, Japan). Blank experiments using drug-free hydrogels confirmed that
there was no interfering background absorption. The released amount of ibuprofen was calculated
using a standard calibration curve measured for the drug at 220 nm on a dilution series. Finally,
the cumulative amount of released drug was plotted against time. Data analysis was done by fitting
various kinetic models to the curves.

2.2.4. In Vitro Degradation Study

Aliquots of the materials (30 mg) were immersed in 10 mL PBS, pH = 7.4, 0.01 M, containing
1200 pg/mL lysozyme, in a dialysis membrane (MWCO = 14,000 Da) that was further immersed
in 30 mL PBS and incubated at 37 °C. For measurements, 1 mL of solution was sampled and
evaluated. The concentration in saccharide reducing units was measured by the potassium ferricyanide
method [23]: the extracted solution was mixed with 4 mL of 0.05% potassium ferricyanide solution
in 0.5M NayCOj3 solution, and boiled for 15 min, allowed to cool and then, diluted with 5 mL PBS.
The sample absorbance was measured at 420 nm, employing a PharmaSpec UV-1700 spectrophotometer
(Shimadzu, Japan) and the amount of chitosan reducing ends was calculated using a calibration curve
for N-acetyl-p-glucosamine.

2.2.5. In Vitro Cytocompatibility Study

Selected hydrogels (synthesized with 0.8%, 1.2%, and 1.4% APS) were sterilized by immersion in
5 mL of 70% ethanol for 15 min and then, washed several times with HBSS and DMEM. The circular
samples with 5 mm diameter cut with a sterile biopsy circular scalpel were incubated with normal
human dermal fibroblasts (NHDF, Lonza, Basel, Switzerland), in 48-well plates and, as a reference, cells
were seeded under the same conditions. Cell viability was assessed at 24, 48 and 72 h using a direct
contact MTT assay. The absorbance of the obtained solutions was measured at 570 nm using a Tescan
Sunrise Plate Reader. Cell viability was calculated by Equation (2), where RMA is the relative metabolic
activity, As is absorbance of the sample and Ac is absorbance of the negative control. Each result
represents the mean viability + standard deviation of four independent experiments.

RMA = 4 x 100 2)
Ac

In addition to the MTT test, a live/dead staining assay was performed. Sterile hydrogel samples
were put in direct contact with stem cells. At pre-set time intervals, the calcein solution was used to
color the live cells by incubation for 20 min at 37 °C, followed by a microscopy analysis. Images were
taken in phase contrast and fluorescence using a Leica DM IL LED Inverted Microscope with a Phase
Contrast System and Fluorescence (Leica Microsystems GmbH, Wetzlar, Germany).
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2.2.6. Hemostatic Properties

The prothrombin time (PT) of blood and fibrinogen concentration in blood after contact
with the prepared hydrogels were measured. Integral blood from healthy, non-smoker volunteers
(venous puncture) was incubated with anticoagulant (aqueous sodium citrate 3.8% w/v; ratio 1/9 v/v).
The hydrogels (5 X 10 X 1 mm) were added to 5 mL blood, and the control sample was considered the
free integral blood, and both the sample and control were incubated at room temperature for 30 min.
After that, the hydrogels were separated from blood by centrifugation (2500 rpm, 10 min). PT in blood
plasma was determined (as a mean of three values) using a semi-automatic coagulometer Helena
with 2 channels and photo-optical technique coagulation systems and PT-Fibrinogen kit (International
Sensitivity Index (ISI) = 1.07). The International Normalized Ratio (INR) was calculated as the ratio of
prothrombin times recorded for the hydrogels (PTH) and control (PTC) samples, raised to the power of
the ISI value: o

) ©

INR = (W

3. Results and Discussions

3.1. Hydrogels Structure

The design of chitosan-based hydrogels considered the parameters that influence the formation
of the cross-linked polymeric networks. A schematic illustration of the hydrogel preparation is
illustrated in Figure 1. In the first stage, chitosan was chemically modified with citraconic anhydride.
The anhydride reacted with the amino groups available on the chitosan backbone and yielded in
amide bonds, which induced novel useful properties. The C=C bonds from the anhydride moieties are
available for further copolymerization.

AA/AM ARG

APS/TEMED ® JEDC/NHS 4

Figure 1. Schematic representation of the hydrogel network.

In order to observe and compare the hydrogels structure and properties depending on the acrylate
nature, a constant 1:7 ratio (w/w) between citraconyl-chitosan and the synthetic monomer was chosen
for both AA- and AM-containing materials.

The free radical polymerization in the second stage was initiated by the thermal decomposition
of APS molecules, in the presence of TEMED, at 70 °C, when the free radicals reacted with either
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monomer molecules, AA or AM, or with citraconyl sequences in the chitosan structure. Consequently,
it can be assumed that the network was finally formed of (1) PAA or PAM cross-links between
N-citraconyl-chitosan chains, as designed, (2) N-citraconyl-chitosan/PAA or PAM graft copolymer,
and (3) a semi-IPN of citraconyl-chitosan and PAA or PAM. All polymeric chains have been
stabilized through hydrogen bonds, ionic interactions between -COOH and —-NH, groups, or other
physical interactions.

From the material science point of view, the aim of this study was to assess the influence of
APS concentration on the hydrogel cross-linking process. The APS percentage is reflected in the
cross-linking density of the polymeric network, due to the occurrence of more or less reaction centers.
The acrylic chain length further affects the hydrogel morphology, pore dimension, fluid absorption
and retention etc. The cross-linking reaction yield was between 58 and 79% for hydrogel with PAA
and in the range 41-59% for those with PAM (data in Table 1). A correlation can be observed between
the polymerization yield and the initiator ratio: the yield decreased along with the increase in APS
concentration in the reaction mixture. Moreover, the values were lower for PAM polymerization,
but the value range was similar for both synthetic polymers.

Finally, in order to achieve improved biological interactions, the hydrogels were optimized by
the bioconjugation of r-arginine, an amino acid that could be coupled with the carboxylic groups
existing on the synthetic polymer chains in both PAA and PAM. L-arginine is an amino acid precursor
of proline which is converted to hydroxyproline and then, to collagen; it has a positive influence on the
insulin-like growth factor (IGF-1), a hormone which promotes wound healing. Given its properties,
L-arginine is expected to impart valuable characteristics to the conjugated materials. Consequently,
the properties were assessed prior and after this reaction in order to compare the hydrogels performance
and arginine influence.

The elemental analysis was performed on chitosan, citraconyl-chitosan and all hydrogel samples,
before the arginine conjugation reaction. The composition was calculated and the data are shown
in Figure 2.
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Figure 2. Nitrogen concentration of chitosan, N-citraconyl-chitosan and prepared hydrogels.
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Compared to raw chitosan, the modified polysaccharide contained less nitrogen, thus, confirming
the presence of citraconic anhydride in its structure. The decrease in nitrogen percentage is more
significant in hydrogel samples due to the acrylic cross-links. The amount of nitrogen increased along
with APS ratio in the hydrogels prepared with AM, indicating a higher reaction yield when less initiator
was used. These data allowed the determination of the final composition in each hydrogel and the
content of chitosan and synthetic polymer in 100% hydrogel is presented in Table 1. Based on these
results, the carboxylic groups available for the final arginine coupling reaction could be determined.

The comparative FTIR spectra recorded for chitosan and citraconyl-chitosan, and for the selected
scaffolds CA10, CA10A and CM10, respectively, are presented in Figure 3.
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Figure 3. FTIR spectra for chitosan, N-citraconyl-chitosan (left), and selected hydrogels (right).

Chitosan exhibits specific absorption bands in the FTIR spectrum, as follows: one intense absorption
peak at 3439 cm™! assigned to the OH and NHj, functional groups present in the polysaccharides
structure; the amide I band was present at 1651 cm~!, shifted at higher wavenumber and combined
with OH. The specific peak for C-O-C glycoside bond appeared at 1087 cm™!.

By comparison, the spectra of citraconyl-chitosan displayed new peaks correlated to the new
amide bonds and to the structure of citraconyl residue. Hence, a large intense band was recorded
between 1709 and 1568 cm™ as a result of the fusion of the peaks specific to amide I and the carboxylic
group, due to C=0 stretching. Furthermore, C-O-H in plane bending from the COOH group led to
the peak at 1461 cm™!, while the peaks at 2924 and 2856 cm~! were correlated to the methyl groups
symmetric and asymmetric stretching vibrations.

Scaffolds with 1% APS, cross-linked with AA or AM, before and after arginine conjugation,
are presented in Figure 3 (right). The chemical cross-linking was confirmed by the presence of intense
peaks at 1713 em™! (CA10) and 1705 cm™! (CM10), correlated with the C=0 bond from the carboxylic
group and the intense frequency bands in the interval 2500-3500 cm~! specific to PAA-O-H bond
stretching vibrations (from the carboxylic group); in the range 2600-3600 cm~!, for the hydrogels with
PAM, the bands were more intense due to, and shifted by, the symmetric and asymmetric stretch
specific to the methyl group. In addition, the presence of the amide bond previously formed between
chitosan and the anhydride was confirmed by the signals at 1551 cm™! (CA10) and 1544 cm~! (CM10),
bands assigned to N-H bending vibrations and C-N stretching specific to amide II, hence, confirming
polymer modification.

Arginine coupling with hydrogels yielded in new peaks that appeared in the FTIR spectrum of
sample CA10A, corresponding to the amide bond vibrations, as follows: at 1656 cm™! a new peak
related to the stretching vibrations of C=0 bond (amide I); at 1549 and 1323 cm™~!, respectively, novel
bands assigned to C-N stretching and N-H bending vibrations (amide II, III).
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3.2. Hydrogels Morphology

SEM images from Figure 4 were recorded for samples with AA and AM, synthesized in the
presence of 0.6% or 1% APS, before and after arginine coupling, in order to compare and determine
the influence of the considered preparation parameters. All samples displayed a porous morphology
with interconnected pores of variable dimensions. At a microscopic level, there are areas that differ in
aspect, which may be explained by the fact that the radical polymerization did not occur uniformly in
the whole reaction volume, thus, leading to regions where more synthetic polymer was formed.

500pm 500pm

CA10A

500,

CM10A’

1000pm

Figure 4. SEM images of hydrogels with acrylic and methacrylic acid, obtained with 0.6% or 1% APS,
before and after arginine immobilization.

33



Polymers 2020, 12, 1473

Particularly, for the AA-based hydrogels, well defined pores were obtained and the arginine
coupling caused the formation of larger pores and high pore dispersity (see Table 2). However, in the
case of hydrogels prepared with AM, the pore size increased with the increasing amount of APS and
the presence of the amino acid favored the formation of pores with an even higher size (the average
pore dimension varied between 40 and 550 um). In the case of the arginine-containing hydrogels
(sample CM10A in Figure 4), a significant decrease in pore size was noticed. The explanation resides
in the direct bonding of arginine to the synthetic polymer moieties and, thus, arginine molecules are
pendant toward the interior of the pores, which finally entailed the reduction in pore diameter.

Table 2. Pore size variations with hydrogel composition.

Presence of Pore Dimension (um)

Hydrogel Monomer Type APS (%)

Arginine Min Average Max
CA6 0.6% x 55.2 148.0 448.4
CA6A AA 0.6% v 145.3 318.6 526.0
CA10 1% x 91.4 185.9 387.5
CA10A 1% v 150.4 240.1 372.6
CMeé 0.6% x 149.7 383.9 907.8
CM6A AM 0.6% v 287.6 539.8 899.4
CM10 1% x 251.0 548.5 1885.0
CM10A 1% v 13.6 41.8 73.1

3.3. Swelling Behavior in Simulated Physiological Conditions

The hydrogels” ability to absorb fluids is essential in skin treatment applications, as it concerns,
for example, the wound exudates or a hemorrhage. The swelling behavior of the hydrogels can
be affected by multiple factors: the hydrophilic or hydrophobic functional groups (-COOH, -OH,
—CO-NH-) existing on the polymer chains, the internal morphology, the network parameters and
its elasticity, temperature, pH and swelling medium [7]. The experimental data obtained during
swelling assays are shown in Figure 5. In order to test the hydrogels, two types of fluids were chosen
according to various methods described in the literature: phosphate-buffered solution (PBS) at pH 7.4
and simulated extracellular or wound fluid (SWF) [24].

Hydrogels with AA showed SDs of up to 30,000% due to the hydrophilicity of the synthetic
polymer and the maximum swelling degree, associated to the plateau, was reached 20-60 min after
contact, depending on the polymer chain length and network morphology, but mainly due to the
carboxylic groups that provide an important hydrophilic behavior. By comparison, the hydrogels with
AM hydrated slower and absorbed up to 16,000%. APS influence can also be noted: a higher initiator
concentration is associated with a higher swelling capacity and a slower absorption rate. Such a result
is considered to be determined by a higher cross-linking density and shorter polymeric chains, which
led to pores with smaller size. Hence, the network’s elasticity was altered, and the hydrogels became
less flexible. [7] The presence of arginine in the polymeric networks determined a fast fluid absorption
evident in all hydrogel samples, but with a smaller retained volume, up to 19,000% PBS. The influence
of the swelling media was also investigated. The obtained experimental data suggested that SWF is
absorbed in lower quantities as compared to PBS, presumably due to the high viscosity of the wound
fluid and to existing albumin large molecules which do not access the domains with small pores, thus,
leading to swelling degrees of a maximum of 12,000%.

Upon contact with any of the fluids, the polymer network started to swell progressively and
the solution accessed the pores. The swelling mechanism may be either Fickian and the swelling is
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diffusion-controlled, or non-Fickian, when the swelling kinetics are based mostly on network relaxation,
according to Ritger—Peppas model (Equation (4), data in Table 3) [25-28].

M;

— =kt" 4

e @
where M; is the material weight at time t, M is the initial material weight, k is the process rate constant,
t is time and n is the diffusional exponent. The model was fit to experimental data for all hydrogels,
before arginine conjugation, and tested in PBS.

Table 3. Kinetic parameters for hydrogels without arginine, immersed in PBS.

Hydrogel k n Hydrogel k n
CAe6 0.028 0.790096 CM6 0.0338 0.720515
CAS8 0.0397 0.759804 CMS 0.0409 0.665587
CA10 0.0093 0.938351 CM10 0.0478 0.614805
CA12 0.0132 0.893475 CM12 0.0375 0.715687
CA14 0.0153 0.879649 CM14 0.0339 0.732957
CA16 0.0187 0.868381
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Figure 5. Swelling behavior of the hydrogels: (a,b) Kinetic swelling degree data, in PBS for hydrogels
with acrylic and methacrylic acid; (¢,d) Maximum swelling degrees in PBS or SWEF, before and after
arginine coupling.

In the present case, the diffusional exponent n had values between 0.75 and 0.93 for hydrogels
with AA and between 0.61 and 0.73 for those with AM; hence, for all hydrogel samples the value of
the diffusional exponent n fell within the range 0.45-1, a fact that indicates a non-Fickian swelling
mechanism and substantiated that the water retention was driven by the relaxation of the network.

The fast swelling, favored by the presence of arginine, and the large volumes retained in
the hydrogel networks, due to the chitosan/acrylate cross-linking, indicated a superabsorbent
behavior [12,29-34] for the prepared hydrogels, which is a highly advantageous characteristic for
applications such as drug delivery and wound dressing, as intended.

3.4. Ibuprofen Release Profiles and Kinetics

Ibuprofen (Ib), a nonsteroidal anti-inflammatory drug, is used for the treatment of pain, fever,
and inflammation. It is insoluble in water, but has a high solubility in most organic solvents, including
ethanol. The mechanism that leads to the analgesic, antipyretic, and anti-inflammatory effects evolves
through a non-selective inhibition of cyclooxygenase (COX) enzymes. Normally, COX enzymes convert
arachidonic acid to a prostaglandin, which further mediates pain, inflammation, and fever [35]. It is
well known that Ib systemic administration causes severe issues, such as stomach and intestine injuries,
circulatory problems (heart failure, AVC), and kidney lesions. To limit these drawbacks, a local delivery
of Ib is preferred, such as a dressing. Moreover, in this case, the therapeutic effects are enhanced.

The in vitro release of Ib from the hydrogels was analyzed in PBS, pH = 7.2, at 37 °C, mimicking
the physiological environment. It is important to emphasize that the pH was maintained at the level
recorded for the extracellular environment in physiological conditions, in order to be fit for the medical
applications taken into consideration in the present article. The readings expressed as cumulative
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release were plotted versus time in order to obtain the drug release profiles and the results are shown

in Figure 6.
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Figure 6. The in vitro ibuprofen release kinetic data (a,b).

The release profiles for the hydrogels with AA indicated a steady, controlled release of a maximum
of 4 mg ibuprofen over 10 h. However, in the case of hydrogels with AM, Ib was released in double the
amount and in a shorter time, similar to a burst effect. In addition, AA-based hydrogels did not reach
a plateau after 600 min, while hydrogels with AM reached the plateau after 300-360 min, meaning
that the equilibrium in drug concentration was reached between the hydrogel and the environment.
Moreover, as the APS ratio grows from 0.8% to 1.4 or 1.6%, respectively, the amount of released Ib
is greater. This can be explained by the fact that more APS led to larger pores, according to SEM
micrographs, which favored drug diffusion in both directions—at loading and at release.

The drug loading and release capacity depend on the polymeric matrices” structure and
morphology, their ability to absorb and retain the drug solution, and the drug-hydrogel interaction [36].
The Ib molecule is amphiphilic and able to participate in various molecular/supramolecular associations.
Ionic interactions between the COOH group from Ib and the NH, moiety from chitosan were generally
present in all hydrogels, since the same amount of chitosan was present in all matrices. It should
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be emphasized that there was no arginine in the hydrogels tested for drug delivery. The significant
difference in hydrogel-drug interactions was correlated with the type of synthetic polymer.

Interestingly, the hydrogels with PAM released higher amounts of drug and in shorter time
intervals, results that were in contradiction with the swelling degrees, since the PAA favored a faster
absorption and the retention of larger fluid volumes. It is worth mentioning that the drug loading
took place in a water/ethanol solution, which consequently may have been favorable for the swelling
in chitosan/PAM networks, rather than in matrices with PAA. Moreover, it can be assumed that
hydrophobic interactions appeared between Ib and the methyl groups in PAM structure.

It is known that the drug release from hydrogels is governed by several phenomena: diffusion,
erosion, network relaxation, all in various proportions, depending on the polymer nature, network
stability and parameters, morphology, hydrophilicity, the nature of the drug and its interaction with
the matrix, the release medium etc., [37—40]. In order to study the drug release kinetics and mechanism,
the drug release data were fitted into four models, using the following equations [21,41-43]:

Zero order : % = kot (5)
Qo

First order : In Q& = kgt (6)

Qo

H. h . Q _ 1/2

iguchi model : = = kyt (7)

Qo

« Q.
orsmeyer—Peppas model : 00 kt 8)
o

where Q; is the amount of drug released at time t, Qy is the original drug concentration in the material
(40 mg), n is the release exponent and K is the release rate constant.

The models were fitted to the curves with the highest cumulative drug release in each series,
namely CA16 (which had the highest APS ratio in the PAA-based hydrogels series) and CM12.
The latter had a cumulative amount close to but higher than CA14, which had the highest APS
ratio of the materials cross-linked with PAM. The results obtained for the correlation coefficient are
shown in Table 4 and suggest that for the hydrogels with PAA, the release mechanism followed the
Korsmeyer—Peppas kinetics [41], while the hydrogels with PAM fitted the Korsmeyer-Peppas and the
Higuchi models well [42,43]. In addition to these data, it was important to determine the diffusional
exponent n, which is a parameter that indicates the mechanism of drug release and varies depending
on the geometry of the release device. Fickian diffusion is confirmed for n < 0.45; when 0.45 < n < 0.89,
the drug transport is anomalous (non-Fickian)—in other words, the diffusion and relaxation rates
are similar and the physical phenomena are diffusion and erosion of the matrix; if n > 0.89, then the
key mechanism of drug release is Case II transport, thus, the drug release is determined by polymer
relaxation [26,44]. The values obtained for the exponent n suggested anomalous (non-Fickian) transport,
which indicated that the drug is released from the hydrogels by diffusion associated with the materials
erosion. The drug release can be controlled by selecting the acrylate nature for the cross-linking and
the initiator ratio. The drug is incorporated in a hydrophilic, initially glassy material, and the release is
basically swelling-controlled [26].

Table 4. Drug release correlation coefficient values from different kinetic models.

Correlation Coefficient (+?) Release Rate Release

Zero Order  FirstOrder  Higuchi  Korsmeyer-Peppas  Constant, k Exponent, n
CA1l6 0.9545 0.8342 0.9838 0.9936 0.0158 0.6234
CM12 0.9236 0.858 0.9954 0.9947 0.0025 0.5907
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3.5. The In Vitro Hydrogels Degradation

The biodegradation assays have proven that the chitosan-based scaffolds were susceptible to
lysozyme attack under simulated physiological conditions of pH and temperature, as shown in Figure 7.
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Figure 7. Degradation behavior of hydrogels in medium with enzyme.

The presence of the arginine molecules in the polymeric network caused the rapid absorption of
the enzyme solution into the hydrogel networks, followed by their expansion, which entailed a fast
degradation rate in all investigated samples, similar to a burst effect after 24—48 h. This phenomenon can
be explained by the enhanced accessibility of lysozyme to the glycoside bonds within chitosan chains.

Lysozyme is present in any type of wound due to neutrophils secretion, in both infected and
non-infected wounds. This phenomenon is associated with the inflammation phase of wound evolution
and has the crucial role of cleaning the wound bed before any regeneration processes are triggered.
The enzyme levels determined in the wound fluids were of 0.4 mg/mL for a wound with inflammation
and at least 0.5 mg/mL lysozyme in an ulcer wound fluid. [45] Compared to the literature data,
the 1.2 mg/mL lysozyme concentration used in this experiment was indicating that the hydrogels had
a good stability in a more aggressive simulated environment, being able to maintain the cross-linked
network for up to 48 h.

3.6. Hydrogels Cytocompatibility

All materials intended to be used for medical applications must be tested by means of
biocompatibility. One of the standard assays is the MTT study for in vitro evaluation of cytocompatibility
by the direct contact method. In addition to the obtained MTT data, a live/dead staining was performed
and the results are shown in Figures 8 and 9.

39



Polymers 2020, 12, 1473

120

100 -

——
|

80

1

60

1

1

40

Relative metabolic activity (%)

1

20

|
T
1 1
| . )
T T
o Y
T 1 H Control

24h
H48h
E72h

Og—

CASA CAI2A CAl4A CMBA CMI2A  CMI14A
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Figure 9. Live/dead staining assay images of negative control and cells after incubation with different
hydrogels (magnification 10x).

The relative metabolic activity induced by the hydrogels was between 76 and 100%, depending
on the materials” composition. All tested materials were conjugated with arginine, an amino acid
well-known for its key role in accelerated wound healing and in cellular recognition and adhesion.
Therefore, arginine is a valuable element in multicomponent systems used for drug delivery and
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wound dressing. [46] After the first 24 h, the best results were for materials with 1.2% APS, followed by
a decrease in time, while the hydrogels with 1.4% APS showed a better cell response after a lag period
of 72 h.

The fluorescence microscopy images were analyzed and several observations can be made:
all hydrogels are transparent in the hydrated state, which can be an advantage for wound monitoring;
the hydrogels induced an intense proliferation compared to the control with the formation of a
confluent monolayer after 48 h; based on cell morphology, the stem cells appeared to have undergone
differentiation. The cell response is the result of various cell-hydrogel interactions determined by
the materials’ structure and properties on the one hand, and, on the other hand, by cell biology and
biochemistry. Thus, it is possible that the inclusion of L-arginine in the matrices induced this cell
behavior—the intense proliferation and the differentiation. Due to the fact that the differentiation is
associated with a lower metabolic effect and that it may have begun after a fast proliferation—a process
that lasted less than 24 h—it may explain the low RMA values.

3.7. Hemostatic Properties

The thrombogenic character is an important property for wound dressing materials. The protein
adhesion initiates the coagulation cascade, and thus, the material can accelerate the thrombus formation,
stop the hemorrhage, and stimulate the healing process. The hydrogels porosity and their rough
surface are known to be beneficial to blood coagulation [47]. Moreover, the colloid formed on the pore’s
surface upon the blood fluid sorption favors the adhesion of blood cells, and the dressing material
presses the wound area and efficiently limits the bleeding as a physical barrier. The prothrombin time
(PT) test is an efficient method to evidence the thrombotic or antithrombotic activity of biomaterials.
Generally, the lower the value of PT, the faster the clotting rate is and the better the antithrombotic
activity of these materials. [48] The experimental data recorded for the selected samples in terms of
hemostatic activity are given in Table 5.

Table 5. PT, INR and fibrinogen values.

Parameter Blood CAb6A CA10A CM6A CM10A

PT (s) 13.1+1.2 10. 2+ 0.5 10. 2+ 0.5 11.3+04 11.0+0.5

INR 1.07 £ 0.12 0.70 £ 0.13 0.70 £ 0.16 0.79 £ 0.18 0.76 £ 0.21
Fibrinogen (mg/dl) 390 + 15 460 = 21 421 +12 447 + 21 410 + 33

The excellent hemostatic properties of the prepared hydrogels were due to their strong swelling
capacity and porous structure. For all tested hydrogels, the PT and INR values decreased in comparison
with the control sample, while higher values for fibrinogen concentration were recorded. The PAA-based
hydrogels exhibited the most intense hemostatic activity, compared with those with PAM, and this
cumulative effect can be attributed to the synergic action of their specific characteristics: porosity,
high hydrophilicity, and the positively charged moieties from chitosan and arginine immobilized onto
networks, as was separately reported for chitosan-based materials and arginine [49-54]. Furthermore,
atalower APS ratio, the hemostatic effect was more intense for both hydrogel series. As superabsorbent
hydrogels, these materials absorbed the plasma in the blood and, hence, promoted the local
accumulation of the coagulation factors, erythrocytes and platelets, and accelerate the adhesion
of the blood components to their surface, and thus, the blood coagulation was sped up. Therefore,
taking into consideration these results and the literature data in the field, it can be stated that these
new hydrogels successfully respond to the performance requirements for wound dressing materials.

4. Conclusions

In the present study, two series of hydrogels based on chemically modified chitosan grafted
with acrylic polymers as cross-linkers were compared. The advantages of both natural and synthetic
polymers led to hydrogels with combined desirable characteristics, and the networks were further
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conjugated with arginine in order to achieve enhanced properties. The results obtained from FTIR
spectra, elemental analysis and SEM images confirmed the formation of networks with interconnected
pores and evidenced a great influence on the hydrogel properties of the monomer and of the initiator ratio
used during the synthesis. It has been confirmed that hydrogels have a high fluid absorption behavior
after their interaction with buffer solution and simulated wound fluid, under physiological conditions.
The ibuprofen release profiles were studied in vitro and the kinetics fitted the Korsmeyer—Peppas model
best. The hydrogels have proved to be biodegradable in the presence of lysozyme with hemostatic
properties and the cytocompatibility tests indicated the hydrogels” ability to induce cell proliferation
and differentiation. In conclusion, these superabsorbent hydrogels with tunable properties may be
considered suitable materials for both drug delivery and wound dressing applications.
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Abstract: The use of advanced and eco-friendly materials has become a trend in the field of food
packaging. Cellulose nanofibrils (CNFs) were prepared from bleached bagasse pulp board by a
mechanical grinding method and were used to enhance the properties of a chitosan/oregano essential
oil (OEQO) biocomposite packaging film. The growth inhibition rate of the developed films with 2%
(w/w) OEO against E. coli and L. monocytogenes reached 99%. With the increased levels of added CNFs,
the fibrous network structure of the films became more obvious, as was determined by SEM and
the formation of strong hydrogen bonds between CNFs and chitosan was observed in FTIR spectra,
while the XRD pattern suggested that the strength of diffraction peaks and crystallinity of the films
slightly increased. The addition of 20% CNFs contributed to an oxygen-transmission rate reduction of
5.96 cc/m?-day and water vapor transmission rate reduction of 741.49 g/m?-day. However, the increase
in CNFs contents did not significantly improve the barrier properties of the film. The addition of
60% CNFs significantly improved the barrier properties of the film to light and exhibited the lowest
light transmittance (28.53%) at 600 nm. Addition of CNFs to the chitosan/OEO film significantly
improved tensile strength and the addition of 60% CNFs contributed to an increase of 16.80 MPa in
tensile strength. The developed chitosan/oregano essential 0il/CNFs biocomposite film with favorable
properties and antibacterial activity can be used as a green, functional material in the food-packaging
field. It has the potential to improve food quality and extend food shelf life.

Keywords: cellulose nanofibrils; chitosan; oregano essential oil; antimicrobial; oxygen barrier properties

1. Introduction

Petroleum-based plastic films have been widely used in recent decades in the packaging field
due to their low cost, good chemical stability and excellent barrier performance [1]. However, the use
of non-biodegradable materials in packaging applications has raised concerns about environmental
pollution. The demand for advanced and eco-friendly packaging materials owing to their excellent
physical, mechanical, and barrier properties and antimicrobial activity is significantly increasing,
especially with increased consumer awareness of environmental protection and with increased attention
being paid to food quality and safety. Recently, biodegradable materials, such as chitosan [2—4], starch [5],
pectin [6], gelatine [7] and cellulose [8], as matrices to develop biologic composite packaging materials
with good oxygen, water vapor barrier properties, antibacterial properties and mechanical properties,
have become a focus of scholars. However, biodegradable packaging films prepared by a single
biomass material often cannot simultaneously possess a variety of favorable properties which limits
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the application of biomass packaging materials in the field of food packaging. Therefore, two or
more kinds of material are blended together, and the functional components are added to prepare
biocomposite packaging materials with good mechanical properties, oxygen and water vapor barrier
properties and antibacterial or antioxidant properties.

Chitosan, which consists of (1,4)-linked-2-amino-deoxy-b-p-glucan, is a kind of cationic
polysaccharide and is the deacetylated form of chitin [9]. As a renewable natural biopolymer, chitosan
is derived from various sources and exhibits non-toxicity, biocompatibility, biodegradability and
excellent film-forming properties. Meanwhile, chitosan has broad-spectrum antimicrobial activity
against both Gram-positive and Gram-negative bacteria as well as fungi. Films prepared from chitosan
were extensively used in food packaging as a degradable packaging material and inhibited bacterial
reproduction, prolonged the shelf life of food and improved food quality and safety [10,11]. However,
the poor mechanical and barrier properties of chitosan-based packaging materials compared to those of
non-biodegradable materials have limited its widespread usage [12]. In order to develop the application
of chitosan-based films in the field of food packaging, physical or chemical modification strategies have
been tried. Poverenov et al. [13] prepared the alginate-chitosan coating by layer-by-layer electrostatic
deposition, the coating showed excellent gas-exchange and water vapor permeability properties that
protected the appearance of the fresh-cut melon. Caseinate and chitosan by ion interaction was
carried out to obtain the composite films, which showed improved water vapor barrier properties [14].
The chitosan-grafted salicylic acid films have been found to maintain better quality in cucumber, making
it a promising material for food packaging applications [15]. Cellulose nanofibrils (CNFs) from natural
resources are recognized as the most abundant, renewable and biodegradable polymeric materials [16]
and have been widely used due to their good biocompatibility, chemical stability, mechanical properties
and oxygen barrier properties [17-20]. The addition of 3% (w/w) of CNFs increased the tensile strength,
elongation at breaking and Young’s modulus of corn starch film [21]. The water vapor permeability of
bio-nanocomposite films was reduced by incorporating 4% (w/w) CNFs [22].

The antibacterial properties of chitosan are mainly related to its degree of deacetylation, molecular
weight, types of microorganisms and other factors. Sanchez-Gonzalez et al. [23] showed that pure
chitosan films had obvious antibacterial effects against E. coli and L. monocytogenes, but could not
inhibit S. aureus growth. Song et al. [24] reported that chitosan film exhibited only slight inhibitory
activity against E. coli and S. aureus. Some research showed that the antibacterial properties of chitosan
were still controversial and unstable when chitosan was used as a single antibacterial agent when
preparing film. Essential oil as a natural antibacterial agent was often added to the film to improve
the antibacterial properties of the films. Oregano essential oil (OEO) mainly consists of phenolic
compounds [25] that can effectively prevent spoilage and prolong the shelf life of food and is widely
used in food packaging due to its favorable antioxidant and antibacterial properties. OEO can be
directly incorporated into the matrix of packaging film and is released during transportation and/or
storage of food and thereby contributes to reducing food spoilage [26]. However, to our knowledge,
no information has been reported regarding the enhancement of cellulose nanofibers on the mechanical,
thermal and barrier properties of chitosan/OEO packaging film.

The main objective of this study was to develop chitosan/OEO biocomposite packaging
film enhanced by CNFs to obtain favorable physical characteristics and antimicrobial properties.
The morphology, chemical structure, physical characteristics and antimicrobial properties of the
developed biocomposite packaging films were measured and analyzed. The film will have potential
applicability for food packaging and high-value goods.

2. Materials and Methods

2.1. Chemicals and Materials

Chitosan powder (80%-95%, deacetylated) was purchased from Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China. Pure OEO and Tween-80 were obtained from Shanghai Aladdin Bio-Chem
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Technology Co., Ltd., Shanghai, China. E. coli (ATCC 25,922) and L. monocytogenes (ATCC 19,115)
strains were obtained from the China Center of Industrial Culture Collection, Beijing, China. Bleached
bagasse pulp board was purchased from Guangxi GuiTang (Group) Co., Ltd, Guigang, Guangxi, China.
All other chemicals were of analytical grade.

2.2. Preparation of CNFs

CNFs were prepared using a mechanical grinding method according to the process described by
Nie et al. [27]. Initially, the bleached bagasse pulp board was soaked in deionized water overnight
at room temperature and was then disintegrated by a fiber disintegrator (AG 04, Estanit GmbH,
Muhlheim, Germany) for 30 min to obtain disintegrated pulp with 1% (w/w) concentration. The water
in the disintegrated pulp was dehydrated and the disintegrated pulp was placed in a refrigerator at
4 °C overnight to balance the moisture levels. Then, the disintegrated pulp with a solid content of
2% (w/w) was ground using an ultrafine grinder (MKZA10-15], Masuko Sangyo, kawaguchi, Japan)
with -100-um disc spacing at a speed of 1500 rpm to obtain MFC suspensions. After 10 grinding cycles,
a CNFs suspension with a solid content of 2.56% (w/w) was obtained and stored in a 4 °C refrigerator
for further use.

2.3. Characterization of CNFs

The morphology of CNFs was observed using a transmission electron microscope (TEM). The CNFs
suspensions were diluted to concentrations of 0.008% (w/w) with deionized water and were ultrasonically
dispersed for 30 min. A drop of the dispersed CNFs suspension was deposited on a carbon-coated grid
and was then stained with 1.5% (w/w) phosphotungstic acid water for 15 min in a dark place. The dried
grid was observed by a TEM (HT7700, Hitachi, Tokyo, Japan) with an acceleration voltage of 100 kV.

2.4. Preparation Chitosan/OEO Films Enhanced by CNFs

Chitosan (2%, w/v) was dispersed in a glacial acetic acid solution (1%, v/v) and magnetically
stirred at 250 rpm for 8 h at room temperature to completely dissolve the chitosan. The pure OEO
with addition amounts of 0%, 1%, 2%, 3% (w/w, chitosan-based) and Tween-80 (40% w/w, OEO-based)
were added to the chitosan solution and stirred by a high-shear homogenizer (Unidrive-Modelx1000D,
CAT M.Zipperer GmbH, Ballrechten-Dottingen, Germany) at 8000 rpm for 10 min to obtain
film-forming solutions. Tween-80 was used as surfactant to facilitate emulsion formation and
stability. After ultrasonic deaeration for 1 h, 30-g film-forming solutions were cast onto Teflon plates
(150 mm x 150 mm) and dried in an oven at 35 °C for 2 days. All dried film samples were removed
from the molds and were stored at 25 °C and 50% RH until the antibacterial activity was evaluated.

To evaluate the enhancement of the CNFs on the properties of the chitosan/OEO biocomposite film
with the best antimicrobial activity, the optimal added OEO amount was first determined. Two percent
(w/w, chitosan-based) OEO was added in the follow-up experiments, based on the results (Section 3.2).
The CNFs with a concentration of 2.56 wt % were dispersed in distilled water by a high-shear
homogenizer at 13,000 rpm for 6 min to obtain a CNFs suspension with a concentration of 1.0 wt %.
The 0%, 20%, 40%, 60% CNFs (w/w, chitosan-based) were added to the chitosan solution and stirred by
a high-shear homogenizer at high speed (13,000 rpm) for 6 min to obtain mixtures of chitosan and
CNFs. In addition, the 2% OEO (w/w, chitosan- and CNFs-based) and Tween-80 (40% w/w, OEO-based)
were added to the mixture and homogenized using a high-shear homogenizer at 8000 rpm for 10-min
to obtain film-forming solutions which contained CNFs. The film-forming solutions were deaerated,
cast and dried as described above to obtain the chitosan/OEQO/0% CNFs (COCy), chitosan/OEO/20%
CNFs (COCyp), chitosan/OEO/40% CNFs (COCy4g) and chitosan/OEQO/60% CNFs (COCg) films.

2.5. Antimicrobial Properties

Antimicrobial activities of the sample films were evaluated using growth inhibition rates and
disk inhibition zone assays. The Escherichia coli and Listeria monocytogenes cultures were regenerated
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through the exponential growth phase (24 h) in nutrient broth and brain heart infusion (BHI) broth in
incubators at 37 °C and 75% RH to obtain a bacterial suspension with a concentration of 108 CFU/mL.

Before the inhibition rate test, the bacterial suspension was diluted to 10> CFU/mL by phosphate
buffer saline (PBS) and the sample film was chopped into fragments and placed under ultraviolet
sterilization for 1 h. Then, 100 mg of sample film fragments were placed into 5 mL of an E. coli and
L. monocytogenes suspension of 10° CFU/mL and then shaken at 250 rpm in a water bath shaker at
37 °C for 2 h. After 2 h of contact time, 0.1 mL of E. coli and L. monocytogenes suspension diluted to
10? CFU/mL (with the sample film) was uniformly coil-coated on the nutrient surfaces and BHI agar
plates, respectively. The plates were incubated for 24 h at 37 °C and 75% RH. The inhibition rates of E.
coli and L. monocytogenes growth were calculated by the following equation:

Growth inhibition rate (%) = (A — B)/A X 100% (1)

where A and B are the bacterial counts from the control and the sample films, respectively. All values
were averaged from three parallel experiments.

The bacterial suspension was diluted by 100 times with PBS to obtain an inoculum which contained
approximately 10° CFU/mL for disk inhibition zone assays. All sample films were cut into circular discs
of 10-mm diameter. All culture media were double-layered in which the concentration of the upper agar
was 0.5 times that of the underlying agar (BHI agar was used as the medium for L. monocytogenes and
nutrient agar as the medium for E. coli). One hundred microliters bacterial cultures with 10° CFU/mL
were uniformly coil-coated on the surface of the BHI and nutrient agar plates and the film discs were
placed on plates. The plates were incubated for 24 h at 37 °C and 75% RH. The diameters of the
inhibition zones were measured with a vernier caliper.

2.6. SEM Analysis

The cross-sectional morphologies of the sample films were observed with a scanning electron
microscope (F16502, Phenom, Eindhoven, Netherlands) at 5 kV. The cross-sections of the sample
films were exposed by fracturing the films in liquid nitrogen and sprayed with a thin layer of gold
under vacuum.

2.7. FTIR Spectrum

The chemical structures of sample films were characterized using a Fourier-transform infrared
spectrometer (TENSEOR 27, Bruker, Ettlingen, Germany) over a range of 400-4000 cm™! that was

operating in attenuated total reflection (ATR) mode and with a resolution of 4 cm~!.

2.8. X-ray Diffraction (XRD)

X-ray diffraction (XRD) spectra of the sample films were measured by an X-ray diffractometer
(MiniFlex600, Rigaku Corporation, Tokyo, Japan) with Cu K« radiation (A = 0.15418 nm) that was
generated at 40 kV and 30 mA. The diffraction patterns of the films were recorded over an angular
range of 20 = 5°-50° at a constant rate of 5°/min.

2.9. Thermal Stability

The thermal stability of sample films was measured using a thermal gravimetric (TG) analyzer
(STA449F5, NETZSCH, Bayern, Germany) in a nitrogen atmosphere and the films were heated from 30
to 600 °C at a heating rate of 10 °C/min and nitrogen flow rate of 20 mL/min.

2.10. Mechanical Property

Sample film thicknesses were measured using a digital micrometer (model 11,248-001, TMI,
New Castle, DE, USA). Elongations at the breaking and tensile strengths of the sample films were
determined by an electronic universal material testing machine (MODEL 3367, Instron, MA, USA).
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The films were cut into strips (100 mm X 15 mm). Stretching rates and initial grip separations were set
to 10 mm/min and 50 mm, respectively.

2.11. Light Transmittance

The light transmittance of the developed biocomposite films was measured using a UV-visible
spectrophotometer (Specord 50 Plus, Analytik Jena, Jena, Germany) in a wavelength range from 380 to
800 nm. An empty quartz cuvette was used as the blank. Each film sample was cut to 9 mm X 40 mm
and was attached to the wall of the cuvette before measurement.

2.12. Barrier Properties

The oxygen transmission rate (OTR) values of the developed biocomposite films were measured
by an automated oxygen permeability testing instrument (OX-TRAN 2/21, MOCON, Inc., Minneapolis,
MN, USA) with a coulometric oxygen sensor method and followed the ASTM D3985 standard [28].
OTR is the volume of permeant oxygen passing through a film per unit surface area and time under
equilibrium with testing conditions, and the unit of OTR was expressed as cc/m?-day [29]. The test
area of the samples was 5 cm? and the tests were performed at 23 °C and 50% RH. The test gas was
oxygen with a flow rate of 20 mL/min while a mixture of nitrogen (98%) and hydrogen (2%) was used
as the carrier gas with a flow rate of 10 mL/min. The test mode was convergence by cycles.

The water vapor transmission rate (WVTR) of the developed biocomposite films was measured
using a water vapor permeability testing instrument (TSY-T1, Labthink, Jinan, China). WVTR is the
weight of permeant moisture passing through a film per unit surface area and time under equilibrium
with testing conditions, and the unit of WVTR was expressed as g/m?-day [29].The film was cut into
(#100 mm circular pieces and was placed onto a permeability cup with a 63.58 cm? testing area. The cup
was previously filled with 10 mL of distilled water (RH 100%). The cup was sealed and placed into the
dry chamber of the instrument at 38 + 0.6 °C and 10% RH. The sealed cup was weighed periodically
(0.001 g) until testing was complete. Water vapor amounts transported into the dry chamber were
determined by the weight loss of the cup.

2.13. Statistical Analysis

The data were reported as mean + standard deviation and analyzed by one-way analysis of
variance (ANOVA) and Duncan’s multiple range tests using the SPSS 22.0 statistical package for
Windows (IBM SPSS Statistical software, Inc., Chicago, IL, USA). The significance level was always set
top <0.05.

3. Results and Discussion

3.1. Characteristic of CNFs

The morphology of the CNFs is shown in Figure 1. The TEM image shows that the lengths
of the prepared CNFs ranged from 200 nm to several microns, diameters ranged from 20 to 50 nm,
length—diameter ratios were greater than 50, and there were intertwinements between the long
fibrils [30].

3.2. Antimicrobial Properties

To determine the optimal addition amount of OEO in the following experiments, 1%, 2% and 3%
OEO were added to the chitosan/OEO films. The antimicrobial activities of the chitosan/OEOQ films
with different amounts of OEO against E. coli (Gram-negative) and L. monocytogenes (Gram-negative)
were evaluated and the results are shown in Figures 2 and 3. As is shown in Figure 2, there was
no clear inhibition zone either on E. coli or on L. monocytogenes around the pure chitosan film
(0% OEO). With increased OEO addition amounts, the areas of the inhibition zones against both E. coli
and L. monocytogenes gradually increased. The antibacterial properties of the chitosan/OEO films
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significantly improved by adding OEO and demonstrated that OEO had good inhibition properties
against E. coli and L. monocytogenes. As shown in Figure 3, it is worth noting that the inhibition rates
against E. coli and L. monocytogenes of pure chitosan film (0% OEO) reached 40% and 43%, respectively.
This suggested that pure chitosan film exhibited certain antibacterial properties toward E. coli and L.
monocytogenes, but that the antibacterial properties were not obvious. However, the poor antibacterial
properties of pure chitosan film cannot meet the requirements for packaging materials for some
perishable foods. When the addition amounts of OEO were 2% and 3%, the growth inhibition rates of
the developed films against E. coli and L. monocytogenes reached 99%. However, essential oils usually
have a strong pungent, are volatile and excessive levels of essential oils in food packaging as antibacterial
agents may affect the original food flavor [31]. Therefore, the optimal addition amount of OEO was
chosen to be 2% to ensure a high antibacterial rate. The excellent antibacterial properties indicated that
chitosan/OEO biocomposite films have the potential to be used as antimicrobial packaging materials to
extend food shelf life.
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Figure 1. Transmission electron microscopy (TEM) image of cellulose nanofibrils (CNFs).
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Figure 2. Area of inhibition zone of the films with the different addition amount of oregano essential
oil (OEO) against E. coli and L. monocytogenes.
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Figure 3. Growth inhibition rate of the films with the different addition amount of OEO against E. coli
and L. monocytogenes.

3.3. SEM Analysis

SEM was used to observe the microstructures of the developed chitosan/OEO/CNFs films to
analyze the influence of adding CNFs on the film morphologies. Figure 4 shows the cross-sectional
morphologies of the COCy, COCyy, COCyy and COCg films. The COCy film showed a tight
and homogenous structure and few pores may be caused by the volatilization of the OEO [32].
The fibrous-network structure of the films became more obvious with increased addition amounts
of CNFs. This behavior was due to the hydroxyl group on the CNFs chains through hydrogen
bonding interactions with chitosan. Moreover, the fibers overlapped each other and formed a dense
three-dimensional network structure.

3000x

10pum
— 3000

Figure 4. SEM images of the cross-section of the (a) chitosan/OEO/0% CNFs (COCy) film; (b) chitosan/
OEO/20% CNFs (COCy) film; (c) chitosan/OEO/40% CNFs (COCyg) film and (d) chitosan/OEO/60%
CNFs (COCgp) film.
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3.4. FTIR Spectrum

FTIR spectra are widely used to analyze changes in chemical structure and components of
co-composites. The FTIR spectra of all sample films with different addition amounts of CNFs are shown
in Figure 5. The characteristic peaks at 1629, 1543 and 1411 cm™! were assigned to C=0 stretching
(amide I), N-H bending (amide II) and C-N stretching (amide III), respectively [33]. These are the
characteristic peaks of chitosan which appeared in all spectra of all films and confirmed that chitosan
was the matrix material for all films. In the spectra of the COCy films, the broad peak at 3276 cm™!
was attributed to O-H and N-H stretching of chitosan. After the CNFs were incorporated with the
chitosan, the position of the broad peak of the COCjpy, COCyy and COCy films was shifted to around
3341 cm™! which was due to overlapping of the O-H bonds in both CNFs and chitosan. The peak
at 1070 cm™! was related to the C-O-C stretching vibration of chitosan in the COCy film spectra [34].
However, the C-O-C stretching vibration of the films containing CNFs was shifted to around 1059 cm ™!
which was due to the overlap of the C-O-C bonds in both CNFs and chitosan [35]. These results
demonstrated that there are strong hydrogen bonds between CNFs and chitosan in the molecular
chain. The peaks in the region of 2921 and 2863 cm~! were attributed to symmetric and asymmetric
methylene stretching vibrations, respectively. Wu et al. [36] also found that the peaks at 2928 and
2864 cm~! became stronger in a gelatine—chitosan film with 4% OEO. These results indicated that OEO
was successfully introduced into the films.
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Figure 5. FTIR spectrum of the COCy film, COCy film, COCy film and COCg film; (COCy:
chitosan/OEQO/0% CNFs; COCy: chitosan/OEO/20% CNFs; COCyp: chitosan/OEO/40% CNFs; COCgg:
chitosan/OEO/60% CNFs).

3.5. X-ray Diffraction (XRD)

The XRD patterns of the chitosan/OEO/CNFs films with different added amounts of CNFs are
shown in Figure 6. Soni et al. [37] reported that the characteristic peaks for pure chitosan films were
near 20 = 9.77° and 19.88°. However, the positions of these characteristic peaks of chitosan-based films
with OEO were slightly shifted (e.g., 20 = 8.48° and 18.32°) which indicated that the original crystalline
structure of the chitosan was destroyed [38]. After the addition of CNFs, the characteristic peaks of the
CNFs appeared in the region of 20 = 16.5° and 22°. The strengths of these peaks and the crystallinity of
the films slightly increased with increased CNFs content and could be due to the ordered accumulation
of chitosan chains on the surface of the crystalline domains of the CNFs [39]. Fernandes et al. [39]
also reported that increased bacterial cellulose contents promoted crystallization of chitosan chains
as observed in the diffractograms of water soluble chitosan/bacterial cellulose nanocomposite films.
The strength of the crystalline peak increased with increased CNFs content which was due to the high
biocompatibility between chitosan and cellulose [40].

52



Polymers 2020, 12, 1780

Relative Intensity

26 (°)

Figure 6. X-ray diffraction patterns of the COCj film, COCpyj film, COCyg film and COCgj film; (COCy:
chitosan/OEQO/0% CNFs; COCy: chitosan/OEO/20% CNFs; COCy: chitosan/OEO/40% CNFs; COCgg:
chitosan/OEO/60% CNFs).

3.6. Thermal Stability

The thermal stabilities of the sample films were examined by TG to evaluate the effect of CNFs
addition on the thermal degradation behavior of the films. Figure 7 shows the TG curves of the
COCp, COCyp, COCyg and COCg films. The TG curves of all sample films showed the first stage of
weight loss occurred between 90 and 250 °C which was associated with water evaporation. Similarly,
the weight loss of cassara starch/chitosan/gallic acid films reinforced by CNFs occurred in the range of
90-225 °C and was also due to the weight loss of the absorbed moisture in the films [41]. The second
degradation stage consisted of the disaggregation of chitosan molecules or/and disaggregation of
cellulose chains which occurred between 250-340 °C. The third stage, between 340 and 500 °C, was due
to oxidation of the char or/and breakdown of glucose units in CNFs. All sample films showed similar
thermal behavior between 250 and 500 °C and therefore, the effect of CNFs on the thermal stability
of chitosan/OEO/CNFs biocomposite films was insignificant [3]. However, the total residues of the
COCyg films at 600 °C were the highest which indicated that 60% addition of CNFs reduced the rate of
char oxidation and shifted the char oxidation to higher temperatures [42]. Therefore, the COCg films
are more suitable for food packaging applications even when used at a relatively high temperature.
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Figure 7. Thermal gravimetric (TG) curve of the COC film, COCy film, COCyy film and COCg film;
(COCy: chitosan/OEO/0% CNFs; COCy: chitosan/OEO/20% CNFs; COCy: chitosan/OEO/40% CNFs;
COCgp: chitosan/OEQ/60% CNFs).
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3.7. Mechanical Property

Tensile strength (TS) and elongation at break (EB) are fundamental properties for food-packaging
films to resist the stresses and strains that the material may endure during food storage and
transportation. Xu et al. [43] shown that the carboxylated CNF significantly enhanced the tensile
strength of plasticized hemicelluloses/chitosan-based edible films. The mechanical properties of the
COCy, COCyp, COCyp and COCg films are shown in Table 1. The TS of the COC film was determined
to be 7.71 MPa and the TS of the COCyy, COCyy and COCgy films increased to 10.24, 13.79 and 16.80
MPa, respectively (p < 0.05). The high TS of the films containing CNFs may result from the large aspect
ratio of CNFs [43] and the stronger interfacial interaction between the chitosan and chains of CNFs [22].
Moreover, the result was also related to the mentioned in Section 3.5, the strength of crystalline peak
increased in the chitosan amorphous matrix after addition of CNFs [39]. This may be because the
intermolecular hydrogen bonding of chitosan was replaced by the new, strong hydrogen bonding
between the hydroxyl groups in the CNFs and the hydroxyl groups in chitosan. Therefore, CNFs can
be used as a good filler to enhance the mechanical strength of chitosan films. Khan et al. [3] observed a
decrease in the EB values of chitosan films from 8.58% to 6.28% due to the addition of nanocrystal
cellulose (NCC). In this work, the EB value was determined to be 31.31% for the COCj film. Compared
to the COC film, the EB was significantly reduced by 5.14%, 5.63% and 4.48% for the COCjp, COCy
and COCg films, respectively (p < 0.05). These results are attributed to the strong hydrogen bonding
and electrostatic interactions between CNFs and the chitosan matrix [37].

Table 1. Mechanical property of the COCj film, COCyq film, COCy film and COCg film; (COC:
chitosan/OEO/0% CNFs; COCy: chitosan/OEO/20% CNFs; COCyg: chitosan/OEO/40% CNFs; COCgp:
chitosan/OEO/60% CNFs).

Film Thickness (um) TS (MPa) EB (%)
COCy 58.80 + 10.13 7.71 £ 0.62 31.31 +1.52
COCyg 58.60 + 8.73 10.24 + 0.44 5.14 £ 0.86
COCy 57.60 + 3.71 13.79 + 0.29 5.63 +0.73
COCqo 57.40 + 4.88 16.80 + 0.66 4.48 +0.80

3.8. Optical Properties

The transparency of packaging films is important because light can lead to oxidation of nutrients
including vitamins, fats and oils and can affect food quality. At the same time, packaging materials
also need to have a certain amount of light transmittance to enable consumers to view the packaged
products. The light transmittance spectra of the sample films are shown in Figure 8. The light
transmittance of the COCy film was the highest of all films which suggested that the light barrier
effect of the COC film was poor. In addition, the light transmittance of the COCy film was 39.73% at
600 nm (center of visible light spectrum) which was lower than most pure chitosan films mentioned in
other research [34]; this indicated that the presence of OEO reduced the transmittance of the films [43].
With increasing CNFs contents, the light transmittance of the films decreased, and the opacity increased.
This indicated that the addition of CNFs decreased the transparency of the films. The addition of
60% CNFs improved the light barrier effect the COCg film which had the lowest light transmittance
(28.53%) at 600 nm. These results suggested that CNFs were densely packed in the chitosan matrix and
with compact lap between the fibers, light scattering was prevented by the small interstices between
the fibers [44]. All of the results implied that the COCg film has good prospects for food packaging
because it has excellent shading properties.
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Figure 8. Light transmittance of the COCy film, COCyq film, COCyy film and COCg film; (COCy:

chitosan/OEO/0% CNFs; COCy: chitosan/OEO/20% CNFs; COCyy: chitosan/OEO/40% CNFs; COCgg:
chitosan/OEQO/60% CNFs).

3.9. Barrier Properties

Oxygen and water vapor are the important environmental factors that cause spoilage and
deterioration of food during storage. Hence, there is concern about the barrier properties of oxygen and
water vapor in food packaging materials. Figure 9 shows the barrier properties of the COCy, COCy,
COCyp and COCg films. As shown in Figure 9, the WVTR of the COCy, COCyp and COCg films
significant (p < 0.05) decreased when compared to the COC films (861.26 g/m?-day). The reduction
in WVTR was due to the physicochemical interactions between CNFs and chitosan which led to
reduced numbers of hydrophilic groups (-OH) [8]. As mentioned in Section 3.3, there was good
biocompatibility between CNFs and the chitosan matrix and a three-dimensional network structure
formed between the fibers by producing winding paths for the water vapor molecules and thus led to
reduction of WVTR [22].
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Figure 9. Oxygen transmission rate and water vapor transmission rate of the COCj film, COCyq
film, COCy film and COCg film; (COCy: chitosan/OEO/0% CNFs; COCy: chitosan/OEO/20% CNFs;
COCyq: chitosan/OEO/40% CNFs; COCg: chitosan/OEO/60% CNFs).
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If the OTR value is in the region of 1-10 cc/m?-day, the packaging material is considered to
have good oxygen barrier performance [45]. All sample films in this study had OTR < 10 c¢/m?-day.
However, the OTR of the COCy films was 5.97 cc/m?-day which were lower than that of the COC
film (8.64 cc/m?-day). Their decreased oxygen permeability could be due to the presence of a more
tortuous path between the fibers for penetration by oxygen molecules [46]. Compared with the OTRs
of the COCyj films (5.94 cc/m?-day) and COCg films (6.03 cc/m?-day) there were comparable. Oxygen
permeability was related to the addition of CNFs and was not affected by the CNFs content. Overall,
the addition of CNFs to chitosan films shows good oxygen barrier performance and thus indicates that
these composite films can be used as barrier packaging for food.

4. Conclusions

In this study, a novel biocomposite packaging film with good antibacterial activities in addition to
good mechanical and barrier properties was successfully developed based on chitosan as the film matrix,
CNFs as a reinforcing filler and OEO as an antibacterial agent. The chitosan film, which contained 2%
OEQ, exhibited significant antimicrobial activity and its growth inhibition rates against L. monocytogenes
and E. coli reached 99%. The fibers overlapped with each other in the chitosan matrix to form a dense
three-dimensional network structure that was observed by SEM. The FTIR spectrum showed that
there were strong hydrogen bonds between CNFs and chitosan in the molecular chain. The TS of the
chitosan/OEO film increased with the addition of CNFs. CNFs improved the barrier performance
of the chitosan/OEO film to light, oxygen and water vapor by reducing light transmittance, oxygen
permeability and water vapor permeability. However, the effect of CNFs on the thermal stability of the
chitosan/OEQ film was insignificant. The developed chitosan/oregano essential 0il/CNFs biocomposite
film can be used as an antibacterial and barrier materials in the field of food packaging. It has the
potential to improve food quality and extend food shelf life.
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Abstract: The growing incidence of global lung cancer cases against successful treatment modalities
has increased the demand for the development of innovative strategies to complement conventional
chemotherapy, radiation, and surgery. The substitution of chemotherapeutics by naturally occurring
phenolic compounds has been touted as a promising research endeavor, as they sideline the side
effects of current chemotherapy drugs. However, the therapeutic efficacy of these compounds
is conventionally lower than that of chemotherapeutic agents due to their lower solubility and
consequently poor intracellular uptake. Therefore, we report herein a hydrophobically modified
chitosan nanoparticle (pCNP) system for the encapsulation of protocatechuic acid (PCA), a naturally
occurring but poorly soluble phenolic compound, for increased efficacy and improved intracellular
uptake in A549 lung cancer cells. The pCNP system was modified by the inclusion of a palmitoyl group
and physico-chemically characterized to assess its particle size, Polydispersity Index (PDI) value,
amine group quantification, functional group profiling, and morphological properties. The inclusion
of hydrophobic palmitoyl in pCNP-PCA was found to increase the encapsulation of PCA by
54.5% compared to unmodified CNP-PCA samples whilst it only conferred a 23.4% larger particle
size. The single-spherical like particles with uniformed dispersity pCNP-PCA exhibited IR bands,
suggesting the successful incorporation of PCA within its core, and a hydrophobic layer was elucidated
via electron micrographs. The cytotoxic efficacy was then assessed by using an MTT cytotoxicity assay
towards A549 human lung cancer cell line and was compared with traditional chitosan nanoparticle
system. Fascinatingly, a controlled release delivery and enhanced therapeutic efficacy were observed
in pCNP-PCA compared to CNP, which is ascribed to lower ICsy values in the 72-h treatment in
the pCNP system. Using the hydrophobic system, efficacy of PCA was significantly increased in
24-, 48-, and 72-h treatments compared to a single administration of the compound, and via the
unmodified CNP system. Findings arising from this study exhibit the potential of using such modified
nanoparticulate systems in increasing the efficacy of natural phenolic compounds by augmenting
their delivery potential for better anti-cancer responses.

Keywords: hydrophobically modified-chitosan nanoparticle; protocatechuic acid; nanobiotechnology
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1. Introduction

Despite improvements in the medical field nowadays, cancer remains one of the most studied
diseases due to its complexity and continually increasing incidence rate throughout the decades. Global
cancer statistics show lung cancer is the top cause for cancer-related deaths worldwide, with non-small
cell lung cancer (NSCLC) accounting for approximately 84% of this statistic [1]. Current treatment
for NSCLC includes surgery, chemotherapy, targeted therapies, immunotherapy, radiation therapy,
and radiofrequency ablation therapy depending on the stage of cancer and other factors. However,
even in curable NSCLC cases, death in patients can occur due to the onset of extensive distant
metastases after initial treatment exercises [2]. The most common treatment regime for NSCLC
includes chemotherapy utilizing therapeutic agents such as Carboplatin, Cisplatin, Paclitaxel (Taxol),
and Gemcitabine (Gemzar). According to the National Cancer Institute, the use of such drugs in
anticancer therapy will frequently confer unwanted side effects, such as hair loss, fatigue, anemia,
appetite changes and nausea, and vomiting, which further hinder the recovery of patients. These Food
and Drug administration (FDA)-approved drugs can give rise to these side effects frequently due to
the high dose administration and non-specific destruction of these chemotherapy agents, where the
non-specific cytotoxicity often resulted in low tumor specificity and high toxicity, leading to various
concomitant side effects [3]. Therefore, alternatives for these chemotherapy agents are needed to avoid
unpleasant side effects for the patients.

In lieu of this, extensive research has been conducted in search of derivative- and natural-based
compounds that can be used as alternatives for traditional chemotherapy drugs [4,5]. It is more
beneficial to use natural anti-cancer compounds as compared to chemotherapy agents as they can aid
in reducing these concomitant side effects and reduce discomfort in patients [6]. This was suggested by
Demain and Vaishnav as natural compounds, including curcumin, isoflavone genistine, and resveratrol,
induced apoptosis death of cancer cells without any adverse effect on normal cells [7]. Previous
studies have shown that phenolic compounds, such as green tea extract [8,9], curcumin [10,11], and
caffeic acid [12,13], are among natural compounds that possess potent anticancer effects against lung
carcinomas. Among these alternates, protocatechuic acid (PCA) is a natural phenolic compound
broadly distributed in most edible plants utilized for folk medicine [14,15]. PCA has been reported
to be anti-bacterial [16], anti-oxidative [17], anti-cancer [18], anti-diabetic [19], anti-ageing [20], and
anti-inflammatory [21]. Yin et al. have suggested that PCA has revealed an anticancer effect towards
human cancer cells, including lung, breast, liver, and prostate cancer cells through apoptosis or the
suppression of invasion and metastasis of the cancer cells [22]. Moreover, evidence from Hu et al.
shown that PCA at 25 uM concentration has significantly inhibited vascular endothelial growth factor
(VEGF)-induced cell proliferation of human umbilical vein endothelial cell (HUVECs) by 22.68 + 5.6%
assessed by an MTT assay which further suggested PCA as a candidate treatment for cancer tumors [23].
Apart from that, a previous study of Tsao et al. has reported that PCA treatments at 2-8 pM were
able to inhibit the cell growth of lung cancer A549, H3255, and Calu-6 cells in a dose-dependent
manner through modulation of FAK, MAPK, and NF-kB pathways, and downregulation of the protein
production of growth factors proposed PCA as a good candidate for lung cancer therapeutics [24].
However, PCA, which is also commonly known as 3,4-dihydroxybenzoic acid, possesses sparingly
a solubility of 1:50 ratio in water. This hampers its use in the medical field, including in cancer
treatment, since the solubility may directly affect its absorption and bioavailability [25]. Consequently,
the efficiency of PCA as a therapeutic agent can be potentiated by improving its cellular delivery and
uptake. By increasing its accumulation through higher cellular uptake, the efficacy of PCA can be
potentially increased while minimizing adverse responses associated with the many side-effects of
more potent chemotherapy drugs.

One possible strategy to increase its efficiency is by optimizing its uptake and delivery into cancer
cells. Oral delivery is the most popular and economical administration route for therapeutics but
requires overcoming biological barriers such as absorption, solubility, and dissolution, pre-systemic
metabolism, and excretion [26]. Parenteral delivery is the most simple and convenient drug delivery
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system but involves the application of specialized tools and techniques to arrange and administer
parenteral formulations [26]. Subsequently, poor cellular uptake of the phenolic compounds has also
led to a high dose of therapeutic administration, thus conforming to a restricted therapeutic value due
to issues of dose-dependent morbidities [27]. To overcome these problems, research has focused on
attempts in assisting or enhancing current drug delivery systems. This has included the adaptation of
nanoparticulate delivery systems to complement established oral and parenteral delivery systems [28].
The utilization of nanoparticles for the encapsulation of cargos such as various therapeutic drugs
or compounds and genetic materials have been reported by innumerable researchers over the years.
Various nanoparticle systems have been formulated by the researchers, including metallic, liposome,
carbon nanotube, solid lipid, and polymeric nanoparticle systems. These nanoparticle systems vary in
their physical and surface properties due to the features of their respective building materials [29].
Nonetheless, they have shared some crucial common characteristics where they have sizes of less than
100 nm at least in one of the three dimensions and are capable of encapsulating cargos [30]. In recent
decades, nanotechnology has emerged as one of the promising tools in various sectors, including
cosmetics, electronics, food, and agriculture, as well as biomedical and pharmaceutical fields [31].
The application of nanobiotechnology in cancer therapy has been incorporated into several treatments
such as hyperthermia, gene therapy, and targeted cancer therapy. A previous study of Giustini et al.
showed that utilization of magnetic nanoparticles in hyperthermia cancer treatment was advantageous
in achieving an enhanced permeability and retention (EPR) effect and achieved targeted delivery [32].
Additionally, Wu et al. described a SP94 peptide-conjugated PEGylated liposomal doxorubicin towards
human hepatocellular carcinoma cell lines and revealed a significant drug accumulation increment
in tumors in comparison to non-targeted PEGylated liposomal doxorubicin by about 8.8-fold greater
cellular uptake in SK-HEP-1 cells, and revealed greater therapeutic effects in both in vitro and in vivo
studies [33].

Several nanoparticle formulation systems have been shown to aid in delivery purposes, including
metal nanoparticles, carbon-based nanoparticles, polymeric nanoparticles, as well as lipid-based
nanoparticles [34,35]. However, their eventual adaptation for anticancer modalities are often
constricted to issues of inherent toxicity and robust synthesis regimes. For example, titanium dioxide
(TiO2) nanoparticles have been demonstrated to profusely accumulate in the mouse hippocampus
post-administration to affect hippocampal apoptosis and damage in spatial recognition memory [36].
Carbon-based nanoparticles potentially induce oxidative stress, as shown by Wang et al. in that
single-walled carbon nanotubes exerted significant cytotoxicity towards rat PC12 cells in a wide
dose range of 5-600 pg/mL for 24 and 48 h [37]. Previous studies have described that the presence
of transition metals in carbon nanotubes induces the formation of molecular oxygen-dependent
superoxide anion radicals, hydroxyl radicals, and hydrogen peroxide, which have high redox potentials
and reactivities [38,39]. On the other hand, biodegradable polymeric nanoparticles serve as a good
candidate vector to develop anticancer modalities with additional sustained release properties while
being biocompatible with cells and tissues [40]. Chitosan nanoparticles (CNP) constitute a polymeric
nanoparticle system that has been commonly reported for drug delivery applications. Both the
amine (-NH;) and hydroxyl (-OH) groups of chitosan are active spots for modification to initiate
different modification requirements [41]. CNP has been modified using emulsification solvent
diffusion methods to increase the entrapment of hydrophobic drugs [41,42]. Glycol-chitosan has been
hydrophobically modified through chemical conjugation using hydrophobic 53-cholanic acid moieties
and the hydrophilic glycol chitosan backbone to encapsulate water-insoluble camptothecin (CPT)
into the hydrophobically modified glycol chitosan nanoparticles with high loading efficiency with a
sustained release property [43]. These previous modifications have therefore led to the modification of
chitosan in this current study using palmitic acid to synthesize hydrophobically modified-chitosan
nanoparticles (pCNP) to increase the encapsulation of PCA in pCNP through hydrophobic-hydrophobic
interactions, and in turn to enhance the therapeutic efficacy of PCA in A549 lung cancer cell treatment.
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This current study describes the enhanced therapeutic response and controlled release property
of the phenolic acid PCA in the A549 human lung cancer cell line mediated through its encapsulation
in hydrophobically modified chitosan nanoparticles (pCNP), as compared with conventional CNP
systems. The overview of this study is shown in Figure 1, where a hydrophobic anchor based on
palmitoyl was conjugated to chitosan polymer via NHS-ester bridges, and the resulting nanoparticles
were characterized via various physicochemical analyses. This novel pCNP system is suggested as a
safe and effective alternative nanocarrier system for the enhanced therapeutic delivery of PCA, which
could be a potential nanocarrier system for other poorly soluble therapeutics. The findings from this
research are expected to aid in the enhancement of PCA for anti-cancer applications.

cs NHS-palmitic acid cs
NHS-
palmitic
acd
<] e
PCA
Encapsulation of PCA into Hydrophobically-modified
pCNP (pCNP-PCA) chitosan nanoparticle system (pCNP)
About 20% /. a TR ™
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expansion in enca?% anoen dependent and uptake and
5 efficdency dose-dependent intracellular
size after eater than ; - :
encapsulation Br ) cytotoxic efficacy accumulation of
conventional towards A549 poorly soluble
\ CNP system cells || compounds

Figure 1. Overview of the study.
2. Materials and Methods

Chitosan (CS, low molecular weight), sodium tripolyphosphate (TPP), palmitic acid
N-hydroxy-succinimide ester (NHS-palmitate), protocatechuic acid (PCA), and dimethyl sulfoxide
(DMSO) were acquired in powder form from Sigma-Aldrich (St. Louis, MO, USA). Roswell Park
Memorial Institute-1640 medium (RPMI-1640), fetal bovine serum (FBS), 0.25% trypsin-EDTA (1x),
and Antibiotic-Antimycotic (100x) were purchased from Gibco Life Technologies (Grand island, NY,
USA). Glacial acetic acid, sodium hydroxide, and hydrochloric acid (analytical grade) were obtained
from Friendemann Schmidt Chemicals (Parkwood, Western Australia). All reagents, unless otherwise
stated, were used without further purification.

2.1. Formation of Chitosan Nanoparticles (CNP)

CNPs were prepared by ionic gelation route as previously described by Masarudin et al. [44].
Chitosan (CS) and Tripolyphosphate (TPP) were prepared to a concentration of 1.0 mg/mL in 50 mL
centrifuge tubes and further diluted to 0.5 and 0.7 mg/mL respectively and adjusted to pH 5 and pH 2
using 1 M NaOH and 1 M HCL. Subsequently, nanoparticles were formed by adding increasing volumes
of TPP solution (0 to 300 pL) to 600 pL of CS solution. The CNPs were purified by centrifugation at
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13,000 rpm for 20 min. After that, 40% of the total CNPs supernatant volume were mixed with 60% of
deionized water (dH,O) corresponding to the 40% supernatant volume and used for further analyses.

2.2. Hydrophobic Modification of Chitosan Nanoparticles (pCNP)

Hydrophobic modification was performed by the spontaneous conjugation of palmitoyl groups
to the CS backbone prior to nanoparticle formation. Initially, 1.0 mg/mL CS solution was adjusted to
pH 6. Separately, NHS-palmitate was prepared in absolute ethanol to a concentration of 0.9 mg/mL.
The NHS-palmitate solution was subsequently added to the CS solution by dropwise additions at
a 2:1 volume ratio and the conjugation reaction was left to occur a further 20 h at 50 °C. Following
incubation, hydrophobically modified chitosan (pCS) was precipitated from the mixture by adjusting
the pH to 9. It was then centrifuged at 4500 rpm for 45 min to separate the precipitate from the solution.
The precipitate was washed once with an acetone: ethanol (50:50) solution, and successively thrice with
dH,O before being dried in oven at 50 °C. The pCNP was prepared therewith using similar methods
as described for CNP.

2.3. Synthesis of Protocatechuic Acid-Encapsulated Nanoparticles (CNP-PCA and pCNP-PCA)

Approximately 1.5 mg of PCA was dissolved in 2 mL dH,O and allowed to stir at 60 °C
for approximately 10 min using a magnetic stirrer to prepare a 5 mM master stock. To form
PCA-encapsulated nanoparticles, 200 uL. of PCA was mixed with 600 uL of CS/pCS followed by
200 pL of TPP. The resulting CNP-PCA and pCNP-PCA were then directly used for consequent
physicochemical analyses.

2.4. Physicochemical Characterization of Nanoparticles

Particle size by intensity and polydispersity index (PDI) of nanoparticle samples (CNP, pCNP,
CNP-PCA and pCNP-PCA) were determined using dynamic light scattering on a Malvern Zetasizer
Nano S Instrument (Malvern Instruments, Malvern, UK). Approximately 1000 uL of sample was
aliquoted into a disposable cuvette and analyzed in triplicate to ensure the stability of the samples.
All the data were recorded as mean =+ standard error of mean (SEM). Surface morphology of
nanoparticles were assessed using field emission-scanning electron microscopy (FESEM). The samples
were first diluted prior to analysis by mixing 100 uL of the samples with 500 uL of dH,O. Then, a single
drop of each diluted samples was coated onto an aluminum stub and left to dry in an oven for at least
3 days. Next, vacuum gold-coating was performed for the sample-loaded stubs before observation
under a FEI NOVA nanoSEM 230 electron microscope. Internal surface of the nanoparticle samples
was examined using transmission electron microscopy (TEM). For TEM analysis, the diluted samples
were drop-coated directly onto copper grids and dried under a hot light bulb before observation
under a TECNAI G2 F20, FEI TEM. Determination of characteristic functional groups in samples were
performed using a Spectrum 100 Perkin-Elmer FTIR instrument. Prior to analysis, all samples were
freeze dried in a Coolsafe 95-15 PRO freeze drier (SCANVAC, Lynge, Denmark) for 48 h. The samples
were analysed using attenuated total reflectance (ATR) at an infrared frequency range of 200-4000 cm ™.

2.5. Determination of Free Amine Groups Using Trinitrobenzene Sulfonic Acid Assay (TNBS)

Free amine groups in chitosan was determined to ascertain conjugation reactions with
NHS-palmitate, and successful formation of nanoparticle samples. Precedingly, solutions of 0.05%
(v/v) TNBS reagent, 1.0 M HCI, 10% (w/v) SDS and 0.1 M (w/v) NaHCO3; were separately prepared in
15 mL centrifuge tubes. Then, a chitosan standard solution was prepared by serially diluting 50 uL CS
solution (0.5 mg/mL) using 0.1 M NaHCOj3;. About 50uL of 0.05% (v/v) TNBS solution was then added
to each CS/pCS sample in 0.5 mL centrifuge tubes. For sample solutions, 100uL of nanoparticle samples
at different TPP volume addition was mixed with 100 uL 0.05% (v/v) TNBS solution in centrifuge
tubes. All tubes were then incubated in a water bath for 3 h at 37 °C. Subsequently, 100 uL of the
standard/sample solutions were transferred into a 96-well plate and mixed with 100 pL of 10% (w/v)
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SDS and 75 pL of 1 M HCl respectively. The absorbance was then read at A3ssn, and the utilized amine
percentage was calculated using the following equation:

A335 of CNP/pCNP

A335 of CS/pCS
(at same concentration used )

100 — (Free amine percentage (%) = x 100%)

Determination of PCA Encapsulation Efficiency (%EE) in Nanoparticle Samples:

The encapsulation efficiency (% EE) was analyzed by comparing the difference in absorbance
at Apgenm between free PCA and the supernatant of encapsulated PCA. The nanoparticles samples
were prepared as previously described. The samples were centrifuged at 18,000 rpm for 30 min.
The supernatant of each sample was then collected, and the absorbance was read at Ajggnm using an
Implen NP80 UV/VIS spectrophotometer. The % EE was calculated using the following equation:

Angg of free PCA — Ajgs of PCA in supernatant
Apgg of free PCA

% EE = % 100%

2.6. Assessment of In Vitro Vellular Efficacy of Nanoparticle Mediated PCA Uptake in A549 Lung Cancer
Cell Line

The A549 lung cancer cell line was established and maintained by aseptic cell culture regimes in a
T-25 flask with growth media consisting of 90% of 1X RPMI medium 1640 and 10% (FBS). The flask
was maintained in incubator at 37 °C, supplied with 5% CO, and 90% humidity. About 100 uL of
cells were seeded onto a 96-wells plate. The cells in 96-wells plate were treated with 100 pL of CNP,
pCNP, PCA, CNP-PCA, and pCNP-PCA at different concentrations. At the end of each time point,
the old media in each well were decanted and replaced with 170 pL fresh media solution and 30 puL of
5 mg/mL MTT solution. After 4 h incubation at 37 °C, all the solution in the wells was removed and
replace with 100 uL. DMSO. The absorbance was then read at Asyonm on a Bio-Rad iMark™ Microplate
Absorbance Reader. Cell viability was then determined using the following equation:

Asyg of treated cells

% Viability = x 100%

Asyg of untreated cells
(at same concentration used)

3. Results and Discussions

3.1. The Colume of Cross-Linker Governing the Size and PDI of Nanoparticles

The nanoparticles were spontaneously formed through the cross-linking of amine groups of
chitosan polymer and phosphate groups of the cross-linker, TPP [45]. As shown in Figure 2A,B,
nanoparticle size conferred a decreasing trend with increasing TPP volume until an optimum CS:TPP
volume ratio was reached. Initially, when no TPP was added to the CS, the size of the polymer was
2720.33 + 870.26 nm and slightly decreased to 2534.00 + 1203.00 nm at 50 uL. TPP volume addition,
and significantly dropped to 241.57 + 16.29 nm at 100 uL TPP volume addition. It was then gradually
decreased to the smallest size upon 250 pL TPP volume addition. A similar trend was revealed
by pCNP where the size of initial pCS at no TPP addition was 4560.33 + 614.17 nm, dramatically
dropped to 289.83 + 8.92 nm at 50 pL TPP volume addition, and gradually decreased until it reached
its smallest size of 90.23 + 2.67 nm at 200 uL. TPP addition. It showed that the minimum volumes of
TPP required for a nano-sized particle to form were 100 uL and 50 pL for CNP and pCNP respectively.
The initial size of CNP at 100 uL TPP volume addition was 241.57 + 16.29 nm while pCNP at 50 uL
TPP volume addition was 289.83 + 8.92 nm. The smallest nanoparticle size of CNP obtained from this
study was 82.24 + 2.67 nm which by using 250 uL. TPP while PCNP was 90.23 + 2.67 nm by using
200 uL TPP. This result was congruent with the findings of Kavi Rajan et al. where the optimum
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chitosan to TPP ratio of about 3:1 [46]. Thereafter, particle size increased exponentially, indicating
the formation of aggregates and nanoparticle clusters after this threshold resulting in the existence of
excess TPP in the aqueous system, which may promote further interaction between the CNPs/pCNPs,
thus initiating agglomerated nanoparticles with larger sizes [47,48]. Similarly, PDI values followed a
similar decreasing trend with increased TPP volume. As shown in Figure 2A, the initial PDI value
of CNP was 0.55 + 0.25 and subsequently increased to 0.92 + 0.08, and then decreased to 0.44 + 0.03,
0.36 £ 0.03, 0.27 + 0.01 until it reached the lowest point of 0.25 + 0.01 at 250 uL of TPP addition. Next,
the initial PDI value of pCNP was 0.85 + 0.08 and decreased gradually to 0.49 + 0.02, 0.37 + 0.04,
0.37 + 0.01 until it reached its lowest point of 0.25 + 0.01 at 200 uL TPP volume addition. The previous
study of Masarudin et al. revealed that the addition of 20 uL of TPP into 600 pL of CS has initiated the
formation of nano-scale CNP and subsequently reached the smallest size with 200 uL of TPP, which is
comparable to our current study [1]. Besides that, the PDI of 0.2-0.3 indicated the uniformity of the
nanoparticles formed by the 3:1 CS/pCS to TPP volume ratio, which is supported by the findings of
Koukarous [49]. This decreasing trend of size and PDI across both CNP and pCNP with increased
TPP volumes addition was suggested due to the increased availability of the cross-linker to interact
with the free amino groups existed in the fixed volume of chitosan polymer. Interestingly, despite the
similar lowest PDI obtained by both CNP and pCNP, it was observed that the smallest size of pCNP
was slightly larger than that of CNP by about 9.72%. This finding coincided with the previous study of
Farhangi et al., where the conjugation of fatty acid chains into chitosan will result in an increased in
size of the nanosystem [50]. This finding is comparable with our study, in which the conjugation of
palmitic acid in the CS will correspondingly slightly increase in the size of nanoparticles due to the
conjugation of extra component in CS polymer. Nonetheless, this insignificant particle size increment
is expected and acceptable since the size of pCNP was still below 100 nm.
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Figure 2. The PSD and PDI value of (A) CNP and (B) pCNP at different TPP volumes. Represented by
bar (particle size) and line (PDI value) graphs. The smallest size of 82.24 + 2.67 nm was obtained at
250 pL of TPP for CNP with PDI of 0.25 while 90.23 + 2.67 nm at 200 uL for pCNP with PDI of 0.25.
The DLS graph of CNP and pCNP synthesized by using 250 uL and 200 uL was shown inset in both
Figure 2A,B, respectively. Error bars represent the SEM averaged from three independent experiment
replicates. One-way ANOVA was performed with p > 0.05 for both particle size and PDI indicating no
significant difference between the three experimental replicates.

3.2. The Formation of Nanoparticles Utilized Free Amine Group of CS/pCS Polymer

The TNBS assay is a well-known assay to quantify the free amine group as described earlier by
Satake et al. [51]. As the formation of nanoparticles occurred through cross-linking between the cationic
polymer and anionic cross-linker, amine group utilization was expected to show a decreasing value
during conjugation and particle formation reactions. As shown in Figure 3, the utilization of amine
groups increased following the increased TPP volumes used for both CNP and pCNP samples. In CNP
samples, amine utilization of up to 26.75 + 2.06% was achieved, while pCNP showed approximately
46.64 £ 0.94% amine utilization when a maximum of 300 uL. TPP volume was used for cross-linking.
Expectedly pCNP was shown to utilize a significantly higher percentage of amine groups compared
with CNP. Considering that pCNP precedingly involved the conjugation of NHS-palmitoyl to CS
prior to nanoparticle formation with TPP, an increase in its amine utilization suggested that the
conjugation of palmitic acid was successfully obtained through the utilization of approximately 28.29%
of amine groups. Data presented are similar to previous studies which postulate that the formation of
CNP and pCNP will utilize the amine group of CS polymer and with greater utilization percentage
in pCNP formation [52]. This result indicated a proportional increment in amine utilization with
increased volume of the crosslinker regardless of their size and PDI value. It is because the formation of
PCNP aggregates also happened through the cross-linking between the nanoparticles and excess TPP
cross-linker which will further increased the amine utilization [53]. The pCNP has a greater utilization
than CNP in all measured data, due to the utilization of amine groups through the conjugation of
-NHS palmitic acid to the amine groups of chitosan. The study of Esquivel et al. reported a synthesis
of thiol-modified chitosan with a utilization of 11% of amine groups in chitosan which is similar
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to our study that has utilized around 15% of free amine in chitosan following -NHS palmitic acid
conjugation [54]. Besides that, the literature described by Mohammed et al. also proposed that chemical
modifications of chitosan such as amphiphilic chitosan, carboxylated chitosan, and lactose-modified
chitosan were achieved through the reaction between amine groups of chitosan and the modifying
agents [41]. Thus, it can be deduced that the utilization of free amine percentage by pCNP will appear
higher than CNP due to the utilization by the modification step. In addition, the excess percentage
of amine utilization by pCNP than CNP was considered acceptable since there is still room for the
cross-linking with TPP.
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Figure 3. The utilization of amine percentage with different TPP volumes. The utilization of free
amine percentage increased with increased TPP volume for CNP and pCNP. Data presented as mean
+ SEM from three independent experiment replicates. Two tailed paired t-test was performed with
p-value < 0.0001.

3.3. Formation of PCA-Encapsulated Nanoparticles

PCA was successfully encapsulated in both CNP and pCNP following spontaneous formation
of nanoparticles after crosslinking with TPP. Encapsulation led to an increase in particle size to
accommodate the phenolic compound within its internal structure. As shown in Figure 4, CNP-PCA
particle size expanded 93.4% from 82.2 to 159.0 nm, whilst comparatively, a larger expansion was
observed in its hydrophobically-modified counterpart. The particle size of pCNP-PCA increased from
90.2t0196.3nm, a 117.6% surge from empty pCNP. As this expansion correlated with previous study [46],
the inclusion of a hydrophobic moiety within pCNP-PCA has affected its expansion compared to
CNP-PCA at similar PCA concentrations used for encapsulation. This was ascribed to an increased
amount of PCA encapsulated in pCNP-PCA, due in part towards a tighter hydrophobic-hydrophobic
interaction forming between the palmitoyl groups in pCS with PCA prior to nanoparticle formation.
Such interactions have also been similarly been reported by Wang et al., where they have conducted
hydrophobic modification of chitosan using cholesterol conjugate through succinyl linkages and
successfully increase the encapsulation efficiency of poorly water soluble epirubicin, an anthracycline
topoisomerase inhibitor from 7.97% to 14.0% [55]. Since this palmitoyl anchor is absent in CNP,
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encapsulation reactions did not benefit from this extra interaction and were thus lower in terms of the
amount of PCA within the nanoparticle core after formation. This correlated to a substantial difference
in % EE values between CNP-PCA and pCNP-PCA as well, which further illustrates the enhanced
compound loading properties following hydrophobic modifications of the nanoparticle.
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Figure 4. The expansion of nanoparticle size and PDI value after encapsulation. The results show that
the size of empty nanoparticles expanded after encapsulation. Data are presented as mean + SEM
from three independent experiment replicates. One-way ANOVA was performed with **** p < 0.0001
indicating the significant difference in size between both CNP-PCA and pCNP-PCA with CNP
and pCNP.

The % EE of PCA in CNP-PCA and pCNP-PCA has shown in the Table 1. The encapsulation
efficiency of PCA was approximately 35.2 + 1.7% in CNP-PCA, while pCNP-PCA had a significantly
higher % EE of 54.4 + 3.9%. A higher encapsulation efficiency was attained in pCNP-PCA as compared
with CNP-PCA, which was mostly due to the hydrophobic anchor acquired by the presence of palmitoyl
that associated with the modified pCS polymer, and consequently enable a higher encapsulation of
PCA upon nanoparticles formation. This observation also correlated to a higher degree of expansion
in the hydrophobically-modified nanoparticles, as described previously. Several studies have also
reported enhanced encapsulation properties in hydrophobically-modified chitosan nanoparticles using
other hydrophobic moieties such as deoxycholic acid, stearyl, phthaloyl, and N-acetyl histidine [56-59].
Zhang et al. also demonstrated that the hydrophobically modified chitosan nanoparticle was able to
encapsulate the Doxorubicin to act as a carrier system for antitumor agents [60]. Previous literature
studies suggested that the modification of chitosan by long alkyl chains (C6-C12) will gradually
promote a more efficient hydrophobic interactions and intra-aggregation corresponding to the length
of alkyl chains as compared with short alkyl chains (C5) [61]. In correlation with this study, palmitic
acid with long alkyl chain (C15) was suggested to incur efficient hydrophobic interactions with PCA.
Furthermore, Ways et al. have also highlighted that various chemical modifications of chitosan
including trimethyl chitosan, thiolated chitosan, acrylated chitosan and acetylated chitosan will mainly
occasioned in an enhancement in the loading, bioavailability and a substantial improvement of the
therapeutic efficacy of some candidate drugs compared to unmodified chitosan [62]. The higher % EE
attained by pCNP-PCA compared to CNP-PCA indicated a greater amount of PCA being encapsulated
in pCNP, which may indirectly increase the therapeutic efficacy of pCNP-PCA. This assumption was
supported by the previous study of Ong et al. where a greater % EE will enhance the bioavailability
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and consequently improved the absorption of encapsulated compounds as compared to their lower %
EE counterpart [63]. Although the maximum % EE of pCNP-PCA was not assessed in this current
study, it was suggested that % EE of pCNP-PCA may be improved by other strategies including dual
or multiple loading of cargos [64]. However, these approaches may include complex and tedious
procedures which may change the native structure of the therapeutic which may in turn affect its
therapeutic efficacy [65].

Table 1. Encapsulation efficiency (% EE) of 500 uM PCA in CNP-PCA and pCNP-PCA nanoparticles.
Efficiency of the phenolic compound in pCNP-PCA was higher than CNP-PCA due to its active
hydrophobic-hydrophobic interaction with palmitoyl in the hydrophobically-modified nanoparticle.
Data are presented as mean + SEM from three independent experiment replicates.

Free PCA CNP-PCA pCNP-PCA
Sample
A296nm A296nm % EE A296nm % EE
Replicate 1 0.79 0.53 3291 0.42 46.84
Replicate 2 0.83 0.51 38.55 0.33 60.24
Replicate 3 0.82 0.54 34.15 0.36 56.10
Average 3520+ 1.71 54.39 + 3.96

The PDI values of both CNP-PCA and pCNP-PCA were measured as of 0.20 + 0.02 to 0.25 + 0.01,
as shown in Figure 4. This implied that the nanoparticle samples occurred at a high monodispersity
and reproducibility [66]. Similarly, the hydrophobic modification in pCNP-PCA did not affects its
dispersity. This suggested that the expansion of the size between both types of nanoparticles was
almost similar. This postulation was parallel with the previous study of Maruyama et al. where
the encapsulation of herbicides imazapic and imazapyr into CNP did not significantly alter the
PDI of the system which indicating the homogeneity and stability of the nanoparticle system after
encapsulation [67]. Additionally, the previous study of Othman et al. also signified that dual-loading
of L-ascorbic acid and thymoquinone into CNP system has obtained similar PDI values of 0.19 + 0.02
prior to, and 0.21 + 0.01 after encapsulation has also suggested that encapsulation of therapeutics into
CNP system not necessarily altered the PDI values [64]. In correlation with these findings, it was
proposed that an equal or almost equal distribution of PCA occurred in both pCNP and CNP samples
which resulted in an almost similar PDI being obtained in both systems.

3.4. Morphological Analysis of Nanoparticles

The morphological properties of CNP-PCA and pCNP-PCA was studied by using FESEM and
TEM. Figure 5 showed the presence of single-spherical like particles with uniformed dispersity in both
hydrophobically-modified and non-modified nanoparticles, with its approximate size correlating with
DLS data. Particle size of CNP ranged from 73.0 to 91.5 nm for CNP (Figure 5A), while pCNP was in
the range of 61.5 to 87.3 nm (Figure 5B). The morphology of pCNP was smooth and single-spherical like
particle in shape and comparable with CNP, suggesting that the conjugation of palmitic acid in pCNP
has no contributions to the surface morphology. This observation was expected since the palmitoyl
group was likely to avoid from the surrounding water environment and resides in the interior of the
PCNP [68]. Nevertheless, a population of pCNP with smaller sizes than CNP was observed in the
figure. This qualitative morphology involved a randomly chosen site which was in contrast to the mean
size of nanoparticles earlier, while the size reflected by the morphology was a relative approximation of
nanoparticle size. The DLS measured the size average across all size populations while FESEM imaging
observed at random spots which might be resulted in nanoparticles with sizes slightly deviated from
the mean value obtained by DLS analysis [69]. Additionally, the difference in sizes may also due to
the fundamental difference in the preparation of these two techniques, where the samples in DLS are
hydrated, whereas in FESEM they are under vacuum, which will clearly have an important impact on
the sizes measured. The morphology of CNP-PCA and pCNP-PCA was also observed as smooth and

69



Polymers 2020, 12, 1951

single-spherical like particles in shape in which similar to the blank nanoparticles. Meanwhile particle
size upon PCA encapsulation showed an increased for both CNP-PCA and pCNP-PCA samples, which
ranged from 121.3 to 191.6 nm for CNP-PCA (Figure 5C) and from 138.2 to 182.6 nm for pCNP-PCA
(Figure 5D), which indicated interrelated measurements with data from DLS analysis. Moreover,
a similar morphology was noticed in both CNP-PCA and pCNP-PCA which consisted a range of
size populations. Although the % EE was higher in pCNP-PCA, the expansion of size between the
CNP-PCA and the former is approximately not that significant. This observation suggested that the
utilization of greater amine groups in pCS/pCNP due to conjugation of palmitic acid resulting in
a lower net positive charge, together with the more specific hydrophobic-hydrophobic interactions
between pCNP and PCA aid in developed pCNP-PCA of more compact nanoparticles and thus smaller
in size, which explained the expansion of size of pPCNP-PCA as comparable with CNP-PCA where an
even higher % EE was attained [70].

Figure 5. FESEM analysis of nanoparticle samples. (A) CNP, (B) pCNP, (C) CNP-PCA and
(D) pCNP-PCA. The nanoparticle samples were revealed in single-spherical like particles with
uniformed dispersity with different size range.

Conversely, Figure 6 showed the phase morphology of the nanoparticle samples. As mentioned
by Mayeen et al., the electrons in TEM can penetrate through the samples and measures the changes of
the electron beam to assess the internal structure of the samples; while FESEM works by scanning
through the surface of samples through a raster scan pattern to assess the surface morphology of
samples [71]. This feature was supported by Barhoum and Garcia-Betancourt who further proposed
FESEM and TEM to use in the morphology characterization analysis of nanoparticles to provide a
detailed characterization of nanostructures [72]. TEM analysis has revealed single-spherical like CNP
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particles with sizes ranged from 77.9 to 138.1 nm (Figure 6A) while pCNP conferred a size from 68.7 to
144.5 nm (Figure 6B). Similarly, Figure 6C,D indicated an expansion in particle size following PCA
encapsulation, where CNP-PCA expanded to a size range of 88.6 to 152.5 nm and pCNP-PCA from
110.6 and 184.1 nm. It was observed that a portion of CNP and pCNP was larger than 100.0 nm, which
did not correlate to the DLS results. This was likely to be attributed towards an agglomeration of the
nanoparticles. Such a phenomenon has been described as a consequence of the mechanical forces
during synthesis. Dogan et al. reported that the aggregation of nanoparticles can occur during drying
of samples on the TEM grid prior to observation [73]. Additionally, there exist some nanoparticles
with sizes similar to CNP and pCNP observed in Figure 5C,D. These were probably due to the
uneven distribution of PCA within CNP and pCNP, where not every CNP and pCNP nanoparticle
was encapsulated with PCA resulting in samples that were comprised of empty nanoparticles and
encapsulated nanoparticles. Interestingly, the TEM analysis of pCNP showed an additional layer
contrast surrounding the inner surface of the outermost layer of pPCNP which could be attributed to
the palmitoyl groups (fatty acid chains) that was conjugated to the chitosan. This inference was made
since this layer was not observed in the TEM analysis of unmodified CNP and it was because the only
difference in structure between CNP and pCNP lies is the use of palmitic acid, which suggested this
layer was contributed by the conjugation of palmitic acid. Comparing the results obtained between
FESEM and TEM, both morphological analyses shown that the nanoparticles appeared single-spherical
like in shape. Meanwhile, after encapsulation, the size of the nanoparticles expanded to become larger.

iy . oy S 7]
r._._.'." 2 s

200 nm

i —
§-

Figure 6. TEM analysis of nanoparticle samples. (A) CNP, (B) pCNP, (C) CNP-PCA and (D) pCNP-PCA.
The nanoparticle samples were distributed with single-spherical like nanoparticles with uniformed
dispersity with different size range.

71



Polymers 2020, 12, 1951

3.5. Functional Group Annotation of Nanoparticle Samples Using FTIR Spectroscopy

FTIR analysis was used to annotate chemical functional groups and their occurrences in the
nanoparticle samples. According to Coates et al., every single molecule has a unique infrared vibration
spectrum which could be their specific “fingerprint” to be identified in a sample by comparing an
“unknown” spectrum with the known spectra that had been recorded formerly [74]. The infrared spectra
of CS, TPP, CNP and pCNP were listed in Figure 7 while the spectra of CNP, pCNP, CNP-PCA and
PCNP-PCA were shown in Figure 8. The important functional groups corresponding to transmittance
values of the samples were summarized in Table 2.

In Figure 7, a wide region around 3300 to 3500 nm~! was detected in CS, CNP and PCNP at peaks
of 3228, 3360 and 3383 cm ™! respectively, which corresponded to hydrogen-bonded O-H stretching and
overlapped with primary amine stretching peaks [75]. The IR transmittance of amine group for CS was
49.26% and this increased to 71.24% and 55.82% upon CNP and pCNP formation, respectively. When
the percentage of transmittance (% T) is high, the availability of active functional group is considered
to be lower in the sample because fewer active function group is present to absorb the IR spectrum.
This suggested that upon formation of nanoparticles, free amine groups in the CS were reduced leading
a higher transmittance value in CNP and pCNP. This observation also corresponded well to TNBS
assay data, showing a utilization of amine groups in chitosan. Additionally, the utilization of amine
groups was also suggested by the differences shown by the characteristic peak of amine II group in
the range of spectra between 1590 to 1650 cm~!. It was observed that about 10% of transmittance at
1600 nm~"! for CS increased to 45.68% transmittance at 1629 cm~! and 35.77% T at 1635 cm™! for CNP
and pCNP, respectively. The characteristic peak for phosphate groups (P=0) of TPP (1201 cm™!) at
35.74% transmittance increased to 40.22% transmittance at 1155 cm™~! in CNP and 74.94% transmittance
at 1281 cm™! in pCNP; a similar observation was recorded previously by Martin et al. [76]. Next,
the vibration of C-O-C stretching was found in CS at 1082 cm~! with 32.20% transmittance, CNP at
1059 cm™!, and pCNP at 1068 cem™!, with 10% transmittance values [77].

Conversely, PCA exhibited numerous band peaks including functional groups at 3278 cm™!
(62.69% transmittance), 1658 cm™! (15.56% transmittance), and 1300 cm™! (69.14% transmittance),
which was annotated for hydrogen bonding (O-H) stretching vibrations, C=C stretching, and carboxyl
groups (C=0), respectively [78,79]. After PCA encapsulation, the transmittance of the O-H bond
peaks increased to 75.50 and 71.13%, occurring at 3376 and 3227 c¢m~! for CNP-PCA and PCNP-PCA,
respectively. Transmittance of C=C bond peaks was also increased to 47.81% at 1625 cm™! for
CNP-PCA and 39.61% at 1625 cm ™! for pCNP-PCA. The C=0 bond was found at 1389 cm™! for 66.75%
transmittance for CNP-PCA and at 1280 cm™! for 73.83% transmittance for pCNP-PCA due to the
presence of PCA. These results were comparable with the study of Usman et al. where the presence of
several functional groups of PCA were found in the nanoparticles after encapsulation [80].
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Figure 7. FTIR spectra of CS, TPP, CNP and PCNP have shown some of the important functional group
in comparison. The functional groups are labeled as (a) amine group, (b) amine II group, (c) inorganic

phosphate group and (d) C-O-C bond.
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Figure 8. FTIR spectra of PCNP-PCA, PCNP, CNP-PCA, CNP and PCA have shown some of the
important functional group in comparison. The functional groups are labeled as (a) hydrogen bond,

(e) carbon double bond and (f) carbonyl group.
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Table 2. The chemical functional groups present in CS, TPP, PCA, CNP, PCNP, CNP-PCA and
PCNP-PCA. All the important functional groups detected were listed in the table with their respective
wavenumber and percentage of transmittance.

. Wavenumber Percentage Transmittance
Functional Group (am-1) % T) Sample
3228 49.26 cs
3360 71.24 CNP
Hydrogen bond ? 3383 55.82 PCNP
(O—H) 3278 62.69 PCA
3376 75.50 CNP-PCA
3227 71.13 PCNP-PCA
1600 10.00 cs
: b
AmmeI\IIIHgm“P 1629 45.68 CNP
(NH) 1635 35.77 PCNP
1201 35.74 TPP
3 C
Inorgam(i}g)s}’hate 1155 4022 CNP
- 1281 74.94 pCNP
Bther sroup 4 1082 32.20 cs
o f’é - P 1059 10 CNP
(C-0-0) 1068 10 pCNP
1658 15.56 PCA
e
Carbon ?é’fl(’:l)e bond 1625 47.81 CNP-PCA
- 1625 39.61 pCNP-PCA
1300 69.14 PCA
f
Carbonyl group 1389 66.75 CNP-PCA
(C=0) 1280 73.83 pCNP-PCA

Annotations a—f reflects the assigned peaks as indicated in Figures 7 and 8.

3.6. Assessment of In Vitro Cytotoxicity of CNP and pCNP in A549 Lung Cancer Cells

CNP has been reported as a good biocompatible nanocarrier system [81,82]. In order to evaluate
whether its hydrophobically-modified complement, pCNP is biocompatible as well, MTT cytotoxicity
assay was performed against the A549 lung cancer cells. Figure 9 presents the cytotoxicity effects of
CNP and pCNP in 24-h and 72-h treatments. The viability of A549 cells 24-h post-treatment after
exposure to CNP and pCNP showed similar cytotoxic efficacies, which were 62.62% and 63.25% at
the highest nanoparticle concentration of 0.25 mg/mL. At lower concentrations, the viability of cells
was at least 80%. A similar cytotoxic effect was attained in 72-h treatments with a slightly lower
viability recorded using pCNP compared to CNP at the highest concentration, which was 58.29% and
44.01%, respectively. This suggested that both nanoparticle systems may possess minimal cytotoxicity
to the A549 cells. As CNP has been reported to be non-toxic to cells, cytotoxicity was possibly due
to the number of nanoparticles that were formed by this parameter [83]. In higher concentrations
of CNP/pCNP, the number of nanoparticles synthesized will be greater. This leads to cells being
physically covered by the nanoparticles and subsequently cell death. The presence of high nanoparticle
populations will easily agglomerate at the cell surface and consequently influence the absorption of
nutrients and gaseous exchange and thus confer toxicity to cells [84] Additionally, previous studies
have shown that CNP has no any significant cytotoxicity toward several cell lines such as HepG2
human liver cancer cell line, RAW 264.7 mouse macrophage, as well as the A549 cell lines [85-87].

The cytotoxicity of nanoparticles is always one of the major aspects to ascertain before being
utilized as nanocarrier, especially for nanomedicine applications. Several aspects were taken into
consideration when nanoparticles were employed as nanomedicine, such as the cell type of target,
the properties of nanoparticle, and the dosage [87]. There are variations in cell physiology, proliferation
state, membrane characteristics and phagocyte characteristics exist between different cell types which
will have different reaction towards the nanomaterials [88]. Besides that, different sizes and shapes

74



Polymers 2020, 12, 1951

of nanoparticles demonstrated various biokinetic and biological impacts which consequently alter
protein adsorption, cellular uptake, accumulation in organelles, and distribution of the body [89,90].
Hence, the optimization of the nanoparticle systems should be performed from time to time when

encountering different cell lines.
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Figure 9. The cytotoxicity effect of CNP and pCNP at (A) 24 h post-treatment and (B) 72 h post-treatment.
Data are presented as mean + SEM from three independent experiment replicates. Two-tailed paired
t-test was performed and p > 0.05 was obtained indicating no significant different between CNP

and pCNP.
3.7. Assessment Of PCA Efficacy and Anticancer Properties Using Nanoparticle-Mediated In Vitro Cellular
Delivery Systems

The cytotoxic efficacy of PCA, CNP-PCA and pCNP-PCA at different periods of time was
tabulated in Figure 10. Approximately 500 uM of PCA was utilized for the encapsulation into CNP

and pCNP, and halved after mixing with the media. As shown in Figure 10, the cytotoxic efficacy
of the free PCA, CNP-PCA, and pCNP-PCA was shown according to the viability of A549 cell line
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against the concentration of PCA calculated according to the encapsulation efficiency (35.20 + 1.71%
and 54.39 + 3.96% for CNP-PCA and pCNP-PCA respectively). In order to compare the efficacy
among the three treatments, the ICsy values were calculated and are shown in Table 3. The results
have shown that CNP-PCA and pCNP-PCA have significantly greater efficacy as compared with
the non-encapsulated counterpart. Besides that, pPCNP-PCA has achieved the lowest IC5) values
in 24-h time point and 72-h time point of treatment but slightly lower than CNP-PCA in 48-h time
point. At highest PCA concentration, the lowest % cell viability was revealed by pCNP-PCA with
34.25 + 1.04% viability, followed by CNP-PCA (74.38 + 1.05%) and free PCA (69.21 + 1.70%) at 24-h time
point. The % viability was subsequently dropped to 30.90 + 2.37%, 46.76 + 1.46% and 60.22 + 1.43% for
PCNP-PCA, CNP-PCA and PCA, respectively at 48-h time point. The % viability has further dropped
to 12.54 + 0.88%, 41.54 + 0.65% and 53.83 + 1.21% for pCNP-PCA, CNP-PCA, and PCA, respectively,
at the 72-h time point. It was observed that PCA delivered by pCNP has the lowest % viability at all
three time points and consistently dropped with increased time points. On the other hand, the ICs
values tabulated in Table 3 have showed that at 24-h time point, no ICsy value was detected for PCA
alone and CNP-PCA, while pCNP-PCA was found at around 214.5 uM. Next, there is no ICsy found at
48 h post-treatment, as well for PCA alone, but ICsy of 448.4 and 412.1 uM were found for CNP-PCA
and pCNP-PCA, respectively. After that, at 72 h post-treatment, ICsy was calculated at 407.3 and
130.7 uM for CNP-PCA and pCNP-PCA, and no ICsqg was found for PCA alone.

Table 3. The ICsq values of different PCA treatments on A549 cell lines. The encapsulated PCA
has greater efficacy than free PCA throughout all time points. Lower ICsj values indicate a higher
cytotoxic efficiency.

Time Point 24 h 48 h 72 h

*1Cs value (uM)

PCA N/A N/A N/A
CNP-PCA 191.50 75.78 63.27
pCNP-PCA 53.71 110.70 48.34

* the values were obtained through best-fit hypothetical calculation.

From the results above, we can deduce that the efficacy of nanoparticle-encapsulated PCA has an
undeniably greater cytotoxic efficacy than non-encapsulated counterpart. These consequences may be
due to the greater encapsulation efficiency of pCNP than CNP where a greater amount of PCA was
encapsulated in pCNP than CNP. Moreover, the hydrophobic-hydrophobic interaction between pCNP
and PCA maybe another factor that contributed to the slower release of PCA from pCNP than the
conventional CNP that has no specific interaction with PCA [91]. The PCA encapsulation by chitosan
nanoparticles has been previously characterized by Madureira and colleagues, and it was found
that the bioavailability of PCA was enhanced by CNP encapsulation [92]. Besides that, Pham and
coworkers have discovered that the PCA encapsulation by CNP has a greater effect in antifungal activity
as compared with the non-encapsulated counterpart which further ascertained that encapsulation
of PCA by nanoparticles can greatly enhanced its therapeutic efficacy [93]. The previous study
conducted by Barahuie et al. performed nano-encapsulation of PCA by using zinc/aluminium-layered
double hydroxide and assessed the cytotoxicity effect on human cervical, liver and colorectal cancer
cell lines, and revealed that the anticancer efficacy of nano-encapsulated PCA was greater than the
non-encapsulated PCA [79]. Fascinatingly, the ICsy of pCNP has no obvious orderly decreasing trend
which could attributed by its controlled-release properties. The previous study of Hassan et al. has
proposed that fluorescently labeled glutamic acids encapsulated CNP has revealed intracellular release
and controlled accumulation properties that was coincided with our current study [94]. Anyhow,
the study proposed that the in vitro cellular efficacy of the experimental samples on A549 cell line can
be defined in this particular manner: PCA < CNP-PCA < pCNP-PCA.
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Figure 10. Cellular efficacy of PCA, CNP-PCA and pCNP-PCA at (A) 24 h post-treatment, (B) 48 h
post-treatment and (C) 72 h post-treatment on A549 cell line. Data are presented as mean + SEM from
three independent experiment replicates. One-way ANOVA was performed and the significance was
indicated by * = p < 0.05 and ** = p < 0.01 for all three graphs.

4. Conclusions

The utilization of the nanoparticulate delivery of poorly water soluble, naturally occurring
phenolic compounds by using the hydrophobically modified chitosan nanoparticle system has revealed
a greater cytotoxic efficacy towards the A549 human lung cancer cell line. In this current research,
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we found that the conjugation of NHS-palmitic acid to the chitosan has developed into a promising tool
for the encapsulation of low water soluble phenolic compounds and PCA, which has a similar cytotoxic
effect with the traditional chitosan counterpart but greater encapsulation efficiency and cytotoxic
efficacy. Henceforth, this hydrophobic modification system perhaps presents a potential prominent
delivery vector that could be customized for the delivery of low bioavailability cancer therapeutics.
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Abstract: The aim of this work is to structurally characterize chitosan-zinc oxide nanoparticles (CS-ZnO
NPs) films in a wide range of NPs concentration (0-20 wt.%). Dielectric, conductivity, mechanical,
and piezoelectric properties are assessed by using thermogravimetry, FTIR, XRD, mechanical,
and dielectric spectroscopy measurements. These analyses reveal that the dielectric constant,
Young’s modulus, and piezoelectric constant (d33) exhibit a strong dependence on nanoparticle
concentration such that maximum values of referred properties are obtained at 15 wt.% of ZnO NPs.
The piezoelectric coefficient ds3 in CS-ZnO nanocomposite films with 15 wt.% of NPs (d33 = 65.9 pC/N)
is higher than most of polymer-ZnO nanocomposites because of the synergistic effect of piezoelectricity
of NPs, elastic properties of CS, and optimum NPs concentration. A three-phase model is used to
include the chitosan matrix, ZnO NPs, and interfacial layer with dielectric constant higher than that
of neat chitosan and ZnO. This layer between nanoparticles and matrix is due to strong interactions
between chitosan’s side groups with ZnO NPs. The understanding of nanoscale properties of CS-ZnO
nanocomposites is important in the development of biocompatible sensors, actuators, nanogenerators
for flexible electronics and biomedical applications.

Keywords: chitosan; zinc oxide nanoparticles; interfacial layer; dielectric spectroscopy

1. Introduction

Zinc oxide nanoparticles (ZnO-NPs) are one of the most attractive materials due to their unique
optical, piezoelectric, mechanical, and antibacterial properties. Nanocomposites based upon ZnO-NPs
are widely used for the development of different optoelectronic, electronic, sensors, collar cells, etc.,
devices (see, for example [1-3]). Recently, there were published significant publications about the
potential use of ZnO-NPs that include flexible devices such as supercapacitance [4], flexible piezoelectric
nanogenerators with ZnO-polyvinylidene fluoride (PVDF) [5,6], piezoelectric vibration sensors based on
polydimethylsiloxane (PDMS) and ZnO nanoparticle [7], soft thermoplastic material with polyurethane
matrix [8], poly (ethylene oxide) and poly (vinyl pyrrolidone) blend matrix incorporated with zinc
oxide (ZnO) nanoparticles for optoelectronic and microelectronic devices [9], gate transistors with
Zn0O and ethyl cellulose [10], chitosan-ZnO (CS-ZnO) nanocomposite for packing applications [11-13],
CS-ZnO as antibacterial agent [13-15], and CS-ZnO nanocomposite for supercapacitor [16].

Based upon the above information, chitosan-based nanocomposites offer significant scientific and
technological potential. In this regard, chitosan (CS), a polysaccharide obtained from the deacetylation
of chitin, is a natural polymer with high absorption capacity, biodegradability, biocompatibility
with antibacterial features. Additionally, chitosan is a hydrophilic polymer with NH, and OH side
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groups which can interact with ZnO nanoparticles via hydrogen bonding and form nanocomposites
with new properties [17-19]. It is noteworthy that the literature reports publications that deal with
different methods of CS-ZnO nanocomposite preparation and their antibacterial, optical, photocatalytic
activity (see, for example [11-20]), and mechanical [15,21-23] properties. In the case of mechanical
properties, it has been reported that the ZnO content improves mechanical properties not only in
CS-ZnO composite [15,22,23] but also in CS-cellulose-ZnO [24] and in CS-PVA-ZnO [25] materials.

However, to the best our knowledge, the literature does not properly address the influence of
ZnO content on the conductivity of CS-ZnO nanocomposite; in this regard there are two controversial
articles related to the effect of ZnO additional on the dielectric constant of CS-ZnO membranes (in [23]
with additional of ZnO NPs dielectric constant increase and in [26] decrease). The conductivity and
dielectric properties play important role in applications of CS-ZnO nanocomposites in flexible organic
electronics in a wide range of devices like transistors, sensors, flexible piezoelectric nanogenerators,
ultraviolet photodetectors, photodiodes, etc., [4,23].

One of the most important questions related not only for application of CS-ZnO nanocomposites
but also for all nanotechnology is how to find the best/optimum concentration of NPs with the best
performance for different applications. CS-ZnO membrane composites consist of dielectric CS matrix
and ZnO semiconductor fillers with wide bandgap with static dielectric constant ca. 8.5 [27] and
low conductivity (ca. 107#-107> S/cm, which depends upon intrinsic defects created by oxygen
vacancies [28-30]). Therefore, this material can be considered as a dielectric matrix with dielectric
inclusions. It is noteworthy that for different polymer-ZnO NPs composites, the dielectric constant
depends upon ZnO content where a maximum is observed; for instance, in PVDF-ZnO at 0.06 vol.%
of ZnO [31]; in PVDF-ZnO 5.5 vol.% of ZnO [32]; in PVDF-ZnO at 15 wt.% [33]: in PVA/PVP-ZnO at
8 wt.% [34]; in PVA-ZnO at 10 mol% [35]. The explanation of the maximum in the dielectric constant
proposed in these articles is based upon classical percolation theory; by increasing conductivity
inclusions in dielectric matrix the conductivity of composites increases at the percolation threshold
and upon higher concentration of fillers there appears a saturation. The dielectric constant also shows
a maximum near the percolation threshold [36,37]; however, refs. [31-35] do not report a conductivity
percolation effect. It is noteworthy that ZnO NPs exhibit low conductivity such that the PVA-ZnO
composite’s conductivity is ca. 10771077 S/cm [35] and PVA/PVP-ZnO is less than 107 S/cm [34].
Therefore, such material cannot exhibit conductivity percolation phenomena and this model cannot be
used to explain the maximum in dielectric constant.

Similarly, to the dielectric behavior, there is a maximum on the Young’s modulus as a
function of ZnO concentration. Ref. [38] reports a maximum on the Young’s modulus in PHBV-ZnO
(Poly(3-hydroxybutyrate-co-3-hydroxyvalerate-ZnO) at a composition of 4 wt.% of NPs; Ref. [39]
reports that system PEEK-ZnO (poly(ether ether ketone)-ZnO) shows a maximum at 5 wt.% of ZnGO;
PMMA-ZnO at 1 wt.% of NPs [40]; PLA-ZnO at 2 wt.% [41]. In summary, such a maximum in Young’s
modulus has been related to the distribution of nanoparticles within the polymer matrix and strong
interfacial adhesion that can enhance the mechanical properties of nanocomposites [42].

In general, in polymer-ZnO NPs composites both dielectric constant and Young’s modulus share
a common feature: by increasing NPs concentration both properties increase [43,44]. Consequently,
it is conceivable that dielectric, mechanical, and piezoelectric properties can be optimized by varying
the concentration of ZnO NPs in chitosan nanocomposites for different applications.

Based upon the above discussion, this work aims to investigate the structural properties of CS-ZnO
films including their dielectric, conductivity, mechanical and piezoelectric properties by varying the
concentration of ZnO nanoparticles. To assess this study, we take advantage of impedance spectroscopy,
FTIR, XRD, thermogravimetry, and piezoelectric measurements.
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2. Materials and Methods

Chitosan (CS, medium molecular weight, deacetylation ca. 72%), acetic acid (99.7%), and ZnO
NPs dispersed in water (20 wt.% in water) with dimension ca. 40 nm were purchased from Sigma
Aldrich (St. Louis, MO, USA) and used as received.

CS solution (1 wt.%) was prepared in acetic acid solution (1 vol.%) and stirred for 24 h. Different
amounts of ZnO sonicate colloidal solutions with various weight percent of ZnO (5, 10, 15, and 20 wt.%
with respect to CS dry-base) were dispersed in the CS solution by ultrasound for 30 min at 60 Hz.
Finally, 18 mL of each nanocomposite solutions were placed in Petri dishes and dried during 20 h at
60 °C to obtain films with thickness ca. 40 um. For impedance measurements, CS-ZnO films were
gold-sputtered on both sides to serve as contacts.

The amount of free water was determined by thermogravimetric analysis (TGA)
(TGA 4000—PerkinElmer, Walham, MA, USA). Measurements were made in the dry air with a
heating rate of 10 °C/min. The interaction between CS functional groups with ZnO was analyzed
by FTIR measurements on a Perkin Elmer Spectrum GX spectrophotometer using ATR (MIRacle™)
sampling technique, with a diamond tip, in the range from 4000 to 650 cm™~! at room temperature.
The crystalline structure of ZnO and CS-ZnO films were tested by an X-ray diffractometer (Rigaku Dmax
2100, The Woodlands, TX, USA) with Cu K« radiation (A = 0.154 nm).

Impedance measurements were carried out using Agilent 4249 A in the frequency range
40 Hz-100 MHz with an amplitude of AC voltage 100 mV at room temperature. DC resistance
R and capacitance C at the limit of zero frequency were calculated from fitting impedance spectra
using ZView program. Conductivity and static dielectric constant (at the limit of zero frequency)
were calculated from the following relationship: o = d/(R:S), ¢ = (C-d)/(¢¢-S), where d and S are the
thickness and area of samples, respectively. Film thickness was measured in each sample using
micrometer Mitutoyo with resolution 1 mkm. The mechanical test was performed on an Instron
universal tensiometer material testing system (model TX2plus). Each composite film was cut with
dimensions according to ASTM Standard D638-Epsilon. Each strip was held with a distance between
clamps of 25 mm. The test was performed with the lower grip was fixed, and the upper grip rose at an
extension rate of 1 mm/sec at room temperature. All the failures occurred in the middle region of the
testing strips. This test was repeated six times for each specimen to confirm its repeatability.

The measurements of ferroelectric polarization loops (P versus E) and deformation curves as a
function of the applied field (butterfly curves) were obtained simultaneously by placing the samples
in a measuring cell with parallel electrodes immersed in silicone oil to avoid dielectric breakage of
the surrounding medium with voltage step 100 V before sample breakdown. The polarization and
deformation curves presented in this work correspond to the maximum applied voltage measured before
film breakdown. The ferroelectric measurements were based on the principle of the Sawyer-Tower
circuit using a Precision LC materials analyzer, Radiant Technologies Inc., coupled with a TREK Model
609E-6 voltage amplifier source. Results presented in this work correspond to the maximum voltage
before the breakdown of the sample.

3. Results

XRD analysis can supply information about the crystalline structure of ZnO NPs and Cs-ZnO
NPs films (Figure 1). XRD pattern of neat CS and CS-ZnO (with 20 wt.% of NPs) show the diffraction
peak at 20 ~ 24° (hydrate crystalline phase, Form 1) and a weak peak at 260 ~ 16.9° (hydrate crystalline
phase, Form 2) [45]. The peaks observed in ZnO NPs and CS-ZnO films were in good agreement
with the database of hexagonal ZnO particles (JCPDS No. 36-1451) and the results are reported in
refs. [15,19,23]. This means that structure of ZnO NPs was not modified by the presence of CS [18,20],
but the intensity of broad CS peak at 20 = 24° decrease in CS-ZnO films indicated the increase in the
degree of amorphous regions of the nanocomposites films due to the interaction between the CS matrix
and ZnO NPs and decreasing of water content [25]. Measurements of CS-ZnO films were carried out
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on copper substrate; therefore, there are additional diffraction patterns associated to Cu substrate at 20
~ 43.3° and 20 ~ 50.4°; this fact is indicated in Figure 1.
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Figure 1. X-ray diffraction patterns of neat chitosan (CS) film, CS ZnO NPs composite, and ZnO
nanoparticles (NPs).

The average size of particles (D) was calculated using the Debye-Scherrer equation [18,19]:
D = kA/BcosO 1

where the value of k is equal to 0.89, A is the wavelength of X-ray (1.540A), f is the full width at half
maximum, and 0 is the half of the diffraction angle. The average value of crystallites (calculated using
three diffraction peaks (100), (002), and (101)) were 45.3 nm which correlates well with the dimension
of NPs (ca. 40 nm).

Figure 2 shows the FTIR spectra of neat CS films and CS-ZnO films with 10 and 20 wt.% of ZnO
NPs. In the case of chitosan, the broadband characteristic peak centered at 3252 cm~! corresponds to
the overlap of stretching vibration of -NH and —OH groups shift in CS-ZnO films to lower wavenumber
at 3227 cm~!. The absorption peaks of CS at 1636 (amide I group), 1542 cm~! (bending vibrations
of NH3), and 1065 (the stretching vibration of C-O-C of the glycosidic linkage) in CS-ZnO films
shift to lower wavenumber (Figure 2) due to the interaction of these group with ZnO and formation
of a hydrogen bond between ZnO and chitosan. This result is in good agreement with previous
reports [15,18,19,23,46].
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Figure 2. FTIR spectra of neat CS films and CS-ZnO films with 10 and 20 wt.% of ZnO.
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Another confirmation of strong interaction between side groups of CS with ZnO NPs can be
obtained from TGA measurements (Figure 3). It was previously reported [47] that neat CS exhibits a
two-step weight loss. From room temperature to ca. 150 °C, the weight loss is related to the water
evaporation and in the temperature range of 170-300 °C, the weight loss is due to the degradation of
the CS [47]. Water absorption in CS is closely linked to the availability of amino and hydroxyl groups
of CS that interact via hydrogen bonding with water molecules [47,48]. It has been observed that
the water content depends upon ZnO NPs concentration (Figure 3) and it decreases with increasing
weight% of NPs (11.7% in neat CS and 7.3% in CS-ZnO film with 20 wt.% of NPs, at the temperature
140 °C). As it was shown by FTIR analysis, these groups can bond with ZnO NPs; therefore, a decrease
in the water absorption ability with increasing ZnO concentration is observed.

100+

CS+20% ZnO

CS+10% ZnO
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Figure 3. TGA measurements of pure CS and CS-ZnO NPs films with 10 and 20 wt.% of NPs.

The results obtained from XRD, FTIR, and TGA measurements have shown an interaction between
CS matrix and ZnO NPs that play an important role in the explanation of electrical and mechanical
properties of the nanocomposite.

Figure 4a shows the dependence of DC conductivity and Figure 4b shows the dependencies of
the dielectric constant in the limit of zero frequency as a function of ZnO NPs wt.%. It is evident
from Figure 4b that dependence of dielectric constant exhibits a maximum at a concentration of ZnO
NPs of ca. 15 wt.% and it is higher than the static dielectric constant of neat ZnO (ca. 8.5 [27]). It is
noteworthy that the conductivity of CS-ZnO nanocomposite (Figure 4a) is sufficiently lower than the
ZnO conductivity (ca. 1 X 1075 S/em [28,29]) and it decreases with ZnO NPs wt.%.
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Figure 4. Dependences of (a) DC conductivity (o) and (b) dielectric constant (¢) in the limit of
zero frequency obtained in CS-ZnO films with different ZnO concentration at room temperature.
Insert in Figure 4b shows dependence of ¢ on the volume fraction of ZnO NPs: points-experimental
measurements and continuous line-results of the fitting.

Similarly, to the dielectric constant behavior, there is maximum in the dependence of Young’s
modulus on ZnO wt.% (Figure 5). Young’s modulus increases from 1.7 GPa (in neat CS) to 9.09 GPa
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in films with 15 wt. = % of NPs. At concentration of ZnO NPs 20 wt.%, Young’s modulus
decreases to 4.5 GPa. The increasing of Young’s modulus with ZnO concentration has been previously
reported [12,15,20] and it has been interpreted by an additional energy-dissipating mechanism [12],
weakness of intermolecular hydrogen bonds of CS formation of new hydrogen bonds between CS and
ZnO [15]. CS-PVA-ZnO NPs membrane study [25] reported the maximum in Young’s modulus at
10 wt.% of NPs which has been explained by the interaction of ZnO NPs with CS-PVA functional groups.

1.2x10" 7
_9.0x10° 1 i
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*%-; [ ]
2 6ox10° °
£ 6.0x10°
Kz
j=)
§ [ J
> 9
3.0x10°
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Figure 5. Dependence of Young’s modulus of CS ZnO NPs films with different wt.% of NPs (points).
The continuous line is a guide to the eye.

ZnO is a well-known material that exhibits both ferroelectric and piezoelectric behavior. Therefore,
it is important to investigate these properties in CS-ZnO nanocomposites which can find applications
in flexible electronics.

Figure 6 shows the ferroelectric hysteresis curve obtained in the CS-ZnO NPs film with 15 and
20 wt.% of NPs. The shape of the curve is typical for samples with electrical leakage, which prevents
reaching saturation in the polarization [49]. This leakage current can be associated with the intrinsic
proton conductivity of the CS matrix [50]. The corresponding deformation curves do not present
symmetrical shape, probably because of the interaction between ZnO NPs and CS. The piezoelectric
coefficient d33 was evaluated in the linear region of the deformation curve vs. applied voltages using
the expression dz3 = Al/AV [51,52]. The piezoelectric coefficient dsz in CS-ZnO nanocomposite films
with 15 wt.% of NPs (ds3 = 65.9 pC/N) is higher than in neat ZnO NPs (between 0.4 and 12.4 pC/N [53,54])
and in poly(vinylidene fluoride) PVDF-ZnO flexible films (13.42 pC/N [55], 18.3 pC/N [56], 50 pC/N [52])
and compared with PVDF-PTTE-ZnO nanorods (70.3 pC/N with 15 wt.% of nanorods [57]). Note,
that PVDF is a polymer with piezoelectric properties.
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Figure 6. Ferroelectric hysteresis curve of (a) CS-ZnO NPs nanocomposites, (b) corresponding
deformation curve Al vs. V for CS-ZnO films with different wt.% of NPs indicate on the graph.
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Such a high piezoelectric coefficient can be related to elastic properties of the CS matrix because the
viscous and elastic properties play an important role in the piezoelectric performance of piezoelectric
polymer composites [58].

Additionally, piezoelectric coefficient d33 demonstrate higher value (d33 = 65.9 pC/N) in CS-ZnO
films with 15. wt.% of NPs than in films with 20 wt.% (ds3 = 60.6 pC/N).

4. Discussion

Bulk conductivity of ZnO is ca. 1074-107° S/cm and it depends upon intrinsic defects created
by oxygen vacancies [28-30]). Conductivity of nanoparticles depends upon grain size, morphology,
and microstructure and it is ca. 1.5 x 10~/ S/cm [59]. Because of the low volume fraction of ZnO
NPs in CS-ZnO films (from 0 to 0.15 wt.%; see below the volume fraction calculation), the effective
conductivity of nanocomposites practically depends upon the conductivity of neat CS (ca. 1077 S/cm).
The conductivity of neat CS is related to the Grotthuss mechanism in which the protons are originated
from the protonated amino groups that can move along the hydrated molecule in the hydrogen-bonding
network via hopping process [50]. Because of the strong interaction of reactive CS side groups with ZnO
NPs (as probed by FTIR measurements) the number of generated protons and the number of hydrated
molecules decrease (TGA measurements); this plausible scenario is responsible for the decreasing of
nanocomposite’s conductivity.

As a rule, the effective dielectric constant ¢ and conductivity o of a mixture of two materials
with different € and o can be calculated using models as the Maxwell, Bruggeman, Lichtenecker, or
different percolation model [60-62]. However, all these models produce a monotonic decreasing of the
effective dielectric constant with increasing concentration of nanoparticles in the polymer (because ¢ of
CS films is ca. 25 and ¢ of ZnO is ca. 8.5 [27]); it also can show a monotonic increasing of effective
conductivity with increasing concentration of (because o of CSis ca. 2 x 1077 S/cm and o of ZnO is ca.
1074-107° S/cm).

In contrast to those models, refs. [63,64] proposed a three-phase model to describe the dielectric
properties of polymer—ceramic composites. Here, the effective dielectric constant of such composite
materials depends upon the ¢ of the polymer matrix, the ¢ of fillers, and the ¢ of interfacial layer
between filler and the dielectric matrix. To describe such three-phase system, refs. [63,64] introduce a
parameter K, termed the interfacial volume constant, which accounted for the matrix—filler interaction
strength as:

Djyt = KONpsDpol 2)

where @j;, @nps, and @y, are the volume fractions of interfacial phase, dielectric particles, and polymer,
respectively. K depends upon the degree of particle clustering.

In the case if dielectric constant of interfacial layer is higher than dielectric constant of polymer
matrix and fillers,

K>0, Einterfacial > Epolymer Einterfacial > Efiller, (3)

with increasing of NPs concentration effective dielectric constant of nanocomposite increases,
as observed in Figure 4b.

This model has demonstrated that the dependence of the dielectric constant on NPs concentration
is nonmonotonic and can exhibit a maximum as a function of NPs concentration. This maximum
appears when there is an overlap of interfacial layers due to NPs agglomeration, thus reducing
the interfacial volume fraction that effectively decreases the effective value of dielectric constant
of nanocomposite.

In this work, we experimentally fit obtained values of dielectric constant ¢ in CS-ZnO NPs films by
equations proposed in refs. [63,64] using the Scilab program. The least-squares fitting was performed
using standard genetic algorithm optimization functions in the Scilab [65] numerical computational
package. The dielectric constant of CS was obtained from measurements on neat CS and ¢ of ZnO was
taken 8.5 [27]. Only the values of K and ¢ interfacial parameters are the adjustable parameters.
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To convert weight fraction (Wt) to volume fraction (V) of the ZnO NPs, the next equation can be
used [66]:
Wi
V p—
Wi + (pzno/pcs(1 = Wi)

where, pz,0 and pcg denote the ZnO and CS density.
The density of CS filmsisca. 1.5 g cm ™ [67,68], and the true density of ZnOis 5.6 g cm ™3 [3].
As a result of optimization, the fitted values are K = 18.3, and interface dielectric constant equals
69.9. The results of the referred fittings are shown on inset of Figure 4b as a continuous line. One can
see that this three-phase model fits well the experimental results by predicting a maximum in the
dielectric constant. Positive value of K means that there are significant interfacial interactions between

(4)

CS and ZnO NPs; these observations were confirmed by FTIR and TGA measurements. Additionally,
an interfacial layer dielectric constant value of 69.9 is higher than that of CS and ZnO NPs which is
responsible for the observed maximum in Figure 4b. In summary, the three-phase model is able to
capture the correct physics of the nanocomposite by corroborating the behaviors and trends of the
experimental measurements.

Similarly, a maximum at 15 wt.% of ZnO is observed as in the dependency of Young’s modulus
on ZnO concentration (Figure 5). According to refs. [69,70], the Young’s modulus in CS films increases
with decreasing of water content due to plasticizing effect of water and change in the glass transition
temperature. In the TGA measurements water content decreases ca. 5% in CS-ZnO films with 20 wt.%
of NPs when compared with neat CS. Based upon the results reported in ref. [69,70], this decreasing
of water content corresponds to the increasing of Young’s modulus approximately to 0.5-1 GPa.
Therefore, all contributions in elastic module can be related to the change of NPs concentration.
Furthermore, a maximum at 15 wt.% of ZnO is observed as in the dependency of Young’s modulus
and dielectric constant on ZnO concentration (Figures 4b and 5). The explanations proposed in the
literature on the change of Young’s modulus in ZnO nanocomposites are the following: An additional
energy-dissipating mechanism [12], the weakness of intermolecular hydrogen bonding of CS, or the
formation of new hydrogen bonding between CS and ZnO [15]; these explanations cannot be directly
applied to properly address the existence of a maximum in both dielectric and mechanical properties.
According to refs. [71-73], the mechanical properties exhibit a similar dependency on the formation
of an interfacial layer. Above the percolation threshold, the interfacial regions surrounding the ZnO
NPs overlap indicating percolation in the clusters which dominates in the mechanical properties [72].
Because of the agglomeration of NPs, there is a maximum in both dielectric constant and Young's
modulus because further agglomeration of NPs tends to destroy the interfacial regions.

Now let us discuss the dependence of the piezoelectric coefficient on the concentration of NPs.
There have been several reports that proposed different models, for instance Refs. [58,74-76] reported an
increase of d33 with the volume fraction of the piezoelectric NPs. Moreover, in polymer nanocomposites
with NPs with high dielectric constant (such as PZT, BaTiO3; BZT) there is an increase of dz3 with an
increase of the dielectric constant with NPs content [74-76]. However, in BaTiO3-epoxy-ZnO (with a
fixed concentration of BaTiO3) [77] and PVDF-ZnO [56], the dependences of the piezoelectric coefficient
and the dielectric constant on the concentration of ZnO exhibit a maximum (similarly to the maximum
presented in Figure 4b). This maximum cannot be explained by classical conductivity percolation
effect because the conductivity of CS-ZnO films decreases with ZnO NPs wt.% (Figure 4a). However,
the proposed three-phase model describes well the maximum in dielectric constant (an overlap of
interfacial layers due to NPs agglomeration) that effectively decreases the value of dielectric constant
and most likely the piezoelectric coefficient. A similar hypothesis on the decreasing of ds3 due to NPs
agglomeration (based on the SEM measurements in BaTiO3-epoxy-ZnO) is proposed in ref. [75].

The piezoelectric coefficient dsz in CS-ZnO nanocomposite films with 15 wt.% of NPs
(dss = 65.9 p(/N) is higher than most of polymer-ZnO nanocomposites (see Table 1) and it compares
with PVDF-PTTE-ZnO nanorods (70.3 pC/N).
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Table 1. Comparison of piezoelectric d33 values in polymer nanocomposites with ZnO NPs.

Polymer Nanocomposite NPs ]?rilllnne)nsion (pc(lf/?v) Refs
ZnO, bulk - 04-124 [53,54]
photo-epoxy/ZnO films Less 100 15-23 [78]
PVDF/ZnO films 50-80 13.42 [55]
PVDEF/ZnO nanoporous films 35-45 18.3 [56]
PVDF (-phase/ZnO 50-150 50 [54]
PVDE-PTTE/ZnO nanorods - 70.3 [57]
PHB/ZnO scaffolds 80-100 13.7 [79]
PVDF/ZnO nanorods - -1.17 [80]
CS/ZnO films 40 65.9 This work

Note that PVDF is a polymer with piezoelectric properties.

It is well-known that in classic ferroelectric materials such as BaTiO3, a significant increase in the
piezoelectric coefficient in materials with nanodomain structure was observed. The value of ds; in
samples with grains 50 nm increases more than twice to 416 pC/N [81] compared with grains of 500 nm
(200 pC/N). In the case of the ZnO NPs with dimension ca. 40 nm the size of the nanodomains must be
less than 40 nm that can increase d33 in CS-ZnO nanocomposite. Furthermore, high value of dz3 in
CS-ZnO nanocomposite films can be related to their elastic properties that play an important role in the
piezoelectric performance of piezoelectric polymer composites [58]. Additionally, refs. [82,83] reported
that CS films with 91.2% of deacetylation degree exhibit a piezoelectric coefficient d33 between 7 and
18.4 pC/N. These piezoelectric properties are observed because of the fact that crystalline part of CS
has non-centrosymmetry orthorhombic structure with piezoelectric properties [82]. However, in our
work we did not observe piezoelectric properties of neat CS films; this observation may be traceable
to the lower deacetylation degree of CS (ca. 72%). Nevertheless, in the presence of an electrical field
(at which we measured d33) an alignment of CS chains can be observed. The alignment of CS chains
can be correlated with the increase in dielectric and piezoelectric properties of the composites [84].
Therefore, the high ds3 in CS/ZnO films can be traced to the synergistic effect of nanodomain structure
of NPs, piezoelectricity of CS, elastic properties of films, and optimum NPs concentration.

5. Conclusions

The investigation of CS-ZnO films with different wt.% of NPs shows that a maximum value is
observed in both dielectric constant and Young’s modulus. Similarly, at the same concentration of
NPs there appears the highest value of the piezoelectric coefficient. This maximum can be related to
cluster agglomeration of ZnO NPs above the dielectric and mechanical percolation threshold (15 wt.%
of ZnO NPs). These properties of nanocomposite’s films are interpreted by using a three-phase model
which includes: (1) CS matrix, (2) ZnO NPs, and (3) interfacial layer between ZnO and CS matrix.
This interface layer is responsible for the higher dielectric constant when compared with the ¢ of neat
CS and ZnO, a higher Young’s modulus, and a higher dz3. The piezoelectric coefficient d33 in CS-ZnO
nanocomposite films with 15 wt. % of NPs (ds3 = 65.9 pC/N) is higher than in the most of polymer-ZnO
nanocomposites because of the synergistic effect of nanodomain structure of NPs, piezoelectricity of
CS, elastic properties of CS, and optimum NPs concentration.

Based upon the presented methodology, one can try to fine-tune the desired properties by
manipulating the concentration and agglomeration of NPs that ultimately control the molecular
interactions. It is noteworthy that these variables not only depend upon the dimension of NPs but
also on the method of preparation and the chemistry of constituents. However, the methodology
presented here allows to determine the direct relationship between dielectric, mechanical, piezoelectrical
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properties, and the concentration of nanoparticles that may prove useful in the design and optimization
of polymer-based nanocomposites for different applications.

In summary, the molecular understanding of nanoscale properties of CS-ZnO nanocomposites
is relevant in the development of biocompatible sensors, actuators, nanogenerators, etc. for flexible
electronics, and biomedical applications.
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Abstract: Chitosan-sulfated titania composite membranes were prepared, characterized, and
evaluated for potential application as polymer electrolyte membranes. To improve the chemical
stability, the membranes were cross-linked using sulfuric acid, pentasodium triphosphate, and
epoxy-terminated polydimethylsiloxane. Differences in membranes’ structure, thickness, morphology,
mechanical, and thermal properties prior and after cross-linking reactions were evaluated. Membranes’
water uptake capacities and their chemical stability in Fenton reagent were also studied. As proved
by dielectric spectroscopy, the conductivity strongly depends on cross-linker nature and on hydration
state of membranes. The most encouraging results were obtained for the chitosan-sulfated titania
membrane cross-linked with sulfuric acid. This hydrated membrane attained values of proton
conductivity of 1.1 x 1073 S/cm and 6.2 X 1073 S/cm, as determined at 60 °C by dielectric spectroscopy
and the four-probes method, respectively.

Keywords: chitosan; sulfated titania; cross-linking; polyelectrolyte composite membranes

1. Introduction

Polymer electrolyte membranes (PEMs) play a key role in fuel cells as they transport charges
between electrodes and prevent fuel leaks [1,2]. Nafion™ PEMs are recognized for their high
proton conductivity, good mechanical properties, and chemical and electrochemical stability [3].
However, Nafion membranes are extremely expensive, their preparation and use are hazardous
for the environment, and they are also characterized by fuel crossover and low durability [4-6].
Other shortcomings of these membranes consist in water management problems, need for a full
humidification since their high proton conductivity is strictly linked to the H;O" hydration, and, as a
consequence, the optimal operative temperature is limited below 100 °C [7].

In this respect, biopolymer-based membranes are more and more considered as strong candidates
to develop cheaper and more environmentally friendly PEMs. Recently, chitosan membranes were
proposed as substitutes Nafion PEMs [8-10]. In spite of promising results, there is still research
effort required to improve the mechanical strength and the conductivity of chitosan membranes [5].
The solutions often proposed were related to their doping with inorganic fillers (e.g., solid superacids
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known for their high proton conductivities and hygroscopic properties) [11] and/or chemical
modification of the polysaccharide by chemical cross-linking [12]. The cross-linking is the one of the
most efficient ways to improve the characteristics of pristine chitosan membranes, by ameliorating
their thermal and mechanical properties, as well as their water uptake capacities, with direct impact on
the conductivity increasing [12]. However, to the best of our knowledge, little attention was paid on
the influence of the cross-linker nature on the properties of chitosan-solid superacid hybrid PEMs.

The objective of this study was to develop novel chitosan-based composite membranes and
to follow their structure, morphology, mechanical, and thermal properties, as a function of the
cross-linker nature. To this end, we selected sulfated titanium dioxide as inorganic filler and sulfuric
acid, pentasodium triphosphate and epoxy-terminated polydimethylsiloxane as cross-linkers, the
last one not reported for the preparation of PEMs considered for fuel cell application. Typical tests
used to describe PEM performances—such as water uptake, chemical stability and conductivity
behavior—were also carried out.

2. Materials and Methods

2.1. Materials

Chitosan (CS) with molecular weight of 290 kDa (determined by a viscometric study and according
to Equation (S1) on Supplementary Materials) and 82% degree of deacetylation (determined by 'H
NMR (Figure S1 on Supplementary Materials), TiO, (anatase, particle size < 25 nm, 99.7% purity),
bis(glycidyloxypropyl)-terminated polydimethylsiloxane of My, = 980 Da (PDMS), acetic acid, sulfuric
acid 98%, pentasodium triphosphate (TPP) and sodium hydroxide were purchased from Sigma Aldrich
(Taufkirchen, Germany). Methanol (purris p.a.) was supplied by Chemical Company (lasi, Romania).
All reagents were of analytical grade and used without further purification.

Sulfated TiO, (TS) was obtained by adapting the methods described by Li et al. [13] and
Ayyaru et al. [14]. For this purpose, 22.5 mg of TiO, nanoparticles were dispersed in a solution
containing 10 mL of methanol and 5 mL of 1 M H,SO, through sonication for 30 min in a Emmi 12HC
bath. The suspension was then centrifuged, washed with water, and the solid was dried in oven at
105 °C for 6 h to obtain the sulfated TiO, sample (TS) with a content of 0.354 mmol sulfate groups/g
(evaluated according to Equation (S2) on Supplementary Materials).

2.2. Preparation of Membranes

2.2.1. Preparation of Chitosan-Sulfated Titania Composite Membranes (CS-TS)

CS-TS composite membranes were prepared using 5 wt % of sulfated TiO; relative to the amount
of chitosan. In the first step, a stock solution of chitosan (3% w/v) was prepared by dissolving the
polysaccharide in 2% acetic acid solution. Subsequently, precisely determined amount of TS was
dispersed in 5 mL water, sonicated for 15 min and added over 15 mL of chitosan solution, under
continuous stirring at 600 rpm for 30 min. The final mixture was poured into 9.6 cm diameter Petri
dish and dried at 30 °C for 48 h (up to constant weight) to obtain CS-TS membrane.

2.2.2. Membrane Cross-Linking by Sulfuric Acid (HS) and by Pentasodium Tripolyphosphate (TPP)

The cross-linking was carried out by adapting already published procedures. Thus, dried CS-TS
membranes were immersed into 1 M HySO;4 solution (pH = 0.38) for 15 min [15] or in 2% TPP for 2 h
solution (pH = 8.64) [16]. Subsequently, the membranes were washed with distilled water and dried at
room temperature for 48 h until constant weight was achieved. The resulted composite membranes,
with average thicknesses of about 70 pm (from SEM images of the cross-sections), were labeled as
CS-TS-HS and CS-TS-TPP, respectively.
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2.2.3. Cross-Linking by Bis(glycidyloxypropyl)-Terminated Polydimethylsiloxane (PDMS)

The PDMS cross-linked composite membrane (CS-TS-PDMS) was obtained adapting a procedure
previously described for the preparation of PDMS modified chitosan [17]. Shortly, PDMS (NH;/epoxy
= 1/1 molar ratio) was added in situ to the CS/TS dispersion prepared as described in the previous
paragraph and the mixture was stirred at 40 °C until complete homogenization. After casting into Petri
dishes and oven drying at 30 °C, the obtained membrane was washed with distilled water and dried
at room temperature for 48 h until constant weight was attained. The average thickness of the dried
membrane was of around 130 um, as determined from SEM image of the membrane cross-section.

2.3. Materials Characterization

Structural characterization of TS and pristine chitosan (CS) intermediates as well as of the
composite membranes was performed by FTIR spectroscopy using a Bruker Vertex 70 spectrometer
(Bruker Optics, Ettlingen, Germany) and KBr pellet method. The surface and cross-section morphology
and elemental composition of the composite membranes were investigated by scanning electron
microscopy using an (ESCM) Quanta 200 device (SEM, FEI Company, Brno, Czech Republic)) coupled
with energy dispersive X-ray (EDX) system (EDAX, Mahwah, NJ, USA). The cross-sections were
obtained by tearing the liquid nitrogen frozen membranes.

The thermal properties of the samples were studied under nitrogen atmosphere in the temperature
range of 20-700 °C, with a heating rate of 10 °C/min on a Jupiter thermal analysis system TG-DSC
Model STA449F1 (NETZSCH, Selb, Germany). The strain-stress curves were obtained by using a
two-column Instron Model 3365 device equipped with a 500 N cell force (Instron, Norwood, MA, USA).
In this respect, dumb-bell shaped samples (L = 5 cm; [ = 4 mm; active length = 3.5 cm) were cut using a
press and were tested for uniaxial stress—strain curves with a 50 mm/min elongation speed.

The kinetics of water uptake was evaluated at 25, 60 and 80 °C. In this respect, 1 cm? of membrane
samples were dried until constant weight (Wgy). Subsequently, the samples were immersed in 30 mL
distilled water at different temperatures. At regular time intervals, the membranes were extracted,
the water excess was removed by buffering the samples on filter paper and weighting (Wyyet). The
water uptake (WU%) was calculated for each sample using the formula

WU (%) = ((Wiwet = Wary )/ Wary) X 100 1)

The oxidative stability of the membranes was studied by immersing 1 cm? dry samples in 10
mL of freshly prepared Fenton reagent (3 vol % H,O; solution containing 4 ppm Fe(SO4),-7H,0) at
room temperature. The membranes were extracted from the solution after 1 h or after 24 h, dried and
weighed in order to determine the weight loss of the sample as a function of time.

Dielectric spectroscopy measurements were performed with a broadband dielectric spectrometer
(Novocontrol, Montabaur, Germany) equipped with a high-resolution Alpha-A analyzer and a Quatro
Cryosystem temperature controller. Complex dielectric permittivity spectra were recorded under
isothermal conditions by applying an alternating electrical field of 1 V in a broad range of frequency
(0.1-10” Hz). The composite membranes were sandwiched between two gold-plated flat electrodes
and measurements were carried out under pure nitrogen, preventing the moisture from environment.
The measurements were performed on dry (samples kept at 80 °C into a vacuum oven for 12 h)
and hydrated membranes (obtained by immersing the samples in distilled water for 1 h at room
temperature prior to dielectric spectroscopy measurements). The dielectric spectra were collected in
steps of 5 °C with 0.1 °C stability and high reproducibility, at temperatures from 0 to 160 °C and from 0
to 80 °C for dry and hydrated sample, respectively.

The proton conductivity (PC) measurement on CS-TS-HS membrane was carried out in the
longitudinal direction (in-plane) by the four-probes method at two different temperatures (30 and 60
°C), at fully humidification level (100% RH), P = 1 atm, using a hydrogen flux of 1000 sccm, as suggested
by the supplier, and DC current by using a PTFE commercial BT-112 Bekktech conductivity cell (Bekktech,
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LLC acquired by Scribner Associates Inc. in 2011, Southern Pines, NC, USA) with a 5 cm? fixture
hardware by Fuel Cell Technologies, Inc. (BekkTech product no. ACC-920). The cell was connected to
a test station and a potentiostat-galvanostat (AMEL mod.551) [18,19]. A membrane sample of about
2.5 x 0.52 cm? was cut by a sample punch (BekkTech product no. ACC-960) and its size was measured
through a width measurement tool (BekkTech product no. ACC-940) with a magnification of 11x and
a reticule with 0.1 mm gradients. The thickness was measured by a Mitutoyo electronic gauge. The
membrane was assembled in the cell and placed in contact with the two fixed platinum electrodes. By
an indirect imposition of the current, a voltage drop between the two fixed electrodes was measured.
The electrical resistance values were obtained by extrapolating the data from the plot of current as a
potential function. At the end, the PC (o, S:~cm™!) was calculated using the formula

o=L/RWT )

where L = 0.425 cm, fixed distance between the two Pt electrodes; R = resistance in (); W = sample
width in cm; T = sample thickness in cm. The measurement and cell set-up are detailed in Figure S2.

3. Results and Discussions

3.1. Membrane Preparation

CS-TS membrane of a content of 5 wt % TS filler was prepared by simple mixing the components
and drying. Ionic interactions between Lewis acid sites on filler surface and amino basic groups of CS
were proposed to stabilize the inorganic particles into CS matrix [13] (Scheme 1).

OH
o
{\0 %o\}
HO NH X_Basic
o

~—site O|H
o H - o ;
\\S// . — | CS-TS
7\ 5
Hy\ 0| i, Lewis I
0—Ti  Ti* €acid site NH:

H7

A
Bronsted
acid site

OH O Na*
0:;:0 €N +O—l!"O o o
| Fo=y=0d >~ r <]
v i v
OH OH OH /
1 1 1 Q
CS-TS CS-TS CS-TS <
| | | .
(l), NH; O NH 3* —?H CH3- Sll —CH3
o HO o
0—s—o0 =€Na*O=P=0- R R = CH3-Si—CH3
|, O NH; 0
O NH; e H0—< T Y
I TS NIH CH3~Si—CH3

CS-TS
CS-TS :
I S CS-TS
OH ]
OH \

CS-TS-HS CS-TS-TPP CS-TS-PDMS

Scheme 1. Preparation of CS-based composite membranes.
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Three different agents, such as sulfuric acid (HS), pentasodium tripolyphosphate (TPP), and
bis(glycidoxypropyl)-terminated polydimethylsiloxane (PDMS) were further used for cross-linking
and to study their influence on the structure and the properties of the composite membranes. The
first two cross-linkers provide a well-known electrostatic interactions between protonated amino
groups of CS and cross-linker anions [15], while PDMS undergoes covalent cross-linking through the
well-known reaction between CS amino groups and epoxy units attached to the siloxane chains [17]
(Scheme 1). Based on its intrinsic properties (high hydrophobicity, very low Tg, thermal stability
up to 300 °C, relatively low variation of its properties with temperature [20], PDMS cross-linker is
expected to provide to the membrane a higher flexibility and lower shrinkage during drying, as well
as a controllable hydrophilic-hydrophobic balance.

3.2. FTIR Characterization

The structure of the prepared materials was first assessed through FTIR spectroscopy. Figure 1
compares the normalized FTIR spectra of TS and CS intermediates with those of the composite
membranes. Apart from the absorption band at 1633 cm™! (deformation vibration, adsorbed water)
and of a broad band in the range of 879-409 cm™! (Ti~O), in the spectrum of TS, the presence of four
other absorption bands between 1243 and 967 cm™! (1243 and 1141 cm™!, asymmetric and symmetric
stretching vibrations of S=0 groups; 1055 cm™! and 967 bands, asymmetric and symmetric stretching
vibrations of S-O units) confirms the sulfating process and indicates a bidentate coordination of sulfate
groups to Ti atoms, as previously stated [13,21].
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Figure 1. FTIR spectra of sulfated TiO, (TS), pristine chitosan (CS) and CS-TS, CS-TS-HS, CS-TS-TPP,
and CS-TS-PDMS composite membranes.
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For CS sample the characteristic absorption bands appear in the range 4000-800 cm~! [22]. Thus,
broad bands between 3500-3100 cm~! (O-H and N-H stretching vibration) are visible in the CS
spectrum, while asymmetric and symmetric stretching vibrations of C-H groups are located at 2922 and
2872 cm™1, respectively. Chitosan shows also characteristic bands at 1659 cm™! (C=0, amide I), 1600
cm~! (N-H in plane deformation, primary amine), 1400 cm~! (N-H deformation, amide IT) and 1323
cm~! (C-N stretching vibrations, amide III). In the range 1153-1030 cm~! the bands were attributed to
C-O-C groups [23].

Modified FTIR spectra as compared to those of the pristine TS and CS components are observed
for the composite membranes confirming the presence of these components in the membrane structure
and the interaction of the cross-linker with chitosan matrix.

Thus, the presence of acidic groups determines the protonation of amino groups of chitosan and
the shifting of the primary amine absorbance from 1600 cm™! in CS spectrum to 1543 and 1547 cm™~!,
respectively in CS-TS and CS-TS-HS spectra (see insert) [15]. Moreover, the interaction of sulfate
groups with chitosan determines shifting of amide I and amide III bands to lower (decreased bond
strength), respectively higher wavenumbers (increased bond strength). Both composite membranes
also show strong bands attributed to the sulfate (1259 em™1) and to Ti-O-Ti vibrations (superposed on
the NH3* rocking vibrations [24,25] and located at 802 cm™1).

The successful cross-linking of CS-TS membrane with TPP is confirmed by the shifting of the
primary amine absorbance to 1567 cm~! due to its protonation and interaction with the phosphate
groups as well as the presence of the P-O-P bridge asymmetric stretching vibration at 889 cm™! [26].
The other phosphate characteristic bands are overlapped on C-O-C vibrations of CS in the range of
1161-1028 cm~! and different effect of phosphate groups on amide bands as compared to that of sulfate
groups is evidenced, i.e., the increase and decrease of amide I, amide II bonds strength respectively,
while amide III absorption remain unchanged.

In the FTIR spectrum of the CS-TS-PDMS membrane, the covalent linking through the reaction
of amino groups of CS and epoxy units attached to the siloxane chains, as well as the increasing of
membrane hydrophobic character induced by siloxane component determines a notable diminishing
of the absorbance bands between 35003100 cm~!. Moreover, strong bands characteristic to siloxane
moiety (1261 and 800 cm ™! Si-CH3; 1094-1026 cm ™!, Si-O-Si) [17], partially covering the bands of CS
are also visible in the spectrum.

One should also mention the diminishing of the characteristic bands of CS in the region
16701300 cm™! for both CS-TS-HS and CS-TS-PDMS samples due to the effect of the strong Si-O-Si
(1100-1000 cm ™) and sulfate (1259 cm™') bands on shorter bands in normalized spectra. (see inserts).

3.3. SEM Characterization

Representative SEM images of membranes recorded for membrane cross-sections are shown in
Figure 2. From the analysis of SEM micrographs, one may observe that all prepared membranes are
dense, with no detectable interconnected pores. TiO, nanoparticles are quite well dispersed throughout
the cross-section of membranes for all studied materials. In addition, CS-TS-PDMS membrane shows
a phase separated morphology, with distinct domains at micro scale level, as a consequence of
strong incompatibility between hydrophilic chitosan and hydrophobic polysiloxanes sequences [20].
Otherwise, according to the literature, siloxanes polymers tend to migrate at the surface exposed to
air [27]. In this respect, elemental analysis was performed on CS-TS-PDMS membrane surfaces and in
the cross-section (Figure 3). The EDX data confirm the presence of Si in higher concentrations at air
exposed interface compared to polymer/glass interface. Nevertheless, one may notice that most of Si
atoms are mainly concentrated in cross-section.

As one may also see from Figure 2, the thicknesses of the cross-linked membranes (about
70 um for CS-TS-HS and CS-TS-TPP samples and about 130 um for CS-TS-PDMS membrane) are
larger as compared to CS-TS pristine membrane (about 30 um), due to the incorporation of the
cross-linking agents. Similar results were obtained on poly(styrene-2-vinylpyrridine) films crosslinked
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by quaternization of pyridine units with diiodobutane [28]. The SEM micrographs recorded for the
membrane surfaces (Figure S3), confirm that all the obtained membranes are dense, with uniform
dispersion of TiO,.

(d)

Figure 2. Representative cross-section SEM images of (a) CS-TS, (b) CS-TS-HS, (c) CS-TS-TPP, and
(d) CS-TS-PDMS composite membranes.
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Figure 3. EDX spectra and elemental compositions of CS-TS-HS (left) and CS-TS-PDMS (right)
composite membranes (a) polymer/glass interface, (b) cross-section, and (c) polymery/air interface.

EDX analysis for CS-TS-HS and CS-TS-PDMS Figure 3) also showed an average content of nitrogen
of 7.2%, respectively 3.7%, confirming the presence of CS in these samples that showed small amide
absorptions in their FTIR spectra.
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3.4. Thermogravimetric Analysis

Figure 4 presents the thermogravimetric (TG) and thermogravimetric derivative (DTG) curves for
pristine CS and composite membranes registered in nitrogen atmosphere, between 20 and 700 °C. CS
degrades through a complex mechanism involving deacetylation followed by dehydration, deamination,
and depolymerization processes. At temperatures lower than 300 °C, two main weight losses are
noticed, centered at Tmax = 73 °C and 300 °C, respectively, as also reported previously by others [29].
The first stage (Tmax = 73 °C) is attributed to the evaporation of water and residual acetic acid solvent
and the second stage (Tmax = 300 °C) is concerned with degradation of chitosan chains. At temperatures
higher than 300 °C, the sample continuously degrades up to a residual percentage weight of 34% at
700 °C.
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Figure 4. TG/DTG curves of CS-TS, CS-TS-HS, CS-TS-TPP, and CS-TS-PDMS composite membranes
compared with pristine chitosan (CS).

The thermal decomposition of composite membranes strongly depends on the nature of
cross-linking agent. Similarly to CS, all of them showed water solvent and acetic acid traces evaporation
phenomena with Tnax between 56 and 86 °C. The presence of acidic groups either linked to TS or
coming from HS and TPP cross-linkers reduces the stability of all composite membranes, the second
decomposition Trmax being about 20-90 °C lower than the value corresponding to pristine CS. However,
comparable weight losses at 700 °C are observed for CS, CS-TS and CS-TS-HS samples, while lower
and higher weight losses are registered for CS-TS-TPP and CS-TS-PDMS membranes, respectively.
Moreover, multi-stage decomposition behavior is observed for composite membranes.

CS-TS membrane shows the second major weight loss with two maxima at 203 °C, attributed
to the loss of sulfate groups, and 243 °C, attributed to the decomposition of amorphous part of CS
matrix. The CS more crystalline domains are decomposing at slightly lower Tmax (290 °C) as compared
to pristine CS. CS-TS-HS membrane presents a second stage of decomposition at Tmax = 211 °C
(sulfate groups) and a third one (CS chains) at Tmax = 266 °C due to the action of higher amounts of
sulfate groups on the polysaccharide structure. CS-TS-TPP membrane showed only a second stage
degradation with Trax of 237 °C. One may notice that this step occurs at a temperature close to the
loss of the sulfate groups. On the other hand, literature data indicate that TPP cross-linked chitosan
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degrades at lower temperatures than pure chitosan (around 230 °C) and this behavior is explained by a
decrease in crystallinity of the polysaccharide following crosslinking with TPP [30]. Thus, at this stage,
the degradation of both sulfate groups and polymer occurs. Apart the first step of water evaporation,
the thermal degradation of the CS-TS-PDMS sample is more complex and involves simultaneous
decomposition of the functional sulfate, hydroxyl and alkyl amines units (at 280 °C) and of CS and
PDMS chains at 342 and 450 °C, respectively Note that all prepared membranes are thermally stable to
relatively high temperatures (above 200 °C).

3.5. Mechanical Properties

To study the mechanical properties of the produced membranes, typical mechanical tests were
performed by recording the stress—strain profiles (Figure 5). The mechanical properties were ascertained
in terms of fracture strain, tensile stress, and Young’s modulus (Table 1).
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Figure 5. Mechanical stress—strain profiles at high and low (insert) tensile strain values of CS-TS (1),
CS-TS-HS (2), CS-TS-TPP (3), and CS-TS-PDMS (4) composite membranes.

Table 1. Mechanical properties, water uptake, and stability in oxidative environment and of
chitosan-sulfonated titania composite membranes.

. . o Weight Loss (%) in
Membrane Mechanical Properties Water Uptake (%) (24 h) Fenton Reagent
Tensile Strain (%) Tensile Stress (MPa) Young’s Modulus 2 (GPa) 25°C 60 °C 80°C 1h 24h
CS-TS 10.6 249 1.54 dissolution dissolution
CS-TS-HS 11.8 40.2 1.87 184 172 163 10 15
CS-TS-TPP -1 15.3 1.46 170 121 135 8 22
CS-TS-PDMS 39.7 50.9 1.01 118 88 92 9 30

! Sample slips in gripping, no break occurred. 2 Calculated at 1% strain.

As expected, membrane mechanical properties were influenced by the cross-linker nature.
All samples present stress—strain curves specific to plastic materials with a clear elastic domain at low
strains, followed by a yield strength and plastic deformation. Due to the nature of the siloxane bond
(highly flexible), the yield strength of CS-TS-PDMS shifted to larger strains. Moreover, the cross-linking
of CS-TS membrane with TPP resulted in a tougher material, since no strain break occurred. These
observations were corroborated by the data presented in Table 1.

The cross-linking process of composite membranes affects the calculated values for fracture strain,
tensile stress, and Young’s modulus. Thus, compared to CS-TS sample, one may observe that the
elongation at break is higher for the cross-linked membranes. It should be noted that the same trends
were found for the tensile stress values, except for CS-TS-TPP sample. One may also notice that the
cross-linking processes decrease Young’s modulus values whatever the cross-linking agent, except the
membrane cross-linked with sulfuric acid, but its values are higher than 1 GPa for all samples.
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3.6. Water Uptake Capacity of Composite Membranes

Sufficient water content is essential in the operation of fuel cells determining the membrane
performance, stability, and durability [31]. As expected, CS-TS sample was completely dissolved
in water after less than 5 min. Water uptake kinetics curves of cross-linked membranes are given
in Supplementary Materials (Figure S4) and the values observed after 24 h are listed in Table 1.
All cross-linked membranes revealed very high water uptake capacities for all temperatures considered,
with values ranging from 88% (for amphiphilic CS-TS-PDMS sample at 60 °C) to 184% (for CS-TS-HS
sample at 80 °C). Moreover, water uptake mainly occurred in the first minutes of experiment. Generally,
the cross-linked membranes exhibit superior capabilities at 25 °C compared to 60 and 80 °C. These
findings are in good agreement with the literature and confirm that the moisture adsorbed by chitosan
films decrease with the increase of temperature [32].

3.7. Chemical Stability of Composite Membranes

The oxidative stability of membranes are often used in the evaluation of PEMs [33]. In this respect,
the membranes were challenged with freshly prepared Fenton’s reagent (Table 1). The unmodified
membrane (CS-TS) was completely dissolved in Fenton’s reagent, while the cross-linked membranes
were relatively stable. The resistance to oxidation of the membranes decreased in 24 h from weight
loss values of up to 10 wt % in 1 h, to 15, 22, and 30 wt % for the samples cross-linked with HS, TPP,
and PDMS, respectively, the CS-TS-HS membrane showing the best oxidation resistance.

3.8. Broadband Dielectric Spectroscopy

3.8.1. Overall Dielectric Behavior of Dry Membranes

Figure 6 displays the evolution of dielectric constant (¢”) and dielectric loss (¢”) with frequency
for dry CS-TS-HS membrane, as a representative example. The spectra corresponding to dry CS-TS,
CS-TS-TPP, and CS-TS-PDMS samples are found on Supplementary Materials (Figure S5).
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Figure 6. Evolution of the dielectric constant (a) and of the dielectric loss with frequency (b) for dry
CS-TS-HS composite membrane.

As is generally known, the dielectric constant is related to the orientation of chemical dipoles
in the direction of an alternating electrical field. ¢” diminishes gradually with increasing frequency,
since the dipoles can no longer follow the oscillations of alternative field [34]. According to Figure 6a,
the CS-TS-HS membrane provided a high dielectric constant in the considered integral frequency
range, revealing an intense dipolar activity. The strong decrease of the dielectric constant, especially at
low frequencies is an effect of ionic polarization induced by the sulfate groups [34]. Moreover, the
magnitude of ¢’ increased with temperature due to increased mobility of polymer segments having a
dipole moment.

The dielectric loss parameter comprises the dissipated energy for the dipole alignment motions
and the energy required to move ions in response to the alternating electrical field. As a consequence,
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both the polarization and the electrical conductivity signals are observed. In Figure 6b, the dielectric loss
curves revealed a linear evolution with frequency, especially at low frequencies and high temperatures,
with a slope close to —1, which is characteristic for the ionic conductivity-type signal. In fact, the high
dielectric signals and their gradual decline with increasing frequency are a result of ionic polarization
in the polymer membrane matrix [34].
The electrical conductivity, o (S/cm), is related to the dielectric loss and was further estimated
with the relation (3) [35]
o=2meyfe” (3)

where ¢ is the permittivity of the free space and f is the applied electric field frequency.

Figure 7 displays the behavior of conductivity with frequency at selected temperatures from
0 to 160 °C for dry membranes. For CS-TS-HS sample (Figure 7a), at low temperature (0 °C), the
conductivity exhibits an approximately linear evolution with log frequency and is generally attributed
to electronic-type conduction of the bulk membrane [36]. At higher temperatures, deviations from
linearity are observed, especially at low frequencies. This region appears in the same frequency range
with the linear-type behavior of dielectric constant and dielectric loss. The observed correspondences
were previously reported by Pochard et al. [37]. According to literature, the low frequency-independent
conductivity plateau could be attributed to the transport of protons through the polymer membrane [36].
Additionally, one may observe an increasing step in o(f) spectra that shifts progressively to higher
frequencies with temperature. This particular signal called as Maxwell-Wagner—Sillars (MWS)
polarization generally appears in heterogeneous systems, at the interface between the components
with different dielectric constant (polar sulfate groups within the chitosan matrix) [34,38,39]. As shown
in Figure 7a, one may notice that the conductivity values at a frequency of 1 Hz are ranging from
5.9-x 10713 S/em at T = 0 °C to 8.5 X-10™% S/cm at T = 160 °C. The relatively low values correspond to
the conductivity of the bulk material and reveal the dielectric-type of the dry CS-TS-HS sample [4].
The o(f) spectra of dry CS-TS, CS-TS-TPP, and CS-TS-PDMS systems are presented in Supplementary
Materials, Figure S6 and reveal similar dielectric behavior.
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Figure 7. Evolution of the measured conductivity with frequency and temperature for dry membranes:
(a) CS-TS-HS membrane (b) comparison of conductivity behavior of all prepared membranes.

The high values of dielectric constant and dielectric loss, especially at low frequencies, suggests
the possibility of the use of these materials as PEMs suitable for fuel cell application in a considerable
temperature range [36]. Moreover, the frequency evolution of dielectric loss with the slope of —1
could suggest that the segmental dynamics controls the conductivity signal [40]. Since the glass
transition of polymer membranes appears above 210 °C, the segmental relaxation should corresponds
to the side chain movements from chitosan together with the attached acid groups. In this respect,
a comparative evolution of conductivity as function of frequency for all considered dry membranes is
displayed in Figure 7b. At lower temperatures (25 °C), the conductivity is mostly electronic, with a
small contribution of ionic conductivity localized in the low frequency spectral region (more evident
for CS-TS-TTP sample) and generally assigned with proton transfer through different sulfate acid sites.
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Furthermore, the o(f) profiles of cross-linked chitosan membranes furnishes similar behavior probably
due to reduced mobility of active sites. The CS-TS-HS, CS-TS-TPP, and CS-TS-PDMS composite
membranes presented lower proton conductivity than the CS-TS membrane since the cross-linking
process restrict the mobility of polymer segments, hindering the transport of charges [34].

As seen in Figure 7b, at higher temperature (60 °C), the plateau region of proton conductivity is
enlarged to higher frequencies, revealing an increased mobility of charge carriers. In this temperature
region, the magnitude of o(f) spectra for CS-TS is still higher than those of cross-linked membranes,
due to restrictions imposed by the membrane network.

The effects of cross-linking with different agents are shown in Table 2, where the proton conductivity
values are extracted from o(f) spectra of the prepared membranes, choosing the frequency of 1 Hz.

Table 2. Values of conductivity at various frequencies for dry and hydrated chitosan-sulfated
titania membranes.

Conductivity, o (S/cm) at a Frequency Conductivity, o (S/cm) at Low and High
of 1 Hz for Dry Membranes Frequencies for Hydrated Membranes
Membrane .
o o o f=1Hz f=10° Hz
25°C 60 °C 100 °C 25°C 60 °C 25°C 60 °C

CS-TS 6.6%x10712 52x1011  33x107? - - - -
CS-TS-HS 22x10712 17x1071! 39%x10710 25%x10° 81x10® 21x10° 1.1x107°
CS-TS-TPP 1.8x10712 12x10711 78x1071! 57x10® 57x10% 57x10° 45x107°
CS-TS-PDMS 2.6 x 10712 11x10711 74x1071 70x10® 19x107 14x10°> 31x10°

As seen from Table 2, at 25 °C, o values of all dry membranes are of the order of 10712 S/cm and are
increasing to 107! S/cm at 60 °C. At 100 °C (see also Figure S7), the values of the conductivity for dry
CS-TS-TPP and CS-TS-PDMS are surprisingly similar, revealing that the TPP and PDMS cross-linking
agents have comparable effects on the transport of protons through the chitosan membrane. This finding
is somewhat surprising since the acid sites of pentasodium tripolyphosphate were expected to enhance
the proton conductivity of the membrane. By contrast, the conductivity of CS-TS-HS is at least one
order higher than those of CS-TS-TPP and CS-TS-PDMS indicating that the protonation of the amine
groups of chitosan by sulfuric acid promotes the protonic conductivity. Thus, among various types of
cross-linking agents, the sulfuric acid conducts to superior protonic conductivity at low humidity and
high temperatures.

3.8.2. Influence of Water Absorption on the Protonic Conductivity of Membranes

The hydrated membranes were obtained by immersing the samples in distilled water for 1 h at
room temperature prior to dielectric spectroscopy measurements. The hydrated CS-TS membrane was
not examined, because the water incorporation completely damaged the sample. The dielectric spectra
of membranes were collected at different temperatures from 0 to 60 °C, in steps of 5 °C. No reliable
spectra were obtained at temperatures higher than 60 °C due to quick evaporation of water.

Previous studies have concluded that the hydrophilic sulfonic acid groups from the membranes
is primarily responsible for water uptake [2]. As stated above, the water uptake of the studied
membranes varies with the cross-linker nature. The resulting conductivity dependences as function
of frequency and temperature are shown in Figure 8. o(f) spectra similar to that corresponding to
hydrated CS-TS-HS membrane were obtained for hydrated CS-TS-TPP and CS-TS-PDMS samples
(Figure S8). For CS-TS-HS hydrated membrane (Figure 8a), one may observe dramatically increased
o(f) magnitudes in the integral frequency range as compared to the dry sample (Figure 7a). Therefore,
the membrane saturated with water exhibits conductivity values with about 4 orders of magnitude
higher than the corresponding dry membrane, thus suggesting that the conductivity is strongly
enhanced by proton migration between polar water molecules. Similar differences between dry and
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hydrated membranes were previous reported for the standard Nafion 117 [4]. Likewise, the o(f) profiles
reveal an additional frequency independent conductivity plateau located at high frequencies.
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Figure 8. Evolution of conductivity with frequency at different temperatures for hydrated samples: (a)
CS-TS-HS membrane, (b) comparison of conductivity behavior of all cross-linked membranes.

The comparative o(f) spectra of hydrated membranes from Figure 8b and the conductivity values
collected in Table 2 reveal that both the low frequency and the high frequency independent frequency
plateaus are different in magnitude and their enlargement is depending on membrane composition,
water content and temperature. The conductivity of hydrated CS-TS-HS membrane is two orders
higher than those of CS-TS-TPP and CS-TS-PDMS because of superior content of sulfuric acid and
water uptake capacity (see Section 3.6). Moreover, the conductivities of CS-TS-TPP and CS-TS-PDMS
membranes are almost similar, revealing no particular influence of the cross-linking agent.

According to Figure S9, the conductivity of dry membranes increases linearly with temperature,
suggesting that the relaxation dynamics influences the overall conductivity. By contrast, the increase
of conductivity with temperature for hydrated samples is noticeably reduced, indicating that the
conductivity is primarily highlighted by polar water molecules.

The activation energy for proton transport in chitosan membranes, E, was determined with the
Arrhenius-type relation

o = opexp(—Es/kT) 4)

where 0y is a pre-exponential factor, k is the Boltzmann constant, and T is the absolute temperature.
The activation energy is related to the energy required for proton transport between different polar
sites [35].

The activation energy values of the dry membranes are ranging from 53 to 69 kJ/mol. The calculated
values are comparable with other systems previously reported [36,41]. Besides, the activation energy
for hydrated membranes is much lower than that of dry membranes (ranging from 23 to 31 kJ/mol).
According to literature, the values for hydrated membranes suggest that the proton transport occurs
primarily via the Grothuss mechanism, i.e., proton migration through hydrogen bond of water
molecules by jumping [34,42,43].

The measurement of in-plane proton conductivity by four-probes [44,45] method, as described in
Section 2.3, was carried out as a confirmation only on the most promising membrane CS-TS-HS that
supplied the highest proton conductivity value by dielectric spectroscopy. Such measurement was
repeated twice for each temperature in order to have a statistically valid value and hence the result
provided is the average between them. Thus, the test through four-probes method (in-plane) at 30 and
60 °C indicated proton conductivity values of 3.0 X 1073 and 6.2 x 1073, respectively.

The results obtained supply a complete overlapping at 30 °C and a good coherence at 60 °C,
if compared to the results on the same membrane arising from the dielectric spectroscopy taking into
account the substantial differences of the techniques. In Figure S2, the technique used together to the

109



Polymers 2020, 12, 1125

test station and cell for the measurement is described. Such a result confirms the promising capacity of
the membrane CS-TS-HS, cross-linked by sulfuric acid.

4. Conclusions

Chitosan-sulfated titania composite membranes with appropriate properties for fuel cell
applications were produced and the influence of three different cross-linkers—sulfuric acid,
pentasodium tripolyphosphate, and polydimethylsiloxane-diglycidyl ether terminated—were studied
to obtain their properties. The chemical interaction between chitosan and sulfated titania, as well as
the success of the cross-linking reactions, was proved by FTIR structural analysis. The morphological
analysis by SEM showed the formation of dense membranes with thicknesses ranging from 31 to 130 um
and uniform dispersion of inorganic filler. The mechanical and thermal measurements indicated that
cross-linking processes conducted to tougher materials with thermal stabilities values up to 200 °C.
Typical tests usually applied for PEM evaluation, such as water uptake and chemical stability, indicated
that the cross-linked membranes developed in the present study can be recommended for fuel cell
application. The proton conductivity performances evaluated by dielectric spectroscopy were proven
to strongly depend on cross-linker nature and on hydration state of membranes. The most promising
membrane was achieved by using sulfuric acid as cross-linker. In addition, according to calculated
values of activation energy, the proton transport can occur mainly via the Grothuss mechanism.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/5/1125/s1,
Figure S1: 1H NMR spectrum of pristine chitosan (CS); Figure S2: (a) Test station for proton conductivity
measurement connected to cell and potentiat-galvanostat; (b) conductivity cell and formula used; Figure S3:
Representative surface SEM images of (a) composite chitosan—sulfonated titania membrane (CS-TS) and composite
chitosan—sulfonated titania membranes cross-linked with (b) sulfuric acid, (c) pentasodium tripolyphosphate,
and (d) polydimethylsiloxane (CS-TS-HS, CS-TS-TPP, and CS-TS-PDMS, respectively); Figure S4: Water uptake
kinetics of composite chitosan—sulfonated titania membranes cross-linked with sulfuric acid, pentasodium
tripolyphosphate and polydimethylsiloxane (CS-TS-HS, CS-TS-TPP, and CS-TS-PDMS, respectively) at (a) 25 °C,
(b) 60 °C and (c) 80 °C; Figure S5: Dielectric constant and dielectric loss evolution with frequency for dry CS-TS,
CS-TS-TPP, and CS-TS-PDMS composite membranes; Figure S6 Evolutions of the measured conductivity with
frequency for dry (a) CS-TS, (b) CS-TS-TPP, and (c) CS-TS-PDMS composite membranes; Figure S7: The evolution
of conductivity with frequency at 100 °C for dry membranes; Figure S8: Evolutions of the measured conductivity
with frequency for hydrated CS-TS-TPP and CS-TS-PDMS composite membranes; Figure S9: The evolution of
conductivity with temperature at 0.1 Hz for dry and hydrated membranes; and Equation (S1) for Determination of
sulfate groups content by back-titration method.
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Abstract: In this study, synthesis and characterization of chitosan/maghemite (Cs/Fe,O3) composites
thin film has been described. Its properties were characterized using Fourier transform infrared
spectroscopy (FTIR), atomic force microscopy (AFM) and ultraviolet-visible spectroscopy (UV-Vis).
FTIR confirmed the existence of Fe-O bond, C—N bond, C-C bond, C-O bond, O=C=0 bond and
O-H bond in Cs/Fe;Oj thin film. The surface morphology of the thin film indicated the relatively
smooth and homogenous thin film, and also confirmed the interaction of Fe;O3 with the chitosan.
Next, the UV-Vis result showed high absorbance value with an optical band gap of 4.013 eV. The
incorporation of this Cs/Fe, O3 thin film with an optical-based method, i.e., surface plasmon resonance
spectroscopy showed positive response where mercury ion (Hg?") can be detected down to 0.01 ppm
(49.9 nM). These results validate the potential of Cs/Fe,Oj3 thin film for optical sensing applications in
Hg?* detection.

Keywords: chitosan; maghemite; optical; mercury ion; surface plasmon resonance

1. Introduction

Organic polymeric materials made up of many repeating monomer units have made a significant
impact on biological and biomedical research activities because of the flexibility and the ease of
fabrication [1]. One of the well-known organic polymeric materials is chitosan, easily derived from
partial deacetylation of chitin with a degree of 50% or greater [2-4]. To be more specific, chitosan
is a family of linear polysaccharide as a part of glucosamine and N-acetyl glucosamine units linked
via 3-1,4 glucosidic bonds [5,6]. Chitosan contains three types of reactive functional groups, primary
amine groups and primary and secondary hydroxyl groups, respectively, at positions C-2, C-3 and C-6.
Among the three types of functional groups, the primary amine groups at C-2 positions are the most
favorable sites interacting with the biological molecules, metal ions and organic halogen substances.
Taking the advantages of chitosan with high absorption capacity and high biocompatibility, chitosan is
known as an ideal substrate for enzyme immobilization [7]. Other excellent advantages of chitosan
including non-toxicity, great film-forming ability, powerful adhesion property and high mechanical
strength, offers great room for sensor applications [8-10]. However, the problem of poor stableness
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of chitosan because of the hydrophilic character and pH sensitivity restricts its application [11,12].
Previous reports showed that the stability of chitosan could be improved by combining with oxide or
metal oxides and the product can be effectively used as recognition elements for chemical sensors and
biosensors [13-15].

Iron (III) oxide or ferric oxide is the inorganic compound with the Fe;O3 formula, which varies in
color depending on its phase [16]. Fe,O3 materials have four polymorphs phases such as «-Fe,O;
(hematite), 3-FepOs, v-FepO3 (maghemite) and e-Fe,O3 [17,18]. The differences of the phases are
known from their originality, for examples, hematite and maghemite are naturally obtained and the
other two of phases are synthesized in laboratory [19,20]. Among the phases, y-Fe;Os is one of the
chief interests. It is the second most common sustainable form of Fe,O3, known as completely oxidized
magnetite. Maghemite has a high curie temperature, but has a lower saturation magnetization at room
temperature and a supermagnetism property that makes it quite efficient in removing heavy metal
pollutants from water [21,22]. Moreover, it is believed that Fe,O3; can improve and provide better
mechanical properties to chitosan [23].

Accumulation of heavy metals in water and food production, primarily mercury (Hg) is the most
hazardous heavy-metal pollutants even at a very low concentration. The most toxic chemical forms
of Hg are ionic Hg (Hg?*), causes serious damage to human health such as brain damage, immune
dysfunction and paralysis [24-26]. Therefore, the removal and detection of Hg?" in the aqueous
environment are of great significance [27-31]. Among the existing optical techniques to detect Hg?*
are colorimetric, fluorescent, chemosensor, electrochemiluminescence (ECL) and photoluminescent
(PL) [32-34]. Though these techniques are widely used, they encounter from many drawbacks, such as
high instrument operating costs, repetitive pretreatment procedures and long initiation times [35].

Corresponding to the previous methods, surface plasmon resonance (SPR) proposed a cost-effective,
label-free detection method for convenient usage, rapid detection and excellent sensitivity and selectivity
to heavy metal ions [36-40]. Since enormous efforts devoted to creating sensors with high sensitivity to
Hg?" are greatly needed currently, selection of the metallic layer such as the gold layer is an important
aid in producing higher sensor sensitivity in SPR [41]. Over the last decade, the surface SPR technique
has emerged as an effective optical technique for various applications including detection of heavy
metal ions [42-51]. Unfortunately, the main problem to detect optically the heavy metal ions solution is
the similar refractive indices of heavy metal ions for lowest concentration, which eventually becomes
the goal of researchers. Hence, many researchers have dedicated their time to develop chitosan-based
materials onto SPR interfaces in lowering the detection limit of Hg?*, specifically [52-54]. A recent
study documented the utilization of polypyrrole-chitosan/nickel-ferrite nanoparticles as an active layer
to a prism-based on SPR technique for Hg?* sensing, which reached a limit of detection (LOD) as
low as 1.94 uM [54]. Other recent studies using chitosan-based materials as sensing layers for the
detection of Hg?* by SPR are summarized in Table 1. It is of interest to further improve the LOD using
chitosan-based SPR sensor.

Table 1. Chitosan based material by surface plasmon resonance (SPR) for the detection of Hg2+.

Ref. Sensing Layer LOD

[38] MMW chitosan (glutaraldehyde-crosslinked) 2.49 uM
[52] Polypyrrole-chitosan conducting polymer composite  2.50 uM
[53] Chitosan/graphene oxide 0.50 uM
[54] Polypyrrole-chitosan/nickel-ferrite nanoparticles 1.94 uM

Ref.: reference. LOD: limit of detection.

To the best of our knowledge, the study for Cs/y-Fe,O3 composite to detect HgZJr using the SPR
technique is not reported yet. There is also a lack of studies on the structural and optical properties
of these composites. Therefore, an effort was made to apply the chitosan/y-Fe,Os thin film onto a
thin gold surface, as a novel active layer for the SPR technique in sensing Hg?* as low as nanomolar.
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Besides, the studies of structural and optical properties of Cs/y-Fe,Os thin film on the gold surface are
also reported and explored.

2. Materials and Methods

2.1. Reagent and Materials

The Fe,O3 was purchased from R&M Marketing, Essex, U.K. The medium molecular weight
chitosan and acetic acid were purchased from Aldrich (Saint louis, MO, USA). Standard solution of
Hg?* with concentration of 1000 ppm was purchased from Merck (Darmstatd, Germany).

2.2. Preparation of Chemical

Firstly, 50 mL distilled water was added into Fe;O3 (4 mg/mL). Then 10 mL of NHj3 (25%) and
0.615 mg of ethylenediaminetetra acetic acid (EDTA) was added as precipitation agent and as capping
agent to the solution with stirring respectively. The reaction was allowed to proceed for 1 h at 50 °C
with constant stirring. Finally, the black precipitate of nano-Fe,O3-EDTA formed and it was rinsed with
distilled water and left to dry 80 °C for 3 h. For chitosan preparation, 1% acetic acid was prepped by
diluting stock 1 mL acetic acid with deionized water in 100 mL volumetric flask. Next, 400 mg medium
molecular weight chitosan that was acquired from Aldrich was dissolved in 50 mL of 1% aqueous
acetic acid and the solution vigorously stirring to ensure powder chitosan dissolved completely. To
produce the nanostructured chitosan/maghemite (Cs/Fe;O3) composites, 30 mg Fe,O3 capped EDTA
was dispersed in 10 mL of 0.1% in chitosan solution and sonicated in room temperature for 15 min.
The Hg?* standard solution with a concentration of 1000 ppm was diluted with deionized water to
produce Hg?* solutions with concentrations of 0.01, 0.05, 0.08, 0.1 and 0.5 ppm [55,56].

2.3. Preparation of Thin Film

To begin, glass slips (24 mm X 24 mm X 0.1 mm, Menzel-Glaser, Braunschweig, Germany),
as a substrate, were coated with a thin layer of gold with thickness 50 nm using SC7640 sputter
coater [57]. Next, approximately 0.55 mL of the chitosan, Fe,O3 and Cs/Fe,O3 composites solution was
set separately on the surface of the gold coated glass slip. Then the glass slips were spun at 6000 rev
min for 30 s using the Specialty Coating System, P-6708D (Inc. Medical Devices, Indianapolis, IN,
USA) to produce the chitosan, Fe;O3 and Cs/Fe,O3 composites thin films.

2.4. Instrumental

Fourier transform infrared (FTIR) spectra for each surface modification of thin films were recorded
in the transmittance mode using a Perkin-Elmer spectrophotometer (Waltham, MA, USA) under the
wavelength range 400-4000 cm™~!. The absorbance spectra of the films were recorded from 200 to
500 nm using UV-Vis-NIR spectroscopy (UV-3600 Shimadzu, Kyoto, Japan). The optical band gap
energy was calculated using the data obtained. Atomic force microscopy (AFM) analysis was carried
out using Qscope 250, Qesant Instrument Corporation (Quesant, CA, USA) in intermittent mode to
study the topography and height of Cs/Fe?O? thin film. An optical-based sensing method based on
surface plasmon resonance (SPR) was designed to identify the potential of the Cs/Fe,Oj thin film to
detect Hg?". Figure 1 shows the schematic diagram of the SPR instrument setup [58-61]. The SPR
experiment was carried out by inserting Hg?* solutions with different concentration varied from 0.01
to 0.5 ppm. It was injected one after another into the cell to bind with Cs/Fe;O3 thin film coated
onto gold surface thin film. The SPR curve and resonance angle for all concentrations was monitored
and recorded.
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Figure 1. Optical setup of surface plasmon resonance spectroscopy.

3. Results and Discussion

3.1. FTIR Analysis

FTIR spectroscopy was used to identify the functional groups existed in Cs/Fe;Oj3 thin film. The
spectrum of chitosan, Fe;03 and Cs/Fe,Oj3 thin films in the range of 450-4000 cm ™! are represented in
Figure 2. From the FTIR spectrum of chitosan thin film, the broad absorption band at 3386.43 cm™!
can be appointed to the stretching vibration of O-H. A weaker band found at 2901.26 cm~! can be
attributed to C-H stretching in chitosan. Another absorption band at 1655.48 cm~! was associated with
the presence of the C=0 stretching bond. There is an absorption peak at 1084.47 cm™! that corresponds
to the C-O group, which indicates the presence of the -COOH group in chitosan thin film. Two more
bands at 500.76 cm ™! and 458.22 cm™! were assigned to the C-C bond and C-N bond respectively. This
finding is well aligned to the previous study by Anas et al. [62].

Cs/Fe Cl3
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3153.55 88413
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Transmittance (au)

500.76
sageds 290126 165548 1084.47 452
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Figure 2. FTIR spectrum for chitosan, Fe;O3 and Cs/Fe,Oj3 thin films.
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Next, a particular major peak in the Fe;Os thin film was identified with the degree of cation
vacancy, ordering between octahedral Fe cation and O atoms [63]. The absorption peak at 789.63 cm™!
is a characteristic of maghemite Fe-O stretching vibrations particles. This peak is solely attributed to
the high degree of cationic vacancy ordering [64]. The broad band characteristic for bending vibration
of water adsorbed on the maghemite’s surface is at 2078.99 cm~'. The intense bands at 1642.79 cm™!
and 3153.55 cm™! were then assigned to CO, vibration and O-H vibrations, respectively, ratifying the
presence of surface y-Fe;O3 hydroxyl groups.

In the spectrum of Cs/Fe;O3, the chitosan does not provide clear absorption bands at a lower
wavenumber. This is due to the low percentage of chitosan compared to maghemite in the synthesization
process. However, the presence of chitosan can be observed based on the intensity peak. The peak
intensity of Cs/Fe;Oj3 clearly increased after the sorption of chitosan and Fe,; O3, i.e., at C-H stretching
(458.22 cm™1), C—C bond (611.23 cm™!) and O=C=0 stretching (1630.85 cm™!). An increase in the
peak intensity usually indicates an increase in the sum of the functional group (per unit volume)
associated with the molecular bond [65]. On the other hand, a strong absorption band was observed at
789.63 cm™!, confirmed the presence of Fe.O as the main phase of the Fe,O3 and a band at 3110.26 cm™!
that appointed to the O-H vibration of surface maghemite hydroxyl groups. Overall, the FTIR results
showed the increasing peak intensity of Cs/Fe,O3, which confirmed the physical interaction of chitosan
and y-Fe,Oj3 in those composites.

3.2. Surface Morphology

The in situ atomic force microscopy (AFM) measurements enable the chitosan, Fe;O3 and Cs/Fe; O3
adsorption on thin films to be visualized in real time. The AFM images illustrate the topographical in
the thin films as shown in Figures 3-5. The topographical can be observed by various parameters that
exist to quantify the root mean square (rms) roughness of a surface. The RMS roughness value can
be calculated from the cross-sectional profile or a surface area [66]. The RMS roughness obtained by
chitosan, Fe,O3 and Cs/Fe, O3 thin film were 1.4 nm, 47 nm and 37.3 nm, respectively. The magnitude
decreased in RMS roughness of Cs/Fe,Oj thin film compared to Fe,Oj thin film attributable to the
association of two materials, which are chitosan and Fe,Os. The roughness implies that a smoothening
mechanism by surface diffusion [67]. This result indicates that the presence of chitosan can enhance
the surface of the thin film. The roughness introduced in the nanostructured maghemite in chitosan
thin film intended appropriate form to enhance the thin film as sensing element [68]. This result is in
line with the FTIR data, proving the presence of maghemite and chitosan in the Cs/Fe;O3 thin film
based on the RMS roughness.

Height Sensor

Figure 3. Atomic force microscopy (AFM) image of chitosan thin film.
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Figure 4. AFM image of Fe,Oj3 thin film.

Height Sensor 1.0um
Figure 5. AFM image of Cs/Fe,O5 thin film.
3.3. Optical Studies

For the optical properties, the absorbance spectrum of the thin films was observed and measured
at wavelength from 250 to 500 nm. The UV-Vis results of chitosan, Fe,O3 and Cs/Fe,Oj5 thin films are
shown in Figure 6 it can be spotted that all of the thin film has diverse value of absorbance. From
the graph, the absorbance spectra of Cs and Fe,Os3 thin films were slightly higher as compared to
the Cs/Fe,Oj thin film. The maximum absorption wavelength can be observed at 260-300 nm. The
absorption peak about 300 nm corresponds to T—7t* transitions of C=0 [69,70].
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Figure 6. Absorbance spectrum chitosan, Fe,O3 and Cs/Fe; O3 thin films.
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The UV-Vis absorbance spectrum was then quantitative analyzed based on the Beer-Lambert
law theory. This law refers to a relation between the attenuation of light by a material and its
properties, which the monochromatic light (single wavelength) is travelling. Since the amount of the
emitted radiation intensity is only dependent on the thickness, t and concentration of the solution, the
absorbance, A of the samples can be collected at a single wavelength, as follows [62]:

I
A =log, I_j 1

The transmittance, T of sample is given by the ratio of intensities of the presence I; and the absence I,
of the sample:

I
T=— 2
i @
Thus, the absorbance and transmittance can be related by:
A=-log,, T (3)

Apart from the absorbance, absorbance coefficient is a useful parameter to compare samples
with varying thickness. The sample thickness was obtained by using atomic force microscopy. The
absorbance coefficient, a (in unit of m~!) is given by:

a= 2.303‘% (4)

where ¢ is the thickness of sample in unit of m. The absorbance coefficient and optical band gap can be

related by:

 k(hw—Eg)"
= 5)

Rearranging Equation (5) gives:
(ahv)'™ = k(hv - Eg) (6)

where hv is the photon energy, h is Plank’s constant, E; is the optical band gap, k is constant and n
is the transition states, i.e., direct or indirect transitions. Direct transition is transition in which a
photon excites an electron from the valence band to the conduction band directly if the momentum of
electrons and holes is the same in both bands (conduction and valence). On the other hand, indirect
transition is a photon cannot be emitted because the electron must pass through an intermediate state
and transfer momentum to the crystal lattice. From these, it can be concluded that the absorption in the
thin films corresponds to a direct energy gap. For direct transition, n = 1/2 and this value is substituted
in Equation (6) and becomes:

(ahv)'™ = k(hv - Eg) @)

To evaluate the optical band gap, E of the chitosan, Fe;O3; and Cs/Fe;Oj3 thin films, the graphs
of (ahv)? against hv are plotted as shown in Figures 7-9, respectively. As a result, the intersection of
straight line on the edge was obtained, indicating the direct transition of the optical band gap [71].
The calculated values of the optical band gap were 4.073 eV, 4.078 eV and 4.013 eV for chitosan, Fe;O3
and Cs/Fe; O3 thin films respectively (with the corresponding error of +0.001 eV) [72,73]. This result
indicated the maghemite had a band gap energy of 4.078 eV, which was higher than to the 2 eV
bulk [64]. This might be due to the structure defects, that have changed the phase, strain and size of
nanoparticles during heat treatment that led to the increase of band gap [74]. When Fe,O3; added
on chitosan, the band gap became lower as compared to the individual band gap. It can be due to
the increased of crystallite size attributed to the confinement effects that related to the rise amount of
orbitals participating in the formation of valence bands and covalent bands through orbital overlap [75].
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Thus, this showed that defects and confinement effects have a huge impact on the optical properties of
a composite.
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Figure 7. Optical band gap for chitosan thin film.
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Figure 9. Optical band gap for Cs/Fe,O3 thin film.
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3.4. Optical-Based Sensing of Hg?*

The optical sensing based on surface plasmon resonance (SPR) phenomenon was conducted by
using Cs/Fe,;Oj thin film to identify the SPR angle for deionized water as a control experiment. The
SPR angle of 55.225° was further applied to compare the SPR angle for different concentration of Hg?*
solution ranged from 0.01 to 0.5 ppm. The SPR reflectively curves for Cs/Fe;Oj3 thin film in contact
with the different concentration of Hg?" are shown in Figure 10. It can be seen that the SPR curves
of Hg?" solution shifted from 0 to 0.5 ppm as compared with the deionized water SPR curve. The
SPR angle for 0.01, 0.05, 0.08, 0.1 and 0.5 ppm of Hg2+ were 54.615°, 54.398°, 54.212°, 54.027° and
53.836°, respectively, with the corresponding error of £0.001° (the resolution of the stepping motor
of the SPR). Overall, it was observed that the SPR shifted to the left with increasing concentration of
Hg?* solution. This finding can be attributed to the increase in binding between analyte-ligand, which
resulted in the change of refractive index as well as the thickness of the Cs/Fe,;O3 sensing layer [76-79].
Hence it is confirmed that Cs/Fe,Oj3 thin film has an affinity with Hg?* and can be integrated with SPR
optical-based sensing method for detection of Hg?*.
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Figure 10. SPR curves for Cs/Fe;O; thin film in contact with deionized water and Hg?* solution with a
concentration of 0.01-0.5 ppm.

4. Conclusions

In this study, a Cs/Fe;O3 thin film was successfully developed using the spin coating technique.
The functional groups analysis from the FTIR results confirmed the correlation between chitosan and
v-Fep O3, with the peak intensity of Cs/Fe, O3 clearly increasing after the sorption of chitosan and Fe;O3
at C—H stretching, C—C bond and O=C=0 stretching. Next, the AFM result showed that the thin film
was homogenous when the surface of chitosan on the thin film was covered by Fe,Os. Besides, the
UV-Vis results confirmed that the Cs/Fe,Oj3 thin film had the lowest absorbance value compared its
individual thin films with an optical band gap of 4.013 eV. The incorporation Cs/Fe,O3 thin film with
the optical-based sensing method using the surface plasmon resonance technique provided positive
response to the Hg?* solution of different concentrations. This result demonstrated the enormous
ability of Cs/Fe,O; thin film for optical sensing of Hg?* as low as 0.01 ppm.
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Abstract: In this work, the transformation of chitosan-grafted-polyacrylamide (GPAM) aggregates
in aqueous solution upon heating was explored by cryo-electron microscope (cryo-TEM) and
dynamic light scattering (DLS), and larger aggregates were formed in GPAM aqueous solution upon
heating, which were responsible for the thermo-thickening behavior of GPAM aqueous solution
during the heating process. The heating initiates a transformation from H-bonding aggregates to
a large-sized cluster formed by self-assembled hydrophobic chitosan backbones. The acetic acid
(HAC) concentration has a significant effect on the thermo-thickening behavior of GPAM aqueous
solution; there is a critical value of the concentration (>0.005 M) for the thermo-thickening of 10
mg/mL GPAM solution. The concentration of HAc will affect the protonation degree of GPAM,
and affect the strength of the electrostatic repulsion between GPAM molecular segments, which will
have a significant effect on the state of the aggregates in solution. Other factors that have an influence
on the thermo-thickening behavior of GPAM aqueous solution upon heating were investigated and
discussed in detail, including the heating rate and shear rate.

Keywords: chitosan-grafted-polyacrylamide; thermo-thickening; rheological; dynamic light
scattering; cryo-electron microscope

1. Introduction

Thermo-responsive polymers have been extensively studied over the past few decades owing
to their industrial and biomedical applications [1-7]. Among them, thermo-thickening has received
much attention from academic and industrial fields because of its huge application potential in many
fields [3,7-12], especially in oil recovery [9,11]. It is always a great challenge in oil recovery to keep
high viscosity of polymer displacement agent at a high temperature because the viscosity of most
current oil displacement agents will decrease upon heating or in a high-temperature environment [9,11].
Differing from most of the commonly used polymers, which can hardly solve this problem [7,13],
the thermo-thickening polymers whose viscosity can be enhanced during heating process have great
potential to be used in enhanced oil recovery as well as water treatment and paper manufacturing [14].
In addition, because the thermo-thickening polymers with high concentration usually present a
sol-gel transition temperature, they also have great potential in controlled permeation [7], tissue
engineering [13], drug delivery [2,6], and so on.

Chitosan (CS) has received tremendous interest owing to its intrinsic properties, biocompatibility,
nontoxicity, amphipathic, accessibility, and abundance in nature [15,16]. It is the precursor for
other applications such as drug delivery [17-19], emulsifier [20], water treatment [21-24], and so on.
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Furthermore, it was found that CS modified by chemical or physical methods [25,26] could present
thermo-thickening behavior and can be roughly divided into two kinds: CS complexes [27-29] and the
derivatives of CS [30-32]. For CS complexes, thermo-thickening behaviors were less reported thus
far except chitosan/poly(vinyl alcohol) (CS/PVA) [27] and chitosan/glycerophosphate (CS/3-GP) [29].
For CS derivatives, modification by poly-N-isopropylacrylamide (PNIPAM) is a common way to realize
thermo-thickening [13,31], and recently, the carboxymethyl chitin also shows a novel thermo-thickening,
which is pH- and temperature-dependent [33]. As there are many kinds of molecular interactions
involved in these aqueous solutions mentioned above, itis difficult to elucidate the molecular mechanism
of the thermo-thickening behavior of these complex systems. For CS/PVA, Schuetz et al. [27] thought
that CS linked with PVA through hydrogen bonds at a low temperature. With temperature increasing,
hydrogen bonds were broken and hydrophobic association among hydrophobic segments of CS
chains gradually increased, as a result the gel-like structure formed. In CS/B-GP, there is no clear
graph presented just excluding the influence of the hydrogen bond [29]. Among CS derivatives,
the mechanism of thermo-thickening for modification by PNIPAM has been acknowledged [13,31,34]
universally. Owing to the lower critical solution temperature (LCST) of PNIAPM, a phase separation
will happen once the temperature rises to ~33 °C. Recently, the carboxymethyl chitin also showed a
novel thermo-thickening associated with pH-dependence [33]. However, the mechanism is also not
clear. By far, except CS-g-PNIPAM, there is no straight evidence to illustrate their assumption or figure
out the mechanism.

Chitosan-grafted-polyacrylamide (GPAM) is one of the CS derivatives that has been reported
to be a high-efficiency flocculating agent [35-38] and a potential oil-displacing agent [39].
Recently, we observed the thermo-thickening behavior of GPAM aqueous solution and proposed a
preliminary outline of the molecular mechanism based on nuclear magnetic resonance (NMR) and
transmission electron microscope (TEM) results. It was found the transformation from a hydrogen
bonding (H-bonding) aggregate to a hydrophobic aggregate upon heating was responsible for the
thermo-thickening [12]. However, some details during the thermo-thickening of GPAM solution are
still unclear, such as the effect of acids on thermo-thickening, among others. In this work, we focus
on the dynamics and rheological behavior of GPAM aqueous solution upon heating. GPAM samples
with various grafting ratios, as shown in Table S1, are used to explore the thermo-induced structure in
aqueous solutions using dynamic light scattering (DLS) and cryo-electron microscope (cryo-TEM).
The influences of acid concentration, ramp rate, and shear rate on thermo-thickening of GPAM aqueous
solutions are addressed.

2. Experimental Section

2.1. Materials

Chitosan (CS) powder and acetic acid-ds (99.9%) were purchased from Sigma and Aldrich,
Shanghai, China. Acetone (99.5%) and sodium hydroxide (96.0%) were purchased from Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China. Ammonium ceric nitrate (CAN, 99.0%), acetic acid
(98.0%), acrylamide (99.0%), and deuterium oxide (D,O, 99.0%) were purchased from Aladdin,
Shanghai, China. All chemicals and reagents were used without further purification.

2.2. Sample Preparation

Highly deacetylated chitosan was obtained by intermittent alkali treatment. Twenty (20) grams
(g) of CS with a deacetylation of 78.9% was added into a mixture of distilled water (600 mL) and
sodium hydroxide (300 g), which was stirred for 20 min at 110 °C. Then, the mixture was heated
to 110 °C with mechanical agitation. After 1 h of mechanical agitation, the mixture was cooled
down to room temperature and the precipitates were filtrated and washed by ultrapure water to
neutrality. The chitosan, after being washed in water, was treated again in the alkaline solution
for further deacetylation. The collected precipitate was dried at 50 °C until reaching a constant
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weight. The deacetylation degree of CS was increased by the intermittent alkali treatment to 98.0%, as
determined by proton nuclear magnetic resonance (\H-NMR) using a Bruker 500 spectrometer (500
MHZz) (Bruker, Karlsruhe, Germany) at room temperature (see Figure S1 in Supporting Information),
and the calculation method of the degree of deacetylation is shown in Equation S1 in Supporting
Information. The synthesis of chitosan-g-polyacrylamide (GPAM) has been presented in the previous
work [12]. The graft ratio of GPAM was characterized by 'H-NMR (see Figure S2 in Supporting
Information), and the calculation method of the graft ratio is shown in Equation S2. In this work, we
synthesized GPAM samples with three kinds of grafting rate, as shown in Table S1.

2.3. Rheological Measurements

Rheological experiments were performed on a stress-controlled rotational rheometer, Discovery
Hybrid Rheometer-2 (DHR, TA Instruments, Newcastle, DE, USA). A 40 mm cone-plate geometry with
a 2° cone angle and a 50 mm gap size was chosen for the steady shear tests. A 40 mm parallel plate
geometry with a 500 mm gap size was chosen for all of the dynamic rheological tests. A defined amount
of sample solution was directly poured very slowly onto the Peltier region in order to avoid the shear
thinning effect and small air bubbles caused by using pipettes. Liquid paraffin was coasted around the
margin of the solution sample to prevent the evaporation of solvent. Oscillatory temperature sweep
tests were carried out using a strain amplitude of 0.2% (within the linear viscoelastic region, LVR),
an oscillatory frequency of 6.283 rad-s™!, and a heating rate of 5 °C/min, unless otherwise stated.

2.4. Dynamic Light Scattering (DLS) and Ultraviolet and Visible Spectrum (UV)

The hydrodynamic radius R}, and size distribution were measured by dynamic light scattering
(DLS) at the scattering angle of 90° using a 90 plus particle size analyzer (Brookhaven Instruments
Corp., Holtsville, NY, USA) The wavelength of laser light was 635 nm. The CONTIN program was
used for the analysis of dynamic light scattering data. The sample was filtered through the Millipore
filters of 1 um and 0.45 pm, successively, which was repeated at least three times.

The transmittance of GPAM solution was analyzed by a Lambda 35 UV/vis absorption spectrometer
(PerkinElmer, Waltham, MA, USA) at 20 °C.

3. Results and Discussion

3.1. Transformation of GPAM Aggregates upon Heating

The structural transformation of GPAM in the solution sample upon heating was investigated by
TEM and DLS in our previous work [12]. However, the microstructures of GPAM aqueous solution
observed by TEM, which were obtained from dried solution samples, could not be the same as
those in water. In addition, the concentration of GPAM used for DLS in the previous work is too
low to observe the thermo-thickening process, because DLS is not appropriate to investigate high
concentration polymer solution samples. Considering the possible impact of the above facts, in
this work, we made appropriate improvements to investigate the macromolecular mechanism of
thermo-thickening. Compared with ordinary TEM, the sample preparation method for cryo-TEM is to
rapidly freeze the solution sample with liquid ethane, and then observe the frozen sample under low
temperature and vacuum conditions [40,41]; as a result, the true structural form of GPAM in solution is
preserved to the greatest extent. So, we used cryo-TEM instead of TEM to examine the structure of
GPAM in aqueous solution. In addition, the transformation of GPAM aggregates in solution upon
the heating process was investigated by increasing the concentration of GPAM solution used for DLS
measurement while guaranteeing the existence of the thermo-thickening phenomenon.

As the viscosity of the GPAM solution may start to increase when the temperature is higher
than 20 °C, as reported previously [12], here, we investigate the macromolecular architecture in
solution at 10 °C. To understand the evolution of the macromolecular architecture of GPAM upon
heating, a thermal treatment at 40 °C for 10 min was applied to the solution sample. In addition,

131



Polymers 2020, 12, 916

the thermo-thickening curve of the GPAM solution sample held at 40 °C was also investigated for
comparison, as shown in the inset of Figure 1a. It can be observed that the viscosity of the solution
sample basically tends to constant value after 10 min at 40 °C. As no thermo-thickening appears at
10 °C, the size distribution of GPAM is shown in Figure 1a. Only a single peak at about 200 nm appears
for the original GPAM solution at 10 °C, which should be attributed to the aggregations of serval
macromolecules rather than a single chain. After the sample was heated and held at 40 °C for 10 min,
a bimodal distribution arises at 10 °C; a peak of about 400 nm and a peak of about several thousand
nm. These results suggest that the aggregates with larger size form upon heating compared with the
original sample.
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Figure 1. (a) Size distribution at 10 °C of 3 mg/mL chitosan—grafted—polyacrylamide 1 (GPAM1)
solutions (0.01 M HAc) without and with a thermal treatment of holding at 40 °C for 3 min; inset
displays the viscosity evolution of 3 mg/mL GPAMI1 solutions with 0.01 M HAc at 40 °C. (b) Dependence
of size distribution for GPAM1 solutions with 0.01 M HAc on concentration at 10 °C.

It should be pointed out that the size distribution of GPAM aggregates in the initial sample
measured here is about several hundred nanometers, and more aggregations with larger size appear
during the thermo-thickening process. These results are because of the fact that we use a higher
solution concentration of 3 mg/mL, which is closer to the truth of the GPAM molecular mechanism
of the thermo-thickening process, rather than using a lower concentration solution to demonstrate
the conformation and aggregation changes of GPAM molecules in the previous report [12]. Figure 1b
gives the aggregation information of GPAM at different concentrations. When the concentration
is low enough, about 0.5 mg/mL, it shows a bimodal distribution. The peak with a smaller size
distribution, about ~80 nm, corresponds to single chain conformation, and the peak with a larger
size, about ~700 nm, corresponds to macromolecular aggregates. In the cellulose solution and other
solutions, the double peaks distribution was also reported [42]. With the increase of concentration,
the single chain conformation disappears and the size of aggregations becomes smaller.

The size evolution of GPAM in aqueous solution at 40 °C is given in detail in Figure 2. The size
distribution of GPAM always presents a single peak, while the size and peak width increase gradually
until 6 min, indicating the formation of larger aggregations. After 11 min, the peak gradually evolves
into a bimodal distribution; a larger single peak at about 3000 nm and a small peak at about 350 nm.
The result is in accordance with Figure 1a. As time goes by, another smaller single peak at about 70 nm
appears at 16 min and 21min, which corresponds to the single chain size. This is a very interesting
result, because it means that some molecules not only do not contribute to thickening, but exist in the
solution as single molecules. This indicated that the newborn lager aggregations upon heating were
unstable with the increasing thermal treatment time; when the size of the association continues to
increase, a small number of GPAM molecules are separated from the aggregates owing to the damage
of hydrogen bonding, and exist as single molecules When the time reaches 21 min, there are even three
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peaks in the GPAM solution, indicating the macromolecular do exist in complex and heterogeneous
forms during thermo-thickening.
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Figure 2. Size distribution of 3 mg/mL GPAM]1 solutions with 0.01 M HAc at different times at 40 °C.
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During ordinary TEM sample preparation, there is a process of volatilization of the solvent and
the solute in the solution will accumulate, so it is necessary to use a lower concentration sample for
observation. The GPAM samples for cryo-TEM observation are obtained by rapidly freezing with
liquid ethane, so it could realistically show the morphological feature of GPAM aggregates in solution.
When the sample concentration is very low, the target content in the observation field is so low that it
is difficult to observe. When the GPAM concentration reaches 10 mg/mL, the viscosity is relatively
large, which is not conducive for sample preparation; therefore, we selected 6 mg/mL GPAM aqueous
solution with 0.02 M HAc for cryo-TEM observation.

Figure 3a,b are the cryo-TEM images of the samples of GPAM solutions aged for 30 min at
10 °C and 40 °C respectively. The cryo-TEM images exhibit a dark domain and a sparse dark region.
We simply consider the dark domain as aggregates and the sparse dark region as loose structures.
Compared with Figure 3a, these aggregates gathered together and formed a much larger cluster
structure. This result is consistent with the results measured by DLS above and confirms the formation
of larger-size aggregates in GPAM solution during the heating process.

——————— 100 hm

Figure 3. Cryo—electron microscope (cryo—TEM) observations of 6 mg/mL GPAM?2 in 0.02 M HAc
solution at (a) 10 °C and (b) 40 °C.
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3.2. Effects of HAc on GPAM Solution

As GPAM aqueous solution in the presence of HAc, the effect of HAc on the existence of GPAM
must be considered. When GPAM is dispersed in acetic acid solution at different concentrations,
its ionization in water will obey the following law:

GPAM — NH, + HAc % GPAM ~ NH; + Ac™ 1)

Usually, the pKa value of CS is about 6.5 [43], and the pka value of HAc is about 4.76 [44]:

oo vEA]  pacyr [NAT] Kana "
[-NH,][HAC] [HAC| [-NH|[H*]  Kacs

According to Equation (1) and (2), the relationship between the degree of protonation of the amino
group and the concentration of HAc can be obtained, as shown in Figure S3 in Supporting Information.
As the concentration of HAc increases, the degree of protonation of the amino group increases.

Figure 4 gives the transparency for the GPAM solution with the increasing HAc concentration.
It is stable when the concentration of HAc is higher than 0.035 M. The macromolecules and aggregates
in GPAM solution decrease gradually with the increase of HAc concentration, as shown in the
inset of Figure 4. This is because the protonation of -NH, is enhanced with the increasing HAc;
the electrostatic repulsion between GPAM molecular segments increases accordingly; and, consequently,
the hydrogen bond interaction among aggregations is gradually weakened, resulting in a decrease of
the aggregation’s size.
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Figure 4. Optical transmittance at 600 nm for 10 mg/mL GPAM2 aqueous solutions as a function of
HAc concentration at 20 °C. Inset displays the particle size of 10 mg/mL GPAM2 aqueous solutions
with the HAc concentration of (a) 0.00175 M, (b) 0.0105 M, (c) 0.0175 M, (d) 0.0351 M, (e) 0.0702 M,
and (f) 0.175 M.

Figure 5a gives the steady flow results of GPAM at different HAc concentrations. All samples
show obvious shear thinning. With the increase of HAc, the viscosity of GPAM solutions decreases,
especially at a low shear rate. All GPAM solution samples present a constant viscosity in the low shear
rate region, so zero-shear-rate viscosity (19) can be obtained from steady flow curves, as listed in Table 1.
1o decrease with the increasing concentration of HAc indicates the decrease of the aggregation’s size,
which is in accordance with the above results. However, irreversible thermo-thickening can be found
in the GPAM solution with 0.01 M HAc after a thermal treatment (holding at 60 °C for 15 min) rather
than the GPAM solutions without HAc. As shown in Figure 5b, the GPAM solution presents a slight
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increase of viscosity at a low shear rate after thermal treatment, while viscosity for the GPAM solution
with 0.01 M HAc increases sharply at a low shear rate. Those results indicate that HAc plays an
important role in the thermo-thickening behavior of the GPAM solution.
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Figure 5. Steady flow curves of 10 mg/mL GPAM2 solutions (a) with different HAc concentration and
(b) with and without a thermal treatment (holding at 60 °C for 15 min). All tests were conducted at
10 °C.

Table 1. 179 of 10 mg/mL chitosan-grafted-polyacrylamide 2 (GPAM2) solutions with different HAc
concentration at 10 °C.

HAc (mol/L) 1o (Pa-s)
0 0.28
0.01 0.22
0.05 0.15
0.1 0.10

To further investigated the effect of acid on the structure evolution of the GPAM solution during
the above thermo-cycle, frequency sweeps for GPAM solutions subjected to thermal cycle were
conducted at 10 °C. In Figure 6a, moduli for the two GPAM solutions without HAc have the similar
tendency: G’ lower than G” in the low frequency regime and G’ larger than G” in the high frequency
regime, while their G” are close in the whole investigation range. In general, G’ ~ @? and G” ~ @
mean the existence of a homogenous structure; the decreased exponent indicates the existence of a
physical network or aggregations [27]. In Figure 6a, the exponent is smaller than the theoretical value,
indicating the existence of aggregations in the GPAM solution without HAc in a sense. Figure 6b
gives the frequency sweep results for solution samples containing HAc. When the sample is subjected
to thermo-cycle, G’ is larger than G” in the low frequency regime and the modules present a weak
frequency dependency. This suggested a sol-to-gel transformation had taken place. On the contrary,
the GPAM solutions without thermo-cycle also seem sol-like. Therefore, GPAM solution containing
HAc presents an irreversible structure evolution from aggregations to a more structured fluid in the
thermo-cycle for GPAM solutions.
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Figure 6. Frequency sweeps of 10 mg/mL GPAM?2 solutions (a) without HAc and (b) with 0.01 M
HAc subjected to thermo—cycle (temperature increases from 10 °C to 60 °C, then decreases to 10 °C,
ramp rate: 5 °C /min) at 10 °C.

The thermo-thickening process of GPAM solutions was investigated as a function of HAc
concentration; Figure 7 gives the temperature sweep results of GPAM solution samples with different
HAc concentrations and the mass concentration of the GPAM solution is fixed at 10 mg/mL. The different
HAc concentrations determine the content of the protonation of -NHy, that is, in the range of the HAc
concentration of 0.00175 M to 0.175 M, the larger the concentration of HAc, the larger amount of the
protonation of -NH, of the moiety. As shown in the inset of Figure 7, the onset temperature (the critical
temperature at the onset of an increase in viscosity) increases with the concentration of HAc. This may
be attributed to stronger hydrophilicity and electrostatic repulsion induced by more protonation
of -NHj, whichs inhibit the hydrophobic aggregation. The onset temperature obviously decreases
when the concentration of HAc decreases to 0.01 M. Moreover, both GPAM solutions containing
0.0017 M and 0.0052 M HAc present little thermo-thickening, indicating that there is a critical value
of the concentration (>0.005 M) for the thermo-thickening of 10 mg/mL GPAM solution. This is
concentration of HAc may be too low, leading to the protonation of GPAM being significantly less
and a correspondingly small amount of positive charges, so the electrostatic repulsive force between
GPAM molecules is very weak and the water solubility is poor, which leads to the shrinkage of
molecular segments, and the molecules are tightly bonded through hydrogen bonding. These densely
structured hydrogen-bonded associations cannot be destroyed easily during the heating process,
so GPAM molecules cannot be reorganized in large-sized association structures through hydrophobic
association, and the thermo-thickening behavior cannot be exhibited. When the HAc concentration
reaches a certain value, the water solubility of GPAM increases and the electrostatic repulsion will
destroy some of the intermolecular hydrogen bonds, so the structure of the GPAM association will
be loose in the aqueous solution. The molecular chain can be extracted from the hydrogen-bonded
association and form a large-sized association structure through hydrophobic association, thereby
exhibiting thermo-thickening behavior. It is worth mentioning that when the HAc concentration is
0.01 M, the onset temperature of thermo-thickening is the lowest, which means the thermo-thickening
structures can be formed easily; therefore, we chose the GPAM aqueous solution with 0.01 M HAc for
the following rheological experiments.
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Figure 7. Influence of HAc concentration on thermo—thickening for the GPAM aqueous solution with
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10 mg/mL concentration. Inset displays the relationship between onset temperature and concentration
of HAc in the 10 mg/mL GPAM aqueous solution. The strain is 0.2% and the oscillatory frequency is
6.283 rad-s!. The heating rate of the samples is 5 °C/min.

3.3. Influence of Heating Rate and Shear Rate

Figure 8a gives the influences of heating rate on the thermo-thickening behavior. The sample
presents a lower Tirans (the temperature for G'-G” crossover) at a slow heating rate, indicating T'trans
has a dependence of heating rate. When the heating rate was 0.5 °C, G’ and G” of the GPAM aqueous
solution after thermo-cycle treatment were significantly greater than those of 5 °C and 10 °C. These
results indicate that a slower heating rate is conducive to the formation of thermo-thickening structures.
The thermo-thickening behavior of the GPAM aqueous solution is dependent on the heating time and
temperature; the thermo-thickening structure of the GPAM aqueous solution will be more complete at
a longer heating time or a higher temperature [12]. When the heating rate is lower, it means that the
heating time and the residence time in the high temperature region are longer, so the Tians will be
lower and G’, G” will be greater. Furthermore, it can be found from Figure 8a,b that modulus variation
with temperature and w were consistent with each other for 5 °C/min and 10 °C/min. The possible
reason may lie in that structure evolution cannot keep up with the ramp rate to cause no apparent
discrepancy in a higher ramp rate.

In order to study the shear-resistance of GPAM after thermo-thickening, a serious of shear
recover experiments were carried out by fixing different maximal shear rates. As shown in Figure 9,
the increased viscosity of the GPAM solution after thermo-treatment can remain. Furthermore, with the
increase of shear rate, the viscosity shear thinning occurs, while its viscosity can recover well as the
shear rate decreases in 0.1~0.001 s~! (Figure 9a). With the shear rate range increasing, the viscosity
cannot recover in time as the shear rate decreases in 10~0.001 s~!, meaning that the damaged associated
structure of GPAM in solution needs more time to achieve complete recovery (Figure 9b). When the
maximum shear rate reached 100 s~! or 10007}, the structure was broken thoroughly and came back to
the original structure without thermal treatment (Figure 8c,d).
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Figure 8. (a) Temperature sweeps of 10 mg/mL GPAM?2 solutions with 0.01 M HAc during the heating
process at different ramp rates; (b) frequency sweeps at 10 °C for 10 mg/mL GPAM2 solutions with 0.01
M HAc after a thermal cycle with different ramp rates (from 10 to 60 to 10 °C).
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Figure 9. Shear and recovery rates of 10 mg/mL GPAM2 solutions with 0.01 M HAc in different limits
of the upper shear rate of (a) 0.1 s™L (b) 10571, (¢) 100 571, and (d) 1000 s~1, with a thermal treatment
(holding at 60 °C for 15 min). All tests were conducted at 10 °C.

4. Conclusions

During the heating process, large-size aggregates were formed in the GPAM aqueous solution
through hydrophobic association from the hydrophobic groups on GPAM, which were responsible
for the thermo-thickening of the GPAM aqueous solution. As the concentration of HAc in the GPAM
aqueous solution increased, the protonation degree of GPAM increased and the electrostatic repulsive
force between GPAM molecules would gradually increase, so the size of the GPAM aggregates in the
solution gradually decreased. When the concentration of HAc was less than 0.05 M, the protonation
degree of GPAM was very low and the solubility was very poor, and then a dense hydrogen bonding
association was formed in the solution, which cannot be destroyed during the heating process. As a
result, the thermo-thickening behavior disappeared. Furthermore, a higher HAc concentration leads to
stronger hydrophilicity and electrostatic repulsion induced by more protonation of -NH;, which inhibit
the hydrophobic aggregation. In addition, a slower heating rate is conducive to the formation of
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thermo-thickening structures and a strong shear rate will destroy the thermo-thickening structure
of GPAM.
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protonation of the amino group and the concentration. Table S1: Molecular parameters of GPAM.
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Abstract: This research aimed to synthesize carboxymethyl chitosan (CMCH) from different molecular
weights of chitosan including low MW (L, 50-190 kDa), medium MW (M, 210-300 kDa) and high
MW (H, 310-375 kDa) on the antioxidant and moisturizing properties. The L-CMCH, M-CMCH and
H-CMCH improved the water solubility by about 96%, 90% and 89%, respectively when compared to
native chitosan. Higher MW resulted in more viscous of CMCH. For antioxidant properties, ICs
values of DPPH and ABTS radical scavenging activity for L-CMCH were 1.70 and 1.37 mg/mL,
respectively. The L-CMCH had higher antioxidant properties by DPPH and ABTS radical scavenging
assay and FRAP. The moisturizing properties on pig skin using a Corneometer® showed that 0.5%
H-CMCH significantly presented (p < 0.05) greater moisturizing effect than that of untreated-skin,
distilled water, propylene glycol and pure chitosan from three molecular weights.

Keywords: chitosan; carboxymethyl chitosan; molecular weight; antioxidant properties;
skin moisturizing

1. Introduction

Chitosan was generally considered in the way that it has low toxicity, biodegradable, accelerates
wound-healing, antibacterial properties and gel-forming properties [1]. Chitosan is cheap and
inexhaustible material with numerous applications in cosmetics, pharmaceuticals, nourishment science
and biotechnology [2,3]. The uses of chitosan are restricted because of its insolubility at neutral or
basic region. Hence the solubility of chitosan must be improved. Carboxymethylation is a chemical
modification which can improve water solubility. The water solubility properties and applications of
carboxymethyl chitosan (CMCH) strongly depended on its structural characteristics, the average degree
of substitution (DS), the position of the carboxymethylation (grafting to amino or hydroxyl groups)
and the average number of hydroxyl groups substituted by carboxymethyl groups [4]. The CMCH is
prepared by the replacement of -OH groups of chitosan with -CH,COOH groups with the alternative
functional groups such as O-, N- and N,O- carboxymethyl chitosan [2]. Substitution of N- and
O-carboxymethyl chitosan derivatives take place when chitosan reacts with monohalocarboxylic acids
using different reaction conditions to control the selectivity of reaction such as temperature and ratios
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of chitosan, pH as well as monochloroacetic acid. Promotion of O-substitution occurs when the
reaction is carried out at low temperature such as 0-10 °C [5,6], but N-substitution is dominated at high
temperature [7]. The optimal reaction temperature of N-CMCH synthesized from chitosan was 90 °C [8].
The solubility of cellulose derivatives did not only depend on the DS, but also on the distribution of the
substituents for glucose units along the cellulose chain [9]. The -COOH and-NH; groups replacement
indicate capacity of the chemical modifications to improve their physical properties [3]. CMCH is
dissolvable in a wide pH range with several advantages and low harmfulness [10]. CMCH not only
has a good solubility in water, but also has unique chemical, physical and biologic properties such
as high viscosity, large hydrodynamic volume, biocompatibility, good ability to form films, fibers
and hydrogels [11-13]. Hence, it was widely utilized in numerous biomedical fields, for example,
a moisture-retention agent, wound dressing agent, artificial bone and skin, blood anticoagulant and as
a component in different drug delivery [14]. Chitosan and CMCH were investigated for coating and
film forming abilities to extend product shelf life. The effects of different chitosan types and molecular
sizes on properties of CMCH films to plastic replacement were also studied [15]. Zhang et al. [16]
found that chitosan modification could improve the antioxidant activity by addition of quaternium
on amino groups. Ying et al. [17] prepared various Schiff base typed chitosan saccharide derivatives
to enhance the ability of DPPH scavenging radical and also water solubility in comparison to native
chitosan. Moreover, antioxidant activities of N-carboxymethylchitosan oligosaccharides with different
DS (0.28, 0.41 and 0.54) were also evaluated by the scavenging of DPPH radical, superoxide anion and
the determination of reducing power. The increase in DS of N-CMCH resulted in decreased DPPH
radical scavenging activity with increased reducing power [18].

The antioxidant activities of chitosan and CMCH are evidence that the active hydroxyl and
amino groups within the polymer chains may participate in free radical scavenging which were
varied with MW [17]. Zhao et al. [19] reported that CMCH was a better antioxidant than native
chitosan, especially in terms of its reducing power, scavenging ability towards DPPH and superoxide
radicals as well as chelating ability of ferrous ions. In case of native chitosan, the moisture-absorption
and moisture-retention capacities of chitosan depended on the MW and DS. The ability to absorb
moisture increased when the MW was decreased [20]. Humectant property of chitosan improved
with increasing MW. For the CMCH, Jimtaisong et al. [21] reported that MW and DS could also affect
the exhibitions of the moisture-retention capacity of CMCH. Water-holding capacity of CMCH is
related to the presence of positive electrical charges and high molecular weight that facilitate adherence
onto the skin when implemented as a skin moisturizer. Muzzarelli et al. [22] revealed that 0.25%
CMCH solution was comparable with 20% propylene glycol in terms of moisture-retention capacity
with equivalent viscosity to hyaluronic acid (HA), a compound with excellent moisture-retention
property. Furthermore, moisture absorption and moisture retention capacities of CMCH could also be
significantly improved by utilizing higher MW with the presence of intermolecular hydrogen bonds
within molecular chains. Gel formation resulting from addition of CMCH as hydrating agent in
cosmetics is also ideal for the skin as it asserts positive feeling of the customers. In cosmetic products,
humectants are used to increase the amount of water in the top layers of the skin. The activity of
humectant polymers depends on cationic charges, molecular weight and hydrophobicity of polymer.
The positively charged ions facilitate neutralization of negatively charged ions on the skin [23].

However, the antioxidant and moisturizing properties of CMCH prepared from different molecular
weights of chitosan have not yet been investigated. Therefore, this research aimed to synthesize
CMCH from different molecular weights of chitosan including low MW (L, 50-190 kDa), medium MW
(M, 210-300 kDa) and high MW (H, 310-375 kDa) and characterized their respective antioxidant and
moisturizing properties.
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2. Materials and Methods

2.1. Materials

Three different molecular weights of chitosan including low MW (L, 50-190 kDa), medium MW
(M, 210-300 kDa) and high MW (H, 310-375 kDa) with degree of deacetylation above 90% were
obtained from Ta Ming Enterprises Co., Ltd.; Samutsakon, Thailand. Ethanol, methanol, isopropanol,
sodium hydroxide and glacial acetic acid were purchased from RCI Labscan (Bangkok, Thailand).
Monochloroacetic acid was obtained from Sigma-Aldrich (Darmstadt, Germany). All other reagents
were of analytical grade.

2.2. Synthesis of CMCH

CMCH was synthesized by following method of Tantala et al. [14]. Chitosan flake was grounded
and sieved to obtain particle size under 60-mesh (Endecotts, UK). The chitosan (25 g) was suspended
in 50% (w/v) sodium hydroxide solution (400 mL) and 100 mL of isopropanol was added and mixed
well at 50 °C for 1 h. Monochloroacetic acid (50 g) was dissolved in isopropanol (50 mL), gradually
dropped into the reaction for 30 min and the system was allowed to continuously react at 50 °C for 4 h.
The reaction was stopped by adding 70% (v/v) methanol. The pH of the sample was later adjusted
to 7.0 by 1% (v/v) glacial acetic acid. From that point, the solid was separated and washed in 70-90%
ethanol for desalting and dried in a hot air oven (Binder, Germany) at 80 °C for 12 h. The mass yield of
CMCH was calculated using Equation (1).

Yield (%) chitosan (g) - CMCH (g) 100 )
chitosan (g)

2.3. Moisture Content, pH and Viscosity Measurement

Moisture content was determined according to the Association of Official Analytical Chemists
(AOAC) standard method no. 930.15 [24]. The pH values were measured by a pH meter (FiveEasy F20,
Metter Toledo, Switzerland). The viscosity of 1% (w/v) solution of chitosan and CMCH were estimated
by Brookfield viscometer (DV-II, Brookfield Engineering Labs Inc., Stoughton, MA, USA) using a
spindle No. 28 at 100 rpm.

2.4. Water Solubility of CMCH

The water solubility of CMCH samples at 25 °C was tested by using the method of
Rachtanapun et al. [15]. After addition of 0.3 g samples (initial dried weight) into 10 mL water
(8% w/v), the solutions were filtered with Whatman filter paper No. 4 (Sigma-Aldrich, Germany)
which was previously dried at 105 °C for 24 h before use. The mass of dried CMCH residues was
obtained by weight difference to obtain final dry weight. The tests were performed in triplicate to
detect random error and the solubility was determined using Equation (2).

initial dried weight of CMCH (g) — final dried weight of CMCH (g)
initial dried weight of CMCH (g)

Water solubility (%) = x 100 (2)

2.5. FTIR Analysis

The FTIR spectra of chitosan and CMCH were obtained using a Fourier transform infrared
spectrometer (Frontier, PerkinElmer, Waltham, MA, USA). All spectra were recorded in the range of
500-4000 cm™! as described by Surin et al. [25].
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2.6. Antioxidant Properties

The stock solution of L, M and H (stock 5-mg/mL in 0.2% (v/v) acetic acid), L-CMCH, M-CMCH
and H-CMCH (stock 5-mg/mL in distilled water) at different concentrations of 1, 2, 3, 4 and 5-mg/mL
were prepared and used for DPPH, ABTS and FRAP assays.

2.6.1. DPPH Radical Scavenging Assay

The ability of antioxidants to scavenge the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical was
completed by modified method of Hu et al. [26]. After that, 100 pL of the stock samples (as described
above) were blended with 100 pL of 0.2-mM DPPH reagent (Sigma-Aldrich, Singapore) and incubated
at 25 °C for 30 min in the dark. Absorbance was measured at 517 nm in a 96-wells microplate reader
(SpectraMax® i3x, Molecular Devices, San Jose, CA, USA). The radical scavenging activity of the
sample was calculated based on the gallic acid (Sigma-Aldrich, Schnelldorf, Germany). Results were
expressed as milligram gallic equivalent per gram of sample (mgGAE/g sample). The percentage of
DPPH radical scavenging activity can be calculated as shown in Equation (3) before plotting of ICs
against respective concentration.

DPPH radical scavenging activity (%) = [(As17 control — A5y sample)/As;y control] x 100 (3)

2.6.2. ABTS Radical Scavenging Assay

The 2,2-Azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging activity
was conducted according to method described by Xie et al. [27]. ABTS (Sigma-Aldrich, Singapore)
reagent was freshly prepared by mixing 8 mL of 7-mM ABTS stock solution with 12.5 mL of 2.45-mM
potassium persulfate (Sigma-Aldrich, Singapore). ABTS powder and potassium persulfate powder
were individually dissolved with water to the required concentration and then combined together in
a bottle. After 16 h of incubation in the dark at 25 °C, the resultant dark blue color of ABTS reagent
solution was diluted with ethanol until the absorbance reading reached 0.7 + 0.2. The solution of L, M,
H, L-CMCH, M-CMCH and H-CMCH were prepared as described previously in Section 2.6.1. Each
sample solution (0.5 mL) was mixed with 1.0 mL of ABTS stock solution and incubated for 6 min in
the dark. Absorbance was measured at 734 nm in the 96-well microplate reader. The ABTS radical
scavenging activity was expressed as milligram gallic equivalent per gram of sample (mgGAE/g
sample). The percentage of ABTS radical scavenging activity can be calculated as shown in Equation (4)
with plotting of IC5( against respective concentration.

ABTS radical scavenging activity (%) = [(Ay34 control — Ay34 sample)/Ays4 control] x 100 (4)

2.6.3. FRAP Assay

The ferric reducing antioxidant power (FRAP) assay was carried out according to the technique of
Woranuch et al. [28]. The FRAP reagent was prepared by mixing 25 mL of 0.3-M acetate buffer (pH 3.6),
2.5 mL of 4,6-tripyridyl-s-triazine (TPTZ) (Sigma-Aldrich, Schnelldorf, Germany) solution in 40-mM
HCI (RCI Labscan, Bangkok, Thailand) and 2.5 mL of 20-mM ferrous sulfate (Loba Chemie, India).
Thus, 50 uL of samples were mixed with 950 uL of FRAP reagent and incubated in dark for 30 min.
Absorbance was measured at 593 nm in 96-well microplate. The ferric reducing antioxidant power
of sample was determined based on the ferrous sulfate (Merck, Darmstadt, Germany). Results were
expressed as ferrous sulfate equivalent antioxidant capacity, with pmol Fe?*/g sample.

2.7. Moisturizing Properties on Pork Skin

The skin moisturizing of the 0.5% (w/v) L, M, H, L-CMCH, M-CMCH and H-CMCH solutions were
examined on pork skin and compared with untreated-skin, water and propylene glycol. The pork skins
were prepared from back side of the pig ear obtained from three different market sources including
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the Mae Hia fresh market, the Ton Payom fresh market and the Hangdong fresh market (Chiang Mai,
Thailand). The samples were washed and cleaned with removal of the fat layer prior to cutting into 3 X
3 cm. Each sample (100 pL) was applied on the skin surface. The skin without any substance was used
as a control. The skin moisturizing was measured before applying on samples and after application at
0, 15 and 30 min intervals using Corneometer® (Courage + Khazaka Electronic, Germany). Before
applying the sample and recording the parameter, the pig skins were kept at 25 °C for 30 min. This
method was adapted from Kassakul et al. [29]. The degree of skin moisturizing (%) was tested in
triplicate to detect random error and calculated using Equation (5).
after applying — before applying

Degree of skin moisturizing (%) = - x 100 (5)
before applying

2.8. Statistical Analysis

All data were analyzed by one-way ANOVA. Mean separation was performed by Duncan’s
multiple range tests with significance level (p < 0.05). Statistical analyses were performed with the
SPSS 17.0 (SPSS, Inc.; IBM Corp.; Chicago, IL, USA).

3. Results and Discussion

3.1. Effect of CMCH Synthesis

CMCH was prepared at three different molecular weights of chitosan (L, M and H). The yield,
moisture content, water solubility, viscosity and pH of chitosan products (L-CMCH, M-CMCH and
H-CMCH) were reported in Table 1. L-CMCH had the highest yield, water solubility and viscosity,
while moisture content and pH of L-CMCH, M-CMCH and H-CMCH were not significantly different
(p > 0.05) among the range of 6.36—6.87% and 7.27-7.33%, respectively. The solubility is a significant
property of CMCH that measures their resistance to water. Table 1 shows water solubility of the
L-CMCH M-CMCH and H-CMCH which indicates the significant effect (p < 0.05) of larger MW on
decreased water solubility. The decreasing trend was 96.87% for L-CMCH, 90.06% for M-CMCH and
89.49% for H-CMCH compared to the L, M and H. The solubility and conformation of CMCH happens
from the deacetylation, pH and MW of native chitosan. The solubilization process of CMCH related to
functionalized polymers, different types of chemical and physical interactions such as hydrogen bonds,
hydrophobic interactions and van der Waals forces. high water solubility suggests that CMCH is
moisture absorption and more helpful ability to bind with water than chitosan. higher solubility is due
to forming hydrogen bonding with carboxylic groups of CMCH with water molecules. This causes the
hydrated water molecules that around the chain of CMCH are more than that surrounding the chitosan
chains, resulting in higher water solubility [30]. This results also are consistent with the report of
Siahaan etal. [31] who found that the temperature and NaOH concentration affected to CMCH synthesis.
The interactions between NaOH and monochloroacetic acid resulted in reduced CMCH forming and
lower solubility. The mitigation in solubility may stem from the loss of free amino-functional groups
that enhance hydrophobic nature of the compounds [32]. The greater solubility also corresponded
to the decrease in viscosity L-CMCH and M-CMCH are slightly different, but H-CMCH requires
significantly higher viscosity. This could be explained that CMCHs with chains longer or higher MW
were contributing to the gel.

FTIR spectra of chitosan and CMCH are presented in Figure 1. The essential characteristic peaks
of chitosan are at 3288 cm™! (O-H stretch), 2875 cm™! (C—H stretch), 1591-1645 cm™! (N-H bend),
1059 cm™! (bridge-O stretch) and 1023 cm™! (C-O stretch) [2]. For CMCH, the spectrum was different
from the spectrum of chitosan (Figure 1 and Table 2). The IR spectrum of CMCH showed the intrinsic
peak at 1747 cm™!, the most visible difference was the appearance of a new peak which belonged to
C = O stretching vibration (amide I) Putra et al. [33] identified C = O peak on CMCH whose wave
number could be 1600-1850 cm™!, 1660-1680 cm™! and also 1606 cm™!. The CMCH showed the
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disappearance of the-NHj associated band at 1647 cm~! which could be associated with characteristic
vibration deformation of the primary amine N-H and the combination N-H peak with new peak at
1583. The appearance of some new intensive peaks at 2922-2853 and 1583 cm~! could be attributed to
the methyl groups and the long carbon segment of the quaternary ammonium salt [34]. Compared to
the peaks of chitosan, the new bands at 1583 cm™! and 1411 cm~! corresponded to the carboxy group
(overlapped with N-H bending) and-CH, COOH group, respectively. The intense spectrum of CMCH
indicating carboxymethylation on both the amino and hydroxyl groups of chitosan [2]. Characteristic
peaks of the first C-O and the second C-O groups between 1052 and 1024 cm™! (C-O stretch) did
not change. It was confirmed that chitosan was converted to CMCH by new transmission peaks of
-COO groups at 1583 and 1747 cm~!. These new -COO groups enhanced hydrophilic properties of the
CMCH which enhanced solubility of the compound.
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Figure 1. FT-IR spectra of (a) L and L-CMCH; (b) M and M-CMCH; (¢) H and H-CMCH.

Table 1. Yield, moisture content, water solubility, viscosity and pH of carboxymethyl chitosan (CMCH)

with different MW.
. o Moisture Water Solubility . . ns
CMCH Yield (%) Content (%) ™ (%) * Viscosity (cP) pH
L-CMCH 41.33° +0.34 6.87 £0.12 96.87 2 +0.29 325.74 € +£0.32 7.27 £0.29
M-CMCH 43702 +1.55 6.36 + 0.51 90.06 2 + 3.30 336.83° +0.16 7.32+0.22
H-CMCH 45.36 2 +0.65 6.56 + 0.60 89.49° +3.72 360.05 % + 0.84 7.33 £0.13

* Water solubility (%) of L-CMCH, M-CMCH and H-CMCH indicates the comparison to native chitosan. Different
letters (a—c) in each column indicate significant differences (p < 0.05). ns means no significant difference.

Table 2. Functional groups and wave number (cm™1) of chitosan and CMCH.

Wave Number (cm~1)

Functional Groups

Chitosan CMCH
NH, associ.ati.on i.n primary amines, 3088 3289
OH association in pyranose ring

CH; in CH,OH group 2873 2917

C = O in NHCOCHj; group (amide I) 1647 1747
N-H bending (amide II) 1591 1583

CHj in CH,OH group 1421 1411

C-N stretching (amide II) 1319 1320
C-0O, C-O-C stretching 1023 1052

3.2. Antioxidant Properties

The results from DPPH assay of L, M, H, L-CMCH, M-CMCH and H-CMCH are shown in Figure 2.
L-CMCH showed the highest (p < 0.05) scavenging activity. The DPPH scavenging activities of L-CMCH,
M-CMCH and H-CMCH were higher than those of L, M and H. ICs; values of DPPH and ABTS radical
scavenging activities of L-CMCH were 1.70 and 1.37 mg/mL, respectively. However, no significant
differences in DPPH scavenging potential were found among the L, M and H. Younes et al. [35] also
found that IC5y value was determined between 1.62- 2.20 mg/mL for shrimp chitosan (Metapenaeus
monoceros) at different concentrations (0-5 mg/mL). The DPPH radicals scavenging ability of chitosan
and its derivatives (CMCH) increased as the concentration increased [36]. This is probably due to the
relatively poor hydrogen-donating ability of chitosan that prevent chain breaking [37]. Some studies
suggested that DPPH radical scavenging of chitosan increased with decreasing MW [38]. Again,
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it is confirmed that the CMCH have strong antioxidant activity, which is dependent on the particle
size [34]. In addition, chitosan chains possess active hydroxyl and amino groups that can react with free
radicals [39]. Scavenging activity of chitosan is related to the extent of reaction between free radicals
and protonated amino groups [18]. Our results indicated that the DPPH scavenging ability of CMCH
synthesized with low, medium or high MW was higher than that of pure chitosan from three MW.
Elbarbary & Mostafa [40] also confirmed that the antioxidant activities of CMCH could be enhanced
by decreasing MW of CMCH. high MW can contribute to a more compact structure and relatively
stronger effect of intramolecular hydrogen bond. The antioxidant activity for ABTS radical was similar
to those of DPPH assay even though ABTS radicals are more reactive than DPPH radicals [19]. Hence,
these showed that antioxidant activity is expanded with decreasing MW with L-CMCH, M-CMCH
and H-CMCH, respectively, compared to the L, M and H Figure 3.
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Figure 2. (a) DPPH radical scavenging activity (%) and (b) ICsq of L, M, H, L-CMCH, M-CMCH and
H-CMCH. Different letters (a—d) indicate significant difference between treatments (p < 0.05).
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Figure 3. (a) ABTS radical scavenging activity (%) and (b) IC5y of L, M, H, L-CMCH, M-CMCH and
H-CMCH. Different letters (a—d) indicate significant difference between treatments (p < 0.05).

FRAP assay in Figure 4 revealed the variation of antioxidant capacity with corresponding
concentration levels [41]. In similar manner of DPPH assay, control could slightly reduce ferric to
ferrous ions. In this assay, L-CMCH had the highest (p < 0.05) ability to reduce ferric to ferrous
ion [42], followed by M-CMCH and H-CMCH, while L, M and H showed the lowest ability (p < 0.05).
The replacement of -NH groups by -COO groups in the CMCH structure was previously reported to
be beneficial not only to level of solubility, but also antioxidant activities [43]. Although some studies
suggested the effects of molecular weights to FRAP antioxidant activities [44], such effect was not
evident in current study.
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Figure 4. Ferric reducing antioxidant power (FRAP) of L, M, H, L-CMCH, M-CMCH and H-CMCH.
Different letters (a—c) indicate significant difference between treatments (p < 0.05).

3.3. Skin Moisturizing Properties

The degree of skin moisturizing indicates the water-holding capacity of the skin which can be
tested by the Corneometer method. The Corneometer® measures the changes of electrical capacitance
related to the moisture contents of the skin before and after applying the solutions [29]. The degree of
skin moisturizing of the L, M, H, L-CMCH, M-CMCH and H-CMCH solutions were examined on pork
skin and compared with untreated skin, water and propylene glycol at 15 and 30 min as presented
in Figure 5. The effect degree of moisturizing on time at 15 and 30 min showed that the degree of
skin moisturizing of solutions decreased with increasing time after applying solutions, except 0.5%
H-CMCH. The degree of skin moisturizing of H-CMCH had no significant difference after applying
between 15 and 30 min. Applying H-CMCH solution for 15 and 30 min were the highest degree
of skin moisturizing, showing high moisturizing effect (more than 200%). While the degree of skin
moisturizing of untreated skin, water propylene glycol, L, M, H, L-CMCH and M-CMCH solutions
applying on pork skin for 30 min were significantly decreased from 15 min. This confirms that the
H-CMCH solution provided a good moisture absorption. In fact, the skin moisturizing effects appeared
to decrease with increasing time due to lack of mechanisms to maintain skin moisturizing and dryness
of pork skin cells [45]. The higher molecular weight CMCH also had the superior moisture retention
capacity. Kassakul et al. [29] found that 0.2% Hibiscus rosa sinensis mucilage as natural ingredient
provided good results of skin moisturizing after applying for 30 min by about 130%. The results
showed that moisturizing products could increase the water content of the skin while maintaining
softness and smoothness [20]. After applying solutions containing different MW of water-soluble
CMCH (L-CMCH, M-CMCH, H-CMCH), the moisture content of the skin increased. The mechanism
of moisturizing effect is based on the formation of water film of skin surface after dissolution of CMCH
and subsequent stage of water evaporation could further prevent water evaporation from the skin [46].
Positive electrical charges and relatively high MW facilitates prolong skin adherence [21]. Our results
also showed that H-CMCH decreased the loss of water while elevating skin humidity. The higher
apparent viscosity of H-CMCH can improve the stability and enhance skin hydration. In fact, 0.5%
H-CMCH was superior to untreated skin, water and propylene glycol in terms of degree of skin
moisturizing effect. The higher MW of CMCH also indicates potential for film forming and coating to
multilayer of the skin. Subsequently, it could be used in cosmetic preparation with suggested further
studies of the testing skin irritation in human subjects.
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Figure 5. Degree of skin moisturizing (%) as affected by time (15 and 30 min) and different treatments
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(a—g) indicate significant differences between solutions at 15 min and different uppercase letters (A-G)
indicate significant differences between solutions at 30 min.

4. Conclusions

Carboxymethyl chitosan (CMCH) was effectively synthesized and characterized by FTIR.
The modifications in biologic properties including water solubility, antioxidant properties as well as
efficacy of moisturizing property of CMCH were evident. It is clearly seen that higher MW of chitosan
and CMCH resulted in lower antioxidant properties but provided greater moisturizing property.
The H-CMCH improved the water solubility by about 89%, when compared to chitosan. The higher
levels of DPPH, ABTS and FRAP were also detected. The moisturizing effect was at the highest level
when 0.5% H-CMCH was applied to pig skin. H-CMCH is an effective water-soluble polymer with
high viscosity which could be successfully utilized in pharmaceuticals and cosmetics as emulsion
stabilizers and thickening agents. Future work is required to investigate this biopolymer for skin
irritation in human subjects.
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Abstract: This paper reports the calibration of a theoretical multifractal model based on empirical data
on the urea release from a series of soil conditioner systems. To do this, a series of formulations was
prepared by in situ hydrogelation of chitosan with salicylaldehyde in the presence of different urea
amounts. The formulations were morphologically characterized by scanning electron microscopy and
polarized light microscopy. The in vitro urea release was investigated in an environmentally simulated
medium. The release data were fitted on five different mathematical models, Korsmeyer-Peppas, Zero
order, First order, Higuchi and Hixson-Crowell, which allowed the establishment of a mechanism of
urea release. Furthermore, a multifractal model, used for the fertilizer release for the first time, was
calibrated using these empirical data. The resulting fit was in good agreement with the experimental
data, validating the multifractal theoretical model.
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1. Introduction

In recent years, fertilizer release has become an important topic in the field of agriculture. With
advances in material design and engineering, new multifunctional materials have been introduced for
the development of soil conditioners, particularly in fertilizer delivery systems [1]. Hydrogels are an
important class of materials suitable for this purpose; they have substantial applicability in various
domains such as medicine, agriculture, food industry, water treatments and so on [2]. Hydrogels
obtained from both natural and synthetic macromolecules were extensively used as a matrix for
controlled drug release with the aim to maximize the bio-efficacy, simplify clinical applicability and
improve quality of life [2,3]. In recent years, the concept of hydrogel matrix has been translated
to agriculture, being used as a matrix for different fertilizers aiming to increase their efficiency by
controlled release [4]. Among the hydrogels, those obtained from renewable resources such as
chitosan, present suitable properties which make them very important for delivery systems. They are
biocompatible and biodegradable, and they present antifungal and antiviral activity [5]. Moreover, the
hydrogels can swell and keep the moisture in soil for a longer time, and have the ability to encapsulate
fertilizers by strong chemical or physical forces, further favoring their release in a controlled prolonged
manner [2].
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The beneficial properties of the chitosan hydrogels can be further improved by a proper choice
of the crosslinker [5,6]. In this context, our group succeeded in preparing chitosan hydrogels by
crosslinking with nontoxic monoaldehydes, some of them of natural origin [7-13]. The advantage of
such a method proved to be the easy tuning of the hydrogel properties by an appropriate choice of the
aldehyde. Accordingly, the use of salicylaldehyde led to biodegradable and biocompatible hydrogels
with excellent mechanical, swelling and self-healing properties [9]. Taking into consideration these
particular properties, the system was further investigated as a multifunctional matrix capable of
releasing the fertilizer in a controlled manner [14]. As model fertilizer, urea was used, considering its
high nitrogen content and low cost and also the possibility to improve its efficiency by minimizing
loss by volatilization, denitrification or leaching processes [15]. By varying the crosslinking density
and the urea amount, a large series of formulations was prepared, and the prolonged release ability
was investigated. It was proved that these systems are promising soil conditioners, which deserves
deeper investigation into the morphology-release behavior relationship for a better understanding of
the mechanisms which govern the urea release, to allow further improvements of the design.

It is known that the fertilizer release from different matrix polymers is affected by multiple complex
factors, such as the matrix structure, which further influences the swelling capacity and degradation,
the release medium (pH, temperature, ionic strength) and the possible interaction between the fertilizer
and carrying matrix [16]. Consequently, for a better understanding of the urea release mechanism from
the salicyl-imine-chitosan matrix, we propose to assess the fertilizer release kinetics using both empiric
and multifractal type laws.

2. Materials and Methods

2.1. Materials

Chitosan of low molecular weight (314 kDa, DA = 87%), salicylaldehyde of 98% purity, urea
of 98% purity, ethanol, and glacial acetic acid were purchased from Aldrich and used as received.
Bidistilled water was obtained in our laboratory.

2.2. Preparation of the Urea Release Systems

The formulations used in this paper as urea release systems were prepared according to a procedure
mainly based on the in situ encapsulation of urea during the hydrogelation process of chitosan with
salicylaldehyde (SA) [14]. By varying the molar ratio between amino groups of chitosan and aldehyde
groups of salicylaldehyde, and the amount of urea, a series of 8 formulations was prepared (Table 1).
The urea amount was calculated to be half, equal or double compared to the matrix amount, to give
a final content in the formulation of 0%, 33%, 50% and 66% w/w (Table 1). The formulations were
obtained as hydrogels, which were further lyophilized to give the dry formulations in the form of
xerogels, which were used for investigations. They were coded 1.5-Ux and 2-Ux, where the 1.5 and 2
numbers reflect the molar ratio between the functional groups (NH,/CHO = 1.5/1 and 2/1, respectively)
and x in Ux indicates the mass ratio of the urea to the blank matrix, giving a different percent of urea in
different formulations. The 1.5-U0 and 2-U0 samples represent the blank matrix, without urea, which
were used as references. Table 1 presents the amounts of the reagents used for the preparation of the
urea release systems and their codes.
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Table 1. The compositions of the urea release systems and their codes.

Code NH,/CHO Chitosan SA Matrix Urea Formulation
Molar Ratio (mg) (mg) (mg) (mg) (%) (mg)
1.5-U0 1.5/1 100 41 141 0 0 141
1.5-U0.5 1.5/1 100 41 141 70.5 33 2115
1.5-U1 1.5/1 100 41 141 141 50 282
1.5-U2 1.5/1 100 41 141 282 66 423
2-U0 2/1 100 31 131 0 0 131
2-U0.5 2/1 100 31 131 65 33 196
2-U1 2/1 100 31 131 131 50 262
2-U2 2/1 100 31 131 262 66 393
2.3. Methods

The xerogels formulations were obtained by the lyophilization of corresponding hydrogel
formualtions using Labconco FreeZone Freeze Dry System equipment, for 24 h at —54 °C and
1.512 mbar.

The morphology of the formulations was investigated on the corresponding xerogels, using a
field emission Scanning Electron Microscope (SEM) EDAX-Quanta 200 at accelerated electron energy
of 20 KeV.

The supramolecular ordering of the xerogels formulations was observed with a polarized light
microscopy (POM) with a Leica DM 2500 microscope.

2.4. The In Vitro Urea Release Protocol

The in vitro urea release was investigated for 35 days, at room temperature, using distilled water
as the release medium. For a proper comparison, the amounts of formulations used in this investigation
were previously weighted to contain the same amount of urea (50 mg). The formulations were
immersed into vials containing 10 mL of distilled water. At fixed intervals, at each hour on the first day,
and on each day over the next 35 days, 1 mL of supernatant was withdrawn from the vials and replaced
with 1 mL of distilled water. The supernatant samples (1 mL each) were collected, lyophilized and the
quantity of released urea was measured by 'H-NMR spectroscopy, by fitting on a calibration curve [14].
The proton spectra were recorded on a Bruker Avance NEO 400 MHz spectrometer equipped with a
5 mm broadband inverse detection z-gradient probe. Chemical shifts were described in 6 units (ppm)
and were referenced to sodium 3-(trimethylsilyl)-[2,2,3,3-d4]-1-propionate (TSP) as external standard
at 0.0 ppm. The experiments were performed in duplicate. The calibration curve was realized by
graphical representation of the integral value of urea protons vs. concentration, as obtained for 8
urea solutions in dimethyl sulfoxide-ds (DMSO-dg¢) of known concentration. For the NMR study of
urea released from samples, the certain quantities (1 mL) of supernatant were lyophilized and then
dissolved in 0.6 mL DMSO-dg. The obtained solutions were transferred in NMR tubes containing
capillaries with known concentrations of TSP in D,O.

2.5. Evaluation of the Release Kinetics

In order to investigate the mechanism of the fertilizer release, the release data of the studied
formulations were fitted on the 5 different mathematical models: Korsmeyer-Peppas, Zero order, First
order, Higuchi and Hixson—Crowell [17,18]:

- Zero order model: Q; = ko-t, where Q; is the amount of urea dissolved in the time t and K is the
zero order release constant.
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- First order model: logQ; = k-t/2.303, where Qy is the amount of urea released in the time t and K is
the first order release constant.

- Korsmeyer—Peppas model: My/Ms = K-t", where M/Mo is the fraction of urea released at the time ¢,
K is the release rate constant and n is the release exponent.

- Higuchi model: Q; = kp-t72, where Qy is the amount of urea released in the time t and Ky is the
Higuchi dissolution constant.

- Hixson—Crowell model: Wo3-Wt/3 = -t, where W is the initial amount of urea in the formulation,
W4 is the remaining amount of urea in formulation at time f and K is a constant.

2.6. Theoretical Model

Our fundamental hypothesis is that the structural units” dynamics in the polymer—drug complex
systems are described by continuous but non-differentiable curves (multifractal curves). In such a
context the drug release dynamics will be described through the multifractal theory of motion in the
form of hydrodynamic regimes at various resolution scales (multifractal hydrodynamic model [19-24]).

Therefore, let us consider one-dimensional multifractal hydrodynamic equations S (18) and S (19)
from Supplementary Material:

4 y_»0x0x D
NV + VpdeVp = —d|—222(dt) T2 \/ﬁ‘/_

dip +dx(pVp) =0 2)

In Equations (1) and (2) Vp is the differentiable velocity, p is the state density, A is a coefficient
associated to the multifractal-non-multifractal transition, dt is the scale resolution, t is the nonfractal
temporal coordinate and the affine parameter of the movement curve, x is the spatial fractal coordinate
and f(a) is the singularity spectrum of fractal dimension [21-24].

These equations for initial and boundary conditions [19,20]:

1)

1 2
Vilxt =0) = Vo, plxt =0) = —— exp[—(g) } 3)
Vp(x = Vot t) = Vo, p(x = —o0,t) = p(x = +00,t) =0 (4)

with V) the initial velocity and a the parameter of the gaussian distribution of positions, using the
mathematical procedure from [25-28], provide the following solution:

Voa? + (g)zxt

Vp(x,t,0,a) = 5 ®)
a? + (g) £2
-1/2
i x— Vot
p(x,t,0,a) = () 28|~ ( 2) (6)
[az + (%) tz] a?+ (g) t2
with
[71-1
o= A(dt) F@ (7)
Introducing the non-dimensional variables
X t
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and non-dimensional parameters
fofay a

a2 H Voto

with 7 the specific time, Equations (5) and (6) become

¢ ©)

Vp(x,t)  1+up%En
XGD(yléln) = Vb = 1<+_y2n2

(10)

2
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In such a context, since the state density (p(u, &, 7)) defines the number of structural units in
the polymer—fertilizer complex system and considering that m is the non-dimensional rest mass

of the polymer—fertilizer structural units, then the non-dimensional mass variation (with respect

-1/2
p(w &) =" ap(x,t) = (1+ @) eXP{—

to non-dimensional time 1 of the fertilizer release mechanism %) is represented by means of the
following relation:
am _dp(p, & n)
—_ = _mo—
dn dn

This relation will be used to validate our theoretical model based on the empirical data which will
be presented in Section 3.

(12)

3. Results and Discussion

In view of modeling the urea release characteristics, eight formulations based on chitosan,
salicylaldehyde and urea (Table 1) were prepared applying the procedure of the in situ hydrogelation
described in the Experimental section. It should be remarked that the in situ procedure allowed for
efficient encapsulation of a large amount of fertilizer [29-32]. The formulations were firstly investigated
by scanning electron microscopy (SEM) measurements to observe the influence of both the crosslinking
density and urea content on their morphology. As can be seen in Figure 1a, the formulations were
porous. Compared to the blank matrix (1.5-U0, 2-U0), the formulations displayed larger pores (approx.
50 um compared to approx. 25 pm) and visibly thicker pore walls. Moreover, in the pore walls,
acicular crystals can be distinguished, characteristic of the urea crystals [33]. Compared to the scale
bar, their size can be appreciated at the micrometric level. On the other hand, considering the large
amount of urea compared to the matrix amount (i.e., half, equal or double), the fraction of visible
micrometric crystals is quite low. This enables the visualization of a large fraction of urea crystals
encapsulated at the sub-micrometric level and even at the nano-metric level. As expected, the density
of the micrometric crystals seems to increase along with urea content in formulation, a feature also
observed for such systems with content of bioactive components [34]. This observation was further
supported by polarized light microscopy (POM) which displayed more homogeneous birefringent
textures with a lower content of urea and crystalline shapes of a higher dimension as the urea content
increased (Figure 1b). The birefringent crystalline shapes were attributed to the urea sub-micrometric
and micrometric crystals, encapsulated in the chitosan hydrogel matrix by physical forces, developed
due to the strong polycationic nature of chitosan in hydrogel state [35]. The continuous birefringence
with a particular banded texture was correlated with the layered supramolecular ordering of the
hydrogels [36,37].

When discussing the theoretical models used for drug-release mechanisms in the literature the
homogeneity assumption in its various forms (homogenous kinetic space, law of mass etc.) is at their
core. The functionality of such a hypothesis allowed the development of a class of differentiable
models in the description of drug release dynamics in such systems. However, biological systems are
nowadays understood as inherently non-differential (fractal). Specifically, in the microenvironments
where any drug molecules with membrane interface, metabolic enzymes or pharmacological receptors
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are unanimously recognized as unstirred, space-restricted, heterogeneous and geometrically fractal.
It is thus necessary to define a new class of models, this time non-differentiable, in describing biological
system dynamics and particularly drug release dynamics in such systems. Usually, such an approach
is known as Fractal Pharmacokinetics (PK) and implies the use of fractional calculus, expanding on
the notion of dimension. This complex analysis allowed the modeling of processes such as drug
dissolution, absorption, distribution, and kinetics with bio-molecular reactions. Our mathematical
approach, in the context of “compartmental analysis”, presents itself as a new method for describing
drug release dynamics in complex systems (evidently discarding fractional derivative and other
standard “procedures” used in PK), considering the proposal that drug release dynamics can be
described through continuous but non-differentiable curves (multifractal curves). Then, instead of
“working” with a single variable described by a strict, non-differentiable function, it is possible to
“operate” only with approximations of these mathematical functions, obtained by averaging them on
different scale resolutions.

2-Uo 2-U0.5 2-U1

(b)

Figure 1. Representative (a) SEM (scale bar: 50 pm) and (b) polarized light microscopy (POM)
(magnification: 400x) images of the 1.5-Ux and 2-Ux formulations. The crystals in the SEM images
were marked with circles.
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The graphical representation of the urea release from the understudy formulations is depicted in
Figure 2. As can be seen, the urea release advanced in three stages and was significantly affected by
the encapsulation pathway: (1) a burst release in the first 5 h (release up to 46% of urea), (2) a slower
release in the next 11 days (up to 75% released urea) and (3) a continuous slow release in the next 23
days (almost all urea was released in the water medium).

From the 2-U2 and 1.5-U2 samples containing larger urea crystals, the release occurred faster,
while from the other samples in which the urea was encapsulated as smaller crystals, the release
produced slower. Moreover, the samples with a higher crosslinking degree (1.5-Ux) appeared to release
slightly faster compared to the ones with a lower crosslinking degree (2-Ux).

[1.5-U0.5 1.5-U1 #1.5-U2

24 48
120 168 544 312 408 g0
840

Urea release (%)

Urea release (%)
o
w S
cus2883

Time (hours) Time (hours)

(a) (b)

Figure 2. Graphical representation of the urea release from 1.5-Ux (b) and 2-Ux (a) formulations.

In order to understand the kinetics release of the urea on each of the three stages, from 1.5-Ux and
2-Ux samples, the release data were fitted on the mathematical equations of the Korsmeyer-Peppas, Zero
order, First order, Higuchi and Hixson—Crowell (Figure 3a—c). As can be seen in Figure 3a,b, the obtained
in vitro release data proved a good fitting in the first stage (Figure 3a) and second stage (Figure 3b) on all
five mathematical models. This good fitting indicates that the urea release mechanism is controlled
by both dissolution and diffusion through the hydrogel matrix. Considering the morphology of the
urea release systems, this mechanism correlates well with the faster dissolution of the micrometric
crystals in the first stage, less anchored into the matrix, followed by the submicrometric ones in the
second stage. In the third second stage, except with Korsmeyer —Peppas, the fitting of all mathematical
models failed for almost all the samples (Figure 3c) indicating that heterogeneous erosions of the
matrix occurred, which favored the release of the urea encapsulated at the nanometric level or even the
molecular level, and were very well anchored into the matrix.
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Figure 3. Linear forms of the all five mathematical models applied for the release of urea from 1.5-Ux
and 2-Ux in (a) first stage, (b) second stage and (c) third stage.

To further understand the forces which drive the urea release, the multifractal model presented
in Section 2.6 was calibrated on the empirical data presented in the previous section. In this case,
the evaluation of the release kinetics has been conducted through Equation (12). In Figure 4, the 3D
representation of the release mass variation in time and space and the fit of the experimental data using
our model are presented. The model was calibrated [22-24] to fit the empirical data presented in the
previous section. It can be observed that the multifractal model accurately predicts the behavior seen
empirically with a steep increase for a short moment of time and a saturation plateau for considerably
longer periods. The fitting when using the multifractal functions allowed the determination of the
fractal degree [22,23] for each stage of the urea release scenario. The multifractal model worked at each
time-scale as the inherent characteristic of the model was the possibility to transcend various scales
in the framework of the same mathematical apparatus. It was observed that in the first release stage
the fractality of the system was high, which meant that the release was a highly energetic one. The
fractality decreased as the release advanced in time (second stage), a fact which reflects a decrease
overall in the urea mass released. It should be noted that in the third stage, where the fractality degree
is small, there is no significant dependence on the amount of initio urea percentage, meaning that with
a slow release behavior the initial values do not affect the late time-scale behavior.
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Figure 4. 3D representation of the urea release mass evolution in time and the theoretical fit of each
of the expansion stages for the 1.5-U1 case and the fractality degree evolution with the amounts of
encapsulated urea.
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4. Conclusions

A number of formulations were prepared by in situ dispersion of different amounts of urea into
hydrogels based on chitosan and salicylaldehyde eco-reagents in different molar ratios. SEM and
POM indicated that urea was encapsulated in the form of crystals of different sizes: microcrystals,
submicrometric crystals and even at a molecular level. The in vitro release data showed that urea
release took place in three different stages during a 35-day period, corresponding to the different
dissolution rate functions of the crystal size: (i) a faster release was favored by the rapid dissolution of
the bigger crystals which were less anchored into the matrix in the first stage, followed by (ii) a slower
release of the smaller crystals better anchored in the second stage, and further by (iii) the slower release
of the smallest crystals during the third stage when erosion of the matrix occurred. A theoretical
multifractal model has been fitted with the empirical data of the urea release from the formulations.
The calibration of the theoretical multifractal model entirely confirmed this release profile, suggesting
this simple model as an important tool for understanding the morphology-release relationship of
the complex release systems. These good results encourage the further application of this model on
other fertilizer release systems and even others such as drug release systems. The advantages of
this multifractal approach need to be viewed as a more general implementation, not being directly
related to one particular drug—polymer matrix. Through the scale resolution parameter, the model can
navigate and describe different configurations for the drug release mechanisms.

Supplementary Materials: For details on the multifractal model used for assessing urea release from chitosan
based formulations please check our supplementary material at http://www.mdpi.com/2073-4360/12/6/1264/s1.
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Abstract: Here we present a new biomaterial based on cellulose, collagen and polyurethane, obtained
by dissolving in butyl imidazole chloride. This material served as a matrix for the incorporation of
tannin and lipoic acid, as well as bioactive substances with antioxidant properties. The introduction
of these bioactive principles into the base matrix led to an increase of the compressive strength
in the range 105-139 kPa. An increase of 29.85% of the mucoadhesiveness of the film containing
tannin, as compared to the reference, prolongs the bioavailability of the active substance; a fact
also demonstrated by the controlled release studies. The presence of bioactive principles, as well
as tannins and lipoic acid, gives biomaterials an antioxidant capacity on average 40%-50% higher
compared to the base matrix. The results of the tests of the mechanical resistance, mucoadhesiveness,
bioadhesiveness, water absorption and antioxidant capacity of active principles recommend these
biomaterials for the manufacture of cosmetic masks or patches.

Keywords: cellulose; collagen; biomaterials; tannins; lipoic acid; Quercus robur L.

1. Introduction

Natural polymers present a large variety of biological applications due to their low cost,
biodegradability and biocompatibility, and have become, in recent years, an important starting
point for biomaterials with applications in medicine, as delivery systems for drugs and cell therapies,
or as scaffolds for tissue engineering, implants and wound dressings [1]. It is well known that controlled
biodegradability and structural integrity in physiological conditions are very important properties
for improved biomaterials. Herein, an environmentally acceptable and recyclable solvent [2], namely
1-(n-Butyl)-3-methylimidazolium chloride, was used to solubilize cellulose, collagen and polyurethane.
Some studies reported that ionic liquids could enhance the transdermal absorption of drugs [3,4].

Cellulose is the most abundant semi-crystalline natural polymer, consisting of repeating glucose
units bounded by (3-1,4-glycosidic bonds [5]. It presents a good hydrophilicity, high sorption
capacity and cost-effectiveness, as well as biocompatibility and an ability to maintain moisture, which
recommend cellulose for different biomedical or cosmetic applications [6].

Cellulose and its derivatives have found wide applications in various fields. Thus, carboxycellulose
has been shown to be effective as a hemostatic, being used in surgical sutures [7]. The incorporation of
titanium dioxide-like pigments into the structure of nanocrystalline cellulose has not only increased
its resistance to paint degradation, but has also imparted antibacterial properties [8]. Nanocellulose
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has also paved the way for the design of environmentally friendly, biocompatible materials, that have
proven effective as retention agents for heavy metals [9-13]. Cellulose esters have been shown to have
good thermoplastic properties and, moreover, have been developed as compatibilizers and reinforcing
agents with other polymers [14]. The development of nanostructured cellulose-based structures has
expanded the area of use of this biopolymer in wastewater treatment [15,16], the stabilization of carbon
nanotubes [17], and the development of new composites for drug transport [18].

Collagen is the most abundant protein in animals, and constitutes the matrix of skin, bones and
other tissues. We have considered collagen type I as a component of our biomaterials because it is
a triple-helical conformation comprising of three polypeptide chains intertwined in a right-handed
manner, and it is one of the main components of the extracellular matrix. It has a fibrillar morphology [19]
and exhibits elasticity and mechanical toughness [20]. Some studies demonstrate that the incorporation
of substances from the category of flavonoids in the protein matrix of collagen reduces the susceptibility
of the latter to oxidative stress, as showed by Lucarini et al. [21]. Cellulose—collagen composites have
been shown to have good mechanical properties, which is vital for practical application. Such bio
composites have been used successfully as scaffold material in tissue engineering [22,23]. Moreover,
the biocompatibility of cellulose and collagen with the human body allowed the design of matrices
with an osteogenic effect on mesenchymal stem cells [24].

Polyurethanes have attracted attention for their potential use in medical applications, especially
when they are functionalized using different natural compounds [25]. Polyurethanes composites
are used as medical implants, such as cardiac pacemakers and vascular grafts, and due to
excellent mechanical properties and biocompatibility, they could be used in regenerative medicine.
The introduction of microcrystalline cellulose in the base matrix of polyurethane elastomers has
resulted in an increase in the mechanical strength properties of the material in question, as well as in
the thermal stability [26,27].

These above-mentioned components were chosen due to the importance of the toxicity, safety and
environmental compatibility of biomaterials for various applications.

At the same time, the incorporation of different biological agents into biomaterials, and their
controlled release, represents a proper way to control different processes such as inflammation,
infections or stimulation of tissue regeneration [28]. Different Quercus species have been shown to
possess antimicrobial, anti-inflammatory, gastroprotective, hemolytic and antioxidant properties [29].
Since ancient times, these species have been used to treat inflammation diseases, tannins being widely
distributed in their compositions. Tannins are plant-based substances which belong to the polyphenols’
class (from the polyphenolcarboxylic acid series, or from the phenyl-benzopyran series). Tannins are
highly astringent, precipitating substances of a protein nature. At the same time as the coagulation of
proteins, there is also an action of retraction of the tissue, thus reducing the action surface, a property
that is used to treat wounds.

Lipoic acid is a natural antioxidant compound and an oxidative stress scavenger, and has been
used as a drug carrier for pathological conditions characterized by oxidative stress, including cancer
and neurodegenerative diseases [30], and also as an anti-inflammatory agent [31]. It is a hydrophobic
substance derived from caprylic acid, and contains two sulfur atoms connected by a disulfide bond,
which is thus considered to be oxidized [32].

In the light of fact that the skin is the largest organ of the body, in the current study, the addition
of lipoic acid and tannin to cellulose—collagen—polyurethane matrix has been studied. The reason
for choosing this formulation was the fact that cellulose ensures the mechanical strength of the
polymer matrix, polyurethane gives the necessary elasticity for topical application, and collagen gives
bioadhesion. Lipoic acid and tannins in oak bark were chosen as bioactive principles due to their
antioxidant properties and biocompatibility with the human body.

To our knowledge, until now, no evaluations of cellulose—collagen—polyurethane formulations,
comprised of either tannin or lipoic acid, have been reported in the literature. Having in mind that
some interactions between the used fillers and matrix could occur, the mucoadhesiveness, the in vitro
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filler release and the antioxidant activity of the materials were evaluated. The morphology, interactions
between components, water sorption capacity and mechanical properties of the materials have also
been investigated, by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy
(FTIR), Dynamic vapor sorption (DVS) and compression tests.

2. Materials and Methods

2.1. Materials

Cellulose (cotton linters, ~20 micrometers, 240 Da), collagen hydrolysate, a polypeptide made
by further hydrolysis of denatured collagen (molecular weight of 96 kDa; due to semantics, and ease
of reading, we use the generic name “collagen” for the rest of article), lipoic acid, gallic and ellagic
acids were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further purification.
Oak bark (Quercus robur L.) was obtained from a local drugstore.

2.2. Methods

2.2.1. Polyurethane Synthesis

The polyurethanes used in this study were synthesized from polycaprolactone (PCL), methylene
diphenyl diisocyanate (MDI) and a mixture of butane diol (BD) and beta-cyclodextrin (3-CD) at a
ratio of 9/1 (w/w) as chain extender, in dimethylformamide (DMF) solution. Briefly, the PCL was dried
in vacuum 1 mm Hg at 80 °C for 3 h. The reaction was carried out under stirring with MDI at the
temperature of 80 °C for 1 h and then the DMF solution mixture of BD and 3-CD was added and the
mass reaction was kept under stirring at 60 °C for 6 h. The polyaddition reaction was stopped with a
solution of 5 mL EtOH:DMF 1:1 (v/v) at the viscosity of ~7000 cP. Molar ratio between components
PCL/MDI/(BD/B-CD) was 3/4/1 [33].

The synthesis route is shown in Scheme 1.
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Scheme 1. Polyurethane synthesis.
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2.2.2. Tannins Extraction

Tannins extraction was performed according to the method described by Sivakumar et al. [34]
with slight modifications (Scheme 2). Oak bark was cut into small sizes in the range of 1 to 2 cm. Then a
pre-selected amount of the bark material (100 g) was taken in a clean glass beaker. Extraction was
carried out using 300 mL of distilled water. Ultrasound-assisted extraction was carried out twice using
a power level of 240 W for 30 min. The aqueous extract was filtered and the tannins were precipitated
by saturating the solution with ammonium sulfate. The crude material was subsequently purified by
dissolution in acetone and reprecipitation with ethyl ether.

Oak bark (1009)

Ultrosound assisted extraction
in water (300mL)

y
Filtration

|
Fil’lrate

Precipitation
with ammonium sulfate

Y
Filtration

Tannins Filtrate

Dissolution in acetone

Y
Precipitation with
ethyl ether

Y
v v
Filtrate Purified tannins

Scheme 2. The workflow for the tannin’s extraction.

2.2.3. Preparation of Biomaterials

The reference material (REF) was obtained by dissolution of cellulose (1 g), collagen (0.25 g) and
polyurethane (0.25 g) in buthyl-3-methylimidazolium chloride (10 g) under stirring, at a temperature
of 100 °C for 8 h. Other biomaterials named LIP and TAN were obtained by addition of 0.15 g of lipoic
acid and tannin, respectively, to the cellulose—collagen—polyurethane matrix. After 48 h, the samples
were washed with distilled water. The respective amounts of tannin and lipoic acid removed from the
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TAN and LIP formulation were evaluated by Ultraviolet-Visible (UV) spectroscopy. It was found that
4.3% of tannin and 2.8% lipoic acid were removed by washing.

2.2.4. Characterization

FTIR Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy was used to analyze the possible
interaction materials” components. The film samples were measured by a Bruker, Vertex 70 (Billerica,
MA, USA) equipped with an attenuated total reflection (ATR) device. All samples were acquired using
a diamond crystal with ZnSe focusing element at room temperature. Scanning was performed in
a range from 4000 cm~! to 600 cm™! with a spectral resolution of 2 cm™!, with 64 repetitious scans
averaged for each spectrum. Prior to measurement, the materials were conditioned at 65% + 2%
relative humidity and 20 + 2 °C for 48 h.

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used to analyze the cross sections of material using a
SEM (FEI QUANTA 200ESEM instrument) with an integrated EDX system: GENESIS XM2i EDAX with
an SUTW detector. The samples were analyzed with a low-vacuum secondary electron detector at an
accelerating voltage of 25.0 kV, at room temperature and 0.050 Torr internal pressure. The experiment
was performed in triplicate.

2.2.5. Bioadhesivity Test

A TAXT plus® analyzer from Stable Micro Systems (Godalming, UK) was used to evaluate the
adhesion force (maximum detachment force) and total work of adhesion as described in a previous
paper [35]. The bioadhesion test was performed on a hydrated dialysis tubing membrane (cellulose,
Visking DTV14000), in PBS (pH 7.4) at 37 °C, while for the determination of mucoadhesive properties
a fresh porcine skin membrane was used. The values given for each sample are the results of
five determinations.

2.2.6. Compression Test

The compressive properties of the materials were determined using a Shimadzu Testing Machine
EZTest (EZ-LX/EZ-SX Series, Kyoto, Japan) at a compression rate of 1 mm x min~!. This test was
performed at 22 °C and was applied on samples, as plates, with 10 mm thickness, 12 mm width
and 4 mm height. The setup of the test and the calculations of the elastic modulus were performed
in accordance with the procedure already reported for curdlan-based hydrogels [36]. Compressive
strength was determined as the compressive stress at 10% strain, while the elastic modulus was
calculated as the slope of the initial linear region in the stress-strain curve.

2.2.7. Dynamic Vapor Sorption (DVS)

IGAsorp equipment (Hiden Analytical, Warrington, UK) was used to evaluate the water sorption
at atmospheric pressure by passing a humidified stream of gas over the sample. Isothermal studies
were performed at humidity between 0% and 95%, in the temperature range from 5 °C to 85 °C, with an
accuracy of £1% for 0%-90% Relative Humidity (RH) and +2% for 90%-95% RH.

2.2.8. In Vitro Release Studies

The experiments were carried out in a 708-DS Dissolution Apparatus coupled with a Cary 60
UV-VIS spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at 37 + 0.5 °C and a rotation
speed of 100 rpm, in media with phosphate buffered saline (pH 7.2). The concentration of the released
compound was analyzed spectrophotometrically, showing Amax values of 276 nm (TAN) and 287 nm
(LIP) at room temperature. The concentrations were calculated based on the calibration curves
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determined at the same wavelengths. The filler release kinetics were evaluated using the equation
proposed by Korsmeyer and Peppas [Equation (1)] [37].

Mt n

Mo kt (1)
where M;/M represents the fraction of the drug released at time t; M; and M, are the absolute
cumulative amount of drug released at time ¢ and the maximum amount released in the experimental
conditions used, at the plateau of the release curves; k is a constant incorporating the characteristics
of the macromolecular drug loaded system, and  is the release exponent, which is indicative of the
release mechanism.

In the equation above a value of n = 0.5 indicates a Fickian diffusion mechanism of the filler from
the biomaterial sample, while a value 0.5 < n < 1 indicates a non-Fickian behavior. When n =1, a case
II transport mechanism is involved with zero order kinetics, while n > 1 indicates a special case II
transport mechanism [38].

2.2.9. (DPPH—2,2 diphenyl-1-picrylhydrazyl) Assay

The 2,2 diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging activity was determined by
the method described by Sridhar and Charles [39] with slight modifications. For the DPPH assay,
samples with weights varying between 20 and 70 mg were added to the same volume (10 mL) of DPPH
methanolic solution (100 uM). Mixtures were shaken and left to incubate for 20 min in the dark at
room temperature. A decrease in absorbance was measured at 515 nm against a blank of methanol
without DPPH using a Jenway 6405 UV/Vis spectrophotometer. The inhibition percentage of DPPH
discoloration was calculated using Equation (2), where A 1o is the absorbance of control and Aggypie
is the absorbance of the sample.

Acontrol — Asample

Yinhibition = [
Acontrol

] x 100 (2)

Values are expressed as mean + SD of triplicate measurements.

2.2.10. HPLC Analysis of Tannins

A Shimadzu Prominence High Performance Liquid Chromatography (HPLC) System equipped
with an Alltech Econosil C18 column (4.6 X 250 mm, 5 um) was used for HPLC analysis. Elution:
solvent A (water with 1% AcOH), solvent B (methanol). Gradient: solvent B from 20% to 100% in 60 min.
Flow rate 1 mL/min. Temperature 25 °C, injection volume 20 uL. UV detection at 280 nm. The tannins
were dissolved in the initial mobile phase at a concentration of 1 mg/mL. Gallic and ellagic acids have
been used as standards for identifying the components of tannic extract [40]. The compounds were
quantified using the calibration curves method [41,42].

3. Results and Discussion

The design and characterization of novel biomaterials, obtained without chemical modification,
is of great relevance for the development of biomaterials with various applications.

3.1. Analysis of Tannins in Oak Bark

The chromatogram in Figure 1 indicates the presence of gallic and ellagic acids, predominant in
the aqueous extract of the oak species Quercus robur L. [41]. Scientific data stipulate a ratio between
ellagic and gallic acid of about 10/1 [42]. In this case, the ellagic and gallic acids were found in amounts
of 83.3 and 7.2 mg/g extractum pulvis of oak bark.
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Figure 1. HPLC chromatogram for Quercus robur L. extract (GA—gallic acid, EA—ellagic acid).

3.2. FTIR Analysis

FTIR spectroscopy was used to analyze the possible interactions between material components.
Figure 2 depicts the FTIR spectra for components of the reference film. The peaks observed in cellulose
spectra [Figure 2(1)], in the range of 3660-2900 cm™!, are characteristic for the stretching vibration of
O-H and C-H bonds in polysaccharides, while the broad peak at 3334 cm™! is characteristic for the
stretching vibration of the hydroxyl group in polysaccharides [43]. The band at 2900 cm™! is attributed
to the C-H stretching vibration of all hydrocarbon constituents in polysaccharides. Typical bands
assigned to cellulose were observed in the region of 1630-900 cm~'. The peaks located at 1631 cm™"
correspond to the vibration of water molecules absorbed in cellulose [44]. The absorption bands at
1427, 1367, 1334, 1029 cm ™! and 898 cm™! belong to the stretching and bending vibrations of ~CH, and
—CH, -OH and C-O bonds in cellulose [45,46].

Figure 2(2) shows the Fourier transform infrared spectrum recorded for polyurethane.
The absorption band at 3323 cm™! corresponds to NH stretching. The sharp peaks at 2858 cm~! and
2925 cm ™! are associated with -CH, stretching, while other modes of -CH,, vibrations are identified
by the bands at 1448, 1406, 1334 and 1236 cm™L. In addition, the absorption band at 1631 cm~1 g
associated with a C=0 group in polyurethane. The group of NH bend vibrations is identified by the
band at 1631 cm™! [47].

The spectra of collagen [Figure 2(3)] shows the amide A band, associated with N-H stretching, at
3330 cm™!. The amide bands were observed at 1631, 1541 and 1334 cm™!, respectively. Polypeptide
backbone C-O stretching vibration was found in the range of 1600-1700 cm~!. C-N stretching
vibrations were noted at 1222 cm™! [48].

In Figure 3 are presented FTIR spectra for the obtained materials. Based on the recorded spectra,
we can calculate a series of indices that reflect the degree of ordering and the total crystallinity, as well
as the strength of the hydrogen bonds, for the studied materials.
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The ratio between the heights of the bands at 1376 and 2902 cm~! was proposed by Colomn
and Carrillo [49] as the total crystalline index (TCI). The band at 1437 cm™! is associated with the
crystalline structure of cellulose, while the band at 899 cm™! is assigned to the amorphous region in the
cellulose. The ratio between the absorbance of the bands at 1437 and 899 cm™! is used as a lateral order
index (LOI). Considering the chain mobility and bond distance, the hydrogen bond intensity (HBI) of
cellulose is closely related to the crystal system and the degree of intermolecular regularity—that is,
crystallinity. The ratio of the absorbance bands at 3336 and 1336 cm~! was used to study the cellulose
sample’s HBI. The obtained results are displayed in Table 1. The TCI is proportional to the degree of
crystallinity of cellulose, and LOI represents the ordered regions perpendicular to the chain direction
in the cellulose.

The REF samples exhibited the highest TCI and lowest LOI, which implies the highest crystallinity
degree and an increase in ordered regions perpendicular to the chain direction in cellulose. The data
from Table 1 show that the LIP material presents the highest LOI and lowest value of TCI. It is possible
that a lateral ordered cellulose structure was obtained in the cellulose-collagen-polyuretane matrix by
the addition of lipoic acid. At the same time, the HBI value increased as compared to that of the matrix,
which means that fewer available hydroxyl groups in the cellulose chain are able to interact by inter-
and/or intramolecular hydrogen bonding.

On the contrary, the film comprised of tannin registered the highest value of HBI, suggesting
strong interactions between the adjacent cellulose chains, resulting in a high level of cellulose chain
packing, due to the numerous phenolic hydroxyl groups attached to the aromatic and heterocyclic
rings. This also resulted in greater mechanical properties.

Table 1. Infrared total crystallinity (TCI), hydrogen bond intensity (HBI) and lateral order index (LOI)
for the obtained biomaterials.

TCI (A1376/A2902) LOI (A1437/Ag99) HBI (A3336/A1336)

REF 0.492 1.533 3.459
TAN 0.447 2.132 4.368
LIP 0.406 2.250 4.177

3.3. Mechanical Properties

Compressive strength is an important parameter for the scaffolds used in tissue engineering.
Consequently, uniaxial compression tests were applied to materials up to 70% strain, and the obtained
stress-strain curves for all samples can be seen in Figure 4A. The tannin- and lipoic acid-containing
biomaterials showed a typical linear stress-strain behavior at < 20% initial strain level (Figure 4A),
demonstrating that the hydrogel blends changed from a relaxed state to a stressed state to store energy
for resisting the compression stress [50]. As the strain level increased, the stress rapidly rose, and a
fracture at about 20% strain level was first observed in the reference sample (Figure 4A), suggesting
that the energy dissipation inside the network for this sample was not enough to resist the external
force applied [51]. However, the reference material was found to be very elastic, with a value of elastic
modulus of 4.5 kPa and a compressive strength of 80 kPa (Figure 4B). In general, the addition of filler
causes the decrease of elasticity [52], but this influence was only observed for the sample containing
lipoic acid (2.95 kPa, Figure 4B).

On the other hand, the addition of filler particles to the cellulose—collagen—polyurethane matrix
induced a progressive increase of the compression strength, as well as the strain of the materials. When
10% of lipoic acid was added, the compression strength reached about 105 kPa, while the same amount
of tannin increased compression strength up to 139 kPa. This means that the filler used can bear the
stress effectively and increase the mechanical strength of the obtained materials.

The mechanical properties of polymer blends usually give an indication of possible interactions
between their constituents [53]. The two-fold increase in the compressive strength of the materials
containing tannin (TAN) indicate a possible interaction between the matrix and the filler within the
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blend via hydrogen bonding, as proved above by the highest HBI values (Table 1). The increase in
mechanical properties, especially the rigidity of the samples containing tannin, could also be attributed
to the decrease of the Brunauer-Emmett-Teller (BET) surface area and water sorption capacity (Table 2),
because of the low dissipation energy inside the network. A low BET surface area indicates a reduced
porosity of the sample, so the densification region which is normally observed for porous materials [54]
was missing in our case, and thus the rigidity of the tannin-containing film increased (Figure 4B).
The values of the elastic modulus of the materials prepared in this study are comparable to or even
higher than those obtained for other cellulose-containing hydrogels. For example, Kalinoski & Shi [55]
added lignin and/or xylan to cellulosic hydrogels, leading to values for the elastic modulus ranging
from 20 to 105 kPa.
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Figure 4. (A) Representative compressive stress-strain curves for REF, LIP and TAN at room temperature;
(B) The values of the elastic modulus and compressive strength for the obtained biomaterials.

Table 2. Dynamic vapors sorption (DVS) parameters for the obtained biomaterials.

BET Data
Sorption C it
Sample orP l;;on d }: pactly Area Monolayer
o m?2 x g1 gxgl
REF 48.5 331.062 0.094
TAN 17.7 151.100 0.043
LIP 248 758.750 0.216

However, the values of the elastic modulus of our materials are weak compared to other
cellulose-containing double network materials used for articular cartilage, which exhibited an elastic
modulus of 322 kPa [56]. The results in the literature also suggest that by altering the ratios of xylan and
lignin to cellulose, one can potentially fine-tune the mechanical properties of cellulosic hydrogels [57].
It is also possible to use chemical cross-linkers when preparing the physically cross-linked materials,
which is especially effective in improving the matrix properties. The mechanical properties analysis
provide evidence that cellulose—collagen—polyuretahane films with added lipoic acid and tannin
become more resistant and less elastic. As our focus is to create physically cross-linked mechanical
properties, materials using lipoic acid and tannin without chemical cross-linkers, or using chemical
cross-linkers along with physical cross-linking methods, may warrant future study.

3.4. Water Adsorption Isotherms

Adsorption and desorption isotherms express the dependence of equilibrium water content on
materials and relative humidity. According to Figure 5, a hysteresis behavior is related to the water
uptake capacity values of our materials.
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Figure 5. Sorption/desorption isotherms of the studied biomaterials (1—reference sample; 2—TAN
sample; 3—LIP sample).

The Brunauer-Emmett-Teller (BET) and Guggenheim-Anderson—de Boer (GAB) equations were
used for the modelling of the sorption isotherms, but the BET model better fitted the experimental
results as compared to the GAB model. This means that the transport phenomena are associated
with the occurrence of monomolecular sorption range (I) and a multi-layer sorption (II). The data
from Table 2 evidence a higher amount of water for the REF sample, which could also be correlated
with the high elasticity already observed for this sample (Figure 4B). The addition of fillers to the
polymeric matrix resulted in a significant decrease of the sorption capacity, the highest diminishing
being recorded for the TAN sample. Other authors [58] reported that the adsorption of tannin on the
cellulose surface is driven by the hydrophilic domains via H-bonding, and as a result, the hydrophobic
domains of the tannin are exposed at the very top of the molecular surface.

3.5. Bio/Mucoadhesivity Properties

The developed materials present a surface layer possessing adhesive properties. Bio/mucoadhesive
materials represent a promising tool to achieve site-specific drug delivery [59].

Adhesion of materials to the epithelial tissue is an important property for product safety, efficacy
and quality. In Table 3, the results are presented from bioadhesion and mucoadhesion tests on cellulose
dialysis membrane and porcine skin, respectively. The TAN addition induced a decrement of 33.56%
of bioadhesion force, while lipoic acid presence did not influence this parameter.

Table 3. Adhesive properties of the studied materials.

Bioadhesion Test Muchoadhesion Test
Sample Adhesion Force Total Work of Adhesion Adhesion Force Total Work of Adhesion
(n) (n X s) (n) (n X s)
REF 0.143 + 0.00205 0.025 + 0.00286 0.067 + 0.00339 0.0099 + 0.00033
TAN 0.095 + 0.00205 0.020 + 0.0017 0.087 + 0.00449 0.0204 + 0.00041
LIP 0.142 + 0.00368 0.031 + 0.00163 0.124 + 0.0033 0.0317 + 0.00057

The mucoadhesion test was performed in order to measure the ability of the films to adhere onto
the porcine skin. The mucin present in the mucus surface layer of porcine skin is rich in cysteine
(>10% of the amino acids) and therefore in the thiol groups which can lead the formation of many
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disulfide bonds (5-S) [60]. The thiol groups of mucins could interact with the hydroxyl or carboxyl
groups of tannins, and these interactions could cause a better adhesion to the cell surface of porcine
skin. An increment of 29.85% in mucoadhesiveness of TAN was recorded, and this could mean that
the presence of tannin prolongs the material bioavailability, a fact confirmed by the drug release study.
The LIP sample exhibited the highest mucoadhesiveness, mucoadhesive force being 1.85 times higher
than that of the reference sample, since thiolate compounds are well-known as mucoadhesives [61].
The total work of the adhesion values is in good agreement with those of the adhesive forces.

3.6. Controlled Release of Active Compounds from Biomaterials

The tannin and lipoic acid release profiles from the investigated materials were studied (Figure 6)
to evaluate the potential delivery applications.
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Figure 6. Release profiles of tannin and lipoic acid from the investigated samples.

Comparing results presented in Figure 6 and Table 4, it seems that the highest amount of the
active substance was released from the TAN material, which is in a good agreement with the findings
regarding adhesive properties (Table 3). For both samples, the correlation coefficient (R?) was rather
high (0.998), and describes the first-order kinetic model. The transport constants (k) and transport
exponents (1) were determined from the obtained data. The k value was higher for the LIP sample as
compared to the TAN sample. The value of n was less than 0.3 for both samples, and this corresponds
to a Fickian diffusion, suggesting that the release mechanisms of both fillers were related to the physical
diffusion/filler dissolution interaction of electrostatic forces or hydrogen bonds [62].

Table 4. Kinetic parameters of the fillers released from investigated samples.

Samples n R2, k, min—" R%,
TAN 0.294 0.998 0.0308 0.999
LIP 0.235 0.998 0.0500 0.999

n = release exponent, k = release rate constant, R2, and R% = correlation coefficient. Corresponding to the slope
obtained for determination of n and k.

3.7. Antiradical Activity

It is well known that free radicals are able to induce oxidative stress in biomolecules, thus causing
a wide range of degenerative diseases. The free radical scavenging activity of TAN and LIP materials
confirms their potential therapeutic value in protecting against oxidative injury. The results from
Figure 7 show that the materials are able to scavenge the free radicals, so reducing the oxidative stress.
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The material comprised of tannin as the bioactive compound presented the highest ability to scavenge
free radicals [63]. This can be explained by the hydrogen-donating phenolic hydroxyl groups attached
to the aromatic and heterocyclic rings, which impart good antioxidant activity to the TAN film [59].
It is worth mentioning that free tannin and tannin in the cellulose—collagen—polyurethane matrix
exhibited almost the same radical scavenging activity (92.34% and 92.03%). The LIP material exhibited
scavenging activity of DPPH radical (83.18%) lower than free lipoic acid (87.05%), probably due to the
interactions between the components of the material.
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Figure 7. Antiradical activity of the obtained biomaterials.
3.8. Materials” Morphology

Investigating the SEM images (Figure 8) can give different valuable information about film
morphology. When filler was added into the matrix, its surface tended to become smoother. The absence
of voids, as well as the presence of some discrete micro-domains, suggests the development of
hydrogen bond networks between matrix components and fillers, confirmed by the HBI value
(Table 1). It also suggests that the compatibility and interfacial strength between the filler particles and
cellulose-collagen—polyurethane matrix is improved.

.
N

Figure 8. Images of materials.
4. Conclusions

A new biomaterial comprising cellulose, collagen and polyurethane was obtained by dissolution in
butyl methylimidazole chloride. Other formulations containing lipoic acid and tannin were developed
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and analyzed. The addition of filler particles to the cellulose—collagen—polyurethane matrix induced a
progressive increase of the compression strength, as well as the strain of the materials, which means that
the filler used can bear stress effectively and increase the mechanical strength of the obtained materials.
A hysteresis behavior is related to the water uptake capacity values of the materials, while when filler
was added into the matrix, its surface tended to become smoother.

Perhaps the most important implication of this study is associated with the hypothesis that the
fillers” addition to the polymeric matrix induces improved biological properties, a fact confirmed by
the increasing of the mucoadhesiveness, as well as of the anti-scavenging activity. The in vitro release
of the used fillers is described by Korsmeyer-Peppas model.

In summary, the obtained results confirm that the prepared materials could be promising carriers
for controlled release of TAN and LIP, with potential medical and cosmetic applications. For perspective,
we are already considering the incorporation of active principles with anti-cellulite action (for cosmetic
applications, obviously) into the polymer matrix, that will prove it has mechanical strength, elasticity
and bioadhesiveness.
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