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Abstract: New membranes based on chitosan and chitosan-hyaluronic acid containing new arginine
derivatives with thiazolidine-4-one scaffold have been prepared using the ionic cross-linking method.
The presence of the arginine derivatives with thiazolidine-4-one scaffold into the polymer matrix
was proved by Fourier-transform infrared spectroscopy (FT-IR). The scanning electron microscopy
(SEM) revealed a micro-porous structure that is an important characteristic for the treatment of burns,
favoring the exudate absorption, the rate of colonization, the cell structure, and the angiogenesis
process. The developed polymeric membranes also showed good swelling degree, improved
hydrophilicity, and biocompatibility in terms of surface free energy components, which supports their
application for tissue regeneration. Moreover, the chitosan-arginine derivatives (CS-6h, CS-6i) and
chitosan-hyaluronic acid-arginine derivative (CS-HA-6h) membranes showed good healing effects
on the burn wound model induced to rats. For these membranes a complete reepithelialization was
observed after 15 days of the experiment, which supports a faster healing process.

Keywords: chitosan; hyaluronic acid; arginine derivatives; wound dressing

1. Introduction

Skin and soft tissue injuries, such as burn, ulcer or other traumatic damages, represent a major
health care problem in the entire world regarding the success of the therapy and the costs associated
with it [1–3]. Although several wound dressings materials have been developed, the problem of wound
management is far from being solved [4]. The big challenge of wound treatment remains promoting
a faster wound healing and reducing the incidence of bacterial infection [5–7]. An ideal wound
dressing material should have specific requirements such as: maintaining a moist environment and
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electrolyte balance at the wound interface, allowing gaseous exchange, removing excess of exudates [8],
possessing antimicrobial properties for infection control, and promoting faster wound healing [9].
In addition, it should be easily available, inexpensive, non-allergic, and should also have hemostatic
and analgesic properties [4].

Based on its specific characteristics, chitosan (CS) is one of the most important biopolymers for
biomedical applications [10–13]. It is a hydrophilic high molecular weight cationic polysaccharide,
biocompatible, safe, bioadhesive and biodegradable, derivative of chitin, extracted from the
exoskeleton of shellfish [14–16]. Its low toxicity with versatile biological activities such as
antibacterial and antifungal effects, hemostatic effects, low immunogenicity, scar prevention, and
the ability to efficiently release drugs from the matrix, have provided ample opportunities for
further development [17–20]. Chitosan and different materials based on chitosan have proven to
possess favorable characteristics for promoting rapid dermal regeneration and accelerating wound
healing [8,21,22].

Hyaluronic acid (HA) is another biopolymer with important biomedical applications including:
tissue healing, increasing cell proliferation and migration, angiogenesis, as well as inflammatory
response control [23]. It is a high molecular weight (104–107Da) non-sulfated glycosaminoglycan
(GAG), which is a component of the extra cellular matrix (ECM) of many tissues, such as skin, synovial
joints and periodontal tissues [24–26].

HA is involved in each stage of the wound healing process, including the inflammatory,
granulation and reepithelialization stages [27,28]. It is also involved in the scavenging of reactive
oxygen species (ROS) derived from polymorphonuclear leukocyte (PMN), which are strongly involved
in the pathogenesisof wounds, especially chronic ones [29]. Based on its biological properties associated
with its biocompatibility and biodegradability, many biomaterials derived from HA have been
evaluated as potential biomedical devices [30–34].

In order to improve the physical and biological properties of these biopolymers, herein, we
report the preparation, physic-chemical characterization, and biological evaluation of new chitosan
and chitosan-hyaluronic acid based membranes that have incorporated new derivatives of arginine
with thiazolidine-4-one scaffold as wound dressing biomaterials. It is known that arginine is a basic
alpha-amino acid that has several pivotal roles in cellular physiology [35,36]. Arginine is the only
precursor of nitric oxide (NO), a signal molecule involved in immune responses, angiogenesis, collagen
synthesis, epithelialization, and the formation of granulation tissue, which are all essential processes for
wound healing [37]. Based on the physiological roles of this aminoacid, new arginine derivatives with
thiazolidine-4-one scaffold with improved antimicrobial and antioxidant effects have been developed
by our research group [38].

2. Materials and Methods

2.1. Reagents

Chitosan medium molecular weight (CS, Mw = 425 kDa, 85% of degree of deacetylation and
pKa ≈ 6.7), hyaluronic acid (HA, Mw = 120kDa), Nω-nitro-L-arginine methyl ester hydrochloride
(NO2-Arg-OMe, ≥98%, Mw = 269.69), hematoxylin solution, Mayer’s (pH = 2.4), and eosin Y (dye
content ≈99%) were purchased from Sigma Aldrich, Darmstadt, Germany. All other chemicals and
reagents were of analytical grade and used without further purification.

2.2. Synthesis of Arginine Derivatives

Starting from Nω-nitro-L-arginine methyl ester (NO2-Arg-OMe) hydrochloride, new arginine
derivatives with thiazolidine-4-one scaffold were obtained according to the procedure described in our
previous paper [38]. Briefly, the synthesis was performed in two steps (Figure 1). The first step consisted
in the formation of the 1,3-thiazolidine-4-one heterocycle via one-pot condensation using ethyl
3-aminopropionate hydrochloride (1), aromatic aldehydes (2a–j), and thioglycolic acid (3). The resulted
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ethyl esters were reacted with potassium hydroxide 1M and then with hydrochloric acid 1M, resulting
in the corresponding acid derivatives (4a–j). In the second step, the new arginine derivatives (6a–j)
were obtained by condensation between acid derivatives (4a–j) and Nω-nitro-L-arginine methyl ester
hydrochloride (5) in the presence of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC) and 1-hydroxybenzotriazole (HOBt) via amide bond formation.

Figure 1. The synthesis of arginine derivatives with thiazolidine-4-one scaffold (ArgD: 6a–j).

2.3. Preparation of Chitosan—Arginine Derivatives (CS-ArgD) Membranes

Chitosan medium molecular weight (CS, 2 g) was dissolved in 100 mL of 1% acetic acid by stirring
at room temperature for 6 h [39]. The arginine derivatives (ArgD, 6a–j) were added in concentrations
of 1% (w/v) to the chitosan solution. The resulting blends were stirred for 24–48 h at room temperature
and then 5 mL of each blend was poured into plastic Petri dishes (3 cm × 3 cm). That means into each
Petri dish and into each sponge respectively, there is 50 mg of arginine derivatives. After freezing and
freeze drying, the CS-ArgD membranes were crosslinked by immersion for 1 h at room temperature in
1% (w/v) solution of pentasodium tripolyphosphate (TPP). The excess of TPP was removed by washing
several times with double-distilled water, and then the CS-ArgD membranes were frozen and freeze
dried again for 12 h. Using a similar procedure a membrane containing Nω-nitro-L-arginine methyl
ester (NO2-Arg-OMe) hydrochloride (CS-PArg), used as a reference membrane, has been developed.

2.4. Preparation of Chitosan-Hyaluronic Acid-Arginine Derivatives (CS-HA-ArgD) Membranes

Chitosan medium molecular weight (CS, 2 g) was dissolved in 100 mL of 1% acetic acid by stirring
at room temperature for 6 h. The chitosan solution was neutralized with sodium hydroxide (NaOH)
1M and a hydrogel was obtained. Separately, hyaluronic acid (HA, 1 g) was dissolved in 100 mL of
water by stirring for 12 h at room temperature. The two polymeric solutions were mixed in a ratio of
2:1 (chitosan:hyaluronic acid) and stirred for 12 h at room temperature [40]. To the resulted polymer
blend, the arginine derivatives (ArgD, 6a–j) were added in a concentration of 1% (w/v); they were
stirred again for 24–48 h at room temperature and 5 mL of each blend was poured into plastic Petri
dishes (3 cm × 3 cm). After freezing and freeze drying, the CS-HA-ArgD membranes were crosslinked
by immersion for 1 h at room temperature in 1% (w/v) solution of pentasodium tripolyphosphate
(TPP). The excess of TPP was removed by washing several times with double-distilled water, and
then the CS-HA-ArgD membranes were frozen and freeze dried again for 12 h. Using a similar
procedure, a membrane containing Nω-nitro-L-arginine methyl ester (NO2-Arg-OMe) hydrochloride
(CS-HA-ArgD), used as a reference membrane, has been developed.
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2.5. Characterization of Chitosan/Chitosan-Hyaluronic Acid-Arginine Derivatives
(CS-ArgD, CS-HA-ArgD) Membranes

2.5.1. Fourier-Transform Infrared Spectroscopy (FT-IR)

The presence of the arginine derivatives with thiazolidine-4-one scaffold into the polymer matrix
was proved by FT-IR spectroscopy. The IR spectra were recorded using a ABB-MB 3000 FT-IR
MIRacleTM Single Bounce ATR-crystal ZnSe Fourier transform spectrometer, Quebec, QC, Canada,
in the range of 4000–500 cm−1, at a resolution of 4 cm−1 using a total of 16 scans. The spectra were
interpreted using Horizon program MB™ FT-IR.

2.5.2. Morphology

The surface and morphology of the CS-ArgD and CS-HA-ArgD membranes were analyzed
using a Fei Quanta 200F (field emission gun) scanning electron microscope (SEM), Hillsboro, OR,
USA. The dried samples were coated with gold in order to create a conductive layer of metal which
inhibits charging, reduces thermal damage and improves the secondary electron signal required for
the examination in the SEM.

2.5.3. Porosity Test

The porosity degree of the CS-ArgD and CS-HA-ArgD membranes was determined using the
method of immersing in ethanol 100% (v/v) at room temperature (20 ◦C). The membrane samples
were weighed before immersion to determine the initial weight, after which they were immersed
into ethanol 100% (v/v). After 24 h, the samples were weighed again and the porosity degree (P)
was calculated based on the amount of ethanol absorbed by the membranes, using the following
Formula (1) [41]:

P (%) = (W2 − W1)/ρV × 100 (1)

where: W1 is the weight of the dry membrane and W2 is the weight of the wet membrane, ρ is the
density of the ethanol 100% (v/v) at room temperature and V is the volume of the wet membrane. The
experiment was performed in triplicate for each sample.

2.5.4. Swelling Ratio

The swelling degree of the CS-ArgD and CS-HA-ArgD membranes was determined by immersion
in the phosphate buffer solution (PBS, pH 7.4) and sodium acetate buffer solution (pH 5) [11]. The
membrane samples were weighed before immersion to determine the initial weight (W0), after which
they were immersed into the buffer at room temperature (20 ◦C). Every 15 min, the samples were taken
out from the buffer, wiped quickly with filter paper, and then weighed to determine the weight of the
wet sample (Wt). The operation was repeated until the thermodynamic equilibrium was reached. The
membrane swelling ratio (MSR) was calculated using the following formula (2) [42]:

MSR (%) = (Wt − W0)/W0 × 100 (2)

where: W0 is the weight of the dry membrane and Wt is the weight of the wet membrane at different
times. The experiment was performed in triplicate for each sample.

2.5.5. Contact Angle Measurements

In order to perform the contact angle measurements, thin films were prepared. A sample of 200 µL
of arginine derivatives-polymer blend (CS-ArgD, CS-HA-ArgD) prepared according to the procedure
described in Sections 2.3 and 2.4, was cast onto special glass surfaces (blades) and the samples were
allowed to dry at room temperature. The contact angle was measured by the sessile drop method
using CAM-200 equipment, KSV NIMA – Biolin Scientific, Espoo, Finland. 1 µL of pure liquid was
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placed on the film surface and the contact angle values were recorded within 10 s, at room temperature
and controlled humidity. The measurements were performed at least 10 times on different sites of the
surface and the average value was considered [43,44].

2.5.6. Surface Tension Parameters

Based on the van Oss and Good acid-base method [45], the surface tension parameters were
calculated, which divides the total surface tension into the dispersive Lifshitz–van der Waals interaction
(γLW

s ) and polar Lewis acid–base interactions (γAB
s ), which are also subdivided into electron donor γ−

s
(Lewis base) and electron acceptor γ+

s (Lewis acid) parts:

(1 + cos θ)γTOT
s = 2(

√
γLW

s γLW
l +

√
γ+

s γ−
l +

√
γ−

s γ+
l ) (3)

where: θ is the contact angle measured in different liquids (double-distilled water, formamide and
diiodomethane), γTOT

S is the liquid total surface tension, and γLW
l andγLW

s are the apolar Lifshitz–van

der Waals components of the liquid and the solid, respectively, whereas
√

γ+
s γ−

l and
√

γ−
s γ+

l are the
Lewis acid–base contributions of either the solid or the liquid phase as indicated by the subscripts.

2.6. Biological Evaluation

2.6.1. Wound Healing Assay

The study was performed using white adult males Wistar rats, weighing between 250–300 g
and it was approved by the Animal Research Committee of the “Grigore T. Popa” University of
Medicine and Pharmacy, Iasi, Romania (no. 17826/2016). The rats were anesthetized by inhalation of
isoflurane 2 L/min, after which the dorsal areas were shaved and two burns were induced by applying
a high-pressure steam at 114 ◦C for 2 s through controlled electro-valve. After the debridement of the
burn, the rats were randomly divided in 7 groups (of 6 rats each) and the burn surface was covered with
the following materials: standard gauze dressing (control, group 1); CS-ArgD membrane: CS-6j (group
2), CS-6i (group 3), CS-6h (group 4), and CS-HA-ArgD; membranes: CS-HA-6j (group 5), CS-HA-6i
(group 6), and CS-HA-6h (group 7). During the experiment the membranes were replaced on the 5th
and 10th day in order to perform a complete and faster healing. At the time of replacing the membranes
the wound was clean of damaged tissue, fibrin, dead cells, and excess of exudates. At every dressing
renewal the burn surface was macroscopically analyzed and photographed and punch biopsies were
performed. At the end of the experiment, on the 15th day, after the last punch biopsy, the rats were
euthanized by intracardiac administration of 1–2 ccKCl under isoflurane anesthesia. The skin biopsies
have been fixed, processed, paraffin embedded, and sectioned. To analyze the wound healing results
Hematoxylin and Eosin (H&E) staining was used. The analysis of the biopsy samples was performed
using a Leica DM3000 microscope, Leica Microsystems, Wetzlar, Germany, including a special module
for analysis and image processing.

2.6.2. Statistical Analysis

The data are expressed as mean ± standard deviation (SD). The statistical software package
StatView was used for the analysis of biological results. The experimental data were analyzed by
repeated measures by 3 (groups) × 3 (time sample points), using Analysis of Variance (ANOVA) and
Fisher’s post hoc test to compare the burn surface area between groups at Day 5, 10 and 15. Statistical
significance was set to p value ≤ 0.05.
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3. Results

3.1. Chemistry

The synthesis of arginine derivatives with thiazolidine-4-one scaffold (ArgD: 6a–j) is summarized
in Figure 1. The procedure and full spectral characterization of the compounds (FT-IR, 1H-RMN,
13C-RMN, MS) are presented in our previous paper [38].

The difference between synthesized compounds consists of the radical that substitutes the
aromatic ring from C2 of the thiazolidinel-4-one moiety. The substitution pattern of the aromatic
ring was carefully selected, using both electron donating groups such as –CH3, –OCH3, and –OH, in
addition to electron withdrawing groups such as halogens (Cl, F, Br) and –NO2, in order to improve the
biological effects. There are some studies that have proved that the substitution of the aromatic ring cu
halogens has a positive influence on the antibacterial effects of the compounds with thiazolidine-4-one
structures [46].

3.2. Characterization of Chitosan/Chitosan-Hyaluronic Acid-Arginine Derivatives
(CS-ArgD, CS-HA-ArgD) Membranes

3.2.1. FT-IR Spectral Data

The infrared spectra of the CS-ArgD and CS-HA-ArgD membranes revealed the characteristic
absorption bands of the polymers (CS, HA) and also of the arginine derivatives (ArgD: 6a–j) (Figure 2).
Thus, for CS-ArgD membranes, the characteristic absorption bands of CS were identified as an abroad
band between 3400–3600 cm−1 attributed to the stretching vibration of OH, NH2 and NH groups
and a narrower absorption band around 3200 cm−1 assigned to the CH groups. These bands are
more intense in the CS-HA-ArgD membranes due to the specific groups of HA. The amide group
(–CO–NH–) of the polymers appears as a characteristic band at 1550–1600 cm−1 (CS-ArgD) and at
1490–1550 cm−1 (CS-HA-ArgD). The band from 1300–1400 cm−1 is attributed to the carboxyl group of
HA. The presence of the arginine derivatives (6a–j) in the polymer matrix was proven by the specific
aromatic ring absorption bands, which appear within the 3100–2954 cm−1 range and by the methylene
group absorption band, which appears at the wavelength of 1250 cm−1.

Figure 2. Cont.
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Figure 2. Infrared (IR) spectra of CS-ArgD and CS-HA-ArgD membranes.

3.2.2. Morphology

The SEM analysis indicates that, in most of the cases, the incorporation of ArgD (6a–j) into
the chitosan and chitosan-hyaluronic acid matrix results in an increasing of the pores’ size of the
polymeric membrane, which could be explained by the presence of the thiazolidine-4-one scaffold
and of the arginine structure. This feature is particularly important regarding the application
of the CS-ArgD and CS-HA-ArgD membranes in the treatment of burns, favoring the exudates
absorption from the wound. In Figure 3 there are presented the SEM images for CS-6h membrane
(6h: N2-[(2-(4-methoxyphenyl)-4-oxo-1,3-thiazolidin-3-yl)propionyl]-nitro-L-arginine methyl ester)
(B) for which it was observed the biggest porosity in comparison to CS-PArg (A), which contains
NO2-Arg-OMe, which is used as a starting material in the synthesis of arginine derivatives.

Figure 3. Scanning electron microscope (SEM) images for CS-PArg (A1–A3) and CS-6h (B1–B3)
membranes at various magnifications of 1 mm, 200 µm, 500 µm.
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3.2.3. Porosity Test

The porosity degree is an important characteristic of polymeric membranes used in the treatment
of wounds, since it influences the exudates absorption, the rate of colonization, the cell structure
and the angiogenesis process. It was shown that chitosan membranes with smaller pore sizes are
characterized by an improved mechanical strength, good water absorption rate and increased cellular
effects, unlike the chitosan membranes with larger pores [41]. At the same time the beneficial effects of
membranes with high porosity structure for wound healing were demonstrated because they facilitate
the transport of nutrients and oxygen and the absorption of wound exudates [39]. The porosity degree
depends on the type and concentration of the polymer and the characteristics of the drug loaded into
the polymer matrix, on the freezing method, as well as on the crosslinking agent used. In our study
it was observed that the incorporation of arginine derivatives with thiazolidine-4-one scaffold (6a–j)
into the chitosan matrix was associated, in most of the cases, with increasing the porosity degree in
comparison with the CS-PArg that contains the NO2-Arg-OMe. Moreover, in several cases the porosity
degree of CS-ArgD was higher than the porosity degree of the chitosan membrane (CS) (Figure 4a).
Regarding the influence of the structure of ArgD incorporated into the polymer matrix on the degree
of porosity, it was observed that nitro (ortho and meta) and methoxy (ortho) from the aromatic ring from
the C2 of the thiazolidinel-4-one moiety increase the porosity degree. The highest porosity degree was
showed by CS-6h (R = 2-OCH3, P = 92.05%), which was two times higher than the value recorded for
the chitosan matrix (P = 47.02%). A good porosity degree, higher than the chitosan matrix, was also
showed by CS-6i (R = 3-NO2, P = 88.25%) and CS-6j (R = 2-NO2, P = 78.87%).

Figure 4. The porosity degree of the CS-ArgD (a) and CS-HA-ArgD (b) membranes.

In the case of CS-HA-ArgD membranes, the porosity degree ranged from 10% to 70% (Figure 4b).
The highest porosity degree was showed by CS-HA-6h (R = 2-OCH3, P = 67.80%), CS-HA-6i (R = 3-NO2,
P = 59.50%) and CS-HS-6j (R = 2-NO2, P = 51.40%). With few exceptions, the CS-HA-ArgD membranes
showed a lower degree of porosity compared to the corresponding CS-ArgD matrices, which means
that the hyaluronic acid present in the polymer matrix is responsible for this characteristic.

3.2.4. Swelling Degree

The swelling degree was studied at pH 7.4, similar to the physiological one and at pH 5, similar to
the skin tissue injuries [47]. The data showed that the swelling degree of the CS-ArgD and CS-HA-ArgD
membranes was higher at pH 5 than at pH 7.4, especially for CS-ArgD (Figure 5). This is a very
important characteristic because it means that they have a good absorption capacity of exudates in
the wound healing process. The higher degree of swelling recorded at pH 5 can be explained by the
protonated amino groups. It is known that chitosan has a weak basic character with a pKa around 6.5
and its swelling capacity is largely due to its free amino groups. In the acid environment the amino
groups are positively charged and induce repulsive forces in the polymer matrix and as a result the
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network volume is increasing. It is expected that the membranes with a greater degree of porosity will
also have a higher MSR, a fact confirmed by the results obtained. The highest swelling degree was
recorded for the same derivatives that recorded an increased porosity degree: CS-6h (R = 2-OCH3,
MSR = 2124%) and CS-6i (R = 3-NO2, MSR = 2033%) at pH 5, which was approximately two times
higher than that of CS (MSR = 1054%). A higher swelling degree than chitosan was also recorded
for CS-6j (R = 2-NO2, MSR = 1940%). All CS-ArgD membranes showed a higher MSR than CS-PArg
membrane, which contains the parent arginine derivative (NO2-Arg-OMe) (Figure 5a), which persisted
for 24 h.

Figure 5. The membrane sweeling ratio (MSR) (%) of CS-ArgD (a) and CS-HA-ArgD (b) membranes.

In the case of the CS-HA-ArgD membranes, the highest values of the swelling degree were
recorded for CS-HA-6j (R = 2-NO2, MSR = 2036%), CS-HA-6h (R = 2-OCH3, MSR = 2030%), CS-HA-6i
(R = 3-NO2, MSR = 1979%), and CS-HA-6d (R = 4-F, MSR = 1979%) at pH 5, values which were higher
than the value recorded for the CS-HA matrix (MSR = 1320%) (Figure 5b). In was also noted that the
thermodynamic equilibrium had been reached after 120 min for CS-ArgD and faster, after 60 min, for
CS-HA-ArgD, which is explained by the hydrophilic properties of the hyaluronic acid.

3.2.5. Surface Tension Parameters

One method to evaluate the degree of hydrophilicity and biocompatibility of the polymeric
materials is to determine the surface tension parameters. For tissue engineering applications it is
necessary to have an appropriate balance of hydrophilic and hydrophobic surface features, because it
is known that excessively hydrophobic surfaces enhance the cell affinity and reduce biocompatibility,
while highly hydrophilic surfaces reduce the cell-cell interactions [48]. The surface tension expresses
the intramolecular interactions, which are produced on a biomaterial surface, having implications on
the cell adhesion process and on the biomedical application of polymers. There is a strong connection
between the surface tension and the cell adhesion. It has been shown that the cell adhesion is increasing
with increasing surface tension [49] and with increasing wettability of the membrane [48].

In our study, the surface tension parameters of CS-ArgD and CD-HA-ArgD films were estimated
based on contact angle measurements using three pure liquids: double-distilled water, formamide,
and diiodomethane.

In the case of CS-ArgD films, it was observed that the incorporation of arginine derivatives with
thizolidine-4-one scaffold (6a–j) resulted in the decreasing of the value of the contact angle compared
to the CS and CS-NO2-Arg-OMe (CS-PArg) films. It can be noted that all CS-ArgD films are hydrophilic
because the value of the contact angle is less than 90◦. The most hydrophilic are the CS-6a (R = H) and
CS-6d (R = 4-F) films, for which the values of the contact angle were 50.88 ± 0.9 and 57.84 ± 1.5, and
the less hydrophilic film is the CS-6h (R = 2-OCH3) where the contact angle recorded was 85.90 ± 3.5
(Table 1, Figure 6).
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Table 1. The contact angle values recorded for CS-ArgD and CS-HA-ArgD films.

CS-ArgD/
CS-HA-ArgD

Contact Angle Value (◦)

Double-Distilled Water Formamide Diiodomethane

CS CS-HA CS CS-HA CS CS-HA

CS/CS-HA 102.14 ± 2.3 10.97 ± 1.9 69.86 ± 4.5 40.23 ± 2.2 65.16 ± 0.2 89.98 ± 1.1
NO2-Arg-OMe 102.52 ± 3.1 26.76 ± 2.3 47.77 ± 0.7 39.8 ± 1.9 54.00 ± 4.7 88.97 ± 0.5

6a 50.88 ± 0.9 16.07 ± 0.5 47.79 ± 1.5 12.34 ± 2.6 41.99 ± 1.0 40.99 ± 3.8
6b 79.07 ± 1.7 35.34 ± 4.6 56.44 ± 2.3 30.27 ± 3.5 47.68 ± 0.8 67.54 ± 2.9
6c 77.17 ± 4.3 16.07 ± 0.5 51.83 ± 3.5 35.41 ± 0.7 46.81 ± 2.7 58.66 ± 1.7
6d 57.84 ± 1.5 30.39 ± 2.1 39.22 ± 0.6 34.09 ± 4.3 43.77 ± 3.1 66.43 ± 1.6
6e 74.88 ± 1.4 26.74 ± 3.0 59.50 ± 2.8 23.29 ± 0.8 46.87 ± 4.3 70.89 ± 2.3
6f 71.35 ± 0.3 36.21 ± 2.9 55.93 ± 2.0 46.56 ± 1.6 39.86 ± 4.4 56.78 ± 3.3
6g 73.15 ± 2.6 32.17 ± 0.3 59.79 ± 4.3 24.98 ± 1.8 44.45 ± 1.7 68.79 ± 0.7
6h 85.90 ± 3.5 47.67 ± 1.9 62.21 ± 1.7 38.05 ± 4.1 53.93 ± 2.3 57.09 ± 4.4
6i 83.36 ± 1.2 40.96 ± 1.1 61.89 ± 0.3 26.37 ± 2.9 37.21 ± 0.8 60.54 ± 4.6
6j 84.98 ± 2.9 38.79 ± 3.8 54.78 ± 1.2 17.65 ± 2.5 51.18 ± 4.5 45.57 ± 2.4

Figure 6. Recorded images at the contact angle measurements for CS-6f/CS-HA-6h and
CS-PArg/CS-HA-PArg in double distilled water, formamide, and diiodmethane.

The presence of the hyaluronic acid in the polymeric matrix substantially increases the
hydrophilicity; for example, all of the CS-HA-ArgD films were more hydrophilic than the
corresponding CS-ArgD films. The value of the contact angle measured in double distilled water
ranged between 16.07 ± 0.5 (CS-HA-6a) and 47.67 ± 1.9 (CS-HA-6h) (Table 1, Figure 6).

In addition, two other measurements of the contact angle, in diiodomethane and formamide, have
been performed (Table 1), in order to evaluate the surface tension parameters. The values are presented
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in Table 2. For the CS-ArgD films it was observed that the presence of arginine derivatives with
tiazolidine-4-one scaffold (6a–j) into the chitosan matrix slightly increased the value of total surface
tension (γTOT

s ), especially when compared to the value recorded for the chitosan matrix. However, the
values recorded for CS-ArgD were lower than the ones for the CS-PArg membrane, which means that
the modulation of the arginine structure using the thiazolidine-4-one scaffold has a beneficial effect on
the surface tension parameters and thus on the biocompatibility of the membranes. Referring to the
free energy polar component (γAB), it can be estimated that by incorporating the arginine derivatives
(6a–j) the polarity of the chitosan increases. Moreover, the free energy surface (γEF) is higher than
15 mN/m, which means that the CS-ArgD films have a procoagulant effect, which can be useful
regarding their potential application in the management of burns. This effect is supported, by the
known hemostatic effects of chitosan [8].

Table 2. The surface tension parameters (mN/m) for CS-ArgD andfor CS-HA-ArgDfilms.

Films
The Surface Tension Parameters (mN/m)

γLW
s γ+

s γ−
s γAB

s γTOT
s γFE

s

CS-ArgDfilms

CS 25.56 1.52 0.04 0.52 26.08 31.31
CS-PArg 31.95 6.93 4.90 11.65 43.60 32.27

CS-6a 38.51 0.02 34.80 1.59 40.11 31.09
CS-6b 35.48 0.45 5.79 3.23 38.72 24.88
CS-6c 35.96 0.91 5.39 4.43 40.39 22.59
CS-6d 37.59 1.13 18.73 9.19 42.77 16.86
CS-6e 35.93 0.35 6.00 2.04 37.96 28.37
CS-6f 39.60 0.22 5.08 1.88 41.48 30.56
CS-6g 37.23 0.18 5.56 1.60 38.83 30.47
CS-6h 31.99 0.36 5.19 2.74 34.73 24.63
CS-6i 40.90 0.01 5.02 0.45 41.35 38.25
CS-6j 33.54 1.48 6.62 3.10 36.65 24.36

CS-HA-ArgDfilms

CS-HA 12.72 6.68 70.81 43.49 56.21 0.35
CS-HA-NO2-Arg-OMe 13.13 8.71 44.74 39.49 52.62 0.13

CS-HA-6a 39.03 1.42 51.58 17.13 56.16 12.06
CS-HA-6b 24.21 4.79 40.78 27.96 52.17 3.05
CS-HA-6c 29.29 2.73 31.51 18.55 47.83 7.30
CS-HA-6d 24.84 4.11 36.92 24.62 49.46 3.86
CS-HA-6e 22.33 6.43 45.61 34.26 56.59 1.94
CS-HA-6f 30.36 7.08 92.86 31.14 91.50 7.81
CS-HA-6g 23.50 5.96 41.07 31.29 54.79 2.46
CS-HA-6h 30.19 1.42 44.30 15.88 46.06 8.87
CS-HA-6i 28.21 3.56 43.63 24.93 53.13 4.97
CS-HA-6j 36.63 2.07 42.33 18.71 55.34 10.29

γLW
s = Lifshitz–van der Waals contributions; γ+

s = Lewis acid-base electron acceptor contributions; γ−
s = acid-base

Lewis electron donor component; γAB
s = polar Lewis acid-base component; γTOT

s = total solid surface tension; γFE
s =

free surface energy.

For the CS-HA-ArgD films it was observed that, in most cases, the values of total surface tension
(γTOT

s ) were similar to the values recorded for the CS-HA matrix (56.21 mN/m), which means that
the incorporation of the arginine derivatives with the thiazolidine-4-one scaffold did not reduce the
biocompatibility of the CS-HA matrix.

For this type of film it was also observed that the values of the free energy surface (γEF) are lower
than the values calculated for the CS-ArgD films, which is explained by the presence of the hyaluronic
acid in the polymer matrix.
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3.3. Biological Evaluation

Wound Healing Assay

For the wound healing assay, six membranes were selected for testing; three CS-ArgD (CS-6h,
CS-6i, CS-6j) and their corresponding CS-HA-ArgD. The selection was based on the biological
evaluation of the arginine derivatives with thiazolidine-4-one scaffold (6a–j), as well as on the
characteristics of the polymeric membranes. The compounds 6h, 6i and 6j showed good antimicrobial
and antioxidant effects—properties which are very important in the healing process. The results
were presented in our previous paper [38]. Moreover, the selected polymer matrices showed the best
porosity and swelling degree, which are important characteristics for topical use in the treatment of
injuries caused by burns.

The macroscopic evaluation of the healing effects of the polymer membranes was carried by
measuring the diameter of the wound area at different timelines (on the 5th, 10th and 15th day), in
comparison to the initial diameter of the burned area (day 0) (Figure 7). The burn reduction was more
intense for all groups treated with polymer membranes, compared to the control group treated with
standard gauze dressing. Compared to the control (23.96 ± 1.11 mm), the best results at the end of
the experiment were obtained for the groups treated with CS-6h (16.34 ± 0.54 mm), CS-6i (15.19 ±
0.36 mm), and CS-HA-6h (13.26 ± 0.23 mm). For the control group, the burn is characterized on the
5th and 10th day of the experiment by hemorrhagic or sero-citrus blisters and, in some cases, even by
deepening wound suppurations. At the end of the experiment, the burn is slightly pearly with reduced
signs of healing. For the groups treated with polymer membranes, the burn does not have suppuration
areas, its appearance is rosacea and it shows a good blood supply. In addition, on the 10th and 15th
day of the experiment, glossy areas can be observed, which represent the new layer of epithelial cells
as a result of the tissue regeneration process. In Figure 9a there are presented macroscopic images for
the groups treated with the control and with CS-HA-6j.
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The microscopic evaluation showed that the best results were obtained for the groups treated
with CS-6h, CS-6i, and CS-HA-6h (Figure 9b). On the 5th day of the experiment, there was
observed extended epithelial denudation and small isolated areas of reepithelialization in continuity
with the epithelial sheaths of the hair follicles, while on the 10th day of the experiment there
were observed epithelial regeneration aspects with an epidermis that showed a reduced thickness.
At the end of the experiment it was observed a complete epithelialization: the epidermis with different
sizes (5–20 cell lines), showing incomplete cell maturation of spinous layer, and a compact stratum
corneum. Dermo-epidermal interfaces with a tendency to curl and a superficial dermis presenting
active fibroblasts and congestive capillaries were also observed (Figure 9b).

4. Conclusions

New chitosan and chitosan-hyaluronic acid membranes containing novel arginine derivatives
with thiazolidine-4-one scaffold have been developed as potential wound dressing materials. These
polymeric membranes have been characterized to evaluate the structure and morphology, the porosity
degree, the swelling capacity, the hydrophilicity and surface tension parameters. For the developed
membranes, the degree of porosity, the hydrophilicity and the swelling capacity were higher than for
the membrane containing the parent arginine derivative (NO2-Arg-OMe). Moreover, the chitosan-6h
(CS-6h), chitosan-6i (CS-6i) and chitosan-hyaluronic acid-6h (CS-HA-6h) membranes showed good
healing effects on a burn wound model. For these membranes, the reepithelialization was completed
with lower values of a damaged tissue zone diameter compared to the control, which supports a faster
healing process. All of the correlated data of this study show that the developed novel chitosan-arginine
derivatives and the chitosan-hyaluronic acid-arginine derivatives membranes are potential materials
for wound dressing, with evident beneficial effects in burn wound healing.
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