W) Check for updates
JOURNAL OF

biomaterials
applications

Soft Tissues and Materials

Journal of Biomaterials Applications
2022, Vol. 37(5) 773-785

© The Author(s) 2022

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/08853282221121879
journals.sagepub.com/home/jba

®SAGE

O-carboxymethyl chitosan/gelatin/
silver-copper hydroxyapatite composite
films with enhanced antibacterial and wound
healing properties

Laura-E Valencia-Gémez', Elia-M Muzquiz-Ramos2 , Abril-D Fausto-Reyes',
Priscila-l Rodriguez-Arrellano', Claudia-A Rodriguez-Gonzalez',
Juan-F Hernandez-Paz', Hortensia Reyes-Blas' and Imelda Olivas-Armendariz'

Abstract

Wound dressing composite films of O-carboxymethyl chitosan (OCMC) and gelatin were prepared and mixed with
hydroxyapatite (HA) composited with Silver (Ag) and Copper (Cu) at different concentrations. The chemical, thermal,
morphological, and biological properties of the composite films were studied. The analysis by FTIR confirmed the presence
of interactions between gelatin and OCMC, and at the same time, the polymer matrix interactions with Ag-Cu/HA
complex. The inclusion of nanoparticle to the composite was associated with an improvement of the thermal stability,
morphological roughness, a 9-12% more hydrophobic behavior (composite Cl, C5, and C8), increase in antibacterial
activity from 23.2 to 33.1% for gram negative bacteria and from 37.28 to 40.59% for gram positive bacteria, and with a cell
viability greater than 100% for 24 and 72 h. The films obtained can serve as a wound healing dressing and regenerating

biomaterial.
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Introduction

Despite the research in wound healing area and progress in
reducing the recurrence rate of infections during epithelial
tissue regeneration, current films still struggle to address
infection, thereby preventing rapid tissue healing causing
complications that can have serious consequences. The
development of new films with the ability to fine tune
different properties through the inclusion of materials with
bioactive and antibacterial properties is necessary.
Nowadays, the solubility of chitosan can be improved by
the carboxymethylation reaction, where the hydrophilic
modification yields the carboxymethyl chitosan (CMC)
polymer. The CMC is a biomaterial that has found nu-
merous medical uses such as regenerative material, drug
delivery systems, antibacterial and wound healing films,
among others."” Carboxymethylation reaction occurs
mostly at Carbon 6 in the hydroxyl groups (OH) or the
amino groups (NH,) of the cyclic chain of chitosan, pro-
ducing N or O-carboxymethyl chitosan compounds
(NCMC and OCMC) that are water-soluble at neutral pH."~

Therefore, OCMC and NCMC are chitosan derivatives with
good properties for film formation, as such: elevated vis-
cosity, non-toxicity, and useful biocompatibility. Also, due
to the high carboxymethyl groups in all their polymer
structure, these chitosan derivatives have upper water sol-
ubility, regeneration tissue, and biodegradability when
compared to chitosan.”

Gelatin polymer is obtained by degraded reaction for
collagen. It is obtained from the connective tissues of the
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skin, bone, muscle membrane, and tendon. Gelatin is
considered a high molecular weight protein, integrated with
18 varieties of amino acids. This polymer has several
biomedical applications, among which wound dressings
stand out.” The compatibility between gelatin and CMC is
due to the ability to link through electrostatic interactions.
This compatibility occurs when CMC has various positive
charges, and gelatin has various negative charges on their
chains at appropriate pH conditions.®

Gelatin and CMC polymers can be used as components
in the elaboration of wound dressing and regenerative
biomaterials. Individually, CMC polymer has been exten-
sively used in biomaterials technology as wound dressings
due to its biodegradability, biocompatibility, non-toxicity,
regenerative activity on tissues, tissue granulation promo-
tion, and cicatrization acceleration.”® Meanwhile, gelatin
polymer is a proteinaceous biopolymer exhibiting proper-
ties like biodegradability, biocompatibility, water absorp-
tion, and easiness of chemical structure modification.”

The HA is used as a biomaterial due to its resemblance to
the composition of most hard tissue of mammalian animals.
Sometimes, it is employed as a coating layer for metallic
substrates. HA’s crystals have a composition of calcium
(Ca), phosphor (P), and trace amounts of Mg**, Zn**, Sr*",
Ag", ClI” and F~ ions. Although HA is an osteoconductive
and biocompatible material, it has limited antibacterial
resistance. To overcome this problem, metallic ions have
been added to HA structure, for example, Ag" due it has
strong bacterial growth inhibition properties.®

Ag" is used as toxic material for some bacteria cells, thus
is widely added to different biomaterials to increase its an-
tibacterial activity. HA doped with Ag" has been obtained by
several methods such as sintering, precipitation, microwave
refluxing, ultrasonic precipitation electrostatic spray-pyrolysis,
and sol-gel. Besides, Cu” have mechanisms of antimicrobial
activity, among which stand cell membrane disruption, DNA
rupture and, production of reactive oxide species.” ' The
aim of the present study is to develop a composite film of
hydroxyapatite with ionic substitutions (Ag and Cu) em-
bedded into a polymer matrix to evaluate the antibacterial,
bioactivity, and biocompatibility properties.

Materials and methods

Composite films were prepared by mixing the OCMC,
gelatin, and Ag-Cu/HA complex. Characterization of the
chemical, thermal, morphological, degradability, hydro-
phobicity, antibacterial activity, and biocompatibility of the
composite films was done in all prepared samples. The
materials used during the experiments were: chitosan (75%—
85% deacetylation, Medium Molecular Weight, Sigma-
Aldrich), isopropanol (Sigma-Aldrich), NaOH (J.K. Pel-
lets Baker), mono-chloroacetic acid (99%, Sigma-Aldrich),
acetic acid (99%; Sigma-Aldrich), Gelatin (Sigma-Aldrich),

genipin (WM 226.2 g/mol, Challenge Bioproducts Co),
glycerin (99%, Sigma-Aldrich), Escherichia coli (E. coli)
(ATCC® 11,229™), Staphylococcus aureus (S. aureus)
(ATCC® 6538™), lysozyme (Fisher Scientific)) DMEM
(1X, gibco), Fetal Bovine Serum (FBS) (Corning), Peni-
cillin Streptomycin (gibco).

Silver-Cooper/hydroxyapatite complex

Cu and Ag in concentrations of 0.1, 0.5, and 1.0 mol were used
to prepare the Ag-Cu/HA complex. The Ag-Cu/HA composite
was synthesized by the Martinez-Gracida method.'? For the
Ag-HA synthesis, citric acid was dissolved in deionized water,
then Ca(NOs),-4H,0O and NH4H,PO, were added. A ho-
mogeneous solution was obtained and, ethylene glycol was
added at 70°C. The product was dried in an oven at 120°C for
12 h, and the recovered product was calcined at 1100°C for
2 h. On the other hand, for Cu-HA synthesis Ca(NO;),-4H,O
and (NH4H,PO,4 + CuSO4-5H,0) were separately dissolved at
a ratio of 1 g/50 mL in deionized water. Then, 40 mL of
NH4OH for each gram of NH4H,PO, were added to the
phosphate-copper solution and the temperature was increased
to 75°C during 3h. The product was filtered, washed with
deionized water, and dried at 90°C for 24 h. Then, it was
treated at 500°C for 2 h. The materials were mixed with the
help of a planetary mill at 250 1/min for 10 min at a ratio of 1:
15 loads/balls. The mixes of the concentrations of Cu and Ag
were prepared according to Table 1.

Synthesis of OCMC

The synthesis of OCMC polymer was done through a car-
boxymethylation reaction. 5 grams of chitosan (75%—-85%
deacetylation, Sigma-Aldrich) were mixed with 50 mL of
isopropanol (Sigma-Aldrich) for 2 h at room temperature
under constant stirring. After this time, a 15 mL solution of
sodium hydroxide NaOH (J.K. Pellets Baker) at 40% w/v
was added and stirred constantly to deprotonate the hydroxyl
groups (OH) of the chitosan chain. Subsequently, 100 mL of
mono-chloroacetic acid (99%, Sigma-Aldrich) solution
(25.5 g in 100 mL of isopropanol) was prepared, divided into
5 equal parts, and added every minute into the mix at room
temperature and constant stirring. The carboxymethylation
reaction was continued under constants stirring for 24 h at
room temperature. After the reaction time elapsed, it was
stopped by a wash with 70% of ethanol (99.6%; J.T. Baker) to
remove salts and water. The pH of the obtained OCMC was
adjusted to 7.4 with a 2% acetic acid (99%; Sigma-Aldrich)
solution. Finally, the OCMC was dried under vacuum.'?

Composite films preparation

The composite films were prepared by a casting technique.
Each solution was prepared with 2% w/v of OCMC and
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Table I. Au and Cu combinations.

Code Concentration (mol)
Cl Ag10-Cul0
C2 Ag 1.0-Cu05
C3 Ag1.0-Cu0.l
C4 Ag05-Cu l.0
C5 Ag 05 -Cu05
Cé Ag05-Cu0.l
c7 Ag0.1 -Cu I.0
Cc8 Ag 0.1 - Cu 05
c9 Ag 0.1 - Cu 0.1

Gelatin (Sigma-Aldrich) in 100 mL of distilled water under
agitation for 10 min approximately. Then 0.1% w/w of
genipin with respect to the polymer solution was added.
Finally, 1 mL of glycerin was also added to the solution. For
the films with Ag-Cu/HA complex, 0.005 g of the complex
powder were added to each sample and mixed for 10 min. In
10 cm diameter plastic Petri dishes, 25 mL of each final
solution were added. Finally, the solutions were evaporated at
room temperature until the films were obtained (Figure 1). In
total, nine composite films were made with different Ag-Cu/
HA complex and a control film without complex. Another
film with OCMC and gelatin 2% w/w was made without Ag-
Cu/HA complex to have a control sample for all assays.

Fourier transform infrared spectroscopy (FT-IR)

The chemical composition analysis by FT-IR was used to
assess the interactions between the materials in the com-
posite films. The analysis was performed on a spectro-
photometer (Nicolet 6700) in the region of 5003000 cm ',

with a resolution of 16 cm ™.

Surface analysis: Morphology

The surface analysis of the composite films was performed by
Scanning Electron Microscopy (SEM) (Hitachi model
SU5000). The films were placed on double-sided adhesive
tape. The images were captured using low vacuum an ac-
celerating voltage of 15 kV. The embedded particles were
measured using the image J analysis software and the re-
ported values are the results of at least 100 measurements in
more than three different images per condition.

Hydrophobicity study: Contact angle

The hydrophilicity of the surface of the films was studied by
measuring the contact angle of a drop of distilled water at
room temperature, using a goniometer (DSA 30, Kruss) and
samples of 1 cm®. The contact angle was measured by the

goniometer’s software and the percentage value was cal-
culated by the average of three measurements on each film.

Thermal properties

The thermal properties of the composite films were deter-
mined by using a thermal analyzer, TGA (SDT Q600 TA
instrument), with a temperature range at 25°C-600°C with a
ramp of 10°/min in a nitrogen atmosphere.

Antibacterial activity

The antibacterial activity of the composite films was
evaluated by the turbidimetry technique. Solutions con-
taining Escherichia coli (E. coli) (ATCC® 11,229™), and
Staphylococcus aureus (S. aureus) (ATCC® 6538™) were
used as standard Gram-negative and Gram-positive bacteria
respectively. Composite and control films of 1 cm?® were
used on the test. The films were put in 2 mL of each bacterial
standard solution and incubated at 37°C (Thermo scientific,
series 8000VW). After 1 day of incubation, the resulting
solutions were measured by UV-visible light spectroscopy
(Genesys 2, TermoSpectronic) at a wavelength of 450 nm.
The following equation was used to determine the per-
centage of antibacterial activity (AA%)

MF; — AM;

0,
AM, % 100%

AA% =
where:
AA% = percentage of antibacterial activity
AM; = Final absorbance measurement of the solution at
450 nm
AM,; = Initial absorbance measurement of the solution at
450 nm

Enzymatic degradation assay

For each film, samples of 1 cm” were cut and weighted
before adding in 1X PBS solution with a 7.4 pH. The in vitro
enzymatic degradation was performed in tubes with 5 mL of
1X PBS solution with 0.02% Sodium azide (NaN3) and
5 ng/mL lysozyme (Fisher Scientific) in incubation periods
of 1, 2, and 3 days at 37°C without change of PBS solution.
Then, each film sample was washed with distilled water and
dried at room temperature. Subsequently, the weight loss
percentage was calculated using the following equation
wioe = VL WE 600,

Wi
where:

WL% = weight loss percentage

Wf = final weight

Wi = initial weight
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Figure 1. (a) FT-IR spectra of composite films and (b) Carboxymethyl chitosan/Gelatin crosslinked with genipin representation.

After the samples were weighed, they were analyzed by
SEM to observe the degree of degradation of the surface
films. An energy dispersion system (EDS) was used to
analyze the presence of Cu-Ag- Ha complex particles in
the surface after being exposed to the enzymatic PBS
solution during different periods of time. Finally, the pH of
the PBS solution obtained from the degradation was
determined.

Cell morphology and viability

Embryonic cell line 3T3 murine fibroblasts (ATCC) was
used in this analysis. Composite films were cut into 1 cm?
and sterilized by UV light in a laminar flow cabinet
(Labconco, logic Type A2). Then, 50,000 fibroblasts were
seeded with DMEM (1X, gibco) supplement with 10% FBS
(Corning) and 1% Penicillin- Streptomycin (gibco) on each

sample and incubated at 37°C in 5% CO, during 24 and
72 h. Cells viability analysis was realized by the tetrazolium
colorimetric MTT assay.

To evaluate the adhesion and morphology cell,
50,000 fibroblasts were seeded with 3 mL of DMEM
supplement on each sample in 24-well plates. All 24-well
plates were incubated at 37°C with 5% CO, for 24 and 72 h.
The cell adhesion and morphology of the seeded fibroblasts
were observed by optical microscopy (Zeiss Axio Vert. Al)
at 40X by the hematoxylin-eosin stain.

Statistical analyses

The values were expressed on the results have means =+
standard deviation. Whenever appropriate, T Student’s test was
used to discern the statistical differences between film results. A
p value of less than 0.05 was statistically significant.
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Results and discussion

Chemical composition analysis

The IR spectroscopic analysis provided the chemical infor-
mation’s composite films (Figure 1(a)). The infrared spectra
show that the films were distinguished by the presence of
amide bond peak~1656-1644 cm™' (N-H deformation), and
apeak ~1560-1335 cm ™' corresponding to C = O stretching
of the gelatin. The presence of OCMC on the film was
determined by peaks at~1320 cm™' (C-H stretch),
~1150 cm™" (bridge O stretch), ~1080 cm ™' (C-O stretch),
~1600 cm™' (N-H bending), ~1640 cm™' (C-N Schiff’s
base), and 1400 cm ' corresponding to -CH,-COOH
group. 3350 cm™! peak corresponds to the O-H stretching.
The increased intensity of this peak in 3350 cm ™' suggests an
increased intermolecular hydrogen bonding. Various research
has found significant interactions at the molecular level
between gelatin and OCMC polymer structures (Figure 1(b)),
which are generated by electrostatic interactions.'*

The intensity of the peak near 3400 cm ™' in the control
film suggests increased intermolecular hydrogen bonding
between gelatin and OCMC."” Specifically, the control film
had an increase between the intensities for the adsorption
band at 1600 to 1640 and 1550 to 1589 ¢cm ™!, where ac-
cording to others researches it is explained by the amide
C=0 and amines N-H bonds between gelatin macromole-
cules and OCMC by crosslinking with the Genipin mole-
cule.'® On the other hand, the addition of Ag-Cu/HA does
not have the ability of direct reinforcement due to the lack of
chemical interactions with the polymer. However, it is
distributed within the polymeric matrix in low amounts as
seen in the peaks at 602 cm ' and 650 cm ™' that correspond
to vibrations of PO,4>", suggesting an interaction between the
polymer matrix.'” Also, the peak around at 1080-1050 cm ™"
and 700-600 cm ™ 'in some composite films corresponded to
the PO,> and HPO,* vibrations, respectively, and the
superposition of the -OH groups and amide II groups be-
tween HA and polymer matrix.'®

Surface morphology

Figure 2 shows secondary electron images obtained by SEM
of the surfaces of all films. In general, it is seen that the
crosslinking of gelatin with OCMC provides smooth sur-
faces to the films (Figure 2(a)), both polymers tend to give
that property to the copolymers in which they are used. Ag-
Cu/HA complex when mixed with the rest of the com-
pounds at the time of synthesis, and not sprayed or dusted on
the surface, appears as embedded particles of irregular
morphology in the range size of approximately 2—47 pum.
The incorporation of Ag-Cu/HA complex into the polymer
matrix provides certain roughness to its surface (Figure 2
from b to j).

Composite films thermal stability

Figure 3 shows the TGA curve of the different composite
films. As a general trend, it is observed that the films with
the Ag-Cu/HA complex exhibit greater thermal stability
compared to the control film, this is due to the good stability
of HA ends and the interaction of HA with both polymers,
which can be explained by the increase of additional OH
groups by the chemical structure of HA, which leads to an
increase in the hydrogen bridge bonds between the com-
ponents of the films.'® The addition of Cu and Ag particles
in the films also helps to reduce the weight loss of the films
at the end of the test. On the other hand, samples C6 and
C9 display greater weight loss compared to the control film
in the early stages of the test; these films have a lower
concentration of Ag and Cu.

The results suggest that the addition of Ag-Cu/HA
complex enhances the thermal stability of films. Thermal
stability analysis in biomaterials is essential not only at the
temperature limits of the human body but also at a higher
temperature range for post-manufacturing processes such as
the thermal sterilization processes. In all the films there is a
lower weight loss, between 3 and 4.55%, below 126.17°C
(Step 1), corresponding to the removal of the water asso-
ciated with the OH of the polymers and the water. A sig-
nificant weight loss is seen between 126 and 395°C (Step
1), it is attributed to the decomposition of polymers, in the
case of gelatin it has a decomposition temperature of be-
tween 250 to 400°C.'* The decomposition of OCMC is
between temperatures of 160—530°C due in great part to the
volatilization of small molecules and the formation of
carbonized products of the polymer. When the films have
50% degradation, the temperatures reached are in the range
from 190 to 225°C.*° Finally, in step III a loss between
25 and 45% is observed, this loss corresponds to thermal
decomposition with depolymerization at higher tempera-
tures up to 600°C, as shown in Table 2.

Contact angle measure

This characterization is used to analyze the possible in-
teractions between the surface of the biomaterial and the
cells. The hydrophilic character of any substance or material
is based on the quantity of strong polar groups on its
polymer structure, which facilitate interplay with water
molecules. The contact angle values obtained on the films
are shown in Table 3, where CA (A) is the average of the
contact angle, CA (L) is the left side contact angle and CA
(R) is the contact angle of the right side of the drop. Figure 4
shows the images obtained during the measurement of
angles CA [L] and CA [R]. The incorporation of a car-
boxymethyl group into the main chain of chitosan causes an
increase in the hydrophilic character of the material. In
general, CA (A) showed a significant variation in all films.
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Figure 2. SEM images of (a) control film, (b) CI film, (c) C2 film, (d) C3 film, (e) C4 film, (f) C5 film, (g) C6 film, (h) C7 film, (i) C8 film
and, (j) C9 film.
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Figure 3. TGA pattern of the composite films.
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Table 2. Composite films thermal stability results.

Sample/Weight loss  Step | (30—126.17°C) (%) Step Il (126.17-394.24°C) (%) Step Il (394.24°C-600°C) (%) Residual mass (%)

Control 3.09 58.51
Cl 3.81 50.17
C2 4.07 38.59
c3 38 41.67
C4 4.32 41.74
C5 342 39.74
Cé 4.14 58.01
Cc7 3.04 37.69
C8 4,55 4271
C9 3.98 58.84

3041 7.99
36.03 9.99
36.46 20.88
38.71 15.82
42.23 11.71
43.34 13.50
32.17 5.68
49.74 9.53
33.45 19.29
30.31 6.87

Table 3. Contact angle results.

Film CA (A) CA[L CA[R]
Control 71.4 715 713
cl 81.25 80.8 81.7
c2 70.65 70.2 71.1
c3 72.65 76 69.3
c4 71.25 707 71.8
cs 835 78.4 88.6
cé 73.25 77.7 68.8
c7 83.15 88 783
cs 743 723 76.3
c9 70.9 70.1 71.7

Only Cl1, C5, and C8 films exhibited contact angles of
81.25%, 83.5%, and 83.15% respectively, a significant in-
crease in CA (A) compared to the control film with 71.4%,
which can be attributed to a higher concentration of Cu in the
Ag-Cu/HA complex used in the manufacture of composite
films. Previous researchers have shown that the incorporation
of Cu and Zn ions into chitosan and nano-HA biomaterials
significantly increases swelling, and thus the interaction
with water molecules.® On the other hand, the water
absorption property establishes the diffusivity of the
nutrients from the biomaterial matrix. Also, this property
averts the accumulation of fluid exudates produced at the
wound site.'® It is important to analyze the contact angle
of biomaterials to study the surface free energy values and
their polar components. The contact angle in polymers is
mainly associated with the swelling of the polymeric
matrix and the hygroscopic character of the material’s
surface. Due to the positive charges of its molecules, the
chain of the chitosan interacts with cell membranes
through electrostatic forces, a useful property in various
biomedical applications.?’ The incorporated the car-
boxymethyl molecule (CH,COOH) on the chitosan
chain, the composite films elaborated with OCMC ac-
quire a greater hydrophilic character than those made
with their precursor.

Enzymatic degradation

Figure 5(c) show the secondary electron images and ele-
mental analysis by EDS of the film C1 exposed in PBS
containing lysozyme enzyme at different periods, as an
example of the degradation process of the composite
films. During the first 24 h (Figure 5(cl)), the image
shows a homogeneous surface due to the polymeric
matrix of O-CMC/gelatin since the elemental analysis
shows characteristic elements of these materials such as
carbon, nitrogen, oxygen, while elements such as so-
dium and chlorine can be attributed to scraps of 1X PBS
solution after the biodegradability test. It should
be noted that after 48 h (Figure 5(c2)) and 72 h
(Figure 5(c3)) of exposure to the degradation solution,
the morphology appears porous, confirming the deg-
radation of the polymers, this can be attributed to the
catalyzed hydrolysis of the lysozyme, it is also verified
with the data reported in the weight loss percentage
results. Finally, in the EDS of the sample at 2 and
3 days, an increase in phosphorus (P) and calcium (Ca)
is observed, presenting elements in the HA composi-
tion. The weight loss results are shown in Figure 6(a)
exhibit a gradual weight loss for the first 24 h to all
films, with a loss of 55%, after 48 h of exposure with the
lysozyme, a maximum weight loss between 65% and
78.63% was seen at 72 h of exposition. Considering the
interaction of the lysozyme and the polymer matrix,
since O-CMQ is a polysaccharide, it is degraded by
enzymatic hydrolysis."?

In other studies, in scaffolds made with gelatin, chitosan,
and hydroxyapatite, it was shown that the degradation in-
creases with the incorporation of gelatin but decreases when
the hydroxyapatite is added to the biomaterial,** a similar
trend was observe in the composite films with Ag-Cu/HA,
compared to the OCMC and gelatin control film. The
changes in pH seen during the biodegradation period of the
material were monitored during the 72h exposure of 1 X
PBS with lysozyme (Figure 5(b)). The solution’s
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Figure 4. Contact angle measure if the film: (a) Control, (b) Cl, (c) C2, (d) C3, (e) C4, (f) C5, (g) C6, (h) C7, (i) C8, and (j) C9.

pH fluctuated in a narrow range of 6.8—6.3. In the first
24 h of degradation, the pH decreased from 7.4 to the range
of 6.7-6.5, which may be due to the degradation of the
residual amino or acetic acid group of the composite ma-
terial, since the variations were close to a neutral pH, it can
be concluded that the dressing will not have adverse damage
to the host.”

Antimicrobial activity

Figure 6(a) shows the antibacterial activity test of the films
against Gram-positive bacteria (S. aureus) and Gram-
negative bacteria (E. coli) at 24 h of exposition. The con-
trol film obtained 49.3% and 40.50% antibacterial activity
for gram-negative and gram-positive bacteria respectively,
this activity may be due to OCMC polymer, which, as its
precursor chitosan, has reported antimicrobial activity.>'?
By adding Ag-Cu/HA complex to the films, the antibacterial
activity increases compared to the control film, and this is
because HA, Ag and Cu ions have a higher antimicrobial
activity than OCMC.>®!2 However, films C1, C2, C3, and
C4 obtained a significantly higher percentage of antibac-
terial activity than the other composite films, with per-
centages ranging from 72.5% to 82.4% for Gram-negative
bacteria, and between 77.78% to 81.09% for Gram-positive
bacteria. This suggests that the higher concentration of Ag
in the Ag-Cu/HA complex increases the antibacterial ac-
tivity of the film both bacteria.

All films were made with OCMC, which is a polymer
with reported antibacterial activity.'” The bactericidal
activities of chitosan and its derivates against E. coli in-
crease which is due to the increment quantity of NH3+
groups in the polymer chains. The substitution in OCMC
only takes place at hydroxyl groups in the chain, thus the
number of NH>' groups stay constant after carbox-
ymethylation reaction, occasioning a major antibacterial
activity for the OCMC polymer.” S. aureus is a bacterium
that causes post-surgical wound infections. The antibac-
terial activity of HA is mainly attributed to Ca*™®. Some
investigations have reported that Ca*? jons are active
membrane bactericide that destabilizes the cell membrane
and kills the stationary phase of S. aureus. On the other
hand, hydroxyl ions of HA produce a lethal effect on some
bacterial cells.” Silver ion (Ag") and copper ion (Cu™) are
the most frequent dopants for HA. The Ag ion has an
ample spectrum of antimicrobial activity, also, bacterial
resistance is less likely to occur with its use.® Other re-
search confirms that the incorporation of Cu in HA helps to
increase the antimicrobial activity of the Cu/HA complex
in different biomaterials.?* For example, H. Yang, et al.,
investigated that the proliferation of E. coli and Strepto-
coccus mutans bacteria on nanosized Ag/Cu-HA, this
research showed the great antibacterial activity of the
complex.”> Other research found that a hydrogel film
elaborated from CMC loaded with waterborne poly-
urethane—gelatin ~ hydrolysate presented significant
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antibacterial activity against E. coli and S. aureus.*® Also,
OCMC hydrogels were prepared by Ag/AgO in situ
precipitation method have an inhibition rate of E. coli

reaching the maximum of 92.32%.%’

Fibroblast cell viability

Figure 6(b) shows the percentage of cell viability of the
materials seeded with fibroblasts. According to ISO
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10,993-5:2009, Typically, if a biopolymer exhibits a
viability percentage is greater than 70% the material is
considered not potentially cytotoxic.”® To corroborate
that time is not a factor that affects the cytotoxicity of the
material, analyzes were made at 24 and 72 h of culture,
finding that in both periods the percentage of cell via-
bility is above 80%, which suggests that the material
obtained does not cause cellular damage. All samples
containing the doped hydroxyapatite showed an increase
in viability above 100%, suggesting that the incorpo-
ration of this compound helps cell proliferation during
the test. However, there was no significant difference
between composite films and the control film, sug-
gesting that the incorporation of the Ag-Cu/HA complex
does not significantly affect fibroblast cell viability and
proliferation. Finally, a slight increase in proliferation

was observed at 72 h concerning the proliferation at 24 h
in all films.

Figure 7 shows fibroblasts seeded in the films at 24 and 72 h
of culture. Good adhesion of fibroblasts to the surface of the
films and the control is observed at 24 h of culture, achieving a
uniform and well-organized adherence on the surface of the
material. An increase in proliferation was seen at 72 h, which
suggests that the material could be good support for wound
healing. A greater proliferation was seen in the composite films
than in the control. The fibroblasts showed a normal mor-
phology of elongated cells in the shape of a crescent, with an
ovoid nucleus, the cytoplasm of pink color being perceived in all
the samples, as well as the nucleus in dark purple color.

On the other hand, the surface roughness of the films with
the incorporation of the conjunction with the presence of
functional groups and the surface hydrophilicity of the
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Figure 7. Images (40 x magnification) of fibroblasts seeded on the films after 24 and 72 h with hematoxylin and eosin staining.

polymeric matrix can help adhesion cells to the composite
films.?’ These results are very important since dermal fibro-
blasts play a key role in the turnover of extracellular proteins in
the skin, the interaction of the extracellular matrix, and cell-cell
communication.®® Research of Graphene-based HA com-
posites exhibited great properties for tissue regeneration, like
the adhesion, proliferation, and differentiation of osteoblasts
and fibroblasts cells.”'

Conclusions

The structures of OCMC and gelatin, as well as their crosslinking
through the genipin molecule, allowed not only their interaction
through intermolecular forces but also their possible interaction
with the Ag-Cu/HA complex. The inclusion of the Ag-CwHA
complex and the intermolecular interactions between the dif-
ferent materials have also positive influence on the thermal,
mechanical, surface topography, degradation and antibacterial
propetties of la composite films compared to the OCMC/gelatin
film. Moreover, composite films showed cellular viabilitics

greater than 100%. Results indicate that composite films can be
used as a wound healing dressing and regenerating biomaterial.
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