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Abstract: The role of the oral microbiome and its effect on dental diseases is gaining interest. There-
fore, it has been sought to decrease the bacterial load to fight oral cavity diseases. In this study,
composite materials based on chitosan, chitosan crosslinked with glutaraldehyde, chitosan with zinc
oxide particles, and chitosan with copper nanoparticles were prepared in the form of thin films, to
evaluate a new alternative with a more significant impact on the oral cavity bacteria. The chemical
structures and physical properties of the films were characterized using by Fourier transform infrared
spectroscopy (FTIR,) Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), elemental analy-
sis (EDX), thermogravimetric analysis (TGA), X-ray diffraction (XRD), scanning electron microscopy
(SEM), and contact angle measurements. Subsequently, the antimicrobial activity of each material
was evaluated by agar diffusion tests. No differences were found in the hydrophilicity of the films
with the incorporation of ZnO or copper particles. Antimicrobial activity was found against S. aureus
in the chitosan film crosslinked with glutaraldehyde, but not in the other compositions. In contrast
antimicrobial activity against S. typhimurium was found in all films. Based on the data of present
investigation, chitosan composite films could be an option for the control of microorganisms with
potential applications in various fields, such as medical and food industry.

Keywords: chitosan; glutaraldehyde; zinc oxide; copper nanoparticles; S. aureus; S. typhimurium

1. Introduction

One of the most complex and heterogeneous microbial communities in the human
body is found in the oral cavity [1]. Biofilm bacteria play an essential role in the origin
of oral diseases, including dental caries, gingivitis, and periodontitis. Despite extensive
research, the ideal antimicrobial for use in the oral cavity has not yet been found. One of
the bacteria found in the oral cavity, according to several studies, is Staphylococcus spp. This
Gram-positive bacterium lodges in healthy patients’ nostrils, ears, and oral cavity [2–4].
S. aureus can be responsible for infections associated with oral and dental health care.
Patients with high levels of S. aureus in saliva are potential sources of infection in a dental
office, as it is spread in the environment during dental therapy [2]. In addition, S. aureus is
responsible for a wide variety of conditions that can cause infections with high mortality
rates. Alternatives to antibacterial agents have been sought due to their resistant strains;
one of these alternatives is chitosan [5].
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Chitosan (CHT) is produced from chitin, which is a natural polysaccharide found in the
exoskeleton of crabs, shrimp, lobsters, corals, squid, jellyfish, as well as insects, fungi, yeasts,
and algae, and is the second most abundant natural polymer after cellulose [6–8]. The
solubility of chitosan provides opportunities to manufacture it in many ways [9]. Among
its characteristics are biodegradability, biocompatibility, and antimicrobial properties, since
it inhibits the growth of a wide variety of bacteria [6,10].

The characteristics of chitosan depend on structural parameters such as molecular
weight and its degree of deacetylation. The degree of deacetylation strongly influences the
physical, chemical, and biological properties [11]. In addition, the source of extraction and
the procedures adapted to carry out the deacetylation can affect the final properties.

One of the main reasons for chitosan possessing antimicrobial activity is a positively
charged amino group at pH values below 6.3 (carbon 2), which interacts with negative
charges of the cell wall of microorganisms. That interaction generates a breakdown or lysis
of these structures, leading to losing protein compounds and other intracellular constituents
of bacteria [12].

Glutaraldehyde (GA) has been used to improve the properties of chitosan [13]. It has
been reported that the addition of glutaraldehyde to chitosan films contributes to antimi-
crobial activity [14]. Glutaraldehyde produces Schiff bases between aldehyde groups and
free amine groups in deacetylated chitosan polymers. Thus, GA improves the mechanical
properties, fixes the structure, and modifies permeation of chitosan [15].

In recent years, chitosan coating with metal oxide nanoparticles has also received atten-
tion, particularly zinc oxide nanoparticles, due to their less toxic, environmentally friendly,
and diverse applications [16]. Various antibacterial agents, such as copper nanoparticles,
have also been combined with chitosan to enhance their antimicrobial activity [17]. The
choice of chitosan as a stabilizer for copper nanoparticles is due to its ability to chelate
metals, which makes it a perfect candidate for the synthesis of metal nanoparticles [18].
Coupling chitosan with metal nanoparticles can maximize their antibacterial and antifungal
potential [12].

The objective of this study is to evaluate the physicochemical characteristics and an-
timicrobial activity of chitosan-based composites thin films prepared with, glutaraldehyde
(GA), zinc oxide (ZnO) and copper nanoparticles. At the same time, to provide some evi-
dence about the synergy of the components, ZnO, Cu, and chitosan, arranged in the same
material, and determining if their antimicrobial capacity improves when used together.

2. Materials and Methods
2.1. Materials

Chitosan (molecular weight 223.332 g/mol and with 70–80% deacetylation degree),
Acetic Acid, Sodium Hydroxide, Glutaraldehyde grade II at 25% (molar mass 100.11 g/mol)
and zinc oxide (ZnO) (powder, ASC reagent, CAS 1314-13-2, SKU 205532) reagents were
acquired from Sigma-Aldrich (Saint Louis, MO, USA). Copper nanoparticles (nCu) in
aqueous suspension were acquired from the manufacturer Nano Process SPA (Antofagasta,
Chile). The determination of nCu particle size was performed by dynamic light scattering
(DLS) using a NANOTRAC WAVE II ©Microtrac Retsch GmbH (York, PA, USA), following
the methodology described elsewhere [19]; the average particle size was 27.4 nm. For ZnO
particle size was 55 µm, measured by LS100 Coulter Particle Size Analyzer from Beckman
Coulter, Inc (Indianapolis, IN, USA).

2.2. Preparation of Chitosan Films
2.2.1. Preparation of Unfilled Chitosan Films

Initially, a solution with 200 mg of chitosan (CHT) was prepared by dissolving it
in 30 mL of acetic acid at 0.4 M and a pH of 4.5. The solution was stirred for one hour
until complete dissolution, then poured into plastic Petri dishes and dried at 25 ◦C for
approximately five days until complete evaporation of the acetic acid. The resulting
films were neutralized with 5% sodium hydroxide (NaOH) solution and washed with
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distilled water. Finally, the films were left to dry at room temperature (approx. 25 ◦C) for
approximately two days.

2.2.2. Preparation of Glutaraldehyde Crosslinked Chitosan Films

Crosslinked GA-chitosan films were obtained, and 200 mg of chitosan was dissolved
in 30 mL of acetic acid. The solution was stirred in a magnetic stirrer plate at 25 ◦C for
one hour. After the dissolution of chitosan, 0.3744 mM (150 µL) of a 25% glutaraldehyde
(GA) was added. The mixture was left under magnetic stirring for 5 h until complete
homogenization of the mixture and then the solution was poured into plastic Petri dishes
and dried at 25 ◦C. Films obtained after solvent casting were neutralized with 5 wt.%
NaOH and rinsed with distilled water. Finally, films dried at 25◦ for 2 days.

2.2.3. Preparation of Composite Chitosan Films

After dissolving the chitosan with acetic acid and stirring for one hour, the proper
amount of each antibacterial particle was added, for each different composite (Table 1). The
solution was left under magnetic stirring for 1 h and sonicated for 15 min in an ultrasonic
bath. Finally, the solution was kept in magnetic stirring for 2 min. The solutions were
poured into plastic Petri dish, dried at RT (25 ◦C) for evaporation of the residual acetic acid,
and neutralized with 5% NaOH. Finally, they were washed with distilled water and left to
dry at RT for seven days.

Table 1. Composition of chitosan and chitosan composite films.

CHT CHT + GA CHT + ZnO CHT + Cu CHT+ ZnO + Cu

Chitosan 200 mg 200 mg 190 mg 198 mg 188 mg
Glutaraldehyde 150 µL

ZnO 5 wt.% 10 mg 10 mg
Copper 1 wt.% 2 mg 2 mg

2.3. Composition and Structural Characterization of CHT Composite Films
2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transformed infrared spectroscopy (FTIR)-spectra were obtained from chitosan
and modified chitosan films using a Nicolet Thermo-Scientific 8700 spectrophotometer
(Madison, WI, USA) using attenuated total reflectance (ATR) technique. The spectra were
obtained in the range of 4000 to 600 cm−1, with a Zinc selenide crystal, averaging 100 scans
with a resolution of 4 cm−1, and correction for H2O and CO2.

2.3.2. Raman Spectroscopy

Raman spectra were obtained using the InVia™Raman Renishaw microscope
(Wottonunder-Edge, Gloucestershire, UK). A 633 nm argon laser at a power of 50%, was
used as the excitation radiation source. The samples were analyzed in the spectral range of
3200 to 100 cm−1 with 2 accumulations, 1800 grid, 50× objective, with an exposure time of
10 s.

2.3.3. Thermogravimetric Analysis (TGA)

The thermal characterization of chitosan and modified chitosan films was carried out
by TGA with a Perkin Elmer TGA-7 (Waltham, MA, USA), in a temperature range of 45 ◦C
to 700 ◦C, at a heating rate of 10 ◦C/min, under a nitrogen atmosphere.

2.3.4. X-ray Diffraction (XRD)

An X-ray diffraction study was carried out to know the internal structure of the chi-
tosan composites in a Bruker D-8 Advance diffractometer (Karlsruhe, Germany), operating
with a Cu Kα radiation at a wavelength of 1.54 Å, in a 2θ range of 10◦ to 60◦, at a step count
of 5 s, passage time of 0.02◦ at 40 kV and 30 mA.
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2.4. Surface Properties of CHT Composite Films
2.4.1. Scanning Electron Microscopy (SEM)

The morphology of films surface was observed in a JEOL, JMS 6360LV (Akishima,
Tokyo, Japan) with an accelerating voltage of 20 keV. In addition, Energy-dispersive
X-ray spectroscopy (EDX) (Oxford Instruments, INCA X-Sight 7582, High Wycombe, UK)
coupled with the microscope, was used to obtained elemental surface composition. At least
three different locations (top, middle, and bottom) were scanned, and the average reported.
The samples (1 cm diameter) were previously plated with gold on a DESK II Denton
Vacuum metallizer Coater (Moorestown, NJ, USA) during 50.0 s, with an accelerating
voltage of 8.00 kV and an energy of 1.3 eV.

2.4.2. X-ray Photoelectron Spectroscopy (XPS)

A general inspection spectrum survey from 0 to 1200 eV was obtained to identify
the chemical elements present in each sample. Using a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer (Waltham, MA, USA), (with a monochromatic source of Al Kα

with an energy of 1486.6 eV).

2.4.3. Contact Angles

The contact angle measurement was performed using a ramé-hart model
250 goniometer/tensiometer with DROPimage Advanced v2.8 (Succasunna, NJ, USA), with
the sessile drop technique (5 µL), using distilled water, phosphate-buffered saline (PBS),
and Dulbecco’s Modified Eagle’s Medium (DMEM). Measurements recorded at 25 ◦C.
Three replicates per sample were averaged, the image of the water or DMEM droplet was
captured within 10 s of delivery. The contact angle was measured automatically using
computer integrated software.

2.5. Biological Studies
Antimicrobial Activity Assays

An agar diffusion assay was conducted to determine antibacterial activity against
Staphylococcus aureus ATCC 25923 and Salmonella typhimurium ATCC 14028 strains. Both
bacteria strains were cultured in nutrient broth for reactivation at 37 ◦C for 24 h. Subse-
quently, strains were inoculated on Mueller–Hinton agar prepared in Petri dishes using
100 µL of the suspension of each bacterium separately at a concentration adjusted with a
saline solution of 106 CFU/mL; the microorganisms were diffused in the medium using a
glass loop. Later, disks of 6 mm in diameter of the chitosan and modified chitosan films
were cut and placed in the Petri dishes containing the Mueller–Hinton culture medium
previously inoculated with the microorganisms, and then were incubated at 37 ◦C for 24 h.

Antimicrobial activity was determined as negative or positive, according to the pres-
ence of microorganism growth above or below the film disks, when observed by a wireless
digital microscope SKYBASIC Digital Microscopes, model XWJ303, (San Francisco, CA,
USA), with 500× magnification and 1920 × 1080 p resolution. P-iodonitrotetrazolium
chloride solution (10 µL at 0.2 mg/mL) was used as the growth indicator to identify the
presence or absence of bacterial growth; the presence of red-pink color change was verified
after 5 min of incubation.

3. Results and Discussion
3.1. Physicochemical and Structural Characterization of Modified Chitosan Films
3.1.1. FTIR Spectroscopy

FTIR spectra of pristine chitosan (CHT) and mixtures of chitosan/glutaraldehyde
(CHT-GA), chitosan/zinc oxide (CHT-ZnO), chitosan/copper nanoparticles (CHT-Cu), and
chitosan/zinc oxide/copper nanoparticles (CHT-ZnO-Cu) are shown in Figure 1.
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Figure 1. FTIR spectra of CHT, CHT/GA, CHT/Zn-O, CHT/Cu, CHT/Zn-O/Cu.

Pristine chitosan showed strong absorption band at 3266 cm−1 due to the stretching vi-
bration of the O–H and N–H bonds. The bands at 2925 cm−1 and 2879 cm−1 were associated
to methyl groups [19,20]. Chitosan showed a characteristic band of amide-I (1637 cm−1)
derived from the non-deacetylated residues of chitosan [21], amide II (1548 cm−1), and
amide III (1323 cm−1): this band is commonly used to calculate the degree of acetylation.
The bands found at 1412 cm−1 and 1374 cm−1 represent the deformation modes of the
C–H2 and C–H3 bonds. Bands between 1154 cm−1 and 1027 cm−1 are assigned to C–O–C
of the glycosidic bonds. The bands observed in the 1155 cm−1 and 800 cm−1 are known to
be C–O stretch vibrations of chitosan [22].

The FTIR spectra of CHT-glutaraldehyde film showed the increase of the band corre-
sponding to the amide-I, while shifting to higher wavenumbers up to 1648 cm−1. When
chitosan was crosslinked with glutaraldehyde, the band at 1648 cm−1 is attributed to amide
I and imine bond [23]. In contrast, the amide-II decreased and was displaced toward a
higher wavenumbers or higher frequency (1570 cm−1). Another interesting fact is the
disappearance of the band located at 1154 cm−1, which coincides with that reported by
other authors [24]. In this regard, Chen et al. compared the spectra of chitosan, chitosan
with silicotungstic acid hydrate (HAS) and chitosan with HAS crosslinked with GA. They
observed that the intensity of the band of hydroxyl groups for chitosan with silicotungstic
acid hydrate was slightly more intense than in the sample crosslinked with GA: this would
indicate that GA made the sample less hydrophilic [25].

Chitosan film with 5% of Zn-O, presented a slight change, in the bands of 3294 cm−1,
attributed to the O–H stretching mode of the hydroxyl group, 2877 cm−1. Amide I and
amide II appeared at 1648 cm−1 and 1574 cm−1 while the intense absorption at 1423 cm−1

reduced its intensity. Peaks at 1374 cm−1 and 1315 cm−1 were clearer, the former being
of higher intensity. Bands at 1151 cm−1, 1030 cm−1, and 896 cm−1 remained, although
the first one can be also assigned to Zn-O bonds. Additionally, we observed in pristine
ZnO bands at 987, 875, 781, 730, and 660 cm−1 (Supplementary Materials, Figure S1) which
confirms the presence of zinc oxide particles as reported elsewhere [26,27]. Dobruka and
Dugaszweska reported that the bands attributed to the vibration of the Zn-O–Zinc bond
are found at 400 cm−1 to 600 cm−1 [28] while Abdolhossien et al. also found a band at
438 cm−1 which confirmed the presence of the zinc oxide particles [29]. In a study by



Polymers 2021, 13, 3861 6 of 17

Yousseff et al. when comparing the pure chitosan film with the chitosan film with ZnO,
they found new absorption bands at 500 cm−1 and 580 cm−1, that were attributed to the
vibration of the O-Zn-O groups respectively [30].

In the FTIR spectrum of the copper nanoparticles (Supplementary Materials, Figure S2)
bands at 2918 cm−1, 1557 cm−1, 1291 cm−1, 994 cm−1, 856 cm−1, 758 cm−1, 666 cm−1,
638 cm−1, 628 cm−1, and 608 cm−1 were observed. Some studies report that bands recorded
from 700 cm−1 to 400 cm−1 are assigned to Cu–O vibrations, which would confirm the
presence of Cu2O [31] whereas Ceja-Romero et al. reported Cu–O bands at 572 cm−1 [32].
Despite the low copper concentration used, our study, a shoulder at 947 cm−1, and bands at
895 cm−1, 875 cm−1, 715 cm−1 and 659 cm−1 were observed that coincides with the chitosan
and Cu film (Figure 1). Maldonado et al. observed that the presence of copper nanoparticles
in the chitosan matrix produces a decrease in the intensity of the signal associated with
the vibrations of the hydroxyl and amino groups (O–H/N–H) of the polymer chain, which
indicates that it is proportional to the concentration of added particles. This suggests that
the copper nanoparticles and the Cu2+ ions released during mixing in solution interact
with the H-O/N-H groups of the chitosan chain, allowing the formation of chelates [33].
Gritsch et al. compared chitosan and chitosan samples with Cu and found a decrease in
the amide and amine bands at 1650 cm−1 and 1600 cm−1 [34].

Regarding the chitosan films with Zn-O and Cu particles, we found differences in
the spectra as the amide II was observed at 1577 cm−1 and the peaks at 1466 cm−1 and
1420 cm−1 decreased in intensity when the copper and zinc oxide particles are added,
compared to pristine chitosan film (Figure 1). It is observed that the band at 1648 cm−1

appear in ZnO/chitosan film slightly shifted to a 1645 cm−1 in chitosan with Zn-O and
Cu film. This band was also found by Miri et al., who attribute it to the O–H stretching
mode of the hydroxyl group [29]. In addition, bands at 821 cm−1, 757 cm−1, 695 cm−1 and
664 cm−1 were noted in the composite.

The calculation of the N-acetylation of chitosan was carried out following the Brugnerotto
formula, taking the characteristic bands observed in (Supplementary Materials, Figure S3)
of the amide III located at 1323 cm−1 and as a reference the band of the secondary amide at
1407 cm−1 [35]. Finally, a deacetylation degree of 88.66% was obtained which is closed to
the manufacturer reported value.

3.1.2. Raman Spectroscopy

Figure 2 shows Raman spectra of chitosan (CHT) and chitosan mixed with GA
(CHT/GA), zinc oxide (CHT/Zn-O), copper nanoparticles (CHT/Cu), and zinc oxide/
copper nanoparticles (CHT/Zn-O/Cu).

The main signals showed in chitosan films were at 2930 cm−1 and 2917 cm−1 attributed
to the stretching vibration v(CH2); 1604 cm−1 assigned to the bending vibration in the
δ(NH2) plane; 1382 cm−1 assigned to combined in plane bending vibrations of various
groups δ(CH2), δ(CH), δ(OH); and at 1093 cm−1 attributed to combined vibrations of
groups v(C–O–C) + v(φ) + v(C–HO) + v(C–CH2) + δ(CH) − ρ(CH2) + ρ(CH3). At 925 cm−1

and 898 cm−1 medium intensity absorption were also detected.
Chitosan films crosslinked with glutaraldehyde exhibited a strong absorption at

638 cm−1 with a small shoulder at 573 cm−1. The presence of 5 wt.% of ZnO in CHT films
enhanced absorptions at 1374 cm−1, 1107 cm−1, and 893 cm−1. In addition, we observed
absorptions at 208 cm−1, 320 cm−1, 424 cm−1, and 622 cm−1. Miri et al. found a region
of high intensity between 300 cm−1 and 600 cm−1 and a region of low intensity between
100 cm−1 and 120 cm−1 in the Raman spectrum of Zn-O particles, possibly due to their
hexagonal structure [30]. In our study, pristine ZnO spectra (see Supplementary Materials,
Figure S4) showed peaks at 122 cm−1, 333 cm−1, 385 cm−1, 438 cm−1, 542 cm−1, 585 cm−1,
1106 cm−1 and 1149 cm−1.
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Figure 2. Raman spectra of chitosan crosslinked GA (CHT/GA) chitosan with zinc oxide (CHT/
Zn-O), chitosan with copper nanoparticles (CHT/Cu) and chitosan with zinc oxide/copper nanopar-
ticles (CHT/Zn-O/Cu).

CHT films containing copper nanoparticles showed additional infrared peaks at
1727 cm−1, 1666 cm−1, and 1614 cm−1 due to C=O functional groups in the copper nanopar-
ticles. When both types of particles are included in the CHT film, the 1537 cm−1, 1374 cm−1,
and the 1093 cm−1 absorptions were enhanced. Peaks related to both particles were de-
tected, i.e., 622 cm−1 from ZnO and 751 cm−1 nCu.

3.1.3. Thermogravimetric Analysis (TGA)

Figure 3 shows TGA and DTGA thermograms of chitosan (CHT) and chitosan mixed
with GA (CHT/GA), zinc oxide (CHT/Zn-O), copper nanoparticles (CHT/Cu), and zinc
oxide/copper nanoparticles (CHT/Zn-O/Cu). Maximum temperature and 50% weight
loss were used to compare thermal stability (Table 2).

Table 2. Decomposition temperatures and weight loss and residual mass at 700 ◦C of CHT films,
CHT/GA, CHT/Zn-O, CHT/Cu and CHT/Zn-O/Cu.

Films Td (◦C) T (◦C) at 50% of Weight Loss Residual Mass (%)

CHT 276 358 10.45
CHT/GA 262 375 38.38

CHT/Zn-O 251 338 36.47
CHT/Cu 247 348 36.96

CHT/Zn-O/Cu 249 350 37.89
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Figure 3. TGA (a) and DTGA (b) thermograms of chitosan crosslinked GA (CHT/GA) chitosan with zinc oxide (CHT/Zn-O),
chitosan with copper nanoparticles (CHT/Cu), and chitosan with zinc oxide/copper nanoparticles (CHT/Zn-O/Cu).

Accordingly, with previous studies, degradation occurs between 250–350 ◦C for un-
filled chitosan samples [22]. DTG (Figure 3b) showed that the degradation temperature of
the chitosan film is approximately 276 ◦C (358 ◦C for 50% mass loss) and a shift at lower
temperatures is observed in the modified chitosan films. Ki et al. found two peaks in TGA
of chitosan powder, one around 100 ◦C and the second outstanding at 300 ◦C; the first
corresponding to the vaporization of water contained in the polymer and the second to the
pyrolysis of the main chitosan chains and vaporization of the volatile gases produced [21].
In previous studies, weight loss in the first stage has been attributed mainly to water loss,
while in the second and third stages it may be due to the breakdown of the main chain and
the breakdown of glucose units [25].

When chitosan is crosslinked with glutaraldehyde, a Td is recorded at 262 ◦C but
at 375 ◦C for loss of 50% of mass (Table 2), which can be explained as a GA crosslinked
improve the thermal stability of the chitosan films.

However, Li et al. reported that the thermal stability of chitosan with GA is lower
than that of chitosan regardless of temperature [25].

With respect to 5% zinc oxide and 1% copper particles, the decomposition temperature
decreases compared to the other samples, which would indicate a lower thermal stability,
when these metals are added.

The residual mass of chitosan is significantly lower than the crosslinked chitosan with
GA, and this behavior could be explained by the previously mentioned thermal stability
improvement of chitosan when crosslinked. Regarding the composite materials, it was
observed a similar improvement of thermal stability with the addition of metallic particles;
since composites were not prepared with crosslinked chitosan, the expected residual mass
was between 11.5% for CHT/Cu, to 16.5% for CHT/Zn-O/Cu, but results showed a higher
residual mass percentage after thermal degradation. This unusual thermal decomposition
behavior might be attributed to the stability of chitosan by a chelation effect in the presence
of metallic particles [36].

3.1.4. X-ray Diffraction (XRD)

Figure 4 shows the diffractograms of pristine chitosan, and chitosan mixed with
GA (CHT/GA), zinc oxide (CHT/Zn-O), copper nanoparticles (CHT/Cu) and zinc oxide/
copper nanoparticles (CHT/Zn-O/Cu).
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Figure 4. XRD pattern of CHT chitosan crosslinked GA (CHT/GA) chitosan with zinc oxide
(CHT/Zn-O), chitosan with copper nanoparticles (CHT/Cu), and chitosan with zinc oxide/copper
nanoparticles (CHT/Zn-O/Cu).

Pristine chitosan (Figure 4) has an orthorhombic unit cell with a main peak at 2θ = 9.6◦,
another at a 2θ = 20.1◦ and a last one at 2θ = 5.7◦. The peak at 2θ = 20◦ is attributed to
crystalline phase I and the angle of greatest intensity to crystalline phase II, which present
less hydrated and rigid chains dispersed in an amorphous phase [37]. In addition, pristine
chitosan film exhibited greater intensity in the peaks 2θ = 9.6◦ and 2θ = 20.1◦ than the
films crosslinked with GA and mixed with Cu an Zn-O. This effect could indicate a higher
crystallinity in the unmodified films, which reduces with the presence of particles i.e.,
interfering with crystal formation [38].

Similarly, films crosslinked with GA exhibited a lower intensity peak at 2θ = 19.7◦,
which coincides with previous studies [8].

X-ray diffraction of CHT/Zn-O films revealed peaks at 2θ = 3.85◦, 19.6◦ and a small
peak at 32.44◦, also found by Beyene [39] despite the low concentration used for composite
preparation. Ai et al. found that Zn-O exhibited peaks at 2θ = 31.3◦, 36.2◦, 47.5◦, and
56.6◦ that correspond to the crystallographic planes 110, 101, 102, and 110 respectively [40].
The peak found at 2θ = 19.6◦, also observed by Youssef et al., is related to the presence of
chitosan and of the Zn-O nanoparticles [31]. The diffraction pattern of CHT modified with
cooper nanoparticles evidence the presence of Cu2O due to the peak found at 2θ = 26.8◦

corresponding to the 110 crystallographic planes. In a study related to the stabilization of
copper and silver nanoparticles in chemically modified chitosan colloidal solution, the pat-
terns exhibited sharp peaks observed at angles at 2θ = 16.9◦, 22.5◦ and 26.8◦ corresponding
to crystallographic planes 110, 210 and 002 [41]. Cu2O peaks at approximately at 2θ = 36◦

have been reported, but these were not observed in our samples [19].

3.2. Surface Properties of Modified Chitosan Films
3.2.1. Elemental Composition by EDX and XPS

Elemental composition is shown in Table 3. It is observed by XPS that the percentage
of C remains stable in all the films with a slight decrease in the chitosan film crosslinked
glutaraldehyde. In contrast, an increase in O was noticed in the same film. The analysis
by EDX (Table 3) showed that the C increased from 52.6% to 62% in the GA crosslinked
chitosan film while N was not detected. In this regard, Oyrton et al. have reported that the
presence of glutaraldehyde causes an increase in the percentage of carbon, and hydrogen
and a decrease for nitrogen with the increasing degree of glutaraldehyde [42]. In contrast,
Li et al. observed a decrease in C in the chitosan film with glutaraldehyde [25]. Nitrogen,
being a low atomic number element was difficult to be detected in a consistent manner
in the Cu and Zn-O modified chitosan films. Similarly, Zn-O was not clearly detected by



Polymers 2021, 13, 3861 10 of 17

either XPS or EDX in CHT/Zn-O films but XPS showed lower than expected content in
chitosan films modified with Zn-O and Cu. Although the presence of Cu in CHT modified
Cu films was expected, this was only observed by XPS, possibly because the very low (1%)
concentration of Cu added to the films or because it was not present on the surface.

Table 3. XPS and EDX atomic percentage of C, O, and N of chitosan films crosslinked with GA and
mixed with Zn-O and Cu.

CHT CHT/GA CHT/ZnO CHT/Cu CHT/ZnO/Cu

% XPS EDX XPS EDX XPS EDX XPS EDX XPS EDX

C 88.59 52.64 77.52 62 87.28 64.69 85.6 58.62 87.93 55.13
O 11.41 41.73 18.63 38 11.09 33.54 12.63 38.82 11.4 41.73
N 5.63 3.85 1.63 1.72 1.77 2.5 3.12
Zn 0.05 0.66
Cu 0.07 0.02

3.2.2. Surface Morphology by SEM

Figure 5 shows the morphology of pristine CHT films, CHT crosslinked with GA, and
modified with Zn-O and C. All the films exhibited a smooth surface. However, in chitosan
film with Zn-O and copper particles, these particles can be observed on the surface as
agglomerates or poorly dispersed particles.
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Figure 5. SEM surface morphology of (A) pristine CHT films, (B) CHT crosslinked GA, (C) CHT
with Zn-O, (D) CHT with Cu, and (E) CHT with Zn-O and Cu.

Li et al. observed a rough and porous surface of chitosan crosslinked with glutaralde-
hyde possibly due to insufficient crosslinking of polymers, or because the glutaraldehyde
groups partially grafted on the chitosan, which would indicate that the reaction occurs
superficially [25]. It is suggested that the presence of a lower content of copper nanoparti-
cles avoids massive deposition and agglomeration of the particles on the film [17]. Gritsch
et al. [35], evaluated films of chitosan and chitosan with Cu. The samples were character-
ized by having a homogeneous and smooth surface, which coincides with our results.

3.2.3. Contact Angle Measurement

Contact angle measurements were carried out to investigate the hydrophobicity/
hidrophillicty of the films. Figure 6 shows the shape of the drop of distilled water (DH2O),
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phosphate buffer (PBS), and culture medium (DMEM) on the modified CHT surface while
Table 4 compilates the corresponding contact angle measured.
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Table 4. Contact angle of the pristine CHT and CHT modified films.

Film H2O
(◦)

DMEM
(◦)

PBS
(◦)

CHT 88.29 ± 0.33 88.60 ± 0.54 88.41 ± 0.33
CHT-GA 88.75 ± 0.22 87.35 ± 0.56 87.31 ± 1.14
CHT-ZnO 89.0 ± 0.39 103.33 ± 22.72 89.00 ± 0.53
CHT-Cu 88.40 ± 0.58 87.16 ± 0.49 87.98 ± 0.83

CHT-ZnO-Cu 89.51 ± 0.41 88.41 ± 0.69 89.01 ± 0.35

As shown in Table 4, pristine CHT exhibited similar values of contact angles (88◦)
independently of the solutions used suggesting a weakly hydrophilic surface as reported
by Drelich et al. [43]. Baroudi et al. mention that chitosan has a greater ability to form
hydrogen bonds with water molecules, thus destroying intermolecular interactions in the
chitosan chains, and when the water droplets are deposited on the chitosan membranes
they are immediately absorbed [44].

For GA crosslinked CHT films, there was a slight increase in water contact angle.
However, the difference is too small to indicate that the GA film is more hydrophobic. Kang
et al. reported similar results due to the relatively hydrophobic GA leading to a slightly
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decreased surface wettability [45]. In agreement with this, Beppu et al. concluded that
crosslinking with GA makes chitosan more hydrophobic, since amino groups are blocked
with aliphatic chains [46]. Likewise, Chen et al. observed in chitosan and silicotungstic acid
hydrate membranes that the contact angle increased when GA was added, attributed to a
decrease in the hydrophilic OH or NH2 groups on the membranes because of the reaction
between the OH or N–H groups of CHT and the aldehyde groups of GA [26]. The water
contact angle of the modified surfaces with Zn-O, Cu, and Zn-O/Cu, showed angles of
89.01◦, 88.4◦, and 89.51◦. respectively, so the addition of metals like copper did not affect
their hydrophobic/hydrophilic balance. The same effect was observed for DMEM. The
film with higher contact angle (103◦) was CHT with Zn-O in DMEM, this may be because
adding the zinc oxide particles reduces the hydrophilicity of the film or because de surface
roughness is changed. When PBS was used as the sessile drop similar contact angles
were observed (87◦) in CHT with copper particles. Gritsch et al. confirmed our results as
they did not find significant differences in the contact angles of chitosan and its versions
modified with copper that were in the range of 75◦ and 90◦. However, changes in the
angles of the chitosan samples appeared over time as their valued reduce half their initial
value, which does not occur in the samples with copper and this behavior is attributed
to the chelation of the same ion. Adjacent chitosan chains induce a crosslinking of the
polysaccharide matrix that is able to reduce cracks on the surface of the sample [35]. The
contact angle is known to be greater for rougher surfaces than for smoother surfaces [47].
It is important to mention that the contact angles observed in this study were taken from
the air-dried surface, meaning a rough surface, so it could influence the results.

3.3. Antimicrobial Activity

Table 5 shows the antibacterial activity of CHT, GA crosslinked CHT, and CHT modi-
fied with Zn-O and C films against Staphylococcus aureus and S. typhimurium.

For pristine chitosan films no antimicrobial activity was found against Staphylococcus
aureus. Oppositely, Imani et al. reported an adequate antibacterial efficacy of chitosan
against S. aureus as a medicine for pulpectomy of primary teeth [48]. In contrast, in the pure
chitosan films, antimicrobial activity was found against S. Typhimurium. These findings are
consistent with those reported by Hu et al., who used pure chitosan to reduces the counts
of bacteria such as Salmonella [49]. Erickson et al. found similar results of a chitosan and
acetic acid spray against the same microorganisms [50].

GA crosslinked sample showed antimicrobial activity against S. aureus and
S. typhimurium, this can be attributed to the interaction between positively charged CHT-GA
molecules and negatively charged bacterial membranes [51].

It was suggested that residual aldehyde of CHT–GA crosslinked films have an cyto-
toxic bacterial effect, since unreacted terminal aldehyde groups are able to interact with
functional groups on the bacterial membrane [52].

Sehmi et al. mention that glutaraldehyde is not active against bacterial cells when it is
found in acidic aqueous solutions, however, when it is activated at pH 7.5–8.5 the solution
becomes biocidal [53]. The antibacterial activity of CHT/GA film may be due to its high
hydrophobicity [25]. The antimicrobial activity of the Zn-O chitosan film was not found
against S. aureus, but it was observed against S. typhimurium. Chekne et al. evaluated
the antibacterial effect of the bound gamma globulin fraction and the free copper and
zinc cations applied to S. aureus cultures. Free copper cations as well as copper bound by
serum γ-globulin resulted in a complete bactericidal effect after 4 h of observation. On the
other hand, zinc cations perform bacteriostatic activity only bound to γ-globulin; therefore,
free zinc cations did not have a bacteriostatic effect against S. aureus [54]. Valencia et al.
determined the antimicrobial effect of commercial chitosan in liquid and solid state against
Staphylococcus aureus. Chitosan did not show an antimicrobial effect against S. aureus [12].
Brathi et al. reported that chitosan and Zn-O nanocomposite showed greater antimicrobial
activity against Gram-negative bacterial pathogens compared to Gram-positive ones [55].
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In contrast, Youssef et al. found antimicrobial activity of ZnO-chitosan films against both
bacteria, S. aureus and S. typhimurium [31].

Table 5. Antimicrobial activity: positive (+) and negative (−) against Staphylococcus aureus and
S. tiphimurium of chitosan discs; before 24 h (top) and after 24 h (bottom) of inoculation.

Film Antibacterial Activity
Staphylococcus Aureus

Antibacterial Activity
Salmonella Typhimurium

CHT

(−)
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cell surfaces, i.e., the negative charge on the cell surface of Gram-negative bacteria was
higher than in Gram-positive bacteria [59]. Chung et al. also concluded that Gram-
negative bacteria were more susceptible than Gram-positive. This outcome was caused
by the greater hydrophilicity of Gram-negative bacteria, making them more susceptible to
chitosan in solution [60]. However, in our study, zinc oxide and copper modified chitosan
film exhibited S. aureus growth.

In contrast, Yasuyuki et al. found that the metals Cu and Zn showed antibacterial
properties against Gram-positive bacteria such as S. aureus. The studies provided evidence
of metal toxicity and antibacterial activity [61]. It has been reported that the minimum bac-
tericidal concentration for S. aureus is 16 µg/mL for ZnO while for CuO is 22 µg/mL. [62].
In our study, it is clear that even when a higher amount of ZnO was used compared to
Cu nanoparticles, the effective amount released from CHT was not known. Furthermore,
agar diffusion methods were originally designed for soluble antibiotics and in this case,
solubility and ion release is limited. Another explanation about the low antimicrobial
activity of ZnO could be due that we use micrometric and non-nanometric particles.

For S. typhimurium, antimicrobial activity was found in chitosan modified with zinc
and copper oxide. These results coincide with some studies, where Cu copper has been used
as a potential antimicrobial agent against S. typhimurium [63,64]. Moreover, Karbowniczek
et al. found antimicrobial activity of Zn-O nanoparticles against this microorganism [65].

Regarding the safety of the use of copper and ZnO, several studies provide evidence
about cytocompatibility, such as the use of copper nanoparticles in human periodontal
ligament stem cells [66]. Another study revealed cytocompatibility and osteogenesis
activity of the Ti-Cu in vitro. In addition, Ti-Cu alloy could significantly promote the
osteogenic differentiation of MG63 cells by upregulating the osteogenesis-related gene
expressions including alkaline phosphatase (ALP), collagen I (Colla I), osteopontin (OPN),
and osteocalcin (OCN) [67]. Cell viability of Zn was tested in EA.hy926 cells, reporting an
increase with the addition of Cu or Cu and Fe content. The authors report that there was
not adversely affected on platelets adhering to the surface of the Zn alloys [68]. According
to Zhu, Zn exposure was found to enhance MSC growth and differentiation [69].

4. Conclusions

Chitosan can be modified with zinc oxide and copper nanoparticles. Despite the
low concentrations used in our study for this biomedical application, it can be detected
by subtle changes by using FTIR, Raman, TGA, XRD, XPS, and EDX techniques. The
incorporation of either ZnO or copper particles has no effect on surface hydrophilicity as a
contact angle close to 88◦ was observed. Therefore, the biological effect will be attributed to
their composition only. No antimicrobial activity against Staphylococcus aureus was found
on unfilled chitosan, chitosan film cross-linked with glutaraldehyde, or on the films with 5%
zinc oxide, 1% copper nanoparticles or their combination. The lack of antimicrobial activity
of copper and zinc oxide is attributed to the low amount added to the films. In contrast,
antimicrobial activity against Salmonella was found in all films, i.e., pristine chitosan and
chitosan modified with 5% zinc oxide and 1% copper. However, no synergistic effect was
observed at the concentrations studied. It is possible that these traditional bactericidal
particles (zinc oxide or copper) where not available at the correct oxidation state even when
they were observed on the surface by SEM. It is also recommended that longer extraction
times are used in order to assess their bactericidal activity. Therefore, it is concluded that
chitosan does have an antimicrobial effect at 5% ZnO and 1% NCu for S. typhimurium and
that is recommended that higher concentrations are used against Staphylococcus aureus for
medical and dental applications. Further studies are recommended for medical and dental
applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/polym13223861/s1, Figure S1: Zn-O FTIR spectra, Figure S2: Individual FTIR spectra of
the copper nanoparticles, Figure S3: Pristine CHT FTIR spectra used for calculating the degree of
acetylation, and Figure S4: Zn-O Raman spectra.

https://www.mdpi.com/article/10.3390/polym13223861/s1
https://www.mdpi.com/article/10.3390/polym13223861/s1


Polymers 2021, 13, 3861 15 of 17

Author Contributions: Conceptualization, J.V.C.-R.; Data curation, J.V.C.-R.; Formal analysis,
C.d.C.G.-S., M.G.C.-G., R.F.V.-C. and N.P.; Funding acquisition, J.R.H.-A.; Investigation, M.G.C.-G.
and F.J.A.-P.; Methodology, R.F.V.-C.; Resources, N.P.; Supervision, D.A.A.-P.; Writing—original draft,
C.d.C.G.-S., F.J.A.-P. and D.A.A.-P.; Writing—review & editing, M.G.C.-G. and J.V.C.-R. All authors
have read and agreed to the published version of the manuscript.

Funding: Funding from projects 1360 and 248378 from CONACYT is acknowledged.; and Universi-
dad Autónoma de Yucatán.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to its content is part of a Master´s
Thesis.

Acknowledgments: The authors thank Patricia Quintana and Daniel Aguilar Treviño for XRD and
Wilian Cauich for XPS experiments at Laboratorio Nacional de Nano y Biomateriales (LANBIO),
Cinvestav-IPN, Unidad Mérida (Projects FOMIX-Yucatan 2008-108160 and CONACYT LAB-2009-01
no. 123913) 292692, 295643, 183445 y 204822), CINVESTAV-IPN. Unidad Mérida.

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

References
1. Gergova, R.; Georgieva, T.; Angelov, I.; Mantareva, V.; Valkanov, S.; Mitov, I. Photodynamic therapy with water-soluble

phtalocyanines against bacterial biofilms in teeth root canals. SPIE 2012, 8427, 842744.
2. Petti, S.; Boss, M.; Messano, G.; Protano, C.; Polimeni, A. High salivary Staphylococcus aureus carriage rate among healthy

paedodontic patients. New Microbiol. 2014, 37, 91–96.
3. Ohara-Nemoto, Y.; Haraga, H.; Kimura, S.; Nemoto, T.K. Occurrence of staphylococci in the oral cavities of healthy adults and

nasal—Oral trafficking of the bacteria. J. Med. Microbiol. 2008, 57, 95–99. [CrossRef] [PubMed]
4. Smith, A.; Buchinsky, F.J.; Post, J.C. Eradicating chronic ear, nose, and throat infections: A systematically conducted literature

review of advances in biofilm treatment. Otolaryngol. Head Neck Surg. 2011, 144, 338–347.
5. Palareti, G.; Legnani, C.; Cosmi, B.; Antonucci, E.; Erba, N.; Poli, D.; Testa, S.; Tosetto, A. Comparison between different D-Dimer

cutoff values to assess the individual risk of recurrent venous thromboembolism: Analysis of results obtained in the DULCIS
study. Int. J. Lab. Hematol. 2016, 38, 42–49.

6. Venkatesan, J.; Kim, S.K. Chitosan composites for bone tissue engineering—An overview. Mar. Drugs 2010, 8, 2252–2266.
[PubMed]

7. Muzzarelli, R. Chitin, 1st ed.; Editorial Pergamon: New York, NY, USA, 1974.
8. Chuc-Gamboa, M.G.; Vargas-Coronado, R.F.; Cervantes-Uc, J.M.; Cauich-Rodríguez, J.V.; Escobar-García, D.M.; Pozos-Guillén, A.;

del Barrio, J.S.R. The Effect of PEGDE Concentration and Temperature on Physicochemical and Biological Properties of Chitosan.
Polymers 2019, 11, 1830.

9. Ardila, N.; Daigle, F.; Heuzey, M.; Abdellah, A. Antibacterial Activity of Neat Chitosan Powder. Molecules 2017, 22, 100. [CrossRef]
10. Muxika, A.; Etxabide, A.; Uranga, J.; Guerrero, P.; de la Caba, K. Chitosan as a bioactive polymer: Processing, properties and

applications. Int. J. Biol. Macromol. 2017, 105, 1358–1368. [CrossRef]
11. Husain, S.; Al-Samadani, K.H.; Najeeb, S.; Zafar, M.S.; Khurshid, Z.; Zohaib, S.; Qasim, S.B. Chitosan biomaterials for current and

potential dental applications. Materials 2017, 10, 602. [CrossRef]
12. Ayala-Valencia, G. Efecto antimicrobiano del quitosano: Una revisión de la literatura. Scentia Agroaliment. 2015, 2, 32–38.
13. Agnihotri, S.; Mallikarjuna, N.; Aminabhav, T. Recent advances on chitosan-based micro- and nanoparticles in drug delivery. J.

Control. Release 2004, 100, 5–28. [PubMed]
14. Yu, Q.; Song, Y.; Shi, X.; Xu, C.; Bin, Y. Preparation and properties of chitosan derivative / poly (vinyl alcohol) blend film

crosslinked with glutaraldehyde. Carbohydr. Polym. 2011, 84, 465–470. [CrossRef]
15. Baroudi, A.; García-Payo, C.; Khayet, M. Structural, Mechanical, and Transport Properties of Different Doses. Polymers 2018, 10,

117.
16. Yao, K.X.; Zeng, H.C. ZnO/PVP Nanocomposite Spheres with Two Hemispheres. J. Phys. Chem. 2007, 111, 13301–13308.
17. Tabesh, E.; Salimijazi, H.R.; Kharaziha, M.; Mahmoudi, M.; Hejazi, M. Development of an In-Situ Chitosan-Copper Nanoparticle

Coating by Electrophoretic Deposition. Surf. Coat. Technol. 2019, 364, 239–247.
18. Hardy, J.J.E.; Hubert, S.; Macquarrie, D.J.; Wilson, A.J. Chitosan-based heterogeneous catalysts for suzuki and heck reactions.

Green Chem. 2004, 6, 53–56.
19. Aguilar-Pérez, D.; Vargas-Coronado, R.; Cervantes-Uc, J.; Rodriguez-Fuentes, N.; Aparicio, C.; Covarrubias, C.; Alvarez-Perez,

M.; Garcia-Perez, V.; Martinez-Hernandez, M.; Cauich-Rodriguez, J. Antibacterial activity of a glass ionomer cement doped with
copper nanoparticles. Dent. Mater. J. 2020, 39, 389–396. [CrossRef]

http://doi.org/10.1099/jmm.0.47561-0
http://www.ncbi.nlm.nih.gov/pubmed/18065673
http://www.ncbi.nlm.nih.gov/pubmed/20948907
http://doi.org/10.3390/molecules22010100
http://doi.org/10.1016/j.ijbiomac.2017.07.087
http://doi.org/10.3390/ma10060602
http://www.ncbi.nlm.nih.gov/pubmed/15491807
http://doi.org/10.1016/j.carbpol.2010.12.006
http://doi.org/10.4012/dmj.2019-046


Polymers 2021, 13, 3861 16 of 17

20. Bolaina-Lorenzo, E.; Martinez-Ramos, C.; Monleón-Pradas, M.; Herrera-Kao, W.; Cauich-Rodriguez, J.V.; Cervantes-Uc, J.M.
Electrospun polycaprolactone/chitosan scaffolds for nerve tissue engineering: Physicochemical characterization and Schwann
cell biocompatibility. Biomed. Mater. 2017, 12, 15008. [CrossRef]

21. Ki-jae, J.; Younseong, S.; Hye-ri, S.; Ji, E.; Jeonghyo, K.; Fangfang, S.; Dae-Youn, H.; Jaebeom, L. In vivo study on the biocompati-
bility of chitosan-hydroxyapatite film depending on degree of deacetylation. J. Biomed. Mater. Res. A 2017, 105, 1637–1645.

22. Bandara, S.; Carnegie, C.-a.; Johnson, C.; Akindoju, F.; Williams, E.; Swaby, J.M.; Oki, A.; Carson, L.E. Synthesis and characteriza-
tion of Zinc/Chitosan-Folic acid complex. Heliyon 2018, 4, e00737. [CrossRef]

23. Bujñáková, Z.; Dutková, E.; Zorkovská, A.; Baláz, M.; Kovác, J.; Kello, M.; Mojzis, J.; Briancin, J.; Baláz, P. Mechanochemical
synthesis and in vitro studies pf chitosan-coated InAs/ZnS mixed nanocrystals. J. Mater. Sci. 2017, 52, 721–735. [CrossRef]

24. Muraleedharan, K.; Alikutty, P.; Abdul Mujeeb, V.M.; Sarada, K. Kinetic Studies on the Thermal Dehydration and Degradation of
Chitosan and Citralidene Chitosan. J. Polym. Environ. 2015, 23, 1–10.

25. Li, B.; Shan, C.-L.; Zhou, Q.; Fang, Y.; Wang, Y.-L.; Xu, F.; Sun, G.-C. Synthesis, Characterization, and Antibacterial Activity of
Cross-Linked Chitosan-Glutaraldehyde. Mar. Drugs 2013, 11, 1534–1552. [CrossRef] [PubMed]

26. Chen, J.H.; Dong, X.F.; He, Y.S. Investigation into glutaraldehyde crosslinked chitosan/cardo-poly-etherketone composite
membrane for pervaporation separation of methanol and dimethyl carbonate mixtures. RSC Adv. 2016, 6, 60765–60772.

27. Djaja, N.F.; Montja, D.A.; Saleh, R. The Effect of Co Incorporation into ZnO Nanoparticles. Adv. Mater. Phys. Chem. 2013, 3, 33–41.
28. Hernández, A.; Maya, L.; Sánchez-Mora, E.; Sánchez, E.M. Sol-gel synthesis, characterization and photocatalytic activity of mixed

oxide ZnO-Fe2O3. J. Sol-Gel Sci. Technol. 2007, 42, 71–78. [CrossRef]
29. Dobrucka, R.; Długaszewska, J. Biosynthesis and antibacterial activity of ZnO nanoparticles using Trifolium pratense flower

extract. Saudi J. Biol. Sci. 2016, 23, 517–523.
30. Miri, A.; Mahdinejad, N.; Ebrahimy, O.; Khatami, M.; Sarani, M. Zinc oxide nanoparticles: Biosynthesis, characterization,

antifungal and cytotoxic activity. Mater. Sci. Eng. C 2019, 104, 109981.
31. Youssef, A.M.; Abou-Yousef, H.; El-Sayed, S.M.; Kamel, S. Mechanical and antibacterial properties of novel high performance

chitosan/nanocomposite films. Int. J. Biol. Macromol. 2015, 76, 25–32. [CrossRef]
32. Facchin, G.; Alvarez, N.; Sapiro, R.; Péres-Araujo, M. Desarrollo de complejos de cobre con actividad antitumoral: Síntesis y

caracterización de un nuevo complejo de cobre-terpiridina. Inf. Tecnol. 2012, 23, 25–30. [CrossRef]
33. Ceja-Romero, L.R.; Ortega-Arroyo, L.; Ortega Rueda De León, J.M.; López-Andrade, X.; Narayanan, J.; Aguilar-Méndez, M.A.;

Castaño, V.M. Green chemistry synthesis of nano-cuprous oxide. IET Nanobiotech. 2016, 10, 39–44. [CrossRef]
34. Maldonado-Lara, K.; Luna-Bárcenas, G.; Luna-Hernández, E.; Padilla-Vaca, F.; Hernández-Sánchez, E.; Betancourt-Galindo, R.;

Menchaca-Arredondo, J.L.; España-Sánchez, B.L. Preparación y caracterización de nanocompositos quitosano-cobre con actividad
antibacteriana para aplicaciones en ingeniería de tejidos. Rev. Mex. Ing. Biomed. 2017, 38, 306–313.

35. Gritsch, L.; Lovell, C.; Goldmann, W.H.; Boccaccini, A.R. Fabrication and characterization of copper(II)-chitosan complexes as
antibiotic-free antibacterial biomaterial. Carbohydr. Polym. 2018, 179, 370–378. [CrossRef] [PubMed]

36. Brugnerotto, J.; Lizardi, J.; Goycoolea, F.M.; Argüelles-Monal, W.; Desbrières, J.; Rinaudo, M. An infrared investigation in relation
with chitin and chitosan characterization. Polymer 2001, 42, 3569–3580.

37. Li, W.; Xiao, L.; Qin, C. The characterization and thermal investigation of chitosan-Fe3O4 nanoparticles synthesized via a novel
one-step modifying process. J. Macromol. Sci. Part. A Pure Appl. Chem. 2011, 48, 57–64.

38. Samuels, R.J. Solid State Characterization of the Structure of Chitosan Films. J. Polym. Sci. Part. A-2 Polym. Phys. 1981, 19,
1081–1105. [CrossRef]

39. Vartiainen, J.; Harlin, A. Crosslinking as an Efficient Tool for Decreasing Moisture Sensitivity of Biobased Nanocomposite Films.
Mater. Sci. Appl. 2011, 2, 346–354. [CrossRef]

40. Beyene, Z.; Ghosh, R. Effect of zinc oxide addition on antimicrobial and antibio film activity of hydroxyapatite: A potential
nanocomposite for biomedical applications. Mater. Today Commun. 2019, 21, 100612. [CrossRef]

41. Ai, L.; He, H.; Wang, P.; Cai, R.; Tao, G.; Yang, M.; Liu, L.; Zuo, H.; Zhao, P.; Wang, Y. Rational design and fabrication of ZnONPs
functionalized sericin/PVA antimicrobial sponge. Int. J. Mol. Sci. 2019, 20, 4796. [CrossRef]

42. Gutiérrez, M.F.; Bermudez, J.; Dávila-Sánchez, A.; Alegría-Acevedo, L.F.; Méndez-Bauer, L.; Hernández, M.; Astorga, J.; Reis,
A.; Loguercio, A.D.; Farago, P.V.; et al. Zinc oxide and copper nanoparticles addition in universal adhesive systems improve
interface stability on caries-affected dentin. J. Mech. Behav. Biomed. Mater. 2019, 100, 103366. [CrossRef] [PubMed]

43. Oyrton, A.C.; Monteiro, J.; Claudio, A. Some studies of crosslinking chitosan-glutaraldehyde interaction in a homogeneous
system. Int. J. Biol. Macromol 1999, 26, 119–128.

44. Drelich, J.; Chibowski, E.; Meng, D.D.; Terpilowski, K. Hydrophilic and superhydrophilic surfaces and materials. Soft Matter.
2011, 7, 9804–9828.

45. Kang, B.; Vales, T.P.; Cho, B.K.; Kim, J.K.; Kim, H.J. Development of gallic acid-modified hydrogels using interpenetrating
chitosan network and evaluation of their antioxidant activity. Molecules 2017, 22, 1976. [CrossRef] [PubMed]

46. Beppu, M.M.; Vieira, R.S.; Aimoli, C.G.; Santana, C.C. Crosslinking of chitosan membranes using glutaraldehyde: Effect on ion
permeability and water absorption. J. Memb. Sci. 2007, 301, 126–130. [CrossRef]

47. Grundke, K.; Pöschel, K.; Synytska, A.; Frenzel, R.; Drechsler, A.; Nitschke, M.; Cordeiro, A.L.; Uhlmann, P.; Welzel, P.B.
Experimental studies of contact angle hysteresis phenomena on polymer surfaces—Toward the understanding and control of
wettability for different applications. Adv. Colloid Interface Sci. 2015, 222, 350–376. [CrossRef]

http://doi.org/10.1088/1748-605X/12/1/015008
http://doi.org/10.1016/j.heliyon.2018.e00737
http://doi.org/10.1007/s10853-016-0366-x
http://doi.org/10.3390/md11051534
http://www.ncbi.nlm.nih.gov/pubmed/23670533
http://doi.org/10.1007/s10971-006-1521-7
http://doi.org/10.1016/j.ijbiomac.2015.02.016
http://doi.org/10.4067/S0718-07642012000600004
http://doi.org/10.1049/iet-nbt.2015.0026
http://doi.org/10.1016/j.carbpol.2017.09.095
http://www.ncbi.nlm.nih.gov/pubmed/29111063
http://doi.org/10.1002/pol.1981.180190706
http://doi.org/10.4236/msa.2011.25045
http://doi.org/10.1016/j.mtcomm.2019.100612
http://doi.org/10.3390/ijms20194796
http://doi.org/10.1016/j.jmbbm.2019.07.024
http://www.ncbi.nlm.nih.gov/pubmed/31422314
http://doi.org/10.3390/molecules22111976
http://www.ncbi.nlm.nih.gov/pubmed/29140278
http://doi.org/10.1016/j.memsci.2007.06.015
http://doi.org/10.1016/j.cis.2014.10.012


Polymers 2021, 13, 3861 17 of 17

48. Imani, Z.; Imani, Z.; Basir, L.; Mohsen, S.; Montazeri, E.A.; Vahid, R. Antibacterial Effects of Chitosan, Formocresol and CMCP as
Pulpectomy Medicament on Enterococcus faecalis, Staphylococcus aureus and Streptococcus mutans. Iran. Endod. J. 2018, 13, 342–350.
[PubMed]

49. Hu, Z.Y.; Balay, D.; Hu, Y.; McMullen, L.M.; Gänzle, M.G. Effect of chitosan, and bacteriocin—Producing Carnobacterium
maltaromaticum on survival of Escherichia coli and Salmonella typhimurium on beef. Int. J. Food Microbiol. 2019, 290, 68–75.
[PubMed]

50. Erickson, M.C.; Liao, J.Y.; Payton, A.S.; Cook, P.W.; Adhikari, K.; Wang, S.; Bautista, J.; Pérez, J.C.D. Efficacy of acetic acid or
chitosan for reducing the prevalence of Salmonella- and Escherichia coli O157: H7-contaminated leafy green plants in field
systems. J. Food Prot. 2019, 82, 854–861. [CrossRef]

51. Mohamed, N.A.; Fahmy, M.M. Synthesis and antimicrobial activity of some novel cross-linked chitosan hydrogels. Int. J. Mol. Sci.
2012, 13, 11194–11209. [CrossRef]

52. Chuc-Gamboa, M.G.; Perera, C.M.C.; Ayala, F.J.A.; Vargas-Coronado, R.F.; Cauich-Rodríguez, J.V.; Escobar-García, D.M.; Sánchez-
Vargas, L.O.; Pacheco, N.; Del Barrio, J.S.R. Antibacterial behavior of chitosan-sodium hyaluronate-PEGDE crosslinked films.
Appl. Sci. 2021, 11, 1267.

53. Sehmi, S.K.; Allan, E.; MacRobert, A.J.; Parkin, I. The bactericidal activity of glutaraldehyde-impregnated polyurethane. Microbiol-
ogy 2016, 5, 891–897. [CrossRef] [PubMed]

54. Cheknev, S.B.; Vostrova, E.I.; Piskovskaia, L.S.; Vostrov, A.V. Effects of copper and zinc cations bound by gamma-globulin fraction
in Staphylococcus aureus culture. Zh. Mikrobiol. Epidemiol. Immunobiol. 2014, 3, 4–9.

55. Bharathi, D.; Ranjithkumar, R.; Chandarshekar, B.; Bhuvaneshwari, V. Preparation of chitosan coated zinc oxide nanocomposite
for enhanced antibacterial and photocatalytic activity: As a bionanocomposite. Int. J. Biol. Macromol. 2019, 129, 989–996.
[CrossRef]

56. Brahma, U.; Kothari, R.; Sharma, P.; Bhandari, V. Antimicrobial and anti-biofilm activity of hexadentated macrocyclic complex of
copper (II) derived from thiosemicarbazide against Staphylococcus aureus. Sci. Rep. 2018, 8, 1–8. [CrossRef] [PubMed]

57. Li, K.; Xia, C.; Qiao, Y.; Liu, X. Dose-response relationships between copper and its biocompatibility/antibacterial activities. J.
Trace Elem. Med. Biol. 2019, 55, 127–135. [PubMed]

58. Isobe, K. The strategy for existence of microorganisms-adhesion to solid surfaces. J. Surf. Sci Soc. 2001, 22, 652–662. [CrossRef]
59. Du, W.L.; Niu, S.S.; Xu, Y.L.; Xu, Z.R.; Fan, C.L. Antibacterial activity of chitosan tripolyphosphate nanoparticles loaded with

various metal ions. Carbohydr. Polym. 2009, 75, 385–389. [CrossRef]
60. Chung, Y.C.; Su, Y.P.; Chen, C.C.; Jia, G.; Wang, H.I.; Wu, J.C.; Lin, J.G. Relationship between antibacterial activity of chitosan and

surface characteristics of cell wall. Acta Pharmacol Sin. 2004, 25, 932–936.
61. Yasuyuki, M.; Kunihiro, K.; Kurissery, S.; Kanavillil, N.; Sato, Y.; Kikuchi, Y. Antibacterial properties of nine pure metals: A

laboratory study using Staphylococcus aureus and Escherichia coli. Biofouling J. Bioadhesion Biofilm 2010, 26, 37–41. [CrossRef]
62. Azam, A.; Ahmed, A.S.; Oves, M.; Khan, M.S.; Habib, S.S.; Memic, A. Antimicrobial activity of metal oxide nanoparticles against

Gram-positive and Gram-negative bacteria: A comparative study. Int. J. Nanomed. 2012, 7, 6003–6009. [CrossRef] [PubMed]
63. Achard, M.E.S.; Stafford, S.L.; Bokil, N.J.; Chartres, J.; Bernhardt, P.V.; Schembri, M.A.; Sweet, M.J.; Mcewan, A.G. Copper

redistribution in murine macrophages in response to Salmonella infection. Biochem. J. 2012, 444, 51–57. [CrossRef]
64. Beal, J.D.; Niven, S.J.; Campbell, A.; Brooks, P.H. The effect of copper on the death rate of Salmonella typhimurium DT104:30 in

food substrates acidified with organic acids. Lett. Appl. Microbiol. 2004, 38, 8–12. [CrossRef] [PubMed]
65. Karbowniczek, J.; Cordero-Arias, L.; Virtanen, S.; Misra, S.K.; Valsami-Jones, E.; Tuchscherr, L.; Rutkowski, B.; Górecki, K.;

Bała, P.; Czyrska-Filemonowicz, A.; et al. Electrophoretic deposition of organic/inorganic composite coatings containing ZnO
nanoparticles exhibiting antibacterial properties. Mater. Sci. Eng. C 2017, 77, 780–789. [CrossRef] [PubMed]

66. Fernández-Arias, M.; Boutinguiza, M.; del Val, J.; Covarrubias, C.; Bastias, F.; Gómez, L.; Maureira, M.; Arias-González, F.; Riveiro,
A.; Pou, J. Copper nanoparticles obtained by laser ablation in liquids as bactericidal agent for dental applications. Appl. Surf. Sci.
2019, 507, 145032. [CrossRef]

67. Liu, R.; Ma, Z.; Kunle, S.; Lilan, K.; Ying, Z.; Ling, Z.; Ke, R. In Vitro study on cytocompatibility and osteogenesis ability of Ti-Cu
alloy. J. Mater. Sci. Mater. Med. 2019, 34, 1112–1126.

68. Yue, R.; Niu, J.; Li, Y.; Ke, G.; Huang, H.; Pei, J.; Ding, W. Materials Science & Engineering C In vitro cytocompatibility,
hemocompatibility and antibacterial properties of biodegradable Zn-Cu-Fe alloys for cardiovascular stents applications. Mater.
Sci. Eng. C 2020, 113, 111007.

69. Zhu, D.; Su, Y.; Young, M.L.; Zheng, Y.; Tang, L. Biological Responses and Mechanisms of Human Bone Marrow Mesenchymal
Stem Cells to Zn and Mg Biomaterials. ACS Appl. Mater. Interfaces 2017, 9, 27453–27461. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/30083204
http://www.ncbi.nlm.nih.gov/pubmed/30300792
http://doi.org/10.4315/0362-028X.JFP-18-347
http://doi.org/10.3390/ijms130911194
http://doi.org/10.1002/mbo3.378
http://www.ncbi.nlm.nih.gov/pubmed/27255793
http://doi.org/10.1016/j.ijbiomac.2019.02.061
http://doi.org/10.1038/s41598-018-26483-5
http://www.ncbi.nlm.nih.gov/pubmed/29795120
http://www.ncbi.nlm.nih.gov/pubmed/31345350
http://doi.org/10.1380/jsssj.22.652
http://doi.org/10.1016/j.carbpol.2008.07.039
http://doi.org/10.1080/08927014.2010.527000
http://doi.org/10.2147/IJN.S35347
http://www.ncbi.nlm.nih.gov/pubmed/23233805
http://doi.org/10.1042/BJ20112180
http://doi.org/10.1046/j.1472-765X.2003.01147.x
http://www.ncbi.nlm.nih.gov/pubmed/14687208
http://doi.org/10.1016/j.msec.2017.03.180
http://www.ncbi.nlm.nih.gov/pubmed/28532093
http://doi.org/10.1016/j.apsusc.2019.145032
http://doi.org/10.1021/acsami.7b06654

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Chitosan Films 
	Preparation of Unfilled Chitosan Films 
	Preparation of Glutaraldehyde Crosslinked Chitosan Films 
	Preparation of Composite Chitosan Films 

	Composition and Structural Characterization of CHT Composite Films 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Raman Spectroscopy 
	Thermogravimetric Analysis (TGA) 
	X-ray Diffraction (XRD) 

	Surface Properties of CHT Composite Films 
	Scanning Electron Microscopy (SEM) 
	X-ray Photoelectron Spectroscopy (XPS) 
	Contact Angles 

	Biological Studies 

	Results and Discussion 
	Physicochemical and Structural Characterization of Modified Chitosan Films 
	FTIR Spectroscopy 
	Raman Spectroscopy 
	Thermogravimetric Analysis (TGA) 
	X-ray Diffraction (XRD) 

	Surface Properties of Modified Chitosan Films 
	Elemental Composition by EDX and XPS 
	Surface Morphology by SEM 
	Contact Angle Measurement 

	Antimicrobial Activity 

	Conclusions 
	References

