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Chitosan with the addition of zeolite and ZnO
nanoparticles as a new antibacterial agent
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Abstract: Chitosan/zeolite/ZnO nanocomposites with different contents of components were obtained
using the Taguchi method. Based on the conducted studies, optimal conditions for the synthesis of the
nanocomposite (7.5 mg/mL chitosan, 0.2 mg/mL zeolite and 9 mg/mL ZnO) with the best antibacterial
properties (no growth of S. mutans) were established. Spectroscopic, microscopic, thermal, and antibac-
terial methods were used to characterize the nanocomposite and its components in relation to S. mutans
biofilm. The chitosan/zeolite/ZnO nanocomposite can be used as an effective antibacterial compound in
various applications due to its structural and antibacterial properties.
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Chitozan z dodatkiem zeolitu i nanoczastek ZnO jako nowy srodek
antybakteryjny

Streszczenie: Metoda Taguchi otrzymano nanokompozyty chitozan/zeolit/ZnO o rdéznej zawartosci
chitozanu, zeolitu i ZnO. Na podstawie przeprowadzonych badan ustalono optymalne warunki synte-
zy nanokompozytu (7,5 mg/mL chitozanu, 0,2 mg/mL zeolitu i 9 mg/mL ZnO) o najlepszych wtasciwo-
$ciach przeciwbakteryjnych (brak wzrostu bakterii S. mutans). Do scharakteryzowania nanokompozytu
i jego sktadnikéw w odniesieniu do biofilmu S. mutans zastosowano metody spektroskopowe, mikro-
skopowe, termiczne i przeciwbakteryjne. Nanokompozyt chitozan/zeolit/ZnO moze by¢ stosowany jako
skuteczny zwiazek antybakteryjny w réznych zastosowaniach ze wzgledu na swoja strukturalne i wta-
$ciwosci antybakteryjne.

Stowa kluczowe: ludzkie zdrowie, dziatanie antybakteryjne, nanokompozyty, chitozan, zeolit, tlenek

cynku.

According to WHO statistics, the increase in bacterial
resistance, which affects health and poses a significant
financial burden to the world economy, is one of the most
serious challenges to the treatment and healthcare system
in this century [1]. Dental caries is a chronic, dynamic,
and episodic disease that develops when a biofilm forms
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on arigid structure and is influenced by several variables,
including the presence of sugar substances (saccharides),
the quality of saliva secretion and the passage of time.
The acid produced by the biofilm damages and demin-
eralized the tooth structure [2]. Despite the improvement
in the quality of life and the establishment of preventive
protocols, poor adherence to oral hygiene remains one
of the main causes of tooth loss, which can have a neg-
ative impact on the physical and emotional well-being
of people and be associated with significant economic
consequences [3, 4]. S. mutans can have a cryogenic effect
by consuming the delicate balance of regular oral flora,
although it is usually present in the normal oral microbi-
ota, especially in the pits and crevices of the tooth crown.
During anaerobic metabolism, S. mutans and other bac-
teria in the oral flora ferment sugars and form lactic acid,
which mineralizes enamel, dentin, and dental cemen-
tum [5]. Recent studies indicate that nanotechnology may
offer new approaches to the prevention and treatment of
dental caries, particularly in the management and control
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of dental plaque biofilm [6]. Nanomaterials are 100 nm in
diameter or less, and in recent years there has been a sig-
nificant increase in the use of their unique anti-infective
properties [7, 8]. Material properties (hardness, active
surface area, chemical reactivity, biological activity, and
antimicrobial properties) change significantly as the par-
ticle size decreases from micrometers to nanometers and
can be used in pharmaceutical, diagnostic, and disease
management industries [9, 10].

Chitosan is made commercially by deacetylating chitin
[11]. Due to the presence of active amino and hydroxyl
groups in the polymer matrix, this biopolymer exhibits
distinct polycationic and antibacterial characteristics [12].
Chitosan is highly effective at inhibiting bacterial growth
while barely harming mammalian cells [13].

Numerous studies have been conducted on zinc oxide
nanoparticles (ZnO NP,) because of their exceptional
electrical, chemical, optical, antifungal, and antibacte-
rial characteristics. Several methods can be used to create
ZnO nanoparticles with ease. Compared to many other
metal oxides, zinc oxide (ZnO) has the potential to be
biocompatible and has demonstrated several exceptional
qualities in the biomedical and antibacterial application
domains [14].

Aluminosilicates have received attention in different
sectors due to their special properties. Zeolites are a group
of aluminosilicates [15, 16]. Zeolite is a mineral compound
with a stable porous crystal structure and numerous tiny
holes among the crystals. This material has antibacterial,
anti-caries, and biocompatibility properties, which can
effectively treat periodontitis, help heal and regenerate
tissue, and be used in most routine dental treatments
[17]. Taguchi method, based on static methods and with
actual performance, can provide a favorable condition for
designing and synthesizing materials with a substantial
standard [18, 19].

The aim of this study was to synthesize a novel chito-
san/zeolite/ZnO nanocomposite and investigate its antib-
iofilm activity against the oral pathogen S. mutans.

EXPERIMENTAL PART
Synthesis of ZnO nanoparticles

The molten salt method was used for the synthesis of
ZnO nanoparticles. For this purpose, 83 g of zinc chlo-
ride salt, 1.19 g of sodium hydroxide, and 1.1 g of potas-
sium hydroxide were mixed and placed in the oven for
45 min under a temperature of 220°C, which is higher
than the eutectic temperature of sodium and potassium.
Then the obtained product was cooled at room tempera-
ture, washed three times with hot distilled water, and
centrifuged to remove impurities and alkali metal salts.
The sediment resulting from the centrifugation process
was placed in an oven at 100°C for 2 h to remove its
moisture and obtain the white powder of ZnO nanopar-
ticles [20].

Synthesis of chitosan/zeolite/ZnO nanocomposites

For the synthesis of the studied nanocomposite ZnO
nanoparticles were prepared using molten salt. Zeolite
and chitosan polymer were provided commercially. Using
the Taguchi method to figure out the best way to make
this nanocomposite with the most antibacterial activity,
nine experiments containing different ratios of chitosan
(2.5, 5, and 7.5 mg/mL), zeolite (0.2, 0.4, and 0.6 mg/mL)
and ZnO (3, 6, and 9 mg/mL) were designed. For this pur-
pose, nine different nanocomposites were synthesized
by using in situ method and different levels of chitosan
polymer, ZnO nanoparticles, and zeolite to check their
antibacterial power. In order to generate homogenous
solutions, solutions with varied concentrations of the
researched components were created in separate contain-
ers, magnetically stirred for 45 min, and then treated to
ultrasound for 15 min. Containers containing chitosan
solution were placed on a magnetic stirrer, and ZnO and
zeolite nanoparticles solution was added little by little.
A magnetic stirrer mixed the obtained solutions at 40°C
for 60 min, then subjected them to ultrasonic waves for
15 min, and nanocomposites containing different ratios
were formed. Then, the obtained solutions were placed
in an oven at 60°C to become a nanocomposite powder.

Antibacterial activity

To investigate the antibacterial property of the syn-
thesized chitosan/zeolite/ZnO nanocomposite against
S. mutans biofilm, this bacterium (ATCC 35668) was pre-
pared at the Iranian Industrial Microorganism Collection
Center. To assess the antimicrobial property of nanocom-
posites, colony forming units (CFU) were used. Brain
heart infusion medium (BHI) was used to prepare the
bacterial suspension. One colony of S. mutans was incu-
bated at 37°C for 48 h in a petri dish containing 5% defi-
brinated sheepblood and blood agar. Then, a suspension
containing 0.5 McFarland (CFU/mL - 10%) was prepared
using double distilled water. Then 5 mL of the bacterial
solution was added to 5 mL (150 pig/mL) of the synthesized
nanocomposite in 9 experimental conditions. After that,
the solutions were poured into the wells and shaken in
a shaker incubator for 6 h at 37°C and 140 RPM. After col-
lecting the suspension, it was serially diluted ten times. It
was cultured for 24 h on a blood agar medium containing
5% defibrinated sheep blood at 37. After the bacteria had
been cultured, the number of colonies was tallied and an
average determined. There were three repetitions of the
experiment, and the results were recorded [21].

Characterization

Multiple investigations were used to gauge the char-
acteristics of the synthesized nanocomposite and its
constituent parts. In this respect, various methods were
used, such as Fourier-transform infrared spectroscopy
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T a b le 1 Taguchi design experiments and effects of chitosan/zeolite/ZnO synthesized nanocomposites on the survival rate of

Streptococcus mutans

Experiment Chitosan Zeolite ZnO Bacterial survival
mg/mL mg/mL mg/mL Log,, CFU/mL
1 2.5 0.2 3 2.64
2 2.5 0.4 6 2.07
3 2.5 0.6 9 1.24
4 0.2 6 0.93
5 0.4 9 0.32
6 0.6 3 1.39
7 7.5 0.2 9 0.00
8 7.5 0.4 3 1.74
9 7.5 0.6 6 0.68

(FT-IR) (Thermo Fisher Scientific, Waltham, MA,USA),
X-ray crystallography (Philips X ‘Pert (40kV, 30mA),
Amsterdam, Netherlands),ofield emission scanning
electron microscopy (FESEM) (MIRA III, TESCAN, Brno,
Czech Republic), energy-dispersive X-ray spectroscopy
(EDX) (MIRA III, TESCAN, Brno, Czech Republic), X-ray
surface elemental mapping with SAMX detector (MIRA
II, TESCAN, Brno, Czech Republic), transmission elec-
tron microscopy (TEM) (Philips EM208S, Amsterdam,
Netherland), ultraviolet-visible spectroscopy (UV-Vis)
(UV-160 A, Shimadzu, Kyoto, Japan), and thermogravi-
metric analysis (TGA and DTA) (Q600, TA Instruments,
New Castle, DE, USA).

RESULTS AND DISCUSSION

Nine experiments based on the Taguchi method were
designed to find the optimal conditions for manufactur-
ing chitosan/zeolite/ZnO nanocomposite with the best
antibacterial activity. Then, the viability of S. mutans
strain was evaluated for the effect of synthetic nanocom-
posites under different conditions (Table 1). According to
the results, the nanocomposite associated with experi-
ment No. 7, which was created under the conditions of
7.5 mg/mL chitosan, 0.2 mg/mL zeolite and 9 mg/mL
ZnO, has the strongest antibacterial activity against S.
mutans biofilm. In its presence, the bacterial survival rate
reached the lowest value, 0 CFU/mL.

The size, composition, crystallinity, and shape of
nanoparticles like ZnO and silver help to define their
intrinsic qualities. Their chemical, mechanical, electri-
cal, structural, morphological, and optical properties
can alter when their size is reduced to the nanoscale. The
physical transit of nanoparticles into cellular structures
is facilitated by these changed features, which enable
nanoparticles to interact with biological cell components
in a distinctive way [22]. In numerous investigations,
ZnO nanoparticles and compounds using it have dem-
onstrated considerable antibacterial activity against vari-
ous bacterial species [23]. Reactive oxygen species, which
can assault protein and lipid structures, enter the bacte-

rial cytoplasm, and damage DNA, are produced as one
of its processes.

Table 2 displays the results of a study examining the
effect of chitosan, zeolite, and ZnO on the viability of S.
mutans biofilm. The results showed that the third level in
all three factors studied had the greatest effect on reduc-
ing the viability of S. mutans.

Table2. The main effects of different levels of chitosan, zeolite
and ZnO on the survival rate of Streptococcus mutans

Factors Level 1 Level 2 Level 3
Chitosan 1.98 0.88 0.81
Zeolite 1.19 1.38 1.10
ZnO 192 1.23 0.52

Table 3 illustrates how various variables interact to
affect the likelihood that S. mutans bacteria will survive.
The interaction impact of the first level of zeolite and the
third level of ZnO on the survival of S. mutans bacteria
each had a value of 38.63. Interactions between chitosan
and ZnO at the third level were on the decrease in sur-
vival of S. mutans bacteria, with a value of 2.08. The inter-
action impact of the first level of chitosan and the second
level of ZnO on the survival of S. mutans bacteria each
had a value of 0.75.

T a b le 3. The interactions effects of studied factors on the su-
rvival rate of Streptococcus mutans

Interacting factor Severity Optimum
. Column . 3 i

pairs index, % conditions
Zeolite x ZnO 2x3 38.63 1,3
Chitosan x ZnO 1x3 2.08 3,3
Chitosan x Zeolite 1x2 0.75 G

The variables that affect the S. mutans bacteria sur-
vival rate are shown in a variance analysis in Table 4.
ZnO nanoparticles had a 51.11% effect on the viability of
S. mutans bacteria, followed by chitosan with a 45.04%
effect and zeolite with a 1.45% effect.
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T ab1e 4. Analysis of variance of factors affecting the survival rate of Streptococcus mutans

Factors DOF* Sum of squares Variance F-Ratio, F Pure Sum Percent, %
Chitosan 2 2.61 1.30 76.24 2.57 45.04
Zeolite 2 0.12 0.06 342 0.08 1.45
ZnO 2 295 1.48 86.38 292 51.11

*DOF - degree of freedom.
Based on the results of data analysis and the study of ~FT-IR analysis

the influence of individual components and their mutual
development, the optimal conditions for the synthesis of
chitosan/zeolite/ZnO nanocomposite with maximum
antibacterial properties were estimated. (Table 5). In this
regard, ZnO and zeolite showed the highest and lowest
contribution to the survival rate of S. mutans bacteria,
respectively. Chitosan affected these two factors. When
considering all factors, the third level was found to be
optimal. It was determined that under ideal conditions,
the synthesized nanocomposite totally inhibits the for-
mation of S. mutans biofilm.

T ableb5. The optimum conditions for the synthesis of chito-
san/zeolite/ZnO nanocomposites with the highest antibacterial

Figure 1 shows the FT-IR spectra of chitosan/zeolite/
ZnO nanocomposite and its components in the wave-
length range of 400-4000 cm™. The peak observed in the
chitosan spectrum (Fig. 1a) in the zone 3271 to 3357 cm™
is attributed to the stretching of N-H or O-H groups, and
in 2856 cm™ to the stretching of C-H groups. The peak
in the zone 1639 cm™ is associated with the vibrations of
carbonyl bonds (C=0) (amide I) O=C-NHR. The absorp-
tion peak at 1579 cm™ indicates the bending of N-H. These
bonds are (amide II) (NH,) [24].

In the spectrum shown in Fig. 1b, the observed
peaks are located at 1057 cm”, 793 cm™ and
467 cm”, which indicates the internal vibrations of

activity Si-O-Si and Si-O-Al bridges in the zeolite. The peaks
Factors Level Contribution observed in the zone of 1637 cm™ and between 3200 cm!
Chitosan 3 042 and 3700 cm™ in the zeolite are due to water absorbed
Zeolite 3 012 by the zeolite [25]. The FT-IR spectrum of ZnO nanopar-
' ticles (Fig. 1c) shows a significant absorption peak at
Zn0 — 3 0.70 3420 cm™, which is related to O-H bonds. The band near
Total contribution from all factors L 1448 cm™ is due to moisture absorption in the form of
Current grand average of performance 1.22 H-O-H bending vibrations. The absorption band at
Bacterial survival at optimum condition -0.02 452 cm™ corresponds to the stretching vibrations of
Zn-0 [26]. The spectrum of the synthesized nanocompos-
d)
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Fig. 1. FT-IR spectra: a) chitosan, b) zeolite, c) ZnO NPs, d) chitosan/zeolite/ZnO composite
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Fig. 2. XRD patterns: a) chitosan, b) zeolite, ¢) ZnO NPs, d) chitosan/zeolite/ZnO nanocomposite
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Fig. 3. SEM images: a) chitosan, b) zeolite, c) ZnO NPs, d) chitosan/zeolite/ZnO nanocomposite
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Fig. 4. EDX patterns: a) chitosan, b) zeolite, ¢) ZnO NPs, d) chitosan/zeolite/ZnO nanocomposite

ite is influenced by the zeolite component and resembles
a zeolite graph.

XRD analysis

Fig. 2 shows the results of an X-ray diffraction inves-
tigation into the phase development and crystallogra-
phy of the produced nanocomposite and its components.
Sharpie peak was visible in the XRD pattern of chitosan
nanoparticles at the 20 diffraction angle of 19 degrees.
This peak’s existence and other peaks of lesser intensity
demonstrated the crystalline nature of chitosan nanopar-
ticles [27].

Pattern b (Fig. 2) shows the XRD pattern of zeolite, that
zeolite peaks were observed at 20 angles of 31, 33, 34, 42,
43, 44, 47, 48, 50, 52, 54, 57, 58, 59, 67, 71, and 73 degrees.
This pattern is similar to the Tracy and Higgins report
and Rowland and Higgins’s results for a set of simulated
powder XRD patterns for zeolites [28]. Figure 2c presents
the XRD diffraction peaks that were consistent with
wurtzite ZnO from the standard card (JCPDS 76-0704).
Thus, the XRD pattern shows ZnO nanoparticles with
fine hexagonal crystal structure, consistent with this ref-
erence file, except for ZnO. No characteristic diffraction
peak was observed, which shows that nanoparticles are
free from phase impurities and have high purity [29].

SEM analysis

SEM images presented in Fig. 3 confirm the appropri-
ate size of the synthesized samples. Agglomeration of

ZnO nanopowder is clearly seen in Fig 3c. In the synthe-
sized nanocomposite, it was observed that ZnO nanopar-
ticles were dispersed in the polymer network of chitosan
and zeolite clay (Fig. 3d).

EDX analysis

Using X-ray energy diffraction spectroscopy, the com-
ponents elements of samples of chitosan biopolymer, zeo-
lite nanoparticles, ZnO nanoparticles, and chitosan/zeo-
lite/ZnO nanocomposite were identified (Figure 4). These
results showed differences in the Using X-ray energy dif-
fraction spectroscopy, the components elements of sam-
ples of chitosan biopolymer, zeolite nanoparticles, ZnO
nanoparticles, and chitosan/zeolite/ZnO nanocomposite
identified elements of these compounds. Figure 4a dis-
plays the findings of the EDX elemental analysis of the chi-
tosan biopolymer. X-ray energy diffraction spectroscopic
analysis of this material’s diffraction pattern indicated
that 26.83% of its mass is composed of carbon, 52.67 % of
its mass is oxygen, and 20.5 % of its mass is sodium. X-ray
energy diffraction pattern of zeolite (Fig. 4b) revealed
the existence of the elements, potassium (0.61 wt%), iron
(2.82 wt%), aluminum (11.38 wt%), oxygen (59.37 wt%), and
magnesium (0.83 wt%) and silicon (24.38 wt%). According
to the ZnO nanoparticles X-ray energy diffraction pattern
Fig. 4c, oxygen elements were present in weight percent-
ages of 33.56% and 66.44%, respectively. Additionally, the
synthesized nanocomposite’s X-ray energy diffraction pat-
tern in Figure 4d revealed a combination of the elements
of the constituent part, resulting in a structure that con-
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Fig. 5. Dispersion map of the composite components on the surface: a) nanocomposite, b) all elements, c) oxygen, d) carbon, e) nitro-

gen, f) sodium, g) zinc, h) aluminum, i) silicon

tained the elements: zinc (24.65 wt%), oxygen (15.12 wt%),
silicon (5.48 wt%), carbon (4.20 wt%), sodium (2.86 wt%),
aluminum (2.46 wt%), and nitrogen (0.33 wt%).

X-ray map analysis

Figure 5 displays the distribution map of the chito-
san/zeolite/ZnO nanocomposite surface elements. This
image demonstrates the equal distribution of alumi-
num, sodium, oxygen, nitrogen, zinc, carbon, and silicon
across the overall structure of the synthesized nanocom-
posite and verifies its synthesis.

TEM analysis

The shape of the chitosan/zeolite/ZnO nanocomposite
was investigated by preparing a TEM micrograph of the
synthetic nanocomposite. Analysis of TEM micrographs
revealed the creation of this nanocomposite (Fig. 6). ZnO
and zeolite nanoparticles, which were integrated into the
matrix structure and led to the formation of the chitosan/
zeolite/ZnO nanocomposite, are small, black, and spheri-
cal particles.

- % MR e’ 4qpm, +
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14
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UV-Vi’s analysis

Fig. 7 depicts the UV-Vis absorption spectrum of chi-
tosan/zeolite/ZnO nanocomposite and that of each of its
components from 200 to 800 nm. The maximum absorp-
tion wavelength in the chitosan polymer (Fig. 7a) spec-
tra was around 207 nm [30]. The wide particle size range

Fig. 6. TEM image of chitosan/zeolite/ZnO nanocomposite
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Fig. 7. UV-Vi’s spectra: a) chitosan, b) zeolite, ¢) ZnO NPs, d) chitosan/zeolite/ZnO nanocomposite
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for the zeolite can be attributed to the broad absorption
band at 280 nm in plot (Fig. 7b) [31]. Fig. 7c displays the
ZnO nanoparticle’s UV-visible absorption spectrum [32].
The characteristic peak for ZnO hexagonal wurtzite is
the absorption peak at 378 nm. In addition, the placement
of ZnO nanoparticles in the context of nanocomposite
was observed in the UV-Vis absorption spectrum (Fig.
7d), which also supported the development of nanocom-
posite.

Thermal analysis

To investigate its thermal properties, a TGA analysis
was used to evaluate the chitosan/zeolite/ZnO nano-
composite. The TGA curve of chitosan (Fig. 8a) revealed
two stages of weight loss between 47 and 450°C. With
a weight loss of around 9%, the first stage was caused
by the loss of water molecules between 47 and 100°C.
Chitosan began structurally disintegrating around 247°C
and decomposed at roughly 330°C with a weight loss of
about 34% [33].

As seen in the TGA curve, the nanocomposite under-
goes three distinct phases of weight loss between 25 to
800°C (Fig. 8b). A weight loss of roughly 7% was seen in
the first stage, which ran from 25 to 224°C, while a loss of
17% was seen in the second stage, which ran from 225 to
425°C. A weight loss of 12% was seen in the third stage at
temperatures between 430 and 800°C. The loss of phys-
ically adsorbed water causes the heat peak at 114°C in
the first range (25-224°C) of TGA curves [34]. While the
heat peaks in the second and third ranges at 250-400 and
500-898°C are connected to the degradation of polymer
chains and chitosan, respectively [35].

CONCLUSIONS

Chitosan/zeolite/ZnO nanocomposite was success-
fully synthesized in situ by Taguchi method. The com-
posite (7.5 mg/mL chitosan, 0.2 mg/mL zeolite and 9 mg/
mL ZnO) obtained under optimal conditions shows good
antibacterial properties against S. mutans bacteria and can
be used as an antibacterial product in the pharmaceuti-
cal industry, in medicine and dentistry, in synthesis and
diagnostics. To evaluate its effectiveness as a mouthwash
against pathogenic bacteria, gingivitis and other infec-
tions-related disorders in the oral cavity, laboratory tests
against fungi, animal studies and clinical trials are rec-
ommended.
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