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ABSTRACT

In this research article, the investigations of how nano-zinc oxide (N-ZnO) could be changed the func-
tional and antimicrobial features of cellulose acetate (CA) films were established. As a result, three
forms of CA films comprising 0.5%, 1.0%, and 2.0% N-ZnO have been assembled. Following that,
the physicochemical and barrier properties were assessed. Further, the anti-bacterial activities of pre-
pared nanocomposite films towards Escherichia coli have been investigated using Fourier-transform
infrared spectroscopy (FTIR). The obtained results demonstrated that 2.0% N-ZnO had the greatest
impact on physicochemical and barrier properties. The FTIR spectra revealed that all N-ZnO con-
centration interactions were physical, with no chemical reactions between the nanoparticles and
CA framework. The incorporation of N-ZnO improved the humidity level, water absorption, and
uptake capability of CA films, which are essential factors in packaging manufacturing. The anti-bac-
terial effect of 2.0% N-ZnO formulation exhibited a stronger anti-bacterial impact compared to the
remaining formulations. Subsequently, N-ZnO improved the overall properties of CA films and the
most satisfactory concentration for utilizing N-ZnO in CA-based nanocomposite films was 2% N-ZnO.
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1. Introduction

Synthetic polymers offer important thermal and mechan-
ical characteristics, as well as a cheap cost and ease of pro-
duction. As a result, these polymers are commonly employed
in the packaging sectors [1]. However, the amount of plastic
trash is increasing, and it will likely harm our planet. The
packaged food industries are attempting to limit the use of
plastics in favour of natural and sustainable biodegradable
polymers derived from various resources [2]. For packag-
ing uses, some biopolymers have been incorporated [3].
Bioplastics are made from renewable agricultural resources
and biomass feedstock, making them environmentally
friendly and long-lasting [4]. Natural plastic is formed in a
fluid state, so it can be readily moulded and does not require
a lot of energy. This contrasts with the ordinary plastic,
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which is often held as granules and requires a tremendous
amount of energy to form by normal ways of manufactur-
ing [5]. Among the biopolymer matrices used in the creation
of bioplastics, cellulose is thought to be the raw ingredi-
ent. Cellulose is the most abundant component in all plant
materials [6]. To increase the quality of bioplastics, cellu-
lose is transformed into cellulose acetate [7]. Biodegradable
polymers based on cellulose acetate were investigated, and
the resultant material disintegrated in soil or water within
few years. However, the material may also be recycled or
destroyed without leaving a trace. There has been research-
ing on the key qualities of cellulose acetate such as mechan-
ical strength, impact resistance, transparency, di-electric
properties, and fabrication [8]. The use of nanotechnology
is one of the most successful ways to overcome some of
the issues and improve the performance of various natural
polymers. Different organic and inorganic nano-fillers are
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employed in nanotechnology to increase the functional and
anti-bacterial features [9]. Nano-zinc oxide (N-ZnO) has a
distinctive morphology and structure, as well as considerable
impacts of anti-microbial action towards a broad spectrum
of micro-organisms [10]. The Food and Drug Administration
(FDA) approved N-ZnO as a safe food ingredient and it has
a favourable impact on the environment. Zinc is required for
physiological activity and mankind’s health, and every indi-
vidual needs 102 g of zinc every day [11]. Many researches
have been undertaken on the influence of N-ZnO on the
characteristics of nanocomposite films and have confirmed
the beneficial effects of these nanoparticles on the func-
tional and anti-bacterial activities of the generated films
[12]. Researchers have also investigated the influence of the
morphology and the size of nanoparticles on the antimi-
crobial performances of N-ZnO, and the results suggested
that both the morphology and size of the studied nanoma-
terials have a major effect on various microorganisms [13].
Few number of publications have been undertaken on the
use of N-ZnO in various matrixes to investigate its impact
on the operational and antimicrobial activities of biopoly-
mer-based matrix [14]. The objective of this study is to inves-
tigate the influence of N-ZnO on different characteristics
and anti-bacterial activities of cellulose acetate matrix [15].

2. Materials and methods
2.1. Materials

Cellulose acetate (CA) has been sold from Acros Organics
Co. N-ZnO has been sold from Sigma Chemical Co. The
Immunology and Microbiology Department, Faculty of
Medicine, Al-Azhar University graciously provided the
references pathogens, Escherichia coli (gram-negative), and
Staphylococcus aureus MRSA (gram-positive).

2.2. CA and N-ZnO nanocomposite film fabrication

N-ZnO was added to water at concentrations of 0.5%,
1.0%, and 2.0% w/w (related to CA weight), as shown in
Table 1. These concentration ranges were chosen using the
criteria proposed [16]. A hot plate at 70°C was then used
to heat the solutions for 1 h. They are then shaken for 24 h
without heat to create uniform solutions. Under ultrasonic
conditions (50°C, 1 h), the obtained mixtures become homo-
geneous. Glycerol was utilized as a plasticizing agent at 40%
w/w (based on dry matter). The CA dispersion was heated
and stirred on a hot plate at 90°C for 1 h. The temperature
was reduced to 40°C. The control film was made in the
same way, but with no N-ZnO added. To form a film, 90 g
of the homogeneous solution were placed onto moulding

Table 1
Different compositions of CA/N-ZnO films

Specimen No. Specimen code CA% N-ZnO %
1 S0 100 0

2 S1 99.5 0.5

3 S2 99 1.0

4 S3 98 2.0

plates measuring 15 x 15 cm?. CA films were dried at 40°C
and 50% relative moisture for 24 h under controlled con-
ditions. The dried CA specimens were taken away from
the plates and put in a desiccator until testing [17].

2.3. Characterization of CA films

2.3.1. Estimation of humidity content, water solubility, and
water uptake capability

The content of humidity of the bio-nanocomposite films
has been determined employing the protocol mentioned.
The films’ capacity to absorb water and their water solu-
bility was assessed employing the procedures specified
[18-20].

2.3.2. Oxygen and water vapor permeability assessment

Employing ASTM method E96/E96M-16 (ASTM,
2016), the water vapor permeability of prepared films has
been assessed. In conclusion, the film has been subjected
to 100% moisture for 2-d, and the level of permeability has
been assessed at 25°C by weighing per 2 h. Utilizing ASTM
standardized procedure D3985-17 (ASTM, 2017), the films’
oxygen permeability has been evaluated.

2.3.3. Fourier-transform infrared spectroscopy

The chemical interaction was evaluated utilizing
Fourier-transform infrared spectroscopy. Films with di-men-
tions of 1 and 20 cm on KBr tablets were placed inside the
Fourijer-transform infrared (FTIR) spectrophotometer cell.
The infrared spectrum was recorded with an accuracy of
4 cm™ and in the scope of 400—4,000 cm™.

2.3.4. Anti-bacterial evaluation

The anti-bacterial activities were evaluated towards
gram-negative and gram-positive strains, Escherichia coli
and Staphylococcus aureus MRSA. The strains have been
first activated in Nutrient Broth (NB, Conda Lab, Spain)
culture medium for 24 h under shaking conditions, then
50 L was inoculated in NB after serial dilution and the col-
ony-forming units (CFU)/mL of the investigated strains
have been determined. As a result, once we have deter-
mined the inoculum concentration, we adjust it to 10%/mL.
To determine the resistance ratios of the tested strains, the
sensitivity of Staphylococcus aureus MRSA and Escherichia
coli against Cephredem and Ciprofloxacin was determined.
The anti-bacterial activities of the tested compounds were
initially assessed using the agar well diffusion technique
with Mueller Hinton Agar at a concentration of 20 g/mL.
When compared to standard anti-bacterial drugs, the abil-
ity of each targeted compound to prevent bacterial growth
was measured using the inhibition zone diameter (mm)
[21]. Following that, the compounds’ minimum inhibi-
tory concentration was determined in comparison to a
standard drug using the broth micro dilution method. To
prepare the stock solution, 10 mg of each compound and
reference drug were dissolved in 1 mL of sterilized deion-
ized water. Ten successive dilutions with concentrations
ten times higher than the final solution of the synthesized
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compounds were prepared [22]. The dilutions were then
diluted to 1:5 in Mueller Hinton Broth (MHB), and 100 1 ali-
quots have been consecutively distributed into the micro-
dilution plates to achieve concentrations ranging from
5 to 160 g/mL. Each compound was incubated for 24 h at
37°C with the tested bacterial strain. The control growth
samples were MHB mixed with deionized water [23]. To
calculate the growth curves of the diversified bacterial
pathogens, the absorbance of the suspension at 630 nm has
been used. The percentage of inhibition of growth and cell
viability in untreated and treated cells observed by turbi-
dimetry has been calculated utilizing the equation [24].

A:ExlOO
A

where B and A are the absorbances of the treated and
untreated specimens, respectively.

The lowest concentration of each compound that
yielded a lower number of bacterial cells when compared
to untreated samples was used to calculate the minimum
inhibitory concentration.

3. Results and discussion
3.1. Impact of N-ZnO on the humidity level of CA films

One of the issues limiting film use is moisture sensi-
tivity. Fig. 1 illustrates the humidity level of films bearing
varying dosages of N-ZnO. Incorporating varying concen-
trations of N-ZnO and raising respective concentrations,
as depicted in Fig. 1, diminished the humidity levels of the
generated film as compared to the reference film. The mois-
ture content of the films was reduced to the most in the films
comprising 2% N-ZnO. The reference film had a moisture
content of 10.60%, while the 2% film had a moisture con-
tent of 6.70%. When contrasted to the control, the coherent
structure having strong cohesion and lower hydrophilicity
of N-ZnO than the CA-based polymer matrix resulted in
diminished humidity of CA films comprising 2% N-ZnO.
The incorporation of N-ZnO and TiO, into bio-nanocom-
posite films was also reported [25].

3.2. Impact of N-ZnO on the water-solubility of CA films

The water solubility of CA films incorporating N-ZnO
with various concentrations is displayed in Fig. 2. According
to the findings, the standard exhibited the maximum water
solubility (28.76%), and the solubility of the nanocompos-
ite films was dramatically decreased by the addition of
N-ZnO and raising respective concentrations in CA films.
Once the N-ZnO concentration was increased, the solubility
dropped to 19.84%. The decrease in solubility of N-ZnO-
containing biopolymer-based films is most likely due to
interactions between N-ZnO and CA in the film matrix.
According to research, as the number of nanoparticles in bio-
films increases, stronger hydrogen bonds originate between
N-ZnO and the polymer framework. Consequently, free
water particles are unable to penetrate as deeply as they
can with composite films alone. In studies, N-ZnO has been
added to lower the water solubility of films derived from
biopolymers [26,27]. These investigations demonstrated
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that the incorporation of N-ZnO increased the formation of
hydrogen bonding amongst both N-ZnO and film and thus
deactivating free water particles and inhibiting their inter-
action with the nanocomposite matrix. The solubility of
films comprising pectin/alginate was shown to be reduced
by the addition of N-ZnO [26,27].

3.3. Impact of N-ZnO on water uptake capacity of CA films

The water uptake capacity of N-ZnO bio-nanocomposite
films is displayed in Fig. 3. The standard CA matrix exhib-
ited the maximum amount (2.27 g/g dried weight), and the
water uptake capacity was significantly reduced by add-
ing various N-ZnO and raising their doses in the matrix.
The impact of N-ZnO on water uptake capacity was more
noticeable at 2% N-ZnO. The films containing 2% N-ZnO
(1.12 g/g dried weight) had the lowest water uptake capac-
ity. This reduction could be attributed to the CA biopoly-
mer matrix nanostructure’s empty spaces being filled.
Nanostructures could be reacted with CA’s hydroxyl moi-
eties, reducing the number of sites available for the attach-
ment of water to CA and lowering the water uptake capacity
of the matrix. Furthermore, it has been found that the addi-
tion of N-ZnO reduced the water uptake capacity of film-
based sago starch and bovine gelatin. The effect of N-ZnO
on the water uptake capacity of sodium caseinate-based
membranes was also illustrated [28].
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Fig. 1. Effect of N-ZnO on the moisture content of CA films.
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Fig. 2. Effect of N-ZnO on the water solubility of CA films.
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3.4. Impact of N-ZnO on barrier- properties of CA films

Figs. 4 and 5 display the oxygen and water steam per-
meabilities of nanocomposite membranes containing various
N-ZnO. The control had the best results (6.28 x 107° g/m-s-Pa)
and (287.30 cm® m/s) (m?-d). The oxygen and water steam
permeability of CA membranes was remarkably reduced
by increasing the concentrations of N-ZnO in the mem-
branes. The smallest amounts of permeability were
(2.52 x 10 g/m's:Pa) and (191.34 cm®*m/(m?-d)) in films
containing 2% of N-ZnO. The diminution in the layer thick-
ness of CA-based nano-composite films comprising vari-
ous levels of N-ZnO could be ascribed mainly to the aspect
that, in comparison to CA polymer merely, the existence of
such nanomaterials inside the biopolymer matrix makes
molecule movement more difficult. The incorporation of
bio-nanocomposite might lessen the relative moisture trans-
ference since the speedy transfer of water steam represents
the major drawback of biopolymer-based films. Generally,
the improvement of bio-nanocomposite film barrier char-
acteristics is caused by the establishment of sense and
coherent frameworks. The inclusion of nanomaterials was
found to dramatically diminish the water steam and oxygen
permeabilities of biopolymer-based films [29].

3.5. Impact of N-ZnO on the FTIR spectroscopy of CA

Certain infrared (IR) radiation frequencies are absorbed
by the various bonds and functional motifs in the chemi-
cal structures. FTIR spectroscopy is a useful tool for study-
ing structural modifications in chemical composites. The
FTIR of CA-based nanomaterial membranes comprising
various forms of N-ZnO at levels of 0%, 0.5%, 1.0%, and
2.0% is shown in Fig. 6. Pure CA has a specific absorp-
tion peak at around 3,285 cm™ attributed to vibrational
frequency of the OH group. This OH groups are respon-
sible for the formation of complicated tensile vibrations
accompanied by the free intramolecular and intermolec-
ular hydroxyl groups existing in CA’s natural biopolymer
framework. Further, the C-O bonds existing in C-O-H
and C-O-C of the glucose motifs are related to the wav-
enumber 1,108 and 1,028 cm™. Also, the vibration of CA’s
C-O-C ring is associated with absorption bands 921 and
850 cm™. Peaks in the 1,200-1,500 cm™ range have been
assigned to C-H and O-H bonds. It is obvious that the
introduction of N-ZnO could not lead to the creation of
any novel functional groups. As a result, the interaction
established between the N-ZnO and CA-polymer mole-
cules is a physical type. Incorporating N-ZnO into sodium
caseinate membranes caused no remarkable modifications
in the polymer matrix’s structure and no new bonds to
form [30-33].

3.6. Impact of N-ZnO on the anti-bacterial activities of CA films
towards Escherichia coli

E. coli is among the most widespread harmful bacte-
ria found in food products. It is transmitted orally, and it
should never be found in food or food products. As a result,
E. coli counts are used as a food safety and hygiene indicator
bacterium. Increasing the concentrations of different N-ZnO

forms in bio-composite films increased their anti-bacterial
activity. In general, various mechanisms for metal nanopar-
ticle antimicrobial action have been proposed, the utmost
substantial of which are catalytic reduction and oxidation
activities that influences DNA, enzyme active sites, and
ribosome activities. These functions interfere with bacte-
rial metabolism. There are several suggested actions for the
anti-microbial activities of metal nanomaterials including
the induction of active oxygen species for example, hydro-
gen peroxide, hydroxyl radicals, superoxide, and cell wall
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Table 2
Anti-bacterial activity (diffusion method)

Specimen Code Inhibition zone (mm)

Escherichia coli Staphylococcus aureus

(gram-negative) MRSA (gram-positive)

1 S0 7 4
2 S1 11 5
3 52 9 4
4 S3 12 7
Vancomycin 10 6
Cephradine 7 ND

Vancomycin and Cephradine were used as positive controls,
ND: not determined.

Table 3
Minimum inhibitory concentration of the targeted compounds

Sample Sample Minimum inhibitory concentration (ug/mL)

No. code

Escherichia coli Staphylococcus aureus

(gram-negative) MRSA (gram-positive)

1 S0 10 40
2 S1 20 10
3 52 10 20
4 S3 5 5
Vancomycin 5 25
Cephradine 80 ND

damage. In the presence of bacterium cells, N-ZnO’s charges
interact with the bacteria’s negative charges. Owing to the
created electrostatic forces, the bacteria’s cell membrane
is destroyed, allowing the release of intracellular materi-
als [34-36]. As shown in Table 2, bacterial pathogens were
clearly resistant to the classic anti-bacterial agent Cephradine,
whereas Vancomycin had a weak anti-bacterial ability against
Staphylococcus aureus. With varying ratios, the targeted
compounds had a strong inhibitory effect. Furthermore,
targeted compounds exhibited high bactericidal suscepti-
bility with lower minimum inhibitory concentration values
(Table 3), which were found to be equivalent to or greater
than the standard anti-bacterial agent Vancomycin [37-39].

Screening of the targeted compounds was preliminary
take place at a concentration of 20 pug/mL using agar well
diffusion method.

4. Conclusion

This research investigated the impacts of N-ZnO on
the anti-bacterial, chemical, and physical properties of CA
membranes. The outcomes showed that introducing vari-
ous formats of N-ZnO and escalating their concentrations
in nanocomposite films enhanced their chemical, physical,
and anti-bacterial activities. The obtained nano-composite
CA films possessed acceptable oxygen and water vapor per-
meability properties, besides significant anti-bacterial activ-
ity towards E. coli. Further, N-ZnO has the greatest impact

on the functional and anti-bacterial activities of CA-based
membranes at 2% concentration. Overall, this study found
that ZnO nanomaterials have remarkable impacts on
the performance of CA biopolymers.
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