Journal of Inorganic and Organometallic Polymers and Materials (2021) 32:1223-1233
https://doi.org/10.1007/510904-021-02171-2

=

Check for
updates

Facile Synthesis and Antibacterial Activity of Bioplastic Membrane
Containing In Doped ZnO/Cellulose Acetate Nanocomposite

M. S. Aida'® . N. H. Alonizan? - M. A. Hussein®* . M. Hjiri' - O. Abdelaziz® - R. Attaf® - B. Zarrad'

Received: 18 October 2021 / Accepted: 21 November 2021 / Published online: 28 November 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021, corrected publication 2022

Abstract

The present work addresses a facile synthesis of Indium doped zinc oxide (IZO) cellulose acetate nanocomposite membrane.
The membrane was prepared by casting method. Various weights of In:ZnO nanoparticles were added to solution formed by
dissolution of cellulose acetate granules in acetone. The harvested membrane, after acetone evaporation, was characterized
by various techniques including X ray diffraction, scanning electron microscopy, energy dispersive X ray and elemental
mapping, Fourier transform infrared spectroscopy. The results show that the In:ZnO nanoparticles are well embedded in
the cellulose acetate host matrix. The elemental mapping reveals that the nanoparticles are uniformly distributed. The opti-
cal characterization reveals the reduction of the transmittance in the UV (A and B range) of the CA/IZO composite with
increasing the weight of the added IZO powder. This reduction was attributed to ZnO UV absorption. No noticeable peak
assigned to ZnO bond are observed. However, IR peaks are shifted towards the higher wavenumber due to the change of the
bonds environment with including IZO in the CA matrix. The antibacterial action of the synthetized nanocomposite mem-
branes was tested against Escherichia coli (E. coli). Staphylococcus aureus (S. aureus). The assay results have shown that
the membrane has no activity against (E. coli). In contrary, the synthetized membrane exhibits an interesting antibacterial
activity against S. aureus. The inhibition region varies from 6 to 15 mm with increasing the weight ratio of filler. A zone
of inhibition (ZOI) of 18 mm was observed for the membrane prepared with 30% wt. of In:ZnO. We noticed that the ZOI
radius increases with the added weight of IZO. Due the settling down of the nanoparticles only one face of the membrane
exhibits an antibacterial activity.
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1 Introduction

Hybrid polymeric nanocomposite films have gained increas-
ing attention during the last decade, due to their interesting
and promising physical, chemical, and optical properties
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[1-4]. Merging metal or metallic oxide nanoparticles with
polymers leads to the improvement of the physicochemi-
cal properties and behavior of the polymer [5]. Hence, the
produced composites represent a new class of materials suit-
able for applications in several fields [6—14]. A large variety
of polymers have been used for the production of various
composite materials with interesting mechanical proper-
ties, thermal stability, biocompatibility, and high chemical
resistance. These unique characteristics of nanostructured
composites were a reasonable stimulus for the researcher
and industrial activity in the polymer based nanocompos-
ite. The most commonly used composite are produced by
the combination of polymer matrices including poly(methyl
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methacrylate), polycarbonate, polystyrene and thermosets
(e.g., epoxy, silicone) with various inorganic fillers in par-
ticular oxides namely: Si0O,, TiO,, CeO,, ZnO, ferric oxide,
semiconductors: CdS, PbS, CdTe, CdSe, minerals: clays,
CaCO; and metal: Au, Ag, Cu, Ge, Fe) [10]. Among these
polymers, the cellulose acetate (CA) based materials have
attracted an increasing interest. Cellulose with a chemical
formula (C4H,,Os), is a commercially available, naturally
obtained polymer [15-19]. Cellulose acetate biopolymer is
characterized by its high mechanical strength, good biocom-
patibility, biodegradability, hydrophilicity properties [20,
21], thus making it highly desirable in numerous biomedi-
cal, antibacterial applications and wound healing [22-28].
Recently, wound-healing properties of numerous metal nan-
oparticles have been demonstrated [29]. Substantial research
attention has been paid to metal and metal oxide nanoparti-
cles (NPs) due to their exceptional physical properties, this
have enabled their broad use in diverse applications [30-33].
These nanoparticles particles embedding into a polymer
matrix yields to original composites with new properties
owing the advantages of both components. Beisl et al. [34]
have prepared cellulose acetate with silver nanoparticles to
improve their antibacterial properties. Amin et al. [35] have
added TiO, to the mechanical properties of bioplastic. Al
Saeed et al. [36] prepared scaffold base on CA loaded with
copper oxide nanoparticles. They noticed and improvement
in the plastic hydrophilicity beside its ability to kill infec-
tious microbes abundant in wounds. Jatoia et al. [37] have
synthetized a composite formed by carbon nanotubes and
silver nanoparticles incorporated into polymer matrix with
the goal to minimize the direct contact of silver nanoparti-
cles with human cells to reduce silver leaching. Matosa et al.
[38] have produced composite membranes by combining
magnetic nanoparticles with cellulose acetate membranes
for magnetic hyperthermia application. Ahmed et al. [39]
have introduced ZnO, Ag and CuO nanoparticles into of
cellulose acetate and e-olycaprolactone matrix blend. They
investigated the synthetized composite viability and anti-
bacterial activity against Staphylococcus aureus (S. aureus)
and E. coli. Alay et al. [40] have prepared a nanocomposite
via combination of nanostructured zinc oxide (ZnO) and
graphene oxide with cellulose acetate (CA). They reported
that this combination yields to some good bio-composite
materials for wound healing application. Fahmi et al. [41]
have synthetized nanocomposite membrane composed
of cellulose acetate and collagen matrix blend embedded
with MnFe,O, nanoparticles and apply it in drug delivery.
Kalaycioglua et al. [42] have prepared a wound dressing
composite materials composed of cerium oxide nanoparti-
cles introduced into chitosan and cellulose acetate polymer
matrix. Baday et al. [43] have decorated cellulose acetate
nanocrystals during the synthesis with Ag and ZnO nanopar-
ticles. The obtained nanocomposites, have been experienced
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as some effective adsorbents for lead ion Pb(II). Haider et al.
[44] have synthetized cellulose acetate nanofibers decorated
with CuO nanoparticles and apply them as a potential wound
dressing material, they exhibited excellent antibacterial
efficacy against both E. coli and S. aureus bacteria’s. Zinc
oxide nanoparticles have been studied extensively in the past
years. Their unique properties enable their multidisciplinary
applications in several industrial fields [45—49]. Therefore,
developments of nanoparticles with antimicrobial proper-
ties are of considerable interest. In the last few years, multi-
functional metals and metal oxides have attracted interest
for their antimicrobial activities. Metal oxide nanoparticles
find many applications in physical, chemical and biological
fields. Metal oxides nanoparticles, such as TiO,, ZnO, CuO,
Si0,, SnO, and MgO have proven an interesting antibacte-
rial properties. ZnO has attracted a special interest due to its
application in health care products, UV radiation blocking.
The antibacterial activity of ZnO NPs was reported earlier
[50, 51]. It has been demonstrated that ZnO nanostructures
can be successfully used against both Gram-positive and
Gram-Negative bacteria [52, 53]. Due to their interesting
properties, ZnO nanoparticles can be introduced into poly-
mers matrix in order to tune polymers properties that may
covers a wide area of applications. To the best of our knowl-
edge, the incorporation of Indium doped ZnO in CA matrix
is not studied.

The preset work deals with the synthesis of nanocom-
posites by incorporating IZO nanoparticles into CA matrix.
The antibacterial activity of the synthetized nanocomposite
is investigated. The structural, compositional properties of
the synthetized composite is firstly investigated and the anti-
bacterial activity against E. coli and S. aureus bacteria’s is
also addressed. During the IZO/CA composite preparation,
the ratio of the nanoparticle mass, regarding the biopolymer,
was varied in order to investigate the effect of nanoparticles
concentration.

2 Experimental Details
2.1 Nanoparticles Preparation

In-doped ZnO nanoparticles were prepared via sol gel
technique. The starting solution was prepared by dissolv-
ing zinc acetate dehydrate Zn(CH;COO),-2H,0 (Sigma-
Aldrich, >99.5% purity) in methanol with a 0.1 M molar-
ity. The weight of the added dopant source indium chloride
InCl; (Sigma-Aldrich, >99.5% purity) is calculated to
achieve the desired In/Zn ratio of 3 at%. After stirring for
10 min at room temperature, the solution was placed in an
autoclave heated at supercritical condition at 250 °C for
10 h. The resultant material was washed several times with
mixture of ethanol and water for purification and then dried



Journal of Inorganic and Organometallic Polymers and Materials (2021) 32:1223-1233 1225

at 60 °C for 1 h in an oven. The harvested nanopowder was
then calcinated at 400 °C for 2 h in an open oven.

2.2 Nanocomposite Fabrication

Cellulose acetate was purchased from BDH, (Germany, 99%)
and was used as received without any additional treatment.
2 g of CA granules were dissolved in 20 ml pure acetone.
IZO nanopowder was added to the dissolved CA solution.
A set of IZO/CA bioplastic films were prepared by vary-
ing the weight percentage of the added IZO nanoparticles
regarding the CA mass, the used weigh ratios were 5, 10, 15
and 25%. The solution was mixed in a beaker and ultrasoni-
cally treated to obtain a well-dispersed and homogeneous
solution. A glass petri dish was then filled with the obtained
solution for casting. The dish was covered with aluminum
foil to avoid any environmental particles contamination. The
solution was dried during 24 h at room temperature, the
bioplastic film is formed after acetone evaporation.

2.3 Nanoparticles and Biopolymer
Characterizations

The structure of the prepared In doped ZnO nanoparticles
and IZO/CA composite were characterized by X-ray diffrac-
tion (XRD) using X’pert Pro diffractometer using the Cu-Ka
radiation in the 20 range from 20° to 80°. The nanoparticles
and IZO/CA films morphology was analyzed by mean of
scanning electron microscopy (SEM) observations using
Zeiss Cross Beam 540 instrument, equipped by an energy
dispersive X ray (EDX) spectrometer for elemental analysis
and element mapping. The transmission optical properties,
of the IZO/CA polymer films were acquired via the UV-Vis
spectrophotometer (Bio Aquarius CE 7250, UK). The Fou-
rier transform infrared (FTIR) absorption coefficients of the
bioplastic films were measured using a Brucker spectropho-
tometer in the wavenumber range 400-4000 cm ™.

2.4 Antibacterial Activity

The antibacterial activity assay of the obtained bioplastic
films was evaluated by disk diffusion method regarding
Gram positive (Staphylococcus aureus (ATCC 43300)),
and Gram negative species (Escherichia coli ATCC 25922)).

The prepared IZO/CA films were cut into disk specimens
(diameter of 6 mm). The cut discs were washed with distilled
water and sterilized at 120 °C/20 min. Thereafter, 100 pl of
bacterial inoculums with a concentration of 108 CFU/ml,
have been served on plates containing Mueller Hinton agar.
The testing discs are then placed on the surface of the media.
Thereafter, the plates have been incubated for 24 h to 48 h
at 37 °C. The diameters of inhibition zones were measured
to assess the antibacterial activity.

3 Results and Discussion

Figure 1 represents XRD diffraction pattern recorded for
In-doped ZnO synthetized nanopowder. As can be seen,
the obtained nanopowder is polycrystalline, its XDR pat-
tern is composed of different peaks assigned to the dif-
fraction plan (100), (002), (102), (110), (103) and (112)
of the ZnO Waurtzite hexagonal structure (according to
JPCD card No. 36-1451). No other secondary peaks origi-
nating from In related phases such In,O; or In metallic
was observed. This indicating the pure quality of the syn-
thetized nanopowder and also that In is incorporated and
diluted in the ZnO lattice and do not form any second-
ary phases, confirming thereafter the In doping success
of ZnO nanoparticles. The crystallite size is calculated
using Hall-Williamson method. The estimated crystallite
sizes were in the order of 34.2 nm.

The nanopowder morphology was studied using SEM
observation. Figure 2a shows the SEM images of In-
doped ZnO nanopowder. The nanopowder is composed of
agglomeration of spherical nanoparticles. To confirm the
In incorporation, we have reported in Fig. 2b the recorded
EDX spectra in IZO nanopowder, as can be deduced the
synthetized nanoparticles are composed of the element Zn,
O and In necessary for IZO formation.

Figure 3 represents the XRD pattern of bioplastic IZO/
CA films composite prepared with different IZO weigh
ratios. The peaks related to ZnO phase appears with IZO
filler adding. The ZnO peaks intensities increase with
increasing the mass of the added ZnO nanoparticles. An
interesting feature is the emergence of the same peaks
assigned to the diffraction plan (100), (002), (102), (110),
(103) and (112) of the ZnO Wurtzite hexagonal structure
as observed in the IZO nanoparticles (Fig. 1). For the pure
CA XRD diffraction pattern is composed with a broad
peak confirming its amorphous structural nature.

The SEM images of the synthetized bioplastic compos-
ite are shown in Fig. 4a—d. At 5% of added filler mass ZnO
nanoparticles image starts to be visible. At higher ratio 15
and 25% the SEM images reveals clearly the presence of
the added ZnO nanoparticles. The aspect of the nanopar-
ticles is comparable to that observed in the starting [ZO
nanopowder (Fig. 2a). This suggests that the added IZO
nanoparticles are imbedded in the CA matrix.

To assess the uniform distribution of the IZO nanopar-
ticles in the host matrix, we have proceeded with elements
mapping (Fig. 5a—d) and EDX composition in three differ-
ent region (Fig. Se, f) in the IZO/CA film prepared with a
mass ratio of 15% taken as example. Figure 5a—d show the
different element forming the IZO nanoparticles. The ele-
ments In, Zn and O, as can be deduced from these figures,
are well uniformly distributed in the whole film regions.
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Fig.2 SEM image (a) and EDX spectrum (b) of In doped ZnO nanoparticles

The films transmittance spectra in the UV-Vis range
are reported in Fig. 6. The film transmittance variation
in the visible range 400 to 800 nm can be explained in
term of the film thickness. The absorption threshold is
red shifted with increasing the IZO weigh concentration.
Indicating the band gap reduction from 3.26 to 3 eV of
the IZO/CA composite with increasing the weight ratio
of ZnO introduced in the polymer matrix as shown in the
insert Fig. 6. Culicia et al. [54] have investigated the effect
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of CeO, nanoparticles on the optical properties of the CA
polymer and their UV filtration, they reported a reduction
of the band gap from 3.36 to 3.28 eV with increasing the
concentration of CeO, filler in CA matrix. The CA based
nanocomposites can be used for photocatalysis for waste
water treatment, this reduction in the composite band gap
can be benefit for this technique. This may lead to energy
consumption reduction by avoiding the UV lamp use.
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Fig. 3 XRD diffraction pattern
recorded in the bioplastic nano-
composite sheets synthetized
by casting with incorporation
of different IZO nanoparticles
weights into the cellulose
acetate
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An interesting feature that can be deduced from the
transmittance spectra is the reduction of the transmittance
in the UV (A and B range) i.e. 280—400 nm. The same
behavior has been reported also by Culicia et al. [46] in
the Ce,O/CA composite. This suggests the increase of the
composite blue radiation absorption with increasing ZnO
nanoparticles in CA matrix. This may suggest that the CA
filling with ZnO can be a method that improves the UV
visible filtering of the CA polymer. The observed increase
in the absorption in the UV range may be attributed to the
ZnO nanoparticles. Owing a band gap of 3. 17 eV, ZnO
absorbs the UV radiations.

Figure 7 shows the FTIR spectra recorded in the fre-
quency range between 400 and 4000 cm~! of different
IZO/CA nanocomposite prepared with different weight
filler ratio. The whole spectra exhibit peaks located
at 1058 cm™! assigned to the C—O vibrational mode,
1234 cm™! assigned to the C—O—C anti symmetric stretch-
ing, 1377 cm~! due to C—OH vibration, 1768 cm~' due
to C=0 carbonyl vibrational stretching vibration and
2380 cm™! due to the C—H group vibration. All these peaks
are characteristic of cellulose acetate and assigned respec-
tively to the following bonds vibration. Peaks related to
ZnO are not present, only a very small weak peak located
at 450 cm™! assigned to ZnO is observed only in the com-
posite prepared with the larger weight filler ratio of 25
wt%. However as shown in Fig. 8, IR peaks are shifted

30 20 50 60 70 80
20 (degree))

towards the higher wavenumber. This due to change of the
bonds environment with including IZO in the CA matrix.

The antibacterial performance of IZO/CA composite
against gram-negative E. coli and gram-positive S. aureus
bacterial has been evaluated using the disk diffusion method.
Figure 9 show the zone of inhibition (ZOI) obtained in the
antimicrobial assays. As can be seen (Fig. 9a), pure CA do
not show any antibacterial activity, while IZO/CA composite
exhibits significant antibacterial activity against S. aureus
(Fig. 9a). In Table I is collected the measured ZOI radius
in various membranes. The inhibition region varies from
6 to 15 mm with increasing the weight ratio of filler. The
same conclusion has been reported by Fahmi et al. [41].
They inferred that the antibacterial activity of the Chitosan/
CelAc films increased considerably by adding nano cerium
oxide in the films.

The IZO/CA do not exhibit any antibacterial activity
against E. coli, no halo around the sample was observed
(Fig. 9a). The same conclusion has been outlined by Jatoia
et al. [37] reported the inactivity of CA/carbon nanotube/Ag
against E. coli and a significant activity against S. aureus.
This result agrees with various studies that demonstrated
the high sensitivity of gram positive bacterium (S. aureus)
compared to gram negative bacterium (E. coli) vis-a-vis dif-
ferent antibacterial agents [55, 56].

The suggested mechanism of antibacterial activities
composite has been based on generation of reactive oxygen
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Fig.4 SEM images of bioplastic nanocomposite sheets prepared with
incorporation of different In:ZnO nanoparticles weights into the cel-
lulose acetate a pure cellulose acetate polymer, b nanocomposite pre-

species (ROS), such as hydroxyl, oxide and oxygen radicals
which are negatively charged. It was reported that E. coli
(Gram negative bacteria) cell membranes were more nega-
tive and rigid than S. aureus [48]. Moreover, E. coli enjoys a
double lipopolysaccharide membrane that presents a barrier
to many substances. Thus owing E. coli greater resistance by
comparison to S. aureus bacteria.

An interesting feature is that the antibacterial perfor-
mance depends on the film face. Indeed, the synthetized
films faces have different color one face is more clear (face
A) than the second one (face B) as shown in Fig. 10. The
face A do not exhibit any bacterial activity in contrary to
the face B (Fig. 10). This may suggest that during the anti-
bacterial assay using the face B, the bacteria is in contact
with the antibacterial agent i.e. ZnO nanoparticles, while in
the assay with the face A there is no contact with the anti-
bacterial agent. Thereafter, one can conclude that the face
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pared with 5 wt% of IZO nanoparticles, ¢ nanocomposite prepared
with 15 wt% of IZO nanoparticles and d nanocomposite prepared
with 25 wt% of IZO nanoparticles

B is ZnO rich than the face A. This may be due to the fact
that during film casting the nanoparticles, due to the gravity,
settle down and condensate at the bottom as shown in the
cross section SEM image of the bioplastic sheet (Fig. 11).
Thus making the face B ZnO rich and then may explain the
different behavior of the films faces regarding the antibacte-
rial activity.

4 Conclusion

In the present we have succeeded in the preparation of bio-
plastic membrane containing In doped ZnO/cellulose acetate
nanocomposite. The influence of weigh ratio of embedded
IZO nanoparticles incorporated in the cellulose acetate host
matrix. The XRD analysis and the SEM observations reveal
that the IZO nanoparticles are well introduced in the acetate
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Fig.5 Elements composition mapping a EDX mapping of whole elements, b EDX mapping of Zn element, ¢ EDX mapping of oxygen and d

indium, e and f EDX composition in three different spot regions

network and well uniformly dispersed in the whole polymer
matrix according to the EDX element mapping observa-
tion. The synthetized membrane was tested against the gam
positive (S. aureus) and gam negative (E. coli) bacteria. The
optical characterization reveals the reduction of the transmit-
tance in the UV (A and B range) of the CA/IZO composite
with increasing the weight of the added IZO powder. This
reduction was attributed to ZnO UV absorption. No notice-
able peak assigned to ZnO bond are observed. However, IR
peaks are shifted towards the higher wavenumber due to the

change of the bonds environment with including IZO in the
CA matrix. From the assay tests we concluded that the IZO/
CA nanocomposite has a good antibacterial activity against
gam S. aureus, the inhibition region varies from 6 to 15 mm
with increasing the weight ratio of IZO filler weight. While,
no antibacterial activity against E. coli bacteria was detected.
Moreover, due the nanoparticles settlement at the bottom of
the preparation Petri dish during polymer casting, the syn-
thetized polymer has an active face (containing ZnO nano-
particles) and inactive face (free from ZnO nanoparticles).
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Fig.8 Reduced range FTIR
spectra recorded in the different
synthetized bioplastic nanocom- 100 +

posites showing the different IR
peak shifts i
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Fig.9 Agar plates containing
zones of inhibition obtained
with different disc cut from
various bioplastic samples of
tested bacteria’s a S. aureus and
b E. coli, ¢ the measured ZOI Pure CA
diameter achieved by different @
samples prepared with various
1ZO nanoparticles weight ratios
against S. aureus bacteria

Bacteria Weight ratio (%)

5% 6mm
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25% 16mm (C)

@ Springer



1232 Journal of Inorganic and Organometallic Polymers and Materials (2021) 32:1223-1233

Fig. 10 Photo and ZOI image
of different faces of a nanoplas-
tic sheet: a, b face A and ¢, d
face B

Fig. 11 Cross sectional SEM image of a bioplastic sheet showing the
settlement of IZO nanoparticles in one side of the sheet
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