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Abstract
Biodegradable polymers exhibit great potential to be a critical part of the global sustainability solution; however, their appli-
cation areas are limited due to their inadequate properties for some applications. Although nano metal oxide powders are 
often used to improve the properties, they exhibit toxicity, phytotoxicity and uncontrolled agglomeration. Recently, designed, 
micron size, hexagonal platelet particles, which constitute fine primary particles (MicNo®), have been manufactured to 
exploit advantages of both micron and nano size, while abating the adverse effects of nanoparticles. Accordingly, the research 
goal of this study was to appraise effects of MicNo® ZnO and Ag-doped MicNo® ZnO particles on structure development 
and hence properties of chitosan/PVA films. The results show that MicNo® particles improve UV-resistance, mechanical and 
antibacterial properties of the films much more effectively with respect to nanoparticles due to their novel morphology and 
demonstrate great potential as new generation additive systems for biodegradable polymers to extend their application areas.
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Introduction

“Transforming Our World: The 2030 Agenda For Sustain-
able Development” document is a universal call to action 
that includes 17 goals aimed to be achieved by the member 
states of the United Nations by the end of 2030. The 12th 
Objective of this document is Responsible Production and 
Consumption. The content of Article 4 of the 12th Target 
is stating that by 2030, it is aimed to significantly reduce 
the emissions of chemicals and all wastes to nature in order 
to minimize their negative effects on human health and 
the environment. Accordingly, this declaration and many 
other actions have increased the search activities on envi-
ronmentally benign and sustainable materials development. 

Biodegradable polymers have already started to take the 
place of conventional polymers as a result of the increase in 
environmental awareness created by many actions including 
the universal and increasing the demand for environmentally 
friendly materials.

Although agropolymers have low decomposition tem-
perature and mechanical strength, they are one of the most 
preferred biodegradable materials due to their low cost and 
non-toxicity and constitute 40% of the polymer industry [1]. 
Studies on chitosan, which is one of the agro polymers, are 
increasing day by day because of its widespread usability 
and abundancy in nature and it does not show toxic effects. 
Furthermore, it is biodegradable, biocompatible and inhib-
its microorganisms [2]. The properties of chitosan depend 
on the degree of deacetylation, molecular weight, source 
of chitosan and preparation technique. Chitosan with low 
molecular weight and high degree of deacetylation exhibits 
high antibacterial and hemostatic properties [3]. It is used 
in medical applications as wound healing due to its abil-
ity to inhibit fibroplasia and support tissue growth [4], in 
photography due to its optical characteristics and film form-
ing ability [5], in cosmetics due to its easy dissolution in 
organic acids and fungicidal-fungistatic properties [6], and 
in packaging applications due to its optical clarity, mechani-
cal stability and gas permeability properties [7]. On the other 

 *	 Yeliz Köse 
	 yelisskose@gmail.com

	 Ender Suvacı 
	 esuvaci@eskisehir.edu.tr

1	 Department of Materials Science and Engineering, Eskisehir 
Technical University, TR26480 Eskisehir, Turkey

2	 Department of Metallurgy and Materials Engineering, 
Bilecik Şeyh Edebali University, TR11210 Bilecik, Turkey

3	 R&D Laboratories, Entekno Corp, TR26004 Eskisehir, 
Turkey

/ Published online: 11 January 2023

Journal of the Australian Ceramic Society (2023) 59:245–257

http://crossmark.crossref.org/dialog/?doi=10.1007/s41779-022-00830-2&domain=pdf
http://orcid.org/0000-0001-5822-6932


1 3

hand, there are some disadvantages of pure chitosan such as 
poor mechanical properties, dissolution only in acidic media, 
and loss of its antibacterial activity at pH > 6.5 [8]. The most 
effective method to overcome these disadvantages is blend-
ing with other polymers such as gelatin [9], polylactic acid 
(PLA) [10], polyvinyl alcohol (PVA) [11] etc. Polyvinyl 
alcohol (PVA) is a widely used polymer with chitosan due to 
its advantages such as water solubility, hydrophilic structure, 
biocompatibility, chemical resistance, natural adhesiveness 
and easy modification of hydroxyl groups [12]. In addition, 
by blending chitosan with PVA, both antimicrobial activity 
and UV absorption can be achieved [13].

Low molecular weight plasticizers reduce the deformation 
stress, stiffness, density, viscosity, and electrostatic charge of 
a polymer, while increasing chain flexibility, resistance, and 
dielectric constant [14]. Glycerol has been widely used as a 
plasticizer for films of the chitosan. It reduces intermolecular 
interaction, increases free volume, and facilitates molecular 
movements [15]. Thus, glycerol can be effectively utilized 
as a polymeric additive to improve flexibility and chemical 
permeability [16].

Unfortunately, the use of biodegradable polymers is 
limited because of several reasons such as inadequate 
performance (brittleness, poor barrier properties) for 
specific applications, processing limitations (low thermal 
strength temperatures) and cost [17]. The incorporation 
of nanoparticles (Ag, Cu, TiO2, ZnO) to these polymers 
has been used to overcome these drawbacks. However, 
these nanoparticles have advantages or disadvantages 
depending on their particle size, chemical composition, 
crystallinity and shape [18].

Recently, antimicrobial activity has been improved by pre-
paring different metal chitosan complexes such as Ag+ [19] 
and Cu+2 [20]. Antimicrobial activities of Ag nanoparticles 
have been proven to be higher than other metal nanoparti-
cles according to the following order Ag > Cu > Au > Zn > Fe 
[21]. In addition, bimetallic nanoparticles such as Ag–Cu 
are more preffered than single metalic nanoparticles as they 
further improve the optical and antimicrobial properties of 
food packaging materials [22]. Tan et al. [23] showed that 
although Ag and Cu nanoparticles once accumulated in the 
body are released through hair, urine and feces; the difficulty 
of its complete removal from animal and human tissues has 
been proven. Although long-term toxicity to human and ani-
mal cells is unclear, caution is recommended when applying 
Ag and Cu nanoparticles to different parts of the body.

TiO2 is widely used as a filler in biodegredable poly-
mers due to its low cost, biocompatibility, thermal sta-
bility, physicochemical, mechanical and photocatalytic 
properties [24]. However, Ghosh et al. [25] determined 
the toxic effect of commercial TiO2 nanoparticles on 
human and animal cells. The cytotoxic effects of TiO2 
nanoparticles against human lymphocyte cells appeared 

to be dependent on the stability of the membrane, mito-
chondria, metabolic activity, and lysosomal membrane. 
Therefore, caution is recommended when applying TiO2 
nanoparticles to different parts of the body.

The use of ZnO is increasing as it improves the exter-
nal durability, antibacterial and physico-mechanical 
properties of chitosan-based biodegradable films [26]. 
ZnO nanoparticles exhibit strong antibacterial proper-
ties against different bacterial species, as reported in the 
literature. The role of particle size of ZnO nanoparticles 
on their antibacterial behavior is not clear. In the stud-
ies of Jones et al. [27], it was observed that the toxicity 
increased with the decrease of ZnO particle size, while 
in the studies of Franklin et al. [28] it was found that the 
particle size had no effect on toxicity. The use of ZnO 
nanoparticles in cosmetic products is considered advan-
tageous due to their high antibacterial activity and UV 
absorption capacity [29]. Doping ZnO nanoparticles with 
transition metals because of ion release has been used 
for increasing antibacterial activity performance of ZnO 
besides its broad spectrum UV protection [30–32]. How-
ever, such nanoparticles can introduce some difficulties. 
For example, nanoparticle additives increase transparency 
but cause uncontrolled agglomeration due to the high 
surface area/volume ratio and hence high surface energy. 
Then such agglomerates reduce the local mechanical 
strength [33]. Accordingly, there is a need for alternative 
additive forms which will be safe and biocompatible as 
well as transparent and provide both UV-resistance and 
antibacterial effect. Recently, a novel particle technol-
ogy, called MicNo® was developed by Suvacı and his 
co-workers [34]. MicNo® particles are designed micron 
size hexagonal platelets which are composed of primary 
fine particles. They only exhibit advantages of micron 
and nano size while mitigating their disadvantages such 
as uncontrolled agglomeration. For example, they exhibit 
superior surface coverage (up to 70% more) with respect 
to spherical particles while they are transparent.

In previous studies, MicNo® particles’ performance as 
antistatic coating materials [35]; their biocompatibility 
and their in vitro cytotoxicity, genotoxicity, phototoxic-
ity behaviors on human epidermal keratinocyte (HaCaT) 
cells [36]; their antimicrobial activity against 11 different 
microorganisms [34]; their usability as electrode materials 
in Li-ion batteries [37] were investigated. The performance 
of MicNo® forms in biodegradable polymers has not been 
previously studied. Consequently, the research objective of 
this study was to appraise how MicNo® forms affect the 
mechanical, optical, antibacterial and UV-blocking proper-
ties of the chitosan/PVA biodegradable films. Therefore, 
in this study, MicNo® ZnO and MicNo® Ag doped–ZnO 
inorganic powders were added to CS/PVA composite films 
to achieve this objective.
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Experimental procedure

Materials

Chitosan (CS) with low molecular weight and degree of dea-
cetylation of 75% by CDH was used. In addition, PVA with 
average molecular weight of 135,000–205,000, glacial acetic 
acid and glycerol with molar weight 92.09 g/mol by Sigma-
Aldrich Co. LLC were utilized. Undoped and Ag-doped 
MicNo® ZnO (12 wt.%) inorganic powders with 2–10 μm 
sized hexagonal platelet aggregates of 30–100 nm size par-
ticles were supplied by Entekno Materials Inc. Nano ZnO 
inorganic powder with < 100 nm individual size particles 

by Sigma-Aldrich Co. LLC. was used as a reference mate-
rial for bench-marking. Escherichia coli (ATCC 8739) and 
Staphylococcus aureus (ATCC 6538) strains were preferred 
to investigate the antibacterial activity of the film systems as 
representative microorganisms of gram-negative and gram-
positive bacteria, respectively.

Preparation of CS/PVA/ZnO composites film

CS (3 g) was first dissolved in 100 mL of 3% aqueous acetic 
acid solution and PVA (15 g) was dissolved in 100 mL water 
at 80 °C. Both of the clear solutions were kept overnight 
while they were being stirred. After that, the PVA solution 
(30 mL) was added to the CS solution (20 mL) while it 
was being magnetically stirred to get clear solution. Then, 
nano ZnO or MicNo® ZnO or Ag-doped MicNo® ZnO 
(1500 mg) and glycerol (10 mL) were added into the chi-
tosan/PVA solution which was at 80 °C and stirred by keep-
ing overnight. The obtained gel-like viscous solution was 
poured onto a plastic substrate and the films with a thickness 
of 300 μm were prepared by tape casting technique and dried 
in air at room temperature for 24 h. In Table 1, the designa-
tions of the samples that were studied in this project, are 
shown. Prior to tests, the films were cut into specific size 
and their width and length.

Materials characterization

X-ray diffraction (XRD) analyses were performed by D2 
Phaser (Bruker, Cu Kɑ = 1.54 Ǻ) for phase determina-
tion. The Fourier transformed infrared (FTIR) spectra 
were collected by IRTracer-100 (Shimadzu, the wave-
length range of 4000–400 cm−1). The size and morphol-
ogy of the particles were examined with scanning electron 
microscopy (SEM EVO 50 LP, Zeiss, operating at 10 kV). 
The optical measurements were conducted by UV–VIS-
NIR spectrophotometer (UV-3600 Plus UV–VIS-NIR, 
Shimadzu) in a wavelength range of 260–750 nm. The 
mechanical analyses were performed in a universal test-
ing machine (INSTRON 5581) with 5 samples in each 
case with a dimension of 100 × 20  mm. Antibacterial 
activities of films were tested with two different methods 
(inhibition zone assay and ISO 22196:2011 standart) [38]. 
Antibacterial activity was calculated according to the ISO 

Table 1   Used powder systems 
in composite films and their 
names

Sample no Sample Sample name

1 0 (wt.%) ZnO doped chitosan/PVA Film ZnO-0
2 2.5 (wt.%) nano-ZnO doped chitosan/PVA Film ZnO-N
3 2.5 (wt.%) MicNo® -ZnO doped chitosan/PVA Film ZnO-M
4 2.5 (wt.%) MicNo® -Ag ZnO doped chitosan/PVA Film ZnO-AM

Fig. 1   (a) XRD patterns of the studied powders and (b) SEM micro-
graphs of i) undoped nano ZnO, (ii) undoped MicNo® ZnO, (iii) Ag-
doped MicNo® ZnO
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Fig. 1   (continued)
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22196:2011 standard, the antibacterial activity value of a 
surface should be R ≥ 2.

Results and Discussion

Characterization of the powders

Figure 1a shows the XRD patterns of the powder systems 
used in this study. According to the XRD patterns both nano 
and MicNo® ZnO powders exhibit single phase ZnO with 
hexagonal wurtize type crystal structure (JCPDS card no: 
36–1451) [39]. This means that both nano and MicNo® ZnO 
powders are chemically and cyrstallagrophically very similar 
materials. XRD pattern of Ag-doped MicNo® ZnO particles 
also demonstrates presence of metallic Ag peaks besides 
shifted ZnO peaks which indicates enterance of Ag+ ions 
into the ZnO lattice [40]. It was observed that the character-
istic peak of the (101) plane shifted to lower 2θ values (i.e. 
higher interplanar spacing) in the MicNo® Ag-ZnO doped. 
Since lattice expansion is anticipated due to the ionic size 
difference between the Ag+ (1.26 Ǻ) and Zn+2 (0.74 Ǻ) ions, 
the characteristic peak is expected to shift to lower 2θ values 
[41]. These results are in agreement with Demirel R. et al. 
[34] and Şahin (Şahin İ. M.Sc.Thesis) where they reported 
that Ag-metal particles exist in MicNo® ZnO platelets as an 
anchored part of the MicNo®-form instead of isolated parti-
cles. Figure 1b (i) shows SEM micrograph of the nano ZnO 
particles which have spherical-coaxial shape. Figures 1b (ii) 
and (iii) exhibit SEM micrographs of the MicNo® ZnO and 
Ag-doped MicNo® ZnO particles, respectively. It can be 
seen by SEM micrographs that the MicNo® particles are 
composed of primary fine particles. The micrographs show 
that all particles have similar hexagonal platelet morphology 
which are 2–10 μm long and 30–100 nm thick. Due to the 
transparency of the platelets, even if they overlap, they can 
be distinguished by SEM images [34]. These results show 
that while nano and MicNo® ZnO particles are chemically 
the same, they are different in terms of their morphologies.

Effects of MicNo® particles on structure 
development of the chitosan/PVA Films

Figure 2a shows the XRD patterns of the films evalu-
ated in this study. The XRD patterns of the film show 
that the chitosan/PVA films exhibit same characteristic 
peaks at 11.3°, 19.6° and 22.4° 2θ values [42]. XRD 
patterns of the doped films demonstrate peaks which are 
combination of both the polymeric part and the additives. 
Figure 2b and c shows the XRD patterns comparison of 
the start-middle-end parts of ZnO-N film and ZnO-M 
films, respectively. The intensities of characteristic peaks 
of ZnO are very close to each other. It should be noted 

Fig. 2   (a) XRD patterns of the studied films and XRD patterns com-
parison of the start-middle-end parts of (b) ZnO-N (c) ZnO-M film
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that these results are important to confirm the uniform 
distribution of additives throughout the films and they 
do not change/loose their physical or chemical charac-
teristics. The uniform distribution can be attributed to 
high hydroxyl group content of PVA and glycerol that 
prevents the inorganic ZnO additives from agglomerating 
and results in homogeneous distribution of the particles 
in the chitosan/PVA matrix [43].

The characteristic functional groups were investigated 
through FTIR spectra of the studied films as shown in 
Fig. 3. A broad band at between 3200 and 3550 cm−1 rep-
resents the -OH stretching vibrations and the -NH bands 
of amine and amide. Absorption bands between 2840 and 
3000 cm−1 can be attributed to the C-H symmetrical and 
unsymmetrical stretching vibration [44]. Absorption bands 
between 2320 and 2370 cm−1 are caused by atmospheric 
CO2 [45] in the device and between 1900 and 2000 cm−1 
correspond to C = C = C stresses. The peak at 1543 cm−1 
belonging to the primary amine N–H bending vibration 
is clearly visible [46]. The -CH2 bending and -CH3 sym-
metrical stretching are clearly seen with the 1458 cm−1 and 
1371 cm−1 bands, respectively. It is seen that the 1236 cm−1 
band belongs to the C-N stretching vibration, and absorp-
tion bands between 1050 and 1155  cm−1 belong to the 
C-O stretching vibration [47]. Absorption bands between 
875 and 995 cm−1 can be attributed to C = C symmetri-
cal stretching vibration [48]. Absorption bands between 
460 and 590 cm−1 represent the characteristic stretching 
mode of Zn–O and Ag–O bonds [45]. With the addition of 
inorganic ZnO powders to the films, characteristic bands 

shifted to lower wavelengths and their intensity increased. 
The reason for this is the formation of intermolecular 
hydrogen bonds between PVA, chitosan and ZnO. The peak 
at 1543 cm−1 (NH2) belonging to the primary amine N–H 
bend are the characteristic peaks of chitosan. The reason 
that the intensity of the peak at 1543 cm−1 increases with 
the amount of ZnO is due to the increase in the intermo-
lecular hydrogen bonds between –NH groups of chitosan 
and ZnO [49]. As shown in the figure, the highest intensity 
peaks are observed in the MicNo® system suggesting that 
the intermolecular bonding between the polymeric part and 
MicNo® particles was the highest in this system. Moreo-
ver, the FTIR spectra reveal the interaction between Ag and 
MicNo® platelets. Accordingly, this suggests that Ag must 
be in bonded form inside or on the surface of the MicNo® 
ZnO structure [50].

Figure 4 shows SEM micrographs of the films studied in 
this work. Although there are some regions of agglomerated 
ZnO particles, they are mostly homogeneously dispersed in 
the chitosan/PVA matrix. Agglomerate formation is higher 
in nano ZnO–containing films with respect to MicNo® 
ZnO containing films. These results also support what was 
deduced from the XRD patterns, as shown in Fig. 2b and c. 
It has been determined by SEM micrographs that MicNo® 
ZnO–containing film has high surface coverage and low 
agglomeration tendency. These results have already been 
supported by the average tensile strength and UV absorbance 
results. The high hydroxyl group content of PVA prevents 
inorganic ZnO additives from agglomerating and ensures 
homogeneous dispersion in the matrix [43].

Fig. 3   FTIR spectra of the 
studied films
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Fig. 4   SEM micrographs of 
the (a) ZnO-N, (b) ZnO-M, (c) 
ZnO-AM
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Fig. 5   (a) UV–vis absorb-
ance, (b) UV–vis transparence 
spectra of the studied films 
(The transmittance values of 
the studied films at 600 nm 
wavelength inside the graph) 
and (c) MicNo® vs. spherical 
particles surface coverage abil-
ity comparison (Assumptions: 
MicNo.®: Hexagonal platelet 
(4 × 1.75 × 0.1 μm); nano: spher-
ical (300 nm); no uncontrolled 
agglomeration)
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Effects of MicNo® particles on optical, mechanical 
and antibacterial properties of the chitosan/PVA 
Films

Figure  5a, UV–Vis absorbance spectra of the films, 
prepared in this study, are given. It was observed that 
the amount of absorption increased in the UVA region 
(315–400 nm) when inorganic ZnO powders were added. 
The highest UV absorbance was demonstrated by MicNo® 
containing films. This can be attributed to higher surface 
covering ability of hexagonal ZnO particles than spheri-
cal nano particles. Figure 5c shows the difference between 
surface covering ability of hexagonal (e.g., MicNo®) and 
spherical particles. The surface covering ability property 
is a mathematical calculation. This calculation was made 
by using the amount of material required for the hexago-
nal and spherical shaped powders in the dimensions given 
in the graph to fully cover a certain surface area. While 
a single coat is required for hexagonal, several layers of 
powder are required for spherical to have full coverage. 
As shown in the figure, to cover the same area 70% more 
spherical particles are needed with respect to MicNo®. 
The increase in UV absorption intensity between 355 and 
375 nm indicates that ZnO and chromophore groups are 
bonded in composite films [51]. In addition, when inor-
ganic ZnO powder was added, the absorption bands shifted 
to higher wavelengths. This is probably due to the fact 
that, the hydrogen bonds formed between -OH groups in 
the PVA main chain and Zn+2 ions available on the ZnO 
powder surfaces [52]. The larger shift, in the MicNo® ZnO 

containing system than nano ZnO system also suggests the 
stronger molecular level interaction between the polymeric 
part and the MicNo® than nano particles. In UVA and 
UVB regions, higher absorption is expected in undoped 
MicNo® ZnO doping compared to Ag-doped MicNo® 
ZnO doping due to the higher surface area. However, an 
increase was observed in the absorption spectra in both 
UV and visible regions of Ag-doped MicNo® ZnO doped 
films. This may be attributed to both the interaction and 
transfer of electrons between Ag and ZnO and the “Surface 
Plasman Resonance (SPR)” absorption of silver particles 
[53]. These results suggest that the UV resistance of the 
films can be improved much more effectively by MicNo® 
particles with respect to nanoparticles. This outstand-
ing performance enhancement can be attributed to much 
more effective surface covering ability of unique hex-
agonal morphology of MicNo® particles with respect to 
speherical nano particles. In addition, in Fig. 5b, UV–vis 
transmittance spectra of the studied films are shown. The 
transmittance values in the visible range (400–700 nm) are 
lower for Ag-doped than MicNo® ZnO–doped films, indi-
cating that the transparency of this film is lower in the vis-
ible region. The transmittance values of the studied films 
at 600 nm wavelength are also presented in this figure.

Table 2 shows average tensile strength (MPa) and % 
elongation values of the studied films in this work. The 
average tensile strength value of ZnO-0 was 0.46 MPa and 
the average % elongation amount was 20.25%. An increase 
in tensile strength and a decrease in % elongation were 
observed with the addition of inorganic ZnO particles into 
the film. Whereas the tensile strength and the elongation 
values were 0.73 MPa and 15.52%, respectively, for the 
nano ZnO containing system, they were 1.21 MPa and 
15.63%, respectively, for the MicNo® ZnO containing 
system. The reason for this change in mechanical strength 
is probably due to hydrogen bonds formed between PVA, 
chitosan and Zn+2 ions. In addition, this interaction restricts 
the movement of molecular chain segments, which causes 
a decrease in elongation [54]. As noted above, the aver-
age tensile strength and % elongation values of MicNo® 
ZnO added films were higher than nano ZnO added films. 
This can be attributed to stronger intermolecular interaction 
between MicNo® ZnO particles and the polymeric compo-
nents than nano ZnO particles as confirmed by FTIR and 
UV–Vis results. It is known that during solution casting 
processes, the aggregation of ZnO particles dispersed in 
the polymer matrix reduces the physical cross-link strength 
between polymer blend chains and ZnO [55] and hence 
since probably nano particles exhibited higher aggregation, 
lower mechanical strength values were observed for nano 
particles with respect to MicNo®.

In Table 3, the antibacterial activity (R) values against 
S. aureus and E. coli of the studied films are shown. The 

Table 2   Average tensile strength (MPa) and % elongation values of 
the studied films

Sample name Average tensile strength 
(MPa)

Average 
elongation 
(%)

ZnO-0 0.46 20.25
ZnO-N 0.73 15.52
ZnO-M 1.21 15.63
ZnO-AM 0.87 13.91

Table 3   The antibacterial activity (R) values against S. aureus and E. 
coli of the studied films

Sample name S. aureus
(R)

E. coli
(R)

ZnO-0 0.10 0.38
ZnO-N 2.57 7.72
ZnO-M 6.91 7.76
ZnO-AM 7.72 7.80
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antibacterial activity (R) values of studied films are higher 
against E. coli. These results are supported by the study of 
G. Nagaraju et al. [56]. ZnO-0 film does not exhibit adequate 
antibacterial effect. The R values of ZnO-0 film against S. 
aureus and E. coli are 0.10 and 0.38, respectively. With the 
addition of inorganic ZnO particles with high antibacte-
rial activity into the films, the R values became compatible 
with the ISO 22196:2011 standard. There are mainly three 
propounded mechanisms for antibacterial activity of ZnO 
particles. There are (i) formation of reactive oxygen species, 
(ii) release of cytotoxic Zn2+ ions, (iii) the adsorption of 
ZnO particles onto the microbial cell walls [32, 57, 58]. As 
the specific surface area of ZnO increases, the contact sur-
face area/volume between microorganisms and the particles 
increases as in the MicNo® case and this interaction makes 
the above mentioned third mechanism dominant [34]. Due 
to micron size and platelet shape of MicNo® ZnO powder, 
they cannot pass through the cytoplasm of the bacterial cell. 
Thus, cytotoxic and genotoxic behaviors are controlled by 
the concentration of Zn+2 ions dissolved from the particle 

surface. On the other hand, as we mentioned in Fig. 5c, the 
high surface coverage ability of MicNo® ZnO according 
to nano ZnO causes the cell to die earlier by preventing 
the passage of nutrients needed by the cell, to better cover 
the cell cytoplasm surface [36]. Therefore, the R values of 
the MicNo® ZnO–doped films were higher than the nano 
ZnO–doped films. The best results were seen with Ag-doped 
MicNo® ZnO-doped films. There are many mechanisms 
explaining the reasons for the increased antibacterial activ-
ity of Ag-doped ZnO powders. There are (i) the increase of 
perhydroxyl (H2O2) and strong oxidizing (.O2

−,OH.) radicals 
reacting with bacteria as a result of the increase in the pho-
tocatalytic property of ZnO with silver doping [59], (ii) due 
to the fact that the ionic radius of Ag+ ions (1.26 Ǻ) is larger 
than the ionic radius of Zn+2 ions (0.74 Ǻ), the substitutional 
of Ag+ ions to the Zn+2 regions and this situation favors the 
easy release of Zn+2 ions from the lattice [60], (iii) increased 
adhesion of ZnO to the bacterial cell cytoplasm surface by 
the presence of strong electrostatic interaction between Zn+2, 
Ag+ and the negatively charged outer surface of the bacteria 
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Fig. 6   Inhibition zone thicknesses (mm) against E. coli and S. aureus 

254 Journal of the Australian Ceramic Society (2023) 59:245–257



1 3

[59], (iv) Ag+ ions change the DNA synthesis by inhibiting 
the enzymatic system of the respiratory chain of the bacterial 
cell [61]. It is clear that in our study, the higher bacteriocidal 
effect [32] was seen against both gram negative and gram 
positive bacteria with MicNo® ZnO and Ag-doped MicNo® 
ZnO containing films. With the removal of the active sub-
stance from the environment, bacteria do not reproduce.

Inhibition zone assay is a qualitative method and antibac-
terial activity is only tested based inhibitory effects of the 
films. ISO 22196 standard is a quantitative method applied 
because it combines adsorption and inhibition of bacterial 
cells properties. Therefore, in this study, the antibacterial 
activities of the chitosan/PVA films were tested two different 
methods. The antibacterial effects depending on the solubil-
ity of the films were determined by the inhibition zone assay. 
Evaluation, zone formation is expected if there is active sub-
stance solubility from the sample, while no zone formation 
is expected if there is no solubility. The occurrence of the 
inhibition zone indicates that the tested ZnO powder sys-
tems have different levels of antibacterial activities on E. 
coli and S. aureus (Fig. 6) [34]. According to the results, it 
can be concluded that the films did not show antibacterial 
effect depending on solubility against to E. coli. However 
all inorganic powders appear to inhibit S. aureus (3–4 mm). 
Inhibition zone studies also confirm how non-antibacterial 
films are convex to antibacterial systems via addition of ZnO 
particles.

Conclusions

Chitosan/PVA/ZnO blend films were prepared via tape 
casting technique. MicNo® ZnO particles exhibited less 
agglomeration with respect to the nano ZnO particles which 
showed a better dispersion and surface coverage in chitosan/
PVA matrix resulting to enhanced UV-resistance.

FTIR spectra reveal stronger chemical interaction 
between MicNo® ZnO and chitosan/PVA matrix than that 
of the nano ZnO and the matrix. This result is supported by 
higher tensile strength values. Addition of inorganic ZnO 
particles into the films resulted in increased tensile strength 
and decreased % elongation because of hydrogen bonds. 
Mechanical tests revealed the highest tensile strength in 
MicNo® ZnO added films because of stronger intermolecu-
lar interaction between the inorganic powder and polymeric 
component.

Chitosan/PVA films with inorganic ZnO additives exhib-
ited reasonable transparency and demonstrated very high 
UV absorption capacities in UVA and UVB regions. Fur-
thermore, both MicNo® ZnO and Ag-doped MicNo® ZnO 
containing films exhibited higher UV-absorbance values 
than nano ZnO particle containing films. These results sug-
gest that the UV resistance of the films can be improved 

much more effectively by MicNo® particles with respect to 
nano particles. This outstanding performance enhancement 
can be attributed to much more effective surface covering 
ability of unique hexagonal morphology of MicNo® parti-
cles with respect to speherical nano particles.

Although the pristine film did not exhibit effective anti-
bacterial activity, it has been shown that all ZnO-containing 
samples exhibited antibacterial activity at different lev-
els. The antibacterial activity test showed that Ag-doped 
MicNo® ZnO embedded in chitosan/PVA matrix has the 
highest R values. At the same time, the antibacterial activity 
is higher for E. coli than for S. aureus.

These results clearly show that the tested chitosan/PVA/
MicNo® ZnO composite films can be utilized as antibacte-
rial polymeric materials with improved mechanical prop-
erties for biomedical applications such as wound healing 
as well as for novel applications in food industry as pack-
aging material.
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