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Abstract
Utilizing the solution casting technique, polymer nanocomposites (PNCs) films 
including polyethylene oxide and chitosan (PEO/CS) doped with titanium dioxide 
nanoparticles  (TiO2 NPs) as nanoceramic were successfully synthesized. The study 
investigated how varying  TiO2 nanoparticle concentrations influenced the structural, 
optical properties, and antibacterial activity of the polymeric matrix. XRD patterns 
revealed an increase in the amorphous nature of the polymer blend as the content of 
 TiO2 NPs inside the PEO/CS blend grew. The FT-IR analysis confirmed the inter-
action between  TiO2 NPs and the PEO/CS blend. This confirmation is attributed 
to the observed vibrational changes upon the incorporation of  TiO2 dopant into the 
polymer matrix. The UV–visible spectrum aided in the determination of optical 
energy band gaps (both direct and indirect), showing reductions in both Egd and Egin 
with higher  TiO2 concentrations. SEM highlighted the partial compatibility between 
PEO/CS and  TiO2, while transmission electron microscopy depicted spherical  TiO2 
NPs with diameters ranging from approximately 9 to 25 nm. Antimicrobial assess-
ments indicated heightened efficacy in all nanocomposite samples compared to the 
pure PEO/CS composite, with a linear correlation to the quantity of  TiO2 nanoparti-
cles present. These findings strongly suggest the potential of these nanocomposites 
for food packaging applications.
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Introduction

Blending more than one polymers involves creating a blend that incorporates the 
favorable properties of each polymer within the blend [1, 2]. The effectiveness 
of this procedure in producing novel materials with diverse properties is widely 
acknowledged. Furthermore, it enables these materials to gain additional attributes 
such as enhanced flexibility, usability, and cost efficiency [3, 4]. The applications of 
many synthetic polymers hinge on the delicate balance between their resistance and 
biodegradability. Studying polymer biodegradation has become crucial, as bacterial 
and fungal attacks on polymers remain relatively unexplored. In recent times, bio-
materials derived from natural sources have gained prominence due to their numer-
ous benefits, including biocompatibility, non-toxicity, and biodegradability [5]. 
Chitosan (CS), derived from abundant and cost-effective sources such as crustacean 
shells, possesses inherent antibacterial and antifungal properties [6]. This makes it 
a versatile foundation for various applications. Latest articles have heavily focused 
on tackling the issue of biological degradation of valuable materials, aiming to uti-
lize chitosan as an environmentally friendly solution in diverse industries [7]. An 
exemplary case involves the utilization of reliable polymeric systems with biocidal 
characteristics to safeguard materials like food packaging, paints, and pharmaceuti-
cal products against deterioration [8].

While chitosan possesses numerous interesting characteristics, its utilization 
is hampered by drawbacks like low crystallinity, inadequate thermal stability, and 
mechanical fragility [9]. Additionally, its poor solubility and loosely cationic nature 
restrict its practical use in antibacterial applications [10]. To address these limita-
tions, a transformative approach involves integrating chitosan into hydrogels and 
aerogels, augmented by the incorporation of metal oxide nanoparticles. This combi-
nation enhances the antibacterial effectiveness of polymer blends, particularly in the 
case of PEO/CS. The addition of metal oxide NP to the polymeric mixture serves 
to amplify various material attributes, encompassing structural, chemical, physical, 
optical, swelling, and antibacterial properties [11–13]. Metal oxide nanoparticles 
have attracted global attention due to their economical production, limited human 
toxicity, antibacterial properties, and inertness to chemicals and biology [14]. Tita-
nium dioxide nanoparticles  (TiO2 NPs) find broad application across various bio-
medical domains because of their significant anticancer, antifungal, and antibacte-
rial properties [15]. Polyethylene oxide (PEO) stands out as a rare biodegradable 
synthetic polymer authorized for internal use in sectors such as cosmetics, food, and 
personal care products [16]. Chitosan and polyethylene oxide are currently gaining 
prominence in various technologies, thanks to their notable attributes including easy 
processability, favorable thermal properties, and cost-effectiveness. PEO, in particu-
lar, finds diverse applications owing to its commendable biocompatibility and mini-
mal toxicity, making it well-suited for various fields [16].

Nanoparticles exhibit remarkable antimicrobial properties due to the generation 
of reactive oxygen species, leading to the eventual demise of bacterial cells [17]. 
Antimicrobial packaging is achieved by incorporating commonly used nanoparti-
cles such as  TiO2, CuO, ZnO, and Ag into chitosan films [18, 19]. Incorporating 
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nanoparticles enhances the gas barrier, antimicrobial attributes, and heat resistance 
of CS samples. Archana et  al. [20] introduced nanocomposite composed of CS, 
PVP, and  TiO2 for potential use as wound dressing materials, conducting in vitro 
assessments. They also explored CS, PVP, and Ag films, investigating both in vitro 
and in vivo scenarios to investigate wound healing [21]. Lin et al. [7] developed a 
gelatin-CS/TiO2-Ag nanocomposites designed for food packaging application. Their 
study focused on assessing antimicrobial effects against both Gram-positive and 
Gram-negative bacteria. Nanomaterials, due to their fine particle size and substantial 
specific surface areas, show promise as reinforcing agents, contributing to improved 
microstructure, antibacterial activity, and electrical properties in nanocomposites 
[22]. The incorporation of these nanomaterials leads to heightened chemical reac-
tions within composites, exerting a substantial influence on their overall efficiency. 
Despite this, only limited research has investigated the effects of nanoparticles on 
the efficiency attributes of reinforced nanocomposites. The introduction of fillers has 
been observed to elevate ionic conductivity, antibacterial effectiveness, and thermal 
stability within the polymer blend [23].  TiO2 nanoparticles (NPs) stand out due to 
their remarkable qualities, such as strong antibacterial effectiveness, chemical stabil-
ity, biocompatibility, and exceptional photocatalytic performance [24]. When sub-
jected to ultraviolet (UV) radiation, electron–hole pairs are generated on the sur-
face of  TiO2 nanoparticles due to their specific band gap energy. As a result, these 
electrons can be harnessed to combat bacteria. Notably,  TiO2 possesses strong UV-
blocking capabilities, making it potentially valuable for food preservation purposes 
[25]. Zhang et al. [26] crafted CS/TiO2 bionanocomposite films, investigating their 
antibacterial effectiveness through UV irradiation. Incorporating  TiO2 nanoparti-
cles into the CS matrix led to improved properties of the bionanocomposite films, 
including enhanced wettability, amplified antibacterial activity (under UV irradia-
tion), and fortified mechanical characteristics. By introducing dopant nanoparticles 
(NPs), the reduction of surface energy in  TiO2 NPs became feasible. As a result, this 
approach offered a solution to circumvent the agglomeration of  TiO2 NP within the 
polymer blend [27]. Until now, there has been a notable absence of efforts to cre-
ate nanocomposites incorporating PEO, CS, and  TiO2 NPs. Consequently, the focal 
point of this study is to introduce PEO/CS-TiO2 bionanocomposites, which are both 
economical and straightforward to synthesize, and possess environmentally friendly 
characteristics. These bionanocomposites exhibit antibacterial properties, making 
them suitable for applications in food packaging.

Experimental work

Chemical

PEO polymer with a molecular weight (M.W.) of 35,000 g  mol−1 was sourced from 
ACROS Organic in Morris Plains, New Jersey. The CS used was obtained from 
Mallinckrodt USA with a M.W. of 4 ×  105 and 96% deacetylation degree. The  TiO2, 
acquired from Sigma-Aldrich in Germany, boasted a purity level of 98.96%. The 
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above chemicals were dissolved in double-distilled water purchased from Al-Gom-
horia, based in Mansoura, Egypt.

Preparation of PEO/CS‑TiO2 nanocomposites

PEO and CS were separately dissolved in double-distilled water at the necessary 
amounts to produce the nanocomposites samples. The solutions gradually turned 
crystal clear and transparent over a span of three hours. The resulting samples were 
composed of approximately 70% CS and 30% PEO. By dispersing  TiO2 in double-
distilled water for two hours, polymer nanocomposites at various weight percentages 
(0.0%, 4.0%, 8.0%, and 12.0 wt%) were achieved. Subsequently, a thorough mixing 
of all solutions generated a homogeneous, viscous liquid. This liquid was cast into 
a petri dish, and as the solvent gradually evaporated over three days, the polymer 
blend transformed into nanocomposite. These PEO/CS-TiO2 nanocomposites were 
carefully peeled from the petri dish and utilized for subsequent investigations.

Characterization

The films with varying  TiO2 concentrations underwent XRD diffraction analysis 
via DIANO-XRD 800 diffractometer, employing Ni filter Cu Kα radiation with a 
wavelength of λ ≈ 1.542 nm. Determination of functional groups in PEO/CS-TiO2 
nanocomposites was conducted through FT-IR spectroscopy using a Nicolet iS10 
instrument from the USA. UV/Vis spectra of the polymeric samples were recorded 
at RT using a JASCO UV/VIS spectrophotometer (Model V/630, Japan). The size 
and shape of  TiO2 NPs were explored using TEM (JEOL JEM-1011, Japan). Fur-
thermore, the surfaces of the formed thin films were investigated via scanning elec-
tron microscopy (SEM) (JEOL JSM-6510 LV, USA).

Results and discussion

XRD analysis

X-ray diffraction is a valuable method used to determine the structure of materials. 
The XRD spectra for PEO, CS, and PEO/CS blend are shown in Fig. 1. The spectral 
distribution of CS reveals its amorphous character through a notable broad peak cen-
tered at approximately 2θ = 21.28°. The semicrystalline nature of PEO is evidenced 
by the presence of three distinct sharp peaks in its spectrum, located at 2θ = 18.88°, 
23.65°, and 26.15°. These peaks correspond to crystallographic planes (120), (112), 
and (121), highlighting the ordered structural pattern within PEO [28]. Figure 2 pre-
sents the X-ray diffraction for PEO/CS and its nanocomposite incorporating  TiO2 
NP. The XRD spectra reveal the composite’s semicrystalline nature, with notable 
strong peaks observed at 18.88° and 23.65°. These peaks stem from the semicrys-
talline of PEO present in the complex. In the XRD patterns of the nanocompos-
ite sample, several low-intensity peaks are evident at 2θ = 32.50°, 36.01°, 39.53°, 
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Fig. 2  XRD patterns of PEO/CS composite and PEO/CS filled with different concentrations of  TiO2 NPs
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and 42.54°. Notably, the two primary peaks exhibit a decrease in intensity and a 
broadening of their width. The findings suggest a randomized distribution of  TiO2 
within the PEO/CS chain, a conclusion supported by strong interactions between the 
PEO/CS polymeric matrix and  TiO2, as indicated by FT-IR measurements [29]. This 
interaction leads to a decrease in the nanocomposite’s degree of crystallinity and an 
increase in the amount of amorphous areas. Interestingly, the X-ray diffraction for 
the prepared samples do not reveal any new peaks, signifying the complete dissolu-
tion of  TiO2 nanoparticles within the PEO/CS blend.

FT‑IR spectra

An FT-IR analysis is undertaken to investigate the interaction between the titanium 
dioxide and polymer blend within the nanocomposites. Figure 3 illustrates the dis-
tinctive spectral features that distinguish between the pristine PEO/CS samples and 
the PEO/CS-TiO2 NPs nanocomposite samples. Table 1 presents the wavenumbers 
associated with notable peaks and their corresponding assignments for these sam-
ples. Within the PEO/CS polymeric matrix incorporating titanium dioxide nano-
particles, the simultaneous occurrence of (OH, C=O) groups in CS and (C–O–C) 
groups in PEO points toward the compatibility and miscibility of the blended sec-
tions. PEO exhibits a notable aptitude for establishing intermolecular hydrogen 
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Fig. 3  FT-IR spectra of PEO/CS composite and PEO/CS doped with various concentrations of  TiO2 NP
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bonds, especially with highly electronegative substances. The presence of electron-
egative oxygen and hydroxyl groups within CS polymers suggests their exceptional 
role as proton acceptors in these interactions [30]. In the FT-IR spectra of the pure 
blend, a broad bandwidth is evident at 3328  cm−1, indicating the presence of O–H 
stretching vibrations within the mixture.

In the pristine PEO/CS samples, distinct transmittance peaks emerge at specific 
wavenumbers: 2939   cm−1, linked to –CH2 asymmetric stretching and –CH asym-
metric stretching; 1726  cm−1, corresponding to amide C=O stretching; 1431  cm−1, 
associated with C–C stretching and –CH3 bending; and 1067   cm−1, indicative of 
C–O stretching and vibration [31]. Distinctive transmittance bands at 963  cm−1 and 
838  cm−1 arise from the CH bending mode and C–O stretching, respectively, repre-
senting typical features of pure PEO. Upon introducing the nanofiller  (TiO2 NPs), 
the hydroxyl band at 3328   cm−1 noticeably widens. Additionally, the presence of 
 TiO2 NPs in PEO/CS nanocomposites induces slight shifts and changes in the inten-
sity of the band at 1726  cm−1, as depicted in Fig. 3. These findings imply a robust 
interaction between the PEO and CS, as illustrated in Scheme 1.

Optical properties

UV/Vis analysis involves measuring how much UV and visible light is absorbed or 
reflected by a sample, providing information about its composition and the concen-
tration of absorbing or reflecting substances [32]. The absorption spectra for PEO/
CS composite and PEO/CS filled with various  TiO2 NP concentrations are shown 
in Fig. 4. The absorption edge noticed at 273 nm in the PEO/CS spectrum can be 
attributed to the n → π* transition. Additionally, there is another distinct peak cor-
responding to π → π* transition, positioned at 385 nm [33]. As the concentration of 
 TiO2 increases, the intensity of the peak at 273 nm grows stronger, and it undergoes 
a shift toward longer wavelengths (redshift). XRD analysis indicates that this shift 
could be attributed to alterations in crystallinity, suggesting possible complexation 
or homogeneity changes. Moreover, variations in band gaps between the polymer 

Table 1  FT-IR of the vibrational 
assignment for the samples 
under investigation

Wavenumber  (cm−1) Assignment

3328 O–H stretching
2939 CH asymmetric 

stretching of 
 CH2

1726 C=O stretching
1431 C–C stretching
1089 Symmetric and 

asymmetric 
C–O–C stretch-
ing

1067 C–O stretch
963 CH bending mode
838 CO stretching
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composite and  TiO2 NP could also contribute to this observed phenomenon [34, 35]. 
In the prepared films, a distinctive peak emerges at 460 nm, which is indicative of 
the surface plasmon resonance (SPR) of the titanium nanoparticles. This observa-
tion suggests the presence of titanium nanoparticles within the PEO/CS matrix, as 
further supported by the detection of an SPR peak. Notably, there is an enhancement 
in the position of SPR peak and a shift toward longer wavelengths. To validate their 
interaction and complexation, a modified mixture of PEO/CS and  TiO2 was utilized. 
The energy gap  (Eg) is calculated using the following equation [36, 37]:

Here “ hv ” represents the photon energy, and “D” stands for the constant. The 
value of “r” varies based on whether the electronic transition is direct or indirect. 
For direct transitions, “r” is 2, while for indirect transitions, it takes a value of 1/2 
in the k space. An absorption coefficient ( � ) can be calculated using the Beer–Lam-
bert’s formula [33].

Here “A” represents absorbance, and “T” stands for the thickness of the films 
under investigation. Figures 5 and 6 illustrate the graphs of ( �hv)2 and ( �hv)1/2 as 
functions of hν for both the PEO/CS composite and the PEO/CS composite filled 
with varying concentrations of  TiO2 nanoparticles. The values for the direct and 
indirect energy gaps (Eg) are revealed in Table 2. The optical band gap values Eg 

(1)(�hv) = D(hv − Eg)
r

(2)�(v) = 2.303
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decrease as filler concentrations increase from 4.0 to 12.0 wt%, as shown in Table 2. 
The energy gap values for direct transitions decreased from 4.22 to 3.94 eV, while 
the energy gap values for indirect transitions decreased from 3.79 to 3.56 eV. The 
decrease in energy gap values is attributed to the introduction of  TiO2 nanoparticles, 
which create localized states within the material. These localized states offer addi-
tional electronic pathways, facilitating easier electronic transitions and contributing 
to the observed reduction in energy gap values. Consequently, these changes in the 
material’s electronic structure lead to alterations in its optical properties.

TEM image of  TiO2 NPs

Transmission Electron Microscopy (TEM) is a cutting-edge imaging method 
employed in materials science and nanotechnology for observing intricate struc-
tural details at the nanometer scale. The shape and size of the resulting nanoparticles 
are depicted in Fig. 7. Figure 7a illustrates the characterization of  TiO2 nanoparti-
cles through a Transmission Electron Microscopy (TEM) image, fabricated using 
the sol–gel technique. Figure  7b demonstrates the nanoparticle size distribution, 
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Table 2  Values of direct and 
indirect energy gaps for all 
samples under investigation

Description Filler concentration 
 (TiO2 NPs) %

Eg (eV)

Direct Indirect

S1 0.00 4.22 3.79
S2 4.0 4.13 3.76
S3 8.0 4.02 3.66
S4 12.0 3.94 3.56
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presented through a histogram. The TEM image clearly shows the formation of 
nanoscale titanium oxide grains. These grains exhibit a uniform distribution in terms 
of grain size, appearing as spherical particles with diameters ranging from approxi-
mately 9 to 25 nm. Furthermore, a relatively consistent sample was created, display-
ing a collection pattern of  TiO2 NP. Notably, this system’s TEM images reveal the 
absence of aggregate formation while depicting the nanoparticles’ distribution.

SEM images

Figure 8 depicts the distinctive SEM images of the PEO/CS polymer blend infused 
with varying concentrations of  TiO2 nanoparticles. In particular, Figure 8a portrays 
the surface of the PEO/CMC polymer blend, characterized by its smoothness and 
the presence of regularly distributed spherical pores. Upon introducing  TiO2 nano-
particles into the polymer blend, these pores experience partial filling, as observed 
in Figure  8b–d. A comparison to the pure PEO/CS sample reveals that at a  TiO2 
content of 4.0 wt%, the pores are smaller, while for the 12.0 wt% sample, the surface 
becomes coarser due to extensive nanoparticle pore filling. Consequently, the addi-
tion of  TiO2 significantly influences the surface morphology of the PEO/CS com-
posite. This phenomenon suggests a noteworthy interplay between metal oxides and 
organic materials. Of particular interest is the absence of evident phase separation in 
the images. This observation underscores the effective interaction between the PEO/
CS matrix and  TiO2 nanoparticles. It provides clear evidence of the acceptable com-
plexation between these components, indicating their successful integration.

Antibacterial studies

Figure 9a–c presents the results of an in vitro activity index assay conducted on col-
lected samples against three bacterial strains: Pseudomonas aeruginosa, Escherichia 
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coli, and Staphylococcus aureus, which were used as control organisms. The find-
ings revealed a consistent increase in antibacterial activity as the concentration of 
 TiO2 NPs in the samples increased. Notably, the study identified broad-spectrum 
antimicrobial effects during the investigation. Elevating the concentration of  TiO2 
NPs was found to enhance the antibacterial activity against the targeted bacterial 
species, with Pseudomonas aeruginosa exhibiting the most pronounced response 
in the antibacterial assay. The bacterial species present in the films were observed 
on agar plates that had been inoculated with the test organisms and subsequently 
incubated at 35 °C. The resulting data, presented in Table 3, detailed the sizes of 
inhibition areas (in millimeters) noticed after a 48-h period. These results pro-
vided insights into the influence of both pristine PEO/CS and its nanocomposites 
on the inhibition area and activity index [38]. Across all samples, an increase in 
the concentration of  TiO2 NPs correlated with a rise in both the diameter of inhibi-
tion areas and the activity index. Notably, Staphylococcus aureus bacteria exhib-
ited larger inhibition zones and higher activity indices compared to Escherichia coli 

Fig. 8  SEM images of a PEO/CS polymer blend, b PEO/CS-4.0%  TiO2, PEO/CS-8.0%  TiO2, and PEO/
CS-12.0%  TiO2 NPs
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and Pseudomonas aeruginosa bacteria. The study attributed the inhibition of the 
examined region to the operation of the Ti ion release mechanism. This mechanism 
induced variations in bacterial cell permeability, generated reactive oxygen species, 

Fig. 9  Antibacterial inhibition zones of PEO/CS blend filled with different concentrations of  TiO2 NPs

Table 3  Antibacterial activity 
of PEO/CS doped with various 
concentrations of  TiO2 NPs

Samples P. aeruginosa 
diameter of area 
(mg/ml)

E. coli diameter 
of area (mg/ml)

S. aureus diameter 
of area (mg/ml)

S1 3 2 5
S2 8 11 19
S3 13 15 36
S4 16 22 41
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disrupted metabolic processes, and ultimately led to the demise of bacterial cells 
due to their destruction. The enhanced antibacterial activity of  TiO2 NPs was attrib-
uted to their ability to trigger free OH radicals and all H–O–O radicals, owing to 
their unique chemical properties [39]. The small size of  TiO2 NPs and their capac-
ity to penetrate cell membranes were highlighted as pivotal factors in their biocidal 
process. Upon interaction with the cellular environment,  TiO2 NPs released reac-
tive species, further contributing to their antibacterial action. The study’s findings 
emphasized the potential of PEO/CS-TiO2 NP samples as a feasible alternative to 
synthetic equivalents in the realm of food packaging. This was attributed to the 
heightened antibacterial activity of  TiO2 NPs, which could enhance food safety by 
preventing bacterial contamination.

Limitation of work

This study investigated the synthesis of bionanocomposite films containing varying 
amounts of  TiO2 nanoparticles (NPs), up to a maximum loading of 12 wt%. Scan-
ning electron microscopy (SEM) revealed an increase in  TiO2 NP aggregation on the 
surface of the nanocomposites at higher loading levels (8 and 12 wt%). Conversely, 
nanocomposites with lower loadings (0 and 4 wt%) exhibited a more uniform dis-
tribution of NPs with minimal aggregation. Interestingly, the highest antibacterial 
activity was observed for the films containing 4 and 8  wt%  TiO2 NPs. Based on 
these findings, the optimal loading of  TiO2 NPs appears to be 4  wt%, due to the 
balance between improved antibacterial activity and reduced aggregation. This find-
ing suggests that bionanocomposite films containing 4 wt%  TiO2 NPs offer the best 
potential for further evaluation and development.

Conclusion

Polymer composite samples, comprising PEO/CS polymers combined with vary-
ing concentrations of  TiO2 NPs, were successfully synthesized via a solution cast-
ing method. The structural investigations were conducted to explore both the phe-
nomenon of polymer intercalation and the subsequent alterations in morphological 
characteristics. XRD analysis unequivocally indicated a reduction in the crystalline 
nature of the PEO/CS polymer blend. Notably, TEM imaging discernibly captured 
the spheroidal morphology of  TiO2 nanoparticles, spanning a size spectrum from 
9 to 25 nm. FT-IR analysis further validated the creation of polymer mixtures and 
intricate nanoceramic complexes within the nanocomposites. Meanwhile, UV–Vis 
spectroscopy distinctly showcased a decline in optical bandgaps, both direct and 
indirect, as  TiO2 NPs content increased. The hybrid nanocomposite exhibited robust 
antimicrobial properties, effectively combating both Gram-positive and Gram-nega-
tive bacteria. Given its eco-friendly and non-toxic composition, coupled with these 
augmented attributes, this hybrid nanocomposite holds immense potential in diverse 
sectors such as biomedicine, packaging, and wrapping, notably within the realm of 
dynamic food packaging applications.
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