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Abstract: The core objective of the present study was to develop a novel nanocomposite pectin/chitosan hydrogel based 
on green-synthesised zinc oxide nanoparticles (ZnO NPs-L). For this purpose, zinc oxide nanoparticles were prepared 
by the solution casting method, using extract from aloe vera leaves, and were incorporated into pectin/chitosan hydro-
gels (0, 10, and 20%). The nanoparticles were analysed using scanning electron microscopy, X-ray diffraction, UV-Vis, 
and FTIR (Fourier transform infrared) spectroscopy. Moreover, the hydrogels were evaluated through FTIR, scanning 
electronic microscopy, atomic force microscopy, gel fraction, contact angle measurements, swelling ratio, investigations 
of thermal stability, mechanical strength and antibacterial activity. The structural heterogeneity and surface roughness 
of the hydrogel were evidenced by SEM analysis. The results showed that incorporation of ZnO NPs-L into hydrogel 
enhanced gel fraction to > 65%, surface wettability to > 64°, tensile strength to > 5.8 MPa, and swelling ratio to > 4 140 
in a dose-dependent manner. Further, ZnO NPs-L (20 mg) loaded hydrogels exhibited the highest zone of inhibition 
against Escherichia coli (> 13 mm) and Staphylococcus aureus (> 12 mm). The findings suggested that pectin/chitosan/
ZnO NPs-L hydrogels have appropriate mechanical flexibility, swelling behaviour and antibacterial activities, which are 
required for their effective use in the biomedical and agricultural sectors.

Keywords: green nanotechnology; aloe vera extract; biopolymer matrix; nanocomposites; biomaterials

326

Original Paper	 Czech Journal of Food Sciences, 44, 2026 (4): 326–341

https://doi.org/10.17221/159/2025-CJFS

Supported by the Department of Nutritional Sciences, Govt. College University Faisalabad, Pakistan.

© The authors. This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0).

With recent developments in  the field of  material 
science, the demand for the development of functional 
biopolymers has  increased to  replace plastics. In  this 
regard, hydrogels derived from natural biopolymers, 
particularly polysaccharides have gained significant at-
tention due to their renewability and biodegradability, 
surpassing the  attributes of  synthetic polymer-based 
hydrogels. Among polysaccharides, chitosan (CS) and 
pectin (PT) are particularly important in the formation 
of bio-hydrogels due to their higher water-holding ca-
pacity and stronger gel-forming ability (Qureshi et al. 

2024). Since both are approved as safe to use in  food 
and pharmaceutical products, their composites offer 
a  broad spectrum of  applications in  agricultural bio-
technology as  carriers for pesticides or seed coatings 
that degrade into nutrients (Popa et al. 2025). However, 
pure hydrogels lack the necessary durability and anti-
fungal 'punch' required to  prevent crop spoilage and 
soil-borne diseases (Yadav et al. 2022). 

To overcome these physical and biological deficien-
cies, researchers have turned towards the  incorpora-
tion of  inorganic nanofillers to create nanocomposite 
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hydrogels. Among these, ZnO nanoparticles (NPs) 
stand out due to  low cytotoxicity, higher antimicro-
bial activity, and a  high surface area to  volume ratio, 
which enhances the mechanical toughness of the poly-
mer matrix (Alameen et al. 2024). However, the usual 
methods used for  the formation of  ZnO NPs rely on 
chemical reducing agents, which may have toxic out-
comes and may cause cytotoxic effects in  the final 
product, such as hydrogel, thus making them hazard-
ous to agriculture, health and the environment (Kumar 
et al. 2021). The  present study offers a  green synthe-
sis method based on the use of  aloe vera leaf extract 
for the formulation of nanoparticles. Aloe vera is one 
of  the most renowned medicinal plants recognised 
as a miraculous gift of nature (Kaur and Bains 2023). 
Moreover, its rich composition of  bioactive com-
pounds has made it valuable in various fields, including 
the food industry, cosmetics and health care (Bhavikat-
ti et al. 2025). The compounds present in aloe vera act 
as natural reducing and capping agents in the forma-
tion of nanoparticles (Ahmad and Reddy 2020). In this 
way, the current strategy not only eradicates the need 
for  hazardous chemicals but also enhances the  bio-
compatibility of the ZnO NPs. By incorporating these 
green nanoparticles into a PT/CS hydrogel, a synergis-
tic material is synthesised. 

Although the major emphasis of such nanocompos-
ites has been biomedical (such as wound healing and 
tissue engineering), there is a need to find out their ag-
ricultural potential to  ensure food security. The  'One 
Health' concept proposes that the structural and anti-
microbial characteristics, which are needed for wound 
healing on the human skin, are also important in  the 
protection of plant materials (Singh et al. 2021). In the 
agriculture sector, such hydrogels pave a  way toward 
smart edible coatings to  prevent post-harvest losses 
of  fruits through protection from microbes by  ZnO 
NPs-based pectin/chitosan matrix, which also provides 
a gas barrier to slow ripening (Diez-Pascual and Diez-
Vicente 2014). Moreover, as zinc is an essential plant 
micronutrient, these biodegradable hydrogels can 
function as  nano-fertiliser carriers, providing a  con-
trolled release of Zn into the soil without the environ-
mental toxicity associated with chemically synthesised 
particles (He et al. 2020).

ZnO NPs have the  potential to  form polymer na-
nocomposites that can be used in food packaging due 
to  their ability to  enhance mechanical strength and 
controlled release (Pires et al. 2023). The antimicrobial 
properties and excellent UV-blocking properties have 
made zinc oxide a promising nanofiller due to its cost-

effectiveness, higher antimicrobial activity, and UV-
blocking properties. ZnO has been registered by the US 
Food and Drug Administration (FDA) in the Generally 
Recognised as Safe (GRAS) list, so it is edible (Boura-
Theodoridou et al. 2020). In addition, these bio-nano-
composites are aimed at  enhancing the  performance 
of  the general food packaging properties, i.e. barrier 
properties, mechanical strength and thermal stability. 
Further, these can be added to food items as bacterio-
static agents, antioxidants, plant extracts and enzymes 
to increase the shelf-life of the food products (Youssef 
and El-Sayed 2018). Moreover, in  the food packaging 
industry, hydrogels are used as  absorbent pads and 
as biodegradable, antimicrobial and antioxidant pack-
aging (Karanth et al. 2023).

Despite the  benefits provided by  chitosan, pectin, 
and ZnO individually, there exists a  prominent re-
search gap regarding the  use of  aloe vera-mediated 
ZnO in a dual-polysaccharide hydrogel for multisecto-
ral applications. The present study addresses this gap 
by  characterising a  multifunctional pectin/chitosan/
ZnO nanocomposite hydrogel. By  assessing its phys-
icochemical properties and antibacterial performance, 
this research shows the versatility of eco-friendly nano-
technology in bridging the gap between clinical thera-
peutics and sustainable agri-food systems.

MATERIAL AND METHODS

Materials
Pectin (Mw = 381.042 g·mol–1; DDA = 92%) and chi-

tosan (CS) (Mw = 3.03 × 10⁶ g·mol–1; viscosity = 700 cp; 
DDA = 90%) were sourced from Merck (Germany). 
Chemicals such as carbon tetrachloride (CCl4), silver ni-
trate (AgNO3), zinc acetate dehydrate [Zn(CH3CO2)2], 
sodium hydroxide (NaOH), and chromic acid (H2CrO4) 
were acquired from Sigma Aldrich (USA). Double-dis-
tilled water was  utilised for  all solution preparations. 
Additionally, CaCl2, NaOH, and acetic acid (99%) were 
procured from Merck (Germany). 

Plant extract preparation
For plant extract preparation, 20 g of finely chopped 

aloe vera (AV) leaves were mixed in  100  mL of  dis-
tilled water. The  mixture was  stirred for  10  min 
at  60  °C using a  hot plate stirrer at  500  rpm (HTS-
1003, LMS, Japan). The solution was allowed to cool 
down to  room temperature and then was  filtered 
through vacuum filtration and used for  the synthe-
sis of zinc oxide nano particles [ZnO NPs-L (leaves)] 
(Nejatzadeh-Barandozi 2013). 
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Synthesis of ZnO NPs-L
For the  preparation of  ZnO NPs-L using AV plant 

extracts, 3  g of  zinc acetate dihydrate were dissolved 
in  50  mL of  water and stirred at  room temperature 
for  one hour using a  magnetic stirrer (MS4-H380-E, 
Biobase, China) (Mahendiran et al. 2017). Gradually, 
20  mL of  10% NaOH solution was  added to  it while 
stirring. Afterwards, added 50  mL of  plant extract, 
covered the  flask, and let it set for  one hour. Placed 
the mixture on an orbital shaker at 100  rpm for  four 
hours. Let the solution stand for 30 min, during which 
yellow-coloured ZnO NPs-L settled at  the bottom. 
Separated the ZnO NPs-L by centrifugation and care-
fully decanting the  supernatant. Finally, the  sample 
was dried for two hours in an oven at 80 °C (Meji et al. 
2023; Rata et al. 2023; Dzulkharnien et al. 2024).

Preparation of hydrogels
Initially, 0.5 g of pectin was dissolved in deionised 

water (50  mL) in  a  beaker and stirred at  60  °C until 
fully dissolved, forming a clear solution. At the same 
time, 0.5 g of chitosan was dissolved in 2% acetic acid 
(50 mL) under magnetic stirring at 60  °C in another 
beaker. The  PT solution was  then blended with 
the CS solution and was further stirred continuously 
for 2 h. ZnO NPs-L were added to  the CS/PT blend 
and mixed for an additional hour. The resulting solu-
tion was carefully poured into petri dishes and subse-
quently dried at 50 °C in a vacuum drying oven. Three 
formulations were prepared using this method, with 
varying concentrations of  ZnO NPs-L: PC (without 
ZnO NPs-L), PCL-1 (10 mg ZnO NPs-L), and PCL-2 
(20  mg ZnO NPs-L) (Sabbagh et al. 2023; Rastegari 
et al. 2023). 

Characterisation
UV-visible spectroscopy. The  UV-Vis spectra 

of  ZnO nanoparticles (ZnO NPs-L) were obtained 
using a  UV-Vis spectrometer (BK-UV1800PC, Bio-
base, China) over a wavelength range of 200–600 nm. 
The samples were dispersed and diluted in double-dis-
tilled water under ambient conditions before measure-
ment (Kamanna et al. 2023).

Fourier transform infrared spectroscopy (FTIR). 
The FTIR spectroscopy was performed to analyse ZnO 
nanoparticles (ZnO NPs-L) and hydrogel composite 
samples (IR Prestige-21; Shimadzu, Japan). An  FTIR 
spectrophotometer with a horizontal attenuated total 
reflectance (HATR) accessory featuring zinc selenide 
(ZnSe) crystal was  used. The  spectrum was  noted 
at  a  resolution of  4.0  cm–1 over a  scanning range 

of 4 000 to 650 cm–1, using air background as the refer-
ence (Pathan and Bose 2020).

Xray diffraction (XRD). The  X-ray diffraction 
was  conducted to  determine the  phases and crystal-
linity using an  X-ray diffractometer (Equinox 2000, 
Thermo Scientific, USA). The  analysis was  conduct-
ed using Cu Kα radiation (λ  =  1.54  Å), and the  2θ 
scanning ranged from 20° to 80° (Gojova et al. 2007). 
The  crystallite size (D) was  estimated by  the Debye-
Scherer equation as follows:

( )  /  cosD K= λ β θ  	                                                (1)

where: K – shape factor; λ = 1.5406 Å; β – full width 
at half maximu; θ – Bragg angle of the peak 2θ (Ebrahimi 
et al. 2018).

Morphological assessment
Scanning electron microscopy (SEM). The  ZnO 

NPs-L and hydrogel composite samples were exam-
ined using a  scanning electron microscope (Cube 10 
Emcraft, Hanam, Republic of Korea) for surface analy-
sis. The samples underwent sputter coating with a thin 
layer of gold for 120 s, which lessened charging effects 
during examination to improve imaging quality (Wang 
et al. 2020). SEM image was used to determine the par-
ticle size distribution of  ZnO NPs-L with the  ImageJ 
software (version 1.54 g).

Atomic force microscopy (AFM). AFM was performed 
using an atomic force microscope (Xe7, Park Systems, Re-
public od Korea) to attain topographical images of the hy-
drogel surfaces. The surface roughness was analysed over 
a 5 × 5 μm scan area in contact mode, with an oscillating 
tip for precise measurement (Xue et al. 2021).

Thermogravimetric analysis. Thermal stability 
of the hydrogel composite was evaluated using a ther-
mogravimetric analyser (409C, NETZSCH, Germa-
ny). Samples were heated at the rate of 10 °C per min 
in a range of temperatures from 0 to 600 °C under N2 
gas with a flow rate of 15 mL·min–1 (Cao et al. 2019).

Mechanical stability. The samples of the hydrogels 
were tested for  mechanical stability using a  Tensile 
Testing Machine (STM-1, Santam Engineering De-
sign Co., Iran) according to the ASTM D882-02 stan-
dard. The prepared hydrogel composite samples were 
cut into strips measuring 4  ×  1  cm with a  thickness 
of 0.3 cm and were placed into an apparatus for stabili-
ty analysis (Pathan and Bose 2020).

Gel fraction. The cross-linking of the PT/CS hydro-
gel composite samples was assessed with slight chang-
es to  the standard procedure. The  samples were put 
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in 500-mesh stainless steel porous bags and were dried 
in  an oven (BOV-TC, Biobase, China) at  40  °C until 
a  constant weight was  achieved. Fully dried samples 
were placed in  a  Soxhlet apparatus, where distilled 
water was used as a solvent to separate the cross-linked 
materials, and were processed for 40 h (Seliktar 2012). 

The gel content was  then determined by  following 
the equation as follows:

 ( )  %   1/ 2  100Gel fraction W W= ×                        (2)

where: W1 – the  weight of  the hydrogel after oven 
drying; W2 – the initial weight of the dried hydrogel. 

Contact angle. The  hydrophilicity of  the prepared 
PT/CS-based hydrogel composite was  determined 
by contact angle. For this estimation, samples were posi-
tioned on microscope slides and were inverted in a con-
tainer filled with distilled water. To measure the water 
in the dry hydrogel film interface, a goniometer (Kernco 
Instrument Co. Inc., USA) was used. A droplet of dis-
tilled water, using a syringe, was carefully applied to the 
hydrogel sample, and the contact angle was measured 
from both sides of the droplet (Fu et al. 2017; Multanen 
and Bhushan 2019; Zhao et al. 2021).

Swelling experiments
The equilibrium swelling condition was  obtained 

by immersing the hydrogel samples in the medium and 
measuring their weight at regular time intervals until 
no further change in weight was observed, indicating 
that equilibrium had been reached.

Swelling behaviour of hydrogel in distilled water. 
Pre-weighed hydrogel samples were immersed in dis-
tilled water to evaluate the swelling behaviour. At spec-
ified time intervals, samples were taken out and blotted 
with filter paper to remove any excess water. The swol-
len weight of the hydrogel samples was then measured 
(Multanen and Bhushan 2019). The swelling percent-
age was determined using the following equation:

 ( ) 100/%   sg dg dgSwelling W W W= ×−                     (3)

where: Wdg – the weight of the dry gel; Wsg – the weight 
of the swollen gel. 

Swelling index of hydrogel in buffer solutions. To eval-
uate swelling in different buffer solutions, buffers at a range 
of pH levels (2, 4, 6, 7, 8, and 10) were prepared according 
to  standard procedures. Pre-weighed prepared samples 
were immersed in  buffer solutions in  Petri dishes and 

allowed to equilibrate. After equilibration was achieved, 
the buffer solutions were removed from the Petri dishes, 
and the  samples were gently blotted with a  filter paper 
to remove the excess solution. The weight of swollen hy-
drogels was measured, and the degree of swelling was cal-
culated using Equation 3 (Ko et al. 2010).

Swelling analysis of  hydrogels in  electrolyte solu-
tions. To measure swelling behaviour in ionic solutions, 
NaCl and CaCl2 solutions with different molarities (0.1, 
0.3, 0.5, 0.7, and 0.9 M) were prepared according to stan-
dard protocols. Pre-weighed hydrogel samples were sep-
arately engrossed in  these electrolyte (ionic) solutions 
until reaching an  equilibrium. After the  equilibrium 
was achieved, the samples were gently blotted with a filter 
paper to wipe out the surface droplet. The swelling ratio 
was evaluated as described in Equation 3 (Ko et al. 2010). 
This process was repeated three times for each sample.

In vitro antimicrobial analysis. The  experiment 
aimed to determine the antibacterial effects of prepared 
hydrogels on two bacterial strains: Staphylococcus au-
reus and Escherichia coli. An antibacterial assay was per-
formed in triplicate to measure the effect of ZnO NPs-L 
concentrations (Ramanan et al. 2017). Chloramphenicol 
was used as a positive control, and 1 mL DMSO served 
as a negative control. The zones of inhibition were mea-
sured using the disk diffusion technique. Discs infused 
with hydrogels were placed on agar plates inoculated 
with the bacterial strains, and the plates were incubated 
at 37 °C overnight. The presence of a zone of inhibition 
around the disc after incubation showed the existence 
of antibacterial activity (Pellegrin et al. 2018).

Statistical analysis
Analyses where possible were performed in triplicate, 

and values were expressed as  a  mean along with stan-
dard deviation using SPSS software (version  18, IBM 
SPSS, USA). The  results were checked for  significant 
difference using one-way ANOVA at P ≤ 0.05. The Fou-
rier-transform infrared (FTIR), X-ray diffraction, and 
scanning electron microscope data were processed and 
analysed using Origin software (OriginLab Corporation, 
Northampton, USA) for baseline correction, peak fitting, 
graphical representation, and ImageJ software 15.4 g.

RESULTS AND DISCUSSION  

UV-Vis spectrum analysis
The UV-Vis spectrum of ZnO NP-L, synthesised using 

20 mL of aloe vera extract, provides key insights into the op-
tical properties of the NPs. Normally, near 300–450 nm, 
ZnO NPs-L show absorption and confirmation in the UV 
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region, and the specific wavelength of the absorption peak 
can be influenced by  factors such as  the shape and size 
of the NPs, which are affected by the concentration of AV 
extract used in the preparation of nanoparticle synthesis 
(Li et al. 2010). The  narrow peak proves the  purity and 
conformation of the ZnO NPs-L (Figure 1). 

FTIR analysis 
The FT-IR spectra of ZnO NPs-L nanoparticles syn-

thesised from leaf hydrogel composites are illustrated 

in Figure 2A–2C. FTIR spectroscopy was used to identify 
the functional groups. Metal oxides typically display ab-
sorption bands in the fingerprint region below 600 cm−1 
due to interatomic vibrations. In the present study, ab-
sorption bands observed around 650 cm−¹ are attributed 
to ZnO stretching vibrations, confirming the successful 
formation of  ZnO NPs-L. The  green synthesised ZnO 
NPs-L show a band at 3 385–3 413 cm−1, corresponding 
to the broadening vibrations of O-H groups. The bands 
at 2 834 cm−1 and 2 940 cm−1 correspond to the symmet-
ric and asymmetric C-H vibrations of aliphatic groups. 
Sharp absorption peaks observed between 1  700 and 
1 600 cm−1 are attributed to C=O stretching of carbon-
yl or amide groups and N-H bending vibrations, while 
peaks in the 1 400–1 480 cm−1 range correspond to aro-
matic C=C stretching and amide II vibrations originat-
ing from bioactive compounds present in the leaf extract 
(Aziz et al. 2019). The absorption band observed near 
1  020  cm−1 is assigned to  C-O-C and C-O stretching 
vibrations of  polysaccharide units in  the polymer ma-
trix, rather than Zn-O bonding. These assignments are 
consistent with reported FTIR spectra of chitosan and 
related biopolymers (Li et al. 2018). The broad band be-
tween 3 490 and 3 120 cm−1 further supports the pres-
ence of O-H groups in PT, CS, and ZnO NPs-L, as well 
as  amino groups present in  CS and ZnO NPs-L (Pel-
legrin et al. 2014). The broadness of this band suggests 

Figure 1. UV-Vis spectrum of zinc oxide nano particles 
(ZnO NPs-L)

(A) (B)

(C)

Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of (A) zinc oxide nanoparticles (ZnO NPs-L), 
(B) hydrogel sample: PCL-1 and (C) hydrogel sample: PCL-2

PCL-1 – hydrogel with 10 mg ZnO NPs-L; PCL-2 – hydrogel with 20 mg ZnO NPS-L
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hydrogen bonding between the OH− and NH2+ groups 
of polymer chains and ZnO NPs-L. The band observed 
at 1 612−1 730 cm−1 corresponds to the carbonyl group 
in  the reaction medium (Pellegrin et al. 2014). Over-
all, the FTIR results confirm the successful incorpora-
tion of ZnO NPs-L within the polymer matrix through 
physical interactions without altering the  fundamental 
chemical structure of the polymers.

X-ray diffraction
The XRD pattern shown in Figure 3 represents the crys-

talline structure of  ZnO nanoparticles (ZnO NPs-L). 
The  hexagonal crystal structure of  the nanoparticles is 
confirmed by planes of ZnO, which are observed as dif-
fraction peaks at 2θ values of 32.3, 37.0, 48.5, 57.6, 64.1, 
69.4 and 91.4°. The  intense and sharp peaks confirmed 
that  the synthesised ZnO NPs-L are highly crystalline 

(Hua et al. 2017). The peak at 37.0° is particularly prom-
inent, suggesting that the NPs have a preferred orienta-
tion along this plane, which is usually noticed in ZnO NPs 
synthesised using green methods. The  AV leaf extract 
served as a reducing agent and as a capping agent, which 
helped in controlling the size and morphology of the NPs, 
contributing to their crystalline nature. The XRD pattern 
is consistent with the  standard ZnO crystal structure, 
indicating the  successful synthesis of  pure ZnO NPs-L 
without any significant impurities. The crystallite size (D) 
was  estimated by  the Debye-Scherrer equation (Equa-
tion  1, Tian et al. 2020). The  Debye-Scherrer equation 
calculated the crystallite size as 34 nm.

Surface morphology
Scanning electron microscopy. The  SEM images 

of  AV-based ZnO NPS-L (Figure 4A–4C) confirmed 

Figure 3. X-ray diffraction (XRD) 
spectrum of zinc oxide nanoparti-
cles (ZnO NPs-L)

(A) (B)

Figure 4. Scanning electron microscopy (SEM) images of ZnO nanoparticles (ZnO NPs-L) at different magni-
fication: (A) 200k× and (B) 500k×
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irregular, porous and heterogeneous surface mor-
phologies. A  sponge-like structure with spherical air 
bubbles was  also detected by  SEM in  ZnO NPS-L. 
The SEM images revealed that NPs appeared to be ag-
gregated into clusters, which contribute to high surface 
area and consequently are beneficial for  applications 
in biomedicine and the agriculture sector (Ahmad and 
Reddy 2020).

Moreover, the  surface morphology of  PT- and CS-
based hydrogels containing ZnO NPs-L with AV leaf 
extracts is shown in Figure 5. The control sample (PC) 
exhibited a relatively smooth and uniform surface with 
minor texturing. In contrast, the hydrogel with a  low 
concentration of ZnO NPs-L displayed a rougher sur-
face with pronounced texturing and small particle-like 
formations. The hydrogel with a higher concentration 
of ZnO NPs-L (PCL-2) showed the roughest and most 
irregular surface, with significant texturing and larger 
particle clusters. The increased surface roughness and 
heterogeneity in  PCL-1 and PCL-2 indicate the  suc-
cessful incorporation of  ZnO NPs-L particles, which 
are expected to  enhance the  hydrogels' mechanical 
properties, swelling behaviour and functional perfor-
mance in  various applications (Smeraldi et al. 2017). 
The  samples were analysed with a  histogram shown 
in  Figure  4C. The  histogram indicates a  narrow and 
monodisperse distribution, where the majority of  the 
particles are within the 135–140 nm range. The posi-

tive skewness implies uniform nucleation and a certain 
level of variation in particle growth, which is charac-
teristic of  green synthesis. This homogeneity of  scale 
is useful to antimicrobial applications, in which a fixed 
surface area and reactivity are important. The narrow-
ing distribution also indicates that the phytochemicals 
in the plant extract utilised in the synthesis are effective 
capping and stabilising agents (Momoh et al. 2024).

Atomic force microscopy. Figure  6 exhibits 
the three-dimensional AFM images of hydrogel com-
posite samples with varying weight percentages of ZnO 
NPs-L. The surface topography shows significant dif-
ferences in surface roughness among the prepared hy-
drogel samples. The hydrogel (PC) revealed a relatively 
smoother surface with a root mean square (RMS) value 
of 145.31 nm. In contrast, by structural modifications, 
the hydrogel with 10 mg ZnO NPs-L (PCL-1) showed 
increased surface roughness at 167.37 nm, while the hy-
drogel containing 20 mg ZnO NPs-L (PCL-2) exhibit-
ed the highest roughness at 278.15 nm, and the higher 
roughness contributes to  the enhancement of  the in-
terface. In the membrane images, surface depressions 
appear darker, while elevations indicate variations 
in  brightness. Bright areas  indicate protrusions on 
the hydrogel surface, whereas shadowy regions show, 
in some cases, pores or valleys. The gradually increased 
roughness corresponds to  enhanced zinc particle 
deposition, which is effective in enhancing the capacity 

Figure 5. Scanning electron microscopy (SEM) images of PT/CS based hydrogels as PC (without ZnO NPs-L), PCL-1 
(10mg ZnO NPs-L) and PCL-2 (20 mg ZnO NPs-L at different magnification (100×, 300k×)

PT – pectin; CS – chitosan; ZnO NPs-L – zinc oxide nanoparticles
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of the hydrogel to trap water within the hydrogel ma-
trix (Lee et al. 2017). This roughness increased the sur-
face area, thus supporting interaction between surface 
hydroxyl groups and water and improving hydrophilic-
ity. These changes in  surface morphology are crucial 
for optimising hydrogel applications in biomedical and 
agricultural applications (Rhodes 2015).

Gel content. Figure  7 exhibits the  effect of  ZnO 
NPs-L on gel content variation. The control sample ex-
hibits a lower gel content compared to other samples. 
The gel content increased with an increase in the con-
centration of ZnO NPs-L in a dose-dependent manner 

from PCL-1 to PCL-2. The results also validate the ef-
fectiveness of ZnO NPs-L, as  it forms van der Waals 
forces, hydrogen bonds, and coordination bonds, 
which collectively strengthen the  network structure 
(Ahmad et al. 2008).

The contact angle measures the  hydrophilic poly-
meric network of the hydrogel. In literature, a contact 
angle ranging from 0° to  90° indicates the  hydrophil-
ic nature of a material (Read et al. 2011). The contact 
angles measured for  all hydrogels were within this 
range, confirming the  hydrophilic properties of  the 
hydrogel material. Incorporation of  ZnO NPs-L into 

Figure 6. Atomic force micros-
copy (AFM) images of  PT/CS 
based hydrogels as PC (without 
ZnO NPs-L), PCL-1 (10 mg ZnO 
NPs-L) and PCL-2 (20 mg ZnO 
NPs-L)

PT – pectin; CS – chitosan; ZnO 
NPs-L – zinc oxide nano particles

(A) (B)

Figure 7. (A) Gel content and (B) contact angle of PT/CS hydrogels with and without ZnO NPs-L

PT – pectin; CS – chitosan; ZnO NPs-L – zinc oxide nano particles; PC  – hydrogel without ZnO NPs-L; PCL-1 – hydrogel 
with 10 mg ZnO NPs-L; PCL-2 – hydrogel with 20 mg ZnO NPs-L
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hydrogels significantly influenced their surface wet-
tability, as  shown by  contact angle measurements. 
The pure hydrogel (PC) showed the maximum contact 
angle, indicating the  minimum hydrophilic surface. 
In contrast, hydrogels with 10 mg (PCL-1) and 20 mg 
(PCL-2) of  NPs showed progressively lower contact 
angles, demonstrating more hydrophilicity, as  shown 
in  Figure  7B. This improvement in  wettability due 
to increased NP concentration is explained by the hy-
drophilicity of ZnO, and such modified hydrogels are 
in  demand in  the biomedical and agriculture fields 
(Ngo and Natowitz 2018). 

Thermogravimetric analysis (TGA). TGA was per-
formed to evaluate the thermal stability of the PT/CS-
based hydrogels. All the hydrogels showed three steps 
of weight loss during thermal degradation. The initial 
minimal weight loss was  seen at  temperatures below 
100  °C and is due to  the evaporation of  physically 
absorbed water. A  significant weight loss occurred 
between 200  °C and 450  °C, corresponding to  the 
thermal decomposition of the main polymer matrix or 
organic material. The temperature range of 450 to 500 °C 
marks the final stage of degradation, attributed to the 
thermal breakdown of the hydrogel, with ash content 
remaining after 500  °C. Thermal analysis exhibited 
that all hydrogels showed a similar degradation pattern. 
The hydrogel with a low concentration of ZnO NPs-L 
(PCL-1) exhibited a similar initial weight loss pattern 
but demonstrated enhanced thermal stability with 

a  smaller weight loss in  the primary decomposition 
range, as shown in Figure 8. The hydrogel with a high 
concentration of ZnO NPs-L (PCL-2) showed the high-
est thermal stability, with a further reduced weight loss 
in the same temperature range. The increased thermal 
stability in PCL-1 and PCL-2 can be attributed to the 
stabilising properties of ZnO NPs-L and the reinforcing 
effect. The residue at 600 °C for PC, PCL-1, and PCL-2 
was 26.93, 33.07, and 39.52%, respectively, representing 
the  quantity of  inorganic content. The  final residues 
of PCL-1 and PCL-2 were higher than those of the PC, 
which was primarily due to the incorporation of ZnO 
NPs-L. These results suggest that  the incorporation 
of  ZnO NPs-L significantly improves the  thermal 
stability of the hydrogels, which suggests its potential 
benefits for use in agriculture and biomedicine (Dimi-
trou et al. 2024).

Mechanical properties. Mechanical testing was used 
to evaluate the elasticity and strength of the hydrogels 
of  PT/CS (Gila-Vilchez et al. 2019). Figure  9 shows 
that the tensile strength (TS) of all hydrogels' values in-
creased with higher concentrations of ZnO NPs-L, while 
the elongation at break decreased accordingly (Phadke 
et al. 2012). The pure hydrogel (PC) showed the lowest 
tensile strength as  compared to  ZnO NPs-L incorpo-
rated hydrogels. The  control sample showed 5.8  MPa 
strength, and PCL-1 showed 6.5 MPa, which increased 
to 8.3 MPa for PCL-2. However, the elongation at break 
for PC was 15.2%, which decreased to 10.1% for PCL-2. 

Figure 8. Thermogravimetric analysis (TGA) thermo-
grams of  PC (hydrogel without ZnO NPs-L), PCL-1 
(hydrogel with 10 mg ZnO NPs-L) and PCL-2 (hydrogel 
with 20 mg ZnO NPs-L) 

ZnO NPs-L – zinc oxide nanoparticles

Figure 9. Elongation at break (%) and tensile strength 
(MPa) of PT/CS based hydrogels as PC (without ZnO 
NPs-L), PCL-1 (10mg ZnO NPs-L) and PCL-2 (20 mg 
ZnO NPs-L)

PT – pectin; CS – chitosan; ZnO NPs-L – zinc oxide nano-
particles
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The increase in TS and decrease in elongation at break 
indicate a  good blending of  all polymer components, 
which provide a rigid structure to the ZnO NPs-L in-
corporated hydrogels with enhanced mechanical prop-
erties. This enhancement is attributed to the reinforcing 
effect of ZnO NPs-L, which improves the hydrogel ma-
trix (Zumbuehl et al. 2007). For evaluating edible films, 
tensile strength and elongation at  break are import-
ant parameters. Tensile strength is the  greatest stress 
the film can withstand before breaking, while elonga-

tion at break shows stretching without breaking. Both 
the tensile strength and elongation rely on the materi-
al's composition; the  greater its elongation, the  better 
the film's flexibility and capability to envelop wrapping 
food (Cheang et al. 2025).

Swelling experiments
Swelling experiments were carried out to determine 

the  swelling capacity of  hydrogels and to  evaluate 
the impact of varying amounts of ZnO NPs-L on their 

Figure 10. Swelling ratio of PT/CS 
based hydrogels as PC (without ZnO 
NPs-L), PCL-1 (10mg ZnO NPs-L) 
and PCL-2 (20 mg ZnO NPs-L)

PT – pectin; CS – chitosan; ZnO NPs-L 
– zinc oxide nanoparticles

Figure 11. pH-dependent behav-
iour of PT/CS based hydrogels 
as  PC (without ZnO NPs-L), 
PCL-1 (10 mg ZnO NPs-L) and 
PCL-2 (20 mg ZnO NPs-L)

PT – pectin; CS – chitosan; ZnO 
NPs-L – zinc oxide nanoparticles
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swelling behaviour in different media, including water 
and salt solutions. Additionally, the pH responsiveness 
of these hydrogel samples was examined. 

Hydrogel swelling behaviour in distilled water. Fig-
ure 10 shows the results of swelling investigations. Gen-
erally, an increase in ZnO NPs-L concentration correlates 
with a  greater swelling capacity. For  the control hydro-
gel (PC), swelling gradually increased until equilibrium 
was reached at 120 min, with a maximum swelling of ap-
proximately 4 140%. PCL-1, which contains 10 mg ZnO 
NPs-L, exhibited a higher swelling rate than the control, 
achieving a  maximum swelling of  5  780% at  the same 
equilibrium time of 120 min (Zumbuehl et al. 2007). PCL-
2, which contains 20 mg ZnO NPs-L, showed the high-
est swelling, reaching 57 800% at 120 min. The enhanced 
protonation of amino and carbonyl groups from the poly-
mers, which improves the hydrophilicity of the polymer 
network, is related to  increasing the  swelling capacity 
with higher ZnO NPs-L concentrations (Zumbuehl et al. 
2007). Biodegradable polymers are an outstanding source 
for  the packaging of  food; hydrogel-based materials 
can easily remove excess water and extend the shelf life 
of the food products (Batista et al. 2019). Hydrogels have 
excellent properties, and their three-dimensional struc-
ture easily retains and absorbs excess amounts of water 
(Niemczyk-Soczynska et al. 2023).

Hydrogel swelling in  different buffer solutions. 
The swelling behaviour of hydrogels is a key indicator 
of their suitability for biomedical applications. In this 
study, to  enhance the  sensitivity of  the polymeric 
chains to  pH change, pH-responsive hydrogels were 
developed, with ZnO NPs-L incorporated. To  assess 
the  impact of  pH on swelling capacity, the  hydrogels 
were immersed in buffer solutions ranging from pH 2 

to pH 10. As illustrated in Figure 11, all hydrogels (PC, 
PCL-1, and PCL-2) exhibited minimal swelling at pH 2, 
followed by a sharp increase at pH 4 and a subsequent 
decrease at neutral pH. In alkaline media, a slight in-
crease in  swelling was  observed compared to  acid-
ic conditions. The  swelling behaviour is influenced 
by  the pKa values of  its acidic groups and the  pKb 
values of  its basic pendant groups present in  the hy-
drogels. The polymer network in this study comprises 
PT, which contains carboxyl groups that enhance pH 
responsiveness by protonating under acidic conditions 
and CS, with amino groups that protonate below pH 6, 
forming positively charged ammonium ions. Together, 
these biopolymers significantly influence the  swelling 
behaviour of  the hydrogels (Zumbuehl et al. 2007). 
As  the pH increased, deprotonation of  the amino 
groups took place, which led towards reduced electro-
static interactions between the  polymer network and 
solvent, thereby reducing swelling (Booty et al. 2018).

At  basic pH levels, enhanced deprotonation tends 
to  limit the  swelling of  the hydrogels, often resulting 
in minimal or negligible expansion. The overall swell-
ing trend of all hydrogels remained consistent across all 
hydrogel formulations, instead of the variations in envi-
ronmental pH (Islam et al. 2023). However, the degree 
of swelling was influenced by the concentration of ZnO 
NPs-L. As the concentration of ZnO NPs-L increases, 
so does the swelling of the hydrogel. This is likely due 
to the increased number of protonation sites provided 
by ZnO NPs-L. Higher ZnO NPs-L concentrations lead 
to greater protonation, resulting in significant swelling 
in acidic media at pH 4 (Purkait et al. 2023).

Swelling in  electrolytes. Swelling experiments 
were conducted in  vitro by  using different con-

Figure 12. Effect of electrolytes on hydrogel swelling: (A) NaCl and (B) CaCl2

(A) (B)
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centrations of  molar solutions of  NaCl and CaCl2 
to  assess the  impact of  electrolytes such as  Na, Ca, 
and Cl− on the  swelling properties of  the hydrogels. 
The  swelling pattern in  both salts (NaCl and CaCl2) 
showed that  as  the concentration of  the salts in-
creased, the swelling decreased. The findings of elec-
trolyte-based swelling analysis of hydrogels are shown 
in  Figures  12A and 12B. NaCl, with its monovalent 
Na− cation, and CaCl2, with its divalent Ca 2+, both 
share a  common Cl−. The  reduction in  swelling can 
be attributed to the charge screening effect of the ions 
(Shao et al. 2010). The swelling behaviour of hydrogels 
in  CaCl2 was  reduced as  compared to  NaCl, which 

was likely due to the stronger screening effect of the 
divalent calcium cation.

Antibacterial activity
Figure  13 demonstrated the  antimicrobial activi-

ty of  PT/CS-based hydrogels against gram-positive 
bacteria S. aureus and gram-negative bacteria E. coli. 
The  zones of  inhibition surrounding each sample on 
the  agar plate indicate the  extent of  bacterial growth 
suppression. The  positive control, chloramphenicol 
(+ve control), showed a clear zone of  inhibition, con-
firming its effectiveness against E.  coli and S.  aureus 
(Adigbli et al. 2016; Gila Vilchez et al. 2019). The neg-
ative control, DMSO (–ve control), did not exhibit any 
inhibition, indicating no antibacterial effect. As  seen 
in  Figure  13, all tested samples showed an  inhibitory 
zone of bacterial growth against both bacterial strains, 
which can be attributed to the antibacterial properties 
of CS, PT and ZnO NPs-L combined within the struc-
ture of hydrogels. Among the hydrogels, PCL-2, with 
the  highest concentration of  ZnO NPs-L, displayed 
the largest inhibition zone (Table 1), suggesting that in-
creasing the  concentration of  ZnO NPs-L enhanced 
the  hydrogels' antibacterial properties. PCL-1 also 
showed a  noticeable inhibition zone, although small-

Figure 13. Antimicrobial zone of PT/CS based hydrogels: PC (without ZnO NPs-L), PCL-1 (with 10 mg ZnO NPs-L) 
and PCL-2 (with 20 mg ZnO NPs-L) against E. coli and S. aureus using standard antibiotic chloramphenicol as a pos-
itive control and DMSO as a negative control

PT – pectin; CS – chitosan; ZnO NPs-L – zinc oxide nanoparticles

Bacteria 
strains

PC
(mm)

PCL-1
(mm)

PCL-2
(mm)

E. coli 9 ± 0.15c 13 ± 0.25b 18 ± 0.30a

S. aureus 8 ± 0.13c 12 ± 0.20b 16 ± 0.25a

a–cdifferent letters indicate significant difference at P ≤ 0.05; 
ZnO NPs-L – zinc oxide nanoparticles

Table 1. Diameter (mm) inhibition zones antimicrobial 
activity observed for hydrogels PC (without ZnO NPs-L), 
PC-1 (with 10 mg ZnO NPs-L), and PCL-2 (with 20 mg 
ZnO NPs-L) against E. coli and S. aureus
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er than PCL-2, while the  PC hydrogel, which has  no 
ZnO NPs-L, shows minimal antibacterial activity. This 
suggested that the incorporation of ZnO NPs-L is cru-
cial for the antimicrobial effectiveness of these hydro-
gels. The  antibacterial mechanism of  ZnO-NPs-L is 
attributed to  the release of Zn2+ ions, which contrib-
ute to  the breakdown of  lipids and proteins in bacte-
rial cell membranes. Similar mechanisms have been 
proposed for  the antibacterial mechanism of  CS and 
PT (Hosoya et al. 2016; Kato and McKnight 2021). 
The NH3+ ions in the CS structure can bind with nega-
tively charged ions on cell membranes, and COO− can 
interact with the  positively charged components 
of bacterial cell walls, resulting in cytoplasmic leakage 
into the  extracellular matrix (Alsharbaty et al. 2024). 
ZnO-based hydrogel material as a biodegradable active 
packaging material in  the preservation of  food. They 
have good antimicrobial effects (E. coli and S. aureus), 
thereby  increasing the  shelf life of  perishable foods, 
barrier properties, enhancing mechanical properties 
and UV-shielding properties (Cheang et al. 2025). 
Hydrogel-based biopolymer packaging enhanced its 
functionality by  incorporating antimicrobial agents 
to remove reactive oxygen species and food spoilage.

CONCLUSION

PT/CS-based hydrogel samples were prepared by in-
corporating metallic nanoparticles, ZnO NPs-L, used 
as functional filler. The FTIR results confirmed the suc-
cessful formation of  nanoparticles and their effective 
interaction with the  polymeric hydrogels. The  SEM 
images and XRD investigation also confirmed the na-
noscale dimension of  the synthesised ZnO NPs-L. 
The  swelling ratios of  PT/CS films without or with 
10 mg NPs were 4 140% and 5 000%, respectively; how-
ever, it increased up to 5 780% when 20 mg ZnO NPs-L 
were incorporated. The PCL-1 and PCL-2 hydrogels ex-
hibited higher hydrophilicity, gel strength, thermal and 
mechanical and other properties than the control sam-
ple (PC). The PT/CS-based hydrogel with green-syn-
thesised ZnO NPs-L exhibited strong antibacterial 
activity against pathogenic bacteria, E. coli and S. au-
reus. The research work done supports the core objec-
tive of the present study, which was to develop a novel 
green nanocomposite hydrogel with enhanced proper-
ties to fill the gap in both the biomedical and agricul-
tural sectors. The developed nanocomposite hydrogels, 
especially PCL-2, have great potential for  application 
in different fields of interest due to better mechanical, 
swelling and antimicrobial properties.
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