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Abstract 
The growing consumer demand for preservative-free food products has intensified research into 
antimicrobial biopolymers for food packaging. This study explores the antimicrobial potential of chitosan 
by developing a novel biopolymer through blending chitosan and whey protein in varying ratios (1:1, 
1:2, 1:3) and incorporating essential oils to enhance antimicrobial efficacy. Mint and ginger essential 
oils were added at concentrations of 0.5%, 1%, 1.5%, and 2%, with initial screenings identifying the 
optimal composition as a 1:1 chitosan–whey protein matrix supplemented with 1% mint essential oil. 
The optimized biopolymer exhibited broad-spectrum antibacterial activity against a Gram-positive 
(Staphylococcus aureus) and a Gram-negative bacteria (Salmonella enterica Serovar Typhimurium), 
as well as a yeast (Saccharomyces cerevisiae). Notably, the presence of essential oils significantly 
enhanced the polymer’s antimicrobial properties, with superior efficacy observed in the essential 
oils compared to the polymer alone. Structural and physicochemical analyses demonstrated that 
the addition of mint essential oil improved the polymer’s surface uniformity, elasticity, and viscosity. 
Fourier-transform infrared (FT-IR) spectroscopy confirmed that the functional groups of the biopolymer 
remained largely unaltered upon mint oil incorporation. Mechanical testing revealed an increase in 
tensile modulus and a decrease in cutting modulus, alongside a minor reduction (2.35%) in melting 
point. Additionally, both the untreated and mint-enriched biopolymers exhibited decreased brightness 
and a slight tendency toward yellowing. These findings underscore the potential of chitosan–whey 
protein-based biopolymers, reinforced with essential oils, as sustainable and effective antimicrobial 
packaging materials for food preservation. 

Keywords: Food, Bacteria, In vitro Study, Natural Products, Biodegradable Polymers

https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-0549-249X
https://orcid.org/0000-0003-2070-5924


  www.microbiologyjournal.org634Journal of Pure and Applied Microbiology

Al Towaijri et al | J Pure Appl Microbiol. 2025;19(1):633-646. https://doi.org/10.22207/JPAM.19.1.53

INTRODUCTION

 The belief that we are in the final stages 
of a period referred to as the post-antibiotic 
age is presently supported by the scientific 
community. The outlook for the future is deemed 
bleak unless our present strategy of producing 
synthetic antimicrobial agents, which quickly 
become ineffective against bacteria resistant to 
many drugs, is forsaken. It has been shown by 
numerous studies and investigations that natural 
products might be considered a viable alternative 
to insufficient drugs in the fight against infectious 
diseases.1

 Significant interest in the packaging sector 
has been garnered by antimicrobial polymers 
due to their beneficial impact on food quality 
and safety, as well as their capacity to extend 
shelf life, offering an effective alternative for 
mitigating, inhibiting, or preventing the growth of 
bacteria that cause infections and spoilage in food 
products.2 Biopolymers, encompassing proteins, 
lipids, carbohydrates, and their composites, are 
regarded as the principal materials used for this 
purpose owing to their advantages, including 
biodegradability, abundant availability, and 
renewability.3

 Antimicrobial chemical agents are 
integrated into the polymer matrix to create 
antimicrobial packaging barriers that help 
prevent the proliferation of certain microbes, 
which may result in food contamination.3 The 
food industry is now contending with many 
challenges, including regulating the natural 
ripening process, mitigating the restricted shelf 
life of perishable items, and minimizing processing 
levels.4 For many years, a major challenge in food 
science has been to mitigate the degradation of 
vitamins and minerals, prevent lipid oxidation, 
regulate enzymatic activity, and inhibit microbial 
growth through advancements in food packaging 
technologies. The goal is to enhance the stability 
and safety of food products, ensuring their 
quality is maintained until consumption.5 The 
most traditional packaging materials are derived 
from petroleum-based polymers, which provide 
significant environmental challenges upon disposal 
due to their biodegradability issues. Consequently, 
several researchers have shown interest in 
ecologically sustainable packaging membranes and 

coatings, which function as an environmentally 
responsible alternative for food packaging.6

 Chitosan is an amino-polysaccharide 
biopolymer characterized by a distinctive 
chemical structure. It has a linear polycation 
structure with elevated charge density, reactive 
hydroxyl  and amino groups, and robust 
hydrogen bonding capabilities. The material has 
exceptional biocompatibility, durability, and ease 
of manufacture. The name ‘chitosan’ denotes a 
diverse array of polymers that integrate various 
physical, chemical, and biological properties. This 
versatility enables a diverse array of applications, 
which are both intriguing and mostly unexplored.7 
Chitosan is now considered a principal constituent 
in the formation of biodegradable food packaging, 
alongside carbohydrates, proteins, and lipids. 
The advantageous properties of membrane 
composition and its biological attributes, including 
antibacterial, antifungal, and antiviral activity, 
have augmented its use in food packaging.8 Whey 
protein is used as a dietary component owing 
to its nutritional content, gel-forming capacity, 
and viscosity.9 Whey protein membranes exhibit 
transparency, flexibility, and a pleasant odor and 
taste, making them appealing to customers.10

 Historically, plants have served as the 
primary source of antimicrobial agents since 
ancient times.11 Essential oils obtained from 
medicinal plants exhibit significant antimicrobial 
and antioxidant properties. The antimicrobial 
properties of these oils are mainly linked to 
their phenolic compounds, as demonstrated 
in numerous studies on essential oils such as 
rosemary, thyme, ginger, peppermint, oregano, 
and others.12

 Therefore, the current study aimed 
to focus on the synthesis of a biopolymer 
derived from chitosan and whey proteins, 
incorporating vegetable oils, and examined its 
physical, mechanical, structural, and antimicrobial 
properties.

MATERIALS AND METHODS

Materials
 The Chitosan was obtained from ACROS 
ORGANICS (Thermo Fisher Scientific, USA). It was 
derived from chitin (C6H1104N)n and has a molecular 
weight of (161n) and a density of 0.3 g/ml. The 
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degree of deacetylation is 90%. Acetic acid was 
provided by Honeywell. The whey protein, which 
has a protein content of 35%, was acquired from 
Jarrow FORMULAS. Ginger oil (Zingiber officinale) 
and peppermint extract (Mentha piperita) were 
bought from a trusted local market in Buraydah, 
Qassim. Glycerol was provided by Panreac. 
The Department of Food Science and Human 
Nutrition at Qassim University donated samples 
of Staphylococcus aureus, Salmonella typhimurium 
(Salmonella enterica Serovar Typhimurium), and 
Saccharomyces cerevisiae strains sourced from 
contaminated foods.

Methods
Biopolymer preparation
 The biopolymer was prepared utilizing 
(chitosan/milk serum protein) (Figure 1) with the 
polymer loaded at different concentrations of 
extracts of both ginger oil and mint as antimicrobial 
agents (0.5, 1, 1.5, and 2%). The preparation of the 
biopolymer proceeded as follows: Chitosan at a 
concentration of one percent (w/w) was prepared 
by dissolving it in 1% acetic acid with vigorous 
stirring for 30 minutes until complete dissolution 
occurred. The chitosan solution was blended for 
4 minutes to achieve homogeneity. The mixture 
was permitted to rest for two hours.13 A 12% 
(w/w) milk serum protein solution was prepared 
and mixed with a 6% glycerol aqueous solution at 
room temperature. The mixture was maintained 
at 74 °C for 20 minutes while being stirred.14 For 
the preparation of Biopolymer Blends, the chitosan 
solution was mixed with the milk serum protein 
solution for 4 minutes at different mixing ratios 
(1:3, 1:2, 1:1). Then, different concentrations of 
ginger oil or mint extract (0.5%, 1%, 1.5%, 2%) 
were added. The mixture was homogenized for 2 
minutes at 5 °C, and then left for 30 minutes in an 
ultrasonic water bath to remove any air bubbles 
after homogenization. The biopolymer mixture, 
with or without the addition of ginger oil or mint, 
at different concentrations, was placed in special 
silicon dishes (dish area 9 cm2). The contents of 
the dishes were dried at 45 °C for 22 hours. The 
membranes were fixed for 48 hours at 25 °C and 
58% humidity within a glass dryer containing 
calcium chloride. The optimal blending ratio was 
established through an initial experiment aimed 
at maximizing the antimicrobial capacity of the 

mixture. This was assessed by measuring the 
inhibition zone diameter (mm) surrounding the 
biopolymer disc (6 mm²) against the following 
microorganisms: Salmonella Typhimurium, 
Staphylococcus aureus, and Saccharomyces 
cerevisiae. 

Antimicrobial properties of biopolymer
 This study evaluated the antimicrobial 
effects of a biopolymer made from chitosan and 
milk serum proteins, both independently and in 
combination with varying concentrations (0.5%, 
1%, 1.5%, and 2%) of ginger oil and mint extracts, 
on Gram-positive and Gram-negative bacteria as 
well as yeast. The disc diffusion technique was 
employed to achieve this outcome.15 Petri dishes 
with nutrient agar medium were coated with 0.1 ml 
of pathogenic bacteria, specifically Staphylococcus 
aureus and Salmonella Typhimurium, along with 
yeast. Yeast was placed into Petri dishes containing 
Potato Dextrose Agar medium. Composite 
membrane samples (6 mm2) were subsequently 
positioned on agar surfaces and incubated at  
37 °C for 18 hours for pathogenic bacteria and at 
25 °C for 3-5 days for yeast. The inhibition zones 
surrounding each membrane were identified and 
measured in millimeters (mm) using a ruler.

Morphological characterization of biopolymer
 The morphological characteristics of the 
biopolymer consisting of chitosan and milk serum 
proteins, as well as the combination with 1% mint oil 
extract, were evaluated through Scanning Electron 
Microscopy (SEM) at a magnification of x103. The 
morphological characteristics of the membranes 
were analyzed using Scanning Electron Microscopy 
in accordance with established procedures.16 
The membranes underwent pretreatment prior 
to analysis using Scanning Electron Microscopy. 
Samples were sectioned into small slices and 
immersed in a solution of 2% (v/v) glutaraldehyde 
and 0.1 M sodium cacodylate buffer (pH 7.2) for 
two hours. They were subsequently washed with 
0.1 M sodium cacodylate buffer three times over 
ten minutes, then fixed in 0.2 M sodium cacodylate 
buffer (pH 7.2) and 0.4% (w/v) osmium tetroxide 
for two hours, followed by another series of washes 
with 0.1 M sodium cacodylate buffer three times in 
ten minutes. The samples underwent dehydration 
for 15 minutes using a graded ethanol series of 
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30%, 50%, 70%, and 90% (v/v), followed by three 
additional 15-minute treatments with 99.5% 
(v/v), and were subsequently dried overnight. 
The dried samples were affixed to aluminum stubs 
and coated with a gold layer via a “Baizer SCD 
SPUTTER” coater, facilitating surface visualization 
at an accelerating voltage of 5 kilovolts.

Estimation of rheological properties of the 
polymer
 A stress-controlled rheometer (Discovery 
Hybrid Rheometer, DHR-2, TA Instruments, USA) 
was utilized to evaluate the rheological properties, 
specifically viscosity, of liquid polymer samples 
under four conditions: (i) chitosan alone; (ii) milk 
serum proteins alone; (iii) a 1:1 combination of 
chitosan and milk serum proteins; and (iv) the 
same 1:1 combination supplemented with 1% 
mint oil. The measurements were conducted using 
cone-plate geometry (40 mm diameter, 2° angle, 
52 µm gap). The elastic and viscous characteristics 
of the polymer samples were analyzed across 
a temperature range of 5-35 °C (heating) and  
35-5 °C (cooling) at a controlled rate of 1 °C per 
minute. An oscillation frequency of 1 Hz and 
an applied pressure of 3 Pa were maintained 
during the experiments. Temperature-dependent 
changes in the storage modulus (G’), loss modulus 
(G’’), and phase angle (tan δ) were systematically 
recorded.17

FTIR spectroscopy, ALPHA-Eco FT-IR spectrometer
 Polymer Composition Characteristics was 
also studied using ATR-FTIR Spectroscopy, ALPHA-
Eco FT-IR Spectrometer. ATR-FTIR spectroscopy 
was employed to analyze the spectra of powder 
samples of biopolymer blends comprising 
chitosan and milk serum proteins (1:1), with and 
without the addition of mint oil. The analysis was 
performed using an ALPHA-Eco FT-IR spectrometer 
equipped with an Eco-Zn Se sampling unit (Bruker 
Optics, Germany). Spectra were recorded over a 
wavenumber range of 4000–600 cm-¹.17

Estimation of pH
 The pH value of chitosan/milk serum 
protein solutions and chitosan/milk serum protein 
solutions with 1% mint oil was measured using 
the Adwa-Romania pH Tester AD101 device. The 
measurements of the device ranged from 2.0 

to 16.0 pH, with 0.01 pH accuracy and reading 
precision of ± 0.02 pH.18

Tensile, shear, and thickness properties
 The tensile strength was measured using 
the Texture analyzer TAG XT2, UK, for samples of 
biopolymer membranes composed of chitosan/
milk serum proteins (1:1) with or without 1% mint 
oil. Slices were made from each sample with an 
area of each slice measuring 2 × 5 cm. The polymer 
slices were mounted on the testing device and 
subjected to a load cell with a capacity of 5 kg. 
The experiments were conducted at a crosshead 
speed of 1 mm/s, utilizing a lower platen with a 
dimension of 0.05.19

Estimation of polymer thickness
 The thickness of the biopolymer 
membranes was determined using a digital 
electronic thickness gauge with a precision of 
0.01 mm. Measurements were taken at ten 
distinct points on each sample, and the average 
thickness was calculated to ensure accuracy and 
uniformity.20

Dissolution estimation
 The water solubility of the biopolymer 
was evaluated by immersing it in distilled water 
at a ratio of 10:1 (water to polymer) for 48 hours. 
Following immersion, the polymer samples 
were dried in an oven at 50 °C for two days to 
remove residual moisture. It was then moved 
to a desiccator and left at ambient temperature 
for a period of two weeks until a stable weight 
was attained. The dissolution was assessed by 
measuring the starting and final weights of the 
polymer across three duplicates.21

Estimation of color
 Color estimation was conducted using 
the Hunter Lab instrument.22 The calibration 
of the device was performed using black and 
white ceramic tiles. The measurements of the 
samples were taken using D-silluminant and 
observer, and color values were expressed through 
measuring three parameters: L - a - b. Where: L 
denotes lightness, ranging from 0 (black) to 100 
(white); The parameter a denotes the intensity of 
redness, where positive values signify red tones 
and negative values indicate green tones; The 
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parameter b denotes the extent of yellowness, 
where positive values signify yellow tones and 
negative values indicate blue tones.

Statistical analysis
 Experimental data were analyzed using 
IBM SPSS Statistics (v. 28.0, IBM Corp., Armonk, 
NY, USA) with three independent replicates per 
treatment. One-way ANOVA was performed for 
each microbial strain (Saccharomyces cerevisiae, 
Staphylococcus aureus, Salmonella typhimurium) 
to assess the effects of biopolymer ratios (1:1, 
1:2, 1:3) and essential oil concentrations (0-2%). 
Levene’s test confirmed variance homogeneity 
(p > 0.05). Tukey’s HSD post hoc test identified 
significant differences (p < 0.05), with results 
reported as mean ± SE and distinct superscripts 
indicating statistical significance within each strain.

RESULTS AND DISCUSSION

 The antimicrobial efficacies of essential 
oil-functionalized biopolymers (ginger and 
mint) are presented in Table 1 and 2, and Figure 
1. Tukey’s HSD analysis revealed significant 
differences (p < 0.05) in the antimicrobial activity 
of chitosan-whey biopolymers functionalized 
with mint (MEO) or ginger essential oils (GEO) 
across all tested microbial strains (Saccharomyces 

cerevisiae, Staphylococcus aureus, Salmonella 
Typhimurium). For MEO-containing biopolymers 
(Table 1), the 1:1 chitosan:whey ratio with 1% 
MEO demonstrated optimal broad-spectrum 
inhibition, achieving zones of 21.5 ± 0.12 mm 
(yeast), 20.0 ± 0.42 mm (S. aureus), and 24.0 ± 0.08 
mm (S. typhimurium). In contrast, GEO-enhanced 
biopolymers (Table 2) exhibited strain-specific 
efficacy: the 1:2 ratio with 2% GEO showed the 
strongest activity against S. Typhimurium (26.3 ± 
0.33 mm), while the 1:3 ratio with 2% GEO was 
most effective against S. aureus (25.3 ± 0.04 mm). 
Regarding the dose-dependent antimicrobial 
effects, both MEO and GEO displayed non-linear 
dose-response relationships. For MEO, increasing 
concentrations beyond 1% reduced inhibitory 
effects against S. aureus (20.0 mm at 1% vs. 
11.0 mm at 2%), likely due to oil volatility or 
matrix saturation. Similarly, GEO at 2% in the 1:3 
ratio caused complete loss of activity against S. 
Typhimurium (0.0 mm), suggesting potential 
antagonistic interactions at higher doses. With 
reference to strain-specific sensitivity, the Gram-
negative S. Typhimurium exhibited greater 
susceptibility to MEO (24.0 mm at 1%) than 
Gram-positive S. aureus (20.0 mm), aligning with 
chitosan’s ability to disrupt outer membrane 
integrity. Conversely, GEO showed stronger 
activity against S. aureus (25.3 mm at 2%) than S. 

Figure 1. The composition of the polymer blend 1:1 chitosan and milk serum proteins with 1% peppermint oil. The 
polymer before drying (A). The polymer after drying (B)



  www.microbiologyjournal.org638Journal of Pure and Applied Microbiology

Al Towaijri et al | J Pure Appl Microbiol. 2025;19(1):633-646. https://doi.org/10.22207/JPAM.19.1.53

Typhimurium (0.0 mm), likely due to gingerol’s 
affinity for Gram-positive peptidoglycan. Yeast 
inhibition was consistently lower than bacterial 
targets, reflecting fungal cell wall resilience.
 Table 3 and 4, together with Figure 
2, depict the findings of the biopolymer’s 
antibacterial characteristics. The disc diffusion 

method was used for the biopolymer blend 
(chitosan and milk serum proteins in a 1:1 ratio 
with 1% peppermint oil), as well as for the 
control (Treatment 1) which lacked peppermint 
oil (chitosan and milk serum proteins 1:1). The 
findings demonstrated the inhibitory effect of the 
polymer infused with 1% peppermint oil on Gram-

Table 2. Antimicrobial Activity of Chitosan-Whey Biopolymers with Ginger Essential Oil (GEO)

Mixing Ratio  MEO  Saccharomyces  Staphylococcus  Salmonella 
(Chitosan: Whey) (%) cerevisiae (mm) aureus (mm) Typhimurium (mm)

1:1 0.0 18.0 ± 0.26a 11.0 ± 0.10e 14.0 ± 0.20c

 0.5 13.6 ± 0.12b 11.6 ± 0.04e 12.6 ± 0.20d

 1.0 13.0 ± 0.00bc 19.6 ± 0.04b 16.6 ± 0.20b

 1.5 14.3 ± 0.12b 21.3 ± 0.04a 11.0 ± 0.08e

 2.0 14.3 ± 0.25b 22.0 ± 0.21a 11.3 ± 0.12e

1:2 0.0 12.3 ± 0.10c 15.0 ± 0.00c 10.3 ± 0.13f

 0.5 9.0 ± 0.08d 12.3 ± 0.12d 0.0 ± 0.00g

 1.0 9.3 ± 0.04d 14.0 ± 0.08c 16.3 ± 0.09b

 1.5 13.5 ± 0.12c 17.0 ± 0.08b 20.3 ± 0.04a

 2.0 15.0 ± 0.16b 20.0 ± 0.00a 26.3 ± 0.33a

1:3 0.0 15.0 ± 0.31b 17.0 ± 0.25b 19.0 ± 0.15a

 0.5 12.6 ± 0.04c 13.0 ± 0.14d 18.0 ± 0.43a

 1.0 12.0 ± 0.14c 14.3 ± 0.09c 16.6 ± 0.38b

 1.5 12.3 ± 0.04c 15.6 ± 0.09c 19.0 ± 0.29a

 2.0 17.0 ± 0.16a 25.3 ± 0.04a 0.0 ± 0.00g

Data expressed as mean ± standard error (n = 3); Superscript letters (a, b, c, etc.) denote statistically distinct groups (p < 0.05) 
within each microbial column, analyzed by Tukey’s HSD test; “0.0 ± 0.00” indicates no detectable inhibition

Table 1. Antimicrobial Activity of Chitosan-Whey Biopolymers with Mint Essential Oil (MEO)

Mixing Ratio  MEO  Saccharomyces  Staphylococcus  Salmonella 
(Chitosan: Whey) (%) cerevisiae (mm) aureus (mm) Typhimurium (mm)

1:1 0.0 18.0 ± 0.26a 11.0 ± 0.10d 14.0 ± 0.20c

 0.5 16.6 ± 0.13b 23.0 ± 0.08a 19.3 ± 0.43a

 1.0 21.5 ± 0.12a  20.0 ± 0.42b 24.0 ± 0.08a

 1.5 19.5 ± 0.12ab 18.5 ± 0.12c 15.0 ± 0.36b

 2.0 19.0 ± 0.16b 11.0 ± 0.08d 14.0 ± 0.08c

1:2 0.0 12.3 ± 0.10c 15.0 ± 0.00c 10.3 ± 0.13e

 0.5 10.6 ± 0.04d 12.3 ± 0.04d 11.0 ± 0.08d

 1.0 10.0 ± 0.08d 14.6 ± 0.20c 12.0 ± 0.08c

 1.5 9.6 ± 0.04e 17.3 ± 0.31b 13.6 ± 0.12b

 2.0 14.3 ± 0.04c 18.6 ± 0.45a 14.3 ± 0.17c

1:3 0.0 15.0 ± 0.31b 17.0 ± 0.25b 19.0 ± 0.15a

 0.5 18.0 ± 0.08a 15.6 ± 0.40c 0.0 ± 0.00f

 1.0 16.5 ± 0.12ab 16.0 ± 0.21c 13.0 ± 0.08c

 1.5 19.0 ± 0.21a 15.0 ± 0.00c 15.0 ± 0.14b

 2.0 14.5 ± 0.12c 18.3 ± 0.09a 14.0 ± 0.35c

Data expressed as mean ± standard error (n = 3); Superscript letters (a, b, c, etc.) denote statistically distinct groups 
(p < 0.05) within each microbial column, analyzed by Tukey’s HSD test; “0.0 ± 0.00” indicates no detectable inhibition
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Figure 2. Images showcasing inhibition zones around the discs were captured to illustrate antimicrobial activity

positive bacteria (Staphylococcus aureus), Gram-
negative bacteria (Salmonella Typhimurium), 
and yeast (Saccharomyces cerevisiae), yielding 
inhibition zone diameters of 24.0 mm, 20.0 mm, 
and 21.5 mm, respectively. The diameters of the 
inhibition zones for Treatment 1 against the same 
bacteria and yeast were 14.0, 11.0, and 18.0 
mm, respectively, as seen in Tables 3 and 4 and  
Figure 2 (a-f). The findings indicated that the 
incorporation of peppermint oil enhanced the 
polymer’s inhibitory impact on microorganisms, 
resulting in an increase in inhibition zone diameters 
of 10.0 mm for Salmonella Typhimurium, 9.0 
mm for Staphylococcus aureus, and 3.5 mm 
for Saccharomyces cerevisiae. This rise may be 
elucidated as articulated by Sanchez-Gonzalez et 
al.,23 who proposed that antibacterial activity is 
enhanced in the presence of essential oils, which 
exhibit superior antimicrobial efficacy compared 
to the polymer.
 C h i to s a n  i s  a  b i o p o l y m e r  w i t h 
antibacterial and antifungal properties. The 
positively charged protons of the amino group 
in chitosan interact with the negatively charged 
surface of the microbe, resulting in cell membrane 

rupture, alterations in cell permeability, and 
finally cell death.24 Moreover, milk serum 
proteins include antibacterial characteristics via 
iron sequestration, including b-lactoglobulin, 
a-lactalbumin, lactoferrin, lactoperoxidase, serum 
albumin, and lysozyme. Milk serum proteins 
diminish the accessible iron for bacteria and 
also interact directly with microbial membranes. 
Lactoferrin disrupts the outer membranes of 
Gram-negative bacteria by binding to various fatty 
sugars and amplifying the efficacy of hydrophobic 
antimicrobials such as lysozyme.25

 The integration of plant oils into 
polymers influences their physical and chemical 
characteristics, particularly augmenting their 
antibacterial and antioxidant effects. Incorporating 
plant oils into food packaging materials 
enhances the shelf life of packed goods, inhibits 
microbiological proliferation, and offers protection 
against oxidation. Plant oils also influence other 
characteristics of the polymer, including tensile 
strength and permeability.26 The inhibitory effect 
of plant oils is due to biologically active substances, 
including phenols, hydrocarbons, and mono/
sesquiterpenes. These compounds interact with 
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bacterial cell wall polysaccharides, phospholipids, 
and fatty acids, leading to ion loss, cellular 
content disruption, and cell death.27 Peppermint 
oil is utilized in gelatin-based biofilms to improve 
their antibacterial properties, particularly against 
Escherichia coli and Staphylococcus aureus, as well 
as fungi, owing to the strong antimicrobial activity 
of menthol, its primary component.28 Numerous 
studies have shown the substantial inhibitory effect 
of peppermint oil on Salmonella Typhimurium and 
Staphylococcus aureus.12 The results presented 
in the Table 3 confirm an enhanced inhibitory 
effect of the polymer containing peppermint oil 
relative to the polymer without oil (Treatment 
1), as evidenced by the increased diameter 
of the inhibition zone against the examined 
microorganisms in the presence of peppermint oil. 
The results in the Table 3 demonstrate an increase 
in the sensitivity of Gram-negative bacteria relative 
to Gram-positive bacteria for both treatments 
(1 and 2). Some researchers have elucidate this 
point,29 and showed that the addition of Satureja 
khuzistanica Jamzad essential oils enhanced 
the properties of whey proteins composing 
packaging membranes led to an improvement 
in the antimicrobial membrane properties. The 
utilization of chitosan nanoparticles in oil capsules, 

such as peppermint, clove, and green tea essential 
oils, improved the antimicrobial properties of the 
oils compared to the control.30 A separate research 
focused on improving chitosan membrane 
characteristics showed that the incorporation of 
anise oil enhanced the antibacterial capabilities of 
the biopolymer.31

 Figure 3 displays the data obtained 
from the scanning electron microscope (SEM). 
The morphological qualities of polymers are 
essential for assessing their mechanical and 
physical attributes in packing membranes.  
Figure 4 shows a cross-sectional image of the 
polymer both with and without oil, using Scanning 
Electron Microscopy (SEM) at a magnification of 
x103. The findings reveal discrepancies in surface 
agglomerations among the analyzed polymer 
samples, with peppermint oil contributing to a 
decrease in surface agglomerations for polymer 
shape Figure 4(a), exhibiting some surface 
roughness. In contrast, treatment (1) resulted 
in more pronounced surface agglomeration and 
distinct roughness on the surface of shape Figure 
4(b). Gohargani et al.32 clarified that membranes 
composed of a combination of chitosan and 
concentrated milk serum proteins have a rough 
surface and notable agglomerations, attributable 

Figure 3. The morphological properties of the biopolymer using SEM
(A) Chitosan and milk serum protein with the addition of 1% peppermint oil; (B) Chitosan and milk serum protein 
without the addition of peppermint oil
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to the polymer’s insufficient thermodynamic 
compatibility and the development of an 
inhomogeneous structure. This discrepancy may 
result from the uniform amalgamation of the 
included peppermint oil. The integration of oils 
into membranes often diminishes their gloss 
and transparency, attributable to heightened 
surface roughness of the composite membranes 
caused by droplet transfer or aggregation at the 
membrane’s surface during the drying process, 
resulting in surface imperfections.23 SEM research 
reveals that the polymer with 1% peppermint oil 
has a more uniform distribution and smoother 
surface than the untreated sample, which shows 
prominent and irregular clumping on its surface. 
The interaction between protein and chitosan may 
result in the establishment of both covalent and 
non-covalent interactions, hence enhancing the 
surface roughness of the polymer.33

 The results in Figure 4 elucidate the 
rheological behavior of both milk serum protein 
and chitosan individually, as well as the mixture 
of chitosan with milk serum protein (1:1) with 
and without 1% peppermint oil. Upon heating 
the polymer (from 5-35 °C), it was found that 
milk serum proteins exhibited Shear thickening 

behavior while chitosan displayed Newtonian 
fluid behavior (Figure 4a and b). The combination 
of chitosan and milk serum proteins, with or 
without peppermint oil, resulted in a shift in 
rheological behavior to a pseudo-solid state 
upon heating, accompanied by an increase in 
elasticity values (G’) for the chitosan and milk 
serum protein mixture containing peppermint oil, 
in contrast to the mixture lacking peppermint oil  
(Figure 5a). Conversely, the shear modulus values 
(G”) diminished for the same mixtures (Figure 
5b). This signifies that the mixes demonstrate 
elastic properties (similar to a solid substance) and 
underscores the effect of including peppermint oil 
on enhancing the elasticity of the mixture and, 
therefore, its viscosity. This may be ascribed to 
the augmentation of particle size in the presence 
of the oil.34 In the chitosan solution, the viscosity 
values (G”) exceeded the elasticity values (G’), 
whereas for the milk serum protein solution, both 
values (G”) and (G’) were equivalent (Figure 5a 
and b). The temperature of 27.5 °C was found to 
be the transition point for the milk serum protein 
solution to exhibit elastic behavior, where the 
elasticity value (G’) increased, with the highest 
elasticity and viscosity values observed for the milk 

Figure 4. The rheological properties of the biopolymer.
Rheological properties of the biopolymer. (●) Chitosan, (▲) Whey protein, (▼) Chitosan/Whey protein, (■) Chitosan/
Whey protein with the addition of 1% peppermint oil.
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Figure 5. FTIR-ATR spectra for chitosan and milk serum protein with the addition of 1% peppermint oil (5a), FTIR-
ATR spectra for chitosan and milk serum protein without peppermint oil (5b)

serum protein solution at 32 °C. Upon cooling the 
polymers after heating (from 35-5 °C), a change 
in rheological behavior occurred for milk serum 
proteins, with an increase in elasticity (G’) and 
viscosity (G”) (Figure 4c and d). However, the 
rheological behavior of the mixture of chitosan and 
milk serum proteins with or without peppermint 
oil remained unchanged during the cooling 
process, as did that of chitosan.
 This analysis indicates that the bands 
around 3500 cm -1 are associated with the 
stretching vibrations of NH and OH groups, and 
those at 2900 cm-1 belong to the stretching 
vibrations of CH groups. The bands about 1640 

cm-1 signify the stretching vibrations of C=O groups, 
whereas the vibrations between 1394-1332 cm-1 
are ascribed to amino groups (-NH). The findings 
demonstrate that the incorporation of peppermint 
oil does not significantly influence the functional 
groups associated with the biopolymer’s structure, 
aligning with the conclusions of Gohargani et al.,32 
The study demonstrated that the incorporation of 
Zataria multiflora oil does not significantly influence 
the functional groups of these compounds inside 
composite membranes containing 1% and 2% TiO2 
nanoparticles. Nonetheless, these results are at 
odds with the conclusions of Alizadeh-Sani et al.,2 
It was observed that the incorporation of essential 
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oils from rosemary and gram-negative bacteria 
into milk protein/cellulose nanocomposite 
membranes and milk protein membranes resulted 
in substantial alterations in the functional groups 
associated with water repellency and hydrogen 
bonding interactions. This significant disagreement 
in the findings may be ascribed to variations in the 
biopolymers used in the preparation of membrane 
samples, together with changes in the content of 
the essential oils examined.
 The pH values of the chitosan–whey 
protein biopolymer incorporating peppermint oil 
are presented in Table 4, showing values of 4.6 
and 4.5, respectively. The addition of peppermint 
oil does not alter the biopolymer’s pH while 
enhancing its antibacterial properties. Mechanical 

resistance and shear strength are critical for the 
integrity of edible and biodegradable membranes, 
as interactions between water molecules and 
dispersed additives (e.g., lubricants, fats) influence 
their mechanical behavior. Tensile properties, key 
indicators of membrane performance, provide 
insights into yield strength, ultimate tensile 
strength, Young’s modulus, and elongation 
at yield and break. Ultimate tensile strength 
represents the maximum stress a membrane can 
withstand, while elongation at break reflects its 
flexibility. Young’s modulus serves as the primary 
measure of stiffness. The mechanical properties 
of hydrophilic membranes are highly dependent 
on environmental factors. Increased humidity 
(e.g., 50% RH) reduces membrane strength due 

Table 3. Antimicrobial properties of the examined biopolymer

Test  Mean zone of inhibition (mm)

 Salmonella  Staphylococcus  Saccharomyces 
 typhimurium aureu cerevisiae

Treatment 1 14.0 11.0 18.0
Treatment 2 24.0 20.0 21.5

Treatment 1: Biopolymer derived from chitosan and milk serum protein. Treatment 2: Biopolymer derived from chitosan and 
milk serum protein with the addition of 1% peppermint oil
Table 4. Characteristics of the biopolymer with and without peppermint oil (1%) in terms of tensile strength, shear 
strength, solubility estimation, and acidity level

Biopolymer tensile shear solubility pH
 strength strength estimation level

Treatment 1 0.055 121.008 % 46.07% 4.6
Treatment 2 0.071 113.490 % 43.72% 4.5

Treatment 1: Biopolymer resulting from chitosan and milk serum protein. Treatment 2: Biopolymer resulting from chitosan and 
milk serum protein with 1% peppermint oil addition

Table 5. The color estimation of the biopolymer 
produced from chitosan and whey protein with 1% 
added peppermint oil

Biopolymer brightness Green-red Yellow-blue
 (L) (A) (B)

Treatment 1 28.54 0.34 7.83
Treatment 2 26.24 -0.07 6.16

Treatment 1: Biopolymer resulting from chitosan and milk 
serum protein. Treatment 2: Biopolymer resulting from 
chitosan and milk serum protein with 1% peppermint oil 
addition

to the plasticizing effect of water molecules, while 
rising temperatures generally decrease Young’s 
modulus, yield strength, and ultimate tensile 
strength but enhance elongation at yield and 
break. Additionally, additives and lubricants play a 
significant role in modulating mechanical behavior.
 As lubricant content rises, tensile 
strength diminishes while elongation increases. 
Table 5 demonstrates the tensile strength (TS) 
characteristics of the polymer as assessed by 
a Texture Analyzer TAG. The findings indicated 
that the incorporation of peppermint oil into 



  www.microbiologyjournal.org644Journal of Pure and Applied Microbiology

Al Towaijri et al | J Pure Appl Microbiol. 2025;19(1):633-646. https://doi.org/10.22207/JPAM.19.1.53

the polymer influences its tensile characteristics, 
resulting in enhanced elongation and reduced 
tensile strength relative to the oil-free polymer. This 
phenomenon may be ascribed to the plasticizing 
impact of essential oils, which partly disrupt 
the intra- and intermolecular hydrogen bonds 
among polymer molecules, hence diminishing the 
polymer’s strength. Molecular mobility thus rises, 
resulting in enhanced polymer flexibility.35

 Furthermore, Table 5 illustrates the shear 
resistance of the biopolymer. The findings indicate 
that an increase in the tensile strength of the 
polymer correlates with a drop in the cutting point 
value, and vice versa.36 The findings demonstrate 
a reduction in cutting strength for the biopolymer 
with 1% peppermint oil (113.49%) relative to the 
biopolymer without it (121.008%). These findings 
align with those of AL-Hassan & Norziah36 despite 
the difference in polymer type.
 All samples demonstrated membrane 
solubility with both chitosan/milk serum protein/
peppermint oil formulations. The solubility of 
water is a critical criterion for evaluating the 
biodegradability potential of the membrane. Highly 
soluble membranes readily decompose, becoming 
into small particles. This behavior indicates that 
enhancing membrane solubility is advantageous, 
particularly for consumable applications. The 
enhanced solubility of protein membranes is due 
to diminished interactions between proteins and 
other constituents inside the polymer matrix.37 
Elevated solubility is requisite when the membrane 
is designed for incorporation into a food product. 
Moreover, high solubility signifies a substance that 
is ecologically benign and readily biodegradable.38 
Table 4 displays experimental data demonstrating 
that the interaction of chitosan, milk serum 
protein, and peppermint oil with the aqueous 
solution resulted in membrane solubility in water. 
The data clearly indicate that the incorporation of 
1% peppermint oil led to a significant 2% reduction 
in the polymer’s solubility degree. Improving water 
resistance is advantageous for several polymer 
applications, particularly in packaging and coating 
sectors.39

 Table 5 illustrates the color features of 
the biopolymer with 1% peppermint oil in contrast 
to the biopolymer without peppermint oil. The 
table demonstrates a variation in color values 
resulting from the application of oil. The values for 

L (brightness), A (green-red), and B (yellow-blue) 
for the polymer devoid of peppermint oil were 
elevated in comparison to the polymer infused 
with 1% peppermint oil. The polymer, both with 
and without peppermint oil, was characterized 
as having reduced glossiness and a propensity to 
yellow. The yellowness characteristic (B) of the 
biopolymer without peppermint oil was measured 
at 7.83, whereas the biopolymer with 1% 
peppermint oil recorded a ratio of 6.16. Conversely, 
regarding the greenness-redness characteristic 
(A), the biopolymer with 1% peppermint oil 
exhibited a ratio of (-0.07), but the biopolymer 
sample devoid of peppermint oil had a ratio of 
(0.34). The biopolymer devoid of peppermint oil 
exhibited a brightness ratio of 28.54, while the 
biopolymer infused with 1% peppermint oil had a 
ratio of 26.24. The incorporation of oil resulted in a 
reduction in the values of L, A, and B in comparison 
to the polymer devoid of peppermint oil. The color 
analysis reveals that the hue of polymer samples 
fluctuated with various additions.

CONCLUSIONS

 The  b iopo lymer ’s  ant imicrob ia l 
qualities are defined by its capacity to impede 
the development and mult ipl icat ion of 
microorganisms, such as bacteria and fungus. 
These attributes are crucial for food packing and 
preservation. The use of biopolymer materials has 
emerged as a potential trend in recent research 
and applications, owing to several benefits over 
packaging derived from chemical or petrochemical 
substances. Biopolymers are regarded as eco-
friendly, readily biodegradable, and do not present 
environmental issues. They are considered safe 
since they originate from secondary by-products 
of some food items or from recycled food waste, 
ensuring their health safety. These polymers may 
include biologically active natural substances, 
such as plant oils, therefore augmenting their 
antibacterial efficacy against food spoilage 
microbes and foodborne pathogens. The present 
research illustrates the increasing interest in 
antimicrobial polymers within the food industry, 
driven by consumer demand for preservative-free 
products. The findings validate the potential of the 
newly developed biopolymer as an exceptionally 
effective packaging material with antibacterial 
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characteristics in the food industry. This substance 
enhances food safety and quality, while catering to 
the increasing customer demand for preservative-
free options.
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