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Abstract
This study reports the preparation and comprehensive characterization of five biodegradable biofilms made up from
crosslinked guar gum (GG) and neem gum (NG), reinforced with zinc oxide nanoparticles (ZnO NPs). The biofilms were
fabricated using thermal crosslinking with two different crosslinkers: glutaraldehyde (GA) and N,N′-methylenebisacrylamide
(MBA). ZnO NPs were added at two loadings (0.5% and 0.7%) to improve mechanical strength and antimicrobial activity.
The films were coded according to their GG/NG ratio, crosslinker type, and ZnO content. Structural and morphological
analyses were carried out using FTIR, AFM, SEM, and EDX mapping. FTIR confirmed successful crosslinking and ZnO
incorporation. AFM and SEM results showed that surface roughness and topography varied notably with the GG/NG ratio,
crosslinker type, and ZnO loading. The GG₂–NG₁–GA film exhibited the smoothest surface with the lowest roughness values.
EDX mapping verified the uniform distribution of ZnO NPs in the relevant samples. The mechanical tests showed that the
tensile strength of the films ranged from 3.2 to 7.5 MPa, with GG₂–NG₁–GA achieving a balanced strength of about 5 MPa
and good flexibility, making it suitable for packaging applications. Water solubility and water vapor permeability tests
confirmed that the GG₂–NG₁–GA film had the highest solubility and water holding capacity among all formulations.
Antimicrobial testing demonstrated effective inhibition of six pathogenic microorganisms, although Aspergillus niger showed
resistance, indicating a need for further antifungal enhancement. Overall, the results highlight the potential of these GG–NG
biofilms, especially GG₂–NG₁–GA, as eco-friendly materials for preserving biological samples due to their balanced
mechanical properties, good flexibility, and antimicrobial performance.
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1. Introduction
The preservation of biological samples—such as tissues, cells [1,2], and biofluids such as blood and semen [1,3] is critical for
biomedical research, diagnostics, and biobanking and tracking crimes[4–6]. The proper preservation of these samples is very
important especially when crimes are committed against an unknown person, as it is necessary to preserve evidence in good
condition for a period of time until new evidence or developments emerge that require reopening the investigation [4,7].
Therefore, maintaining sample integrity during storage requires stringent control over environmental factors like moisture,
oxygen, and microbial contamination, which can degrade biomolecules and compromise downstream analyses[6,8]. While
conventional storage methods (e.g., cryopreservation or desiccants) are widely used, they often lack scalability or fail to
provide long-term stability. Advanced packaging materials that actively regulate the sample microenvironment could address
these limitations [9]. Interestingly, the food industry has pioneered similar challenges in preserving perishable goods, where
barrier films, oxygen scavengers, and antimicrobial coatings are routinely employed to extend shelf life. These technologies,
though designed for food, share fundamental principles with biological preservation—such as mitigating oxidative damage
and microbial growth—and may offer adaptable solutions for biomedical applications [10–13]. From the historical point of
view, some plant exudates and gums were used in preservation of biological bodies [14]. For instance, Ancients Egyptian
used several natural and plant-based materials such as Natron salt, Coniferous resin, Mastic, Myrrh, Beeswax, Bitumen,
Cassia, Onions, Lichen, Henna and Gum Arabic for mummification [15]. After the exploration and production of petroleum
crude oil, the synthetic and petroleum-based polymers have been widely utilized as packaging materials due to their
acceptable mechanical and thermal properties [16]. However, the continuous use of these non-biodegradable materials over
years have caused a lot of ecological impacts due to their long-standing in the environment [17]. Recently, environmental
awareness has augmented towards the employment of eco-friendly, renewable, and biodegradable staffs for sustainable
packaging applications [18,19]. These polymers include cellulose [20], chitosan [21][22] and starch [23]. However, the
challenge of weak mechanical properties and high- water permeability is a chief disadvantage that restricts the application of
natural polymers in packaging [24]. Several investigators suggested different modification protocols to manipulate these
drawbacks. These include derivatization [25–27], crosslinking [28–30] and fabrication with inorganic materials [23,31–33].
On the other hand, guar gum -Figure 1a- (a carbohydrate polymer composed of linear chain of 1, 4-linked D-mannose units
with 1,6-linked galactose units grafted as a single side-chain) is one of the most commonly used polymers in different
environmental applications due to its high functionality and facile adaptability [34][35]. In this regard, groundnut husk
modified with Guar Gum was harnessed for the absorptive removal of some cations (Pb2+, Cu2+ and Ni2+) from aqueous
solution [36]. Also, Magnetic guar gum nanocomposites were used for catalytic reduction of p-nitroaniline [37]. In another
work, Congo red dye was encapsulated in carboxymethyl guar gum – Alginate gel microspheres [38]. However, the utilization
of modified guar gum in packaging applications was widely addressed. In this respect, Arfat et al [39] investigated the
potential of gum/Ag-Cu nanocomposite films as an active food packaging material. In addition, green chemistry modification
was conducted to prepare hydrophobically modified guar gum (HMG) via microwave assisted condensation with a dimer of
ricinoleic acid derived from castor oil. The condensation product was then merged with polyvinyl alcohol and casted into
green films for packaging applications [39,40]. In order to improve the mechanical properties of guar gum products, some
inorganic fillers can be added. For packaging purposes, it is highly advantageous to incorporate inorganic fillers with proved
antimicrobial activity such as zinc oxide nanoparticles, silver nanoparticles, titanium nanoparticles…etc [41]. On the other
hand, active packaging materials with established antimicrobial activity are highly requested in food preservation. They can
be prepared by incorporation of active ingredients such as essential oils (Clove oil, tea tree oil…etc) [42] and/or plant extract
(Cinnamon, curcumin...etc) [43]. On the other hand, Neem plant (Melia azadirachta, Meliaceae) is cultivated in India and
Myanmar and known as the village pharmacy due to its outstanding therapeutic potential and antimicrobial activity induced
by several active materials that can be obtained from all the parts of the plant [44]. Earlier studies have proved the
antimicrobial activity of neem extract towards Aspergillus parasiticus [45], Candida albicans [46], Staphylococcus aureus,
Escherichia coli, Pseudomonas aeruginosa and Candida albicans [47], Aspergillus flavus [48], common dermatophytes [49]
Aspergillus flavus, Aspergillus fumigatus, Aspergillus niger, Aspergillus terreus, Candida albicans and Microsporum
gypseum) [50]. Recently, several research works investigated the antimicrobial effect of modified neem extracts. In this
regard, the antibacterial activity of neem extract and its silver nanoparticles was investigated against Pseudomonas aeruginosa
[51]. In another work, Kaur et al studied the antimicrobial and anti-Inflammatory action of low-energy assisted nanohydrogel
of Azadirachta indica [52]. In this work, neem gum as a common plant exudate was used as a neem product to induce the
antimicrobial activity of the biofilms. Chemically, it is the salt of a complex polysaccharide acid, Figure 1b.

a- Guar gum
b- Neem gum

Fig. 1. Chemical structures of guar gum and neem gum
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On the other hand, plasticizers are probably required in the manufacture of the biopolymers-based films to impart plastic
properties and to reduce the undesirable brittleness on the resultant film [53]. The plasticizers must be uniformly dispersed in
the polymer matrix to assist in the slide of polymer chain, thereby refining the toughness and flexibility of the film [41]. The
commonly known plasticizers used for the fabrication of films include-but not limited to- glycerol, sorbitol, ethylene glycol,
and propylene glycol [54]. They are usually used when the components of the membranes are rigid.
In the present work, the advantageous features of guar gum and neem gum were combined to prepare several crosslinked
biofilms (applying two crosslinkers) with potent antimicrobial properties for preservation of biological samples of different
types. Aiming to enhance the antimicrobial activity, zinc oxide nanoparticles were added to some membranes. Generally,
variation in the composition of the as-prepared biofilms targets the following variables:

1- Effect of guar gum/neem ratio.
2- Effect of zinc oxide ratio.
3- Effect of type of crosslinker.

However, the prepared biofilms were characterized for their composition (FTIR spectroscopy and thermal stability), their
morphology and topographies (SEM and AFM) and their performance (contact angle, mechanical properties, antimicrobial
properties and water permeability features). The content of zinc oxide was assessed in some films via EDX. The data obtained
from this study was carefully interpreted in order to reach an optimized formulation for a model biofilm used in safeguarding
different biological samples for long time.

2. Materials and methods:
2.1. Materials:
Ultra-pure guar gum powder (GG) with molecular weight of 2.5x105 g/mol was obtained from Sigma-Aldrich as yellowish
white powder and used without further processing. Neem gum (NG) was obtained from a local herbalist store in Cairo in the
form of powder. The powder was purified as mentioned in section (2.2.1.). Crosslinkers (Glutaraldehyde (GA) and Methylene
bisacrylamide (MBA)) were obtained as analytical reagents from Fluka. Other chemicals such as ammonium persulfate (APS)
and Zinc oxide nanoparticles (ZnO NPs) with average particle size 50-75 nm were obtained from El-Nasr Company for
chemicals, Cairo, Egypt. Distilled water was used throughout the experimental steps.

2.2. Methods and preparations:
2.2.1. Purification of neem powder (NG):
In this step, 100 g of neem gum (NG) was dispersed in 500 ml distilled water via sonication for 30 minutes till obtaining
homogeneous dispersion. Then, the dispersion was heated at 40 °C for 1 h and held aside for 2 h to settle. The solution was
filtered and 500 ml of ethanol was added to the filtrate and kept in the refrigerator for 24 h at 8–10 °C. Later, purified NG was
recovered by filtration, dried and stored in clean plastic bags.

2.2.2. Preparation of Guar Gum- Neem Gum crosslinked membrane:
The preparation of Guar Gum-Neem Gum membranes involves a two- step protocol to mix the components and to cast
different polymer composites into a membrane form. Below is a general procedure that can guide the preparation of these
composite membranes.

2.2.2.1. Preparation of Crosslinked Guar Gum/Neem Gum composite (GG-NG)
Firstly, Guar Gum and neem gum solutions (solution 1 and 2 respectively) were prepared by separately dissolving 1 gm of
each gum in 100 ml of distilled water with efficient stirring to obtain 1% clear solution of each gum. Afterwards, the desired
ratios (in weight percentage) were mixed with continuous stirring for two hours according to the amounts given in Table 1.
Then, 0.5 g of APS was added to the blended solution with continuous stirring at 60oC to promote radical generation.
Afterwards, 5 % of the crosslinker (either MBA or GA) was added into the new guar gum- neem gum solution. The new
solution was stirred continuously for 6 hours at 80 oC until a homogeneous thick jelly-like solution was obtained. The
solution was poured as a homogenous layer in a clean dry petri dish and placed in an air oven at 50 oC for post-curing. The
membranes obtained at this step were coded as following: GG2-NG1-GA, GG2-NG2-GA and GG2-NG1-MBA.

2.2.2.2. Preparation of reinforced GG-NG composites:
In this step, ZnO nanoparticles were added into some formulations in order to explore the synergistic antimicrobial effect with
neem gum. The incorporation of ZnO typically followed the mixing of two gums together. The solution was sonicated for 30
minutes to assure homogenous dispersion of the nanoparticles in the bulk of the solution before being heated. Then, the steps
were repeated as in the previous section. The samples at this step were coded as: GG2-NG2-GA-ZnO0.5 and GG2-NG2-GA-
ZnO0.7.
The codes and compositions of all samples are given in Table 1. It is worth mentioning that the preparation protocol is
carefully designed to investigate the following effects:
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1- 1 Effect of guar gum/neem ratio: Samples GG2-NG1-GA and GG2-NG2-GA (directly compare how the ratio of these
natural polymers influences material properties, with all other variables held constant).

2- Effect of zinc oxide ratio: GG2-NG2-GA-ZnO0.5 and GG2-NG2-GA-ZnO0.7 (to evaluate the impact of ZnO loading
(0.5% vs. 0.7%) on antimicrobial activity and barrier performance.

3- Effect of crosslinker: GG2-NG1-GA and GG2-NG1-MBA (probes how crosslinker chemistry affects mechanical
stability and hydration resistance).

Table 1: Codes and Composition of the prepared bio-membranes
Code* GG. NG GA MBA APS** ZnO NPs

GG2-NG1-GA 2 1 5 ---- 0.5 ----
GG2-NG2-GA 2 2 5 ---- 0.5 ----
GG2-NG1-MBA 2 1 ----- 5 0.5 ----

GG2-NG2-GA-ZnO0.5 2 2 5 ---- 0.5 0.5
GG2-NG2-GA-ZnO0.7 2 2 5 ---- 0.5 0.7

*The amount of materials in this table was calculated in weight %.
** APS was added in weight percent.

2.3. Characterizations:
 The chemical modification was confirmed by Fourier transform-infrared spectroscopy (Bruker, Unicom infra-red

spectrophotometer, Germany) 400-4000 cm−1 wavelength range at room temperature using KBr disc method.
 Scanning electron microscope (SEM), model (JSM-7610F) was used to assess the morphology of the samples.
 The content of zinc oxide was assessed in some films via EDX, model (Bruker-ALPHA 2, Bruker Corporation,

USA).
 The surface features and height measurements of the dry and loaded composites were assessed by AFM, model

Flexaxiom Nanosurf, C3000 applying the dynamic mode (non-contact) with a silicon cantilever with a vibration
frequency of 25kHz.

 The water contact angle (WCA) measurements were conducted using a VCA Video Contact Angle System (Krüss
DSA25B, Germany) to evaluate the hydrophilicity of the biofilm surfaces.

 Elasticity and Tensile performance of the membranes were measured on a universal testing machine (CMT6502,
Shenzhen SANS Test Machine Co. Ltd., China) with a tensile rate of 5 mm/min according to ISO6239-1986 to gain
tensile strength and elongation at break. The mean values of tensile strength and elongation at break were attained
from five replications.

2.4. Antibacterial activity:
The antimicrobial activities of GG2-NG1-GA, GG2-NG2-GA, GG2-NG1-MBA and GG2-NG2-GA-ZnO0.7 was assessed by
the agar well diffusion method. In these experiments nutritional agar was used as a nourishing medium for the bacterial strains
from the MTCC and the clinical strain of extended spectrum beta-lactamase (ESBL) at 4 °C. Microbial suspension (0.1%) of
Candida albikans, Asp. Niger, S. aureus, E. coli, Bacillus subtilis and Klebsiella pneumonia were homogeneously spread on
Muller-Hinton agar. The green composites (pieces 1cm x 1cm) were loaded into bores (6 mm diameter) and subjected to
incubation at 37 °C for 24 hours. The observed diameter of the inhibition zone was recorded in mm. The data are given in the
discussion section.

2.5. Determination of physical properties of films
2.5.1. Water Solubility (WS)
Water solubility (WS) was studied with the method of Jafarzadeh, Alias [54]. Samples were cut to standard sizes (30 mm x 30
mm) and conditioned in a desiccator for three days in a silica gel. The samples were weighed, placed in 80 mL of distilled
water, and agitated at 100 rpm for 1 h at room temperature. The film leftover was filtered with filter paper and dried at 60 oC
in an oven until constant weight. The solubility of the films was estimated according to Equation (1), where Wi is the initial
dry weight and Wf the final dried weight of the film.

Water Solubility (%) =Wi-Wf/Wix100 (1)

2.5.2.Water Holding capacity (WHC)
WHC was calculated via a facile methodology. In brief, film specimens (2 cm x 2 cm) were put into duplicate and then they
were dried in an electric oven, for 24 hours at 90 °C. The following formula was used to determine the moisture content value;
Equation (2):
WHC(wt%) = mi−mf

mf
× 100 (2)

where mi and mf are the initial and final weights of film samples, respectively.
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2.5.3. Water vapor permeability (WVP)
A modified version of ASTM E96-95 was employed to determine the samples' water vapor permeability. A weighing vial
held 3.0 g of pre-dried anhydrous calcium chloride. Next, the films were positioned at the bottle's top (its effective area
measured (1.52×10-3 m2) and secured with elastic bands. The weighing bottles containing the film samples were then put
inside a desiccator that contains a saturated solution of sodium chloride at the bottom (75% RH) and was kept at 25 °C. Over
the course of 5 days, variations in the bottles' weight were reported to the nearest 0.000 gram at one day intervals. The water-
vapor transmission rate (WVTR) (g/day.m2) per unit of area was calculated using Eq. (3) and (slope) (g/day) was determined
by linear regression.

WVTR =
Slope

A
=

∆m
A∆t

(3)
where A is the area of the exposed film surface (1.52×10-3 m2), WVTR was measured in triplicates for each film sample.

2.6. Mechanical properties of the prepared biofilm
The mechanical properties of the prepared biofilms at different optimization conditions were measured. These included tensile
strength (TS), elastic modulus (E), and elongation at break (EB) measurements of film samples at 25 °C and 53% relative
humidity. Dumbbell-shaped specimens of 50 mm length and 4mm neck width at room temperature. The films were extended
at 10 mm/min, and the analyses were performed with a 100 N load cell.

3. Results and Discussion:
3.1. Membrane preparation.
Guar gum-neem gum-ZnO composite membranes have emerged as a promising alternate for antimicrobial food packaging due
to their biodegradable nature and potent bioactive properties [55]. Guar gum, a natural polysaccharide, provides excellent
film-forming ability and flexibility, while neem gum contributes inherent antibacterial and antifungal properties, enhancing
the film’s protective function. The incorporation of zinc oxide (ZnO) nanoparticles further boosts antimicrobial activity,
effectively inhibiting the growth of foodborne pathogens such as E. coli and S. aureus through mechanisms like reactive
oxygen species (ROS) generation and membrane disruption [56]. These composite films exhibit improved mechanical
strength, thermal stability, and barrier properties, making them suitable for extending shelf life and maintaining food quality
[57]. Additionally, their eco-friendly composition aligns with sustainable packaging trends, consequently, reducing reliance
on synthetic plastics. Several research works confirm their effectiveness against microbial contamination while remaining
non-toxic for food contact applications [58,59]. With tunable properties through varying ZnO concentrations, these
membranes offer a versatile, scalable, and green alternative for active packaging in the food and pharmaceutical industries
[60]. A schematic illustration for the overall process followed in the preparation of Guar Gum-Neem gum-ZnO NPs biofilms
is given in Fig. 2. The first step of reaction involved thermal degradation of APS into sulfate radicals which then combined
with GG and NG to generate the macroradicals to form the crosslinked membranes with the aid of the applied crosslinker [61].
ZnO NPs were added as an inorganic reinforcing agent in some samples.

Fig. 2. Schematic illustration of preparation of Guar Gum-Neem gum-ZnO NPs biofilms

3.2. Verification of the chemical structure via the FTIR spectroscopy:
The FTIR spectra of [GG2-NG1-GA, GG2-NG2-GA and GG2-NG1-MBA] and [GG2-NG2-GA-ZnO0.5 and GG2-NG2-GA-
ZnO0.7] are given in Fig.s 3 (I) and 3(II), respectively. The FTIR spectra demonstrated broad peak at 3300 -3460 cm⁻ ¹ due
to O–H stretching from polysaccharides (present in both neem gum and guar gum). Besides attributable peaks have been
found at 2920 cm⁻ ¹, 2840 cm⁻ ¹ corresponding to C–H stretching vibrations, 1700–1650 cm⁻ ¹ due to C=O stretching, 1400
cm⁻ ¹ corresponding to symmetric COO⁻ stretching. On the other hand, there are absorption bands at 1000–1100 cm⁻ ¹
attributed to C–O–C and C–O stretching (indicative of polysaccharide backbones) in addition to Zn–O stretching vibration
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bands in the samples containing ZnO NPs at 814-600 cm⁻ ¹ [62]. However, differences in peak intensities, position and shape
among the investigated samples suggest varying interactions strengths between the components. For example, stronger Zn–O
peaks in the samples fabricated with ZnO might prove successful incorporation of ZnO. In addition, shifts or changes in the
1700–1000 cm⁻ ¹ range could point to chemical interaction or bonding between ZnO and the gum matrices. The most
significant peaks in the FTIR spectrum of guar gum are typically associated with its polysaccharide structure, especially its
hydroxyl and glycosidic groups. On the other hand, neem gum usually presents a more heterogeneous FTIR spectrum due to
its complex mix of functionalities. The peaks of Guar gum are sharper and more polysaccharide-specific. An intense
comparison between the most significant peaks in guar and neem gum are given in Table 2a. However, upon formation of
guar gum-neem gum composites, several changes in peak location and intensity may occur due to the overlapping of
functional groups or formation of hydrogen bonding between the O-H groups from guar gum and functional groups of neem
gum, zinc oxide and the crosslinkers [61,63]. These changes are illustrated in Table 2b. Upon investigating the data provided
in this table, several effects could be verified:
 Crosslinking Effect (GA): Stronger C=O and C=N related bands (~1728, ~1642 cm⁻ ¹) suggesting successful

glutaraldehyde crosslinking in all samples containing GA as a crosslinker.
 Increasing Neem Gum (NG) ratio: No major shift in peak positions between GG2-NG1-GA, GG2-NG2-GA, but slight

broadening of OH peak (3453 cm⁻ ¹) in GG2-NG2-GA implying more hydrogen bonding due to increased neem content.
 ZnO Addition (GG2-NG2-GA-ZnO0.5 and GG2-NG2-GA-ZnO0.7): Shifts/broadening in O–H and C=O regions (3392,

1728 cm⁻ ¹ and 3420, 1723, respectively) indicate interactions (likely H-bonding or coordination) between ZnO and
hydroxyl/carbonyl groups. Also, broadened/split –OH and C=O regions suggest interaction with ZnO. Peaks at 946 and
814 cm⁻ ¹ may relate to Zn–O vibrations.

 Effect of improved crystallinity due to composite formation: Enhanced peaks in fingerprint region (1092, 1050, 883 cm⁻ ¹)
suggest structural stabilization.

 Effect of type of crosslinker (MBA vs. GA Crosslinking):
o MBA (GG2-NG1-MBA) results in distinct amide I and II bands (1643, 1461 cm⁻ ¹), indicating covalent amide
linkages.

o GA (GG2-NG1-GA) leads to complex peaks around 1658–1625 cm⁻ ¹, reflecting Schiff base (C=N) and hydrogen
bonding.

The overall conclusions reveal that GG2-NG2-GA-ZnO0.7 displays more complex interactions due to ZnO and GA, with
signs of hydrogen bonding, and ZnO–matrix interaction; while GG2-NG1-MBA shows cleaner amide bands due to MBA
crosslinking, more defined polymer structure, and absence of ZnO interference.
Table 2a: The most significant peaks in guar gum and neem gum according to their backbone
Wave number (cm⁻ ¹) Guar Gum Neem Gum
3453 Strong O–H stretch Shows strong O–H with a different width
2920, 2840 Aliphatic C–H Often less intense than in guar gum

1700–1650 Weak bending (moisture/uronic acid) Strong band due to the C=O from numerous
carboxyl groups

1400 Symmetric COO⁻ / CH₂ bending Often broader due to mixed functional groups

1000–1100 Strong glycosidic band May be less defined due to branched,
heterogenous structure

Fig. 3.(I): FTIR spectra of a- GG2-NG1-GA, b- GG2-NG2-GA and c-GG2-NG1-MBA
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Fig. 3.(II): FTIR spectra of a- GG2-NG2-GA-ZnO0.5 and b- GG2-NG2-GA-ZnO0.7

Table 2b: Expected FTIR Features of Guar Gum–Neem Gum- ZnO Composites:
Wavenumber
(cm⁻ ¹) Assignment Observations

3453 / 3392 O–H stretching (hydroxyl groups)
Broad in all spectra; GG2-NG2-GA and GG2-NG1-GA similar;
GG2-NG2-GA-ZnO0.5 slightly shifted due to ZnO–OH
interaction.

3442 O–H and N–H stretching In the spectrum of GG2-NG1-MBA indicating overlapped
interaction

3420–3310 O–H and N–H stretching In the spectrum of GG2-NG2-GA-ZnO0.7 shows more complex
splitting (likely ZnO–OH and inter-H bonding)

2930, 3067 &
2927 C–H stretching

Aliphatic stretching in GG2-NG2-GA-ZnO0.7 and GG2-NG1-
MBA with clearer separation in GG2-NG2-GA-ZnO0.7,
possibly due to ZnO-induced ordering

1728 C=O stretching (aldehyde/carboxyl
from GA or neem gum)

Appears in all the spectra with a slight shift in GG2-NG2-GA-
ZnO0.5 indicating possible stronger interaction with ZnO.

1642 / 1666 H–O–H bending (bound water) Present in samples but sharper in GG2-NG2-GA and GG2-
NG2-GA-ZnO0.5 due to increased hydrogen bonding formation

1658–1625 and
1643

Amide I (C=O stretch in amide), or
C=N (imine from GA), H-O-H
bending

GG2-NG2-GA-ZnO0.7 shows multiple close peaks, possibly
due to complex bonding (ZnO + GA); while and GG2-NG1-
MBA shows a single peak at 1643 cm⁻ ¹ indicating a stable
amide.

1549 and 1461 Amide II (N–H bending), CH₂
bending

In GG2-NG2-GA-ZnO0.7 and GG2-NG1-MBA

Clear indication of amide formation in MBA-crosslinked
sample (GG2-NG1-MBA)

1268 C–O bending / ether linkage Present and nearly consistent in all the spectra due to the
carbohydrate backbone of guar gum.

946, 814 Out-of-plane C–H bending, ZnO-
related bands

Presence of ZnO possibly influences skeletal vibrations and
shifts

3.3. AFM characterization:
The AFM was proved to be a very effective tool for surface characterization and topography monitoring [64,65]. In this regard,
the AFM images of GG2-NG1-GA, GG2-NG2-GA, GG2-NG1-MBA, GG2-NG2-GA-ZnO0.5 and GG2-NG2-GA-ZnO0.7 are
given in Fig.s 4a-e, respectively. Several factors are involved in shaping the surface features and controlling height values and
roughness data given in Table 3a. These factors are as following:
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- Effect of GG/NG ratio (Samples GG2-NG1-GA, GG2-NG2-GA): It can be seen that upon increasing the ratio of NG
both height and roughness values increase accordingly, which may reflect higher interaction between the functional groups
of both gums. In summary a higher neem gum content is expected to result in rougher, less uniform, and more textured
surfaces in AFM images, due to the complex and branched nature of neem structure. The interpretation of these changes is
summarized in Table 3b. These findings are in accordance to those mentioned by Bhardwaj et al [66].

- Effect of ZnO content (Samples GG2-NG2-GA-ZnO0.5 and GG2-NG2-GA-ZnO0.7): Incorporating zinc oxide (ZnO)
nanoparticles into a polymeric matrix comprised of crosslinked GG/NG significantly alters the surface morphology and
nanoscale features. Basically, low to moderate ZnO content caused an obvious increase in roughness and height, and
introduced some nanodomains. These changes are interpreted in Table 3c. The effect of ZnO as an improver for barrier
properties of biopolymer- Suberinic Acid Residues Films was studied by Jezo et al. They verified that addition of ZnO
enhances the barrier properties of the prepared films [67].

- Effect of crosslinker (Samples GG2-NG1-GA, GG2-NG1-MBA): As outlined in Table 3d, the incorporation of GA
resulted in lower height and smoother sample which fits membranes superior for barrier films requiring smoothness. On the
other hand, incorporation of MBA resulted in highly porous membranes which are preferred for flexible packaging with
superior mechanical properties [68].

Table 3a: AFM data of the investigated membranes

Biofilm code Height (mean ± SD) Ra (nm, mean ± SD) n

GG2-NG1-GA 24.6 ± 2.1 nm 11.23 ± 1.5 3

GG2-NG2-GA 48.7 ± 3.8 nm 22.54 ± 2.3 3

GG2-NG1-MBA 252 ± 15 nm 40.4 ± 3.7 3

GG2-NG2-GA-ZnO0.5 157 ± 12 nm 34.11 ± 2.9 3

GG2-NG2-GA-ZnO0.7 1.5 ± 0.2 µm 55.87 ± 4.1 3

Table 3b: Observable changes in AFM outcomes due to change in GG/NG ratio:
AFM feature The current change Explanation

Topography More irregular or granular Neem gum has more functionalities than guar gum, introducing surface
heterogeneity.

Height
Increased average surface
height

Bulky side groups in neem gum might induce micro-domains and height
fluctuations. Also, they might cause more interaction with hydroxyl
groups of GG.

Roughness (Ra) Higher roughness values Greater intermolecular incompatibility and crosslinking variability can
create nanoscale peaks and valleys.

Homogeneity Reduced Guar gum is more uniform; neem gum introduces asymmetry and possible
micro-or nano-aggregates.

Table 3c: Current Effects of Changing ZnO Ratio on AFM Data:
AFM feature The current change Explanation

Topography More defined particle-like features
or clusters

ZnO particles can aggregate or embed in the polymer,
forming raised domains.

Height Obvious increase Surface height increases due to embedded nanoparticles or
protrusions.

Roughness (Ra) Increases at moderate ZnO Increasing ZnO increases roughness by disrupting the matrix.

Nano-structuring Potential creation of nanogaps or
pores

Polymer-ZnO incompatibility results in phase separation.
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Table 3d: Effect of crosslinker on AFM findings

AFM Parameter Glutaraldehyde (GA) Crosslinked GG-NG Methylene Bisacrylamide (MBA) Crosslinked
GG-NG

Surface Roughness Lower roughness (smoother surface) due to
dense, rigid crosslinking.

Higher roughness (uneven surface) from flexible,
spacer-like crosslinks.

Height Lower height due to less functionalities of GA Greater height due to more functionalities of
MBA.

a- GG2-NG1-GA b- GG2-NG2-GA

c- GG2-NG1-MBA
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d- GG2-NG2-GA-ZnO0.5 e-GG2-NG2-GA-ZnO0.7

Fig. 4. a- GG2-NG1-GA, b- GG2-NG2-GA, c- GG2-NG1-MBA
d- GG2-NG2-GA-ZnO0.5, and e- GG2-NG2-GA-ZnO0.7

3.4. SEM features of the prepared biofilms:
The SEM images of GG2-NG1-GA, GG2-NG2-GA, GG2-NG1-MBA, GG2-NG2-GA-ZnO0.5, and GG2-NG2-GA-ZnO0.7 at
different views are given in Fig.s 5a-f. The SEM features confirm the AFM data regarding the morphology of the prepared
membranes. The surface morphology of GG2-NG1-GA showed a relatively smooth and uniform matrix with some irregularly
shaped agglomerates. The clusters appear as bright, dense regions, thus, indicating possible aggregation of components (likely
crosslinked regions or residual particulates), Fig. 5a. In addition, small, dispersed granular features can be observed
throughout the surface with inconsistent particle size distribution with both fine particles and larger aggregates. The observed
indentations and protrusions, possibly indicating uneven crosslinking between the guar gum (GG) and neem gum (NG1). On
the other hand, the surface of GG2-NG2-GA was more heterogenous with larger uneven distributed clusters due to increasing
the amount of NG in the polymer matrix, Fig. 5b. This assumption is based on polymer fabrication conditions [69]. However,
upon investigating the SEM images of GG2-NG1-MBA, Fig.s 5c, d (black and white and colored), one can see that the
morphology turned highly porous with relatively uniform voids. This was attributed to the higher functionalities of MBA and
the advanced crosslinking power of MBA over GA. reflecting the advanced crosslinking power of MBA with GA regarding
its higher functionalities. At last, the SEM images of GG2-NG2-GA-ZnO0.5, and GG2-NG2-GA-ZnO0.7 Fig.s 5e, f show
ZnO NPs as shiny scattered masses incorporated within the polymer matrix in random manner which confirms the successful
combination between ZnO and polymeric matrices.

Fig. 5a SEM image of GG2-NG1-GA
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Fig. 5b SEM image of GG2-NG2-GAFig. 5c SEM images of GG2-NG1-MBA

Fig. 5c SEM images of GG2-NG1-MBA
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Fig. 5e: The SEM image of GG2-NG2-GA-ZnO0.5
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Fig. 5f: The SEM image of GG2-NG2-GA-ZnO0.7
Fig. 5: The SEM images of GG2-NG1-GA, GG2-NG2-GA, GG2-NG1-MBA,

GG2-NG2-GA-ZnO0.5, and GG2-NG2-GA-ZnO0.7
3.5. EXD investigation:

EDX mapping and charts of GG2-NG1-GA, GG2-NG2-GA, GG2-NG2-GA-ZnO0.5, and GG2-NG2-GA-ZnO0.7 are given in
Fig. 6a-d respectively.
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Fig. 6a: EDX mapping of GG2-NG1-GA
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Fig. 6b: EDX mapping of GG2-NG2-GA
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Fig. 6C: EDX mapping of GG2-NG2-GA-ZnO0.5
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Fig. 6d: EDX mapping of GG2-NG2-GA-ZnO0.7

Fig. 6: EDX mapping of GG2-NG1-GA, GG2-NG2-GA, GG2-NG2-GA-ZnO0.5, and GG2-NG2-GA-ZnO0.7

The bar chart and corresponding spectrum show peaks for the following major elements: Carbon (high peak) indicates a
carbon-rich matrix for the major gum units, Oxygen (high peak) which is common for oxygen-based groups that present in
gums such as hydroxyl or carbonyl, inorganic elements such as Sulphur, sodium and calcium obtained from natural precursors
are also present as traces. Zn is present as minor but observable peaks in GG2-NG2-GA-ZnO0.5 and strong dominant peaks in
GG2-NG2-GA-ZnO0.7. Thus, the overall EDX analyses confirm that the membranes are majorly carbonaceous composites
with dominant carbon and oxygen, and minor elements while zinc predominates in zinc containing biofilms approving
successful incorporation.

3.6. Antimicrobial activity of the prepared membranes:
The biofilms are comprised of GG which is a natural polysaccharide with film-forming ability but limited inherent
antimicrobial activity, NG with proved mild antimicrobial properties, GA as a potent biocidal crosslinker, MBA which is a
synthetic crosslinker with less antimicrobial and ZnO NPs which are known for potential broad-spectrum antimicrobial
activity. The antimicrobial activity is given in Fig. 7 and the inhibition zones are given in Table 4.
The antimicrobial activity of the biofilms was evaluated against different pathogens including Bacillus subtilis and
Staphylococcus aureus as Gram positive bacteria, Klebsiella pneumoniae and Escherichia coli as Gram-negative bacteria and
Candida Albican and Aspergillus niger as infective fungi.
The preliminary antimicrobial activity was determined using agar method [70], and the results were documented for each
tested product as average diameter of the inhibitory zones (d) of fungal or bacterial growth surrounding the disks at a
concentration of 100 mg/mL in dimethyl sulfoxide.
The provided data revealed that most of the synthesized composites exhibited varying degrees of inhibition against the tested
microorganisms in comparison with standard drugs.
Basically, it was noticed that GG2-NG2-GA-ZnO0.7 demonstrated the potent antibacterial activity against Bacillus subtilis
and Candida albicans with average diameters of the inhibitory zones 24.6 and 21.9 mm. This may be attributed to the
synergistic action of ZnO and NG. On the other hand, all the tested samples showed lower to no activity against Aspergillus



A. E. Elhassany et.al.

_____________________________________________________________________________________________________________

________________________________________________
Egypt. J. Chem. 69, No. 2 (2026)

348

niger in spite of their observed high activity against Candida albicans. All the prepared biofilms showed comparable
antimicrobial activity with respect to the control antibiotic. This finding is in an accordance with the previous results reported
by many researchers [71–73].
The net antimicrobial data are as following:

GG2-NG2-GA-ZnO0.7: Most consistent and highest activity across both Gram-positive and fungal strains due to the
synergistic antimicrobial effects of ZnO and neem gum specially against Gram-positive bacteria and fungi.
GG2-NG2-GA and GG2-NG1-GA displayed strong to moderate activity due to GA's strong biocidal properties but lack of
ZnO reduced effectiveness slightly.
GG2-NG1-MBA: Least effective of the active formulations. MBA contributed no direct antimicrobial action, only structural
support. On the other hand, noticeable resistance of Aspergillus niger indicates the need for stronger antifungal components
for broad-spectrum protection. This result aligns with prior studies showing that A. niger’s robust cell wall and enzymatic
detoxification mechanisms often confer resistance to natural antimicrobials like neem extracts (Wylie MR, Merrell DS. The
Antimicrobial Potential of the Neem Tree Azadirachta indica. Front Pharmacol. 2022 May 30;13:891535. doi:
10.3389/fphar.2022.891535. PMID: 35712721; PMCID: PMC9195866.). To enhance antifungal performance, we propose the
following modifications for future work:
Synergistic Additives: Incorporating low doses of antifungal agents (e.g., chitosan, essential oils like clove or thyme) could
exploit multi-target mechanisms to overcome A. niger’s resistance.
ZnO Nanoparticle Functionalization: Increasing ZnO concentration (beyond the 0.7% tested here) or reducing particle size
may improve fungal inhibition, as ZnO disrupts cell membranes and ROS generation.
Crosslinker Optimization: Switching to crosslinkers with inherent antifungal properties (e.g., citric acid) could augment
activity while maintaining material stability.
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Fig. 7: Antimicrobial Activity of the prepared biofilms
Table 4: Inhibition zones of the investigated biofilms towards various Gram-positive, Gram-negative bacteria and

some fungal species

Microorganism
GG2-NG1-

GA
GG2-NG2-

GA
GG2-NG1-

MBA
GG2-NG2-GA-

ZnO0.7
Control
Antibiotic

Bacillus subtilis (ATCC 6633) 18 ± 2 23 ± 1 12.7 ± 0.5 24.6 ± 0.5 21 ± 0.1

Staph. aureus (ATCC 6538) 15 ± 2 NA 18.5 ± 0.5 16.4 ± 0.5 19 ± 0.2

Escherichia coli (ATCC 8739) 20 ± 1 16 ± 1 9.4 ± 0.5 10.7 ± 0.5 16 ± 0.1

Klebsiella pneumoniae (ATCC
13883)

15 ± 2 16 ± 1 13.3 ± 0.5 14.6 ± 0.5 20 ± 0.1

Candida albicans (ATCC 10221) 22 ± 2 20 ± 2 19.7 ± 0.5 21.9 ± 0.5 25 ± 0.2

Aspergillus niger (ATCC 16888) NA NA NA NA 34 ± 0.1

* NA: No activity
* Control for Bacteria was Gentamycin and for fungi was fluconazole at concentration 1.0 mg/ml.
* 50 mg of the samples were dissolved in 1.0 mL DMSO

3.7. Investigating the physical properties of the biofilms
3.7.1. Solubility:
Water solubility is a critical parameter in evaluating membranes for packaging materials, as it directly influences their
functionality and environmental impact [74]. Highly soluble films are advantageous for applications requiring
biodegradability, such as single-use edible packaging or dissolvable wrappers, where rapid disintegration is desired [75]. On
the other hand, low water solubility is essential for moisture-resistant packaging to protect contents in humid conditions [76].
Balancing solubility ensures optimal performance, shelf-life stability, and compliance with sustainability goals. Therefore,
understanding and tailoring water solubility is vital for designing advanced packaging materials that meet both practical and
ecological demands [76]. Water solubility of the investigated membranes is presented in Fig. [8]. It can be observed that the
order of water solubility is as following: GG2-NG1-GA > GG2-NG2-GA > GG2-NG1-MBA > GG2-NG2-GA-ZnO0.5 >
GG2-NG2-GA-ZnO0.7. This finding is based on structural composition considering GA-crosslinked films are more
soluble thanMBA-crosslinked ones due to MBA's hydrophobic backbone. Increasing NG content slightly reduces solubility
(NG2 < NG1). ZnO nanoparticles significantly decrease solubility in a dose-dependent manner (higher ZnO = lower
solubility).
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3.7.2. Water vapor permeability (WVP):
Water vapor permeability (WVP) is a key factor in defining the effectiveness of packaging materials, as it directs moisture
exchange between the product and its environment. Low WVP is essential for preserving moisture-sensitive goods (e.g., dry
foods, pharmaceuticals), preventing spoilage and extending shelf life. Conversely, controlled WVP is needed for fresh
products packs to avoid condensation and microbial growth [77]. Thus, the barrier performance must balance protection with
biodegradability, especially in sustainable materials. Therefore, optimizing WVP ensures functionality, product stability, and
compliance with industry and environmental standards [78]. The water vapor permeability (WVP) of the biofilms are highly
influenced by their composition, particularly crosslinking density, hydrophilicity, and nanoparticle incorporation [78]. WVP
of the prepared biofilms are given in Fig. 8. It is clear that the trend runs in the order: GG2-NG1-GA > GG2-NG2-GA >
GG2-NG1-MBA > GG2-NG2-GA-ZnO0.5 > GG2-NG2-GA-ZnO0.7. This trend is controlled by several key factors. At first,
the increase in the hydrophilic components (GG and NG) caused an increase in WVP due to high affinity for water vapor
absorption and diffusion [79]. Then, MBA is more hydrophobic than GA and it hindered water vapor diffusion [79]. At last,
ZnO NPs further decreased WVP by creating tortuous pathways for vapor diffusion and adding hydrophobic barriers [78].
This trend aligned with typical biopolymer film behavior, where barrier properties improve with reduced free volume and
increased hydrophobicity.

Fig. 8: WS and WVTR of the prepared biofilms

3.7.3. Water Holding capacity (WHC)
Water Holding Capacity (WHC) is a crucial parameter in evaluating the suitability of biopolymer-based membranes,
especially when they are intended for packaging applications. Hence, WHC measures the ability of a membrane to absorb and
retain water without disintegration. Usually, it is an indicator of the hydrophilic nature and swelling behavior of the membrane.
In packaging application, high WHC indicates the film can absorb moisture without losing structural integrity, making it
suitable for food packaging where moisture management is essential. WHC of the prepared membranes is given in Fig. 9. It
can be seen that GG2-NG1-GA displayed the highest WHC due to its high content of GG which is naturally hydrophilic. On
the other hand, upon doubling the NG content (GG2-NG2-GA), the WHC value decreased from 67% to 40% only. Further
reduction was observed when replacing GA was replaced by the stronger crosslinking agent MBA. Thus, the observed WHC
for sample (GG2-NG1-MBA) was only 27%, implying a more compact structure with lower hydrophilicity. On the other hand,
the effect of imbedding moderate amount of ZnO NPs shows balanced WHC which was reduced at higher ZnO NPs
concentration. (50% for GG2-NG2-GA-ZnO0.5 and 23% for GG2-NG2-GA-ZnO0.7, respectively) due to the hydrophobic
nature of ZnO NPs [80]. Generally, among the GG-NG membranes, GG2-NG1-GA showed the highest WHC due to the
hydrophilic nature of GG and moderate crosslinking.
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Fig. 9: WHC of the prepared GG-NG membranes
3.8. Surface hydrophobicity (Contact angle)

Fig. 10: Contact angles of the prepared membranes
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Measuring the contact angle of prepared biofilms is important to reveal valuable information about their surface properties
and wettability. The contact angle helps to predict how liquids will spread on the surface, which is particularly relevant for
packaging materials as it directly affects the quality and shelf life of the packed products. The wettability
(hydrophilic/hydrophobic) properties of guar gum/neem gum- based membranes were evaluated by measuring the water
contact angles as shown in Fig. 10. The contact angle value of GG2-NG1-GA film was found to be 49.44◦, whereas it was
55.28◦ for GG2-NG2-GA indicated that neem gum increased the hydrophobicity of the biofilm. It is interesting to mention
that after incorporating methylene bisacrylamide (GG2-NG1-GA film), contact angle increased to 59.6◦ due to the
compactness of the film components after crosslinking by MBA. Similarly, Rahman and their colleagues has also stated that
after crosslinking contact angle of films increased [81]. The highest contact angle was observed for GG2-NG2-GA-ZnO0.7
due to incorporation of ZnO NPs as reinforcing material [82,83].

3.9. Mechanical properties of the prepared biofilms:
Stress-strain curves of GG2-NG1-GA, GG2-NG2-GA, GG2-NG1-MBA GG2-NG2-GA-ZnO0.5, and GG2-NG2-GA-ZnO0.7
are given in Fig. 11. The results highlight structural variations in stress and elongation percentages across different samples.
The samples are classified into two groups:
1. Group 1: GA Crosslinked (without ZnO)

o GG2-NG1-GA (flexible, lower stiffness)
o GG2-NG2-GA (slightly stiffer, more elongation)
o GG2-NG1-MBA (more rigid, lower elongation)

2. Group 2: GA Crosslinked (with ZnO)
o GG2-NG2-GA-ZnO0.5 (moderate stiffness, higher than GA alone)
o GG2-NG2-GA-ZnO0.7 (highest stiffness, reduced elongation)
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Fig. 11: Stress-strain curves of the prepared membranes (a- GG2-NG1-GA, b- GG2-NG2-GA, c- GG2-NG1-MBA, d-
GG2-NG2-GA-ZnO0.5, and e- GG2-NG2-GA-ZnO0.7)

3.10. Mechanical Properties in relevance to SEM Images:
The mechanical properties of the prepared biofilms were correlated to the data extracted from their SEM images. It can be
seen that the surface of GG2-NG1-GA (Fig. 5a) shows a relatively smooth matrix with some irregularly shaped aggregates
and clusters. This implies good film formation and cohesion, which can be translated to accordingly, adequate tensile strength.
However, the presence of clusters suggests potential weak points, which may reduce the overall strength under stress and can
lead to heterogenous mechanical behavior and stress concentration concentrated points [84]. Therefore, the balance between
of smooth and clustered regions indicates that GG2-NG1-GA may exhibit moderate tensile strength and good flexibility. On
the other hand, the SEM image of GG2-NG2-GA (Fig. 5b) shows a rough and uneven surface with large aggregates and
irregular particles scattered throughout. In addition, and the matrix appears densely packed with some crystalline-like
structures protruding from the surface. Also, there are deep grooves and cracks, indicating poor film continuity [85].
Consequently, the film exhibits high stiffness and low flexibility, thus, making it is less suitable for packaging applications
where ductility and toughness are essential. In comparison, the SEM image of GG2-NG1-MBA (Fig. 5c) shows a highly
porous and cracked structure with significant roughness indicating poor film cohesion. Such a structure indicates low tensile
strength and poor mechanical integrity due to the presence of microvoids and cracks. Also, the highly porous nature can lead
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to increased water absorption, with the subsequent reduction of film stability in humid conditions. Thus, the application of
MBA as a crosslinker increased tensile strength and reduced elasticity [86]. Considering the relevance between the SEM
features of GG2-NG2-GA-ZnO0.5 (Fig. 5e) and its mechanical properties, the image shows a rough, granular surface with
embedded particulate structures with where some areas exhibit crystalline-like features, likely indicating the presence of ZnO
nanoparticles. The matrix appears dense and compact, but with some protruding particles. Thus, the addition of ZnO
nanoparticles has resulted in heterogeneous distribution, which can act as reinforcement sites. However, the rough texture
indicates that the nanoparticles are not uniformly embedded, which might affect the mechanical homogeneity. Nevertheless,
despite the roughness, the film appears denser and less porous compared to the previous GG2-NG2-GA sample. In brief,
embedding ZnO NPs tends to increase the stiffness of the polymer matrix due to their rigid, crystalline nature and to improve
compactness [87,88], indicating good interaction between the crosslinked GG-NG matrix and ZnO. Overall, it worth
mentioning that the films incorporating ZnO NPs showed poor strength compared to non-reinforced samples due to that the
stiff crystalline regions might reduce the elongation, thus, making the films less flexible. Therefore, proper interfacial bonding
between ZnO and the polymer is crucial for maintaining mechanical integrity. Yet, the inconsistent distribution of ZnO
particles caused localized stiffness, leading to uneven stress distribution under load. The film appears relatively uniform
compared to previous samples, indicating better film formation and matrix stabilization aided by embedded ZnO NPs [89]. In
conclusion: the aforementioned observations can be summarized as follows:
o Group 1: Increasing neem gum (NG2 vs. NG1) resulted in higher elongation, but MBA crosslinking lead to relatively

higher stiffness and lower elongation.
o Group 2: Increasing ZnO content (0.5 to 0.7) results in increased stiffness and slightly reduced elongation.

Future Perspectives of Biofilms for Preserving Biological Samples Using Guar Gum/Neem Gum Membranes. Biofilms
composed of guar gum and neem gum hold promising potential for the preservation of biological samples due to their
biocompatibility, antimicrobial properties, and eco-friendly nature. Future research could focus on optimizing their
mechanical strength and barrier efficiency to enhance long-term sample stability. Incorporating active components in nano-
form may further improve their antibacterial and antifungal performance. Scalable production methods, such as
electrospinning or 3D printing, could make these membranes more accessible for medical and industrial applications.
Additionally, their biodegradability aligns with sustainable practices, reducing environmental impact compared to synthetic
alternatives. Clinical trials may explore their efficacy in preserving tissues, vaccines, or microbial cultures under varying
conditions. Ultimately, these natural polymer-based biofilms could revolutionize bio-preservation by offering cost-effective,
non-toxic, and highly functional solutions.

4. Conclusions:
In this work, five crosslinked guar gum–neem gum (GG–NG) biofilms were successfully prepared via thermal crosslinking
using two crosslinkers (glutaraldehyde, GA, and N,N′-methylenebisacrylamide, MBA), with ZnO nanoparticles incorporated
in selected formulations to reinforce the films and enhance their antimicrobial activity. The prepared biofilms were
comprehensively characterized by FTIR, AFM, SEM, and other analytical tools. FTIR analysis confirmed successful
crosslinking and embedding of ZnO by showing characteristic peak shifts, broadening, and overlap. The designed structural
variations significantly influenced the physicochemical properties of the biofilms. AFM and SEM images revealed
topographical differences depending on the crosslinker type, GG/NG ratio, and ZnO content.

The water holding capacity (WHC) and water solubility (WS) of the membranes followed the order: GG2-NG1-GA > GG2-
NG2-GA > GG2-NG1-MBA > GG2-NG2-GA-ZnO0.5 > GG2-NG2-GA-ZnO0.7. Among all, the GG₂–NG₁–GA sample
demonstrated the most promising overall properties:

• Strength:Moderate (5 MPa), adequate for packaging and preservation without being overly rigid.
• Flexibility:High stretchability and good ductility.
• Durability:Balanced strength and flexibility.
• Cost-effectiveness:Utilizes GA as a more economical crosslinker.
• Biodegradability:Composed mainly of natural gums with minimal synthetic additives.
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Key findings include:

1. The inclusion of ZnO nanoparticles increases rigidity and reduces elasticity.
2. Crosslinkers (GA and MBA) enhance tensile strength, with MBA being slightly more effective.
3. Higher ZnO content (0.7%) causes brittleness and lowest ductility.
4. The GG2–NG1–GA formulation achieves the best balance between mechanical strength, flexibility, and eco-

friendliness.
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