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Chronic wounds remain a major clinical burden, often complicated by infections sustained within
antibiotic-resistant biofilms. Smart wound dressings that combine structural support with controlled
antimicrobial release are emerging as a powerful strategy to address these challenges. Among the
biomaterial platforms, gelatin offers excellent biocompatibility, biodegradability, and chemical versatility,
but its poor mechanical strength limits its standalone use. In this work, we present crosslinked gelatin—
PEO (GG:PEO) hybrid films, stabilized with glycidoxypropyltrimethoxysilane (GPTMS), as a versatile plat-
form for responsive wound management. By tuning the gelatin/PEO ratio, the films achieved up to a
57% increase in flexibility compared to pristine gelatin while retaining structural integrity. Antimicrobial
functionality was conferred through incorporation of a novel multifunctional metal complex (MMC)
comprising EDTA-chelated silver and copper ions. Crucially, the GG:PEO composition enabled
modulation of drug release kinetics, providing a means to fine-tune bacterial inhibition. Optimized films
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suppressed bacterial growth and metabolism, with disc diffusion assays showing up to a 68% increase in
inhibition zones at higher PEO ratios. Together, these findings demonstrate a robust and adaptable
biomaterial system where both mechanical and antimicrobial properties can be engineered on demand.
Such tunable composite films hold promise not only for advanced wound dressings but also for wider
biomedical applications, including implant coatings and infection-responsive therapeutic devices.
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antibiofilm release can help minimise these infections and
promote faster healing.’™

1. Introduction

Biofilms, surface-attached microbial communities embedded
in extracellular matrices, pose a great challenge in wound care.
Biofilms are reported to be up to a thousand times more
tolerant to antibiotics due to many contributing factors includ-
ing the extracellular matrix, which can act like a protective layer
against drug entry.> Chronic wounds and the underlying
pathology predispose a patient to the growth of biofilms and
therefore persistent and reoccurring microbial infections. This
situation exacerbates the burden of antimicrobial resistance
and emphasises the need for advanced therapies that can both
detect early signs of infection and respond with targeted
treatment. Biomaterials with on-demand or sustained smart
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For the material matrix of such a smart dressing, gelatin is
an attractive biopolymer. Gelatin, a protein derived from col-
lagen, is extensively used in biomedical applications owing to
its intrinsic biodegradability, biocompatibility, and amenability
to chemical functionalisation.® The ability of gelatin to be
functionalised with biomolecules and therapeutic agents
further enhances its versatility, enabling its use in wound
healing, drug delivery, and tissue engineering, where it can
provide controlled release. In addition, gelatin is gaining
interest in developing biomaterial platforms that offer antimi-
crobial release capabilities.” "

While gelatin holds favorable biological properties, it is a
water-soluble protein obtained through the partial hydrolysis of
collagen. Therefore, its denaturation and weak mechanical
strength often limit its use in biological environments. To
address this, crosslinking is typically employed to enhance
the mechanical stability of gelatin in aqueous media. Several
chemical (e.g., glutaraldehyde,"” genipin,'*'* carbodiimides")
and physical (e.g., plasma treatment,'® photocrosslinking'’)
crosslinkers have been used to tailor the properties of gelatin
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for biomedical applications. However, many of the available
crosslinkers are associated with potential cytotoxicity, longer
processing times, or in the case of physical crosslinkers,
temporary crosslinking.’®2° Glycidoxypropyltrimethoxysilane
(GPTMS) offers a promising alternative for crosslinking gelatin,
addressing many of the issues associated with conventional
crosslinkers. GPTMS is an organosilane that reacts with gelatin
through its epoxy group while undergoing hydrolysis and
condensation reactions to form siloxane bonds.>" This dual
functionality provides in situ crosslinking, enhances the
mechanical properties and stability of gelatin, and avoids the
cytotoxicity concerns linked to chemical crosslinkers such as
glutaraldehyde.”>** Additionally, GPTMS crosslinking occurs
under mild conditions, which allows it to be used in processes
to encapsulate and release bioactive molecules.**

However, crosslinked gelatin often exhibits high brittleness,
difficult processability, and limited porosity. These issues are
typically addressed by blending them with other compatible
polymers and reducing interchain interactions.>>?° A potential
candidate is polyethylene oxide (PEO), a water-soluble biocom-
patible synthetic polymer that is widely used in pharmaceuti-
cals and medical applications due to its tunable properties over
a wide range of molecular weights.>” PEO is also known for its
hydrophilicity and flexibility, which, when combined with
gelatin, can improve the elasticity and swelling behavior of
the resulting hydrogel.

To confer antimicrobial activity to gelatin-based scaffolds
and other hydrogels, various antimicrobial/antibiofilm agents
can be incorporated directly into the films.”® Although the
mechanism behind the activity of metal-based compounds,
e.g., silver and copper, in killing microbes and disrupting
biofilms is not yet fully understood, their effectiveness is mostly
associated with water solubility and stability, redox ability, and
rate of ionic release. Therefore, silver and copper are widely
employed in wound care materials owing to their broad-
spectrum antimicrobial efficacy and low risk of resistance
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development.*® Reported cytotoxic thresholds for mammalian
skin cells are typically higher than the concentrations required
for antibacterial action, allowing an appropriate therapeutic
window when release is controlled.*°* Despite demonstrating
broad-spectrum antimicrobial activity in the numerous
research studies however, silver complexes have limited func-
tionality in vivo due to the rapid clearance and uncontrolled
release rates and delivery at sub-therapeutic levels.**?* To
overcome this issue, biodegradable materials such as cross-
linked gelatin-PEO hybrids could be used to integrate these
active antibiofilm/antimicrobial compounds into their network
and promote a more stable and localized delivery.

Despite progress in antimicrobial biomaterials, current
approaches typically offer fixed release profiles that cannot
be adjusted to match infection severity or wound healing
stages. Furthermore, most studies focus on single-parameter
optimization (e.g., antimicrobial concentration alone) without
addressing the interplay between material properties and anti-
microbial delivery.*® There remains an unmet need for plat-
forms enabling independent control over initial bacterial
inhibition versus sustained suppression through rational mate-
rial design.

In this work, we present a novel biomaterial platform based
on crosslinked gelatin-polyethylene oxide (GG:PEO) hybrid
films functionalised with an antibiofilm multifunctional metal
complex (MMC) comprising silver and copper chelated with
EDTA, designed to exploit the complementary mechanisms of
both metals (Fig. 1). By incorporating more than one active
metal species, we introduce dual-metal complex that have
potential synergistic and increased antibacterial effects, as
each ion operates through distinct mechanisms.*® Our
approach integrates the biodegradability and biocompatibility
of gelatin with the hydrophilicity and flexibility of PEO, offering
controlled modulation of swelling behavior, dissolution rates,
and mechanical robustness. The incorporation of the MMC as
an antibacterial additive to the crosslinked hybrid films

/ Characterisation

| .
/ N o
/ = L
\ / -
YR -
4 | i
‘

/ ) Anti-microbial
|~ T analysis
/ \ )
\ O\ ) &
\\{D, aeruginosa -§ grecﬁv}t/ﬁd’ §
\ 3 &
\ G
GG:PEO hybrid film Q I
with incorporated MMC

N

Fig. 1 Schematic illustration of the GG:PEO film preparation and characterisation. MMC integrated films were prepared in three steps. First, gelatin was
crosslinked using GPTMS reagent. GG:PEO hybrid films were then prepared by blending the crosslinked gelatin solution with PEO. MMC particles were
incorporated in the final step and were allowed to dry out completely. Physicochemical and mechanical properties of GG:PEO films were studied.
Antimicrobial analysis of the MMC incorporated films were performed against P. aeruginosa.
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demonstrates antimicrobial functionality and controlled
release kinetics. This integration of a stable, dual-metal anti-
microbial complex within a mechanically tunable hybrid matrix
provides a new route to design smart wound dressings capable
of on-demand antimicrobial release. To our knowledge, this is
the first demonstration of a GPTMS-crosslinked gelatin-PEO
platform that allows independent tuning of both structural and
antimicrobial performance, paving the way for responsive,
infection-targeted biomaterials for wound healing and implant

applications.

2. Experimental

2.1. Materials

Gelatin powder from porcine skin (type A, 300 bloom, 70-
90% biuret) and 3-glycidyloxypropyltrimethoxysilane (GPTMS,
>98%) were purchased from Sigma-Aldrich. Polyethylene
oxide (PEO), M.W. 300000 was obtained from Alpha Aesar.
Mixed metal complex (MMC) was prepared by 5D health
protection group (5D patent protected — US20190133131A1).%”
Ninhydrin reagent (2% solution) was purchased from Merck.
Resazurin sodium salt (dye content >80%) was obtained from
Acros Organics. Luria-Bertani (LB) broth and tryptic soy broth
(TSB) were obtained from Merck Millipore. All materials used
were of reagent grade and were used without any further
purification.

2.2. Crosslinking gelatin with GPTMS

5% w/v gelatin solution was prepared by adding gelatin powder
to Milli-Q water at 50 °C and stirring until fully dissolved.
GPTMS was added to the gelatin solution and mixed for an
hour at 50 °C to initiate the epoxy-amine curing reaction® and
to allow GPTMS and gelatin to conjugate. Crosslinked gelatin
solution was cast into Petri dishes (inner diameter 86 mm). The
cast gels were air-dried at room temperature for varying dura-
tions (12 h-72 h) prior to characterisation tests.

GPTMS to gelatin ratio amounts were calculated and tested
based on the molar concentration of amino groups present in
the hydroxylysine, lysine, and arginine residues of gelatin. 92
pL GPTMS per gram gelatin (~1:10 w/w) was previously
suggested for optimal cell proliferation on electrospun
nanofibers.*” In this work, a range of GPTMS to gelatin ratios
around the suggested ratio were tested for films in aqueous
environments. Films with lower ratios did not survive after
overnight immersion in blank nutrient media (data not
included), thus only higher ratios were considered.

For clarity, hereafter we denote and use the mass ratios
between GPTMS and gelatin (i.e. 1:10 w/w, 1.5:10 w/w, 2:
10 w/w, and 3 :10 w/w) based on the density of GPTMS. GPTMS-
crosslinked gelatin films will hereafter be referred to as GG
throughout the text. This notation reflects the mass ratio of
GPTMS to gelatin, where the volume of 92 uL of GPTMS
(p = 1.07 g mL™") equates to approximately 100 mg. Table 1
summarizes the volumes and molar ratios between gelatin
and GPTMS.
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Table 1 Summary of GPTMS content in crosslinked gelatin films. Shaded
column indicates the selected notation in this work

GPTMS to GPTMS volume per  GPTMS to gelatin

gelatin mass ratio  gelatin gram (pL) amino groups molar ratio
1:10 92 1:2

1.5:10 138 1.5:2

2:10 184 1:1

2.3. Preparation of GPTMS-gelatin—-PEO hybrid films

GPTMS/gelatin/PEO  (GG:PEO) films were prepared by
blending the GG solution with an aqueous PEO solution.
Similar to the previous section, a 10% w/v gelatin solution
was prepared and functionalised with varying amounts of
GPTMS (1:10-3:10 w/w). Separately, a 10% w/v PEO stock
solution was prepared by dissolving PEO in Milli-Q water under
constant stirring for 6-8 hours at 80 °C.

To prepare GG:PEO hybrid films with a final 5% v/w gelatin
concentration and varying PEO concentrations (1-4% v/w), the
10% w/v functionalised gelatin and PEO stock solutions were
diluted and mixed in appropriate ratios. The mixtures were
stirred at 50 °C for at least one hour for homogeneity. The
resulting blends designated as GG:PEO1%, GG:PEO2%,
GG:PEO3%, and GG:PEO4%, corresponding to 1%-4% w/v
PEO concentrations, were then cast into films by spreading
each blend into Petri dishes and air-drying for 24-48 h.

The PEO concentrations investigated here (1-4% w/v) were
chosen purposefully to keep gelatin as the dominant, GPTMS-
crosslinked matrix while allowing progressive modulation of
hydrophilicity, swelling and release by increasing PEO content.
Lower PEO loadings (<1% w/v) are expected to behave
similarly to GG (no PEO) and therefore were not informative
for release tuning. Conversely, substantially higher PEO load-
ings (>4% w/v) were avoided because PEO is highly water-
soluble and preliminary trials showed that very high PEO
content causes rapid PEO dissolution and loss of mechanical
integrity in aqueous environments (see swelling/dissolution
data in Results). Thus, the 1-4% w/v window provides a
practical balance between preserving the crosslinked gelatin
network and enabling controlled increases in swelling and
diffusion-mediated release.

For MMC incorporated GG:PEO films, 2% w/w MMC films
contained 10 mg MMC in 500 mg GGPEO cast films. Dried
films with 10 mm diameter were cut for Kirby-Bauer
tests. Samples with varying MMC concentrations (100, 300,
1000 ppm) were similarly prepared for resazurin viability assay.

2.4. Determination of degree of crosslinking via ninhydrin
assay

A ninhydrin assay was used to quantify the degree of gelatin
crosslinking in GG and GG:PEO films. Ninhydrin (2,2-
dihydroxyindane-1,3-dione) reacts with the free amino groups
to produce a colored compound known as Ruhemann’s purple.
The intensity of the resulting color is directly proportional to
the concentration of amino acids in the sample, allowing for
their quantification through spectrophotometric measurement

This journal is © The Royal Society of Chemistry 2026
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at wavelengths around 570 nm.>**° Crosslinked gelatin films
with different crosslinker percentages and dried for different
periods of time were tested. Crosslinking extent was also
measured in GG:PEO films with varying concentrations of
PEO and dried for different periods of time. A precise amount
of sample (10 £+ 0.5 mg) was heated with 0.5 ml ninhydrin
solution for exactly 10 min in a water bath at 80 °C. A 2%
reagent with ninhydrin and hydrindantin in DMSO and lithium
acetate buffer (pH 5.2) was used for better color yield and
stability. Subsequently, 500 pL of absolute ethanol was mixed
with 10 pL of each sample. Ethanol-to-sample volume ratio was
optimized and selected out of a range of volume ratios based on
the linear response of absorbance over gelatin concentration.
Absorbance was recorded on a spectrophotometer (FLUOstar
Omega) at the 570 nm wavelength with pure gelatin as a
reference. Linear regression was performed with a correlation
of 0.9994. Free amino groups were normalized according to
gelatin content in GG:PEO samples. The extent of crosslinking
was defined as:

NH, — NH,

Crosslinking degree (%) = NH
0

x 100%, €))
where NH, is the amount of free amino groups in uncros-
slinked gelatin and NH, is the amount of free amino groups in
gelatin after crosslinking.*!

2.5. Physico-chemical characterisations

2.5.1. Fourier transform infrared-attenuated total reflec-
tance spectroscopy (FTIR-ATR). Chemical analysis of GG and
GG:PEO films was performed by ATR-FTIR spectroscopy over a
range of 4000 cm™'-500 em ™" with 4 cm™" resolution and 32
scans using Bruker Tensor 27 FTIR spectrometer.

2.5.2. Contact angle measurements. The static water con-
tact angle (WCA) for gelatin, GG, and GG:PEO1%-4% films was
measured on their respective cast films using Microqubic
MRCL700 3D Imager Pro at room temperature. 5 pL droplet
of distilled water was added on each sample and contact angle
measurements were conducted using drop analysis plugin on
Image]. Each reported angle represents the average of at least
five measurements taken at different points on the surface.
Results are presented as the mean static contact angle +
standard deviation.

2.5.3. Swelling and dissolution studies. Swelling and dis-
solution rates of GG:PEO films were measured in the presence
of phosphate buffered saline (PBS). Solvent-cast films were air-
dried for 48 h prior to weighing. Samples were immersed in
sterile PBS (0.01 M, pH 7.4) and were allowed to incubate for
24 h at 37 °C. After 24 h, remaining liquid was removed and the
films were squeezed between filter papers to remove any excess
water from the films. Samples were weighed again to assess the
swelling degree and were incubated at 37 °C for another 24 h to
dry out prior to weighting. Swelling and dissolution degrees
were calculated as:

Wswollen -

dry

Wdry

Swelling degree (%) = x 100%, 2)

This journal is © The Royal Society of Chemistry 2026
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where Wyyollen is the weight of wet samples, and Wy, is the
weight of dried samples.
Winitial — Wary

Degree of dissolution (%) = W
initial

x 100%,  (3)
where Wipiga is the initial weight, and Wy, is the weight of
dried samples after testing.

2.5.4. Gelatin leaching (UV absorption). Concentration
of gelatin leaching from GG:PEO films in an aqueous environ-
ment was quantified using NanoDrop One Spectrophotometer
(ThermoFisher). Beer-Lambert law typically allows for the
direct calculation of concentration from absorbance using a
known extinction coefficient.*>** Gelatin, being a complex
biopolymer, does not have a well-defined or consistent extinc-
tion coefficient.** Therefore, a standard curve was generated by
serially diluting gelatin solutions. Linear regression was per-
formed with a correlation of 0.9966 (205 nm).

GG:PEO samples were air-dried for 48 h and were incubated
for 24 h at 37 °C in the presence of 20 ml sterile 0.01 M PBS.
After 24 h, the immersion medium was taken and further
diluted for absorbance measurements. 1.5 pL of diluted solu-
tions was placed on the pedestal, and measurements were
taken in triplicates.

2.6. Mechanical characterisation

Tensile strength and Young’s modulus of GG:PEO films were
measured using a 3367 30 kN static tester (Instron, UK) with a
500 N load cell, a cross-head speed of 1 mm min *, and a
break limit of 40%. Rectangular films with 40 mm length and
25 mm width were tested by fixing the ends of each sample with
adhesive tape to strengthen the clamping grip (35 mm gauge
length). Young’s modulus was automatically calculated using
the slope on the initial linear portion of stress-strain curves
using least squares fit. Tensile strength ¢ and strain ¢ at break
were calculated according to eqn (4) and (5), respectively:

o(MPa) = g, (4)
&= % x 100%, (5)

where F is the breaking force, A is the cross-sectional area of the
sample, AL is the displacement (extension) at the breaking
point, and L, is the initial sample length. At least four replicates
were performed for each sample group. Results were expressed
as an average value * standard deviation.

Toughness (absorbed energy to failure) was computed as the
numerical integral of the stress—strain curves up to the point of
fracture using the trapezoidal rule:

Emax

Toughness = J o(e)de, (6)

0
where &, is defined as the last data point before complete
rupture of the film, where stress dropped to zero. For samples
that exhibited gradual yielding rather than abrupt fracture,
integration was performed up to the final recorded strain point
while the specimen remained continuous and under load.
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2.7. Scanning electron microscopy (SEM)

The surface morphology of the MMC incorporated films was
examined using a TM3030Plus tabletop scanning electron
microscope (Hitachi, Japan). Samples were mounted on alumi-
num stubs using double-sided conductive carbon tape and
imaged under an accelerating voltage of 15 kV. Micrographs
were captured at various magnifications to analyze surface
topography and structural characteristics.

Elemental analysis was performed using the integrated
energy-dispersive X-ray spectroscopy (EDS) detector. Spectra
were collected from selected areas of the samples to identify
and confirm the presence of key elements, particularly those
associated with the MMC components. AZtec software (Oxford
Instruments) was used for spectrum acquisition, qualitative
analysis, and elemental mapping.

2.8. Antibacterial studies

Antibacterial activities of MMC-incorporated GG:PEO films
investigated against one of the most prevalent
wound opportunistic pathogens, the Gram-negative bacterium
P. aeruginosa PA14.

Bacterial glycerol stocks were cultured overnight on Luria-
Bertani (LB) agar. A single colony was picked and inoculated in
LB liquid medium. Working bacteria cultures were prepared by
incubating overnight at 37 °C, 180 rpm to an optical density
(ODggo) of 1.0 which corresponded to a microbial count of 8 x
10® CFU per mL. Fresh bacterial cultures were prepared from a
different colony for each experiment.

For the Kirby-Bauer disc diffusion test, 2% w/w MMC
incorporated GG:PEO films with the same size (10 mm dia-
meter) and thickness (approx. 60 pum) were prepared. We
defined the positive control to be the bacterial testing of
GG:PEO films with no MMC and the negative control to be
the GG:PEO films in the blank medium with no bacteria. All the
samples were UV-sterilized at 254 nm for 10 min prior to
experiments. 400 pL of the bacterial cultures were evenly spread
on tryptic soy agar plates. Next, sterilized films were carefully
placed on the plates and were incubated at 37 °C for 24 h. The
zone of inhibition (ZOI) was measured with £0.5 mm accuracy
and averaged over 5 replicates for each GG:PEO composition.

Resazurin viability assay was used to investigate the effect of
GG:PEO film composition on release profiles over time. MMC
concentration for each strain was optimized to monitor the
concentration series in which the highest effect in growth
profiles was observed. Resazurin viability assay was conducted
as described previously.*’ Briefly, a stock solution of resazurin
dye was prepared by dissolving 0.05 g of resazurin powder in
10 mL of sterile 1x PBS. Sterilized films (10 mm diameter) were
placed in each well in a 48-well plate. A final concentration of
25 pg mL ™" resazurin was added to each well in a sterile 48-well
plate. Bacterial cultures corresponding to the initial 0.05 ODggo
were introduced to each well using LB media, reaching a total
volume of 1 mL in each well. GG:PEO films with no MMC in the
bacteria culture were tested as positive control, while GG:PEO
films with no MMC in blank nutrient media were used as

were
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negative control. The plate was incubated at 37 °C in a BMG
Labtech FLUOstar Omega plate reader and fluorescence mea-
surements at 544 nm/610 nm excitation/emission wavelengths
were measured every minute for 24 h. Three independent
experiments (on three different days) were performed with
three technical replicates per experiment. The average + stan-
dard deviation of the three biological replicates were reported.

Quantitative determination of silver release from MMC-
incorporated GG:PEO films was performed using anodic strip-
ping amperommetry assay based on the protocol described by
Swann et al.*® Screen-printed gold electrodes were used for
all measurements. Measurements were performed using a
controlled potential sequence as follows (Metrohm Autolab
PGSTAT128N): an initial deposition step at —0.2 V for
50 seconds, followed by sequential potential steps at —0.05 V,
0V, 0.05V, 0.1V, and 0.15 V (each held for 5 seconds), and
finally 0.2 V for 100 seconds. The charge passed during the
0.1 V step was used for quantitative analysis as it demonstrated
the highest linearity with MMC concentration. Each measure-
ment was performed in triplicate to ensure reproducibility.
Calibration curves were generated using MMC standard solu-
tions to establish a linear relationship between anodic strip-
ping charge and concentration. For release studies, GG:PEO2%
films (~1 cm diameter, ~65 pum thickness, average 6.8 mg
weight) loaded with 1% w/w MMC were immersed in 500 uL LB
medium at 37 °C. At each sampling point (0-24 h), the super-
natant was collected, analysed immediately, and replaced with
fresh medium. Silver concentrations (ug mL™") were converted
to absolute released mass (ug) based on solution volume, and
normalised to film surface area (0.785 cm?). From these values,
both cumulative release and release fluxes were calculated.
Cumulative average flux (ug cm > h™') was determined as the
total silver released up to each time point, divided by the
elapsed time and surface area.

2.9. Statistical analysis

Statistical analysis was conducted using GraphPad Prism 10.
Data were analyzed and compared using analysis of variance
(ANOVA). Multiple comparisons were made among groups
using Tukey’s multiple comparison tests. Standard curves were
generated, and 95% confidence intervals were calculated for
the fitted lines. All tests were performed in triplicates, and
results were expressed as average value + standard deviation. A
value of *P < 0.05 was considered statistically significant.

3. Results and discussions

3.1. Infrared analysis of crosslinked gelatin films

To investigate the chemical interactions in GPTMS-crosslinked
gelatin films, FTIR spectroscopy was employed. Fig. 2 illustrates
the chemical mechanism for crosslinking gelatin with GPTMS.
The process follows a two-step mechanism: in the first, GPTMS
reacts with the amine groups in gelatin, opening the oxirane
ring and forming a covalent bond with the polypeptide chains.
Simultaneously, the trimethoxy groups of GPTMS hydrolyze in

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Two-step mechanism of crosslinking gelatin with GPTMS. (a) The
methoxy groups (-OCHz) on GPTMS are hydrolyzed, forming silanol
groups (=SiOH). At the same time, GPTMS also interacts with the nucleo-
philic amino groups (~NH,) present on the lysine residues of gelatin. (b) In
the second phase, the formed silanol groups on GPTMS undergo a
condensation reaction, leading to the formation of siloxane (Si-O-Si)
bonds. These siloxane linkages create a stable inorganic network
that interconnects the gelatin chains, resulting in a three-dimensional
structure.

water, forming pendant silanol groups (Si-OH) at the other end
of GPTMS molecules. Full crosslinking occurs in the second
step, where these silanol groups condense to form siloxane (Si-
0-8i) bonds.***”

The FTIR spectra presented in Fig. 3a provide insight into
the interactions between gelatin and GPTMS in solvent-
casted films. Characteristic absorption bands for gelatin were
observed in both crosslinked and uncrosslinked gelatin films at
1632 cm ™' (amide I, C=O stretching), 1545 cm™ " (amide II,
N-H bending), and 1240 cm " (amide III, C-N stretching).*®™°
Additionally, a peak at 910-920 cm™ ' appeared in crosslinked
samples, corresponding to the hydrolysis of trimethoxy groups
and the formation of silanol groups. The shoulder around
1100 cm™ " was attributed to Si-O-Si bonds, indicating success-
ful crosslinking by condensation. These characteristic peaks
directly confirmed the incorporation of GPTMS into the gelatin
network.

The spectra in Fig. 3b revealed that increasing GPTMS
concentrations led to a sharper and more prominent silanol
peak (910-920 cm™ '), indicating a higher degree of crosslink-
ing. Additionally, the siloxane band around 1100 cm ™", which
broadened with higher GPTMS levels, can be attributed to the
formation of more extended or branched Si-O-Si conjugates, as
suggested by Launer et al.>"

The effect of GPTMS concentration on chemical composi-
tion was further investigated in the presence of PEO (1:1 w/w

This journal is © The Royal Society of Chemistry 2026
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PEO/gelatin). PEO exhibits several characteristic bands similar
to those of proteins and organosilane agents.”>>* In Fig. 3c,
overlapping peaks were observed at ~1100 cm ' corres-
ponding to both siloxane bonds in crosslinked gelatin chains
and C-O-C stretching vibrations in PEO.

This overlap complicates the interpretation, as the siloxane
peak, which is an indicator of successful crosslinking, is super-
imposed with the PEO-specific C-O-C stretching. However, the
incorporation of active silanol groups in samples with higher
GPTMS concentrations was confirmed by the sharp and pro-
minent peaks at 910-920 cm ™', which remain distinct and
unaffected by PEO. The less prominent silanol characteristic
band at the lower GPTMS concentrations suggests potential
consumption of silanol groups by PEO ether groups, likely
through hydrogen bonding.**

3.2. Quantification of gelatin crosslinking and optimisation
of GG molar ratio

The extent of gelatin crosslinking was quantified using ninhy-
drin assay by measuring the free alpha-amino groups in the
samples. Both crosslinking duration and concentration have
been previously suggested to significantly influence the cross-
linking levels.”® To investigate these effects, solvent-casting
films with varying molar ratios of GPTMS to gelatin were
evaluated after air-drying for different periods. As shown in
Fig. 4a, the silane epoxy groups effectively crosslinked the
gelatin chains by reacting with the amine groups. A clear
increasing trend in crosslinking degrees was observed with
higher crosslinker concentrations and extended drying periods.
This suggests that the crosslinking degree, and consequently
the properties of the obtained membranes can be finely tuned
by adjusting the amount of crosslinker and the drying time.

Greater variability was observed in samples crosslinked with
lower GPTMS amounts and shorter drying periods, likely due to
incomplete crosslinking. Shorter drying times might lead to
more extensive crosslinking at the surface compared to the
bulk, likely caused by different evaporation rates.”® The max-
imum crosslinking extent, 68.1% =+ 6.2, was reached after 72 h
of air-drying in samples with a 2:10 mass ratio of GPTMS to
gelatin amine groups. Increasing the GPTMS concentration
beyond this ratio did not significantly affect the degree of
crosslinking after 72 h, suggesting that a plateau is reached
once condensation is complete. Since the availability of the free
amino groups in the gelatin molecules is limited, the maximum
degree of crosslinking remains constant regardless of further
increase in GPTMS volume.””®

Based on the FTIR spectra and crosslinking degrees, and to
ensure that enough silanol groups were present in the solution
to be conjugated by gelatin chains, we selected the 2:10 mass
ratio between GPTMS and gelatin (i.e. 184 pL per gram of
gelatin) for the following experiments which is referred as
GG:PEO0%.

To determine whether PEO influences gelatin crosslinking
by GPTMS, we measured the degree of crosslinking in GG:PEO
films with varying concentrations and drying times (Fig. 4b).
Although samples with a similar weight were cut and analyzed
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in the ninhydrin assay, the actual gelatin amount within the
samples varied across different sample groups. For instance,
GG:PEO1% samples had the highest gelatin content, whereas
GG:PEO4% samples contained approximately two-thirds of that
amount. As a result, absorbance levels correlated with the
gelatin content in the samples reacting with the ninhydrin
reagent, rather than reflecting true crosslinking efficiency.
Therefore, to account for variations in gelatin content across
samples, the free amino group amounts calculated from the
absorbance values were normalized according to the weight
ratio of gelatin in each film. Similar methods have been
reported in studies investigating the effect of plasticizers on
crosslinking efficiency in gelatin films, supporting the need for
careful sample normalization to ensure accurate crosslinking
measurements.>®>°

Contrary to our initial hypothesis that PEO would not
interfere with the crosslinking reaction between the GPTMS

360 | J Mater. Chem. B, 2026, 14, 354-371

epoxy groups and gelatin chains, we observed a gradual
increase of crosslinking with higher PEO concentrations. This
could indicate the potential hydrogen bonds formed between
gelatin amine groups and PEO ether oxygens that consumed a
portion of the remaining amine groups, decreasing the number
of free gelatin amine groups.

Although the crosslinking extent increased over time in all
samples, the effect of drying time was not statistically signifi-
cant. This increase was more prominent in samples with lower
PEO due to higher water content, thus requiring more time
until fully condensed.

3.3. Effect of PEO concentration, drying time, and
temperature on crosslinking efficiency and chemical
composition of GG:PEO films

Chemical characteristics in GG:PEO samples with varying PEO
concentrations were assessed by FTIR, maintaining a 2:10 w/w

This journal is © The Royal Society of Chemistry 2026
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ratio of GPTMS to gelatin. Samples with PEO to gelatin mass
ratios below 1 (Wppo/Wyelatin < 1) were specifically evaluated to
ensure that gelatin remained dominant during the conjugation
with silanol groups and the formation of siloxane bonds.
Samples were prepared by air-drying for different periods with
some subjected to an additional 30-minute heat treatment.
Prolonged heat treatment was avoided as it caused the films
to become highly stiff and brittle, especially at lower PEO
concentrations.

Fig. 5 shows the effect of temperature and drying period on
the chemical composition and crosslinking characteristic
bands in crosslinked gelatin films and hybrid films with PEO.
As shown, silanol (Si-OH) bond peaks around 920 cm ™' band
were observed in all the samples, indicating successful hydro-
lysis of trimethoxy groups (-OCH3) of GPTMS leading to an
abundance of active silanol groups available to conjugate with
gelatin amine groups in the presence of PEO. However, with the
increasing concentration of PEO, the characteristic bands at
1100 ecm ™" corresponding to siloxane (Si-O-Si) bands became
less prominent. This reduction in intensity was likely due to the
overlapping peaks around 1100 cm ™' region with PEO char-
acteristic bands. Alternatively, PEO might sterically hinder the
interaction between gelatin amine groups and active silanol
groups by acting similarly to a plasticizer and decreasing the
intermolecular forces and increasing polymer chain mobility,
further contributing to the diminished siloxane peak.*

When comparing GG:PEO spectra with different drying
times, the characteristic siloxane peak around 1100 cm ' in
GGPEO0% films had higher intensity with increasing drying
time (labelled as 12 h, 24 h, and 48 h in Fig. 5a), suggesting a
higher degree of conjugations and crosslinked chains. For
GG:PEO1%-4% samples, the FTIR spectra indicated that longer
drying times contributed to more prominent silanol character-
istic bands, particularly in GG:PEO1% and GG:PEO2% samples,
where the lower PEO concentration may have allowed for a
greater volume of water molecules to remain in the gels,
prolonging the drying phase. At 24 h and 48 h time points,

This journal is © The Royal Society of Chemistry 2026
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acteristic peaks corresponding to Si—-OH and Si—-O-Si bands, respectively.

the siloxane bands at ~1100 cm ™' broadened compared to the
12 h time point. This is likely due to a greater extent of
crosslinking achieved by more complete solvent evaporation.
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The water content and drying status of the samples were
further evaluated (data not shown) by analyzing the intensity
ratio between the 3300 cm™' band, associated with O-H
stretching and the amide II and amide III peaks at 1545 and
1240 cm™ ', respectively. Water molecules contribute to the
3300 cm™ " band due to the O-H stretching, forming a broad,
intense band resulting from the overlapping of gelatin amide A
band and water O-H stretching.®*

The intensity ratio between the 3300 cm ™" peak and gelatin
characteristic peaks remained significantly high after 12 h of
drying (data not shown), confirming the high water content in
samples and incomplete crosslinking.

Heat-treated samples (Fig. 5b) showed no significant differ-
ence in crosslinking characteristic bands, suggesting that full
crosslinking was achieved after 48 h air-drying, with no further
condensation induced by the high temperature treatment.

3.4. Effect of PEO concentration on hydrophilicity, swelling,
and dissolvability of crosslinked gelatin films

Swelling and water uptake are important factors in the design
and application of biodegradable materials, reflecting fluid
absorption, and degradation through hydrolysis.®> Swelling is

View Article Online
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also an indirect measure of crosslinking, as the degree of
swelling is inversely proportional to the number of crosslinks
per unit volume. The degree of swelling was measured in
solvent-cast GG:PEO films with varying PEO concentrations.
GG:PEO0% films were also tested as a reference. Fig. 6a shows a
significant rise in swelling with increasing PEO concentration
up to GG:PEO2%. Swelling rates were hindered at higher PEO
densities as the films began to dissolve significantly in
solution. Samples without PEO showed an average swelling
rate of 173.29% =+ 10.7%, while this value increased to
641.60% + 60.36% for GG:PEO2%. Crosslinking is typically
associated with lower levels of water uptake as the formation of
additional bonds leads to a denser polymer network with
reduced free space and limited motility for water
molecules.’>®® Therefore, it can be inferred that PEO polymer
chains in GG:PEO films were likely not significantly conjugated
to GPTMS or gelatin network, allowing them to maintain their
hydrophilic properties and contribute to increased swelling.
Fig. 6b shows the dissolvability levels of GG:PEO films in
PBS as a function of PEO concentration in GG:PEO samples.
Uncrosslinked gelatin films were completely dissolved in the
solution and therefore were not included. GG:PEO4% samples
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(a) Degree of swelling and (b) dissolubility for GG:PEO films with varying concentrations of PEO. (c) Water contact angle (WCA) for pure gelatin

and GG:PEO films with various concentration of PEO. Statistical significance was considered for P < 0.05 (*). (d) UV absorption spectra for gelatin with
different concentrations. (e) Standard curve for UV absorption at 205 nm as a function of gelatin concentrations. (f) Gelatin leaching rates of GG:PEO films
immersed in PBS for 24 h. Gelatin concentrations were calculated using the standard curve in (e). All data points are in triplicates and are presented as

average value + standard deviation.
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showed the highest dissolvability, with a rate of 45.66% =+
3.40%. This value decreased to 11.38% =+ 3.57% in GG:PEO0%
samples, which did not contain any PEO. These values were
closely correlated to the total PEO content in each sample,
suggesting that the majority of the weight loss was due to PEO
dissolution, consistent with the water-soluble nature of the PEO
polymer.

Modulating the swelling and dissolution behavior of
GG:PEO films is critical for achieving controlled release of
antimicrobial agents in wound dressings. While the incorpora-
tion of antimicrobials in the polymer network already provides
a baseline sustained release, regulating swelling and dissolu-
tion allows for additional control over release kinetics. By
adjusting the GG:PEO composition, we can fine-tune the hydro-
gel responsiveness and better align antimicrobial delivery with
the severity and extent of infection.

The effect of PEO concentration on the hydrophilic char-
acteristics of GG:PEO films was evaluated through contact
angle measurements, a standard method for assessing surface
wettability. Surface wettability plays a crucial role in biomater-
ials, as it significantly impacts their functionalisation, biocom-
patibility, and interaction within biological environments.®*®
Additionally, while bacterial attachment depends on multiple
factors including surface roughness, charge, and cell type,
studies have shown that intermediate wettability (contact
angles between 70-90°) generally favors higher bacteria or cell
adhesion.®®®” As demonstrated in Fig. 6¢, crosslinking gelatin
films increased surface hydrophobicity (81.30° £ 6.64° for
gelatin, 93.33° £+ 13.58° for GGPEO0%). The incorporation of
PEO into the crosslinked gelatin matrix enhanced hydrophili-
city, with a more pronounced effect in GG:PEO2% and
GG:PEO4% films, which presented significantly higher wett-
ability compared to gelatin films.

Despite the inherent hydrophilicity of gelatin molecules,
during the film formation, the hydrophobic sites tend
to move towards the solid-air interface, promoting surface
hydrophobicity.®® Moreover, GPTMS reduces wettability by
introducing hydrophobic siloxane chains.®® On the other hand,
ether groups (-O-) in PEO readily attract water molecules and
contribute to the enhanced wettability in GG:PEO films due to
the increased availability of hydrophilic sites on the polymeric
surface, supporting better interaction with aqueous environ-
ments and regulating antimicrobial release kinetics.

3.5. Gelatin leaching and release

The degree of gelatin leaching was investigated through UV
spectrophotometry to provide insights into the stability and
integrity of the GG:PEO films and the impact of PEO on gelatin
release. In the previous section it was shown that increased
PEO content led to higher dissolution rates. Nevertheless, it was
not clear whether PEO dissolution also induced gelatin leach-
ing. The near-UV absorption spectrum is typically used to
measure the concentration of aromatic amino acids, primarily
tyrosine and tryptophan, in protein samples.”””" However,
aromatic side chains in gelatin are not predominant and do
not provide a characteristic near-UV absorbance spectrum.

This journal is © The Royal Society of Chemistry 2026
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The most frequent chromophore in any proteins, including
gelatin, is the amide group in the peptide backbone. This group
contains two major electronic transitions: a strong n1 — w*
transition of the amide bonds with maximum absorbance at
195 nm, and a second weaker n — r* transition of a non-
bonding (n) electron near ~220 nm.”>”’
peaks in the far-UV region were also observed in the present
work, showing a bell-shaped spectrum with a major peak
between 190-220 nm and a smaller peak in the 220-230 nm
range (Fig. 6d). The primary absorption peak slightly red
shifted with increasing gelatin concentrations, which could
be attributed to intermolecular interactions, aggregation and
conformational changes, or pH effects.””’*’> A similar shift in
the far-UV spectrum of collagen with increasing concentration
was reported by Na et al.”® Meanwhile, PEO did not display any
major absorption peaks in the UV region, posing no interfer-
ence when measuring gelatin concentrations in GG:PEO sam-
ples (data not shown).

Since the slight red-shifts were observed in the primary
absorption peak, we evaluated the absorbance values across
190-240 nm wavelength range for their linear correlation with
gelatin concentration, and 205 nm was selected as the optimal
wavelength for constructing the standard curve and for subse-
quent quantification of gelatin leaching. Fig. 6e shows this
linear relationship between absorbance at 205 nm and gelatin
concentration with a calculated correlation coefficient R =
0.9966.

Consistent with the increased dissolvability rates observed
at higher PEO concentrations, we also observed a corres-
ponding increase in the gelatin leaching rate as PEO content
increased (Fig. 6f). This phenomenon can likely be attributed to
the enhanced water absorption capacity of PEO molecules,
which resulted in greater interaction between gelatin and
water, thus accelerating gelatin leaching into the solution.
The hydrophilic nature of PEO allows it to absorb significant
amounts of water, swelling within the film and creating path-
ways that enable gelatin molecules to diffuse out more readily.
However, when the amount of leached gelatin was correlated to
the total gelatin content in the films (250 mg), the absolute
values remained relatively low. This suggests that, despite the
increased leaching with higher PEO concentrations, the overall
loss of gelatin from the films was minimal. The effective
crosslinking of gelatin by GPTMS resulting in the formation
of siloxane bonds, appears to effectively control the hydrolysis
and dissolution of gelatin in aqueous media, thereby preser-
ving the structural integrity of the films despite the presence
of PEO.

These absorbance

3.6. Mechanical studies

Mechanical testing is essential for evaluating the structural
integrity and performance of biomaterials such as wound
dressings. These tests assess how materials respond to forces
by assessing their strength, flexibility, and ability to stretch.
These properties are essential to ensure that materials can
withstand handling, conform to biological structures, and
maintain their functionality over time.
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The mechanical properties of GG:PEO films were investi-
gated as a function of the gelatin/PEO ratio. Uncrosslinked pure
gelatin films were also tested for comparison. Representative
stress—strain curves are shown in Fig. 7a. Young’s modulus,
tensile strength, and strain at break were derived from the
stress-strain curves (Fig. 7b and c). As shown, the highest
tensile strength was in samples without PEO (44.19 + 10.78
MPa for gelatin, 42.93 + 12.26 MPa for GG:PEO0% film), while
it tended to decrease as the PEO content increased, indicating
that PEO softened the film matrix. Higher PEO content likely
reduced intermolecular forces between protein chains, making
it more flexible at the expense of strength.

Similar to tensile strength, Young’s modulus values
decreased by increasing PEO concentration. GG:PEO0%
film had a slightly higher moduli compared to gelatin films,
which is due to the formation of shorter and stronger bonds.
However, this increase was not statistically significant
(P > 0.05). While gelatin and GG:PEO0% films exhibited very
high stiffness, the modulus was decreased more than two-fold
in samples with higher PEO content. This reduction in Young’s
modulus can be attributed to the increased spacing and free
volume induced by the addition of PEO in a dense crosslinked
gelatin network.

It is worth noting that, both tensile strength and Young’s
modulus reached a minimum at GG:PEO3% before stabilizing.
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The values were slightly higher for GG:PEO4% but it was not
significant (P > 0.05).

Strain at break values represent elongation before the sam-
ple permanently breaks. Materials with higher elongation rates
are less brittle and more ductile, as the films can withstand
more deformation without fracturing. Fig. 7c shows the strain
at break values for GG:PEO films. With increasing PEO concen-
tration until 2%, the strain at break followed an increasing
trend. Crosslinked gelatin films have a rigid structure due to
the high number of intramolecular bond forces due to cross-
linking. Introducing a low amount of PEO likely increases free
volume as PEO molecules situate themselves around the gelatin
chains, inducing flexibility and ductility as a plasticizer.
Although PEO is not conventionally cited as a plasticizer in
gelatin systems, the observed reduction in tensile strength and
stiffness, alongside increased elongation at break at moderate
PEO concentrations, suggest plasticizer-like effects. However,
the crystallinity of high-M,, PEO and lack of thermal character-
isation (e.g., T, analysis) prevent definitive confirmation of
plasticizing action.

A less expected behavior was observed for samples with
higher PEO content (GG:PEO3% and GG:PEO4%). Unlike
GG:PEO1% and GG:PEO2%, higher PEO addition did not
improve the ductility of GG:PEO0% films but made them more
brittle. This transition could be explained by lack of miscibility
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of PEO and gelatin. As a result, blends with similar gelatin and
PEO contents have heterogeneous morphology that induce
early fracture and lower ductility. Similar results were reported
for chitosan and PEO blends in the literature.””””® Another
possible explanation for the poor elongation of GG:PEO3%
and GG:PEO4% films could be the crystallinity of PEO. PEO is
a semicrystalline polymer, and while gelatin chains might
impede the crystallization through hydrogen bonding between
ether and amino groups, crystallization may still occur with
higher PEO content.”®

Toughness of the films were also investigated as a comple-
mentary mechanical metric. The mean toughness values for
gelatin, GG, and GG:PEO1-4% films were 430.6 + 162.9,
372.5 £ 254.4, 290.1 £ 43.7, 281.2 £ 22.0, 104.4 + 66.7, and
125.2 4+ 51.0 ] m 3, respectively. Toughness did not correlate
linearly with tensile strength or strain at break, as it depends on
the combined contribution of both parameters. Although over-
all toughness decreased with increasing PEO content up to 3%,
a slight increase was observed for the GG:PEO4% samples. This
behaviour is attributed to necking seen in some GG:PEO4%
specimens, where stress gradually declined after the onset of
localized yielding rather than showing abrupt brittle fracture,
therefore increasing the area under the curve and the apparent
toughness.

For an ideal wound dressing material, the film must have
good tensile strength and high elongation at break.’’ Our
results indicated that GG:PEO2% films exhibit improved ducti-
lity and reduced stiffness and tensile strength compared
to GG:PEO0% films. Moreover, as observed visually, unlike
GG:PEO0% films, GG:PEO films did not fracture upon bending,
providing ease of application as potential wound dressings.
Although the tensile at break values were low in general, this
was attributed to the dimensions of our samples, which had a
length-to-width ratio of 1.4, thus limiting the stretchability of
the specimen during the test.

3.7. Characterisation and antimicrobial activity of MMC
integrated GG:PEO films

3.7.1. Film morphology and elemental analysis. GG:PEO
biopolymer films showed adjustable physicochemical and
mechanical properties, making them useful for antimicrobial
applications. Their swelling, degradation, and structural beha-
vior can be tailored to control the release of active agents and
improve interaction with bacterial biofilms.*>*' However, the
polymers themselves do not have antimicrobial properties and
do not interfere with bacterial growth (Fig. 9b). Therefore, we
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employed a novel multifunctional metal complex (MMC) in
GG:PEO films that present antibacterial activities against the
wound opportunistic pathogen P. aeruginosa due to its silver
and copper compounds.

Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS) were conducted to confirm the
morphological consistency and chemical composition of the
films containing 2% w/w of the MMC. EDS mapping was
used to qualitatively verify the presence and approximate sur-
face distribution of MMC-based metal signals across
formulations.

SEM images in Fig. 8 revealed distinct morphological differ-
ences across the series of GG:PEO films. With increasing PEO
content, the surface topography became more porous and
disordered, reflecting the shift from a dense, crosslinked
gelatin matrix to a more phase-separated structure. Films with
higher gelatin content appeared smoother and more uniform,
while those with higher PEO ratios showed visible phase
separation and heterogeneity, indicative of the immiscible
behavior between gelatin and PEO. These images were consis-
tent with prior observations in MMC-free samples and con-
firmed that MMC incorporation did not have any significant
effect on the film-forming process.

As shown in Table 2, EDS elemental mapping provided
further insight into film composition. As expected, the elemen-
tal spectra were dominated by carbon (C) and oxygen (O),
derived from the organic backbone of both gelatin and
PEO. Their uniform distribution across all samples suggests
good mixing and homogeneity at the macro scale. The silicon
(Si), resulting from gelatin crosslinking by GPTMS, gradually
decreased with increasing PEO content, confirming the
reduction in crosslinked gelatin as the PEO proportion
increased.

Importantly, silver (Ag) elemental maps confirmed the suc-
cessful and uniform incorporation of MMC into all film var-
iants. Despite differences in morphology and composition,
silver content remained consistent across samples, indicating
that the MMC concentration was reliably maintained at 2% w/
w. This eliminates the possibility that any variation in anti-
microbial activity is due to uneven MMC loading but rather due
to the physical and structural properties and release behaviors.

Together, the SEM and EDS results confirmed that the
MMC-loaded films were structurally and chemically consistent,
with compositional trends that reflect the intended gelatin/PEO
ratios. These findings established the basis for interpreting the
subsequent antimicrobial studies.

GGPEO0%

GGPEOZ%}‘;’ o

GGPEO1%

Fig. 8 SEM micrographs for GG:PEO films loaded with 2% w/w MMC. Figures from left to right represent GG:PEO0%—-4% samples, respectively. Scale

bars indicate 500 pm.
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Table 2 EDS elemental map analysis for GG:PEO films loaded with
2%w/w MMC. Values (%wt) represent the relative abundance of elements
in the films

Sample Carbon (C) Oxygen (O) Silicon (Si)  Silver (Ag)

14.8% + 1.1% 6.6% =+ 0.4% 1.7% =+ 0.5%
16.2% + 1.0% 5.4% =+ 0.3% 2.0% =+ 0.7%
15.9% =+ 1.2% 4.5% =+ 0.3% 2.6% =+ 0.5%
19.3% =+ 0.8% 3.9% =+ 0.2% 2.0% =+ 0.5%

19.7% £ 0.9% 3.6% =+ 0.2% 2.0% =+ 0.5%

GGPEO0% 75.0% =+ 4.0%
GGPEO1% 76.4% + 1.1%
GGPEO2% 74.3% =+ 4.1%
GGPEO3% 74.9% =+ 0.9%
GGPEO4% 74.0% =+ 1.0%

3.7.2. Kirby-Bauer disc diffusion test. MMC loaded
GG:PEO films with the same size and thickness were tested
against P. aeruginosa PA14, one of the most prevalent wound-
related pathogens, using the standard disc diffusion method.
GG:PEO films without MMC were used as positive control. It
was shown that all the MMC loaded GG:PEO films had some
degree of inhibition zone, confirming that the MMC is indeed
released from the films and is active against this Gram-negative
strain. On the other hand, GG:PEO films with no MMC did not
show any antimicrobial activities (Fig. 9a and b). When com-
paring the inhibition zone diameters among different GG:PEO
films against P. aeruginosa, an increasing trend with increasing
PEO/gelatin ratio in film composition was observed. Compared
to GG:PEO0% films, the inhibition zone against P. aeruginosa
was significantly larger when exposed to GG:PEO3% and
GG:PEO4% films (p < 0.05). The maximum zone of inhibition
against P. aeruginosa was observed in GG:PEO4% films with a
diameter of 18.10 £ 0.54 mm.

20 :

Diameter, mm
~
(4]
b

0 1 2 3 4
GG:PEOx, wt%

Fig. 9 Disc diffusion test for MMC loaded GG:PEO films. Representative
images of agar plates with P. aeruginosa exposed to GGPEO(0-4%) films
with (a) 2% w/w MMC and (b) agar plates exposed to GGPEO(0-4%) films
without MMC are presented as positive control. (c) Diameters of zones of
inhibitions for P. aeruginosa plates exposed to 2% w/w MMC loaded
GG:PEO films. Statistical significance was considered for P < 0.05 (*).
N = 5, data presented as average value + standard deviation.

366 | J Mater. Chem. B, 2026, 14, 354-371

View Article Online

Paper

In addition to P. aeruginosa, disk diffusion tests were also
performed against Staphylococcus aureus (MRSA). The MMC-
loaded films showed distinct inhibition zones against MRSA as
well, confirming the efficacy of the released metal complex
against both Gram-negative and Gram-positive bacteria that
could be tuned by gelatin-to-PEO ratio (Fig. S1).

Overall, higher PEO/gelatin content ratio showed greater
inhibition zones, which can be attributed to higher swelling
and faster diffusion of the antimicrobial agent. This suggested
that MMC release was primarily governed by water absorption
and swelling-induced diffusion from the GG:PEO films. How-
ever, a contribution from initial surface-bound MMC or
contact-based inhibition cannot be completely excluded. None
of the zones appear excessively large or purely contact-based
but rather demonstrated discrete and noticeable clearing. This
suggested some degree of sustained release from the discs
rather than a single immediate pulse of MMC.

3.7.3. Growth curves and resazurin viability test. Disc
diffusion test provided valuable insights into MMC loaded film
interactions with the bacteria and how film composition con-
trolled the inhibition rates, as increasing PEO/gelatin ratio in
film structure demonstrated improved MMC effectiveness
against P. aeruginosa after 24 h incubation. However, the
release kinetics were not yet fully understood. We used a
resazurin viability assay to further investigate viability of bac-
terial cells exposed to GG:PEO films with and without MMC
over time. Viable bacteria, which are metabolically active,
reduce resazurin, a weakly fluorescent blue-purple compound
to resorufin, a pink molecule that is highly fluorescent. In
contrast, non-viable bacteria cannot catalyse this reduction,
and consequently no colour shift or increase in fluorescence
intensity is observed.

Additionally, a pre-screening experiment was conducted to
identify the effective MMC concentration range against P.
aeruginosa. Growth curves were measured by monitoring
OD600 over 24 h using GG:PEO0% films loaded with varying
MMC concentrations (from 30 to 3000 ppm MMC), starting
from a lower initial bacterial density corresponding to approx.
10° CFU per ml. As shown in Fig. 10a, MMC concentrations
>1000 ppm completely inhibited P. aeruginosa growth, while
100-300 ppm resulted in a delayed exponential phase, leading
to a decrease in bacterial density but not inactivating all of the
bacteria cells. Area under the curve values also confirmed the
inhibitory effect of MMC release on bacterial growth with
increasing antimicrobial concentration. These helped with
the MMC dose selection for subsequent resazurin assays, which
were conducted at a higher initial inoculum to monitor meta-
bolic viability in more established bacterial populations.

After determining the effective antimicrobial concentra-
tions, the effect of film composition and the PEO/gelatin ratio
on MMC release profiles was investigated by measuring bacter-
ial viability. MMC in three different concentrations (MMC100,
MMC300, and MMC1000) was incorporated into GG:PEO0%,
GG:PEO2%, and GG:PEO4% films and bacteria viability was
screened for 24 h using the resazurin assay. For comparison,
films with no MMC were also treated with bacteria. After 24 h

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 Antimicrobial activity kinetics in MMC loaded GG:PEO films in the presence of P. aeruginosa. (a) Growth curves and area under the curve for P.
aeruginosa when exposed to GGPEOO% films with varying MMC concentrations. (b) GGPEO0%-2%—-4% films with varying MMC concentrations after
being treated with P. aeruginosa in the presence of resazurin for 24 h. (c) Antibacterial effect of (i) GG:PEOOQ%, (i) GG:PEO2%, and (iii)) GG:PEO4% with O
ppm (red), 100 ppm (blue), 300 ppm (green), and 1000 ppm (purple) loaded MMC against P. aeruginosa viability over 24 h. Negative controls (0—) with no
bacteria were tested for comparison (black). All the data were repeated three times (biological replicates) and are presented as average value + standard

deviation.

measurement, samples were removed from the solutions to
investigate the effect of bacterial culture on GG:PEO films. As
shown in Fig. 10b, the apparent colour difference confirmed
the metabolic reduction with the zero or intermediate MMC
samples. Samples in blank nutrient media maintained their
structural integrity and did not have any visible deformation.
Similarly, GG:PEO0% films remained in their original form
regardless of the presence of MMC. GGPEO2% and GG:PEO4%
films, were subject to disintegration as a significant portion
was dissolved in the bacterial culture. It was shown in previous
sections that film dissolution significantly increased with
increasing PEO/gelatin content. However, when comparing
with the negative control sample, additional dissolution was
observed due to gelatin consumption by P. aeruginosa through
enzyme degradation.®?

As shown in Fig. 10c, for the films with no MMC, bacterial
viability increased over time and reached a maximum level,
corresponding to high metabolic activity and population
growth. The subsequent steady drop could be attributed to a
further reduction to a non-fluorescent compound (dihydrore-
sorufin), resazurin co-depletion, or accumulation of bacterial
by-products. Samples with intermediate MMC concentration
maintained similar trend in metabolic profiles but resulted in
significant delays and reduced bacterial viability (max value).
While the max viability occurred at approx. 8 h (468 min) with
112784 + 3716.0 RFU for GG:PEO4% films with no MMC, this
value was 92437.17 + 11662.72 for MMC100 at approx. 10 h

(588 min), and 88898 + 8060.1 for MMC300 at approx. 15 h
(914 min). A similar trend also occurred with GGPEO0% and
GGPEO2% films. Table 3 depicts the percentage of max viability
and its time with respect to GG:PEO0%-2%-4% films with no
MMC. When combining the effect of intensity attenuation
due to lower viability with delay in bacterial growth and
metabolic activity GG:PEO4% films with MMC100 showed the
highest antimicrobial activity based on the area under curve
(AUC) values among the films. For MMC300 concentration,
GG:PEO0% had the lowest AUC percentage among the films.
MMC1000 values were close to zero among all the films.
When comparing the films, film composition did not signifi-
cantly affect the viability when exposed to MMC100 samples.
However, GG:PEO0% films with MMC300 led to a longer delay
in viability expansion compared to GG:PEO2% and GG:PEO4%
samples. MMC1000 samples completely inactivated metabolic
activity in all the films, showing flat viability curves for 24 h.
Overall, the onset and intensity of the metabolic activity
signal were closely tied to the antimicrobial release kinetics of
the films. Although all MMC300 loaded GG:PEO films con-
tained the same moderate concentration of MMC (not high
enough to fully inhibit growth), differences in film composition
influenced how quickly bacteria recovered and resumed activ-
ity. Films with higher PEO content, which swell and dissolve
more rapidly, likely released MMC more quickly but also
exhausted it sooner, allowing bacterial growth to resume ear-
lier. This resulted in a faster appearance of the resazurin signal

Table 3 Comparison between viability percentage, peak delay, and area under curve (AUC) percentage for GG:PEO0%—-2%—-4% with MMC100-1000
based on resazurin fluorescence measurements. Percentage values were calculated with respect to the values for samples with no MMC. Peak delays
were calculated by subtracting the peak times for samples with no MMC as reference. NA indicates no peak selection in curves where no growth was
observed

GGPEO0% GGPEO2% GGPEO4%

MMC100 MMC300 MMC1000 MMC100 MMC300 MMC1000 MMC100 MMC300 MMC1000
Peak RFU, % 88.92 82.17 3.02 92.60 81.97 1.05 81.96 78.84 2.18
Peak RFU delay, min 90 716 NA 201 637 NA 120 431 NA

AUC, % 81.47 £ 0.26 51.36 + 0.18 3.44 + 0.06 104.78 &+ 0.35 67.29 £ 0.20 0.75 £ 0.023 78.34 + 0.31 65.30 £ 0.21 3.01 £ 0.01
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in high PEO content films. In contrast, GGPEO0% films exhib-
ited slower, more sustained release due to gelatin hydrolysis,
delaying bacterial recovery and leading to a later onset of the
resazurin signal. These differences in signal timing reflect how
the film matrix modulates antimicrobial exposure in earlier
time points and ultimately affects the dynamics of bacterial
suppression.

Together, disc diffusion and viability test results indicate
that while PEO enhances early antimicrobial diffusion by faster
swelling and dissolution, gelatin contributes to sustained
release and longer lasting inhibition.

To relate antimicrobial performance to metal-ion availabil-
ity, a silver-release assay was performed for MMC-loaded
GG:PEO2% films (1% w/w MMC). The films displayed a bipha-
sic release profile with an initial burst within the first 15 min
followed by a slower diffusion-controlled phase over 24 h (Fig.
S2 and Table S1). The cumulative silver flux averaged approxi-
mately 23.5 ug cm > day ', which falls within the range
commonly reported for active silver dressings.®* This indicates
that the MMC-loaded films are capable of releasing clinically
relevant silver levels while maintaining sustained antimicrobial
activity. Given that this preliminary study was limited to one
representative formulation, extended compositional studies
will be undertaken in future work.

4. Conclusions

The effective management of chronic wound infections
remains a significant clinical challenge, particularly with rising
antimicrobial resistance. This study successfully demonstrates
the design and characterisation of crosslinked gelatin-poly-
ethylene oxide hybrid films (GG:PEO), as a robust tunable
platform for responsive antimicrobial delivery. With precise
modulating of the gelatin/PEO ratio, these biopolymer struc-
tures offer tunable mechanical properties, controlled swelling,
and dissolution behaviors essential for tailored antimicrobial
kinetics.

Incorporating a multifunctional metal complex (MMC)
demonstrated significant antimicrobial efficiency against P.
aeruginosa. The release of MMC from the hybrid matrix can
be finely controlled, thus providing larger growth inhibition
using higher PEO content and more sustained release of low
MMC concentration within the crosslinked gelatin matrix.

Thus, these hybrid films address a critical gap in current
biomaterial strategies by combining structural integrity, bio-
compatibility, and responsive antimicrobial functionality.
These complementary findings highlight the potential of
GG:PEO films to provide release profiles tailored to different
wound environments and broader clinical applications. The
versatility and effectiveness of these materials also highlight
their potential to reduce the burden of infections thus improv-
ing clinical outcomes. Future work will evaluate the cytocom-
patibility of the MMC-loaded films with skin-relevant cell lines
to define safe concentration ranges and confirm their suitabil-
ity for wound dressing applications.
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