View Article Online

View Journal

M) Checs tor updates

Sustainable
Food Technology

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: S. R. P. Putri, D.
Haryati, U. Santoso, A. Ningrum, A. Nugrahini and -. Manikharda, Sustainable Food Technol., 2025, DOI:
10.1039/D5FB00316D.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been accepted

Sustainable for publication.
Food Technology

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
o sockre shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY
OF CHEMISTRY

(3


https://doi.org/10.1039/d5fb00316d
https://pubs.rsc.org/en/journals/journal/FB
http://crossmark.crossref.org/dialog/?doi=10.1039/D5FB00316D&domain=pdf&date_stamp=2025-09-23

Page 1 0of 13 Sustainable Food Technology

View Article Online

Sustainability Spotlight Statement DOI: 10.1039/D5FB00316D

This study addresses sustainability by transforming underutilized rabbit bone waste
into biodegradable edible films, offering a value-added alternative to petroleum-based plastic
packaging. Rabbit bone gelatin provides a culturally acceptable and halal-compatible
substitute for bovine and porcine gelatin, with superior gel-forming ability compared to fish-
derived gelatin. The development of these films supports SDG 12 (Responsible Consumption
and Production) by reducing plastic use and promoting circular economy principles through
animal by-product valorization. Glycerol concentration was optimized to balance film
flexibility and barrier properties. Application testing using soybean oil demonstrated the film's
protective function. Overall, this research advances sustainable packaging innovation by
integrating waste utilization, material functionality, and food quality preservation.
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Rabbit Bone Gelatin Edible Films: Impact of Glycerol
Concentration on Properties and Application in Soybean Oil
Packaging
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DOI: 10.1039/x0xx00000x Manikharda*2

Rabbit bone, a by-product of rabbit meat processing, remains underutilized and is often discarded as waste. However, its
high collagen content makes it a promising alternative source of gelatin for developing biodegradable edible films as
replacements for plastic packaging. This study investigated the effect of varying glycerol concentrations (RG20:20%,
RG30:30%, and RG40:40%) on the physicochemical, mechanical, barrier, optical, and thermal properties of rabbit bone
gelatin-based films, and evaluated their potential application in soybean oil packaging. A bovine gelatin film with 30%
glycerol served as control. Increasing glycerol concentrations led to higher moisture content (9.96-19.16%), thickness
(0.087-0.109 mm), solubility (31.77-50.84%), water vapor permeability (WVP) (0.63 to 2.43 x 10-9 g:m-1-Pa-1-s-1), and
elongation at break (99.29-163.11%). However, reduced opacity value (2.13 to 1.62), tensile strength (7.34 to 3.00), and
melting temperature (178.46 to 149.34 °C). Among the formulations, RG20 film exhibited superior tensile strength, barrier,
thermal, and optical properties, confirming the functional promise of rabbit bone gelatin for edible film development. RG20
film was selected for further testing, compared with LDPE packaging. On day 9, the peroxide value of soybean oil exhibited
a more rapid increase in LDPE (13.12 meq O/kg) than RG20 (6.57 meq O,/kg). However, RG20 film was less effective in
inhibiting the increase of anisidine value (12.15) compared to LDPE (6.5) on early storage period. Free fatty acid levels
remained relatively stable in both treatments, indicating minimal hydrolytic degradation. These findings suggest that RG
films have potential use as a biodegradable alternative for soybean oil packaging.

1 Introduction characteristics and fewer cultural concerns, such as rabbit
bones, warrant further investigation.

One potential application of gelatin is as a raw material for
producing edible films, which can serve as biodegradable food
packaging. Currently, the food packaging sector remains
dominated by conventional petroleum-based plastics, which
are non-biodegradable and contribute to environmental
pollution.? As the demand for packaged foods continues to
grow, plastic waste is also increasing. Gelatin-based edible films
offered an eco-friendly alternative to conventional plastic
packaging. Based on preliminary findings that rabbit bone
gelatin exhibits comparable gel-forming abilities to commercial
bovine gelatin due to its amino acid composition, this study
seeks to empirically test its effectiveness in film formation and
its protective qualities in food packaging, thereby providing a
scientific basis for its potential as a sustainable packaging
solution.

A critical factor in developing edible films is using
plasticizers, such as glycerol, which improve elasticity,
flexibility, and prevent brittleness by interacting with polar
peptide chains in gelatin matrix.* Consistent with the present
results, Rosmawati et al.> reported that glycerol yielded more
e Department of Food and Agricultural Product Technology, Faculty of Agricultural  flexible films than sorbitol. The concentration of glycerol plays

;Z;’/ZZZ% i)‘;‘g::’s’;”d" University, Jalan Flora No 1, Bulaksumur, Sleman, 55281 4 gianificant role in determining film characteristics. Studies by
+  Electronic sup.plementary information  (ESI)  available. see Ozcan et al.5and Lau and Sarbon’ reported that higher glycerol
DOI: 10.1039/x0xx00000x levels increased film elasticity, while tensile strength decreased

Rabbit bones remain an underutilized by-product of rabbit
meat processing, mostly treated as slaughterhouse waste,
despite their potential to be processed into value-added
products, such as gelatin. Gelatin is a hydrocolloid protein
derived from the partial hydrolysis of collagen, one of the main
components of bone, accounting for approximately 25% of the
total components.! The utilization of rabbit bone-derived
gelatin adds economic value and supports Sustainable
Development Goals (SDGs) 12 on responsible consumption and
production. Commercial gelatin is primarily sourced from
bovine and porcine materials, posing religious and cultural
challenges. Therefore, rabbit bone gelatin represents a
promising alternative that is more widely acceptable across
different consumer groups. Fish-derived gelatin has been
explored as an alternative; however, fish gelatin has a lower gel-
forming ability than mammalian gelatin due to its lower
hydroxyproline and proline content, two amino acids that affect
the stability of gelatin molecule conformation.? Therefore,
alternative mammalian sources with desirable gel-forming
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due to hydrogen bonds between glycerol hydroxyl groups and
gelatin polymer matrix. These interactions resulted in more
cohesive and compact structure. due to the
hygroscopic nature of glycerol, excessive glycerol in film
formulation can increase moisture content and accelerate
oxidative degradation of packaged products.® On the other
hand, insufficient glycerol concentration may result in strong
but brittle films due to limited polymer chain mobility.”
Therefore, optimizing glycerol concentration was crucial to
obtaining edible films with desirable mechanical and barrier
characteristics.

Nevertheless, gelatin-based edible films are inherently
hydrophilic, which limits their application in high-moisture food
products but makes them suitable for packaging hydrophobic
materials such as oils.® This study selected soybean oil as the
model product due to its high polyunsaturated fatty acids
content, making it highly susceptible to oxidation. This clearly
evaluates the film’s ability to protect against oxidative
deterioration. Moreover, soybean oil is widely used as a cooking
oil in household and industrial applications, making it a relevant
model for evaluating the protective functionality of rabbit bone
gelatin films in edible oil packaging systems.

While the physicochemical properties of rabbit bone gelatin
have been examined in prior studies,® the development and
comprehensive characterization of edible films based on this
gelatin have not been previously reported. Therefore, this study
was designed to examine how varying glycerol concentrations
influence the physicochemical, mechanical, barrier, optical, and
thermal properties of rabbit bone gelatin films, as well as their
performance as oil packaging compared with conventional LDPE
plastics. We hypothesized that increasing glycerol
concentration would significantly alter film characteristics and
that the best-performing concentration would yield a rabbit
bone gelatin film with balanced strength, flexibility, and barrier
properties. Such a formulation is expected to serve as a viable
and sustainable alternative to petroleum-based packaging,
particularly for oxidative-sensitive products such as soybean oil.
The objectives of this study were to develop and characterize
edible films from rabbit bone gelatin with different glycerol
concentrations, compare them with commercial bovine gelatin
films, and evaluate their potential as biodegradable packaging
for soybean oil under storage conditions.

However,

2 Materials and methods

2.1 Materials

Rabbit bones, specifically rib bones from New Zealand and Rex
breeds aged 4-6 months, were obtained from Magetan, East
Java, Indonesia. The fresh rabbit bones were immediately
boiled for 1 h, cleaned, cut into 1-2 cm in size, and stored in a
freezer at -18 °C prior to extraction. Commercial bovine gelatin
(Hays Food & Co, Indonesia), soybean oil (Mazola, MOI FOODS,
Malaysia), low-density polyethylene (LDPE) plastic, and glycerol
were purchased from a local market.
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2.2 Rabbit bone gelatine extraction View Article Online
Gelatin from rabbit bones was extRi¢téd10386arding314d
Wulandari et al.® with modifications. The bones were soaked in
6% HCI solution (1:3 w/v) for 4 days at 30 °C, with the solution
replaced every 2 days, to obtain ossein. After immersion, ossein
was washed with flowing water, and then soaked in 0.25 M
EDTA (1:2 w/v) for 2 days. Before extraction, ossein was washed
with flowing water until neutral pH. Extraction was performed
in a water bath (Memmert WNB 29, Schwabach, Germany) at
gradient temperatures (65 °C, 75 °C, and 85 °C), each for 4 h,
using 1:2 (w/v) ossein-to-distilled water ratio, with distilled
water replaced at each step. The extract was filtered, dried at
50 °C for 16 h, and milled into powder.

2.3 Preparation of Films

Films were prepared following the method of Theerawitayaart
et al.’® with modifications. Gelatin solution (8% w/w) was
prepared by dissolving rabbit bone gelatin or bovine gelatin in
15 mL of distilled water and heated at 60 °C for 30 min. Glycerol
was added as a plasticizer at concentrations of 20%, 30%, and
40%, based on the gelatin weight, then stirred for 5 min. For
bovine gelatin (BG) film, 30% glycerol was used. These films
were labeled as RG20, RG30, RG40, and BG30. The film-forming
solution was poured into rectangular molds (130 x 85 mm) and
dried in a food dehydrator (FDH-8 Wirastar, Semarang,
Indonesia) at 50 °C for 10 h. The dried films were stored in a
desiccator containing Mg(NOs), (53% Relative Humidity, RH) at
27 £ 1 °C for at least 12 h before being manually removed from
the molds and analyzed.

2.4 Physicochemical properties of films

2.4.1 Thickness

The thickness of the edible film was measured using a digital
micrometer (Mitutoyo Series 293, Kawasaki, Japan) with an
accuracy of 0.001 mm. Measurements were taken randomly at
different points, and the average film thickness was then
calculated.

2.4.2 Moisture content (MC)

MC analysis was performed following the AOAC!! method. The
film sample was weighed (wy) and dried in an oven (Memmert
UN110, Schwabach, Germany) at 100-105 °C until a constant
weight was achieved (w4). The final weight was recorded, and
MC was calculated using Eq. 1:

MC (%) == —*x 100 (1)
2.4.3 Water solubility (WS)

According to Wang et al.,'? films (20 x 20 mm) were dried in an
oven (Memmert UN110) at 105 °C until a constant weight was
achieved. The initial dry weight (mg) was recorded. The film was
then immersed in 10 mL of distilled water at 27 + 1 °C for 24
hours. The solution was filtered using pre-dried filter paper, and
the remaining film residue was dried in an oven (Memmert
UN110) at 105 °C. The final dry weight (m,) was recorded. The
WS was calculated using Eq. 2:

This journal is © The Royal Society of Chemistry 20xx
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WS (%) =m—0X 100 (2)

2.5 Water vapor permeability (WVP)

WVP was analyzed based on the method of ASTM-E96/E96M.13
Films (40 x 40 mm) were measured for thickness and placed
over the mouth of 5 mL glass bottles (d = 1 cm) containing 5.5 g
CaCl, (0% RH), ensuring an airtight seal. The initial weight was
recorded, and the bottle was placed in a desiccator at 27 + 1 °C
and 50 £+ 1% RH for 8 h, with weight recorded hourly. WVP was
calculated using using Eq. 3:

mxL

WVP = t X A xS (R1- R2) (3)

where m was absorbed water vapor (g); L was film thickness
(mm); t was test duration (s); A is effective film area (m?); S was
saturated water vapor pressure at 27 °C (3565 Pa); R1 and R2
were RH in the test chamber (50%) and inside the bottle (0%)

2.6 Tensile strength (TS) and elongation at break (EAB)

The mechanical properties of the edible film, including TS and
EAB, were determined as described by Leite et al.l* using a
Universal Testing Machine (ZwickRoell Z0.5, Ulm, Germany)
equipped with a 100 N load cell. Film samples (100 x 50 mm)
were elongated at a crosshead speed of 10 mm/min with an
initial grip separation of 50 mm.

2.7 Optical properties of films

Color intensity was measured using a chroma meter (Konica
Minolta CR-400, America) based on the CIELAB system, which
evaluates L*, a*, and b* values. Transmittance and opacity were
analyzed following the method of Hajlaoui et al..’> The film was
placed directly into a cuvette, and transmittance was measured
using a UV-Vis spectrophotometer (Shimadzu UV-1280, Kyoto,
Japan). Light transmittance was recorded at UV and visible
wavelengths ranging from 200 to 800 nm at 100 nm intervals.
The transmittance value at 600 nm and the film thickness (x)
were used to calculate film opacity using Eq. 4:

Opacity = % (4)

2.8 Thermal properties

Thermal properties were analyzed using differential scanning
calorimetry following the method described by Zhang et al..1®
Edible film samples weighing 3 mg were placed and sealed in
aluminum pans. The samples were then scanned over a
temperature range of 20—250 °C at a heating rate of 10 °C/min
to determine the melting temperature (Tm) of the edible films.

2.9 Fourier transform infrared (FTIR) spectroscopy

FTIR analysis was conducted following the method of Hajlaoui
et al..’> Circular film samples (d = 5 mm) were analyzed using an
attenuated total reflection-fourier transform infrared
spectrometer (ATR-FTIR) (Thermo Nicolet Avatar 370 FT-IR,
Madison, USA). Each sample was scanned 32 times over the
range of 4000 cm™ to 650 cm™ at a resolution of 4 cm™. A blank
background spectrum was recorded before each scan. Spectral
data were then processed using Spectrum software, including
background subtraction, baseline correction, smoothing, and
normalization.

This journal is © The Royal Society of Chemistry 20xx

2.10 Scanning electron microscopy (SEM) View Article Online
The surface and cross-sectional microstrutiré e Fims Were
observed using SEM (JEOL SM-IT700HR, Tokyo, Japan) with
SMILEVIEW Lab software. Film samples (2 x 2 mm) were
mounted on a copper stub and coated with a thin layer of gold.
The samples were then scanned at an acceleration voltage of 10
kV, with magnifications of 5000x for the surface morphology
and 500x for the cross-section.

2.11 Soybean oil packaging applications

2.11.1 Packaging preparation

The RG20 film, which possessed satisfactory mechanical and
barrier properties against water vapor and light, was selected
to prepare soybean oil pouches (35 x 60 mm). The film was
folded and heat-sealed on two sides using a 120-130 °C sealer,
filled with 8 mL of soybean oil, and sealed on the remaining side.
LDPE packaging was prepared following the method described
by Nilsuwan et al.'” and used as the control. All oil packages
were stored in a desiccator at 27 + 1 °C and 50 = 1% relative
humidity (RH) for 15 days. Oxidative stability was assessed
based on peroxide value (PV), anisidine value (AV), and free
fatty acid (FFA) content, measured on days 0, 3, 6,9, 12, and 15
with duplicate analyses for each time point.

2.11.2 Peroxide value of soybean oil

PV was determined according to the method of Wang et al..18
Soybean oil (1.5 g) was dissolved in 15 mL of acetic
acid:chloroform (2:3, v/v), followed by adding 1 mL of 70% KI.
The mixture was kept in the dark for 5 min to allow color
development. Then, 15 mL of distilled water and 1 mL of 1%
starch indicator were added, and the solution was titrated with
0.1 mol/L Na2S203 until the color changed from dark brown to
milky white. The PV was calculated using Eq. 5:
PV (meq Os/kg) _i- vo);c x 1000 (5)
where VV; and V; were the volume of Na,S,03 solution (mL)
used for the sample and blank; ¢ was Na,S,0; solution
concentration (mol/L); and m was the weight of the oil sample

(8)-

2.11.3 Anisidine value of soybean oil

AV was determined based on the I1SO 6885'° method. Soybean
oil was dissolved in isooctane to a final concentration of 0.05
g/mL. Absorbance was measured at 350 nm using a UV-Vis
spectrophotometer (Shimadzu UV-1280), with pure isooctane
as the blank. For the reactive test solution, 5 mL of sample
solution was mixed with 1 mL of 0.75% anisidine solution and
incubated in the dark for 10 min. A blank solution was prepared
using 5 mL of isooctane instead of the sample. The non-reactive
solution consisted of 5 mL of the sample and 1 mL of glacial
acetic acid, also incubated in the dark for 10 min. The AV was
calculated using Eq. 6:

AV = 22 [1.2 x (Abs, — Abs, — Abso) (6)
where Q was sample concentration (g/mL); V was the volume
of total sample (mL); m was the weight of the oil sample (g);

Sustainable Food Technol., 20xx, 00, 1-3 | 3
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Absq, Abs,, and Abs, were the absorbance of reactive test
solution, non-reactive test solution, and blank solution.

2.11.4 Free fatty acid (FFA) of soybean oil

FFA content was analyzed following the I1SO 660%° method.
Soybean oil (1 g) was dissolved in 30 mL of ethanol, followed by
adding 2 mL of phenolphthalein indicator. The solution was
titrated with 0.1 mol/L NaOH until a faint pink color persisted.
FFA was calculated using Eq. 7:

VeMx100
0, H H —_——_—

FFA (% oleic acid) = <5o050m (7)

where V was the volume of NaOH solution (mL); ¢ was NaOH

solution concentration (mol/L); M was molecular mass of oleic

acid (g/mol); and m was the weight of the oil sample (g).

2.12 Statistical analysis

This research was structured using factorial experiments, and a
completely randomized design (CRD) was implemented.
Statistical analysis was conducted using SPSS software (Version
20.0, IBM Corp., Armonk, NY, USA). One-way ANOVA followed
by Duncan’s test (p <0.05) was used to analyze edible film
properties. T-tests and one-way ANOVA were used to compare
soybean oil quality across packaging types and storage
durations. All data in the tables are expressed as mean *
standard deviation (SD).

3 Results and discussion
3.1 Characteristics of films

3.1.1 Thickness

The thickness of gelatin films significantly increased with higher
glycerol concentrations, as shown in Table 1. The thickest film
was RG40 (0.109 mm), followed by RG30, BG30, and RG20 film.
This trend suggests that glycerol, acting as a plasticizer,
enhances film thickness by increasing free volume and reducing
intermolecular interactions within the polymer matrix. The
hygroscopic nature of glycerol also promotes moisture
retention, contributing to matrix expansion. Similar results have
been reported in rabbit skin gelatin films, where the addition of

Sustainable Food Technology:

glycerol led to increased film thickness.?! Previous,studies have
shown that incorporating glycerol in®®!: Bidpélrer0Gileis
enhances their ductility while reducing intra- and
intermolecular forces within the polymer network.?2 Moreover,
the increased water content associated with glycerol addition
can further expand the polymer structure, reinforcing the trend
of increasing thickness.?3

3.1.2 Moisture Content

Moisture content increased significantly with higher glycerol
concentrations, as shown in Table 1. RG20 film had the lowest
moisture content (9.96%), significantly lower than BG30
(13.69%), while the highest value was observed in RG40 film at
19.16%. The hygroscopic nature of glycerol, characterized by its
three hydroxyl groups (-OH), contributes to increased moisture
content of films as glycerol concentration rises. These hydroxyl
groups have strong affinity and form hydrogen bonds with
water molecules, enhancing water absorption capacity of
films.2* Glycerol also increases the free volume within the
polymer matrix, facilitating moisture uptake.?* This trend aligns
with previous studies, which also reported higher moisture
content in turkey skin gelatin films with 40% glycerol, namely
22.46%.5 Additionally, an increase in moisture content was
associated with greater film thickness, as the plasticizing effect
of glycerol influenced both properties.

3.1.3 Water Solubility

The solubility of gelatin films varied significantly with different
glycerol concentrations, as shown in Table 1. The control film
(BG30) demonstrated a solubility of 43.91%, while the RG20 film
exhibited a lower solubility of 31.77%. This reduction suggested
that decreasing glycerol concentration created a more stable
film structure with enhanced water resistance, attributed to a
denser protein network with fewer hydrophilic groups. An
association between moisture content and solubility was
observed, where BG30 had a higher moisture content than the
RG20 film (Table 1). This indicated that films with higher
moisture retention were more susceptible to dissolution. As a
plasticizer, glycerol influenced the structure and properties of
the films.26

Table 1. Thickness, moisture content, water solubility, water vapor permeability, tensile strength, elongation at break, color, and

opacity of edible films with different glycerol concentrations

Parameters BG30 RG20 RG30 RG40
Thickness (mm) 0.094 + 0.006" 0.087 + 0.0032 0.101 £ 0.005¢ 0.109 + 0.0044
Moisture content (%) 13.69 +1.35b 9.96 + 0.442 14.47 £ 0.81° 19.16 +1.29¢
Water Solubility (%) 43,91 + 2.85° 31.77 £ 0.932 44.70 + 4,94bc 50.84 *+ 5.34¢
WVP (1079 g'm1-Pal-s?) 1.21 +0.00° 0.632 +0.00b 1.25 + 0.00° 2.43 £ 0.00¢
Tensile Strength (MPa) 5.41 £ 0.63¢ 7.34 +0.30¢ 4.24 +0.58° 3.00 £0.272

EAB (%) 171.34 + 10.22¢ 99.29 + 11.36° 133.83 +5.05° 163.11 +9.25¢
Color

L* 41.68 + 0.97° 40.04 £ 2.252 40.18 + 2.212b 40.22 + 1.943b
a* -0.10 + 0.04° -0.26 £ 0.07°2 -0.26 £ 0.07°2 -0.27 £ 0.08?
b* 0.20 £ 0.08? 1.80 + 0.20¢ 1.71+£0.17°¢ 1.67 £ 0.08°
Opacity 0.67 £0.232 2.13 £0.50¢ 1.82 + 0.445¢ 1.62 +0.39°

4 | Sustainable Food Technol., 20xx, 00, 1-3
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All data in the tables are expressed as mean * standard deviation (SD). Different lowercase letters in the same yow, indicate

significant difference (p<0.05).

As the glycerol concentration increased, water solubility
rose due to enhanced hydrophilicity and disruption of polymer
cohesion.?” The RG40 film showed the highest solubility
(50.84%), supporting the trend and consistent with previous
studies on the plasticizing effect of glycerol in duck feet gelatin
film.24

3.1.4 Water Vapor Permeability (WVP)

WVP of gelatin films varied significantly with glycerol
concentration (Table 1). RG20 film exhibited the lowest WVP
(0.632x 10 ° gem1-Palsl), indicating superior barrier
properties, while the highest WVP was observed in RG40 film
(2.43x10° gm?tPalsl). The BG30 showed a WVP of
1.21 x 107° g'-m-Pal:s’}, comparable to the rabbit gelatin film
with the same glycerol level. The increased WVP at higher
glycerol concentrations is likely due to enhanced hydrophilicity
and reduced polymer cohesion, resulting in a looser matrix
more permeable to water vapor. These findings are consistent
with the solubility and moisture content trends, where higher
glycerol levels corresponded to higher water uptake and lower
barrier integrity. Similar patterns have been reported in gelatin-
based films, where glycerol addition increased WVP due to
plasticization effects.??* However, Galus et al.?’ observed a
WVP reduction in sodium caseinate films when glycerol was
combined with hydrophobic waxes, suggesting that other film
components can modulate the effect of glycerol. Overall, RG20
film appeared optimal for minimizing WVP, although higher
levels may be preferred when prioritizing flexibility over barrier
function.

3.1.5 Tensile Strength

Glycerol concentration significantly affected the TS of films
(Table 1). RG20 film exhibited the highest tensile strength (7.34
MPa), significantly higher than BG30 film (5.41 MPa). However,
increasing the glycerol concentration to 30% and 40% resulted
in a marked reduction in tensile strength to 4.24 MPa and
3.00 MPa, respectively. This decline was attributed to the
plasticizing effect of glycerol, which promoted polymer chain
mobility and reduced intermolecular interactions, resulting in
increased flexibility but reduced mechanical strength.?>

These results suggested that 20% glycerol was the optimal
concentration for maximizing the TS. The great TS of RG films
could be attributed to the quality of rabbit bone gelatin
obtained through a modified extraction process, where the gel
strength reached 212.81 + 4.48 g Bloom (Table S1). A higher
gelatin gel strength was directly correlated with improved
mechanical properties of the films, whereby stronger gels
contributed to higher TS.28

3.1.6 Elongation At Break (EAB)

DOI: 10.1039/D5FB00316D

EAB of gelatin films showed notable variation with different
glycerol concentrations (Table 1). BG30 film had the highest EAB
(171.34%) and was similar (p>0.05) to RG40 film (163.11%),
while RG20 film exhibited a significantly lower value (99.29%).
This indicates that both gelatin source and glycerol level
influence film extensibility. Increasing glycerol from 20% to 40%
improved EAB, likely due to the plasticizing effect of glycerol,
which enhances flexibility and stretchability by increasing free
volume and reducing intermolecular forces within the polymer
matrix. However, the optimal concentration depends on the
polymer system and interactions with other components.?® This
trend has also been observed in gelatin-based films; EAB
increased from 71.64% to 193.76% as glycerol levels rose from
10% to 40% 7.

3.1.7 Color and Opacity

The color attributes (L*, a*, b*) and opacity of gelatin films
varied with gelatin source and glycerol concentration, as
presented in Table 1. BG30 film had the highest lightness (L* =
41.68), slight greenish tint (a* = —0.10), and slight yellow hue
(b* = 0.20) alongside the lowest opacity (0.67). In contrast, RG
films appeared slightly darker (L* = 40), with more negative a*
values (—0.26 to —0.27) and significantly higher b* values (1.67—
1.80), indicating a more intense yellow coloration. These results
were likely due to the differences in gelatin sources, where the
amino acids cysteine and methionine contribute to a more
yellow color, as well as variations in extraction methods and pH
levels used.?'30 Yellowness was decreased in the films with
higher glycerol could be linked to the dilution of proteins since
glycerol is a colorless compound.?! Opacity was notably greater
in RG films, peaking at 20% glycerol (2.13), and declined with
increasing glycerol levels. The observed optical variations are
attributed to the plasticizing effect of glycerol, which enhances
film flexibility and homogeneity by disrupting polymer chain
regularity. It resulted in a less compact matrix, facilitating
greater light transmission and enhanced film transparency.®

3.1.8 Transmittance

Film transmittance was influenced by both glycerol
concentration and gelatin source (Table 2). Films that transmit
higher amounts of light could expose the packaged food to
photooxidation, reducing its shelf life.3! In the UV range (200—
280 nm), all films exhibited low transmittance values (0.02—
0.05%), which gradually increased beyond 280 nm. This
behavior indicated that the films might protect against UV-
induced oxidation to a certain level.

Table 2. Light transmittance of edible films with different glycerol concentrations

Wavenumber (nm)

Films

200 300 400

500 600 700 800

This journal is © The Royal Society of Chemistry 20xx
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BG30 0.05+0.01¢ 53.29+4.62¢ 80.89+2.80¢ 86.81+0.96¢ 87.83+1.81° 88.38+0.75¢ 89,10 #.0.56% .
RG20  0.02 +0.002 8.20+3.242 37.56 +5.46° 49.59+3.87° 56.62+3.05° 59.93 + 2.9 10.63%3¥ 84D
RG30 0.03+0.00® 12.75+4.02° 4588+3.74> 5690+4.28" 63.56+3.81" 6553+2.42>  68.11+3.44b
RG40 0.04+0.00° 16.64+3.69° 54.06+3.09° 63.83+2.75° 6841+507¢ 71.93+4.26° 73.46 +4.83¢

All data in the tables are expressed as mean + standard deviation (SD). Different lowercase letters in the same column indicate

significant difference (p < 0.05).

The UV-blocking capacity was attributed to the presence of
aromatic amino acids, such as tyrosine and phenylalanine,
which are sensitive to UV light absorption.?* In the visible range
(280—-800 nm), BG30 film consistently transmitted more light
compared to the RG films, with transmittance values ranging
from 53.29% at 300 nm to 89.10% at 800 nm. Increasing
glycerol concentration significantly enhanced transmittance in
the RG films. Among all treatments, the RG20 film exhibited the
lowest transmittance values across all wavelengths, from 0.02%
at 200 nm to 63.73% at 800 nm. This might indicate better
photoprotection properties suitable for packaging applications
such as oil preservation.

3.1.9 Thermal properties

Differential scanning calorimetry (DSC) was used to evaluate the
where melting
temperature (Tm) represents the temperature at which gelatin

thermal properties of the edible films,
network loses its stable structure.’> As shown in Figure 1a,
increasing glycerol concentration resulted in a shift of the
endothermic peak toward lower temperatures, from 178.46 °C
(RG20) to 149.34 °C (RG40). This decrease was attributed to the
plasticizing effect of glycerol, which weakened intermolecular
interactions and increased the free volume within the polymer
matrix, leading to a looser structure compared to films with
lower glycerol content.

Consequently, less thermal energy was required to break
the molecular bonds and disrupt the film network, as reflected
in the decreased Tm values.”?>32 In comparison, the BG30 film
exhibited a melting temperature of approximately 180 °C,
which was higher than all RG films. This was attributed to the
higher content of imino acids (proline and hydroxyproline) and
the greater molecular weight of bovine gelatin, which enhanced
hydrogen bonding and stabilized the triple helix structure within
the film.1>33

3.1.10 FTIR

FTIR analysis was conducted to identify functional groups in
gelatin-based edible films and to observe the interactions
between gelatin and glycerol and structural changes in the
films. The primary absorption bands are presented in Figure 1b,
showing similar spectral patterns across treatments. Major
peaks included amide A (3281-3285 cm™', N—H stretching of
NHsz groups), amide B (2930-2933 cm™', asymmetric C-H
stretching of aliphatic groups), amide | (1628-1633 cm™, C=0
stretching or H-bond coupling with COO~), amide Il (1539-1548
cm™, N—-H bending and C—N stretching), and amide 11l (1238—
1239 cm™, N-H bending and C—N stretching). Variations among
samples were attributed to differences in gelatin type and

6 | Sustainable Food Technol., 20xx, 00, 1-3

glycerol concentration, affecting the secondary structures of

films.13
BG30
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Fig 1. DSC thermographs (a) and FTIR spectra (b) of edible films with
different glycerol concentrations.
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The amide A band in BG30 (3281.72 cm™) appeared at a
slightly lower wavenumber compared to RG films (~3285 cm™),
while the amide | band of BG30 film (1633.14 cm™) was higher
than RG films (~1528 cm™). These were likely due to
compositional differences between bovine and rabbit bone
gelatin, consistent with previous findings.3* A shift of the amide
B band to lower wavenumbers in RG30 film (2930.20 cm™) and
RG40 (2930.50 cm™) compared to RG20 (2932.73 cm™)
suggested interactions between CH, groups and NHz moieties
on protein chains.'® The amide Il band, related to N—H bending
and C—N stretching, shifted to lower wavenumbers across films,
indicating gelatin—glycerol interactions. RG20 exhibited the
lowest amide Il absorption, possibly due to optimal hydrogen
bonding between gelatin and glycerol, resulting in reduced C—N
and N-H stretching. Additionally, the absorption band at 1036
cm™, corresponding to —OH groups, increased with higher
glycerol concentrations, reflecting the contribution of glycerol’s
hydroxyl groups.3® It suggested that glycerol formed new
hydrogen bonds with polar groups of gelatin during film
formation, disrupting intramolecular hydrogen bonding that
stabilized the gelatin’s triple helix structure.??:3¢ With increasing
glycerol concentration, more hydrogen bonds were formed,
which in turn increased moisture content and solubility due to
the hygroscopic nature of glycerol. This also enhanced
flexibility, as reflected in higher elongation at break (EAB)
values, while simultaneously reducing tensile strength in films
with greater glycerol concentrations.

3.1.11 SEM

The morphology of films was investigated using SEM, as shown
in Figure 2. The control film (BG30) exhibited a smooth and
uniform surface, indicating effective component blending. The
RG films demonstrated distinct surface textures. At lower
glycerol concentration (RG20), the surface appeared rough with
cracks and wrinkles, suggesting insufficient plasticization. As
glycerol content increased to 30% (RG30) and 40% (RG40), the
surfaces became more irregular, featuring ridges and folds. This
indicated that higher glycerol content enhanced molecular
mobility, although excess glycerol might have caused phase
separation. Cross-sectional SEM images (Figure 3b) confirmed
these findings. The BG30 film displayed a dense and compact
internal structure, whereas the RG20 film appeared layered and
brittle. With higher glycerol concentrations, RG films (RG30 and
RG40) became more porous and less compact, indicating
increased glycerol levels improved plasticity but compromised
structural integrity. These changes underscored the impact of
glycerol concentration on mechanical and barrier properties.
Increasing glycerol content increased hydrophilic properties,
disrupted polymer cohesion, and affected structural integrity,
making bonds looser and more flexible.2>27

3.2 Oxidative stability of soybean oil in gelatin pouch
RG20 film was selected for edible oil packaging applications
because it exhibited the lowest thickness (0.087 mm), reduced

moisture content (9.96%) and water solubility (31.77%), and the
lowest water vapor permeability (0.632 x 10™° g-m~"-Pa~"s7"). In

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

addition, it showed the highest tensile strength (7,34, MiRa)pthe
lowest light transmittance, and tHh&! RighESPSFRIEIRIRG
temperature (178.46 °C). Based on these combined
characteristics, RG20 was chosen for comparison with LDPE in
the oil packaging application. Photographs of soybean oil
packaged in RG20 film and LDPE pouches are presented in Fig.
3. All soybean oil samples exhibited a yellowish color, which is
attributed to the natural pigments present in the oil. Both RG20
and LDPE pouches displayed glossy and transparent surfaces,
although RG20 appeared slightly more opaque than LDPE.
During the 15-day storage period, no visible color changes were
observed in the oil, and all pouches maintained intact seals
without any signs of leakage.

RG30 RG40

Fig 2. SEM micrographs of surface (a) and cross-section (b) of
edible films with different glycerol concentrations.

RG20 Film

Fig 3. Photographs of soybean oil packaged in RG20 film and
LDPE pouches.

Sustainable Food Technol., 20xx, 00, 1-3 | 7

Please do not adjust margins



http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fb00316d

Page 9 of 13

Open Access Article. Published on 23 September 2025. Downloaded on 9/27/2025 7:03:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

3.2.1 Peroxide value (PV)

PV measures primary oil oxidation, indicating hydroperoxide
formation during early oxidation.3” The findings in Figure 4a
showed that the PV of soybean oil increased over a 15-day
storage period in both LDPE and RG20 film packaging. On day O,
soybean oil showed low PV (1.64 meq O,/kg), indicating that the
oil had low initial oxidation. At this point, the PV of the LDPE
packaging exceeded the Codex Alimentarius standard
(maximum 10 meq O,/kg).38 In contrast, the RG20 film showed
a slower increase in PV with a value of 6.57 meq O,/kg on day 9
and thus remained below the Codex standard limit, indicating a
slower accumulation of primary oxidation products during the
initial storage period. Consistent with previous findings, chicken
skin oil stored in LDPE packaging exhibited a faster increase in
peroxide value compared to oil stored in fish gelatin-based
edible film packaging.3® This finding may be attributed to the
optical properties of the edible film in relation to ultraviolet
(UV) and visible light, which warrant further investigation.

The PV value of RG20 film reached its peak (14.72 meq
0./kg) on day 15. The results demonstrated that oxidative
deterioration had occurred in the soybean oil, as the peroxide
value (PV) surpassed the allowable limit. The presence of
residual oxygen in the headspace during the packaging process
was likely responsible for this observation.® The PV reduction
in LDPE packaging after day 9 likely resulted from the
breakdown of hydroperoxides into secondary compounds, such
as aldehydes and ketones, as detected in the anisidine value
test. This matches previous findings that PV values decrease
after peaking due to hydroperoxide instability.? While the
RG20 film initially has lower hydroperoxide, the higher PV
values at the end of storage suggested high gas and vapor
permeability. This aligns with studies showing that
biodegradable packaging is comparable to plastic but has lower
gas migration resistance than conventional plastics.*!

(a) 18

Anisidine value
=

Peroxide value (meq O,/kg)
™

0 3 B g 12 15 0 3 8 9 12 15
Storage time (days) Storage time (days)

—+—LDPE
-=—RG20

() 20

Free fatty acid (% Oleic acid)
=

Storage time (days)

Fig 4. Changes in peroxide value (a), anisidine value (b) and free
fatty acid (c) during soybean oil storage. Different lowercase
letters indicate significant differences (p < 0.05) among
treatments within the same storage time. Different uppercase
letters indicate significant differences (p < 0.05) among storage
times within the same treatment.
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3.2.2 Anisidin value (AV) View Article Online
AV indicates secondary oxidation produetd: if-IateiPstBges GF
lipid oxidation, such as 2-alkenals and 2,4-alkedienals, which
contribute to lipid rancidity.*? These compounds are formed
from the degradation of hydroperoxides, which are inherently
unstable. AV value is essential for evaluating the oxidative
quality of oils during storage. Figure 4b showed that the AV on
day 0 was minimal (1.32), indicating low initial oxidation. The AV
increased significantly, particularly in RG20 film, reaching 17.08
by day 15. In contrast, the AV in LDPE packaging rose gradually,
reaching 14.34 at the same time point. The greater increase in
AV was observed in the RG20 film during the initial storage
period. This finding suggests that while the film exhibits low
WVP, its effectiveness is inferior to that of LDPE.?
Consequently, this could facilitate the formation of secondary
oxidation products resulting from hydroperoxide degradation.*3
Significant differences were observed between storage time
and packaging types, showing that both factors influence
oxidative degradation. Although the RG20 film exhibited a
faster increase in AV during the early storage period, by days 12
and 15, the AV were not significantly different (p > 0.05)
between RG20 and LDPE packaging. This finding suggested that
the edible film provided oxidative protection comparable to
LDPE. Given its biodegradable nature, the edible film
represented a more eco-friendly packaging alternative.**
Therefore, enhancing the barrier properties of gelatin-glycerol-
based packaging remains key for future research.

3.2.3 Free fatty acid (FFA) content

The changes in the FFA content of soybean oil during storage
can be seen in Figure 4c. FFA is considered an important
parameter for evaluating the hydrolytic stability of oil, as it is
formed through the hydrolysis of triglycerides into free fatty
acids and glycerol. An increase in FFA can be caused by
enzymatic activity (e.g., lipase) or chemical reactions triggered
by the presence of water and heat during storage.*® During the
15-day storage period, the FFA value remained stable in LDPE
and RG20 film packaging. A slight increase occurred from 1.22%
(day 0) to 1.54% (day 15), indicating minimal interaction
between the oil and environmental moisture that entered
through the packaging. No significant differences in FFA values
were observed between the two packaging types at most
storage points, except on day 3, where LDPE showed a
significantly higher value (1.62%) than the RG20 film (1.27%).
This suggests that both packaging types offered comparable
protection against hydrolytic degradation throughout storage,
except for early-stage.

In contrast, peroxide and anisidine values exhibited
consistent and significant differences between the two
packaging types, reflecting more pronounced variation in
oxidative stability. Although RG20 film was more permeable to
water vapor, it did not consistently lead to higher FFA values
compared to LDPE. This difference may be due to storage
conditions not favoring hydrolysis reactions. These findings are
consistent with previous studies reporting slow FFA
accumulation during short-term storage (<1 month), unless

This journal is © The Royal Society of Chemistry 20xx
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intensified by high lipase activity or favorable environmental
conditions such as high humidity and temperature.”4>

4 Conclusions

The RG films were comparable to bovine gelatin film in terms of
moisture content, water solubility, and water vapor
permeability. Glycerol concentration significantly influenced
the functional properties of RG films. Increasing glycerol from
20% to 40% elevated film thickness, moisture content, water
solubility, EAB, WVP, and transmittance, while tensile strength,
opacity, and thermal properties decreased. The RG film with
20% glycerol exhibited the most favorable mechanical and
barrier properties. The results suggest that rabbit bone gelatin
has potential as an alternative source for developing edible
films. In application as soybean oil packaging, RG film showed
lower primary oxidation than LDPE, although secondary
oxidation occurred earlier, suggesting limitations in long-term
oxidative protection. Meanwhile, free fatty acid content
remained stable, indicating minimal hydrolytic degradation.
These results confirm that RG films have potential as
biodegradable packaging for short-term storage of soybean oil.
This study represents an initial attempt to develop edible films
from rabbit bone gelatin, highlighting their potential as
biodegradable packaging for short-term storage of soybean oil.
Future research should expand this work by incorporating
additional reinforcing or active materials, as well as performing
more advanced evaluations, including oxygen permeability
measurements, complete DSC analysis (e.g., glass transition
temperature), quantitative SEM, film integrity under real
storage conditions, microbiological safety, and migration tests
into oil. These directions will be essential for validating the
functionality and safety of rabbit bone gelatin films in practical
food packaging applications.
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