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Gelatin-based bio-nanocomposite films reinforced with carbon dots were developed and
characterized to evaluate their mechanical, thermal, and optical properties. The films
were prepared with carbon dot concentrations of 0.0, 0.1, 0.5, and 1.0% (W/w) to
examine the effect of nanofiller incorporation. Optical analysis showed enhanced
ultraviolet—visible absorption at 339—344 nm and red-shifted fluorescence emission at
500-517 nm under 400 nm excitation, indicating improved light-responsive behavior.
The addition of carbon dots significantly improved tensile strength, elongation at break,
and Young’s modulus, demonstrating enhanced flexibility and mechanical performance.
Furthermore, carbon dots reduced the water vapor transmission rate and transparency
while increasing film density, indicating improved barrier properties. The film
containing 0.5% carbon dots showed the most balanced performance, with a tensile
strength of 27.43 = 0.71 MPa, elongation at break of 23.17 £ 1.66%, and Young’s
modulus of 0.26 £ 0.03 GPa. Structural analysis confirmed no significant changes in
chemical composition and showed uniform dispersion of carbon dots. Thermal analysis
indicated improved stability with a melting temperature of 167°C. These findings
highlight the potential of gelatin-based bio-nanocomposite films for sustainable
packaging applications.
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1. INTRODUCTION

Gelatin as protein biopolymers has been studied
extensively in the pharmaceutical field as a capsule
shell material', wound treatment and drug delivery?,
and biodegradable films as a substitute for petroleum
polymers®.  Gelatin is  biocompatible, non-
immunogenic, low gelling temperature, low melting
point, and has good gas barrier capacity*®. Gelatin is
also reported to have a high abundance, so its
utilization is essential to increase its commercial
value. The utilization of gelatin which is readily
decomposed or biodegradable can prevent
environmental pollution®. However, gelatin made into
films is known to have inferior mechanical properties,
water barrier characteristics, and thermal properties
that limit its use’s.

Adding of nano-sized fillers or nanofillers at
low concentrations to nanocomposites can enhance the
mechanical and thermal properties of polymers’.
Because of their high surface energy and expanded
surface area, film fillers with a minimum of one nano-
size dimension (nanofillers) have superior interfacial
interactions with the polymer matrix than micro- or
macro-fillers. It will greatly improve the polymer's
mechanical characteristics!?. Various nanofillers such
as ZnO* CuS', and Ag-Cu'? have been reported to
enhance the mechanical and thermal properties of
gelatin-based bio-nanocomposite films.

An alternative nanofiller for gelatin-based films
is carbon dots (C-dots), which are nanoscale carbon
particles with sizes generally below 10nanometers and
are characterized by strong light emission, large
surface area, and abundant functional groups such as
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hydroxyl, carboxyl, and amino groups that facilitate
strong interactions with gelatin matrices, thereby
improving  film  structure and  mechanical
performance®!®. Previous studies on gelatin-based
nanocomposite films have mainly utilized inorganic
fillers such as ZnO, CuS, and Ag-Cu nanoparticles to
enhance mechanical strength and antimicrobial
properties. However, these materials may present
limitations, including potential toxicity, particle
aggregation, and reduced transparency. In contrast, C-
dots exhibit better compatibility with polymer
matrices, improved dispersion, and additional optical
functionalities such as light emission and ultraviolet
absorption while maintaining film clarity, although
their antimicrobial activity is generally lower than that
of metal-based fillers'*',

Moreover, C-dots have been reported to
enhance mechanical properties, including tensile
strength and elongation, in various polymer systems
such as carboxylated styrene-butadiene rubber
(XSBR)",  polyvinylpyrrolidone ~ (PVP), and
polyethersulfone (PES)'®. Composite membranes of
polyacrylonitrile (PAN)/C-dots have shown improved
tensile strength and Young's modulus values'’. These
nanoparticles are typically synthesized from carbon
sources such as citric acid combined with surface
passivating agents including polyethylene diamine!',
ethylenediamine'®, urea®, or glutathione?!. 1In
addition, C-dots are known for their good
biocompatibility, chemical stability, low toxicity, ease
of surface modification, cost-effective synthesis, and
abundant raw materials*>. C-dots have been widely
explored in applications such as optical sensors®,
photocatalysts?*, corrosion inhibitors?, bioimaging',
and the development of intelligent packaging systems,
making them promising candidates for multifunctional
and sustainable bio-nanocomposite films?®.

Furthermore, gelatin-based bio-nanocomposite
films incorporating C-dots, including systems such as
gelatin-based nanocomposite hydrogel?” and hybrid
biobased films have attracted increasing attention due
to their biodegradability, excellent film-forming
ability, and tunable multifunctional properties.
Previous studies have primarily focused on improving
individual characteristics, such as mechanical
strength, barrier performance, or optical properties,
through the incorporation of C-dots into gelatin
matrices?®. However, comprehensive studies that
systematically correlate structural interactions with
mechanical and optical performance remain limited
and are not yet fully understood.

In this study, gelatin/C-dots bio-nanocomposite
films were developed to elucidate the interfacial
interactions between gelatin and C-dots and their
influence on film properties. The novelty of this work
lies in the systematic evaluation of the role of C-dots
as functional nanofillers in enhancing both mechanical

and optical properties, providing deeper insight into
the structure—property relationships within the gelatin
matrix. Therefore, this study aims to investigate the
effect of varying gelatin/C-dots ratios on the
physicochemical and functional characteristics of the
films, including thickness, density, water vapor
transmission rate (WVTR), transparency,
morphology, functional groups, thermal stability, and
mechanical properties (tensile strength, elongation at
break, and Young’s modulus). Additionally, the
fluorescence-related optical properties are explored to
highlight the potential of these films for future smart
packaging applications.

2. RESEARCH METHODS
Materials

The chemicals used are bovine gelatin (30
Mesh, 150 Bloom/Global Capsules), glycerol (P and
G Chemicals), urea (Merck), and citric acid (Pudak
Scientific). The instruments used are a Pycnometer
(Pyrex), Micrometer (Mitutoyo Manufacturing),
Mechanical Universal Testing Machine (Testometric
FS500AT), Universal Attenuated Total Reflection-
Fourier Transform Infrared (UATR-FTIR) (Spectrum
Two Perkin Elmer), Scanning Electron Microscopy
(SEM) (Carl Zeiss EVO MA 10), Thermal
Gravimetry-Differential Scanning Calorimetry (TG-
DSC) (200-F3 Maia), UV-Vis spectrophotometer
(1700 Shimadzu), and spectrofluorometer (F-2700 FL
Spectrophotometer).

Synthesis of C-dots Nanoparticles

C-dots were synthesized by dissolving 2.6 g of
citric acid and 1.4 g of urea in 20 mL of distilled water,
followed by heating in a 700 W microwave for 5
minutes. This process yielded a dark brown solid
product, corresponding to C-dots. The obtained solid
was subsequently redispersed in 100 mL of
demineralized water, thoroughly mixed, and
centrifuged at 3000 rpm for 20 minutes to remove
large aggregates. The resulting supernatant was then
filtered through a 0.2 um membrane to obtain a clear
brown solution with a C-dots concentration of 1
mg/mL. The prepared solution was stored at 4°C prior
to further use?*?%3,

Fabrication of Gelatin/C-dots Bio-nanocomposite
Films
A gelatin solution comprising 4 g of gelatin was
dissolved in 100 mL of distilled water before being
heated at 45 °C for 30 minutes while stirring
continuously. As a plasticizer, 0.95 mL of glycerol
was added due to its high compatibility with gelatin
and its ability to form hydrogen bonds with polymer
chains, thereby improving film flexibility and
reducing brittleness. The solution was warmed and
agitated for 15 minutes at 45°C. Various
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concentrations of C-dots (0, 0.1, 0.5, and 1% w/w)
were added and the solution was mixed slowly for 60
minutes. The solution was then poured into a glass
plate (15 x 15 x 1 cm) and allowed to dry for three days
at 23-25°C331,

Film Thickness

At three random locations around the film, the
thickness was measured with a micrometer (0.001
mm). The film thickness was calculated using the
average value®.

Film Transparency

A UV-Vis spectrophotometer was used to
measure the film's transparency at a wavelength (A) of
550 nm. The known thickness (x mm) film was cut
sufficiently and then put into the test cell. Film
transparency (mm™) was calculated based on the
equation’ :

__ The Absorbance at 550 nm
Film thickness (mm)

T (1)

Film Density

Density measurements were carried out using a
pycnometer. The density value is calculated based on
the equation® :

mps - m dl
ds = (mps - mp) X

2

mpl - mp - mpls + mps

Where ds is density of film (g/cm?®), mp is empty
weight of pycnometer (g), mps is pycnometer weight
+ sample (g), mpl is pycnometer weight + water (g),
mpls is pycnometer weight + sample + water (g). At
23- 27°C, dl is the density of the immersion liquid
(g/cm?).

Water Vapour Transmission Rate (WVTR) Test

The 4 x 4 cm film sample was placed in a test
cup filled with 10 mL of distilled water. After that, the
entire system (test cup + water + film) was placed in a
desiccator. The mass of the system was measured
hourly for a total of 3 hours. The WVTR value of the
sample is calculated using the equation®*** :

weight loss (g)

WVTR (3)

" film area (cm?) x time (hour)

Scanning Electron Microscopy (SEM)

The film sample was dried in a desiccator for
two weeks before being placed in a double-adhesive
set holder. The gold coating was then coated on the
sample in a vacuum and evaluated by SEM at higher
magnification (5000x)*.

Universal Attenuated Total Reflectance—Fourier
Transform Infrared (UATR-FTIR) Analysis

UATR-FTIR was used to record the FTIR
spectrum of the C-dots samples and bio-
nanocomposite films, ranging from 400 to 4000 cm™'.
The test results are in the form of a spectrum that is
then interpreted, including the wavenumber and
percent transmittance to determine the functional
group'2.

Mechanical Properties

Mechanical Universal Testing Machine
equipped with a load cell of 60 N is used to determine
the tensile strength, elongation, and Young's modulus.
Before testing, the films were conditioned for 48 hours
at 23 £ 2°C. A mechanical crosshead speed of 30
mm/min was used to test the films™®.

Thermogravimetric—Differential
Calorimetry (TG-DSC) Analysis

TG-DSC was used to determine the thermal
characteristics of the films. The samples were
conditioned in a desiccator for one week at 23-25°C.
The sample was then encapsulated on an aluminium
plate and scanned at 30-500°C at a 10°C/min heating
rate. As a reference, a blank aluminium plate was
used*.

Scanning

Optical Properties

The optical properties of the films were
determined by analyzing their UV-Vis absorption
spectrum and fluorescence emission spectra. UV—VIS
absorption spectrum of film in a 200—800 nm range
was recorded using a UV-VIS spectrometer. A
spectrofluorometer measured the fluorescence
emission spectrum of the film at an excitation
wavelength of 400 nm?¢.

Statistical Analysis

Data were processed and analyzed using
statistical analysis of variance (ANOVA) and Tukey's
multiple comparison tests with a confidence interval
of 0.05. The data were then shown as mean =+ standard
deviation (N=3), significant differences indicated by
different letters at p<0.05. Minitab 18 was used to
conduct the statistical analysis®.

3. RESULTS AND DISCUSSION
Physical Appearance of Gelatin/C-dots Bio-
nanocomposite Films

The homogeneous distribution of the nanofiller
significantly influences the physical appearance of the
film*’. Gelatin films typically exhibit a smooth and
flexible surface with a translucent to transparent
appearance (Figure 1a)’3*. These transparent
properties are obtained from the homogeneous
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dispersion of the components within the matrix. The
film color changed upon light exposure depending on
the concentration of the brownish C-dots solution
incorporated into the bio-nanocomposite films, as
shown in Figures 1b — 1d. The resulting film
appearance was systematically compared with
previous studies on gelatin-based bio-nanocomposite
films incorporating other nanofillers, such as ZnO’,
Ag-Cu'?, and Multi Walled Carbon Nanotubes
(MWCN)*. The developed gelatin/C-dots bio-
nanocomposite films exhibited improved visual
homogeneity and transparency, which is consistent

L

Film Thickness and Transparency

The thickness of the gelatin film in this study
did not experience a notable difference with the
inclusion of C-dots (p<0.05) (Table 1). The results
indicate that film thickness slightly increased with
increasing C-dots concentration, which is consistent
with earlier reports on nanofiller-reinforced
biopolymer films, where the incorporation of
nanoparticles contributes to a denser matrix
structure®'32.  According to Japanese Industrial
Standard (JIS Standard)*’, a film must have a thickness
equal to or less than 0.025 mm®*'. Thus, the obtained
film thickness is suitable for the standard. The film's
thickness also affects the transparency value of the
film. Transparency is an important physical feature of
packaging films which indicates that the films are
transparent*?. The functioning of a film is inextricably
linked to its transparency because of its significant
influence on the product's appearance, which will be
directly proportional to consumer acceptance*-*,

A higher transparency value indicates lower
film transparency, and in this study, the transparency
of gelatin/C-dots bio-nanocomposite films decreased
significantly (p<0.05) with increasing C-dots content
(Table 1). This reduction is mainly attributed to the
obstruction of light transmission caused by the higher
concentration of C-dots nanoparticles, which is
consistent with the darker appearance observed at

-

with earlier reports on carbon dot-reinforced
biopolymer films. This enhancement can be attributed
to the uniform dispersion of C-dots within the gelatin
matrix and the strong interfacial interactions that
minimize phase separation and light scattering!’. In
contrast, films containing inorganic fillers often
exhibit increased opacity due to particle aggregation,
whereas the present films maintained a more uniform
and clearer structure. These findings are in good
agreement with previous studies, confirming that C-
dots can effectively improve the visual and optical
quality of biopolymer-based films.

7 1
|
A W
> |
-, p > .

Figure 1. Photographs of gelatin/C-dots composite films with various C-dots content a) 0%; b) 0.1%; c) 0.5%; d) 1% under
daylight (left) and UV lamp (265 nm, right)

higher loadings. The effect is further associated with
enhanced light absorption arising from the conjugated
carbon structure and surface functional groups of C-
dots, which introduce additional chromophoric sites
and electronic transitions, along with increased light
scattering within the film matrix*. A similar decrease
in transparency has also been reported in gelatin-based
bio-nanocomposite  films  incorporating  other
nanofillers, such as ZnO, Ag—Cu, and multi-walled
carbon nanotubes such as ZnO’, Ag-Cu'?, and
MWCN?¥. In this study, the transparency value of the
gelatin/C-dots 0.5% (w/w) film was 3.94 + 0.03. It is
better than the gelatin/Ag-Cu 0.5% (w/w), which was
5.55 + 0.2, and the gelatin/MWCN 0.5% (w/w),
which was 7 & 0.54*°. The addition of C-dots into the
gelatin matrix resulted in a film with Dbetter
transparency. The homogeneous dispersion of C-dots
also affected the film transparency.

Film Density

Film density is an important physical property
that indicates the compactness of the bio-
nanocomposite structure, which is closely related to its
mechanical strength and barrier performance®. The
density of the gelatin/C-dots bio-nanocomposite film
showed a significant difference (p<0.05) at different
C-dots concentrations (Table 1). The gelatin/C-dots
film increased the density value up to 60.33%. An
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increased density value was also reported in gelatin
films with tara gum added*’. The inclusion of carbon
nanotubes in the graphene composite film also
enhanced the density values*. The increased density
of films was associated with the presence of C-dots as
a nanofiller in the gelatin film matrix. The intense
interaction between the nanofillers forms a solid
interfacial adhesion with the film matrix*. This will
result in a reduced free volume in the gelatin
biopolymer. The gelatin/C-dots bio-nanocomposite
film structure is denser than the gelatin film without
adding C-dots.

Water Vapour Transmission Rate (WVTR)

The water vapor transmission rate (WVTR) is
widely employed to characterize the moisture barrier
properties of bio-nanocomposite films*. This
parameter quantifies the rate at which water vapor
permeates through the bio-nanocomposite film
matrix®!. WVTR is important because it is related to a
critical parameter to ensure the organoleptic quality of
food, namely shelf life*>. One of the primary roles of
food packaging in the food industry is to prevent or
limit moisture transfer between the food and the
environment. Hence the water vapour transmission

rate (WVTR) should be as low as possible. The
WVTR value depends on the simultaneous action of
water diffusion and its solubility in the polymer
matrix>*,

Table 1 presents the WVTR values obtained
in this study. The WVTR of the gelatin/C-dots film
decreased significantly by up to 45.01% compared to
the control gelatin film (p<0.05), indicating that the
incorporation of C-dots nanoparticles effectively
reduces water vapor transmission through the gelatin
matrix. This reduction can be attributed to the barrier
effect of the C-dots nanoparticles, which are
homogeneously dispersed within the gelatin polymer
matrix, thereby hindering moisture diffusion.
Moreover, the incorporation of nanoparticles increases
the tortuosity of the diffusion pathways, forcing water
molecules to follow longer and more complex routes
through the film matrix, which further contributes to
the decrease in WVTR?. Consequently, the reduced
WVTR suggests that the gelatin/C-dots bio-
nanocomposite film can effectively limit water vapor
migration, potentially supporting the maintenance of
food quality during storage and highlighting its
suitability for potential active packaging applications.

Table 1. Mechanical properties, transparency, density, and water vapor transmission rate of gelatin and gelatin/C-dots films

C-dots Thickness Transparency Tensile Elongation at Young’s Density WVTR

contents  (mm) (mm™) Strength Break (%) Modulus (g/em®) (g/m?h)
(MPa) (GPa)

0 0.02+0.002*  0.80 +0.03¢ 20.15+£0.68° 18.31+0.72>  0.19+0.07° 1.21+0.002¢ 40.46+0.13*

0.1% 0.02+0.001* 3.07 +0.03° 22.75+£1.48° 20.32+1.54® 0.09+0.06® 1.44+0.003° 28.50+0.11°

0.5% 0.02+0.003* 3.94+0.03° 27.43+0.71* 23.17+1.66*° 0.26+0.03*® 1.72+0.004> 26.06=0.17°

1% 0.02+0.001* 7.75+0.05* 28.79+0.53* 17.19+1.77°  0.40+0.12*° 1.94+0.002* 22.25+0.134

For each film, the reported values are the mean + standard deviation. According to the Tukey test (N=3), the values mean followed by a distinct

letter are significantly (p<0.05) different.

Gel/C-dots 0.5%

(=2
~—

transmittance / %

Gel/C-dots 0%
GellC-dots 0.5%

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

wavenumber / cm™

Figure 2. a) SEM micrograph b) FTIR spectrum of gelatin/C-dots films

Morphology of Gelatin/C-dots Bio-nanocomposite
Film

The gelatin/C-dots bio-nanocomposite film
exhibited a smooth and homogeneous surface without

visible cracks or deformation, as shown in Figure 2a.
The incorporation of 0.5% (w/w) C-dots resulted in a
uniform distribution of nanoparticles throughout the
gelatin matrix, leading to a relatively dense film
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structure. This dense morphology suggests strong
interfacial interactions between the nanoparticles and
the polymer matrix, which can account for the
enhanced mechanical properties of the bio-
nanocomposite films®**. The absence of aggregation
further indicates high compatibility between C-dots
and gelatin, likely arising from electrostatic
interactions associated with the anionic and cationic
functional groups present in both the biopolymer
matrix and the nanofiller®. Moreover, a homogeneous
morphology of gelatin/C-dots film contributes to the
stability of the film’s physical properties, an essential
criterion for commercial packaging applications.

Functional Groups of Gelatin/C-dots Bio-
nanocomposite Film

An FTIR spectroscopic study was used to
further characterize the influence of C-dots fillers on
the structure of the gelatin matrix, as shown in Figure
2b. The dominant peak at 1633 cm™, which is the
typical peak of amide-I, can be seen in all of the films'
FTIR spectra. It is connected to the C=0O/hydrogen
bond strain and the COO group (amide-I, C=0
stretching)’. Peak in the gelatin film was detected at a
wavenumber of 3288 cm™ is amide-A associated with
OH and NH stretching vibrations of gelatin (amide-A,
NH stretching)®®. The typical band around 2935 cm!
is caused by the alkane group's CH stretching vibration
(CH stretching vibration) in the gelatin polymer chain.
Peaks at 1547 cm™ (amide-II, NH bending) and 1238
cm’! (amide-1II, C-N, and NH stretching) were also
identified'’. All film samples included bands with
wavenumbers of 1034 cm™, indicating that glycerol (-
OH group) was used as a plasticizer’’.

The FTIR spectra of the gelatin and gelatin/C-
dots (0.5% w/w) bio-nanocomposite films exhibited
similar characteristic peaks, with only slight variations
in peak intensity, indicating that the incorporation of
C-dots did not alter the fundamental chemical
structure of the gelatin matrix. The addition of C-dots
resulted in minor shifts of specific absorption bands,
particularly at 3289 cm™ and 1548 cm™, toward higher
wavenumbers. As shown in Figure 2b, these shifts in
the amide-A and amide-II bands can be attributed to
the formation of hydrogen bonding interactions
between the gelatin matrix and the C-dots
nanoparticles, likely involving weak intermolecular
forces such as van der Waals interactions'!. Functional
groups present in gelatin, including —OH and —NHa,
can interact with corresponding —OH and —NH: groups
on the surface of C-dots, leading to the observed
spectral shifts**®. These findings confirm the presence
of intermolecular interactions between gelatin and C-
dots, as evidenced by FTIR analysis, which contribute
to the structural stability and sustained bioactive
functionality of the bio-nanocomposite films during

application. Although no significant spectral
differences were observed among the samples, FTIR
plays a crucial role in verifying the presence of key
functional groups and their interactions within the
matrix. This information complements the
morphological and elemental analyses obtained from
SEM by providing molecular-level insight into the
chemical structure, thereby enabling a more
comprehensive understanding of the structure—
property relationships in the developed bio-
nanocomposite films.

Mechanical Properties

Mechanical properties such as tensile strength,
elongation, and Young's modulus, are essential
properties of packaging films to withstand external
stresses while maintaining their integrity>'. Good
mechanical properties can ensure the film's integrity
during handling, processing, and shipping or protect
the film from minor defect formation®**°. Figure 3a
depicts a typical stress-strain curve for the film. When
stress increases rapidly with increased strain, this
curve demonstrates typical deformation behaviour at
low strain (10%). When the stress level exceeds 10%,
the stress level rises until failure occurs. This curve
shows that the inclusion of C-dots into the gelatin film
causes the stress and strain of the film to change. Stress
and strain also increase with increasing C-dots in the
film. It indicates that the gelatin/C-dots bio-
nanocomposite film has better mechanical properties
(increased strength and flexibility) than the gelatin
film without the addition of C-dots.

In this study, the gelatin/C-dots bio-
nanocomposite film had a better tensile strength value
than the gelatin film without adding C-dots (Table 1).
The tensile strength of the gelatin film without adding
C-dots was 20.153 £ 0.675 MPa, but when C-dots was
added at 0.5% (w/w). It increased significantly
(p<0.05) to 27.432 + 0.706 MPa. However, the
increase in tensile strength of 28.792 + 0.528 was not
significant with the addition of 1% (w/w) C-dots. It
may be due to the excessive loading of nanoparticles
into the gelatin matrix, which disrupts the stability of
the matrix so that the gelatin cannot withstand
additional nanoparticles'?. According to conventional
standards, the packaging film's tensile strength must
be greater than 3.5 MPa® and more than 3.923 MPa
based on JIS standards*’. Meanwhile, the value of the
standard tensile strength of LDPE commercial plastic
must be more than 23.58 MPa according to ASTM®!,
Thus, the tensile strength value of the 0.5% (w/w)
gelatin/C-dots bio-nanocomposite film has met the
ASTM, JIS, and conventional standards of gelatin/C-
dots bio-nanocomposite films as packaging films.
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Figure 3. a) Stress-Strain curves b) TGA c¢) DSC thermograms of gelatin/C-dots films

With the addition of C-dots, the elongation
value improved noticeably (p<0.05), but with the
addition of 1% (w/w) C-dots, the elongation value
declined (Table 1). When C-dots 0.5% (w/w) and 1%
(w/w) were added to gelatin film, Young's modulus
value (p<0.05) increased significantly, but not
significantly, when C-dots 0.1% (w/w) was added
(Table 1). The non-uniform distribution of C-dots
causes the fluctuating values of elongation and
Young's modulus in the film. The film's mechanical
properties are ruled by the polymer matrix's
intramolecular and intermolecular interactions and
distributions’.

The interaction between the C-dots nanofiller
and the polymer through covalent bonding improves
mechanical parameters, including tensile strength and
Young's modulus. It improves stress transfer from the
polymer matrix to the filler particles, specifically C-
dots. Furthermore, the sheer magnitude of the C-dots
covalent bonds in the polymer matrix at high stress
may increase the elongation value'. The increase in
elongation indicates that the composite film has
greater extensibility and flexibility in polymer
structure than the gelatin film®. The increase in
elongation was also found in gelatin nanocomposite

films with the addition of resorcinol/Ag®, clay®, and
ZnO% nanoparticles.

The observed changes in the mechanical
properties of the gelatin/C-dots films indicate effective
interfacial molecular interactions between the polymer
matrix and the nanofiller at the film surface,
contributing to the enhanced strength of the
nanocomposite'!. The hydrophilic nature of the C-dots
promotes improved flexibility and higher tensile stress
at break, as previously reported'®. The incorporation
of C-dots is also likely to increase polymer chain
mobility®, resulting in greater extensibility and
stretchability of the bio-nanocomposite films. These
enhancements can be attributed to intra- and
intermolecular interactions within the film network.
Similar improvements in mechanical performance
have been reported for gelatin-based nanocomposite
films containing various nanofillers®”%*%°. However,
the gelatin/C-dots films developed in this study exhibit
comparable mechanical properties despite having a
significantly lower thickness (Table 2). Overall, the
improvement in tensile strength and flexibility
suggests that the gelatin/C-dots films possess strong
potential for application as active packaging materials,
with sufficient mechanical integrity to withstand food
storage and distribution conditions.
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Table 2. Mechanical properties of gelatin films with various nanofillers

Gelatin films with various Thickness (um)  Tensile Elongation at  Young’s References
nanofillers Strength Break (%) Modulus
(MPa) (GPa)
Gelatin (Bovine) 100.0 £ 5.0* 13.4+1.2¢ 95.0 +£5.0° 0.05+0.01¢ 39
Gelatin/MWCNT 0.5% 100.0 £ 5.0* 22.6+3.2% 66.0 +4.7° 0.07 +£0.01°
Gelatin (Bovine) 75.0+5.5° 25.8 +0.68°¢ 21.4+5.2° 0.73 +0.04° 63
Gelatin/Resorcinol/AgNP 0.5% 79.8 +£5.32 10.2 £2.8% 71.8 £ 5.9¢ 0.07 +0.01?
Gelatin (Bovine) 72.0+3.02 3.9 £ 2.4 33.0+1.3% 0.34 +£0.022 70
Gelatin/TiO; 0.5% 72.0 +3.0° 2.8 £2.4b 15.0 +1.3% 0.34 +0.02¢
Gelatin (Bovine)/PVA 160.0 + 10.02 14.6 £0.22 35.8+0.5° 0.2 +0.02 7
Gelatin/PVA/4AZ/ZnO 0.5% 180.0 = 10.0? 19.8+£0.2° 13.9+0.2° 0.37+£0.0%
Gelatin (Bovine) 68.2+3.7° 33.6+2.4° 15.0 +4.5° 1.05+0.082 7
Gelatin/MNP 0.5% 74.5 + 4.5 46.5+3.1° 11.8+2.9° 1.56 +0.10¢
Gelatin (Bovine) 20.0£1.0* 20.15 £ 0.68°¢ 18.31+£0.72° 0.19+0.07° This Work
Gelatin/C-dots 0.5% 20.0 +1.0* 2743 +0.71* 23.17 + 1.66* 0.26 +0.03%
Table 3. Thermal properties of gelatin films with various nanofillers
Gelatin films with various First TG Second TG Third TG References
nanofillers decomposition decomposition (°C) decomposition (°C)
(°C)
Gelatin (Bovine) 60-120 200-250 310 1
Gelatin/CuS 0.5% 60-120 200-250 323
Gelatin (Bovine) 80-120 240 310 63
Gelatin/Resorcinol/AgNP 0.5% 80-120 240 310
Gelatin (Bovine) 90 240-260 320 "
Gelatin/ZnONP 0.5% 90 240-260 320
Gelatin (Bovine) 80-120 200-300 320 &
Gelatin/GES/TiO, 0.5% 80-120 200-300 320
Gelatin (Bovine) 50-100 230-280 332 This Work.
Gelatin/C-dots 0.5% 50-100 230-280 332

Thermostability

The thermal characteristics of the film samples
were analyzed using thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC).
Figure 3b shows the TGA thermogram of the film.
The first weight loss occured at 50-100°C due to loss
of physically absorbed moisture. Due to glycerol
degradation, further decomposition began at around
230°C and reaches a maximum temperature of around
280°C®. The third decomposition is due to thermal
degradation of the gelatin matrix, observed at 332°C
of the gelatin film and the gelatin/C-dots 0.5% (w/w ).
Thus, the addition of a low nanoparticle concentration
of 0.5% (w/w) did not change the degradation
temperature of gelatin’>”. Similar results were also
reported on gelatin films with various nanofillers
(Table 3).

Figure 3¢ shows the DSC thermogram of the
gelatin film and the gelatin/C-dots bio-nanocomposite
film. The sample's melting point was determined using
the top location at the endothermic peak of the DSC
thermogram. Two endothermic peaks in the gelatin

film, at 162 °C and 271 °C, indicate this sample's two
distinct primary crystal structures. The devitrification
of the amino acid-rich block may be linked to the
crystals melting at 162 °C. Meanwhile, the
devitrification of blocks rich in imino acids like
proline and hydroxyproline may be linked to the
crystallization melting at 271 °C*. The first melting
point (first endothermic peak) increased to 167°C
when C-dots was incorporated into the gelatin matrix.
However, the second melting point (second
endothermic peak) decreased to 253 °C. Nanoparticles
as nucleating agents for gelatin cause this variation in
melting point®. Nanoparticles can improve the
regularity and cohesiveness of gelatin chains by
improving heterogeneous nucleation and the overall
crystallinity of polymers. Nanoparticles occupied the
free space between neighbouring gelatin chains,
influencing the gelatin film's thermal characteristics®.

Optical Properties
C-dots nanoparticles were added to the gelatin
film to create a bio-nanocomposite film that may emit
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fluorescence emission. When a UV lamp irradiated the
gelatin/C-dots bio-nano composite film, it illuminated,
indicating that the C-dots was well disseminated in the
film matrix. At a wavelength of 254 nm, the film
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produced with C-dots will emit a blue-green
fluorescence emission (Figure 1)?°. As the amount of
C-dots in the film grew, the emission color produced
by the film became increasingly evident.
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Figure 4. a) UV-vis absorbance spectrum b) Emission spectrum of gelatin/C-dots films

The optical properties of UV-VIS rays are
essential in packaging films to protect foodstuffs from
photodegradation’. As a result, the UV-VIS
absorbance spectrum was used to gain information on
the optical properties of films (Figure 4a). The pure
gelatin film (without adding C-dots) is optically
transparent at 200-800 nm. Gelatin molecules showed
negligible absorbance or scattering of light in this area
of the electromagnetic spectrum. Gelatin-containing
thin molecules can induce this effect by forming cross-
links (helical areas) much smaller than the wavelength
of light. Even so, at wavelengths spanning from 200 to
350 nm, the absorption of UV light by phenolic and
other functional groups in gelatin caused the film to
become optically opaque’’

The addition of C-dots to the gelatin matrix
resulted in a considerable increase in the film's light
absorbance, as seen in Figure 4a’®. Each gelatin/C-dots
bio-nanocomposite film (0.1, 0.5, and 1.0% (W/w))
had an extra absorption peak associated with C-dots
absorption at 339, 342, and 344 nm. Gelatin film
containing C-dots also experienced increased
absorbance intensity even though it had a UV-VIS
spectrum similar to gelatin film without C-dots. The
absorbance was observed to increase with increasing
nanoparticle content in the biopolymer film”. The
distribution of C-dots nanoparticles and the interaction
between C-dots and gelatin are most likely responsible
for the increase in light absorption. With different light
absorbances, this phenomenon generates changes in
the morphology of the film matrix*. This increase in
light absorbance makes the gelatin/C-dots bio-
nanocomposite film lose its transparency, but the

resulting film also has light barrier properties that
protect food from photodegradation.

The optical properties of the gelatin/C-dots bio-
nanocomposite films can also be observed with the
fluorescence spectrum of the films (Figure 4b). The
fluorescence spectrum of the gelatin/C-dots bio-
nanocomposite film, excited at 400 nm, showed the
emission intensity undergoing a redshift. Redshift
occurred at 500 nm, 515 nm, and 517 nm as the
amount of C-dots in the gelatin film increased. The
redshift occurs probably because of the specific
structure of nanoparticles, and the scattering
phenomenon depends on the concentration of the
nanoparticles®. The structure and increase of the
graphite carbon domain on the C-dots cause the
redshift’!. The redshift is also possible because of the
irregularity of boundary polymer chains between
nanoparticles and gelatin molecules. Thereby
changing the environment of the tyrosine residue on
the gelatin®?.

4. CONCLUSIONS

In conclusion, this study successfully fabricated
gelatin/C-dots  bio-nanocomposite  films  with
improved physicochemical, mechanical, thermal, and
optical properties through the controlled incorporation
of C-dots. The distinctive contribution of this work lies
in the integrated evaluation of how interfacial
interactions between gelatin and C-dots influence
multiple functional attributes simultaneously, rather
than enhancing a single property in isolation. The
incorporation of C-dots resulted in a significant
reduction in WVTR, increased density, and enhanced
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mechanical performance without altering the
fundamental chemical structure of the gelatin matrix,
as confirmed by FTIR analysis and uniform
nanoparticle dispersion observed in SEM images.
These improvements provide practical evidence that
the developed films possess sufficient barrier
efficiency and mechanical integrity to support their
application as active packaging materials during food
storage and distribution. In addition, the improved
thermal stability and fluorescence-related optical
properties further extend the potential functionality of
the films toward intelligent packaging applications.
When compared with previously reported gelatin-
based nanocomposite films, which predominantly
emphasize individual enhancements, the gelatin/C-
dots films developed in this study, particularly at 0.5%
(w/w) C-dots, exhibit a more balanced combination of
strength, flexibility, barrier performance, and
multifunctionality at a relatively low nanofiller
content. Overall, this study advances the
understanding of  structure—property—function
relationships in gelatin-based bio-nanocomposite
films with C-dots and supports their potential use in
sustainable active and smart packaging systems.
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