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A B S T R A C T

Developing sustainable active food packaging films is vital to address environmental concerns and prolong the 
food shelf life, thereby aiding the growth of the agri-food industry. This work aims to develop active food 
packaging films using blends of cassava starch and different concentrations of carbon black nanoparticles (CBN; 
1, 2, 3, 4 %w/v). The mechanical, thermal, barrier, UV-blocking capacity, and antibacterial characteristics of the 
films were characterized accordingly, and the applicability of the films as active food packaging was established 
on cherry tomatoes. It was found that the addition of CBN in the starch films, especially at higher concentrations, 
enhanced the mechanical strength, thermal stability, and water vapor permeability and oxygen transmission 
rate. Even with 1 %w/v loading of CBN, the films were able to block around 45 % of ultraviolet-C (UV-C) light, 
showing the potential to serve as sustainable UV shields that can help lengthen the food shelf life. Moreover, the 
addition of 2 %w/v CBN in the starch films was adequate to inhibit the Staphylococcus aureus and Escherichia coli 
bacteria. Cherry tomatoes packaged with films containing 2 %w/v CBN exhibited the least mold growth and the 
lowest percentage reduction in firmness and weight, showing the potential usage for active food packaging.

1. Introduction

Conventional food packaging materials, including polyethylene, 
polypropylene, and polystyrene, are predominantly derived from fossil 
fuels and have non-biodegradable properties. This characteristic con
tributes to the buildup of solid waste in landfills and oceans [1]. 
Nonetheless, this problem can be solved by using different materials for 
food packaging, including those produced from biopolymers [2]. 
Biopolymer materials offer a promising alternative to traditional food 
packaging materials because biopolymers are biodegradable, non-toxic, 
and widely available. These biopolymers can be categorized into two 
types [3]: 

1. Synthetic biopolymers: e.g., polylactic acid, polybutylene succinate, 
and polycaprolactone

2. Natural biopolymers: e.g., starch, chitosan, cellulose, and gelatin.

Amongst the natural biopolymers, starch derived from various 

botanical sources like cassava, corn, wheat, yams, and potatoes has 
garnered attention due to its film-forming characteristics, and starch is 
being explored for food packaging purposes [4]. However, starch films 
have poor mechanical, thermal, and barrier properties [5], but these 
properties can be improved by the application of nanotechnology, 
whereby the addition of nanosized fillers to biopolymer films will create 
nanocomposite films [6]. The enormous surface area reinforces the 
biopolymer by creating a substantial interphase or boundary area link
ing the fillers and biopolymer matrix, thus enhancing the properties of 
starch biopolymer films.

Out of the many types of nanosized fillers, recent studies have 
highlighted the multifunctional potential of carbon nanomaterials and 
justified their further exploration as fillers for food packaging materials 
[7]. Carbon nanomaterials generally exhibit excellent biocompatibility 
[8], making them suitable for contact with food products. Among carbon 
nanomaterials, carbon black nanoparticles (CBN) are particularly 
promising due to their low cost and wide industrial availability, making 
them suitable for large-scale production [9]. CBN has established 
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applications to enhance ultraviolet (UV) resistance [10], thereby 
reducing UV-induced degradation of packaging materials. Similarly, 
carbon dots have garnered growing interest, with reports showing that 
their incorporation in biopolymer films can enhance tensile strength, 
improve barrier performance, boost UV-blocking capability, and confer 
antimicrobial and antioxidant effects, ultimately enhancing food pres
ervation [11,12]. Such nanocomposites can serve as active food pack
aging, extending food shelf-life and maintaining food quality, with the 
potential to outperform conventional food packaging materials. How
ever, the body of literature addressing carbon nanomaterials in pack
aging remains limited in scope, and studies specifically investigating 
CBN in starch biopolymer matrix are still scarce and fragmented.

Nonetheless, the attributes of nanocomposite films are influenced by 
the concentration of the nanosized filler incorporated in the film matrix 
[13]. The suitable concentration of CBN added to the starch films is an 
imperative parameter that is crucial to be explored because the con
centration of CBN can alter the distribution or dispersion of the CBN in 
the nanocomposite, and affect the quality and application as an active 
food packaging material. Despite the promising advantages of CBN, 
limited work has been done to utilize it in developing food packaging 
material. To the best of our knowledge, no research has been conducted 
in relation to cassava starch/CBN films. Furthermore, there is a lack of 
research investigating the potential utilization of the films for active 
food packaging. Thus, this work aims to develop and characterize the 
morphological, physical, mechanical, thermal, barrier, and antibacterial 
attributes of starch biopolymer films incorporated with various con
centrations (0, 1, 2, 3, 4 %w/v) of CBN. The application of these films as 
active food packaging was demonstrated on a selected food product, 
particularly cherry tomatoes, by evaluating the quality attributes 
(appearance, weight loss, and textural changes) of the cherry tomatoes 
packed with the produced films.

2. Materials and methods

2.1. Materials

Glycerol was bought from Sigma Aldrich (M) Sdn. Bhd., carbon black 
nanopowder (Purity: 99.9 %, APS: 100 nm, safe in contact with food) 
was purchased from Nano Life Quest Sdn. Bhd., cassava starch (food 
grade), calcium chloride (CaCl2), and ethanol were bought from R&M 
Chemical Sdn. Bhd., sodium hydroxide (NaOH), magnesium nitrate (Mg 
(NO3)2), sodium bromide (NaBr), paraffin wax, and beeswax were ac
quired from R&M Marketing, UK. Cherry tomatoes were bought from 
Whole Foods Express Sdn. Bhd., Seri Kembangan, Selangor. One type of 
gram-positive bacteria, Staphylococcus aureus (S. aureus), and one type of 
gram-negative Escherichia coli (E. coli) bacteria were acquired from the 
Microbiology Laboratory, Faculty of Food Science and Technology, 
Universiti Putra Malaysia.

2.2. Preparation of films

The films were prepared via a solvent-casting method. An amount of 
4 g cassava starch and different concentrations of CBN (0, 1, 2, 3, 4 %w/ 
v) were mixed with 100 ml of distilled water. The selected concentra
tions of CBN were based on preliminary experiments and the findings of 
Das et al. [14], who recommended a maximum carbon black (CB) filler 
content of approximately 4 wt% because higher content tends to cause 
filler agglomeration, thereby compromising the tensile properties of the 
composite. Then, the solution was agitated for 5 min at 900 rpm using a 
rod on a magnetic stirrer (FAVORIT HS0707V2, Jakarta, Indonesia). 
Following that, 1 g of glycerol was incorporated into the solution, which 
was then agitated for 5 min at 900 rpm. The solutions were heated on a 
hotplate stirrer (Thermo Scientific Fisher (M) Sdn. Bhd., Shah Alam, 
Malaysia) to 80 ◦C and swirled for 45 min at 900 rpm. After that, the 
solution was cooled to 40 ± 2 ◦C. The solution was subsequently 
ultrasonicated for 10 min at 50 % amplitude using an ultrasonic probe 

(QSonica, Newtown, CT, USA, 500 W, 20 kHz) to achieve a homoge
neous solution. Finally, 35 ml of the solution was transferred to a Petri 
dish and left at room temperature (27–30 ◦C) until dry. The films were 
stored in a desiccator having Mg(NO3)2 solution (relative humidity 
(RH): 51 %, Temperature: 30 ◦C).

2.3. Characterization of films

2.3.1. Molecular interaction
The molecular interactions between CBN and the starch in the films 

were determined using Nicolet 6700-Thermo Nicolet, Thermo Scientific, 
United States. FTIR spectra for CBN were collected by employing po
tassium bromide (KBr) pellets at a 50:1 wt ratio of KBr:CBN. Solid-state 
measurements were made to obtain the FTIR spectra of the films in the 
wavelength range of 650–4000 cm− 1.

2.3.2. Physical properties
A digital micrometer (Mitutoyo, Kanagawa, Japan) was employed to 

determine the film thickness at five various locations of the film.
A portable colorimeter (GOYOJO, Instrument Sdn. Bhd, China) was 

utilized to determine the different color parameters (L*, a*, b*) of the 
films at least at 3 different positions around the films. The total color 
difference (ΔE) was determined via the following equation: 

ΔE=
[
(ΔL*)2

+ (Δa*)2
+ (Δb*)2]½

(1) 

where ΔL*, Δa*, and Δb* are the differential values of L*, a*, and b* of 
neat starch and starch/CBN films, respectively.

The light transmittance percentage of the films was measured at 
wavelengths ranging from 200 to 800 nm. The following equation was 
employed to measure the opacity values of the films: 

Opacity=(T600 /100) x L (2) 

where T600 is the value of transmittance at 600 nm and L is the film 
thickness (mm).

2.3.3. Morphological properties
Transmission electron microscopy (TEM; Hitachi HT7700, Japan) 

analysis was carried out to investigate the morphology and dispersion of 
CBN within the matrix of starch films. Before viewing, the films were cut 
using a cryo-ultramicrotome (RMC PowerTome PC, USA) to acquire a 
thin cross-section. After that, the cut films were attached to 300-mesh 
copper and examined under the TEM (magnification 10k).

2.3.4. Mechanical properties
The tensile strength (TS), elongation at break (EAB), and Young’s 

Modulus (YM) were determined using a texture analyzer (TA.XT2 Stable 
Micro Systems, UK) in accordance with the American Society for Testing 
and Materials (ASTM) D882 [15]. The sample films were cut into 100 
mm × 15 mm strips, which were then located between the grips [3]. The 
initial grip separation and test speed were set to 0.5 mm/s and 60 mm, 
respectively.

2.3.5. Thermal properties
A thermogravimetric analyzer was used to perform a thermogravi

metric analysis (TGA) under a nitrogen atmosphere (Mettler Toledo, 
Switzerland). TGA was performed on approximately 20 mg of sample 
films at temperatures in the range of 25–600 ◦C and a heating rate of 10 
◦C/min. STARe Thermal Analysis Software Version 12.10 was used to 
analyze TGA data.

2.3.6. Barrier properties
The water vapor permeability (WVP) was measured using the 

modified dry cup method in compliance with Japanese Industrial 
Standards (JIS)-Z0208 [16]. The films were cut using a cutter into round 
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shapes (diameter: 7 cm) and located in a cup containing 10 g of CaCl2 
(RH = 0 %). A magnetic stirring hotplate was used to melt a combination 
of paraffin wax and beeswax (8:2). The wax mixture was then decanted 
to cover the ring of the cup, acting as a sealant. The cup was kept in a 
desiccator containing saturated Mg(NO3)2 to establish a steady RH of 51 
% at 30 ◦C. The cup weight was recorded every 24 h for ten days and 
plotted against time. The following equation was utilized to calculate 
the water vapor transmission rate (WVTR): 

WVTR=(W / t)/A (3) 

where W/t is the slope of the weight change versus the time graph (g/h) 
and A is the transmission area of the films (28 cm2).

The following equation was used to calculate the WVP. 

WVP=(WVTR× L)/ (P1 − P2) (4) 

where L is the average film thickness (mm), P1 is the water vapor partial 
pressure in the desiccator at RH = 51 %, 21.64 × 105 Pa, and P2 is the 
water vapor partial pressure in the cup at RH = 0 %, 0 Pa.

The oxygen transmission rate (OTR) was evaluated using an oxygen 
permeation system fitted with a calorimetric sensor (Illinois Instruments 
8501, US) according to ASTM D3985 [17]. The films (diameter: 50 cm2) 
were firmly sealed in the oxygen permeation system’s chamber at 23 ◦C. 
The proportion of oxygen in the chamber was allowed to drop to 0 %, 
whereby nitrogen gas was used to wash out the oxygen. After that, ox
ygen gas (101.0 kPa) was allowed to flow through the film and into the 
chamber. The OTR was measured every 5 s, and the measurement was 
stopped when the OTR vs time curve reached a plateau.

2.3.7. UV-blocking capacity
The UV-blocking capacity of the films was determined by recording 

UV–visible spectra using a UV-1800 spectrophotometer (Shimadzu, US) 
in transmittance mode at a wavelength range from 0 to 550 nm. The 
films were held by the film holder. The instrument software was used to 
extract all of the data.

2.3.8. Antibacterial activity
The antibacterial activity of the films was explored via a disc diffu

sion assay. The gram-positive (S. aureus) and gram-negative (E. coli) 
bacteria were grown on nutrient agar and incubated in an incubator 
(Meditech Technologies India Private Limited, India) at 37 ◦C. The 
cultured bacteria were inoculated in saline water after 24 h, and the 
bacterial concentration was standardized to 108 CFU/ml using the 
McFarland scale. The bacteria were then spread onto Mueller-Hinton 
agar in a Petri dish via the spread method. Prior to performing the 
antibacterial tests, the films were cut aseptically into 0.6 mm discs. The 
discs were carefully positioned in the Petri dish containing bacteria and 
incubated in the incubator for 24 h at 37 ◦C. The inhibition area of the 
film discs was observed after 24 h. F.

2.4. Demonstration of the application of the films as active food 
packaging materials

Cherry tomatoes were selected as the sample food product to eval
uate the applicability of the films for food packaging due to their short 
shelf life. The cherry tomatoes were thoroughly washed using tap water 
and wiped using a tissue to ensure that any excess moisture was 
removed. Only cherry tomatoes at the matching maturity level (Stage 6: 
Red) were chosen [18]. They were also chosen based on uniform 
appearance, physical integrity, and absence of visible mold. For each 
replication, cherry tomatoes were sourced from the same batch to ensure 
consistency. The quality attributes, including physical appearance, 
weight loss, and texture (firmness) loss, were determined on days 0, 3, 6, 
9, and 11.

2.4.1. Physical appearance
The cherry tomatoes were placed in direct contact with the films, and 

the transformation in the physical appearance of the cherry tomatoes 
was observed over time. To avoid contamination, the knife and Petri 
dish were first sanitized with ethanol. The films were then cut, fitting the 
size of the Petri dish lid, and positioned inside the lid. Following that, a 
cherry tomato was cut in half and placed inside the Petri dish. The Petri 
dish was closed using the lid, ensuring that the cherry tomato was in 
direct contact with the film. The sample was kept in the cold room 
(SNOW, Selangor, Malaysia) at 10 ◦C.

Transformation of the appearance of the cherry tomatoes, including 
mold growth, was documented by photographing the samples from the 
top (height: 20 cm) of the samples on days 0, 3, 6, 9, and 11 with a 
camera phone (iPhone 6s, Foxconn, Zhengzhou, China). The images 
were captured using a similar camera, lighting conditions, angle, and 
settings (no flash, auto mode, high dynamic range (HDR) off).

2.4.2. Weight loss and texture loss
The cherry tomatoes were packed individually in the films (di

mensions: 5 cm × 7 cm) via a heat sealer. They were stored at a tem
perature of 10 ◦C in the cold room. The weight loss of the cherry 
tomatoes was calculated on a designated day via the following equation: 

Weight loss= [(Wo − Wt) /Wo]x 100 % (5) 

where Wo is the initial weight of cherry tomato (g), and Wt is the final 
weight of cherry tomato (g) at designated days of storage.

For texture loss, the firmness of cherry tomatoes was measured using 
a 2.5 mm diameter flat-tipped cylindrical probe and a 50 kg cell via a 
texture analyzer. The cherry tomatoes were compressed using the probe 
at a speed of 2 mm/s to a 2 mm penetration depth. Texture loss was 
determined using the following equation: 

Texture loss= [(Fo − Ft) /Fo]x 100 % (6) 

where Fo is the initial firmness of cherry tomato (N), and Ft is the final 
firmness of cherry tomato (N) at designated days of storage.

2.5. Statistical analysis

Minitab 16 (Minitab LLC, Pennsylvania, United States) software was 
utilized to carry out the statistical analysis of the experimental results 
through the application of analysis of variance (ANOVA). Mean com
parisons were performed utilizing Tukey’s test at a 0.05 significance 
level.

3. Results and discussion

3.1. Characterization of films

3.1.1. Molecular interaction
FTIR analysis was performed on the neat starch and starch/CBN (2, 4 

%w/v) films to investigate the molecular interactions that occurred 
between CBN and starch. Fig. 1 shows the peaks at 3343 and 3344 cm− 1, 
for neat starch and starch/CBN (2, 4 %w/v) films, respectively, indi
cating the existence of hydroxyl groups (-OH stretching). The intensity 
of -OH stretching for both starch/CBN films was found to be slightly 
higher than the neat starch film, possibly because of the increment in 
hydrogen bonding in starch/CBN films. Compared to the neat starch 
film, the peak position of -OH stretching for starch/CBN films shifted 
slightly, which suggests the existence of intermolecular hydrogen 
bonding interactions among the hydroxyl groups of starch and hydroxyl 
groups of CBN. There were also C-H stretching peaks at around 2932, 
2933, and 2934 cm− 1 for the neat starch and starch/CBN (2, 4 %w/v) 
films, respectively. These findings are consistent with those reported by 
Alaş et al. [19], who investigated the carbon dot (CD)-reinforced poly
vinyl alcohol (PVA) composites for edible food packaging films. They 
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observed a broad -OH stretching peak in the range of 3500 and 3000 
cm− 1, attributed to intermolecular and intramolecular hydrogen bonds 
in PVA, and a C–H stretching peak at approximately 2905 cm− 1. The 
-OH stretching peak position of the CD/PVA nanocomposites shifted 
slightly, indicating the hydrogen bonding interactions between the hy
droxyl groups of PVA and those on the surface of CDs.

The absorbance peaks at around 1643 to 1646 cm− 1 and 1083 cm− 1 

for the neat starch and starch/CBN (2, 4 %w/v) films were ascribed to 
the hydroxyl C=O bonding and C-O stretching. No significant changes in 
terms of peaks were found for the starch films containing different 
concentrations of CBN. Overall, the neat starch film demonstrates a 
similar FTIR spectrum compared to the starch/CBN films, irrespective of 
the CBN addition and concentration, because of the similar bonds that 
existed in both films. These results were in line with the research of Das 
et al. [14], who found that the addition of carbon black into the wheat 
gluten polymer matrix did not alter any functional groups of the films. 
Alaş et al. [19] also discovered that CD inclusion in the PVA matrix did 
not cause the addition of new peaks or variation in the spectra because of 
the overlapping peaks and the small amount of CDs in the matrix.

3.1.2. Morphological properties
TEM testing was conducted to assess the dispersion of CBN within the 

films. Fig. 2(a) and (b) present the TEM images of starch/CBN (2 %w/v) 
and starch/CBN (4 %w/v) films, respectively, at a magnification of 
x10k. As expected, the CBN was found to be spherical in shape. As can be 
seen from Fig. 2, CBN was better dispersed in the starch/CBN (2 %w/v) 
than in the starch/CBN (4 %w/v) films. The particle sizes of CBN in 
starch/CBN (2 %w/v) films were in the range of 12–33 nm (Fig. 2(a)), 
while the particle sizes of CBN in starch/CBN (4 %w/v) films were in the 
range of 27–86 nm with a larger overall bulk particle size, measuring 
approximately 700 nm (Fig. 2(b)). Good dispersion of CBN in the films 
containing 2 %w/v CBN was attributed to the steric stabilization effect, 
which was facilitated by the starch matrix and glycerol [20] in the film 
formulation. It is worth mentioning that 25 %w/w of glycerol was added 

to the starch/CBN films during film preparation, which was adequate to 
provide steric stabilization of CBN at a low loading. This observation 
aligns with the findings of Shapi’i et al. [3], who revealed that glycerol 
contributed to the steric stabilization of chitosan nanoparticles in 
tapioca starch film matrix, whereby starch and glycerol combined and 
covered the nanoparticles, generating steric repulsive forces that lead to 
stabilization.

Meanwhile, the poor dispersion of CBN was observed in Fig. 2(b) due 
to the clustering of the higher amount of CBN (4 %w/v). In this case, the 
starch matrix and glycerol might not create adequate bridging forces to 
sustain steric stabilization at higher concentrations of the nanoparticles 
[3]. Consequently, agglomeration of CBN within starch films occurred. 
This finding was consistent with the study by Koshy et al. [21], whereby 
they discovered that an increment in CD loading led to the agglomera
tion of CDs in potato starch/clitoria ternatea flower composite film. 
Fredi et al. [22] also found that an increment in the concentration of 
reduced graphene oxide in polylactide/poly(decamethylene 2,5-furan
dicarboxylate) composite resulted in agglomeration that led to an inef
fective nanostructure in the polymer matrix, preventing the potential 
benefits of nanoparticles in nanocomposites from being achieved.

3.1.3. Physical properties
The thickness, color parameters (L*, a*, b*), color changes (ΔE), and 

whiteness index (WI) of the films are tabulated in Table 1. Table 1 re
veals that despite the film-forming solution volume being fixed at 35 ml, 
the addition of CBN slightly increased the thickness of the starch/CBN 
films, and the increment was prominent with the increase in CBN con
centrations. The average thickness of neat starch films increased from 
0.0091 to 0.1040 mm with the addition of 1 %w/v CBN, and the average 
thickness was further increased from 0.1040 to 0.1198 mm with the 
increment of CBN concentrations from 1 to 4 %w/v. This occurred 
because of the increase in CBN solid content, as well as the increase in 
the apparent size and agglomeration of CBN inside the films added with 
higher concentrations of CBN. Based on the studies by Albright & 
Hobeck [23], who investigated the physical properties of CB in 
spin-coated films, the agglomeration of CB observed from the micro
scopy images resulted in the rise of film thickness.

On the other hand, Ding et al. [24] discovered that the fish gelatin 
film thickness was generally increased with the addition of 
nano-vegetable carbon black (VCB) because fish gelatin films containing 
nano-VCB exhibited lower bulk densities, due to the expanded internal 
space of the films. In general, particle size and amount of filler added 
into the biopolymer matrix affected the expansion of internal space in
side the films, thus the thickness. Incorporating gelatin films with equal 
weights of nano-VCB and larger VCB particles (3000-VCB), they 
revealed the nano-VCB/gelatin film to be slightly thicker, likely because 
the far greater number of nano-VCB particles had a stronger influence on 
film thickness than particle size. Hence, in this study, the thickness of 
starch/CBN (1, 2, 3, 4 %w/v) films increased due to the increase in the 
amount of added CBN. An increase in film thickness may influence 
several functional properties of the starch/CBN films, including opacity, 
mechanical, barrier, and UV-blocking properties, depending on the CBN 

Fig. 1. FTIR spectra of the neat starch and starch/CBN (2, 4 %w/v) films.

Fig. 2. TEM micrograph images of starch films incorporated with (a) 2 %w/v CBN and (b) 4 %w/v CBN at a magnification of x10k.
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filler distribution and film composition. This is because thicker films 
tend to scatter more light, alter stress distribution during tensile testing, 
extend diffusion paths for gases and moisture, and increase the path 
length for UV absorption.

From Table 1, L* and a* values decreased while the b* values 
increased, and the decrement and increment were more prominent at 
higher amounts of CBN. This finding was consistent with the trend of 
results found by Campalani et al. [25], who investigated the physical 
properties of CDs in gelatin films. They found that as the proportion of 
CDs increased, there was a similar decrement pattern of L* and a* 
values, while there was an increment pattern in b* values, showing a 
greater yellow predominance in the films. Meanwhile, ΔE and WI were 
determined to distinguish the color changes of the films due to the 
incorporation of different concentrations of CBN into the starch matrix. 
It was found that ΔE increased, but WI decreased with the increase in 
concentration of CBN added to starch films. Indeed, Ding et al. [24] also 
found that the incorporation of nano-VCB into the gelatin films 
increased the ΔE values and decreased the L* and WI values due to the 
existence of nano-VCB, which is black in color.

Fig. 3 shows the major differences in the physical appearance of the 
films, which were perceived with the addition and increment of CBN in 
the films. The color and transparency of the neat starch film were clear 
and high, respectively, and the neat starch film surface was exception
ally smooth compared to the starch films containing different concen
trations of CBN. The concentrations of CBN and the degrees of dispersion 
of the CBN inside the films affected the physical attributes of the starch/ 
CBN films, whereby they became darker, opaque (less transparent), and 
rougher with the increment in the amount of CBN and agglomeration of 
CBN in the starch matrix (Fig. 2(b)). Ding et al. [24] also found that 
gelatin films became black and rough due to the dyeing properties of 
black pigment VCB, with nano-VCB/gelatin films appearing much 

blacker and smoother than 3000-VCB/gelatin films because the smaller 
nano-VCB particles dispersed more effectively, enhancing light absorp
tion and surface smoothness. In addition, agglomeration also increases 
the surface roughness of the films.

3.1.4. Mechanical properties
Table 2 shows that the neat starch film exhibited the lowest TS and 

YM; nonetheless, the highest EAB compared to starch/CBN films. The 
incorporation of CBN increased TS of the films, and the increment was 
prominent at higher CBN concentrations, whereby TS of the films 
increased by around 4-fold with the addition of 4 %w/v CBN, despite the 
agglomeration observed from TEM images (Fig. 2(b)). The presence of 
CBN improved the intermolecular interaction, especially through 
hydrogen bonds within the starch matrix as discussed in Section 3.1.1, 
thus bringing adjacent starch chains closer together and reducing the 
free volume. This led to an increase in TS. The trend observed here aligns 
with Das et al. [14], who reported a moderate TS increase in carbon 
black/wheat gluten films up to 4 wt% carbon black (4.4 MPa), with no 
further improvement at 6 wt% due to filler agglomeration. The higher 

Table 1 
Physical properties of starch/CBN films added with different concentrations of CBN. The data are reported as a mean ± standard deviation and p < 0.05.

Concentration of CBN (%w/v) Thickness (mm) L* a* b* ΔE WI (%)

0 0.0091 ± 0.0051a 99.23 ± 0.24a − 0.26 ± 0.04a 0.74 ± 0.61a 11.42 ± 0.24a 97.97 ± 1.32a

1 0.1040 ± 0.0047ab 60.61 ± 0.77b − 0.46 ± 0.07b 1.34 ± 1.07b 27.31 ± 0.78a 61.02 ± 0.61b

2 0.1156 ± 0.0067bc 37.50 ± 1.56c − 0.71 ± 0.03c 2.20 ± 0.16c 50.41 ± 1.56b 38.22 ± 1.08c

3 0.1191 ± 0.0064bc 22.87 ± 0.59d − 0.84 ± 0.04d 2.91 ± 0.20c 65.05 ± 0.59c 23.66 ± 1.20d

4 0.1198 ± 0.0060c 22.03 ± 2.63d − 0.92 ± 0.02d 3.43 ± 0.26d 65.89 ± 2.63c 21.70 ± 0.35d

Fig. 3. Appearance of the (a) neat starch, (b) starch/CBN (1 %w/v), (c) starch/CBN (2 %w/v), (d) starch/CBN (3 %w/v), and (e) starch/CBN (4 %w/v) films.

Table 2 
(a) TS, (b) EAB, and (c) YM of the neat starch and starch/CBNs films added with 
different concentrations of CBN. Different letters in the same column indicate a 
statistically significant difference (p < 0.05).

Concentration of 
CBN (%)

Tensile strength 
(MPa)

Elongation at 
break (%)

Young’s Modulus 
(MPa)

0 6.03 ± 0.17a 92.30 ± 1.74a 11.11 ± 3.14a

1 12.36 ± 1.02b 42.88 ± 1.01b 55.50 ± 37.70b

2 13.78 ± 0.60b 35.01 ± 6.14b 86.44 ± 1.22b

3 15.39 ± 0.85c 13.23 ± 3.03c 148.00 ± 42.20c

4 24.38 ± 1.19d 5.13 ± 1.46c 189.40 ± 0.85c
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TS values in this work are likely attributed to differences in biopolymer 
type, carbon black characteristics, and filler concentration. The TS of 
starch/CBN films revealed in this work was in the range of 12.36–24.38 
MPa, which was acceptable for application, providing sufficient strength 
for handling and packaging operations, since the TS range was within 
the range of the common food plastics, particularly low-density poly
ethylene (LDPE; 8.3–31.4 MPa) [26].

Table 2 also reveals that CBN inclusion reduced the EAB compared to 
neat starch films, and the decrement became prominent at higher con
centrations of CBN. EAB decreased by about 18-fold with the addition of 
4 %w/v CBN. At higher CBN concentrations, CBN particles filled in the 
empty spaces within the starch matrix, resulting in the formation of 
strong hydrogen bonds as discussed in Section 3.1.1. This increased 
bonding strength led to the observed increase in TS and decrease in EAB 
of the films. The findings on EAB are consistent with Ding et al. [24], 
who attributed the reduced EAB of nano-VCB/gelatin films to the rigid 
filler limiting chain mobility and film uniformity, resulting in less 
ductile and deformation-resistant films. Nevertheless, the EAB values 
obtained in this work were not comparable to those of common plastic 
food packaging, particularly LDPE, but from the observation, the films 
could still be used to package food, as demonstrated in Sections 2.4.2 
and 3.2.2.

Table 2 also shows the increment in YM with the rise of the con
centration of CBN. The addition of 4 %w/v CBN increased YM by about 
17-fold from 11.1 to 189.4 MPa. This increment was expected since TS 
increased and EAB declined when the concentration of CBN increased. 
Likewise, Campalani et al. [25] found that YM increased from 160 to 
185 MPa as the concentration of the CDs was increased from 0 to 3 % 
w/v due to the reinforcing effect of CDs in the gelatin films. In this study, 
the YM of neat starch film was the lowest and fell outside the range of 
LDPE films [26]. Nonetheless, starch/CBN (4 %w/v) films had an 
average YM value of 189.40 MPa, which fell in the YM range of LDPE 
films (172–282 MPa).

It is worth noting that although the TS and YM of the films increased 
with the increase in CBN concentrations, the EAB decreased, indicating 
reduced flexibility. Undeniably, a decrease in EAB can limit the suit
ability of the films for flexible packaging applications. Nonetheless, 
films containing 2 %w/v CBN strike an optimal balance between 
strength and flexibility, making them suitable for applications that 
require moderate mechanical performance. The measured TS (13.78 
MPa) and YM (86.44 MPa) ensure sufficient mechanical integrity for 
handling and maintaining package shape, while moderate EAB (35.01 
%) provides enough flexibility to wrap around irregular produce sur
faces without cracking, as demonstrated in Sections 2.4.2 and 3.2.2.

3.1.5. Thermal properties
Fig. 4 demonstrates that the degradation process observed in the neat 

starch and starch/CBN films occurred at two distinct sequential stages. 
The first stage occurred between 50 and 150 ◦C, which was commonly 

attributed to weight loss due to moisture loss. The second stage, starting 
at around 150 ◦C and concluding at around 330 ◦C, was commonly 
associated with the breakdown of glycerol and starch chains. On the 
other hand, carbon black requires a higher temperature than 500 ◦C to 
degrade [27]. These findings are consistent with the results of Campa
lani et al. [25], who also observed that the temperatures for the first and 
second stages of thermal decomposition of gelatin films containing CDs 
were in the ranges of 45–110 ◦C and 125–325 ◦C, respectively. The 
specific TGA parameters, including onset temperature (Tonset), tem
perature at maximum degradation (Tmax), and residual ash weight (%) 
for the second stage of thermal decomposition, were compiled and 
presented in Table 3.

Table 3 shows that the Tonset of starch films rose from 158.37 to 
160.39 ◦C with the inclusion of 2 %w/v CBN implying that the inclusion 
of CBN raised the energy requirement (higher Tonset) for the films to 
initiate degradation due to the molecular interaction through hydrogen 
bonds between CBN and starch matrix as proven from FTIR results 
(Section 3.1.1). The Tonset further increased to 169.41 ◦C when a higher 
concentration of 4 %w/v CBN was incorporated. Venkatesan et al. [28] 
reported that incorporating carbon nanoparticles into poly(butylene 
adipate-co-terephthalate) (PBAT) biopolymer improved thermal stabil
ity and resistance to high temperatures, particularly at higher concen
trations, due to their ability to graft onto polymer chains and enhanced 
compatibility, dispersion, and overall matrix interactions.

Table 3 also shows that Tmax increased from 308.47 to 317.06 ◦C 
when 2 %w/v CBN was included in the starch matrix, indicating 
enhancement in the thermal stability of films that require high energy to 
degrade. Nonetheless, when the concentration of CBN in the starch 
matrix was increased to 4 %w/v, Tmax decreased slightly from 317.06 
to 313.48 ◦C, probably attributed to the agglomeration as was seen from 
the TEM image of starch/CBN (4 %w/v) film (Fig. 2(b)). CBN tends to 
agglomerate as its concentration rises, which develops structural flaws 
in the matrix. Consequently, the thermal stability of the films was 
slightly compromised, leading to degradation at a lower temperature. 
The presence of agglomerated CBN particles reduced the energy 
required for complete degradation, contributing to lower thermal sta
bility. These findings align with the mechanical analysis result (Section 
3.1.4), where the EAB of starch/CBN (4 %w/v) was low (5.13 %) and the 
TS was high (24.3 MPa), indicating that the film was likely brittle, thus 
reducing the energy required to degrade. Nonetheless, Tmax for starch/ 
CBN (4 %w/v) films was still higher than neat starch films, demon
strating the advantage of adding CBN despite the agglomeration.

Meanwhile, the ash residual of starch/CBN (2, 4 %w/v) films was 
higher than neat starch film due to the existence of carbon nanoparticles, 
which had higher crystallinity [29] and a more compact structure, 
making it more challenging to break down than starch, which had a 
greater amorphous content. Apart from that, carbon black also requires 
a high temperature to decompose [27]. The ash residual for starch/CBN 
(4 %w/v) film was slightly higher than starch/CBN (2 %w/v) film due to 
the higher amount of CBN in the starch/CBN (4 %w/v) film. Moreover, 
the addition of CBN in the films also prevented volatile substances 
trapped in the starch matrix from diffusing, thus delaying the decom
position process of starch films, resulting in higher ash residue. Mousa 
et al. [30] found that the increment in the concentration of carbon 
bamboo nanoparticles delayed the thermal degradation of PVA because 
carbon bamboo nanoparticles acted as material barriers that hindered 
volatile degradation products. In addition, Venkatesan et al. [28] also 

Fig. 4. Thermal analysis of the neat starch and starch/CBN (2, 4 %w/v) films.

Table 3 
TGA parameters for neat starch and starch/CBN films at the second stage of 
thermal decomposition.

Sample film Tonset (◦C) Tmax (◦C) Ash residual (%)

Neat starch 158.37 308.47 9.82
Starch/CBN (2 %w/v) 160.39 317.06 11.46
Starch/CBN (4 %w/v) 169.41 313.48 12.68
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indicated that carbon nanoparticles have the ability to act as a barrier 
that limits biopolymer diffusion as well as oxidative degradation, thus 
contributing to an increase in thermal stability.

3.1.6. Barrier properties
Fig. 5 demonstrates the effects of CBN inclusion on the WVP and OP 

of starch films. The inclusion of CBN from 1 to 3 %w/v into starch films 
was found to slightly increase the WVP, but the increment was promi
nent at 4 %w/v CBN (Fig. 5(a)). Consistent with the trend of WVP, the 
inclusion of CBN in the starch film also raised OTR, and the increment 
became predominant at higher concentrations of CBN (Fig. 5(b)). This 
was due to the high CBN concentration that resulted in larger agglom
erates of CBN, as can be observed from the TEM figure (Fig. 2(b)). The 
agglomeration between starch and CBN provoked the pathways or 
channels for moisture and oxygen gas to permeate the films, hence 
increasing the WVP and OTR.

Beyond agglomeration, several factors may contribute to the reduced 
barrier performance observed with increasing CBN content. The poor 
interfacial adhesion between the hydrophobic CBN and the hydrophilic 
starch matrix could result in microvoids or weak interfacial zones that 
facilitate gas and vapor permeation [31,32]. Additionally, the incorpo
ration of rigid CBN particles may disrupt the continuity of the starch 
polymer network, creating preferential diffusion pathways that 
compromise barrier integrity [33]. Although Section 3.1.4 highlights 
improved intermolecular interactions via hydrogen bonding contrib
uting to enhanced TS by reducing free volume, this structural 
improvement may not have directly translated into improved barrier 
properties. The tortuous path mechanism is typically associated with 
nanosized fillers that rely heavily on uniform dispersion and strategic 
alignment, conditions which may not be fully realized in this system 
[34]. Furthermore, increased surface roughness at higher CBN 

concentrations could promote localized moisture accumulation and 
facilitate permeation through capillary-like pathways on the film surface 
[35].

The WVP trend observed here is consistent with Kwaśniewska et al. 
[36], who reported that increased powdered activated carbon (PAC) 
filler content up to 15 wt% in starch films resulted in an increase in WVP 
due to macroscopic separation or aggregation in the films, creating 
diffusion pathways within the matrix. Jin et al. [37] found that 
increasing graphene content beyond 0.1 wt% in graphene/nylon nano
composites led to higher WVP and OTR due to interfacial pathways 
formed by graphene aggregation at higher loadings. This occurrence, 
often called ’percolation,’ happens when channels created by interfacial 
regions allow water to move through the polymer film more easily [38]. 
Hence, a high agglomeration of CBN in starch caused the pathways or 
channels for moisture or gases to absorb and permeate the films.

The films incorporated with 2 %w/v CBN exhibited a moderate WVP 
value (31.05 g/m2⋅day after conversion), which is competitive relative 
to other biodegradable polymers, which typically exhibit WVP values in 
the range of 13 to 2900 g/m2⋅day [39]. Although higher than the WVP of 
conventional LDPE at approximately 1 g/m2⋅day under standard con
ditions [40], this WVP level is advantageous in applications such as fresh 
produce packaging, where a certain degree of moisture transmission is 
required to prevent excessive condensation while slowing 
respiration-driven moisture loss and deterioration. In terms of oxygen 
transport, the films demonstrated a high OTR (14,577.5 cm3/m2⋅day), 
which places them in the low-barrier category [41]. While this relatively 
high OTR makes the films unsuitable for highly oxygen-sensitive foods 
such as meat or dairy, it can be advantageous for packaging fresh fruits 
and vegetables, where controlled oxygen permeability helps maintain 
aerobic respiration and delays the onset of anaerobic spoilage.

3.1.7. UV-blocking capacity
Table 4 tabulates the percentage transmittance of the films at 

different UV spectrums (wavelength: 365 nm - UV-A; 300 nm - UV-B; 
275 nm - UV-C) and visible light (wavelength: 550 nm), as well as the 
opacity. The transmittance of the films under all regions declined with 
the addition and rise in the loading of CBN in starch films. The decrease 
in transmittance indicates a decrease in the transparency of films. For 
the visible light, the transmittance dropped from 79.0 to 30.6 % with the 
addition of 4 %w/v CBN. The percentage transmittance of starch/CBN 
films was also reduced at the different UV spectrums (275–365 nm) with 
the increment in the amount of CBN, revealing an increase in UV- 
blocking capacity. Higher CBN concentration resulted in a higher UV- 
shielding behavior of the films, reaching a capacity to block nearly 80 
% of the UV-C light (starch/CBN 4 %w/v) due to the UV absorption 
ability of the CBN. Sharif Sh. et al. [42] investigated the dispersion and 
stability of CBN using UV–visible spectroscopy and attributed an 
improvement of UV absorption to the increase in the total CBN area 
exposed to UV light, which led to the increment of the number of π–π* 
excitations. UV absorption in carbon materials is associated with the 
electronic transitions between the bonding and anti-bonding of π orbital 
[43], whereby an increase in π–π* excitations can improve UV absorp
tion. Therefore, a greater UV–vis absorption might be anticipated by 
enhancing the amount and dispersion quality of CBN in the film matrix.

The pattern of the result is aligned with the work of Campalani et al. 
[25], who found that as the concentration of CDs in gelatin films 
increased, the value of transmittance of the UV light decreased, 
achieving the capability of blocking around 70 % of UV. With the ca
pacity to block UV, the starch/CBN films could be applied for 
UV-sensitive food packaging applications such as vitamins and dairy 
products since UV can damage food often due to auto-oxidation, which 
is directly induced by energy input from light [44,45].

Meanwhile, Table 4 also shows that the opacity of films somewhat 
rose with the inclusion and with the increase in the concentration of 
CBN, implying a decrease in the transparency, in line with the per
centage transmittance results. The opacity of starch films increased from 

Fig. 5. Effect of CBN concentration on (a) WVP and (b) OP of starch films. The 
data are reported as a mean ± standard deviation. Different letters indicate a 
significant difference at p < 0.05.
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1.28 to 5.54 (nm/mm) with the inclusion of 4 %w/v CBN. This finding 
was in agreement with the findings by Kavoosi et al. [46], whereby the 
opacity of the gelatin film containing multi-walled carbon nanotube 
(MWCNT) increased with the increase in the concentration of MWCNT 
from 0.5 to 2 %w/v. This can be associated with the nanosized fillers 
that do not dissolve in the matrix, hence decreasing the film trans
parency, and leading to a higher opacity [47]. As a result, the starch 
films ceased to have their usual colorless and translucent aspect with the 
addition of CBN. However, despite the reduction in opacity, the result
ing starch/CBN films exhibited UV light barrier properties that are 
useful in preventing UV-induced lipid peroxidation in certain food ap
plications [48]. The UV-blocking capability mitigates photooxidation 
and light-induced degradation of nutrients and pigments, a critical 
factor for light-sensitive foods.

3.1.8. Antibacterial activity
Fig. 6(a) and (b) present the images of the inhibitory zone of gram- 

positive and gram-negative bacteria that are S.aureus and E.coli, 
respectively, for neat starch and starch/CBN films. For neat starch films, 
no bacterial inhibition zone was seen for both bacteria due to the non- 
existence of CBN, which exhibits antimicrobial activity [49]. Nonethe
less, there was a slightly clear inhibition zone of bacteria for starch/CBN 
(1 %w/v) films, but the concentration of 1 %w/v CBN might be low and 
not enough to inhibit the bacteria from growing under the films. Clear 
inhibition zones can only be observed for E.coli and S. aureus bacteria 
under the starch/CBN (2 %w/v) films, demonstrating that at least 2 % 
w/v CBN was required to inhibit both the E.coli and S. aureus bacteria. 
Furthermore, Fig. 6 also reveals that the inhibitory zones of both bac
teria for starch/CBN (2, 3, 4 %w/v) films only occurred under the films 
where they were in direct contact with the films. This was because CBN 
is not volatile and thus could not diffuse to inhibit the bacteria not in 
direct contact with the films. Nevertheless, the demonstrated antibac
terial activity of the films incorporated with CBN against S. aureus and 
E. coli demonstrated that the films have the potential to reduce microbial 

spoilage and contamination risks of food, providing an active protection 
layer that extends food shelf life.

The findings of this study align with Fan et al. [50], who revealed 
that increasing CD concentration (0–4.5 %) in chitosan films increased 
antibacterial activity. On the other hand, Li et al. [51] found that CDs 
exhibited strong antibacterial activity against E. coli and S. aureus at 
1000 μg/mL, with SEM images revealing bacterial cell wall damage and 
cytoplasmic leakage as the main mechanism. They also observed that 
increasing CD loading altered the deoxyribonucleic acid (DNA) circular 
dichroism spectrum, indicating disruption of DNA secondary structure. 
The unwinding process of DNA by CDs had also been predicted using 
simulations [52]. The secondary structure of DNA is disrupted when 
terminal base pairs interact with CDs.

Although an antibacterial mechanism study of CBN was not con
ducted in this work, previous literature suggests that CBN may exhibit 
potent antibacterial activity through multiple synergistic mechanisms. 
One possible primary mode involves direct physical interaction with 
bacterial membranes, where the hydrophobic surface chemistry of CBN 
promotes adhesion to the lipid bilayer, and the nanoscale surface 
roughness exerts mechanical stress that compromises membrane integ
rity, leading to increased permeability and leakage of intracellular 
contents [53]. Additionally, CBN may catalyze the generation of reactive 
oxygen species (ROS), such as superoxide anions and hydroxyl radicals, 
which induce oxidative stress and damage essential biomolecules, 
including proteins, lipids, and DNA [54]. The high surface area of CBN 
may also enable the adsorption of vital nutrients and signaling mole
cules from the bacterial microenvironment, effectively starving cells and 
disrupting metabolic functions [55]. Under light exposure, CBN may 
further contribute to bacterial inactivation via photothermal effects, 
where absorbed light energy is converted into localized heat, enhancing 
antimicrobial efficacy [56].

In the current study, the dispersion of CBN within the starch matrix is 
facilitated by hydrogen bonding and van der Waals interactions between 
the hydroxyl groups of starch and the surface functionalities of CBN. 

Table 4 
The transmittance (%) of the neat starch and starch/CBN (1, 2, 3, 4 %w/v) films at different UV spectrums and visible light, as well as the opacity of the films. Different 
letters in the same column indicate a statistically significant difference (p < 0.05).

Concentration (%) Transmittance (%) Opacity (nm/mm)

275 nm (UV-C) 300 nm (UV-B) 365 nm (UV-A) 550 nm (Visible Light)

0 61.3 ± 1.6a 66.8 ± 1.7a 71.6 ± 1.8a 79.0 ± 1.5a 1.28 ± 0.14a

1 44.8 ± 4.3b 49.5 ± 3.4b 52.5 ± 3.7b 51.1 ± 2.9b 2.46 ± 0.33b

2 35.9 ± 1.9c 37.8 ± 1.2c 40.8 ± 1.1c 44.0 ± 1.5c 3.49 ± 0.36bc

3 31.9 ± 2.8c 34.0 ± 2.9c 36.9 ± 2.6c 43.0 ± 2.7c 4.08 ± 0.03c

4 19.3 ± 1.5 d 20.6 ± 1.5 d 22.6 ± 1.5 d 30.6 ± 1.5 d 5.54 ± 0.46d

Fig. 6. Inhibitory zones of neat starch films and starch/CBN films for (a) E.coli and (b) S. aureus.
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This interaction may influence the molecular mobility and crystallinity 
of starch biopolymer, potentially affecting the diffusion and the acces
sibility of CBN to microbial cells. The non-volatility and contact- 
dependent nature of CBN explain the limited antibacterial perfor
mance observed in disc diffusion assays, where no significant inhibition 
zones were detected across the tested concentrations of CBN. This sug
gests that the antibacterial efficacy of CBN is likely localized at the film- 
bacteria interface rather than diffusive. Additional mechanistic studies, 
including surface characterization and microbial adhesion assays, are 
warranted to elucidate the role of CBN in antibacterial performance.

3.1.9. Benchmarking against literature
To provide context for the functional performance of starch/CBN 

films, a comparative analysis with carbon-based biocomposite films 
reported in the literature is presented in Table 5. The comparison covers 
mechanical, thermal, barrier, UV transmittance, and antibacterial 
properties. Results show that starch/CBN films achieve a balanced 
combination of tensile, thermal, water vapor permeability, and anti
bacterial properties, along with enhanced UV protection, demonstrating 
their competitiveness with other films and confirming their potential for 

active food packaging applications.

3.2. Demonstration of the application of the films as active food 
packaging materials

Cherry tomatoes were packaged in the developed films, and the at
tributes of cherry tomatoes were assessed in regard to physical 
appearance, weight loss, and firmness loss.

3.2.1. Physical appearance
The mold growth on cherry tomatoes was visually observed over 

storage at 10 ◦C from day 0 to day 11th, as tabulated in Table 6. It was 
discovered that mold grew more slowly on cherry tomatoes in direct 
contact with starch/CBN films compared to control cherry tomatoes (no 
packaging films) and cherry tomatoes in direct contact with neat starch 
films. This occurred because of the presence of CBN, which exhibits 
antibacterial activity as discussed in Section 3.1.8.

The mold on cherry tomatoes started to grow on day 9, and the most 
obvious mold growth can be seen on control cherry tomatoes, followed 
by cherry tomatoes in direct contact with neat starch and starch/CBN (4 

Table 5 
Comparative properties of starch/CBN films (this work) and other carbon-based biocomposite films reported in the literature, including mechanical, thermal, barrier, 
UV transmittance, and antibacterial performance.

Matrix +
Filler

Filler 
Concentration

Mechanical 
Properties

Thermal Properties Barrier Properties UV Transmittance Antibacterial Reference

Cassava 
starch +
CBN (this 
work)

0, 1, 2, 3, 4 % 
w/v

TS: 6.03–24.08 MPa 
EAB: 5.13–92.3 % 
YM: 11.11–189.40 
MPa

Tonset: 
158.37–169.41 ◦C 
Tmax: 308.47–313.48 
◦C 
Ash residual: 
9.82–12.68 %

WVP: 1.534 × 10− 10 

-2.486 × 10− 10 g/m⋅s⋅Pa 
OTR: 3602.9–56580.9 
cm3/m2⋅day

UV-C: 19.3–61.3 % 
UV-B: 20.6–66.8 % 
UV-A: 22.6–71.6 %

Inhibitory zones under 
starch/CBN (2, 3, 4 % 
w/v) films against 
E. coli, S. aureus

This 
study

Wheat 
gluten +
CBN

0, 2, 4, 6 wt% TS: ~3–4.5 MPa 
EAB: ~0.1–1.25 
mm/mm 
YM: ~50–225 MPa 
Energy at break: 
~0.1–1 J

No ratings in vertical 
burn tests

Water sorption (WS): 
26.91–41.51 % increase

N/A N/A [14]

Fish gelatin 
+ nano- 
VCB

20 %v/v TS: 52.589 MPa 
EAB: 8.912 % 
YM: 968.874 MPa

N/A WVP: ~1.75 × 10− 11 g/ 
m s Pa 
OTR: 1.510 cm3/m2⋅day

200–400 nm: ~15 
%

N/A [25]

PVA + CDs 0, 0.25, 0.5, 
1.0, 2.0 wt%

N/A Temperature at 50 % 
weight loss: 
322.5–347.3 ◦C 
Weight loss at Tmax: 
100–95.86 % 
Residue at 800 ◦C: 
0–4.14 %

N/A UV-C: 7.78–76.86 % 
UV-B: 12.96–75.68 
% 
UV-A: 23.23–79.25 
%

Minimum inhibitory 
concentration (mg/L) 
E. coli: 128-256 
B. cereus: 64-256 
S. aureus: 256 
E. hirae: 64-128 
P. aeruginosa: 18-64 
L. pneumophila sbsp. 
pneumophila: 64-128

[19]

Gelatin +
CDs

0, 1, 3, 5 %w/w TS: 12-10 MPa 
EAB: 27–40 % 
YM: 80–185 MPa

Glass transition 
temperature: ~25–50 
◦C, independent of CDs 
content

WS: 54.9–70.1 % 
WVP: 0.75x10− 7-1.05 ×
10− 7 g/h m Pa

UV-C: 28.9–60.6 % 
UV-B: 50.7–81.9 % 
UV-C: 70.6–86.4 %

N/A [26]

Starch +
PAC

1–5, 10, 15 wt 
%

TS: 1.86–3.42 MPa 
Maximum strain: 
0.16–0.53 
YM: 17.95–79.65 
MPa

N/A Water solubility index: 
30.54–32.14 % 
WVP: 2.60 × 10− 10-4.13 
× 10− 10 g/m s Pa

N/A N/A [32]

Nylon +
graphene

0.1, 0.3, 0.6, 1, 
3 wt%

Yield strength: 
37.9–45.4 MPa 
Stress at break: 
21.0–55.9 MPa 
EAB: 3.7–321.72 
MPa 
YM: 900–1510 MPa

Crystallization 
temperature: 
155.2–167.8 ◦C 
Melting temperature: 
180.8–194.7 ◦C

WVP: 15.7–36.3 g ml/ 
m2⋅day 
OTR: 10.1–27.6 cm3/ 
m2⋅day

N/A N/A [33]

Chitosan +
CDs

0, 1.5, 3, 4.5 % 
v/v

N/A N/A N/A N/A Inhibition zone 
diameters (mm) 
S. aureus: 9.10–13.01 
E.coli: 9.32–12.77

[43]
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%w/v) films. Mold growth was not detected for cherry tomatoes in 
direct contact with starch/CBN (1, 2, 3 %w/v) films on day 9. After the 
11th day, cherry tomatoes in direct contact with neat starch films had 
the most mold, probably because of the lowest WVP and OP values 
(Fig. 5), which disturbed the respiration process of cherry tomatoes. 
Respiration is a vital metabolic process in fruits, where fruits take in 
oxygen and release water vapor and carbon dioxide. The rate of respi
ration can affect the ripening, shelf life, and overall traits of fruits [57]. 
If the packaging film restricts oxygen entry, it can create an anaerobic 
environment inside the package, leading to anaerobic respiration, 
resulting in the production of undesirable metabolic byproducts like 
ethanol and off-flavors, leading to fruit decay and poor quality [58]. 
Nonetheless, it is worth noting that packaging film that allows too much 
oxygen to enter the package can lead to increased respiration in the 
fruits. This can also hasten the ripening process, resulting in early 
spoilage and shorter shelf life [59]. This is particularly undesirable for 
fruits that have a short shelf life, such as cherry tomatoes.

On the other hand, if the packaging film restricts water vapor 
transmission too much, it can create a high-humidity environment 
within the package, which leads to increased microbial growth, mold 
formation, and decay of the fruits [60]. It is also worth noting that if 
packaging film allows excessive water vapor transmission, it can lead to 
moisture loss from the fruits, resulting in dehydration, shriveling, and 
reduced fruit weight. It can also lead to a higher concentration of sugars 
and acids, affecting the flavor profile and altering the fruit’s sensory 
attributes [61]. Thus, it is essential to optimize the WVP and OP of 
packaging films by balancing between providing enough oxygen for 
normal respiration and allowing controlled water vapor transmission to 
maintain an optimal level of humidity. Different fruits have different 
respiration rates and sensitivity to these factors; thus, the packaging 
requirements will differ based on the specific fruit type being packaged.

Among the different starch/CBN films, starch/CBN (4 %w/v) films 
exhibited the poorest ability to reduce mold growth. As discussed before, 
the WVP and OP of starch/CBN (4 %w/v) films were the highest (Fig. 6), 
thus more water vapor and oxygen can diffuse, creating a favorable 
environment for mold growth, whereby moisture and oxygen are the 
source for mold to thrive [62]. Table 6 also demonstrates that 
starch/CBN (2 %w/v) film was the optimal packaging film that can 
maintain the cherry tomatoes’ shelf life throughout the 11th day, during 
which the sliced cherry tomatoes’ appearance was still red in color and 
exhibited the least shrinkage after the 11th day of storage. No mold 
growth was also observed, which indicated a better quality of cherry 
tomatoes. This was due to the antimicrobial activity of the 
good-dispersed CBN (Fig. 2) as well as the optimal WVP and OP values 
(Fig. 5) of the films. The findings of this work agree with Alaş et al. [19], 
who showed that CD/PVA-coated strawberries stored at 4 ◦C remained 
mold-free, hydrated, and red in color for 12 days, unlike PVA-coated and 
uncoated strawberries that spoiled with mold after 6 days.

3.2.2. Weight loss and textural changes
Fig. 7(a) and (b) display the weight loss and firmness loss of 

unpackaged and packaged cherry tomatoes with the developed films 
stored for 11 days and kept at 10 ◦C. Weight loss of fruit throughout 
storage primarily happens due to water loss because of the transpiration 
process [63]. Weight loss of fruit can also occur due to damage to the 
fruit [64]. Fig. 7(a) demonstrates that the weight loss (%) of all cherry 
tomatoes was proportional to the number of storage days. The weight 
loss of cherry tomatoes packaged with films containing various con
centrations of CBN (1, 2, 3, 4 %w/v) on the 11th day of storage was 
lower than that of the control and the neat starch film. It was expected 
that control cherry tomatoes would exhibit the most weight loss because 
of the absence of a barrier around the fruit. Meanwhile, cherry tomatoes 

Table 6 
Appearance of sliced cherry tomatoes, including control (no packaging films) and in direct contact with the neat starch and starch/CBN (1, 2, 3, 4 %w/v) films.

Concentration (%) Storage Time (Day)

0th 3rd 6th 9th 11th

Control

0

1

2

3

4
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packaged in the neat starch film exhibited higher weight loss than that of 
starch/CBN films, although the WVP of starch/CBN films was slightly 
higher than the WVP of the neat starch film (Fig. 5(a)). It can be hy
pothesized that the slight differences in WVP might not affect the 
moisture loss of cherry tomatoes, hence the weight loss. The weight loss 
of cherry tomatoes in this study was mainly due to the microbial action 
that caused damage to the cherry tomatoes.

Furthermore, the weight loss of cherry tomatoes packaged with 
starch/CBN (1 %w/v) films was the lowest on the 11th day of storage, 
followed by starch/CBN (2, 3, 4 %w/v) films, following the trend of the 
WVP and OP values as discussed in Section 3.1.6. The higher WVP and 
OP of films escalated the humid condition and oxygen amount in the 
package, favoring the mold and bacteria growth, which damaged the 
cherry tomatoes and increased the weight loss. The pattern of these 
findings was consistent with Venkatesan et al. [28], who reported that 
carrots wrapped with PBAT/tannic acid/carbon nanoparticle films 
exhibited lower weight loss than those wrapped with PBAT neat film and 
control carrots, attributed to the synergistic effect of biocompatible 
constituent in tannic acid, the reactive moiety in PBAT, and carbon 
nanoparticles. Fan et al. [50] also found that incorporating CDs into 
chitosan films reduced the weight loss of fresh cucumber. However, 
instead of due to the fruit damage, they attributed this to the many 
functional groups in the chitosan solution that increased the degree of 
surface crystallization of the CD/chitosan coating, creating strong bar
riers against water vapor permeability.

In terms of firmness, Fig. 7(b) shows that the firmness loss (%) of all 
cherry tomatoes was proportional to the time of storage, whereby 
firmness loss increased with the increase in time of storage because of 
the softening process experienced by the fruit or vegetable over time 
[50]. The control cherry tomatoes stored without any packaging 
exhibited the maximum percentage loss in firmness throughout the 
storage, which was 27.6 %, followed by cherry tomatoes packaged in 

neat starch films (27.0 %). The reduction in cherry tomatoes packaged 
with the starch/CBN films was lower compared to the control cherry 
tomatoes and cherry tomatoes packed in neat starch films because of the 
existence of CBN that acted as an antimicrobial agent [13], which 
inhibited the microbial action contributing to the firmness loss [65]. Fan 
et al. [50] found that CDs in chitosan films reduced the loss of firmness 
of fresh cucumbers due to a decrease in oxygen and water availability 
and thus, a decrease in metabolic rate. However, in this study, OP and 
WVP of starch/CBN films were higher than neat starch films; thus, it can 
be speculated that the microbial action causing cherry tomato injury was 
the dominant factor that contributed to the firmness loss of cherry to
matoes than WVP and OP of the films.

Despite the cherry tomatoes packaged in starch/CBN (1, 2, 3, 4 %w/ 
v) films being better than the control and neat starch films in terms of 
firmness, however, when compared among the starch/CBN films, the 
percentage of firmness loss rose with the rise in the concentration of 
CBN. This finding can be explained by the WVP and OP results, whereby 
as the concentration of CBN augmented, the WVP and OP also 
augmented. The higher permeability allowed for easier moisture loss 
and oxygen gas permeation through the films, creating pathways or 
channels for these substances to damage the cherry tomatoes [36]. 
Among the starch/CBN films, the cherry tomatoes in starch/CBN (4 % 
w/v) film exhibited the highest weight and firmness loss compared to 
starch films with lower concentrations of CBN (1, 2, 3 %w/v).

4. Conclusion

The starch/CBN films were successfully developed for possible use in 
active food packaging. The inclusion of CBN in the starch films altered 
the transparency and color properties, particularly at higher CBN con
centrations. The TS, YM, and thermal stability of films improved because 
of the strong intermolecular interactions, especially via hydrogen 
bonding between starch and CBN. However, CBN at higher concentra
tions led to agglomeration, which reduced the barrier properties of the 
films. The starch/CBN films also demonstrated good UV-blocking 
capability. Incorporating 2 %w/v CBN was sufficient to prevent bacte
rial growth, particularly E. coli and S. aureus. Cherry tomatoes packaged 
with the starch/CBN films showed less mold growth, firmness loss, and 
weight loss compared to both the control and neat starch films.

The optimal concentration of CBN that provides the best perfor
mance was found to be 2 %w/v. At this concentration, the films 
exhibited good CBN dispersion, improvement in mechanical and ther
mal properties, moderate WVP and OP, enhanced UV blocking capacity, 
and sufficient antibacterial activity. This concentration also resulted in 
the best preservation performance for cherry tomatoes, reducing both 
weight and firmness losses. Overall, the starch/CBN films developed in 
this study demonstrate strong potential as sustainable active food 
packaging, contributing to preservation and shelf life extension of food. 
This work is the first to report cassava starch films reinforced with CBN 
for active food packaging, combining environmental sustainability with 
demonstrated antibacterial activity, UV shielding, and real-food pres
ervation performance, thereby offering both scientific novelty and 
application-oriented innovation to the field of food packaging. Looking 
ahead, future work should focus on mechanistic investigations such as 
surface characterization and microbial adhesion assays to provide 
deeper insights into how CBN contributes to antibacterial performance 
and to guide the rational design of next-generation active packaging 
films.
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[8] N.S. Kasálková, P. Slepička, V. Švorčík, I. Rodríguez-Ramos, M. Al-Haik, Carbon 
nanostructures, nanolayers, and their composites, Nanomaterials 11 (2021) 2368, 
https://doi.org/10.3390/nano11092368.

[9] Z. Shi, L. Hua, Y. Lu, D. Shen, D. Huang, Investigation of carbon black nanoparticle 
modified cementitious composites for sensing dynamic vibro-acousto signals, 
Measure 237 (2024) 115231, https://doi.org/10.1016/j. 
measurement.2024.115231.

[10] M.P. Ho, A.K.T. Lau, Amorphous carbon nanocomposites, in: Y. Dong, R. Umer, A. 
K.T. Lau (Eds.), Fillers and Reinforcements for Advanced Nanocomposites, 
Woodhead Publishing, Cambridge, 2015, pp. 309–328, https://doi.org/10.1016/ 
B978-0-08-100079-3.00012-0.

[11] A. Khoshkalampour, M. Ghorbani, Z. Ghasempour, Cross-linked gelatin film 
enriched with green carbon quantum dots for bioactive food packaging, Food 
Chem. 404 (2022) 134742, https://doi.org/10.1016/j.foodchem.2022.134742.

[12] A. Khan, R. Priyadarshi, T. Bhattacharya, J. Rhim, Carrageenan/Alginate-based 
functional films incorporated with Allium sativum carbon dots for UV-barrier food 
packaging, Food Bioprocess Technol. 16 (2023) 2001–2015, https://doi.org/ 
10.1007/s11947-023-03048-7.

[13] S.M. Dizaj, A. Mennati, S. Jafari, K. Khezri, K. Adibkia, Antimicrobial activity of 
carbon-based nanoparticles, Adv. Pharmaceut. Bull. 5 (2015) 19–23, https://doi. 
org/10.5681/APB.2015.003.

[14] O. Das, A.J. Capezza, J. Mårtensson, Y. Dong, R.E. Neisiany, L. Pelcastre, L. Jiang, 
Q. Xu, R.T. Olsson, M.S. Hedenqvist, The effect of carbon black on the properties of 
plasticised wheat gluten biopolymer, Molecules 25 (2020) 2279, https://doi.org/ 
10.3390/molecules25102279.

[15] ASTM D882, Standard test method for tensile properties of thin plastic sheeting. 
www.astm.org/d0882-18.html, 2018. (Accessed 28 February 2025).

[16] JIS Z0208, Testing methods for determination of the water vapour transmission 
rate of moisture-proof packaging materials (dish method). https://webstore.ansi. 
org/standards/jis/jis02081976, 1976. (Accessed 16 June 2025).

[17] ASTM D3985, Standard test method for oxygen gas transmission rate through 
plastic film and sheeting using a coulometric sensor. www.astm.org/d3985-17.ht 
ml, 2024. (Accessed 28 February 2025).

[18] USDA, United States standards for grades of fresh tomatoes. https://www.ams.usd 
a.gov/sites/default/files/media/Tomato_Standard%5B1%5D.pdf, 1997. (Accessed 
3 March 2025).
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