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Introduction

A significant quantity of non-biodegradable plastic is dis-
carded into the natural surroundings, resulting in serious 
environmental contamination. The development of biode-
gradable edible films has emerged as a means of reducing 
the use of synthetic or non-biodegradable plastic and pre-
serving the environment [1]. Carbohydrates, protein, and 
lipids have been used to fabricate edible films individually 
or in combination with each other. Thermal stability is an 
important property for edible films, as it ensures that the film 
maintains its structural integrity and does not break down 
or degrade when exposed to high temperatures (Bhatia, Al-
Harrasi, Shah, Altoubi, et al., [2]). To ensure the effective-
ness of edible films as packaging materials, it is necessary to 
consider their thermal stability during the development and 
formulation of the films. There are different methods used 
to evaluate the thermal integrity of edible films such as Dif-
ferential Scanning Calorimetry (DSC), Thermogravimetric 
Analysis (TGA), Dynamic Mechanical Analysis (DMA), 
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Abstract
Poor thermal stability of packaging materials represents a significant obstacle impeding their applications as alternatives 
to non-biodegradable plastics in the food packaging sector. The thermal stability of biopolymeric films is essential for 
upholding their structural integrity and preventing degradation at different temperatures during processing, transportation, 
and storage, thereby safeguarding the quality and safety of packaged food items. A deeper understanding of the interplay 
between material composition, processing conditions, and thermal behavior will foster the development of stable edible 
films capable of withstanding elevated temperatures while maintaining their structural integrity and functional attributes. 
This review provides an overview of various thermal analysis techniques available for analyzing biodegradable edible 
films (viz. Differential Scanning Calorimetry, Thermogravimetric Analysis, Dynamic Mechanical Analysis, and Ther-
momechanical Analysis), as well as explores the interrelation between film properties and thermal stability such as film 
crystallinity, morphological attributes, chemical arrangement, nano-reinforcements and interaction with other ingredients. 
Furthermore, the thermal behaviour of biopolymers and the recent advancements aimed at engineering desirable thermal 
behaviour into edible films are extensively discussed. The present study contributes to the current knowledge base and 
serves as a valuable resource for researchers in the field of food packaging and material science.
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and Thermomechanical Analysis (TMA). Thermo-physical 
properties such as thermal conductivity, diffusivity, glass 
transition behaviour, crystallization temperature, melting 
temperature, decomposition temperature, heat deformation 
temperature and heat expansion rate play an important role 
in determining the stability of the food packaging material. 
Ideally food packaging material must have poor thermal 
conductivity like plastics to restrict the heat transfer from 
packaging material to food [3].

Food packaging materials like plastics do not contain free 
electrons when compared with metallic packaging material, 
and thus restrict the transfer of heat from the environment 
to packed food products. Due to the recent advancements in 
food packaging materials, biomaterials derived from starch 
and other sources showed drastic improvement in mechani-
cal strength and color attributes. Nevertheless, most of the 
biopolymers used in food packaging lack thermal insula-
tion properties like synthesized plastic [4]. Most of the 
plastic materials used in the food packaging industry show 
intermediate thermal conductivity (0.15–0.4 W/mK) [5]. 
The addition of bioactive compounds to edible films can 
affect their thermal properties [6]. This review focuses on 
the thermal properties of edible films and various thermal 
analysis techniques available for analyzing biopolymeric 
films. Furthermore, the current review article explores the 
interrelation between film properties and thermal stability 
such as film crystallinity, morphological attributes, chemi-
cal arrangement, nano-reinforcements and interaction with 
other ingredients.

Methods to Determine the Thermal Stability 
of Edible Films

The thermal properties of edible films determine their sta-
bility during storage and transport. Temperature changes 
can cause the film to lose its mechanical and barrier proper-
ties, leading to spoilage of the food product. The thermal 
properties of edible films are also important for optimizing 
processing conditions. The commonly used methods to ana-
lyze the thermal properties of edible films are TGA, DSC, 
DMA, and TMA.

Thermal Gravimetric Analysis (TGA)

TGA is a valuable technique for assessing the thermal sta-
bility of films at higher temperatures (around 600 °C). This 
is one of the main features of packaging materials as they 
may be exposed to higher temperatures in packaging proce-
dures such as sealing. In addition, TGA also helps in deter-
mining the effect of any additive or process condition or any 
other variable on the blank polymeric material especially 

polymeric degradation [7]. To differentiate the thermal sta-
bility of different films in terms of their decomposition or 
weight loss it is important to record their decomposition 
stages at a constant heating rate under an inert atmosphere 
by using TGA. Generally, the first weight loss during TGA 
analysis of edible films is observed due to the presence of 
free and bound water vapors whereas the second, as well 
as third stages of weight loss, corresponding to the decom-
position of plasticizers such as glycerol and polymer [8]. 
It is important to compare the percentage of weight loss in 
each stage of control (blank polymer films) with composite 
films to understand the effect of secondary polymer or any 
additives on the thermal stability of the films. Additionally, 
the thermal attributes of the films such as initial degradation 
(Tonset), maximum decomposition (Tmax) and the residual 
mass left at the highest temperature (Tmrs) during TGA 
analysis must be evaluated [9]. A number of analyses can be 
carried out on the data obtained from the TGA using various 
methods. Some of the factors that affect this data are sample 
mass, heating rate, gas flow rate and nature, and the math-
ematical procedure that is applied to validate the data [10]. 
Reaction rate describes the derivative of the conversion, (α) 
with respect to time. The TG curves can be used to calculate 
the value of (α) in terms of mass loss using the following 
equation [10].

α =
mo −m

mo −m∞
 (1)

In this equation, m represents the measured mass of a given 
sample at temperature T, mo

 indicates the initial mass while 
m∞

 is the mass at the end of the non-isothermal TGA 
analysis.

The thermal stability of the film containing a single poly-
mer is considered as control and its decomposition stages 
are usually compared with composite films to understand 
the effect of additives such as polymer, bioactive compound, 
plasticizer, surfactant, etc. on the control film (Table 1). 
Several examples of control film containing single poly-
mers, those are widely used in edible films are highlighted 
in Table 1.

DSC (Differential Scanning Colorimetry) Analysis

DSC is generally used to examine characteristic tempera-
tures, corresponding phase change enthalpies, crystalliza-
tion behaviour and most importantly glass transition by 
identifying the change in heat capacity over the two peri-
ods [24]. Recently more sensitive techniques like modu-
lated DSC (MDSC) have been employed to enhance the 
efficiency and precision of intricate thermal events in the 
study of edible films. Methods such as TMA, DMA and 
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oscillation techniques are not employed commonly as they 
possess greater sensitivity [25]. Recently MDSC analysis 
was used to determine very low Tg temperatures ranging 
from about − 22 to about − 39 °C [26]. DSC thermograms 
of films made up of natural semi-crystalline polymers help 
in the determination of glass transition temperatures (Tg), 
melting temperatures (Tm), crystallization temperatures, 
crystallinity, and enthalpies (ΔH) [27]. Enthalpies of transi-
tions can be determined using the DSC curve by integrating 
the peak corresponding to a particular thermal event [28, 

29]. For a specific transition, the enthalpy can be described 
using Eq. 2:

∆H = KA  (2)

In this equation, ΔH indicated the enthalpy of transition, K 
represents the calorimetric constant, and A is the area under 
the peak.

Glass transition of polymeric material is related to the 
change of molecular mobility of the polymer due to rise in 

Table 1 Thermal decomposition of films containing single polymer
Biopolymers (con-
sidered control)

First stage Second stage Third stage Refer-
ences

Chitosan 100 to 200 °C, attributed to 
water evaporation

At temperatures ranging from 200 to 400 °C, the sec-
ond stage of decomposition occurred attributed to the 
disintegration of chitosan resulting from glycosidic 
ring dehydration and the breakdown of its molecular 
chains., Tmax was observed close to approximately 
290 °C to 300 °C.

No third stage  [11]

50–100 °C (5% decomposi-
tion due to evaporation of 
loosely bound water)

270–320 °C due to decomposition of chitosan No third stage  [12]

Sodium alginate 160 °C with a weight loss of 
about 6.5%

95–340 °C due to saccharide ring dehydration and 
the subsequent breakage of the biopolymer’s primary 
chain.

340 °C onwards due to 
the decomposition of the 
polymer

 [13]

50–192 °C (17.5% mass 
loss)

The temperature range reported was 192 °C to 486 °C, 
maximum deterioration occurred at 246 °C, result-
ing in a substantial 44% reduction in mass due to the 
breakdown of glycosidic bonds, the loss of hydroxyl 
groups, and the evolution of carbon dioxide (CO2)

No third stage  [14]

59–88 °C due to evaporation 
of free water

214–232 °C Tonset and Tmax were 214.37 and 
226.51 °C

No third stage  [15]

k-Carrageenan 30 to 90 °C was due to 
evaporation of the water

Temperature range 130–220 °C, attributed to the 
degradation of the glycerol

210–250 °C, due to thermal 
degradation of carrageenan 
matrix

 [16]

Range 60–120 °C; due to the 
evaporation of water.
.

170–230 °C due to the presence of the glycerol 230–330 °C due to
polysaccharide 
decomposition

 [17]

Gelatin A 5.4% reduction in weight 
caused by the evaporation 
of water

120–600 °C
with weight loss of around 89.26% due to degradation 
of large-size or biopolymer fragments

No third stage  [18]

Fish skin gelatin In the range of 23–176 °C, 
attributed to the evaporation 
of water

192–426 °C, attributed to the degradation of the frac-
tions of protein with a lower molecular weight

429–456 °C
attributed to the degrada-
tion of the fractions of pro-
tein with lower molecular 
weight

 [19]

Pectin 50–100 °C was attributed to 
the evaporation of water

200–320 °C (Tmax: 240 °C), was attributed 305 °C to 
the decomposition of the pectin chain; pectin control 
film showed the Tg value: 220.84 °C

No third stage  [20]

Citrus pectin Release of free water up to 
100 °C, with 6% weight loss

100 and 180 °C, with 8% weight loss 180 and 350 °C, due to 
degradation of polymer 
with weight loss of 64%

 [21]

Whey protein 40–135 ◦C; Tmax 71 °C 135–450 °C; Tmax: 303 ºC 450–560 °C Weight loss 
was 5.2%

 [22]

Cellulose 20–100 °C with weight loss 
12.6%

Tmax: 238 °C Residues primarily com-
posed of carbonaceous 
material persisted after 
thermal processing at tem-
peratures as high as 500 °C.

 [23]
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the area of the exothermic peak (further conformed from 
XRD of the same sample) [33]. In the majority of the com-
posite edible film studies, the DSC thermogram of control 
(generally thermogram of single polymer without additive) 
was compared to the thermogram of composite material to 
understand the changes in the thermal stability of composite 
material (Table 2).

Dynamic Mechanical Analysis (DMA)

The DMA technique is extensively employed in the char-
acterization of a material’s properties with respect to vari-
ous parameters such as temperature, time, frequency, stress, 
atmosphere, or a combination of these parameters [52]. 
Polymers exhibit two distinct responses to the energy of 
motion, namely elastic response, which is crucial for shape 
recovery, and viscous response, which plays a vital role in 
dispersing mechanical energy and preventing breakage. 
The viscoelastic properties, which refer to the responses of 
a material, are analyzed through the utilization of dynamic 
mechanical analysis (DMA) while subjecting the material 
to low levels of mechanical force. The viscoelastic behav-
iour of polymers is dependent upon the variables of tem-
perature and time [53]. DMA instruments are equipped with 
regulated heating and cooling mechanisms to investigate 

the temperature. This physical shift of polymeric material 
from glassy to an amorphous state impacts the molecular 
motion of polymeric material and thus controls thermal, 
mechanical and barrier properties [30]. It was suggested that 
the changes in the Tg, Tm and ΔH are the potential markers 
in determining the compatibility between several biopoly-
mers [31]. DSC overlay of edible films generally presents 
both endothermic (water evaporation, melting, polymer 
degradation and glass transitions) and exothermic peaks 
(crystallization) (Fig. 1).

DSC is probably not a suitable approach for the thermal 
stability assessment of composite or complex materials such 
as edible films made of two polymers with bioactive com-
ponents. This is due to the formation of multiple exothermic 
or endothermic peaks in both heating and cooling cycles 
while analyzing composite materials [32]. This makes the 
thermogram complicated in terms of distinguishing the Tg 
peak, as the endothermic relaxation enthalpy is descrip-
tive for polymeric materials in the glassy state that expe-
riences natural ageing. The endothermic peak in the DSC 
thermogram also represents melting temperature (Tm), and 
one or more glass transitions, that further complicate the 
thermogram in identifying peaks corresponding to Tm and 
Tg. Crystallization is an exothermic process and the degree 
of crystallinity of the edible films can be calculated from 

Fig. 1 General DSC overlay 
of edible films (tm: melting 
temperature; tc: crystallization 
temperature; tg: glass transition)

 

1 3



Food Engineering Reviews

particularly when it comes to thermal analysis. The altera-
tion in the dimensions of the sample as a function of tem-
perature is the basis of the TMA technique [56]. TMA is 
a useful technique for obtaining significant insights into 
the thermal expansion, glass transition temperature (Tg), 
softening points, composition, and phase changes of mate-
rials with varying geometries by subjecting the materi-
als to a constant force as a function of temperature [57]. 
TMA can be employed to study the thermal behaviour of 
thin films, coatings, and surface treatments. It allows for 
the analysis of thermal expansion properties and the deter-
mination of the stress-strain behaviour of these thin layers. 
TMA can be used in optimizing the design and performance 
of coatings and thin films for various applications. While 
Dynamic Mechanical Thermal Analysis (DMTA) measures 
the viscoelastic properties by applying an oscillatory force. 

the impact of temperature on the stiffness and resiliency of 
polymers [54]. The dynamic mechanical analysis method 
is a versatile approach that can be used to simultaneously 
characterize the rheological and thermal properties of an 
extensive range of different types of samples [55]. DMA 
can provide a comprehensive understanding of the thermal 
behavior and stability of edible films by measuring their 
mechanical response as a function of temperature [53]. 
This information aids in the development, formulation, and 
selection of edible films with improved thermal stability for 
various food packaging and preservation applications.

Thermomechanical Analysis (TMA)

Thermomechanical analysis also referred to as TMA, is one 
of the most important tools in the field of material science, 

Table 2 Endothermic and exothermic peaks in DSC thermogram for the neat polymers
Biopolymer Endothermic peak of blank Exothermic peak of blank References
Sodium alginate 134.39 ± 2.64 °C due to melting of polymer 211.94 ± 1.42 °C; due to decomposition of 

polymer
 [26]

Pectin 154 °C  [34]
84.67 due to loss of adsorbed and structural water 229.82 (decomposition of pectin)  [35, 36]

Sodium caseinate Tg reported in three studies: 73.4 °C, 75.57 °C, 78 °C  [37]
High methoxyl pectin Tg -6.32 °C
Chitosan Two endothermic peaks (72.24 and 154.64 °C) 269.65 °C due to chitosan degradation. [38])

60–100 °C due to water evaporation (peak temp: 80 °C) Second endothermic peak Tg: 166 °C; third 
exothermic peak Tc: 275 °C

 [39])

Gelatin film 82.0 °C, attributed to the melting of gelatin crystal 
structure.

 [40]

Guar gum 106 °C (Tg) and 254 ◦C; attributed to the thermal decom-
position of the guar gum

305 ◦C (due to the thermal degradation of 
the polymer)

 [41]

Gelatin (different 
grades)

Tg = 51–59 ◦C; 80-82.5 ◦C (denaturation temperature)  [42]

Gelatin (pigskin gela-
tin: type A)

Tg = 57.5 1 °C  [43]

Gelatin from bovine 
skin (Type B)

71.8 ◦C; due to the evaporation of water 222.7◦C; due to the breakage of the gelatin 
chains.

 [44]

Poly(vinyl alcohol Tg = 26.3 1 C  [43]
Bovine gelatin Tg (°C): 22.3; Tmax: 82.0; delta H

(J/g): 14.4
 [45]

Cold water fish skin 
gelatin

108–114 ◦C may be
attributed to different processes such as evaporation, 
recrystallization of small gelatin crystallites or glass transi-
tion of amino acids.

261–263 ◦C due to polymer degradation  [46]

Pure poly (lactic acid) Tg: 55 ◦C and an endothermic peak at about 108 ◦C. Tc: 108.4◦C; Tc: 166.7 ◦C.  [47]
Poly(lactic acid) Tg: 51.4 ◦C Tc: 109.8 ◦C; Tm: 169.9 ◦C  [48]
Cellulose The temperature range for endothermic peaks is between 

50 and 150 °C; the first endothermic peak could be attrib-
uted to the evaporation of water molecules

The second endothermic peak is a result 
of the breakdown of hemicellulose, the 
depolymerization process of cellulose, and 
the third decomposition stage involving the 
components of lignin and α-cellulose, by an 
exothermic peak.

 [33]

Wheat gluten protein 88 °C due to denaturation  [49]
Carboxymethyl 
cellulose

Tg: 99.6 °C  [50]

Tara gum with glycerol Tg: 52 °C  [51]
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0.4%, and 0.6% oil, respectively [63]. In a previous study, 
DSC analysis was carried out for the edible film based on 
arrowroot starch and gelatin composite incorporated with 
cranberry powder [64]. The thermal analysis revealed that 
increasing the concentration of cranberry in the films caused 
a decrease in the Tg range. Incorporating fruit pulps into 
the polymeric matrix of the film has been found to release 
sugars that act as plasticizers. This plasticizing effect modi-
fies the polymer interactions, increasing the free volume, 
enhancing chain motility, and reducing the Tg of the film 
[65, 66]. Furthermore, the incorporation of different bioac-
tive compounds and their effect on the thermal properties of 
edible films have been shown in Table 3.

Crystallinity and Thermal Stability of the 
Films

Ideally, edible films must be highly crystalline to gain more 
thermal stability and mechanical flexibility [60]. However, 
most of the natural polymers used in the preparation of edi-
ble films are semi-crystalline and approaches employed to 
increase polymer crystallinity generally increase the brittle-
ness of the edible films. In addition, crystallizing polymers 
on an industrial scale can be very difficult. Approaches like 
co-crystallization to enhance the crystallinity and thermal 
stability of polymeric films while maintaining their mechan-
ical flexibility could be reliable but have not been used so 
far. Thus, it is important to draw the relationship between 
the crystallinity and the thermal behaviour of the film [75]. 
There are multiple factors such as functional groups, molec-
ular weight, branch degree, cross-linking, and degree of 
crystallinity of the polymers that impact the thermal stabil-
ity of the edible films as shown in Fig. 2.

XRD (X-ray diffraction analysis) is an analytical tech-
nique used to determine the degree of crystallinity of mate-
rials. Important attributes such as the nature of crystal lattice 
(polymorphic), crystal structure, polymorphism, preferred 
crystal orientations (texture), crystal defects, percentage of 
crystalline material, and most importantly crystal size can 
be determined using XRD [76]. The perentage of crystallin-
ity can be calculated using the Eq. 3 [77].

Crystallinity (%) =
areaunderpeaks

Totalarea
 (3)

With the latest advancements in XRD, small-angle, ultra-
small-angle X-ray and neutron scattering approaches can 
be used to offer structural data on the nanometer-to-micron 
length scale [78]. X-ray diffractogram of amorphous-crys-
talline structures is usually represented by strong character-
istic peaks related to the crystalline zone where narrowness 

Together, TMA and DMTA techniques offer a comprehen-
sive understanding of a material’s thermal and mechanical 
properties, crucial for applications like biopolymeric films 
in packaging.

Effect of Bioactive Compounds on the 
Thermal Behaviour of Edible Films

The thermal properties of a film are indicative of its ability 
to withstand varying temperatures and can have a signifi-
cant impact on its compatibility to be employed as a food 
packaging material [58]. The thermal behaviour and sta-
bility of biopolymers can vary significantly depending on 
the specific type of biopolymer and its source. The thermal 
characteristics of films are frequently assessed to ascertain 
key parameters such as the glass transition temperature, 
melting point temperature and degradation temperature. 
These parameters serve as a viable metric for a uniform 
multi-polymer mixture and may be regarded as a standard 
for evaluating the capacity to combine polymer/biopoly-
mer blends and withstand fluctuations in temperature [59]. 
Adding bioactive compounds to edible films or preparing 
a composite material with the addition of two or more bio-
polymers can have various effects on the thermal properties 
such as thermal stability, melting temperatures and glass 
transition temperatures of the resultant films [60].

Thermal properties of the pearl millet starch (PMS) and 
carrageenan gum (CG) based edible films were examined 
using DSC. The authors reported that the melting tempera-
ture (Tm) of the PMS films increased from 98 °C to 118 °C 
with the addition of CG due to the strong intermolecular 
interaction between starch and carrageenan [61]. In another 
study, Zhou et al. [62] studied the thermal characteristics of 
cassava starch-based (CS) films loaded with varying con-
centrations of cinnamon essential oil (CEO) using TGA. 
The results demonstrated that the addition of CEO in the 
CS-based edible films increased the thermal stability of the 
films due to the higher compatibility between the film-form-
ing components including polymer and oil [62]. The impact 
of bioactive compounds on the thermal characteristics of 
edible films can vary based on factors such as the type, con-
centration, and compatibility of the bioactive compound 
with the film matrix.

The thermal properties of carrageenan, guar gum, and 
glycerol-based edible films containing varying concentra-
tions (0.2%, 0.4%, and 0.6%) of lemongrass essential oil 
(LGO) were investigated using DSC  [63]. The results of 
the DSC analysis of the prepared films revealed that Tg 
increased with increasing the concentration of oil from 0.2 to 
0.6%. Tg of the edible film was determined to be 221.78ºC, 
237.91ºC, and 241.26ºC for formulations containing 0.2%, 
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and hydrophilicity also impact the thermal stability of films 
[88]. Surface hydrophilicity or wettability of edible films 
can be determined by using a goniometer to measure the 
contact angle of a droplet on a surface [89]. Hydrophilic 
material attracts more water vapors over the surface of the 
films resulting in variation in thermal conduction.

Thermal Behavior of Common Edible film 
Constituents

The low thermal conductivity of biopolymer films com-
pared to synthetic films is one of the major technical bar-
riers that limit its application at the commercial scale [90]. 
Biopolymer films are relatively more sensitive to heat 
than synthetic films and thus offer low thermal resistance. 
Therefore, improving the thermal conductivity of biopoly-
mers and their respective composites is of great interest. To 
engineer high thermal conductive films using biopolymers 
more chemical insights are required such as polymer chain 
structural arrangements (backbone and side chains) and 
interchain coupling (hydrogen bonding and crosslinking) 
in the films [91]. Heat conduction expresses the transfer of 
heat across a material directed by a temperature gradient. 

and broadness determine the percentage of crystallinity 
[79]. The most important factor that determines the crystal-
line behaviours is the polymer’s inherent properties such as 
its type, source, and composition (Table 4) that ultimately 
impact the thermal stability of the films.

Effect of Morphology and Surface Property 
on the Thermal Behaviour of Edible Films

The thermal resistance of the films is also influenced by 
their morphology [62]. The morphology of the edible films 
is generally determined by scanning electron microscopy. 
SEM coupled with EDS offer not only morphological 
insights but also provide the elemental composition of the 
material which is essential to assess the heat insulation of the 
material. Also, atomic force microscopy helps in determin-
ing surface roughness of the polymeric films by calculating 
roughness means square values which is again an essential 
parameter to correlate with heat conduction. Morphologi-
cal attributes such as compactness, density, porosity, cracks, 
uniformity, roughness and particles impact the heat conduc-
tion of the material and thus impact the overall thermal sta-
bility of the edible films. Similarly, surface hydrophobicity 

Table 3 The incorporation of bioactive compounds and their effect on the thermal properties of the edible films
Biopolymer(s) Bioactive compounds/

Source
Plasticizer Type of 

analysis
Effect on thermal properties Refer-

ence
Chitosan (2%) Pomegranate peel extract 

(0.2–1 g/mL)
Glycerol 
(1%)

DSC Tg temperature of film samples decreased with increasing the 
concentration of the extract.
Overall thermal stability reduced.

 [67]

Pectin (2%) Gamma-aminobutyric acid 
(GABA) (5, 10, 15%)

Glycerol 
(10%)

DSC Tg was 3.3 °C for the control film, but adding 5%, 10%, 
15% GABA and 10% glycerol dropped Tg to 1.2 °C, -5.3 °C, 
-8.1 °C, and − 12.7 °C, respectively.
The addition of GABA lowered Tm and ΔHm of pectin 
films.

 [68]

Potato starch 
(3%)

Clove essential oil 
(0.5–2.5%)

Glycerol 
1%

DSC At oil concentrations up to 1.0%, ΔHm, Ton, and Tm values 
increased.
At higher levels of oil, ΔHm, Ton, and Tm values decreased.

 [69]

Chitosan (1%) 
and Sodium 
Alginate (3%) 
composite

Ficus racemosa aqueous 
fruit extract (0.5–1.5%)

Glycerol 
(5%)

TGA Improved thermal stability  [70]

Gelatin (3%) Fresh orange (Citrus 
sinensis) peel extract (5 and 
10 mg/mL)

Glycerol 
(15%)

DSC Tg temperature increased from 69 °C to 71.90 °C with 
increasing the concertation of extract.

 [71]

Methylcellulose 
(3%)

Ethanolic extract of freeze-
dried apple skin and aque-
ous extract of apple skin
(10, 20, 25%)

N/A DSC When compared to the control, films containing extracts 
exhibited a shift to a lower Tg.

 [72]

Carboxymethyl 
cellulose (2%) 
and gelatin 
(2%) composite

Antioxidant of bamboo 
leaves (0.1–0.4%)

Glycerol DSC Tm of the films increased with increasing the concentration 
antioxidant of bamboo leaves.
Tm increased from 268.67 ℃ to 278.24 ℃.

 [73]

Cassava starch 
and chitosan

Pitanga (Eugenia uniflora 
L.) leaf extract and/or 
natamycin

Glycerol TGA The addition of pitanga leaf extract enhanced the thermal 
stability, as demonstrated by increased glass transition tem-
peratures and higher maximum degradation temperatures

 [74]
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polysaccharides, proteins and lipids also impacts the ther-
mal stability of the films. Generally, the thermal stability 
of polysaccharides is poor as these macromolecules are not 
conducive to their successive molding processing. Using 
organic or synthetic crosslinkers to improve the crosslink-
ing is considered as reliable approach to improve the ther-
mal stability of polysaccharide-based films [91]. Although 
polysaccharide aerogels possess low thermal conductivity, 
its equivalent to silica aerogels and synthetic polystyrene 
foams. Thus, the incorporation of polysaccharide-based 
aerogels can be used to prepare films with relatively high 
thermal stability [96]. Likewise blending between polysac-
charide and protein offers more thermal resistant films e.g., 
blending of collagen–alginic acid improved the thermal sta-
bility by 15 °C after alginic acid addition in neat collagen 
(native) materials [97].

Chitosan shows great sensitivity to several types of deg-
radation, including thermal degradation, which is dependent 
on the degree of deacetylation. It is reported that commer-
cial chitin thermally decomposed at lower temperatures 
than highly deacetylated chitosan [98]. The blending of neat 
chitosan polymer with naturally isolated polymeric frac-
tion can also result in an improvement in the thermal sta-
bility of the resultant films. Previous reports suggested that 

In contrast to metals, heat conduction in polymeric material 
occurs via lattice vibrations (phonons) [92]. Normally, an 
amorphous polymeric structure leads to a reduction in the 
normal free path of phonons, which decreases the overall 
heat conductivity [93].

Synthetic polymers with highly conducting or insulat-
ing features generally form toxic residues when exposed to 
higher temperatures. Therefore, biopolymers-based films 
have been considered over synthetic polymers to prevent 
the immigration of toxic components into food. Film com-
position and process conditions are critical parameters in 
determining the thermal stability of the films. Some films 
are designed in a way to bear thermal stress e.g., thermo-
plastic starch is fabricated by using edible starch plasticized 
with food-grade plasticizers to improve the overall thermal 
stability than native starch-based films. The type and quan-
tity of plasticizer used in the development of thermoplas-
tic starch-based films greatly impact their thermal stability 
[94].

There are various sources of starch, however, some 
sources provide a high yield of starch with its high amy-
lose content. Ulluco starch-based edible films have been 
reported for their better thermal stability profile [95]. The 
chemical composition of the films in terms of the ratio of 

Fig. 2 A representation of the effect of additives on the crystallinity of the edible films and effecting the thermal stability
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interaction with metal cations, such as calcium ions as such 
interaction between monomers and metal ions resulted in 
the formation of a stable and ordered 3-D “egg box” model 
grid. Due to the selectivity of the monomers, especially G 
monomer, it is important to add a suitable crosslinker which 
can help in the formation of a stable complex to improve the 
thermal stability of the film [104].

Cellulose-based films are commonly used in the form of 
edible films. Cellulose generally shows degradation at the 
temperature of 350 °C [105]. On the other side cellulose 
nanocrystals or nanocellulose are highly crystalline mate-
rials with improved thermal properties [106]. The incor-
poration of nanocellulose having a low thermal expansion 
coefficient can improve the thermal stability of the films 
[106]. Similarly, highly thermal-resistant proteins such as 
zein can also improve the thermal stability of the edible 
films [107]. Poly(lactic acid) is also known for its good ther-
mal properties which are dependent on D and L ratio (two 
mesoforms). Its barrier and mechanical strength properties 
are comparable to polystyrene. Thus, its suitable blend can 
improve the thermal resistance of the other polymer films 
[108]. Several polyhydroxyalkanoates have been reported 
for their comparable thermal properties like PE, PS, and PP 
[108]. The thermal resistance of the biopolymer-based films 

chitosan-corn cob biocomposite films showed improvement 
in thermal stability by 15 °C [99].

Similarly, the combination of chitosan with thermoplas-
tic polymers, like poly(butylene succinate), poly (-butylene 
terephthalate adipate), and poly(butylene succinate adipate) 
is an alternate approach to increase the heat resistance of 
the films [100]. Another example of improvement in ther-
mal stability was observed when chitin– bentonite blend 
film was made [101]. The collagen-based film usually offers 
good barrier properties against oxygen and water vapor 
however offers a rough surface and poor thermal resistance. 
Acid hydrolysis of collagen generally allows destabiliza-
tion of its triple helix, resulting in the formation of soluble 
gelatin [102]. In gelatin-based films, triple helix content, 
molecular weight and amino acid composition are the criti-
cal factors that impact the thermal stability of the resultant 
films [102]. Agar-based films are highly brittle and possess 
poor thermal properties [103]. Sodium alginate is often used 
as a common ingredient among several edible films based 
on recent research. The composition, sequence, and propor-
tion of alginate monomers M immediately impact the prop-
erties of alginate-based films. Domination of G-monomers 
results in strong films whereas dominance of M-monomers 
leads to more elastic films. This is mainly dependent on its 

Table 4 Polymer inherent compositional attributes that affect the crystallinity of the films
Common Polymers 
used in edible films and 
coating materials

Factors that affect crystallinity Refer-
ences

Sodium alginate β-(1–4)-D-mannuronic (M), and α-L-gluronic (G) acids
M/G ratio and average molecular weight

 [80]

Pectin Polygalacturonic acid (esterified with methyl groups and the free acid groups) linked with many sugars.
Degree of methylation and source of carboxylic acid residues. Pectin is categorized into high-methylation 
(with more than 50% of carboxyl groups) and low-methylation (with less than 50% of methyl-esterified 
groups) according to the degree of methylation.

 [80]

Gelatin Hydroxyproline and proline amino acids content. The crystalline state of gelatin is characterized by the 
presence of triple helices and clusters of helical structures derived from denatured collagen. Conversely, 
the amorphous state is characterized by colloidal chains that arrange into polyproline helices, referred to as 
simple helices. This phenomenon arises due to the substantial proportion of proline residues within the gelatin 
chains, which contribute to the formation of turns in protein chains. The origin of the gelatin source and the 
process of ageing have discernible effects on its secondary structure and its ability to dissolve in water.

 [81]

Hemicellulose Amorphous, not crystalline as cellulose  [82]
Carboxy methyl 
cellulose

Large hexagonal-like platelet crystals  [83]

Chitosan The configuration of the chitosan’s crystal lattice is influenced by both its deacetylation process and the poly-
morphic form of its chitin constituent (including α, β, and γ) since these attributes exert a noticeable effect on 
the size of the crystal.

 [84]

Starches The degree of crystalline structure observed within starch-derived films ranges from 15–45%, as determined 
by the proportions of amylose (20–25%) and amylopectin (75–80%) present. The formation of crystalline 
regions is attributed to the presence of compact amylopectin chains with limited branching, while the genera-
tion of amorphous regions is attributed to the branching patterns of both amylose and amylopectin molecules.

 [85]

Collagen The molecular conformation is characterized by a triple helical arrangement, wherein the constituent strands 
exhibit a recurrent sequence denoted as Xaa-Yaa-Gly. Within this context, the residues l-Proline (Pro) and 
4(R)-hydroxyl-l-proline (4(R)Hyp) are commonly found within the Xaa and Yaa positions of said sequence 
repetition.

 [86]

Casein Minimal secondary or tertiary conformation, disulfide linkages, α-helices, and β-sheets formed by the proline-
rich peptides within the casein molecular structure.

 [87]
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polymer and the clay are amalgamated (Tactoids, Interca-
lated, Exfoliated). This arrangement impacts the thermal 
stability of the whole formulation [119]. Films synthesized 
from a single material often offer poor thermal stability 
[120]. Nanocellulose, nanostarch, and nanochitosan-based 
nano-reinforcements of edible films have been reported to 
improve the thermal resistance of biopolymers. Cellulose 
nanocrystals from bacterial cellulose produced by Glu-
conacetobacter xylinus were loaded into a gelatin matrix 
to prepare edible nanocomposites with improved ther-
mal properties [121]. Sessini et al. [122] extracted starch 
nanocrystals from waxy cornstarch granules through acid 
hydrolysis and used these particles to increase the mechani-
cal attributes and thermal stability of glycerol-plasticized 
potato starch edible films [122]. Starch nanocrystals have 
been used in edible films to improve crystallinity and ther-
mal profile [123]. These starch nanocrystals have been 
recently synthesized to improve the thermal resistance of 
starch films [124]. Chitosan nanoparticles have been used to 
improve the thermal stability of pectin-based nanocompos-
ite edible films and starch/guar gum-based coating materials 
[125–127].

Among inorganic materials, nanoscale hydroxyapa-
tite (an inorganic component of bones and teeth) has been 
reported to improve the thermal properties of bovine skin-
derived type A gelatin films [128]. Similarly, magnesium 
hydroxide nanoplates loaded in a pectin matrix improved 
thermal properties [129].

Effect of Crosslinkers on Thermal Stability of 
Edible Films

The cross-linking approach is one of the conventional and 
reliable approaches to chemically modify a polymer, result-
ing in a material with improved thermal resistance. This 
approach makes the films more resistant to heat and at the 
same time offers a superior level of dimensional stability, 
mechanical strength, and chemical and solvent resistance. 
Crosslinking improves the polymer’s thermal stability by 
reducing the molecular rotation and vibration that occurs 
during thermal excitation [130]. The thermal properties of 
the films are significantly impacted by the extent of cross-
linking, the regularity of the resultant material, and the 
percentage of crystallinity. The addition of natural (tan-
nic, gallic, caffeic, ferulic) acids, or synthetic crosslinkers 
(formaldehyde and glutaraldehyde, carbodiimides, poly-
epoxy compounds, acylazide etc.) can improve the thermal 
stability of the edible films [91, 131, 132]. Additionally, 
some other natural agents such as genipin, flavonoids (cat-
echin, flavone, or quercetin) carboxylic acids (malic acid, 

can be improved with the incorporation of graphene, clays, 
cellulose nanocrystals (nanofillers), and metal oxides [108]. 
The degradation temperature of films can be extended by 
using such components as these substances are effective in 
reducing biocomposite thermal degradation [109]. In addi-
tion to the chemical nature, thermal and irradiation treat-
ments can also improve the thermal resistance of the films. 
Coupling thermal treatment with irradiation can also be 
utilized to fabricate the films with better thermal stability 
[110]. Exposure of films to radiation can also result in films 
with denser networks via rearrangement of chain improve-
ment increasing the thermal stability of the films. For an 
instance thermal stability of composite gelatin-nutshell fiber 
was increased after a 40 kGy electron beam irradiation dose 
[111]. Previous research also demonstrated the use of ultra-
sonication in developing transparent cellulose film from 
ginger nanofiber with improved thermal stability [112].

Nanoreinforcements in Edible Films and 
Their Effect on Thermal Stability

Transformation of the macroscale materials to nanoscale 
(1–100 nm) allows significant manipulation of the physical 
and chemical attributes of the material. Food nanoscience 
is one of the most advanced areas that permits nano rein-
forcement of biobased materials to offer material with better 
properties [113]. Due to the suitable size, the nano rein-
forcements offer a relatively larger surface area per mass 
of additive than the micro-reinforcements, which allows 
better interaction with the polymer matrix [114]. Thus, it 
could be expected that the resultant materials could pres-
ent improved thermal properties. This nano-fortification of 
biopolymers can be succeeded with minimal filling volume 
whereas macro fortification traditionally requires higher 
filler volume to attain a similar effect. This approach results 
in a decline in the weight of the packaging material with 
improved thermal and other properties in the similar poly-
mer matrix. These nanofillers for edible films are classified 
as organic (clay minerals, polysaccharides) and inorganic 
materials (metal or metal oxides) [115]. Due to their thermal 
stability, more stress is retained on inorganic fillers mainly 
iron oxide (Fe3O4), silver (Ag), gold (Au), titanium oxide 
(TiO2), zinc oxide (ZnO), copper oxide (CuO), cerium 
dioxide hydroxides, aluminium oxides, calcium carbonate 
and carbon-based materials [116, 117].

Nanoclays (e.g., halloysite, montmorillonite, benton-
ite, kaolinite, sepiolite, and Laponite®) have been used to 
reinforce the polymers in food packaging materials [118]. 
The addition of these nanomaterials in the edible films can 
improve their thermal resistance. Different types of thermo-
dynamically possible composites can be achieved when a 
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self-assembly process. However, the amount and type of 
crosslinker and type of polymer matrix determine the extent 
of the crosslinking reaction. Figure 3 shows the effect of 
incorporating crosslinkers in the formation of edible films.

Final Remarks

Due to renewable, biodegradable, and relatively high safety 
profile, natural polymeric films are considered poten-
tial replacements for conventional plastic-based packag-
ing. However, these biobased films failed to offer high 
mechanical and thermal stability equivalent to synthetic 
food packaging materials. The low thermal resistance of the 
biopolymeric films and their unsatisfactory thermal stabil-
ity profile always hinder their reachability to the market. 
Advance understanding of thermal analytical tools and 
approaches to cater more information from thermograms of 
biopolymeric films could help in determining their thermal 
stability efficiently. Additionally, the thermal degradation 
profile of neat biopolymeric films offers useful information 
about native polymer thermal stability that helps in design-
ing the composite formulation with relatively high thermal 
resistant films. The design and development of stable heat-
sealable biopolymeric films need more emphasis on their 

citric acid, and succinic acid) and xylose also showed cross-
linking effects on the films [133–135][132].

The addition of crosslinkers can produce larger molecu-
lar aggregates resulting in an enhanced film-forming solu-
tion with high viscosity characteristics. These crosslinkers 
increase the covalent bonding, to establish stronger intermo-
lecular covalent bonds, to attain closer molecular packing 
and reduced polymer mobility [136]. These crosslinkers can 
efficiently improve intramolecular cross-linking (in poly-
mer) or intermolecular cross-linking (between polymers). 
Carbodiimide is also utilized as a potential crosslinkers in 
the food packaging industry [91]. The addition of gallic acid 
improved the thermal stability of gelatin and casein-based 
composite films [133].

The incorporation of pectin /sodium alginate via cross-
linking with citric acid and tartaric acid slightly improved 
the thermal stability of the composite films [137]. The inclu-
sion of citric acid in carboxymethyl chitosan/poly(vinyl 
alcohol) improved the thermal stability of the films [138]. 
Xylose has also improved the thermal stability of grasshop-
per protein/soy protein isolate/cinnamaldehyde films [132]. 
The thermal stability of the casein films was improved 
by crosslinking with tannic acid [139]. Crosslinking can 
also be achieved by ionic gelation (metallic ions), electro-
static interactions (opposite charge to form PEC), and a 

Fig. 3 Effect of the crosslinkers on the thermal stability of the films
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emulsion-based gelatin films as potential edible packaging film 
for wax apple. Food Bioscience 47:101638

7. Prime RB, Bair HE, Vyazovkin S, Gallagher PK, Riga A (2009) 
Thermogravimetric analysis (TGA). Thermal analysis of poly-
mers: Fundamentals and applications, 241–317

8. Bhatia S, Shah YA, Al-Harrasi A, Jawad M, Koca E, Aydemir 
LY (2024) Novel applications of black pepper essential oil as an 
antioxidant agent in sodium caseinate and chitosan based active 
edible films. Int J Biol Macromol 254:128045

9. Ramgobin A, Fontaine G, Bourbigot S (2019) Thermal degrada-
tion and fire behavior of high performance polymers. Polym Rev 
59(1):55–123

10. Sedaghat E, Rostami AA, Ghaemy M, Rostami A (2019) Char-
acterization, thermal degradation kinetics, and morphological 
properties of a graphene oxide/poly (vinyl alcohol)/starch nano-
composite. J Therm Anal Calorim 136:759–769

11. Teixeira-Costa BE, Ferreira WH, Goycoolea FM, Murray BS, 
Andrade CT (2023) Improved antioxidant and mechanical prop-
erties of food packaging films based on chitosan/deep eutectic sol-
vent, containing açaí-filled microcapsules. Molecules 28(3):1507

12. Mondal K, Bhattacharjee SK, Mudenur C, Ghosh T, Goud VV, 
Katiyar V (2022) Development of antioxidant-rich edible active 
films and coatings incorporated with de-oiled ethanolic green 
algae extract: a candidate for prolonging the shelf life of fresh 
produce. RSC Adv 12(21):13295–13313

13. Li H, Liu C, Sun J, Lv S (2022) Bioactive Edible Sodium Algi-
nate Films Incorporated with tannic acid as Antimicrobial and 
Antioxidative Food Packaging. Foods 11(19):3044

14. Aziz MSA, Salama HE, Sabaa MW (2018) Biobased alginate/
castor oil edible films for active food packaging. Lwt 96:455–460

15. Marangoni Júnior L, Rodrigues PR, da Silva RG, Vieira RP, Alves 
RMV (2021) Sustainable packaging films composed of sodium 
alginate and hydrolyzed collagen: preparation and characteriza-
tion. Food Bioprocess Technol 14:2336–2346

16. Zhou F, Wang D, Zhang J, Li J, Lai D, Lin S, Hu J (2022) Prepa-
ration and characterization of biodegradable κ-carrageenan based 
anti-bacterial film functionalized with Wells-Dawson polyoxo-
metalate. Foods 11(4):586

17. Martins JT, Cerqueira MA, Bourbon AI, Pinheiro AC, Souza BW, 
Vicente AA (2012) Synergistic effects between κ-carrageenan and 
Locust bean gum on physicochemical properties of edible films 
made thereof. Food Hydrocolloids 29(2):280–289

18. Wang K, Wang W, Ye R, Xiao J, Liu Y, Ding J, Zhang S, Liu A 
(2017) Mechanical and barrier properties of maize starch–gela-
tin composite films: effects of amylose content. J Sci Food Agric 
97(11):3613–3622

19. Nunes JC, Melo PTS, Lorevice MV, Aouada FA, de Moura MR 
(2021) Effect of green tea extract on gelatin-based films incorpo-
rated with lemon essential oil. J Food Sci Technol 58(1):1–8

20. Šešlija S, Nešić A, Ružić J, Krušić MK, Veličković S, Avolio R, 
Santagata G, Malinconico M (2018) Edible blend films of pec-
tin and poly (ethylene glycol): Preparation and physico-chemical 
evaluation. Food Hydrocolloids 77:494–501

21. Nesic A, Meseldzija S, Cabrera-Barjas G, Onjia A (2022) Novel 
biocomposite films based on high methoxyl pectin reinforced 
with zeolite Y for food packaging applications. Foods 11(3):360

22. Seiwert K, Kamdem D-P, Kocabaş DS, Ustunol Z (2021) Devel-
opment and characterization of whey protein isolate and xylan 
composite films with and without enzymatic crosslinking. Food 
Hydrocolloids 120:106847

23. Gomaa M, Al-Badaani AA, Hifney AF, Adam MS (2022) Utiliza-
tion of cellulose and ulvan from the green seaweed Ulva lactuca 
in the development of composite edible films with natural anti-
oxidant properties. J Appl Phycol 34(5):2615–2626

24. Leyva-Porras C, Cruz-Alcantar P, Espinosa-Solís V, Martínez-
Guerra E, Piñón-Balderrama CI, Martínez C, I., Saavedra-Leos 

fluctuating crystallinity, morphology, thickness, and other 
parameters under unfavourable temperature conditions. 
Composition, especially the incorporation of additives in 
the case of active packaging films plays a vital role in regu-
lating the thermal profile of the biopolymeric films. With the 
growing interest in sustainable and eco-friendly packaging 
solutions, the insights presented in this review can have a 
significant impact on the development of future food pack-
aging technologies that prioritize both functionality and 
environmental considerations.
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