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Abstract
Polysaccharide pullulan acts as a base matrix for the fabrication of pullulan/collagen blend film with dopant ZnO nanoparti-
cles. From the FTIR data, it could be confirmed that there was significant interaction among the pullulan/collagen/ZnO-NPs. 
The weak interactions like H-bonding was evident by shift absorption band of hydroxyl groups into the lower frequency 
region. The powder X-ray diffraction study revealed the amorphous nature of pullulan/collagen blended film which was 
modified into a crystalline structure after the addition of ZnO nanoparticles. The transformation of the films into crystallinity 
and the presence of the Zn element was confirmed by SEM-EDAX. Further, the results of TGA revealed that the addition of 
nanoparticles influenced the thermal stability of the pullulan/collagen blended films. The addition of ZnO nanoparticles lead 
to an increase of the stiffness and mechanical resistance of the nanocomposite films; which showed an increase in their tensile 
strength evidenced by an increase in Young’s modulus. The fabricated films exhibited antifungal activity against Aspergillus 
niger with a maximum zone of inhibition of 18 mm for pullulan/collagen/ZnO-NPs (0.5%). However, the nanocomposite 
films easily dissolved in an aqueous medium, indicating their possible use as edible packaging films in the food industry.
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Introduction

Polysaccharides and proteins such as pullulan, chitosan, col-
lagen, and gelatin, etc., were recognized as the magnificent 
materials for the fabrication of films due to their distinct 
properties. As there were adverse effects with plastic, the 
biopolymers became an attractive, alternative to synthetic 
polymers [1–4]. The characteristic features of biopoly-
mers include biodegradability, nontoxic nature followed 
by eco-friendly, renewable, and available for a low cost. 

Biopolymers were used as edible film packaging or coating 
materials in the food industry as they increase sustainability 
while maintaining food product quality and further contrib-
ute to control the foodborne pathogens [5–10]. Hence, it is 
a challenge to prepare new polymer composite films for the 
production of packaging or coating material from biodegrad-
able natural renewable resources and also to solve the waste 
disposal complications. Pullulan might be considered as the 
foremost matrix of such a film. The biopolymer’s perfor-
mance could be further enhanced by fabricating with natural 
fiber or protein and were considered as composites.

Pullulan is a non-ionic polysaccharide produced extracel-
lularly by the fungus Aureobasidium pullulans. It consists of 
maltotriose type units i.e. α-(1 → 6)-linked with (1 → 4)-α-d-
triglucosides. Due to this unique linkage pattern, pullulan 
has high adhesion, tensile strength and is biodegradable. 
Pullulan was approved by the Food and Drug Adminis-
tration (FDA) for a variety of applications. Pure pullulan 
films exhibit poor mechanical properties. Therefore pullu-
lan could be blended with other natural polymers and rein-
forcement additives like nanoparticles which showed strong 
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antimicrobial activity [3, 11–14]. The biopolymer, collagen 
which was a protein isolated from animal tissues used in 
numerous fields starting from tissue engineering to photon-
ics. In the present study, collagen was isolated from the skin 
of Indian mackerel (Rastrelliger kanagurta) which was the 
main catch at the Arabian  Sea [15–18].

The ZnO-NPs were extensively used in various applica-
tions including the food industry, paints, cosmetics, as drug 
carriers, fillings in medical materials [19–21]. The ZnO-NPs 
were commonly used as a food additive. The ZnO-NPs were 
listed by the FDA as generally recognized as safe (GRAS) 
materials and had been used in foodstuffs due to their ability 
to dissociate into  Zn2+ ions in the human body and ZnO-
NPs, with small particle size, made zinc more easily to be 
absorbed by the body. The ZnO-NPs were recognized with 
potential antimicrobial activities exhibited relatively less 
toxic property and were available commercially at low-cost 
[22–24]. The ZnO-NPs had also been used as a dietary sup-
plement in humans and cattle because zinc could stimulate 
the immune system and act in an anti-inflammatory way 
[25–27]. The ZnO nanoparticles could absorb the moisture, 
making the food fresh for an extended period [4, 20, 28, 29]. 
Globally, substantial research was focused on ZnO nano-
particles and their composites on applications in the food 
industry. For instance, carboxymethyl cellulose/chitosan/
ZnO nanocomposite film, ZnO-NPs incorporated into PLA 
film, agar film incorporated with ZnO-NPs, gelatin-based 
nanocomposite containing chitosan and ZnO-NPs. The Zno-
NPs incorporated into the starch film, ethylene–vinyl alcohol 
copolymer (EVOH) nanocomposite film was prepared by 
adding nano zinc oxide, ZnO-NPs incorporated into semi-
refined iota carrageenan, ZnO-NPs/chitosan nanocomposite 
film, ZnO-NPs were also added to the pectin/alginate films 
and extensively studied to increase the shelf life of fruits, 
vegetables, and fresh poultry meat to use them as packag-
ing or coating materials [4, 5, 24, 30–36]. These research 
results had given confidence to the prospective application 
of zinc oxide nanoparticles in edible food packaging/coating 
material. The prepared films, when fabricated with nanopar-
ticles, form the nanocomposites with enhanced mechanical 
and thermal properties and also  contributed to the antimi-
crobial activities. The nanocomposites when used as the 
materials of packing conferred enormous applications such 
as ease in transportation, withstanding the thermal stress 
generated during food processing, and viability during stor-
age etc. [37, 38].

The collagen and zinc oxide nanoparticles compos-
ite films were developed for biomedical applications [39]. 
However; there was no study on the incorporation of zinc 
oxide nanoparticles into pullulan/collagen blended film for 
food packaging or coating applications. Keeping this in view, 
in the present study it was contemplated to make compos-
ites consisting of pullulan, collagen, and further fabricated 

with ZnO nanoparticles and represented as [(pullulan/colla-
gen) − (ZnO-NPs)]. This nanocomposite was used to test its 
application as an efficient antimicrobial agent against both 
bacteria and fungi.

Materials and methods

Materials

Indian mackerel were collected from a market in Mangalore. 
The skin portions of the fish were removed and washed with 
cold distilled water and stored at − 20 °C for further use. 
Chemicals used in the study including acetic acid (M.W. 
60.05 g/mol, 0.5 M in water), butanol (M.W. 74.12, 10% 
w/v in water), EDTA (M.W. 372.24, 0.5 M in water), tris 
(hydroxymethyl) aminomethane (M.W. 121.14, 0.05 M) and 
ZnO nanoparticles with < 100 nm (20 wt% in  H2O) were 
procured from  Merck®, India. Pullulan (M.W. 100–200 kDa, 
2% w/v in water) was purchased from TCI, Japan.

Experiments

The [(pullulan/Collagen) − (ZnO‑NPs)] Nanocomposite Film

The acid-soluble collagen was isolated from the skin of 
Indian mackerel (Rastrelliger kanagurta) using a reported 
method with a slight modification [40]. Pullulan acted as a 
base matrix for the preparation of a pullulan/collagen blend 
film. Blends of the pullulan and collagen doped with ZnO-
NPs  had been prepared in the form of films by using the 
solution casting method. Different concentrations of ZnO-
NPs suspension (0.25%, 0.5% and 1%) (w/v) were added to 
pullulan (2%)/collagen (2%) blend solution and it was stirred 
at 4 °C, 350 rpm for 12 h on a magnetic stirrer. After the 
completion of the reaction, the doped solution (30 mL) was 
sonicated for 10 min and it was uniformly poured onto the 
Petri plate as thin film and dried at 40 °C for 24 h. The films 
were cooled at room temperature, slowly peeled off from the 
Petri plate, and stored in a polythene bag.

Characterization

Structural confirmation of ZnO-NPs doped pullulan/col-
lagen composite films was carried out by using Fourier 
Transform Infrared Spectroscopic analysis (between 4000 
and 550 cm−1) using Shimadzu FTIR. RigaKu 600 Mini-
flex benchtop X-ray diffractometer was used to study the 
structural changes in blended films. The surface morphol-
ogy of films was analyzed by Field Emission Scanning 
Electron Micrograph (Carl Zeiss Microscopy Ltd). Ele-
mental analysis was carried out by using EDAX. Thermo-
gravimetric analysis (TGA) was carried out to analyze the 
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thermal decomposition of prepared films using TA instru-
ments (Model; SDTQ600, TA Instruments, UK). The ther-
mal scanning was carried out at a uniform scanning rate 
of 10 °C/min over the temperature range of 25–700 °C. 
Mechanical properties of the nanocomposite films were 
measured by using Zwick & Roell 2020 (Loadcell 100 N) 
testing machine with a test speed of 12.5 mm/min.

The Density of the Cross‑Linked Nanocomposite Film

The density of all prepared cross-linked film samples were 
analyzed by using the liquid displacement method with 
ethanol as a liquid [41, 42]. At first, a known weight (W) 
of the sample (35 mg) was immersed in a graduated cylin-
der containing a known volume  (V1) of ethanol for 15 min. 
The volume of ethanol with the sample was measured 
 (V2). Then, the sample was removed from the cylinder, 
the volume of ethanol  (V3) was recorded too. Each kind 
of sample was measured in triplicates. Density could be 
calculated by the following equations:

Antimicrobial Study

Antibacterial activity of fabricated films was tested against 
four different bacterial strains namely Bacillus subtilis 
(ATTCC 6051), Escherichia coli (ATTCC 25922), Pseu-
domonas aeruginosa (ATCC 27853), and Staphylococcus 
aureus (ATTCC 25923). Antifungal activity was tested 
against two fungal strains such as Aspergillus niger (ATCC 
6275) and Candida albicans (ATCC 10231). The disk dif-
fusion method was used to determine the antimicrobial 
activity of the films. The bacterial strains were inoculated 
in 100 mL of the flask containing nutrient broth and incu-
bated at 37 °C for 24 h. After incubation, the test organ-
isms were spread on the sterile Muller Hinton agar plates. 
Whereas for the antifungal activity, the Sabouraud agar 
medium was used and the plates were incubated for the 
72 h. The stock solution weighing 10 mg of the film was 
dissolved in 1 mL of DMSO. Later different volumes of 
film solutions were injected into the 1 mm sized sterile 
discs and were impregnated onto the inoculated plates. For 
control plates, Ciprofloxacin (10 µg/mL) and Fluconazole 
(30 µg/mL) were used as standard antibacterial and anti-
fungal agents respectively. These plates were incubated at 
37–48 °C, according to an optimum temperature required. 
Antimicrobial activity was obtained by evaluating the zone 
of inhibition around the wells and the diameter of the inhi-
bition zone was measured [43].

Density = W∕
(

V2 − V3

)

Results and Discussion

Nanocomposite Film Synthesis [(Pullulan/
Collagen) − (ZnO‑NPs)]

The addition of collagen into the pullulan was to increase 
the thermal stability and to strengthen the film upon which 
resulted in good quality films. The pullulan contains sub-
stantial amounts of hydroxyl groups and also hydroxyl pro-
line component of collagen, this would lead to the formation 
of hydrogen bonds between the –N–H– and –O–H– of the 
collagen molecules and the –O–H– of the pullulan molecules 
[44, 45]. Upon the addition of ZnO-NPs, the stable nano-
composite films were formed. The changes in characteris-
tics of the developed films with varying concentrations of 
NPs were determined. The films formed readily dissolved 
in aqueous medium. It was noteworthy that collagen usually 
dissolved in acetic acid (0.1 M), but the nanocomposite film 
[pullulan/collagen (50:50) blend] readily dissolved in water.

FTIR Analysis

The cross-linking reaction between pullulan/collagen 
blended films was investigated by using FTIR spectros-
copy. The image of the FTIR spectra was represented in 
Fig. 1 with different fabricated materials from (a) to (e). 
Figure 1a represents the pure pullulan film with a broad 
–OH stretching vibrations band at 3332 cm−1 and 2924 cm−1 
which could be attributed to the  sp3 C–H bond. Besides, 
only a single absorption band appeared at 1636 cm−1 was 

Fig. 1  FTIR spectra of pullulan/collagen blend films doped with dif-
ferent concentrations of ZnO nanoparticles a Pullulan (2%), b Pullu-
lan (2%)/collagen (2%), c Pullulan/collagen/ZnO-NPs (0.25%), d Pul-
lulan/collagen/ZnO-NPs (0.5%), (e) Pullulan/collagen/ZnO-NPs (1%)
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assigned to the stretching vibration of –O–C–O– group in 
pullulan. Other features of pullulan were also observed in 
the spectrum including –C–O–H– bend (1354 cm−1) and 
–C–O–C– stretch (1148 cm−1). The typical absorption bands 
for the α configuration of α-d-glucopyranose units in pul-
lulan were observed at 851 cm−1. Besides, the absorption 
bands due to the two main linkages of pullulan (i.e., α-(1,4) 
and α-(1,6)-d-glucosidic bonds) were observed at 734 cm−1 
and 918 cm−1 [46–48].

Figure 1b represents the pullulan /collagen blend film, 
indicated the formation of hydrogen bonding between 
pullulan and collagen. A broad absorption band located 
at 3319 cm−1 arose from the –NH– stretching vibration 
of the amide A band and also due to the hydroxyl group 
(–O–H–) of the pullulan matrix. The shift of –OH– stretch 
to a lower position from 3332 cm−1 to 3319 cm−1 indicated 
the hydrogen bonds were formed between the –N–H– and 
–O–H– of the collagen molecules and the –O–H– of the 
pullulan molecules. At 2945  cm−1 an absorption band 
observed was due to the –C–H– stretching. However, the 
most characteristic amide bands for collagen were observed 
at 1646 cm−1 which corresponded to the –C=O– of amide 
I band, and at 1552 cm−1 was due to the –NH bend coupled 
with –CN stretch. A band seen at 1438 cm−1 could be due 
to –CH2 bending (scissors) vibration and a band appeared 
at 1371 cm−1 due to –CH2 wag of proline and glycine. The 
α- configuration of α-d-glucopyranose units of pullulan was 
observed at 860 cm−1. A sharp peak at 1026 cm−1 belonged 
to the stretching of the  C6-OH bonds. Also besides, the two 
main linkages of pullulan, α-(1,4), and α-(1,6)-d-glucosidic 
bonds were observed in the 750 cm−1 and 910 cm−1. From 
the above discussion, favors that the blending of collagen 
with pullulan was successful.[44, 45, 49–51].

Pullulan/collagen blends doped with different concentra-
tions of ZnO-NPs showed that the position of amide bands 
was almost at the same wavenumbers for all the blends as 
shown in Fig. 1c–e. There was a minor shift of the bands in 
the spectrum corresponding to hydroxyl, amino, and amide 
groups in the nanocomposite films towards lower spectral 
range which indicated the interaction between the pullulan, 
collagen, and ZnO nanoparticles. The addition of ZnO-NPs, 
decreased the content of α- helix conformation. As the con-
centration of ZnO was increased there were slight changes 
in the intensity of the absorption band indicating that ZnO-
NPs slightly modified the triple helical structure of collagen. 
At around 462 cm−1 Zn–O stretching could be observed. 
The absorption band in the range of 1100–1600 cm−1 cor-
responded to the Zn–O bending mode [52, 53].

X‑ray Diffraction (XRD)

The morphology of polymer/nanoparticle composite 
films was further established by XRD and the results are 

represented in Fig. 2. Pure pullulan film did not exhibit any 
sharp peak representing its amorphous nature. But the pullu-
lan/collagen blend film showed a peak at 2θ = 16.1° resulted 
due to the presence of pullulan/collagen hydrogen bonding 
or interchain H-bonding of collagen. The formation of crys-
tallites in the matrix was the reason for its crystallinity. It 
was observed in Fig. 2c–e an additional peak at 2θ = 24.4° 
was seen along with 16.1°. This clearly indicated the nano-
composite had been formed by doping ZnO nanoparticles 
into the pullulan/collagen matrix. It was observed that pure 
ZnO nanoparticle XRD spectrum exhibited at a sharp peak 
at 2θ = 31.75°, 34.52°, 36.33° etc., [54–56]. But this peak 
was not prominent in the composite film might be due to 
the –Zn–O– interaction with the functional groups of the 
polymers. The shifting of 2θ = 24.4° supported the interac-
tion of nanoparticles with the matrix.

SEM Analysis

The microscopy of surface changes in the pullulan and 
pullulan/collagen blend film doped with different concen-
trations of ZnO-NPs as shown in Fig. 3a–e. The pullulan 
film was uniform in shape, size and the surface was flat and 
smooth. When collagen was mixed with pullulan it showed 
a dense fibrous form and rough surface which could be due 
to ultrasonication leading to aggregation of collagen fiber. 
The SEM analysis of ZnO-NPs doped blend films showed 
that there was a difference between pullulan film and doped 
blend films. The ZnO-NPs were dispersed and embedded 
in the matrix at lower concentrations. It was also observed 
that the nanoparticles strongly adhered to the matrix which 

Fig. 2  X-ray diffraction patterns of pullulan/collagen blend films 
doped with different concentrations of ZnO nanoparticles a pullulan 
(2%), b pullulan (2%)/collagen (2%), c pullulan/collagen/ZnO-NPs 
(0.25%), d pullulan/collagen/ZnO-NPs (0.5%), e pullulan/collagen/
ZnO-NPs (1%)



1196 Journal of Polymers and the Environment (2021) 29:1192–1201

1 3

exhibited modification in the physical and chemical charac-
teristics of the films.

The chemical composition and distribution of the pul-
lulan/collagen blend doped with ZnO-NPs composite film 
was studied by EDAX. In Fig. 4a–e the EDAX spectrum of 
all the films doped with different concentrations of ZnO-NPs 
is presented. In the pullulan film and blended films, only 
carbon and oxygen were detected, whereas oxygen and zinc 
were present in the nanocomposite films [36]. This result 
indicated the presence of the Zn element in the fabricated 
nanocomposite films.

Thermogravimetric Analysis (TGA)

The TGA was used to determine the thermal stability of fab-
ricated films. The TGA analysis was carried out in the range 
of 25–800°C in the air at a heating rate of 10 °C/min as 
shown in Fig. 5. The thermogram of the films revealed actual 
weight loss which was observed in two main decomposition 
stages. It could be inferred that below 100 °C, weight loss 
occurred in all the samples, due to the loss of water from 
the protein and polysaccharides. For the pullulan film the 
30% weight loss at 150 °C, 40% weight loss at 295 °C, 95% 
weight loss at 350 °C and complete degradation occurred at 
700 °C. While pullulan blended with collagen film showed 
20% weight loss at 145 °C, 30% weight loss at 280 °C, 
80% weight loss at 350 °C and complete degradation was 
observed at 700 °C. When different concentrations of ZnO-
NPs were added to the pullulan/collagen blend, it showed 
15% weight loss at 150 °C, 20% weight loss at 285 °C, major 
degradation 80% weight loss at 350 °C and complete deg-
radation at 700 °C. The first decomposition around 150 °C 
resulted in a weight loss of 15–30% and reasoned for break-
ing down of macromolecules into smaller ones. The second 
decomposition of weight loss (30–40%) occurred at around 
280–290 °C, indicating the production of gaseous elements. 
From the above result, it was confirmed that incorporating 
different concentrations of ZnO nanoparticles into a pul-
lulan/collagen blend film, it improved its thermal stability 
compared to pure pullulan film and pullulan/collagen blend 
films.

Mechanical Properties

The variation in the mechanical properties of the nano-
composite films is shown in Table 1. The addition of ZnO-
NPs increased Young’s modulus (1270–2420 MPa), ten-
sile strength (27.7–35.4 MPa) gradually, and decreased its 
elongation @ break (2.2–1.8%). The crystallites formed 
by the interchain H-bonding between pullulan and colla-
gen increased the crystallinity of the matrix which lead to 
internal friction in the matrix. The presence of ZnO-NPs 
increased the crystalline nature which was evident by the 

increase in Young’s modulus and a decrease in elongation 
at break. The high Young’s modulus could be related to the 
good dispersion of nanoparticles throughout the pullulan/
collagen matrix as well as strong interaction between the 
matrix and nanoparticles [5, 22, 45, 57].

The Density of Cross‑Linked Nanocomposite Film

The concentration of ZnO-NPs increased, the density of all 
cross-linked films were increased as shown in Table 2. An 
increase in density might be due to the increase in crystallin-
ity by the addition of collagen as well as nanoparticles into 
the pullulan matrix due to interchain interactions resulting 
in rigid regions in the matrix. The analysis further confirmed 
that a higher crosslink density lead to a higher Young’s mod-
ulus [58, 59].

Antimicrobial Activity

The inhibitory activity of fabricated films were measured 
by disc diffusion. Both bacteria and fungi showed resist-
ance to the polysaccharide matrix pullulan, pullulan/colla-
gen blend film, and 0.25% ZnO-NPs. The fabricated films 
showed inhibitory effects on Gram-positive bacteria Bacillus 
subtilis with a zone of inhibition of 10 mm for pullulan/
collagen/ZnO-NPs (0.5%) and The growth of Staphylococ-
cus aureus, Pseudomonas aeruginosa, and Candida albi-
cans was not inhibited by any of the fabricated composite 
films. The mechanism for antibacterial effect of ZnO-NPs 
had been reported as the ZnO-NPs cause oxidative stress in 
the bacterial cells by the generation of ROS which leads to 
weakening of mitochondria. The films were fabricated using 
pullulan as a matrix which is a natural antioxidant [60]. Even 
though the oxidative stress caused by the nanoparticles on 
bacteria might have been nullified by the antioxidant prop-
erty of pullulan. It resulted in marginal antibacterial activ-
ity, where as the antifungal mechanism was different from 
ROS generation. The developed films showed good activity 
against Aspergillus niger with a maximum zone of inhibition 
of 18 mm for pullulan/collagen/ZnO-NPs (0.5%) as shown in 
Fig. 6 and Table 3. The antifungal activity was not exhibited 
by 0.25% dopant NPs whereas 0.5% dopant exhibited maxi-
mum activity. Henceforth, antifungal activity decreased as 
the concentration of nano ZnO increased to 1%. One of the 
reasons for this might be the size of nanoclusters formed in 
the polymer matrix. It was stated that ZnO-NPs might affect 
cell functions in a fungus by increasing nucleic acid content 
[61]. The increase in nucleic acid content might be due to 
the stress caused by the presence of nanoparticles in the 
fungal cells. On observing SEM Fig. 3d the nanoparticles 
were found to be arranged in a regular pattern in a 0.5% 
dopant film. Hence, effective penetration to the fungal cell 
walls might have taken place. It could be the reason for its 
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high antifungal activity. The lowest nano ZnO concentra-
tion (0.25%) was not effective enough. But the concentra-
tion of nano ZnO, (1%) might have agglomerated and would 
have resulted in inefficient penetration to fungal cells. The 

Fig. 3  SEM micrographs of pullulan/collagen blend films doped with 
different concentrations of ZnO nanoparticles a pullulan (2%), b pul-
lulan (2%)/collagen (2%), c pullulan/collagen/ZnO-NPs (0.25%), d 
pullulan/collagen/ZnO-NPs (0.5%), e pullulan/collagen/ZnO-NPs 
(1%)

◂

Fig. 4  EDAX images of pullu-
lan/collagen blend films doped 
with different concentrations of 
ZnO nanoparticles a pullulan 
(2%), b pullulan (2%)/colla-
gen (2%), c pullulan/collagen/
ZnO-NPs (0.25%), d pullulan/
collagen/ZnO-NPs (0.5%), e 
pullulan/collagen/ZnO-NPs 
(1%)
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antifungal activity results of pullulan/collagen/ZnO-NPs 
composite films were highly promising and might help in 
the development of antifungal biopolymer film with poten-
tial applications in the food industry.

Conclusions

Herein, the collagen was isolated from the skin of Indian 
mackerel and used to blend it with polysaccharide pullulan 
to make thin films. The developed film was further doped 
with different concentrations of ZnO-NPs. The approach is 
easy and eco-friendly. The FTIR study confirmed the strong 
intermolecular hydrogen bonding between pullulan and col-
lagen chains by shifting of absorption bands to lower posi-
tions. The SEM and EDAX analysis confirmed the distribu-
tion and presence of the Zn element in the pullulan/collagen 
matrix. The TGA study revealed that the thermal stability 

of the composite was improved by incorporating collagen 
into the pullulan matrix and it was further strengthened by 
nanoparticle addition. The addition of ZnO nanoparticles led 
to an increase of the stiffness and mechanical resistance of 
the nanocomposite films were evidenced by an increase in 

Fig. 5  TGA thermogram of pullulan/collagen blend films doped with 
different concentrations of ZnO nanoparticles a pullulan (2%), b pul-
lulan (2%)/collagen (2%), c pullulan/collagen/ZnO-NPs (0.25%), d 
pullulan/collagen/ZnO-NPs (0.5%), e pullulan/collagen/ZnO-NPs 
(1%)

Table 1  Mechanical property of the nanocomposite films

S. no Samples Tensile modulus 
(MPa)

Tensile strength 
(MPa)

Elongation@
Break (%)

Stress @ Break 
(MPa)

Thickness (mm)

1 Pullulan 1270 27.7 2.2 27.7 0.058
2 Pullualn/collagen 1960 30.5 2.0 29.5 0.085
3 Pullualn/collagen 0.25% NPs 1955 20.5 1.8 20.5 0.022
4 Pullulan/collagen/0.5% NPs 2620 31.2 1.5 30.9 0.025
5 Pullulan/collagen/1% NPs 2420 35.4 1.8 35.4 0.045

Table 2  Density of cross-linked films

S. no Samples Density (mg/cm3)

1 Pullulan 30 ± 0.28
2 Pullulan/collagen 66 ± 2.34
3 Pullulan/collagen/0.25% NPs 60 ± 2.12
4 Pullulan/collagen/0.5% NPs 165 ± 6.21
5 Pullulan/collagen/1% NPs 145 ± 5.79

Fig. 6  Antifungal (Aspergillus niger) activity images of pullulan/col-
lagen blend films doped with different concentrations of ZnO nano-
particles a pullulan (2%), b pullulan (2%)/collagen (2%), c standard 
(fluconazole), d pullulan/collagen/ZnO-NPs (0.25%), e pullulan/col-
lagen/ZnO-NPs (0.5%), f pullulan/collagen/ZnO-NPs (1%)
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Young’s modulus and a decrease in elongation at break. The 
nanocomposite films enhance antimicrobial activity particu-
larly it arrested the growth of fungus A. niger. Among tested 
films, the nanocomposite film with 0.5% ZnO-NPs dopant 
emerged as the best one. The penetration of nanoparticles 
into fungal cells greatly affected by nanoclusters formed 
in the polymer matrix. The nanocomposite film with 0.5% 
ZnO-NPs could be used as edible food packaging material.
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