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Abstract 
In this study, nanocomposite film as biodegradable active packaging was fabricated by incorporation of gelatin and β-glucan 
(0, 10, and 20% w/w) in the presence of ZnO nanoparticles (0, 2.5, and 5% w/w); further, it was characterized by XRD, 
DSC, SEM, and FT-IR analyses. The obtained results exhibited that the incorporation of ZnONPs and β-glucan had no 
adverse effect on the morphological and thermal properties and the crystallinity of gelatin-based films, indicating appropri-
ate interaction and good compatibility between gelatin matrix, ZnONPs, and β-glucan. Moreover, the increasing concentra-
tions of β-glucan and ZnONPs increased strain to break and the ultimate tensile strength of film samples. The film samples 
containing a high concentration of ZnONPs showed higher water barrier properties (moisture absorption and water vapor 
permeability) and surface hydrophobicity. Additionally, the incorporation of ZnONPs in the film samples provided high 
antibacterial activity against foodborne pathogenic bacteria. In conclusion, the ZnONPs and β-glucan incorporated gelatin-
based nanocomposite film could be applied as an active food-packaging system due to its unique features.
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Introduction

Biodegradable packaging has become an icon in the pack-
aging industry; it plays a vital role in modern society. The 
key functions of food packaging are to preserve the food 
products and extend their shelf life until consumption [1]. 
Biodegradable packaging based on edible films, mainly 
made of polysaccharides, proteins, lipids, or their com-
bination, is vital in the packaging industry [2, 3]. These 
polymers have some interesting properties, including the 
ability to be renewed and the absence of environmental 
pollution, that make them so important [4]. Gelatin as 
a biopolymer is widely used in food, cosmetic, pharma-
ceutical, medical, and agriculture technologies due to its 
biodegradability in physiological environments [5]. Fur-
thermore, it is an interesting biopolymer to be applied in 
the production of biodegradable films due to its favorable 
properties, such as good film-forming ability, abundancy, 
good oxygen barrier capacity, as well as low gelling and 
melting points [5, 6]. However, gelation-based films’ poor 
water barrier, besides their thermal and mechanical prop-
erties, restrict their application in food packaging [7]. 
To overcome these limitations, the combination of gela-
tin with other biopolymers, especially carbohydrates, is 
suggested, being called "composite films" [1]. β-Glucan 
is a polysaccharide synthesized by plant and microbial 
resources [8]. The rheologicality, biocompatibility, bio-
degradability, and film-forming ability in β-glucan make 
it an interesting biopolymer in film production [9]. Moreo-
ver, it has health benefits, such as decreasing blood lipid 
levels, besides balancing blood pressure, blood glucose, 
and insulin response [10]. In recent years, the incorpo-
ration of nanoparticles (NPs) into composite materials 
has attracted a great deal of attention due to its ability to 
enhance the thermal, mechanical, and gas barrier proper-
ties of polymers [11]. Some metal oxide NPs, such as zinc 
oxide (ZnO), titanium dioxide  (TiO2), magnesium oxide 
(MgO), and silicon dioxide  (SiO2) NPs, act as antibacte-
rial agents besides their ability to block UV radiation [12]. 
ZnONPs are one of the best and safest nanoparticles to be 
applied in food packaging [13]. They are low cost and eas-
ily available with antibacterial effects and intensive ultra-
violet absorption [14]. Furthermore, ZnONPs have been 
approved by the FDA as safe materials [15]. In this regard, 
ZnONPs have been recently incorporated into a number 
of different polymers to improve the antibacterial proper-
ties of the packaging materials [2, 4, 12, 16]. According 
to the literature review, there is no study on the combi-
nation of gelatin and β-glucan to produce a double base 
biopolymer nanocomposite film to compensate for gelatin 
deficiencies in film. Therefore, this study aims to prepare 
and characterize ZnONPs incorporated gelatin/β-glucan 

nanocomposite, analyzing the gelatin and β-glucan interac-
tion in the film matrix to apply as a novel biodegradable 
active packaging system.

Materials and Method

Materials

Gelatin (medium molecular weight and 99% purity) was 
obtained from Sigma-Aldrich (St. Louis, USA). Zinc oxide 
powder with a purity of 99.99% and particle size of 40 nm 
were purchased from the Iranian Nanomaterials Pioneers Co. 
(Mashhad, Iran). Yeast β-Glucan was obtained from Soren 
Tak Toos Co. (Mashhad, Iran). Glycerol (with 99.5% (W/W) 
purity), were provided from Charles Co. (Spain). Different 
salts, used to prepare saturated solutions to provide desired 
relative humidity (RH) were received from Merck Chemicals 
Co (Darmstadt, Germany).

Preparation of Nanocomposite Film

Firstly, 4 g of gelatin powder was dissolved in 100 mL of 
distilled water at 45° C and stirred for 30 min. The glycerol 
(2 mL) was then added to the film solution and stirred at 
45° C for 15 min. Then, ZnONPs (0, 2.5 and 5% w/w) were 
dispersed in 50 mL of distilled water and sonicated (80 W) 
for 5 min. Subsequently, the NPs solution is gradually added 
to 50 mL of gelatin solution and placed on a magnetic stirrer 
for 30 min at 600 rpm. Different percentages of β-Glucan (0, 
10 and 20% w/w) were dissolved in 30 ml of distilled water 
and mixed with 70 mL of the film solution and was stirred 
for 10 min using a magnetic stirrer. After that, 80 ml of the 
prepared solution was poured onto a polypropylene plate and 
dried at 40 °C for 24 h in a drying oven at ambient RH [17]. 
The prepared film samples are presented in Table 1.

Table 1  The prepared gelatin-based film samples

G gelatin; βG β-glucan and ZnONPs zinc oxide nanoparticles

Sample code Gelatin (%) β-Glucan (%) ZnONPs (%)

G 100 0 0
G/βG10% 90 10 0
G/βG20% 80 20 0
G/ZnONPs2.5% 97.5 0 2.5
G/βG10%/ZnONPs2.5% 87.5 10 2.5
G/βG20%/ZnONPs2.5% 77.5 20 2.5
G/ZnONPs5% 95 0 5
G/βG10%/ZnONPs5% 85 10 5
G/βG20%/ZnONPs5% 75 20 5
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Characterization of Films

Thickness Measurement

The thickness of the films was measured by a digital 
micrometer (Alton m820-25, China) with a precision of 
0.01 mm at 10 random points of the film. The average 
thickness of each film was used to calculate mechanical 
properties and water vapor permeability [18].

Measurement of Moisture Absorption

Neus Angle`s & Dioufers [19] method was used to meas-
ure the moisture absorption of the films. The film samples 
(2 × 2 cm) were placed in a desiccator containing calcium 
sulfate (RH = 0%) for 24 h. After initial weighing, the sam-
ples were transferred to a desiccator containing sodium 
chloride saturated solution (RH = 75%) and stored at 20 to 
25 °C. Then, all samples were weighed at different times 
until constant weight by sensitive scales, and the moisture 
absorption was calculated from the ratio of:

where, Wt and W0 are the initial weight and final weight of 
the film samples, respectively.

Water Vapor Permeability (WVP) Measurement

WVP of film was measured using ASTM E 96–95 method. 
For testing, vials with a diameter of 20 mm and a depth 
of 45 mm were used. The films (2 × 2 cm) were placed in 
the vials containing 3 g of calcium sulfate. After initial 
weighing, the vials were placed in a glass desiccator con-
taining potassium sulfate (97% RH), and then the amounts 
of vapor transferred from the film were determined for 
72 h at a specified time interval. The velocity of water 
vapor transmission (WVTR; g × m−2 × s−1) was calculated 
from the slope of the regression curve of the transmitted 
moisture content from the film versus of the time. Then, 
WVTR was used for the calculation of WVP according to 
the following equations [5]:

where, WVP (g × m−1 × s−1 × Pa−1), A is the film’s area  (m2), 
x is the film thickness (m), and ΔP is the pressure difference 

(1)Moisture absorption (%) =
Wt −W0

W0
× 100

(2)J = VTR =
ΔW∕Δt

A

(3)WVP =
WVTR

p(R1 − R2)
× X

between the inner and outer surfaces of the film in vials 
(ΔP = 3169 Pa).

Color Measurement

To determine the surface color of the film samples, the CIE 
(Minolta CR300 158 Series, Minolta Camera Co. Ltd., 
Osaka, Japan) was used. The bright-dark (L*), green–red 
(a*) and blue-yellow (b*) of films were recorded [20].

Water Contact Angle (WCA) Measurement

The WCA was determined by the sessile drop method. 
Firstly, a drop of distilled water was placed on the surface 
of the samples using a syringe and imaged using a camera 
(Canon MV50, Taiwan) with × 6 magnification at the initial 
exposure time  (t1) and 60 s after the droplet contact angle 
 (t2). The angle between the tangent line at the point of con-
tact and the line drawn along the film surface was measured 
as the WCA.

Determination of Mechanical Properties

The ultimate tensile strength (UTS) and strain to break 
(STB) of films were measured by Gotech-AI-7000M accord-
ing to ASTM D882-95. Film samples were cut in 0/5 × 8 cm 
and conditioned for 24 h at a relative humidity of 55(cal-
cium nitrate) and ambient temperature. The initial distance 
between the two jaws and the speed of the jaws was 50 mm 
and 5 mm/min, respectively [1].

Scanning Electron Microscopy (SEM)

The surface morphology of films was studied using a SEM 
(Leo 1450 VP, Germany). Due to the insulation of films, 
the samples were covered with gold and platinum using the 
Polisher Model SC-7620.

Differential Scanning Calorimetry (DSC)

The DSC test (DSC400, SANAF, Iran) was performed 
to analysis the thermal properties of the film samples. A 
20 ± 5 mg of each film sample was placed in sample pan 
and an empty pan was used as a reference. The glass transi-
tion temperature  (Tg) and melting temperature  (Tm) of the 
samples were recorded by scanning from 25 to 250 °C with 
a heating rate of 10 °C min−1.

Fourier Transforms Infrared (FT‑IR) Spectroscopy

The structure interactions in the nanocomposite film sam-
ples were investigated with FT-IR spectroscopy (Tensor27, 
Bruker, Germany). The spectra were collected over the 
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wavenumber range of 4000–400 cm−1. The KBr- pellet 
method was used for sample preparation.

X‑ray Diffraction (XRD) Analyses

X-ray diffraction test was used to study the crystalline 
structure of the nanocomposite films. To perform the test, 
the X-ray diffractometer (Kristalloflex D500, Siemens, 
Germany) was set at 40 kV and 40 mA, and the samples 
were exposed to the X-ray with a wavelength of 0.1539 nm. 
Refractive radiation from the sample at ambient temperature 
and in the range of (2θ) from 2° to 70° was recorded. The 
speed of the test was 1° and the step size was 0.02.

Antibacterial Activity

The inhibition activity of the film samples against Pseu-
domonas aeruginosa DSM 101013, Salmonella typhimu-
rium DSM 101475, Staphylococcus aureus DSM 102265, 
and Escherichia coli DSM 101124 was studied using the 
disc diffusion method. Firstly, the bacteria suspensions 
(1.5 × 108 CFU/mL) were prepared and cultured on surface 
of prepared Mueller Hinton Agar plate. The film samples 
were prepared as form round discs with 12 mm diameter. 
Then, the samples were put on the surface of Mueller Hinton 
agar plates and were incubated at 37 °C for 24 h. After that, 
the diameter of the inhibition zones around the film samples 
were measured in triplicate by the caliper and the means 
were reported [1].

Statistical Analysis Statistical analysis was conducted based 
on completely randomized design (one-way) ANOVA with 
SPSS 20 software (IBM Corporation, Armonk, NY, USA). 
Significant differences between treatments were estimated 
using Duncan test.

Results and Discussion

Fourier Transforms Infrared (FT‑IR)

The FT-IR spectrum of neat gelatin, pure β-glucan, G/
βG20%, G/ZnONPs5%, G/βG20%/ZnONPs2.5%, and G/
βG20%/ZnONPs5% film samples are shown in Fig. 1. In 
the spectrum of neat gelatin film, the absorption peaks were 
observed at 3842, 3740, and 3626 cm−1. The peaks observed 
in the first two waves were related to C-H tensile vibrations, 
nitrogen- hydrogen bonding bonds depending on the number 
of crosslinks, and asymmetric O–H tensile strengths in the 
combination; also, robust absorption was observed at 1689 
and 1531 cm−1 waves. The FTIR spectrum for pure β-glucan 
showed a broad and strong peak at 3419 cm−1, related to the 
tensile bond of OH  (RCH2OH) and the nitrogen–hydrogen 

bond (NH). Moreover, the observed peak at 2926 cm−1 was 
associated with the tensile vibrations of the CH methyl 
group. As shown in Fig. 1, the addition of 20% β-glucan in 
the gelatin film caused changes in the spectrum. The peaks 
observed at wavelengths 3840, 3736, and 3623 cm−1, related 
to free hydroxyl bonds (OH), were bound to the phenolic 
ring present in gelatin and β-glucan; the combination of 
the two substances did not show a significant change in the 
area. Furthermore, by adding 5% ZnONPs in the gelatin-
based film, the peaks observed at 3840, 3736, 3623, 1688, 
1529, 954, and 679 cm−1 did not change the gelatin index 

Fig. 1  Fourier transforms infrared (FT-IR) spectra of neat gela-
tin film, pure β-glucan, and G/βG20%, G/ZnONPs5%, G/βG20%/
ZnONPs2.5%, and G/βG20%/ZnONPs5% film samples. G gelatin, βG 
β-glucan, ZnONPs zinc oxide nanoparticles
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significantly. In Fig. 4, the observed peaks at 3439, 2930, 
1280, 1140, 1072, 582, and 520 cm−1 indicate the presence 
of β-glucan, while the peaks corresponding to the wavenum-
bers 1193 cm−1 indicate the presence of ZnONPs (2.5%). 
By increasing the concentration of ZnONPs to 5%, the peak 
was observed at 2830 and 2862 cm−1 with a small amount, 
and a very wide peak was transferred to the wavelength of 
3008 cm−1, indicating an increase in hydroxyl groups. As 
seen in Fig. 4, increasing concentrations of β-glucan and 
ZnONPs did not change the FT-IR spectrum of neat gela-
tin film, and all spectral components of its main constituent 
elements were visible. These findings were in line with the 
reported results by Nagaraju et al. [21] and Sinha et al. [22].

Moisture Absorption

Moisture absorption is an essential parameter in evaluating 
the water barrier properties of packaging films. The results 
of the moisture absorption values of film samples are pre-
sented in Table 2. The neat gelation film showed the highest 
moisture absorption (35.72 ± 0.93%) related to the gelatin 
hydrophilic nature. The addition of β-glucan to the gela-
tin-based films significantly (p < 0.05) decreased the mois-
ture absorption. This reduction could be described by the 
interaction between gelatin and β-glucan, creating a strong 
structure. Moreover, the incorporation of ZnONPs in the 
gelatin-based films caused a reduction in moisture absorp-
tion values, higher than the reduction effect of β-glucan. The 
lowest water absorption value (28.01 ± 1.59%) was attributed 
to the G/βG20%/ZnONPs5% sample. The decrease in mois-
ture absorption by the incorporation of ZnONPs could be 
explained by increasing crosslinking between gelatin chains 
and reducting chain mobility due to filling the free spaces in 
the gelatin matrix. Similar results were reported by previous 
studies [4, 5].

Water Vapor Permeability (WVP)

WVP of films is another important factor affecting their 
water barrier properties. The WVP values of film samples 
are provided in Table 2. The neat gelatin film showed the 
highest WVP value (2.15 × 10–8 g.m−1.h−1.Pa−1) compared 
to other films, due to its inherent hydrophilicity [23]. As 
a result, the addition of β-glucan and ZnONPs to the film 
matrix significantly (p < 0.05) decreased WVP values of the 
gelatin-based films. In this regard, G/βG20%/ZnONPs5% 
film sample showed the lowest WVP with a value of 
1.58 × 10–8 g m−1 h−1 Pa−1. According to previous literature 
[8, 11], the reduction in WVP by the addition of β-glucan 
and ZnONPs could be attributed to the increase in interac-
tions between gelatin chains, making the diffusion path more 
tortuous and decreasing the diffusion rate of water vapor 
through the films.

Water Contact Angle Analysis (WCA)

WCA measurement provides information on the surface 
hydrophobicity of films [24]. Table 2 presents the WCA val-
ues of the film samples. The surface wettability and contact 
angle measurements are related to each other; low surface 
wettability leads to high contact angle and vice versa [15]. 
Among the film samples, the neat gelatin one exhibited the 
lowest contact angle (44º), indicating a high surface wet-
tability due to the gelatin hydrophilic nature. A similar 
observation was also reported by Nafchi et al. [25]. The 
WCA values of films showed an increasing trend by adding 
β-glucan and ZnONPs and increasing their concentrations. 
Thus, the highest WCA value was associated with G/βG20%/
ZnONPs5% sample with a value of53º. In line with these 
results, Amjadi et al. [2] reported that the incorporation of 
ZnONPs in the gelatin-based films increased WCA due to: 

Table 2  Water barrier properties of gelatin-based film samples

Data are expressed as mean ± standard deviation (n = 3) and different letters show significant difference at the 5% level in Duncan’s test (p < 0.05)
WVP water vapor permeability, WCA  water contact angle at the initial exposure time  (t1) and 60 s after the droplet contact angle  (t2), G gelatin, 
βG β-glucan, ZnONPs zinc oxide nanoparticles

Samples Moisture absorption (%) WVP
(× 10–8 g.m−1.h−1.Pa−1)

WCA (º)

t1 t2

G 35.72 ± 0.93a 2.15 ± 1.82a 44.29 ± 0.73e 44.29 ± 0.73d

G/βG10% 32.88 ± 1.08bc 1.93 ± 2.01c 49.89 ± 1.40bc 47.77 ± 0.85bc

G/βG20% 34.10 ± 2.58ab 1.96 ± 7.31bc 49. 03 ± 1.27 cd 49. 03 ± 1.27b

G/ZnONPs2.5% 31.79 ± 1.22bc 2.03 ± 1.98b 46.83 ± 0.33d 46.83 ± 0.33c

G/βG10%/ZnONPs2.5% 30.28 ± 1.50 cd 2.01 ± 1.21bc 47.55 ± 2.21 cd 49.07 ± 0.73b

G/βG20%/ZnONPs2.5% 30.30 ± 0.82 cd 1.85 ± 4.72d 49.14 ± 0.52 cd 49.51 ± 1.14b

G/ZnONPs5% 28.87 ± 1.45d 1.70 ± 1.09e 53.06 ± 1.45ab 52.06 ± 1.45a

G/βG10%/ZnONPs5% 28.62 ± 1.50d 1.62 ± 3.22ef 53.08 ± 1.75a 52.06 ± 0.82a

G/βG20%/ZnONPs5% 28.01 ± 1.59d 1.58 ± 3.66 g 53.56 ± 1.05a 53.08 ± 1.75a
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(a) the formation of hydrogen bonds between gelatin and 
ZnONPs that leads to the reduction of the free hydrophilic 
groups in the gelatin structure; (b) the increase in the crystal-
linity and compactness of polymer chains by the incorpora-
tion of ZnO NPs. Moreover, the increase in WCA by incor-
porating ZnONPs in the chitosan [15], agar, carrageenan, 
and CMC-based films [26] was reported by previous studies.

Surface Color of the Films

The results of color measurement are provided in Table 3. 
As observed, the neat gelatin film showed a clear and yel-
lowish appearance. The color parameters of composite film 
samples exhibited a significant difference with those of neat 
gelatin films. The L* parameter was decreased by increasing 

the concentrations of β-glucan and ZnONPs. Similar results 
were observed in previous studies for ZnONPs incorporated 
gelatin [5, 27] and chitosan-based films [28]. The cloudy 
film at high concentrations of ZnONPs could be attributed 
to the accumulation of ZnONPs in the film matrix, located 
between the polymer chains. This phenomenon can be useful 
for food packaging sensitive to light with a need for opaque 
coatings. The a* parameter, showed the greenness-redness 
of the samples. As observed, by increasing concentrations 
of β-glucan and ZnONPs, the a* parameter showed nega-
tive values, i.e., the color of the samples tended to be green. 
Furthermore, the b* parameter, representing the yellow-
ness-blueness of the samples, showed that the color of the 
films tended to be yellow by increasing the concentration of 
β-glucan and ZnONPs.

Thickness and Mechanical Properties of Films

Figure 2 shows the thickness values and mechanical prop-
erties of the film samples. As seen (Fig. 2a), the thickness 
values of film samples were increased by the addition of 
β-glucan and ZnONPs. Thus the highest thickness value was 
related to G/βG20%/ZnONPs5% sample; this finding could 
be attributed to the changes in dry matter content and gelatin 
matrix structure. Similar results were reported by Jahed et al. 
[29]. As shown in Fig. 2b, the UTS values of film samples 
showed no significant difference by adding β-glucan. How-
ever, the incorporation of ZnONPs significantly increased 
the UTS values of the samples. The UTS values of film 
samples containing ZnONPs and β-glucan exhibited no sig-
nificant difference compared with the neat gelatin films. Fur-
thermore, the STB value of film samples was significantly 
increased by adding 20% β-glucan (Fig. 2c). However, the 
addition of ZnONPs significantly decreased the STB val-
ues of film samples. The mechanical properties of films 
depend on the interactions between the polymer chains in 

Table 3  Color parameters of gelatin-based film samples

Data are expressed as mean ± standard deviation (n = 3) and differ-
ent letters show significant difference at the 5% level in Duncan’s test 
(p < 0.05)
G gelatin, βG β-glucan, ZnONPs zinc oxide nanoparticles

Samples L* a* b*

G 64.8 ± 0.10a 3.53 ± 11.72a 19.13 ± 0.41d

G/βG10% 49.89 ± 0.05c − 11.36 ± 0.25b 13.60 ± 0.20 g

G/βG20% 49.03 ± 1.27c − 13.91 ± 0.27b 18.10 ± 0.17e

G/ZnONPs2.5% 46.83 ± 0.33d − 9.33 ± 0.30b 15.00 ± 0.40b

G/βG10%/
ZnONPs2.5%

47.55 ± 2.21 cd − 14.16 ± 0.20b 27.06 ± 0.30f

G/βG20%/
ZnONPs2.5%

49.14 ± 0.52c − 7.40 ± 0.34b 30.93 ± 0.41a

G/ZnONPs5% 53.06 ± 1.45b − 11.43 ± 0.35b 7.86 ± 0.29c

G/βG10%/
ZnONPs5%

53.08 ± 1.75b − 14.33 ± 0.20b 22.56 ± 0.51 h

G/βG20%/
ZnONPs5%

53.56 ± 1.05b − 11.16 ± 0.29b 28.03 ± 0.25b

Fig. 2  Thickness (a), ultimate tensile strength (UTS) (b) and strain 
to break (STB) (c) profiles of gelatin-based film samples. Data are 
expressed as mean ± standard deviation (n = 3) and different letters 

show significant difference at the 5% level in Duncan’s test (p < 0.05). 
G gelatin, βG β-glucan, ZnONPs zinc oxide nanoparticles
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the film matrix [30]. In this regard, the effect of ZnONPs on 
the mechanical properties of film samples can be explained 
by interactions between ZnONPs and the gelatin matrix to 
obtain a stiff continuous network and reduce the mobility 
of the polymer chains. Many studies have reported that the 
incorporation of ZnONPs improves the mechanical proper-
ties of gelatin-based films [2, 31, 32].

X‑Ray Diffraction (XRD) Analyses

The XRD diffractograms of neat gelatin, G/βG20%, G/
βG20%/ZnONPs2.5%, and G/ZnONPs5% film samples 
are shown in Fig. 3. The diffractogram of neat gelatin film 
exhibited two specific peaks near 2θ of 23° and 45°, indicat-
ing that this film had a semi-crystalline structure. Similar 

results were reported in previous studies [1]. The XRD 
pattern of the G/βG20% sample showed three peaks at 2θ 
of 20°, 36°, and 40°, while the pattern of the G/βG20%/
ZnONPs2.5% sample exhibited four peaks at 2θ of 21°, 31°, 
34°, and 38. Additionally, the X-ray diffraction pattern of 
G/ZnONPs5% showed the decreased intensity of all peaks 
compared with other samples, indicating the formation of a 
composite structure by incorporating ZnONPs.

Differential Scanning Calorimetry (DSC)

The thermal properties of film samples were assessed by 
DSC analyses; the obtained results, including glass tran-
sition temperature  (Tg) and melting temperature  (Tm) of 
film samples, are given in Table 4. The neat gelatin film 
showed a glass transition at 63.4 °C, consistent with previ-
ous reports [33]. The addition of the 20% w/v of β-glucan 
without ZnO decreased  Tg; however, the addition of 5% of 
ZnONPs increased  Tg, indicating the desired effect of this 
nanofiller on gelatin amorphous regions, i.e., reducing the 
mobility of chains. The reduction effect of β-glucan on  Tg is 
such that even in films, which use β-glucan with ZnONPs,  Tg 
is slightly lower than the other films. However, the addition 
of ZnONPs (2.5% and 5%) and β-glucan (10% and 20%) sig-
nificantly increased  Tm. According to previous literature, this 
phenomenon can be attributed to the interactions between 
gelatin, ZnONPs, and β-glucan, as well as the formation of 
dense crystalline regions in the biopolymer matrix [34, 35].

Scanning Electron Microscopy (SEM)

The SEM images of film samples are shown in Fig. 4. As 
observed in Fig. 4A and 4a, the neat gelatin film exhibited a 
flat surface and a uniform composition of the structure. The 
SEM images of G/βG20% (Fig. 4B and 4b) showed small 
pellets relatively uniformly dispersed in the matrix. This 
β-Glucan granular structure has been recently reported [36]. 
In the SEM images of G/βG20%/ZnONPs2.5% (Fig. 4C and 
4c) and G/βG20%/ZnONPs5% (Fig. 4D and 4d), the flat gel-
atin background with diffused β-Glucan particles is clearly 
visible. Moreover, ZnONPs appear as fine white particles 

Fig. 3  X-ray diffraction (XRD) patterns of neat gelatin, G/βG20%, G/
βG20%/ZnONPs2.5%, and G/ZnONPs5% film samples. G gelatin, βG 
β-glucan, ZnONPs zinc oxide nanoparticles

Table 4  Thermal Properties of gelatin-based film samples

Tg glass transition temperature and Tm melting temperature; G: gela-
tin; βG β-glucan and ZnONPs zinc oxide nanoparticles

Samples Tg (°C) Tm (°C)

G 63.4 70.9
G/βG20% 54.1 78.1
G/βG10%/ZnONPs2.5% 45.9 100.2
G/ZnONPs5% 64.2 78.0
G/βG20%/ZnONPs5% 49.3 82.1



1150 Journal of Polymers and the Environment (2021) 29:1143–1152

1 3

in the gelatin matrix, the sample containing 2.5% agglom-
erated in some places as a mass. This state is observed in 
the G/βG20%/ZnONPs2.5% sample, in which the amount of 
dispersed particles is higher than the G/βG20%/ZnONPs5% 
sample. These results are in line with those of previous stud-
ies [37–39].

Antibacterial Activity

The inhibition activity of the ZnONPs incorporated film 
samples against P. aeruginosa, S. typhimurium, S. aureus, 
and E. coli bacteria are summarized in Table 5. According to 
the table, the incorporation of ZnONPs provided inhibition 

activity against all investigated bacteria. Additionally, the 
increase in the concentration of ZnONPs significantly 
enhanced the antibacterial activity of the film samples. This 
activity can be described with two mechanisms of (1) pen-
etration of the released  Zn2+ ions by ZnONPs into the bacte-
rial cell membrane, reacting with cytoplasmic content to kill 
bacteria, (2) producing reactive oxygen species (ROS) by 
ZnONPs, damaging the bacterial lipids, proteins, and DNA 
[2]. The combination of ZnONPs with β-glucan in the gela-
tin-based film significantly decreased the antibacterial activ-
ity against all investigated bacteria. However, the increase 
in β-glucan concentration caused no significant difference 
in the antibacterial activity of ZnONPs incorporated films. 

Fig. 4  Scanning electron microscopy (SEM) images of the surface of neat gelatin (A and a), G/βG20% (B and b), G/βG20%/ZnONPs2.5% (C 
and c), and G/βG20%/ZnONPs5% (D and d) film samples. G gelatin, βG β-glucan, ZnONPs zinc oxide nanoparticles

Table 5  Antibacterial activity 
of gelatin-based film samples

Data are expressed as mean ± standard deviation (n = 3) and different letters show significant difference at 
the 5% level in Duncan’s test (p < 0.05); G gelatin; βG β-glucan and ZnONPs zinc oxide nanoparticles

Samples Inhibitory zone (mm)

P. aeruginosa S. typhimorium S. aureus E. coli

G/ZnONPs2.5% 13.5 ± 1.04c 13.0 ± 1.74b 15.0 ± 1.13d 13.0 ± 1.25d

G/βG10%/ZnONPs2.5% 13.0 ± 1.20d 12.0 ± 1.55c 16.0 ± 1.23c 12.0 ± 1.36e

G/βG20%/ZnONPs2.5% 13.0 ± 2.01d 12.0 ± 2.05c 15.7 ± 1.48c 12.2 ± 1.19e

G/ZnONPs5% 16.2 ± 1.13a 16.2 ± 1.90a 18.0 ± 1.53a 15.7 ± 1.34a

G/βG10%/ZnONPs5% 14.0 ± 2.10b 13.0 ± 1.48b 16.7 ± 1.81b 13.7 ± 1.78c

G/βG20%/ZnONPs5% 14.2 ± 1.32b 13.2 ± 1.72b 17.0 ± 2.10b 15.0 ± 1.52b
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Furthermore, the results showed that the highest inhibition 
activity of all film samples was against S. aureus bacteria, 
indicating that the antibacterial activity of the ZnONPs-
incorporated films against gram-positive bacteria was higher 
than that against gram-negative bacteria. This finding was in 
line with those reported by previous studies [4, 27]. Accord-
ing to these studies, this phenomenon is related to the struc-
tural differences in the outer membrane of these bacteria. 
Therefore, the gram-negative bacteria have a complex cell 
wall composed of a thin peptidoglycan layer and an outer 
membrane; this complex cell wall reduces the permeability 
of the produced ROS and  Zn2+ ions by ZnONPs into the 
bacterial cell.

Conclusion

The ZnONPs incorporated gelatin/β-glucan nanocomposite 
films were successfully developed with satisfactory features. 
The incorporation of ZnONPs and β-glucan improved the 
mechanical properties of gelatin-based films. Moreover, the 
water barrier properties of film samples significantly were 
improved by increasing ZnONPs concentration. The results 
of XRD, DSC, SEM, and FT-IR analyses showed that the 
incorporation of ZnONPs and β-glucan had no adverse effect 
on the morphological and thermal properties and the crys-
tallinity of gelatin-based films. The ZnONPs incorporated 
film samples, especially those with high concentrations of 
ZnONPs, exhibited inhibition activity against P. aeruginosa, 
S. typhimurium, S. aureus, and E. coli bacteria. These find-
ings showed that the ZnONPs incorporated gelatin/β-glucan 
nanocomposite films had suitable physicochemical proper-
ties and biological activity to be applied as an active pack-
aging system.
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