
Vol.: (0123456789)

Cellulose (2024) 31:8189–8202 
https://doi.org/10.1007/s10570-024-06077-3

ORIGINAL RESEARCH

Xanthan/ carboxymethyl cellulose‑based edible coatings 
enriched with greenly synthesized ZnO‑NPs for active 
packaging applications

Hend E. Salama   · Maher A. Khattab   · Magdy W. Sabaa · 
Mohamed S. Abdel Aziz

Received: 24 May 2023 / Accepted: 19 July 2024 / Published online: 9 August 2024 
© The Author(s) 2024

Keywords  Edible coating · Carboxymethyl 
cellulose · Xanthan; ZnO-NPs · Active packaging

Introduction

Edible coatings are a promising solution for extend-
ing the shelf life of food and enhancing its quality by 
creating a protective layer on the food surface. Edible 
coatings made from biodegradable polymers have 
gained significant attention because of their biocom-
patibility, biodegradability, and edibility (Abdel Aziz 
et al. 2021). Biodegradable polymers have numerous 
functional groups that can be easily modified to other 
derivatives of improved properties. These derivatives 
might be suitable replacements for the non-degrada-
ble plastics used in food packaging (Abdel Aziz et al. 
2018).

Carboxymethyl cellulose (CMC), a water-soluble 
cellulose derivative, is a common base material for 
producing edible coatings. It is a non-toxic, trans-
parent, and biodegradable polymer. Moreover, CMC 
could form elastic films (Salama et  al. 2020). How-
ever, its application in food packaging is limited by 
several factors, such as poor inhibition of food-spoil-
ing pathogens (Azhdari et  al. 2022). Additionally, 
CMC films exhibit insufficient water barrier prop-
erties owing to their hydrophilic nature, as well as 
their inadequate UV-shielding abilities (Salama et al. 
2020).
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Xanthan (Xa) is a noteworthy anionic polysaccha-
ride that is produced by the bacteria Xanthomonas 
campestris and is readily soluble in water (Xu et  al. 
2018). The side chains of Xa contain both glucu-
ronic acid and pyruvic acid groups, which contribute 
to its anionic characteristics (Xu et al. 2018). Owing 
to its biocompatibility, biodegradability, thermal sta-
bility, and non-toxicity, Xa has extensive applica-
tions in various industries such as biomedicals (Petri 
2015), food (Ostrowski et al. 2022), pharmaceuticals 
(Banerjee et  al. 2019), and cosmetics (Chaturvedi 
et  al. 2021). Xa contains numerous hydroxyl groups 
and free carboxyl groups, which make it ideal for 
chemical modifications and/or functionalization to 
optimize its physicochemical properties. Xa can form 
physical networks with other several polysaccha-
rides, including galactomannans (Hayta et al. 2020), 
guar gum (Ren et  al. 2022), konjac glucomannan 
(Yang et  al. 2020), and chitosan (Ćirić et  al. 2021). 
These networks can be established through different 
mechanisms such as hydrogen bonding, hydropho-
bic interactions, and cation bridging. The Food and 
Drug Administration (FDA) has approved Xa as a 
safe polymer for use in the food industry (Joshy et al. 
2020). Owing to its high acid/salt resistance and high 
pseudo-plasticity, Xa is widely utilized in the food 
industry as a thickener agent (Nsengiyumva et  al. 
2022). The viability of Xa for use in food packaging 
is constrained by various limitations, including inad-
equate antimicrobial inhibition, poor barrier proper-
ties, and limited solubility (Fan et al. 2021).

The incorporation of diverse additives, such as 
nanomaterials, is beneficial for enhancing the effec-
tiveness of edible coatings (Smaoui et  al. 2023). 
Among these outstanding nanomaterials, ZnO-NPs 
have been safely included in various food coatings 
owing to their outstanding antimicrobial and biocom-
patibility properties. ZnO-NPs have been approved by 
the FDA as safe for human consumption (Priyadarshi 
et  al. 2017). In addition to improving the mechani-
cal, thermal, and barrier properties of edible coat-
ings, the incorporation of ZnO-NPs can significantly 
improve their UV-shielding properties (Abdel Aziz 
et al. 2022). ZnO-NPs have been successfully incor-
porated into various coating systems, including carra-
geenan (Praseptiangga et al. 2021), chitosan (Noshir-
vani et  al. 2017), and carboxymethyl cellulose (Li 
et al. 2021), resulting in considerable improvements. 
Typically, ZnO-NPs are produced by reducing zinc 

salts, such as zinc nitrate or zinc acetate (Abdel Aziz 
et  al. 2022). However, the use of plant extracts for 
the preparation of ZnO-NPs is gaining popularity as 
an eco-friendly method that produces nanoparticles 
with potent antioxidant and antimicrobial properties 
(Surendra et al. 2022).

This study involved the use of a green method to 
prepare ZnO-NPs, which were then added to a com-
posite system consisting of CMC and Xa. The result-
ing edible system was created to have customized 
properties suitable for food packaging. The physical 
and antimicrobial properties of the coatings were also 
investigated. A preliminary study was carried out to 
assess the packaging efficiency of the coating in pro-
longing the shelf life of tomatoes.

Experimental

Materials

CMC (Mn = 9 × 104  g mol−1, DS = 0.75) was sup-
plied from Acros Organics (USA). Xanthan was pro-
vided from Alpha-Chemika (India, Mn = 1.7 × 106 g 
mol−1). Glycerol, calcium chloride, sodium hydrox-
ide, zinc acetate, and all solvents were supplied from 
Sigma-Aldrich (Germany). Coriandrum sativum was 
obtained from the local market (Egypt).

Preparation of ZnO‑NPs

The green approach by Naseer et al. (2020) was uti-
lized to obtain ZnO-NPs using Coriandrum sativum 
(CS) extract. Initially, the leaves of CS were washed 
with distilled water to eliminate impurities. After 
drying, 5 g of the leaves were mixed with 200 mL of 
distilled water and heated at 70  °C for 30  min. The 
mixture was then filtered and stored at 4  °C. Zinc 
acetate (0.01 M) was added to the extract and the pH 
was adjusted to 12 using 1.0 M NaOH. The reaction 
mixture was continuously stirred at 70  °C for 2  h, 
resulting in a pale-white precipitate of ZnO-NPs. The 
obtained ZnO-NPs were rinsed multiple times with 
deionized water to eliminate impurities and excess 
NaOH. Subsequently, the ZnO-NPs were dried over-
night under a vacuum at 60 °C. Scheme 1 outlines the 
green preparation pathway of ZnO-NPs.
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Preparation of CMC/Xa and CMC/Xa/ZnO‑NP films

Initially, CMC (1  g) and Xa (1  g) were individu-
ally dissolved in distilled water (50 mL), mixed, and 
stirred until homogeneity was achieved. Next, glyc-
erol (plasticizer) was added at 40  wt% to the reac-
tion mixture and stirred for 2 h at room temperature. 
ZnO-NPs were added at different percentages of 0, 
3 and 5  wt% (based on the total mass of CMC and 
Xa) to the prepared CMC/Xa mixtures. The result-
ing solution mixture was poured into a 10  cm Petri 
dish and then dried for 24  h at 40  °C in a vacuum 
oven. The dried films were immersed in 45  mL of 
1% CaCl2 (crosslinking agent) for 2 h in an oven at 
40 °C. Finally, the films were removed from the Petri 

dishes, rinsed with distilled water, and dried in a vac-
uum oven. The systems were coded according to the 
format CMC/Xa/yZnO, where y represents the weight 
percentage of ZnO-NPs present in each system. A 
sample without ZnO-NPs (CMC/Xa) was employed 
as a control to investigate the impact of ZnO-NPs. 
The preparation process is shown in Scheme 2.

Shelf‑life studies

Fresh tomatoes (Solanum lycopersicum L) of com-
parable size and free of defects were used in the 
shelf-life studies. First, the tomatoes were disinfected 
for two minutes with a 0.1  g/L hypochlorite solu-
tion, washed with distilled water, and dried at room 

Coriandrum sativum leaves

Extraction

/Water

Coriandrum sativum extract

i) Zinc acetate

ii) NaOH

ZnO-NPs formation

i) Filteration

ii) Washing
iii) Drying
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Scheme 1   Green preparation of ZnO-NPs through CS extract
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temperature. The dipping method was then used to 
apply a thin coating to the surface of the tomatoes 
using a mixture of CMC, Xa, and ZnO-NPs from the 
CMC/Xa/3ZnO system (prepared according to the 
aforementioned method). Another coating mixture 
without ZnO-NPs (CMC/Xa) was also prepared for 
comparison. To form a crosslinked coating layer on 
the tomato surface, the coated tomatoes were dipped 
in a CaCl2 solution (1%) for one minute and then air-
dried before being dipped again. The mass loss of 
the coated and uncoated tomatoes during storage was 
determined by measuring the mass of the tomatoes 
every two days. The percentage of mass loss was cal-
culated using Equation 1:

where mt and mo represent the mass (gram) of toma-
toes after a certain storage interval, and that on the 
first day, respectively. Measurements were performed 
in triplicate for three tomatoes of comparable size, 
and the results were averaged. Surface spoilage of the 
tomatoes was visually monitored during storage peri-
odically by capturing images of their surfaces.

Characterization techniques

The KBr dry method was utilized to conduct FTIR 
analysis using a Perkin-Elmer B25 spectrophotometer 
(USA). The samples were dried and scanned in the 
4000–400  cm−1 region with a resolution of 4  cm−1 
and an average of 15 scans.

The mechanical properties of films were evaluated 
utilizing the Zwick 1445 following ASTM D882-
2010 (International 2012). For each film, the mean 
value was recorded based on five repeated tests. Fur-
ther information regarding the measurement proce-
dure was provided in the Supplementary Information 
S1.

The ability of the film to act as a water barrier 
was evaluated by calculating the water vapor perme-
ability according to ASTM E96-92 (1990) (ASTM). 
The measurement procedure described in the Supple-
mentary Information S1 was used to obtain the aver-
age value of three separate measurements for each 
sample.

Philips Xpert MPD Pro (Netherlands) was used 
to study XRD patterns at room temperature. Cu-Kα1 

(1)Mass loss (%) =
mo − mt

mo

× 100

radiation (λ = 1.54056 Å) was utilized to analyze 
each film over the 2θ range of 5°–80° with a scan-
ning rate of 1°min−1. OriginPro software was used 
to adjust the baseline and decrease noise in the XRD 
curves. Three models were utilized to determine the 
average crystallite size (D) of the prepared ZnO-NPs 
based on their XRD pattern:

Scherrer model:

where k is the Scherrer constant (0.9), λ is the radia-
tion wavelength, and β and θ are the full width at half 
maximum and Bragg angle of the diffraction peaks, 
respectively. Plots were generated with 1/β on the 
X-axis and cosθ on the Y-axis, representing different 
diffraction peaks. By data fitting, the crystallite size 
(D) was extracted from the slope of the fitted line 
using the formula D = kλ/slope.

Williamson‑Hall (W‑H):

where ε is the lattice strain. The value of D was deter-
mined from the intercept of the fitted line of a plot 
representing 4sinθ on the X-axis and βcosθ on the 
Y-axis, utilizing the formula D = kλ/intercept.

Halder-Wagner (H-W) (Sen et al. 2020):

where

D was calculated from a plot of 
(
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)2
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after linear regression, where D = 1/slope.
The JEOL transmission electron microscope 

(JEM-1400 TEM) with an acceleration voltage of 
100 kV was used to capture TEM images of the 
prepared ZnO-NPs. Before imaging, ZnO-NPs 
were sonicated in water for an hour. A drop of the 
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obtained ZnO-NPs suspension was placed on car-
bon-coated copper grids. The size distribution of 
the ZnO-NPs was determined using ImageJ soft-
ware (version 1.53t).

The Malvern Zeta potential analyzer (UK) was 
used to measure the hydrodynamic size of soni-
cated ZnO-NPs suspension in distilled water.

The Shimadzu TGA-50 H Thermal Analyzer 
(Japan) was utilized to assess the thermal proper-
ties. The analysis involved subjecting the samples 
(approximately 5  mg) to a nitrogen atmosphere at 
a rate of 10 °C min−1 within the temperature range 
of 20–600  °C. Thermal stability was evaluated by 
determining the integral procedure decomposition 
temperature (IPDT) (Doyle 1961). The IPDT was 
obtained from the TGA thermograms and was cal-
culated as follows:

The terms A, K, Tf, and Ti were determined by 
analyzing the TGA curves, which can be found in the 
Supplementary Information S2.

The microbial inhibition of the coatings was evalu-
ated using the agar well diffusion method (Miles et al. 
1996). The  used representative microorganisms were 
Bacillus subtilis (Gram-positive bacteria), Escheri‑
chia coli (Gram-negative bacteria), and Syncephalas‑
trum racemosum (Fungi). The diameter of the inhibi-
tion zone (mm) was measured to determine the level 
of microbial inhibition. Measurements were obtained 
from three replicates and averaged.

The opacity of the films was measured by using 
the Shimadzu UV-VIS 3101-PC spectrophotometer, 
as follows:

where A600 represents the absorbance of the films 
at 600 nm, and m denotes the film thickness (mm). 
Three measurements were recorded for each film to 
ensure precision.

Statistical analysis of variance (ANOVA) of 
repeated measurements was conducted using Origin-
Pro software (Version 2022). The mean ± standard 
deviation for the repeated measurements was deter-
mined, and the variance between the samples was 
evaluated using the Tukey test with a significance 
level set at p ≤ 0.05.

(7)IPDT = A.K
(

Tf − Ti
)

+ Ti

(8)Opacity =
A600

m

Results and discussion

FTIR

The FTIR spectra of ZnO-NPs, CMC, and Xa are 
shown in Fig. 1, whereas Fig. 2 shows the spectra of 
CMC/Xa and CMC/Xa/ZnO-NP systems.

Fig. 1   FTIR spectra of ZnO-NPs, CMC, and Xa films

Fig. 2   FTIR spectra of CMC/Xa and CMC/Xa/ZnO-NP sys-
tems
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The spectrum of ZnO-NPs exhibited a broad band 
at approximately 3415  cm−1, which was assigned 
to the stretching vibration of the O-H groups of the 
absorbed water molecules. Furthermore, a distinct 
sharp band at 471 cm−1 was observed for Zn-O bond 
vibrations (Abdel Aziz et al. 2022).

In the FTIR spectrum of CMC, a broad band 
of O-H stretching was observed at approximately 
3400  cm−1. Symmetric and asymmetric stretching 
vibrations of the aliphatic C-H bonds were identified 
at 2880 cm−1 and 2921 cm−1, respectively. Addition-
ally, the presence of carboxylate groups was con-
firmed by the presence of two bands at 1612  cm−1 
and 1415 cm−1, which were attributed to their asym-
metric and symmetric stretching vibrations, respec-
tively, (Salama et al. 2020).

The FTIR of xanthan revealed distinctive bands 
associated with its structure. The carbonyl stretching 
of acetyl groups was observed at 1728 cm−1. Moreo-
ver, asymmetrical and symmetrical stretching vibra-
tions of the carboxylate groups in the pyruvate and 
glucuronic acid groups were detected at 1633  cm−1 
and 1444  cm−1, respectively. The glycosidic bonds 
of xanthan rings, including –C–O–C–, –C–O–, and 
–C–C–, were characterized by the absorption bands 
observed in the range of 1025–1210 cm−1 (Cetin et al. 
2004; Hamcerencu et al. 2007).

As shown in Fig. 2, some changes were observed 
in the spectrum of the CMC/Xa film when com-
pared with those of CMC and Xa (Fig. 1). The O–H 
band became less intense, broadened, and shifted to 
a lower wavenumber (3240 cm−1) due to the interac-
tions established through hydrogen bonding between 
CMC and Xa. In addition, the two bands of the 
asymmetric and symmetric stretching vibrations of 
COO− were slightly shifted to lower wavenumbers. 
These changes between the spectrum of CMC/Xa 
compared with those of both CMC and Xa confirm 
the interactions between CMC and Xa in their com-
posite system (CMC/Xa).

The spectrum of CMC/Xa/ZnO-NP films (Fig. 2) 
exhibited some changes compared to the neat film 
(CMC/Xa). The O–H vibration band broadened and 
shifted to 3210 cm−1. In addition, the symmetric and 
asymmetric stretching vibrations of the carboxy-
late groups shifted to 1398  cm−1 and 1569  cm−1, 
respectively. These shifts toward lower wavenum-
bers confirmed the hydrogen bonding between the 
oxygen atoms of the ZnO-NPs and the hydroxyl and 

carboxylate groups of CMC and Xa. Additionally, an 
increase in the ZnO-NPs content resulted in a height-
ened intensity of a newly observed band at 471 cm−1, 
corresponding to Zn-O stretching. Based on these 
changes, it was concluded that the ZnO-NPs were 
successfully incorporated into the CMC/Xa coating.

XRD

Utilization of the XRD technique yields insights into 
the crystal structure and dimensions of the crystal-
lites. Fig.  3 shows the XRD patterns of ZnO-NPs, 
CMC, and Xa, whereas Fig.  5 shows the XRD pat-
terns of CMC/Xa and CMC/Xa/ZnO-NP nanocom-
posites. The XRD pattern of ZnO-NPs showed sharp 
characteristic diffraction peaks at 2θ of 31.5° (100), 
34.3° (002), 36.2° (101), 47.6° (102), 56.4° (110), 
62.6° (103), 67.8° (200) and 69.3° (112) (Li et  al. 
2008). The average crystallite sizes of ZnO-NPs 
derived from the Scherrer, W-H, and H-W models 
(Fig.  4) were 10.19  nm, 10.12  nm, and 11.35  nm, 
respectively.

Figure  3 demonstrated the amorphous nature of 
Xa and CMC where broad peaks were observed at 
2θ=19.3° (Kwon et al. 2023) and 20.5° (Salama et al. 
2020), respectively. The XRD pattern of CMC/Xa 
showed one broad peak at approximately 2θ=18.7°, 
suggesting the amorphous nature of the composite, 
thus confirming the miscibility between CMC and 
Xa.

Figure 5 illustrates the impact of ZnO-NPs on the 
crystalline structure of CMC/Xa. The XRD pattern of 

Fig. 3   XRD patterns of ZnO-NPs, CMC, and xanthan
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the nanocomposites revealed that the intensity of the 
CMC/Xa peak gradually increased as the content of 
ZnO-NPs increased. Moreover, at high levels of ZnO-
NPs, some distinct sharp peaks of ZnO-NPs [31.5° 

(100), 34.3° (002), and 36.2° (101)] became visible. 
These changes provide evidence for the incorpora-
tion of ZnO-NPs and their interactions with CMC/Xa 
polymers.

TEM and DLS

The nanostructured characteristics of the prepared 
ZnO-NPs were validated through the TEM tech-
nique. The TEM image in Fig. 6a shows the pres-
ence of uniform and non-agglomerated ZnO-NPs. 
The average size of ZnO-NPs, determined from 
the size distribution graph (Fig.  6b), was 13.22 ± 
5.11  nm. The size determined by TEM was found 
to be larger than that estimated using the XRD 
technique through the Scherrer, W-H, and H-W 
models. This is because the XRD technique meas-
ures the average size of crystallites that combine to 
form a nanoparticle, and does not account for the 
hydration of nanoparticles occurred during TEM 
processing. Additionally, a large size of ZnO-NPs 

Fig. 4   a Scherrer, b Williamson-Hall and c Halder-Wagner plots

Fig. 5   XRD patterns of CMC/Xa and CMC/Xa/ZnO-NP 
nanocomposites

Fig. 6   a TEM, b the size distribution, and c DLS of the prepared ZnO-NPs
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(24.87 nm) was obtained using DLS (Fig. 6c). This 
was attributed to the impact of Brownian motion 
(Zhang et al. 2016), and the presence of biological 
materials (CS extract) attached to the surface of the 
ZnO-NPs (El-Sayed et al. 2021).

TGA​

During storage, edible coatings must maintain high 
thermal stability to prevent thermal decomposition. 
Table  1 lists the thermal parameters of CMC, Xa, 
ZnO-NPs, and their composite systems, extracted 
from their TGA thermograms (Fig.  7, 8). The first 
stage which occurred around 100°C for all samples, 
was attributed to water evaporation. As observed in 
Fig.  7, ZnO-NPs underwent a second stage of mass 
loss, with a maximum decomposition temperature 
(Tm) of 309.9 °C. ZnO-NPs also demonstrated a char 
percentage of 80.02% and a high IPDT of 6877, indi-
cating their outstanding resistance to thermal deg-
radation. Xa and CMC showed a second stage in 
their decomposition with Tm values of 286.7 °C and 
295.7  °C, respectively. This stage was attributed to 
the breakdown of the primary polymer backbone, 
which involved decarboxylation, dehydration, and 
dehydroxylation (Abdel Aziz et  al. 2021; Salama 
et al. 2021).

Fig. 8 and Table 1 illustrate that the composite film 
CMC/Xa experienced significant decomposition at 

Table 1.   Thermal parameters and opacity of ZnO-NPs, Xa, 
CMC, CMC/Xa, and CMC/Xa/ZnO-NP films

Means that do not share a letter are significantly different.

Sample Thermal parameters Opacity

IPDT Char (%) Tm(oC)

ZnO-NPs 6877 80.02 309.9 –
Xa 803 30.53 286.7 0.83 ± 0.02a

CMC 1015 38.95 295.7 0.81 ± 0.02a

CMC/Xa 901 34.74 292.2 0.92 ± 0.03a

CMC/Xa/1ZnO 1055 44.17 304.1 1.57 ± 0.05b

CMC/Xa/3ZnO 1238 49.68 311.3 2.34 ± 0.07c

CMC/Xa/5ZnO 1447 54.94 320.5 3.02 ± 0.09d

Fig. 7   a TGA and b DTG 
of CMC, Xa and ZnO-NPs

Fig. 8   a TGA and b DTG 
of CMC/Xa and CMC/Xa/
ZnO-NP films
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292.2°C, with IPDT and char values of 901 and 34.74 
%, respectively. It was also observed that the thermal 
stability of the CMC/Xa film was improved after the 
addition of ZnO-NPs. This was evidenced by the high 
values of IPDT, and the shift in Tm to higher tempera-
tures, as shown in Fig. 8 and Table 1. This improved 
stability could be attributed to the thermal insulation 
provided by the ZnO-NPs. In addition, ZnO-NPs hin-
dered the mass transport of volatile substances gener-
ated during thermal degradation. These observations 
are in agreement with those of previously published 
reports (Abdel Aziz et al. 2022; Salama et al. 2020). 
Additionally, as observed from Fig. 8 and Table 1, the 
notable increase in char content upon the introduc-
tion of ZnO-NPs reaffirmed the enhanced resistance 
to thermal degradation in the presence of ZnO-NPs.

Opacity and transparency

Transparent food packaging materials are preferred 
by consumers; however, for optimal light barrier 
properties, these materials should be opaque. As 
shown in Table  1, CMC and Xa films had opacity 
values of 0.81±0.02 and 0.83±0.02, respectively. In 
comparison to Xa and CMC, a slight and insignificant 
rise in the transparency of the composite film (CMC/
Xa) was noted at 0.92±0.03. This was ascribed to 
the interactions between CMC and Xa. As indicated 
in the introduction of ZnO-NPs led to an increase in 
the opacity of the CMC/Xa film, reaching 3.02±0.09 
when ZnO-NPs were incorporated at 5  wt%. This 
increased opacity was attributed to light-scatter-
ing effect of ZnO-NPs. Similarly, previous studies 
have reported that ZnO-NPs increased the opac-
ity of alginate/Citronella oil (Motelica et  al. 2021) 
and chitosan/Melissa officinalis oil films (Sani et  al. 
2019). Fig.  9 illustrates that the transparency of the 
CMC/Xa film was not significantly impacted by the 
incorporation of ZnO-NPs at the highest concentra-
tion (5 wt%).

Water vapor permeability (WVP)

WVP measurement assesses the efficacy of edible 
coatings in inhibiting the transfer of moisture between 
food and its surroundings. As seen in Table  2, the 
CMC/Xa film possessed a WVP of 16.2±0.47 g 

mm/m2 day kPa which was significantly decreased 
(p<0.05) upon the incorporation of ZnO-NPs. This 
decrease was attributed to the establishment of hydro-
gen bonds between the ZnO-NPs and constituents of 
the CMC/Xa film. Additionally, ZnO-NPs occupy 
voids within the film structure, impeding the flow 
of fluids to external environment. Similar effects of 
ZnO-NPs have been observed in other biopolymer 
films, such as carrageenan (Meindrawan et al. 2018) 
and CMC/chitosan films (Noshirvani et  al. 2017). 
These findings indicated that the incorporation of 
ZnO-NPs improved the fluid barrier properties of 
CMC/Xa films.

Mechanical properties

The need for edible coatings with enhanced mechani-
cal properties is crucial during the transportation 
and storage of food products to ensure that they can 
withstand various physical stresses. The strength and 
flexibility of coating systems are typically expressed 
through their tensile strength (TS) and elongation 
at break (EB), respectively. As shown in Table  2, 
the CMC/Xa film exhibited TS and EB values of 
14.3±0.41 MPa and 32.29±0.93%, respectively. The 
incorporation of ZnO-NPs into the CMC/Xa film led 
to a significant increase in TS, reaching 24.07±0.69 
at 5 wt% incorporation. This increase in film strength 
was due to the effective interactions between the 
ZnO-NPs and the polymer chains in the film. These 

Fig. 9   Photographic images of a CMC/Xa and b CMC/
Xa/5ZnO films illustrating their transparency
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findings are consistent with previous reports on the 
impact of ZnO-NPs on various coating systems such 
as CMC (Guo et  al. 2020), chitosan (Yadav et  al. 
2021), and olive flounder bone gelatin (Beak et  al. 
2017).

The addition of ZnO-NPs resulted in a decrease 
in the EB of the films, suggesting a decrease in their 
flexibility. The EB was significantly decreased from 
32.29±0.93% for CMC/Xa (control) to 24.22±0.61% 
after the incorporation of ZnO-NPs at 5  wt%. This 
reduction was attributed to the limited chain mobil-
ity caused by the crosslinking interactions facilitated 
by the presence of ZnO-NPs. Furthermore, the tough-
ness of the films increased in the presence of ZnO-
NPs. These observations are consistent with those of 
previous reports on the effect of ZnO-NPs on agar 
and carrageenan (Kanmani et  al. 2014), chitosan/
sodium alginate (Wang et al. 2019), and CMC (Guo 
et al. 2020).

Antimicrobial properties

Table 3 shows the antimicrobial effects of the coatings 
on B. subtilis, E. coli, and S. racemosum. No appar-
ent antimicrobial activity was observed for CMC, Xa, 
and CMC/Xa films against the tested microorganisms. 
These findings are consistent with those of previous 
reports (Abdel Aziz et al. 2022; Meydanju et al. 2022; 
Salama et  al. 2020). However, the incorporation of 
ZnO-NPs into CMC/Xa resulted in significant micro-
bial inhibition. These superior antimicrobial activities 
of the CMC/Xa/ZnO-NP coatings in comparison to 
those of the plain CMC/Xa coating could be attributed 
to the potent antimicrobial properties of ZnO-NPs. The 
exceptional antimicrobial effects of ZnO-NPs are attrib-
uted to the release of Zn2+ ions from the nanoparticles. 
These ions can penetrate the cell membranes of micro-
organisms and interfere with their negatively charged 
components, ultimately leading to cell death. Moreover, 

reactive oxygen species (ROs) produced by ZnO-NPs 
interact with microorganisms and impair their cell 
membranes. This effect is attributed to the strong oxi-
dizing effect of these ROs (Krishnamoorthy et al. 2022; 
Lakshmi Prasanna et al. 2015).

Shelf‑life studies

Comparable-sized tomatoes were coated with the 
CMC/Xa/3ZnO coating using the dipping method to 
assess its efficacy in extending the shelf life of the 
food. The CMC/Xa/3ZnO system was selected for 
testing the coating efficiency because of its excellent 
properties compared to other systems. Fresh tomatoes 
without any coating, in addition to tomatoes coated 
with CMC/Xa and those coated with CMC/Xa/3ZnO, 
were evaluated for comparison purposes.

Surface spoilage

In Fig. 10, images of tomatoes (coated and uncoated) 
were captured at selected intervals throughout a 
20-day storage period. The images showed that no 

Table 2   WVP and 
mechanical properties of 
CMC/Xa and CMC/Xa/
ZnO-NP films

Means that do not share 
a letter are significantly 
different.

Sample WVP
(g mm/m2 day kPa)

Mechanical properties

TS (MPa) EB (%)

CMC/Xa 16.2 ± 0.47a 14.3 ± 0.41a 32.29 ± 0.93a

CMC/Xa/1ZnO 12.57 ± 0.36b 18.88 ± 0.55b 29.06 ± 0.84b

CMC/Xa/3ZnO 8.18 ± 0.24c 23.12 ± 0.67c 27.12 ± 0.79c

CMC/Xa/5ZnO 5.1 ± 0.15d 24.07 ± 0.69d 24.22 ± 0.61d

Table 3   Bacterial and fungal inhibition zones (mm) of Xa, 
CMC, CMC/Xa, and CMC/Xa/ZnO-NPs films

Means that do not share a letter are significantly different.

Sample G+ Bacteria
B. subtilis

G- Bacteria
E. coli

Fungi
S. racemosum

Xa 0a 0a 0a

CMC 0a 0a 0a

CMC/Xa 0a 0a 0a

CMC/Xa/1ZnO 15.18±0.44b 9.21±0.27b 8.87±0.26b

CMC/Xa/3ZnO 23.87±0.69c 11.45±0.33c 11.87±0.34c

CMC/Xa/5ZnO 28.62±0.83d 15.36±0.44d 14.99±0.43d

Ampicillin 32.4± 0.3 – –
Gentamicin – 17.3±0.1 –
Amphotericin B – – 19.7± 0.2
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spoilage was detected in tomatoes coated with CMC/
Xa/3ZnO throughout the storage period. However, 
surface spoilage started around the 8th storage day for 
the uncoated tomatoes and for those coated with the 
CMC/Xa system. The significant spoilage resistance 
of tomatoes coated with CMC/Xa/3ZnO returned to 
the potent antimicrobial characteristics of ZnO-NPs.

Mass loss studies

Edible coatings need to possess a reduced WVP to 
prevent fluids from leaking from food to its environ-
ment. The efficacy of the CMC/Xa/3ZnO coating in 
retarding fluids leakage from tomatoes over 20 days 
was demonstrated in Fig.  11. A mass loss of only 
11.2% was noted on the 20th day of storage. This 
was returned to the superior barrier properties of the 
CMC/Xa/3ZnO coating, which retained fluids inside 
the coated tomatoes. Conversely, Fig. 11 reveals also 
that the uncoated tomatoes exhibited a significant 
mass loss during the storage period, with a mass loss 
of approximately 50.3% on the 20th day. Additionally, 
the CMC/Xa-coated tomatoes showed a mass loss of 
approximately 27.5% on the 20th day due to the poor 
barrier properties of CMC/Xa coating, resulting in 
fluid loss to the surrounding environment.

Conclusions

A novel edible coating was developed by incorpo-
rating environmentally synthesized ZnO-NPs into 

the CMC/Xa composite system. FTIR confirmed 
the successful preparation of ZnO-NPs, and the 
interactions between the incorporated ZnO-NPs 
and the components of CMC/Xa system. The nano-
structured nature of ZnO-NPs was verified through 
various techniques: TEM (13.22 ± 5.11  nm), DLS 
(24.87  nm), XRD (Scherrer (10.19  nm), W-H 
(10.12 nm), and H-W (11.35 nm)). The thermal sta-
bility of coatings was significantly improved upon 
the incorporation of ZnO-NPs, where the IPDT 
increased from 901 for CMC/Xa to 1447 for CMC/
Xa/5ZnO. The barrier properties of CMC/Xa coat-
ing were enhanced as detected from the reduc-
tion of WVP from 16.2±0.47 (for CMC/Xa) to 
5.1±0.15  g mm/m2 day kPa when ZnO-NPs were 
incorporated at 5 wt%. Coatings incorporated with 
ZnO-NPs maintained sufficient transparency despite 
the increased opacity in the presence of ZnO-NPs. 
The inclusion of ZnO-NPs enhanced the strength 
of the CMC/Xa coating, while reducing its elonga-
tion at break. Although the CMC/Xa coating did 
not inhibit the tested microorganisms, the CMC/Xa/
ZnO-NP coatings exhibited significant microbial 
inhibition. The resulting CMC/Xa/ZnO-NP coat-
ings demonstrated outstanding efficiency in preserv-
ing tomatoes against spoilage and significant mass 
loss for 20 days. The developed CMC/Xa/ZnO-NP 
coatings showed great potential as viable substitutes 
for conventional food packaging materials in food 
packaging industries.

Fig. 10   Surface examination of tomatoes for a uncoated, b 
coated with CMC/Xa, and c coated with CMC/Xa/3ZnO dur-
ing storage
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