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ABSTRACT: Nanobacterial cellulose (NBC) was produced and incorporated
into biodegradable poly(vinyl alcohol) (PVA) in different weight ratios to
obtain polymer nanocomposite membranes. The physicochemical properties of
the membranes were studied using Fourier transform infrared (FTIR)
spectroscopy, a universal testing machine (UTM), thermogravimetric analysis
(TGA), wide-angle X-ray diffraction (WAXD) techniques, and field emission
scanning electron microscopy (FESEM). FTIR confirmed the consolidation of
NBC into PVA by exhibiting significant changes in the peaks compared to NBC
and PVA individually. The highest tensile strength of 53.33 MPa and 235.30%
elongation at break of the membrane M-10 mass % NBC was obtained,
illuminating that NBC provides stiffness and PVA imparts elasticity. WAXD
revealed that the crystalline nature of the membrane increases up to 10 mass %
and decreases beyond it. The effect of NBC on the poly(vinyl alcohol)
membranes for food packaging was investigated systematically. Among all the membranes, M-10 mass % NBC was found to be the
most suitable for packaging applications. Membranes had antimicrobial activity against food microbes and showed degradability
behavior in the soil. The tests on membranes for packaging revealed that fruits were protected from spoilage caused by
microorganisms. Hence, the prepared membranes could be used as an alternative to conventional plastics for packaging applications.

■ INTRODUCTION
Plastic is a synthetic material that is a significant threat to the
environment in the present scenario.1 The increasing demand
for packaging has led to an immense amount of single-use
plastic production and global plastic production rates. In recent
years, the plastic production rate has been enhanced by
approximately 360 million metric tonnes.2 The average yearly
consumption of plastics in India, as reported by the central
pollution control board, is around 8 million tons, which gets
accumulated in nature, as it is devoid of degradation.3

Increased consumption of nonbiodegradable plastic at an
alarming rate has provided an opportunity to think in the
direction of natural and biodegradable polymers.4 According to
the Japanese Biodegradable Polymer Society, biodegradable
polymers (BPs) are conventional plastics that can be used for
various purposes and decompose to water and carbon dioxide
by the action of microorganisms when disposed of in a natural
environment without excreting any toxic substances into
nature.5 Further, they show other properties such as
mechanical strength, thermal stability, and water barrier
properties due to additives.6,7 Cellulose, poly(vinyl alcohol),
starch, poly(caprolactone), poly(butylene succinate), and
chitosan are some of the BPs used in the production of
membranes for packaging applications.8−10 Cellulose is

copious, opulent, and readily available, but it has disadvantages
due to its impurities such as pectin, lignin, and hemicelluloses,
which increase the cost of production.11 It is unsuitable for
food packaging applications, as it does not possess antimicro-
bial properties.12−16

Food packaging applications play a important role in
maintaining the quality of food and protecting it from the
external environment for storage and transportation applica-
tions.17,18 The polymer membranes used in food packaging
should protect food from external factors such as moisture
content, heat, microorganisms, microbial enzymes, light,
contaminants, insects, dust particles, and harmful gaseous
emissions.11 They should also enhance the shelf life and quality
of the food for a longer period to enhance the food packaging
properties.19 BPs incorporated with some of the antimicrobial
agents or polymers exhibit the antimicrobial property that
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helps in protection from microbial contamination and has been
used widely.20 Zwitterionic polymers and nanomaterials such
as silver nanoparticles, chlorine dioxide, graphene oxide,
zeolite, triclosan, and quaternary ammonium compounds are
some materials that have exhibited antimicrobial proper-
ties.21−23 On the other hand, carbon-based nanomaterials,
zwitterionic polymers, and metallic nanoparticles possess
disadvantages that may restrict their functionality or cause
environmental consequences.24,25 As a result, there is a
significant need for nanomaterials with antimicrobial activity
that are ecologically friendly, affordable, and facile to fabricate
on a wider scale.

Cellulose nanocrystals (CNCs) have excellent properties
such as biodegradability, optical transparency, anisotropy, low
density, elasticity, degree of polymerization, good tensile
strength, high wet uptake capacity, and three-dimensional
ultrafine coherent network and have drawn much atten-
tion.26−31 Apart from these characteristics, CNCs possess an
adjustable surface chemistry to meet specific demands by
tailoring the physicochemical properties due to their high
aspect ratio, stiffness, and abundance of functional groups
containing oxygen. CNCs can potentially be used as a new
class of antimicrobial agent in the membrane matrix for the
development of antimicrobial membranes for food pack-
aging.32−35 Tyagi et al. reported that CNCs possess narrow
and rigid characteristics and are able to inactivate micro-
organisms by puncturing the microbial cell membrane when
they are incorporated into tissue paper, resins, paints, and
packaging materials.35 Noronha et al. studied the toxic effect of
NBC on Escherichia coli cells when it was dispersed on a coated
surface and in water. CNC-coated surfaces can inactivate
approximately 90% of the attached Escherichia coli cells,
confirming the potential of the CNCs to be applied as
sustainable and cost-effective antibiofouling nanomaterials.36

PVA is a biodegradable, semicrystalline, nontoxic, biocom-
patible, water-soluble, less expensive, and prominent non-
petroleum synthetic polymer.37−43 It has excellent tensile
strength, miscibility, and film-forming ability; apart from its
excellent properties, it has a few disadvantages such as poor
decomposition temperature and low elongation at break. The
disadvantages can be overcome by blending with another
biopolymer.44−46 The presence of hydroxyl groups of the PVA
will establish hydrogen bonds with bacterial cellulose (BC) and
acetal linkages with aldehydes. BC−PVA-based composites
have been developed previously.47−49 In this context, BC is a
natural, renewable raw material synthesized as an extracellular
protective layer with a thick white gelatinous pellicle formed at
the air−liquid interface.43 BC is a multifaceted biopolymer
with versatile and unique properties compared with plant-
derived cellulose in both wet and dry states.

An exhaustive literature survey found that BC does not
possess antimicrobial properties but that cellulose nanocrystals
prepared from plant cellulose exhibit antimicrobial properties
due to the sharp edges of CNCs, which exhibit physical stress
on the surface of microorganisms.36

Extensive literature surveys have been carried out on the
production of nanobacterial cellulose and its antimicrobial
property in PVA for food packaging applications. However, the
production of NBC having antimicrobial properties has not
been investigated. Hence, in the current research, an effort has
been made to produce a novel NBC exhibiting antimicrobial
properties using indigenously isolated microorganisms. Ac-
cordingly, NBC producing strain was isolated, screened, and

molecularly characterized. Further, the produced NBC with
different mass percents was incorporated in PVA to develop
polymer nanocomposite membranes using a solution casting
technique. The physicochemical properties of the prepared
membranes were analyzed using FTIR, WAXD, TGA, FESEM,
and mechanical properties. Water barrier properties such as
water vapor transmission rate (WVTR), moisture retention
capability (MRC), membrane solubility (MS), and swelling
measurement of the membranes were tested. Antimicrobial
activity, degradation, and food packaging tests were also
performed to assess the efficiency of the PVA-NBC nano-
composite membranes for food packaging applications.

■ EXPERIMENTAL SECTION
Materials. Poly(vinyl alcohol) with an average molecular

weight of ∼104500 (degree of hydrolysation 86−89%),
isopropanol, formaldehyde, and disodium hydrogen phosphate
(Na2HPO4) were purchased from s.d. fine-chemicals limited,
Mumbai, India. Yeast extract and potassium chloride (KCl)
were obtained from Sisco Research Laboratories, Mumbai,
India, citric acid and magnesium sulfate (MgSO4) were
purchased from Qualigens fine chemicals, Mumbai, India,
and carboxy-methylcellulose (CMC) was purchased from
Sigma-Aldrich Chemicals. Peptone, glucose, and agar powder
were purchased from HiMedia Laboratories Pvt. Ltd., Mumbai.
Dipotassium hydrogen phosphate (K2HPO4) was obtained
from Kemphasol Pvt. Ltd., Mumbai. Sodium nitrate (NaNO3),
hydrochloric acid (HCl), and acetone were purchased from
Rankem RFCL Limited, New Delhi. All of the chemicals were
of reagent grade and were used without further purification.
Double-distilled water was used for the study.
Sample Collection. Soil samples were collected near water

bodies at various agricultural fields at Hanchali, Vijayapura, and
Karnataka, India and used to isolate and screen potential NBC
producers. Soil samples were collected in a sterile bottle and
stored at 4 °C.50

Isolation of Nanobacterial Cellulose Producing
Bacteria. Enrichment of the soil sample was done by
inoculating 5 g of sample into a 250 mL flask containing 95
mL of CMC media (CMC 5 g/L, sodium nitrate 2 g/L,
dipotassium phosphate 1 g/L, magnesium sulfate 0.5 g/L,
potassium chloride 0.5 g/L, and peptone 0.5 g/L) maintained
at pH 7 which was sterilized at 121 °C for 15 min. After
inoculation, the flask was incubated in an incubator shaker at
35 °C for 48 h. After incubation, 1 mL of enrichment broth
was subjected to serial dilution and later spread plated on
Hestrin−Schramm (HS) agar media (glucose 20 g/L, yeast
extract 5 g/L, peptone 5 g/L, dipotassium phosphate 2.7 g/L,
citric acid 1.15 g/L, and agar 15 g/L) at pH 7 and incubated at
35 °C.50

Screening of Nanobacterial Cellulose-Producing
Bacteria. After serial dilution of enrichment media as stated
in the procedure above, 1 mL of 10−6 serially diluted media
was spread on HS agar media and incubated at 35 °C for 24 h.
After incubation, different bacterial colonies grown on the HS
agar plate were screened for NBC production by picking a loop
full of the culture and inoculating it in a flask containing 100
mL of HS media. The flask was later incubated at 35 °C in an
incubator shaker for 48 h and later at 35 °C in a static
incubator for 6 days. After incubation, the flask containing
cellulose-producing bacteria that formed a white pellicle at the
air−liquid interface covering the surface of the liquid medium
was selected. The flask with pellicle growth was selected and

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04336
ACS Omega 2022, 7, 43559−43573

43560

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


purified by repeated streaking on HS agar plates to obtain
isolated, purified cultures. Each distinct colony was further
inoculated into 100 mL of HS media, and the bacterial strain
(LRP1) with the highest production of NBC (based on dry
weight) was selected for molecular characterization and NBC
production.51

Molecular Characterization. Based on NBC production,
the bacterial strain LRP1 was selected and was characterized by
a molecular characterization method by the 16s rRNA gene.
Specific primers 907R_704F were used to amplify genes. The
genes were amplified by PCR and sequenced by Sanger
methods with an ABI 3500XL genetic analyzer (Life
Technologies, USA). After amplification, the gene was
subjected to a search for homologous sequences from the
National Centre for Biotechnology Information (NCBI)
database using a tool called the nucleotide basic local
alignment search tool (BLASTn) available from NCBI. A
highly homologous sequence was selected, and a multiple
sequence analysis was performed to deduce a phylogenetic tree
using the molecular evolutionary genetic analysis (MEGA 6.0)
tool. Phylogenetic analysis was used to characterize the isolated
strain LRP1 based on the sequence similarity.52

Production of Nanobacterial Cellulose. A submerged
fermentation (SmF) method was used to produce NBC, which
was used as an antimicrobial additive to prepare antimicrobial
membranes. Fermentation was carried out in a 250 mL conical
flask containing 100 mL of HS media at pH 7. After the
preparation of HS media, the fermentation flask was kept in an
autoclave at 121 °C and 15 psi for 15 min for sterilization of
the media. After sterilization, the fermentation flask was
inoculated with a loopful of culture under sterile conditions in
a laminar airflow. The fermentation flask was incubated in a

static incubator at 35 °C for 8 days. Figure 1 shows the
flowchart for the production of NBC. During incubation, the
bacterial stain LRP1 produced cellulose in the form of a white
pellicle at the air−liquid interface covering the surface of the
liquid medium. Later, the white pellicle was picked, washed,
dried, and used with PVA for membrane preparation.53

Membrane Preparation. Poly(vinyl alcohol) (6 g) was
dissolved in 100 mL of deaerated distilled water with constant
stirring for about 6 h at room temperature. The PVA solution
was filtered and spread onto a glass plate with the help of a
casting knife in a dust-free atmosphere. After casting, the PVA
solution was allowed to dry for about 2−3 days at ambient
temperature. The completely dried membrane was subse-
quently peeled off and designated as M-PVA. To prepare an
NBC-incorporated PVA membrane, a known amount of a
NBC suspension was prepared by adding a known amount of
NBC to 30 mL of distilled water.49 The suspension was stirred
for 6 h at 60 °C followed by ultrasonication with a fixed
frequency of 40 kHz (Anamatrix.in LMUC-3) for 30 min to
reduce particle aggregation and enhance dispersion. The rest of
the procedure was followed by a procedure similar to that for
the M-PVA membrane. However, the amount of NBC
suspension with respect to PVA was varied as 5, 10, 15, and
20 mass %, and the membranes thus obtained were designated
as M-5 mass % NBC, M-10 mass % NBC, M-15 mass % NBC,
and M-20 mass % NBC, respectively. The thickness of the
membranes was measured at different points using a Peacock
dial thickness gauge with an accuracy of ±2 μm. The thickness
of the membranes was found to be 90 ± 2 μm.

All of the developed membranes were cross-linked using a
formaldehyde−acetone solution by an immersion method. The
membranes were immersed in a formaldehyde−acetone

Figure 1. Flowchart for production of NBC.
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solution containing 10% formaldehyde and 90% acetone by
volume. To enhance the cross-linking reaction, the pH of the
solution was maintained at around 1.00 by HCl.54 After
carrying out the cross-linking reaction for 1 min at room
temperature, the partially cross-linked membranes were
removed from the formaldehyde−acetone solution and rinsed
with isopropanol followed by water to remove the residual
formaldehyde and acetone. Further, membranes were dried at
room temperature until their weights were constant and used
for experiments.55

Membrane Characterization. The physicochemical
properties of the developed membrane were characterized by
different characterization techniques. The structural interaction
between PVA and NBC was studied by Diamond ATR Fourier
transform infrared (FTIR) spectroscopy (PerkinElmer Pvt.
Ltd., 28, Ayer Rajah Crescent, Singapore). FTIR spectra were
recorded in the range of 500−4000 cm−1. A SZ-100 V2 series
nanoparticle analyzer (Horiba Ltd., 2 Miyanohigashi, Kisshoin,
Minami-ku Kyopto, Japan) was used to determine the particle
size and ζ potential of the developed membrane. The
crystalline nature of the PVA, NBC, and PVA-NBC composite
membranes was determined using an X-ray diffractometer
(WAXD, Phillips P.W. 1830 diffractometer, USA) equipped
with nickel-filtered Cu Kα radiation and scanned in the
reflection mode in a 2θ angle range of 5−80° at a speed of 8°/
min.56 Thermal analysis of the developed composite
membranes was carried out using a thermogravimetric analyzer
(Mettler-Toledo, USA) in a temperature range of 30−550 °C
at a heating rate of 10 °C/min.57 The mechanical strength and
thickness were measured by using a universal testing machine
(UTM) (Tinius Olsen, USA) and digimatic micrometer
(Mitutoyo, USA), respectively. The water vapor transmission
rate (WVTR) of the developed membrane was measured as
per a reported procedure.55 The moisture retention capability
(MRC) of the developed membrane of dimensions 1 cm × 1
cm was determined by drying the samples in an oven at a
specified temperature for a given period.57−59 To confirm the
hydrophilic nature of the developed membranes, a membrane-
sorption analysis (swelling measurement) was conducted
according to the procedure mentioned in a previous study.60

The membrane solubility (MS) of the developed membranes
was estimated using a wet method according to the procedure
reported in a previous study.60

Antibacterial Activity Measurement. The antibacterial
activities of the developed membranes were evaluated by the
method of disk diffusion. The Gram-negative bacteria
Escherichia coli (E. coli) and Gram-positive bacteria Micrococcus
luteus (M. luteus), Staphylococcus aureus (S. aureus), and Bacillus
cereus (B. cereus) were used as pathogens for testing. The
pathogens were cultivated in nutrient broth (13 g/L) and
incubated in a shaking incubator at 35 °C for 24 h. The
pathogenic broth (100 μL) was inoculated to the nutrient agar
plate (nutrient broth with 2 wt % of agar) and spread evenly
using a glass spreader. A membrane sample 2 cm in diameter
was loaded at the center of the plates. Later, the plates were
kept in a static incubator at 35 °C for 24 h. The antibacterial
activity was analyzed by measuring the zone of clearance in
millimeters.
Packaging Ability. Fresh tomatoes were washed with

water and dried to remove any dust particles. The experiment
was carried out in triplicate, wherein eight tomatoes were used.
Among these, four tomatoes were stored unpacked and the
remaining four were packed using an M-10 mass % NBC

membrane. The tomatoes were stored at a temperature of 25 ±
2 °C. The quality of both packaged and unpackaged tomatoes
was evaluated every alternate day during storage.
Biodegradability Test. The degradation ability of the M-

10 mass % NBC membrane was determined using soil burial
tests at the laboratory level. A square sample was cut and
weighed on the initial day. All samples were dried at 50 °C for
24 h before weighing. Container like mud-pot, wherein soil was
added, and the membrane sample were placed in the soil at a
depth of 10 cm from the surface. The soil was moistened daily
with a sufficient water. The weight loss was determined every
10 days, where the membranes were washed with double-
distilled water and dried in an oven at 50 °C for 24 h and the
obtained weight was analyzed.

■ RESULTS AND DISCUSSION
Production and Screening of Nanobacterial Cellu-

lose. The isolated strain LRP1 produced NBC with 2.5 g/L
(dried weight) at the air−liquid interface. as shown in Figure 2.

The harvested NBC was found to be thick and was floating on
the surface of the media at the air−liquid interface.51,52

Further, the selected strain LRP1 was molecularly charac-
terized based on the 16s rRNA gene for specific primers
907R_704F. LRP1 was identified as Bacillus subtilis by 16s
rRNA gene sequencing and a phylogenetic analysis.

Figure 3 shows the phylogenetic tree of LRP1, which
showed the closest homology to the sequence of Bacillus
subtilis strain IAM 12118 (accession id MK267098). However,
the identified strain was designated Bacillus subtilis strain
LRP1. The 16s rRNA sequence of isolated strain LRP1 was
submitted and deposited with the NCBI database with
accession no. ON287190.
Particle Size Distribution and ζ Potential Analyses.

Figure 4 shows the hydrodynamic size distribution of the NBC
in water analyzed in a zetasizer using the DLS technique. The
hydrodynamic size of NBC was approximately 108 nm with
respect to the histogram, as shown in Figure 4A. Further, to

Figure 2. Nanobacterial cellulose at the air−liquid interface.
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determine the physical stability, the ζ potential of colloidal
dispersions of NBC was measured and found to be −53.6 mV,
as shown in Figure 4B. These data suggested that NBC had
excellent dispersity, a relatively narrow size distribution, and
stability in an aqueous solution.
Wide-Angle X-ray Diffraction Analysis (WAXD). Figure

5A gives the X-ray diffractograms of NBC. The characteristic
peak at 2θ = 42.7° can be attributed to the crystalline nature of
NBC.56,61 The average crystallite size of the nanocrystalline
cellulose was estimated according to the Debye−Scherrer
equation62

= kD / cos

where D is the average crystallite size, k is the particle shape
factor, λ is the X-ray wavelength, β is the full width at half-
maximum of the peak, and θ is the Bragg angle corresponding
to the intense diffraction peak. Based on the intense diffraction
peak of NBC, it was found that the average crystallite size of
NBC is 113 nm.

The crystalline nature of the developed non-cross-linked
membranes was estimated based on an X-ray diffractogram.
Figure 5B illustrates that WAXD of pristine PVA (M) had a
strong crystalline diffraction peak at 2θ = 19.6°, which
indicates that the pristine M contains both amorphous and
crystalline natures in the membrane matrix.60−64 In mem-
branes M-5 mass % NBC and M-10 mass % NBC, the intensity

Figure 3. Phylogenetic tree of LRP1 isolate by MEGA6.

Figure 4. (A) Histogram of DLS and (B) ζ potential graph of NBC.
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found of the diffraction peak was enhanced at 2θ = 20°. This
was due to the interaction between PVA and NBC, which
results in the crystalline nature of the membrane. However,
from membranes M-15 mass % NBC and M-20 mass% NBC,
with the increase of NBC content in the M-15 mass % NBC
membrane matrix, the intensity of the peak at 2θ = 20° was
found to gradually decrease. This indicated that the NBC
content had an effect on the degree of crystallinity of the PVA
membrane (M-15 mass % NBC and M-20 mass % NBC).47

Fourier Transform Infrared Spectroscopy (FTIR).
Figure 6A shows the FTIR spectrum of the pristine PVA
membrane (M-PVA), which depicts an inter- and intra-

molecular O−H stretching vibration at around 3300 cm−1 and
C−O stretching vibrations illustrated by the presence of
multiple absorption peaks appearing between 1000 and 1242
cm−1. Peaks at 2929, 2853, 1730, and 1087 cm−1 correspond to
C−H stretching, symmetric and asymmetric stretching from an
alkyl group, C�O stretching, and C−O stretching, respec-
tively.

The FTIR spectrum of pure NBC is shown in Figure 6A.
The characteristic broad band at 3275 cm−1 corresponds to
stretching vibrations of the O−H group.65 The peak at 2920
cm−1 represents the aliphatic C−H stretching vibration. The
peak at 1642 cm−1 is due to the deformation vibration of the

Figure 5. (A) WAXD analysis of NBC and of (B) the membrane M-PVA and cross-linked membranes M-5 mass % NBC, M-10 mass % NBC, M-
15 mass % NBC, and M-20 mass % NBC.

Figure 6. (A) FTIR spectra of membranes M-PVA, NBC, M-5 mass % NBC, M-10 mass % NBC, M-15 mass % NBC, and M-20 mass % NBC. (B)
FTIR spectra of formaldehyde and M-PVA and cross-linked M-10 mass % NBC membranes.
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absorbed water molecules. Further, the peaks at 1541 and 1399
cm−1 were due to C−C stretching and ring vibrations. The
peak at 1064 cm−1 could be associated with an ether C−O−C
stretching vibration.47,60−66

FTIR spectra of all the NBC-incorporated PVA membranes
are illustrated in Figure 6A. As the NBC mass percent in the
PVA membrane increases, the intensity of hydroxyl group (O−
H) stretching vibrations decreases along with a slight shift to
lower wavenumber (3330 to 3275 cm−1), confirming the
decrease in the number of free O−H groups. A single peak at
1642 cm−1 in PVA is due to the deformation vibration of the
absorbed water molecules.61 In the case of NBC (M-1), a peak
at 1642 cm−1 is due to water molecules in the amorphous
region (H−O−H bending peak of absorbed water molecules)
reappearing in the NBC-incorporated PVA membrane; its
intensity increased with an increase in the NBC content. This
signifies good compatibility between PVA and NBC, leading to
good membranes for packaging applications.

Figure 6B shows the spectra of formaldehyde and its cross-
linked NBC-incorporated PVA membranes. In the form-
aldehyde spectrum, a broad band appeared at 3336 cm−1 due
to O−H stretching of the moisture content and there was peak
at 1642 cm−1 for C�O of the aldehyde group.67 However, the
characteristic C�O peak that appeared at 1642 cm−1 in the
formaldehyde spectrum was not observed in the PVA-10 mass
% NBC composite membrane. In addition to this, a new small
band appeared at 1159 cm−1 and was assigned to C−O−C
which is due to the presence of an acetal linkage and also C−
O−C bridges of the NBC.41,54 Further, peaks at 1050 and
1109 cm−1 corresponding to C−O−C and C−O stretching
vibrations were much broader in the spectrum of PVA-10 mass
% NBC membrane compared to those for M-PVA; this
suggested a reaction between the −CHO group of the
formaldehyde and −OH groups of PVA and NBC.41 FTIR
spectra of stretching, bending, and ring vibrations of −OH,
C�O, C−O−C, and H−O−H are given in the Supporting
Information.
Thermogravimetric Analysis (TGA). Figure 7 shows the

thermogravimetric analysis (TGA) and differential thermogra-
vimetric (DTG) curves for PVA, NBC, and NBC-incorporated
PVA membranes. The weight loss was measured in the
temperature range of 30−600 °C. All samples showed an initial
weight loss at around 100 °C caused by water evaporation
from the samples. The NBC peak consists of one
decomposition peak starting at 200 °C. Consequently, DTG
curves display the degradation peaks at the maximum
temperature of 234 °C due to the breakdown of the
amorphous part of NBC. Further, the DTG curve displayed
no degradation peak, possibly due to the presence of NBC
particles.68 However, the TGA curves for NBC-incorporated
PVA membranes showed decomposition trends similar to that
of PVA. This was expected due to a greater percentage of PVA
in the developed membranes. The DTG curves for NBC-
incorporated PVA membranes showed that the weight loss
shifted to a higher temperature, 354 °C for pristine PVA69 to
375 °C for 10 mass % of NBC in the PVA matrix. This was due
to the intermolecular interactions and hydrogen bonds
between NBC and PVA. A further increase in NBC content
DTG curves caused a slight shift to a lower temperature of 371
°C for 15 mass % NBC and 364 °C for 20 mass % NBC. This
may be due to formation a highly disordered and agglomerated
position with a platelike structure of NBC in the PVA matrix,
which was also supported by FESEM images.68

Field Emission Scanning Electron Microscopy
(FESEM). Morphological studies of the membranes were
performed using FESEM, which gives information about the
presence of voids, homogeneity, aggregates, and the distribu-
tion of NBC in the PVA matrix. Figure 8 shows the FESEM
images of PVA, NBC, and NBC-incorporated PVA mem-
branes. Figure 8A exhibits an image of pure PVA, having a
smooth surface.70Figure 8B exhibits an image of NBC, with a
sponge, sheetlike structure and honeycomb-like pores. The
surface images of NBC-incorporated PVA membranes (Figure
8C,D) exhibited a highly ordered and smooth disagglomera-
tion position of NBC due to the formation of hydrogen bonds,
interactions, and adhesion between PVA and NBC.71−74

On further increase in the mass percent of NBC (Figure
8E,F), images exhibited a highly disordered and agglomeration
position with a platelike structure.72,73 The WAXD, TGA, and
DTG support this evidence.
Mechanical Strength Analysis. The practicality of a

packaging membrane is defined by mechanical strength, which
is comparably higher in the case of nonbiodegradable polymer
membranes than in biodegradable polymeric membranes. The
mechanical strength of the developed membranes generally
depends on the chemical microstructure and the nature of the
film-forming materials.62Table 1 show the analyzed values of
percent elongation at break and the tensile strength of the
developed membranes. From the results shown in Table 1, it
was observed that cross-linking of the developed membrane by
formaldehyde had an impact on the values of percent
elongation at the break and tensile strength.

Figure 7. (A) Thermogravimetric and (B) DTG analysis of M-PVA,
NBC, M-5 mass % NBC, M-10 mass % NBC; M-15 mass % NBC,
and M-20 mass % NBC.
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The PVA membrane exhibited a tensile strength of 12.59
MPa.75 Further, with the addition of NBC into PVA up to 10
mass %, the tensile strength increased slightly from 12.73 to
12.93 MPa, and the percent elongation at break increased from
151.89% to 196.64%. This behavior of the developed
membrane may be due to a strong interfacial interaction,
good dispersibility, and excellent adhesion between NBC and
PVA in the membrane.76−79 The increase in tensile strength
and percent elongation at break of the developed membrane is
due to the availability of hydroxyl functionalities in large
numbers on the surface of NBC, resulting in the formation of
hydrogen bonds by interacting with the PVA membrane. A

Figure 8. FESEM micrographs of M-PVA (A), NBC (B), M-5 mass % NBC (C), M-10 mass % NBC (D), M-15 mass % NBC (E), and M-20 mass
% NBC (F).

Table 1. Ultimate Tensile Strength and Percent Elongation
at Break Values of the Developed Membrane

non-cross-linked
membrane cross-linked membrane

membrane TS (MPa) EAB (%) TS (MPa) EAB (%)

M-PVA 12.59 151.89 48.32 191.13
M-5 mass % NBC 12.73 176.81 51.76 219.56
M-10 mass % NBC 12.93 196.64 53.33 235.30
M-15 mass % NBC 12.40 166.14 45.53 215.05
M-20 mass % NBC 12.39 151.53 43.40 210.40
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slightly decreased tensile strength and percent elongation at
break was observed beyond the addition of 10 mass % NBC;
this may be attributed to the agglomeration of NBC, resulting
in a poor distribution of NBC across the PVA membrane.
NBC hinders its homogeneous dispersion in the PVA matrix
and weakens the hydrogen bond interaction between NBC and
PVA.80Figure 9 shows the tensile strength and percent

elongation at break values of PVA and NBC-incorporated
cross-linked membranes. As the NBC content increased from
5% to 10% in PVA, tensile strength and percent elongation
values at break increased from 48.32 to 53.33 MPa and from
191.13% to 235.30%, respectively, due to hydrogen bonding
and high crystallinity. However, from the membranes M-15
mass % NBC to M-20 mass% NBC, the tensile strength and
percent elongation at break values slightly decreased with an
increase in NBC content in the M-PVA matrix, which is due to
a disturbance in the arrangement of PVA chains, which makes
the membranes more amorphous.76,81 When the NBC content
was above 10 mass % in the PVA matrix, intermolecular
interactions between the NBC molecules increased by
replacing the interactions between NBC and PVA molecules.59

From Figure 9, M-10 mass % NBC exhibited the highest
tensile strength and percent elongation at break.
Water Vapor Transmission Rate (WVTR). WVTR is the

steady-state rate of permeability of water vapors through a
membrane at a specified temperature for a given time. A
membrane that resists the permeation of water vapors from an
external source to the inside is said to be suitable for food
packaging applications. Water activity is the ratio of the vapor
pressure of water in the substrate to that of pure water at the
same temperature. It is the main reason for the growth of
microorganisms, and hence a low water activity prevents the
growth of microorganisms.77 Membranes with a low WVTR
will allow less water permeation from an external source to the
inside, resulting in a low water activity and protecting the food
from spoilage.58

Laxmeshwar et al.59 reported that the WVTR decreases as
the cellulose concentration increases. This change is attributed
to decreased hydrophilicity due to increased cellulosic content.
Therefore, hydrogen-bonding interactions play an important

role in the WVTR. The water vapor transmission rate
decreases with an increase in the NBC content. This is mainly
due to an increase in hydrogen bonds between NBC and PVA
as the NBC concentration increases, which reduces the
number of free O−H groups. The FTIR spectra also confirm
this, wherein the intensity of the broad band at 3330 cm−1

decreases as the concentration of NBC increases. The compact
bonding between PVA and NBC increases the tortuosity,
allows the films to behave as a barrier to the permeation of
water vapors through them, and reduces the WVTR at a higher
concentration of NBC.

Table 2 demonstrates the WVTR in g/(m2 h) of all the
developed membranes. M-PVA has a WVTR of 15.49 g/(m2

h), as the free O−H groups allow more permeation of water
vapor through the membrane. In contrast, the PVA/NBC
membrane with an NBC concentration of 20% has the lowest
WVTR of 8.86 g/(m2 h) due to fewer O−H groups, which
allow a resistance to permeation of water vapors.
Moisture Retention Capability (MRC). Loss of water

vapors from the membranes is known as the moisture retention
capability of the membranes. The taste, texture, and quality of
the packed food within the packaging material are maintained
based on the material’s ability for moisture movement.57 A
variety of available foods require a different moisture level to
be maintained to preserve the food for a longer period.

The hydrophilic nature of the membranes contributes to the
good moisture retention capability. The free O−H groups are
responsible for holding the water inside the membranes. Table
2 depicts the MRC of all the developed membranes. The

Figure 9. Tensile stress−strain curves of M-PVA, M-5 mass % NBC,
M-10 mass % NBC, M-15 mass % NBC, and M-20 mass % NBC.

Table 2. Barrier Properties of the Developed Composite
Membranes

membrane
designation

water vapor
transmission

rate
(g/(m2 h))

degree
of

swelling
(%)

moisture
retention
capability

(%)

membrane
solubility

(%)

M-PVA 15.49 53 88.88 9.32
M-5 mass % NBC 12.57 41 93.12 9.27
M-10 mass % NBC 11.40 36 93.57 9.26
M-15 mass % NBC 9.98 24 93.69 9.13
M-20 mass % NBC 8.67 18 94.18 9.09

Table 3. Zone of Clearance of Various Membranes against
Four Different Pathogens

SL No. pathogen membrane designation zone of clearance (mm)

1 E. coli M-10 mass % NBC 35
M-15 mass % NBC 45
M-20 mass % NBC 50

2 S. aureus M-10 mass % NBC 40
M-15 mass % NBC 42
M-20 mass % NBC 50

3 B. cereus M-10 mass % NBC 35
M-15 mass % NBC 38
M-20 mass % NBC 40

4 M. luteus M-10 mass % NBC 30
M-15 mass % NBC 40
M-20 mass % NBC 50
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results provide an increasing trend in MRC percent with an
increase in the NBC content. As was previously discussed, with
an increase in the NBC content, the availability of free O−H
groups decreases. These free groups are responsible for
maintaining the hydration level by penetrating the structure
of NBC. All membranes exhibited good moisture retention
capability in the range of 78−95%, which is the standard
moisture retention capability range provided by ITC Limited,
India. The pristine PVA membrane (M-PVA) resulted in the
lowest MRC, whereas PVA/NBC membranes with various
NBC contents had a high MRC, with no significant difference.
Swelling Measurement (SM). Table 2 depicts the

swelling studies of the developed membranes that play an

important role in defining the practical application of the
membranes. Various factors that affect swelling are the type of
material, network density, pH, temperature, hydration capacity,
and ionic strength of the membranes.82,83 M-PVA, being a
hydrophilic material, results in 53% swelling due to the
absorption of water molecules. PVA/NBC composite mem-
branes show relatively low swelling compared to M-PVA due
to incorporation of various mass percents of NBC. The degree
of swelling varies from 41%, the highest for the PVA/NBC
membranes, to 18% as the lowest. Swelling of the PVA/NBC
membranes (M-5 mass % NBC to M-20 mass % NBC)
decreases significantly as the mass percent of NBC increases.

Figure 10. Picture depicting antimicrobial activity against pathogens by producing a zone of clearance: (A) control; for E. coli (B) M-10 mass %
NBC, (C) M-15 mass % NBC, and (D) M-20 mass % NBC; for S. aureus (E) M-10 mass % NBC, (F) M-15 mass % NBC, and (G) M-20 mass %
NBC; for B. cereus (H) M-10 mass % NBC, (I) M-15 mass % NBC, and (J) M-20 mass % NBC; for M. luteus (K) M-10 mass % NBC, (L) M-15
mass % NBC, and (M) M-20 mass% NBC.
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This is due to the reinforcing NBC material that reduces the
hydration and flexibility of the films.
Membrane Solubility (MS). A necessary characteristic of

a membrane for the application of food packaging is the
insolubility of the membranes. This characteristic imparts
improved product quality and extended shelf life due to

moisture control, which retards microbial growth and prevents
the rotting of fruits and vegetables.84Table 2 indicates the
percentage of membrane solubility, and all of the values show
little difference. The results illustrate that M-PVA has the
highest solubility and that the solubility of the composite
membranes decreases as NBC is incorporated into PVA.
Cross-linked membranes have reduced membrane solubility to
a greater extent. Membrane solubility shows an inversely
proportional trend to the NBC mass percent in the PVA
membrane. Therefore, M-20 mass % NBC shows the least
membrane solubility.
Antibacterial Activity Measurements. An important

criterion for the characterization of food packaging application
is antibacterial activity. This was determined by the zone of
clearance of the developed membranes with various mass
percents of NBC against E. coli, S. aureus, B. cereus, and M.
luteus. The zone of clearance values are given in Table 3.

Figure 10 shows that the PVA(M) membrane showed no
antibacterial activity, which confirms that the antibacterial
activity of membranes (M-10 mass % NBC to M-20 mass %
NBC) was due to the content of NBC in the membrane
matrix. An increase in the mass % of NBC increases the
antibacterial activity of the membranes. The membrane M-15
mass % NBC with maximum NBC content resulted in the
highest zone of clearance for all four bacteria. NBC exhibits
antimicrobial properties due to a physical interaction between
NBC and the outer membrane of bacteria, thereby developing
physical stress on the phospholipid bilayer membrane of the
bacteria. This contact-mediated mechanism destroys the
phospholipid bilayer membrane, thereby causing the loss of
membrane integrity and morphological damage to bacterial
cells, which results in the inactivation of the bacteria that come
in contact with the NBC-incorporated PVA membrane.36

Membranes showed relatively less antibacterial activity for S.
aureus, M. luteus, and B. cereus in comparison to E. coli. This is
due to the fact that Gram-positive bacteria (S. aureus, M. luteus,
and B. cereus) have thicker cell walls than Gram-negative
bacteria, which has a thin peptidoglycan layer that makes
penetration of NBC into E. coli trouble-free and hence inhibits
the bacterial growth to a greater extent.59

Packaging Ability. Tomato, botanically called Solanum
lycopersicum, always requires a refrigerator for preservation.
The primary pathogen that causes spoilage of tomatoes is the
fungus Colletotrichum coccoides, and the disease is known as
anthracnose. The development of dark circular patches further
increases over time. As shown in Figure 11, an unpacked
tomato is attacked by anthracnose, whereas the tomato packed
with the optimized membrane exhibits no disease. This was
due to the antimicrobial property of the membrane. Hence, the
tomato was prevented from microbial spoilage for more than
10 days.
Biodegradability Test. A biodegradability test was

conducted to understand the ability of the developed
membrane to be degraded by microorganisms in the soil.
Biodegradation of the membrane M-10 mass % NBC is shown
in Figure 12. From the figure, it is clear that an increase in
incubation days increases the percent of weight loss propor-
tionally, thereby revealing the degradation ability of the
membrane. PVA(M) and cellulose present in the membrane
act as a carbon source for microorganisms. NBC-incorporated
PVA membranes degrade by the action of active micro-
organisms in the soil.

Figure 11. Images of changes in the external appearance of
membrane-packed and unpacked tomatoes for various storage times.

Figure 12. Degradation of M-10 mass % NBC membrane in the soil.
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The biodegradable ability of the developed membranes
depends on the amorphous and crystalline parts of the polymer
chain. The amorphous region of the NBC-incorporated
membrane degrades first by the action of microorganisms.
Fifty-five species of microorganisms, including bacteria, fungi,
and yeast, degrade PVA.85,86 The incorporation of NBC in
PVA enhanced the biodegradation process of the PVA
membrane.87 Biodegradation of the developed membrane
was slow during the initial 10 days and was up to 0.5% weight
loss due to the antibacterial activity of NBC in the membrane.
After 10 days of incubation in the soil, the weight loss was
enhanced from 0.5% to 6% due to the action of different
microorganisms such as bacteria, fungi, and yeast present in the
soil at the amorphous region of the membrane. Initially,
microbial flora produce cellulose enzymes for biodegradation
of NBC, thereby changing the physical and chemical properties
of the membrane by disturbing the compatibility of NBC and
PVA.88 After the loss of compatibility between NBC and PVA,
NBC completely degrades to CO2, methane, water, and
biomass.88 Later, PVA degradation will be initiated by PVA-
degrading enzymes such as poly(vinyl alcohol) dehydrogen-
ase,89 laccase, and PVA oxidase. Different mechanisms of
biodegradation of PVA have been reported.90 In one
mechanism, PVA degradation leads to the formation of β-
hydroxyketone groups, later cleaved by hydrolase to form
carboxyl- and methyl-terminated degradation products.

■ CONCLUSIONS
In this research work, an NBC-producing bacterial strain was
isolated, screened, and molecularly characterized as Bacillus
subtilis strain LRP1. Further, the produced NBC with different
mass percents was incorporated with PVA to develop PVA-
NBC composite membranes using a solution casting
technique. A zetasizer using the DLS technique revealed that
the hydrodynamic size and ζ potential of bacterial cellulose
were 108 nm and −53.6 mV, respectively. The crystallite size
of the BC was 113 nm which indicates bacterial cellulose as
NBC. A shift of FTIR peak from 3330 to 3275 cm−1 was due
to hydrogen bonding between PVA and NBC. An FTIR peak
for C�O of an aldehyde group at 1642 cm−1 did not appear in
the PVA-10 mass % NBC membrane, indicating that the
developed membranes are free from aldehyde. The thermal
stability of the NBC-incorporated PVA membranes was
enhanced by 30 °C compared to the PVA membrane. The
formaldehyde cross-linked M-10 mass % NBC membrane
exhibited a 53.33 MPa tensile strength with a percent
elongation at break of 235.30, suggesting that the membrane
is suitable for packaging applications. The M-10 mass % NBC
membrane showed a water vapor transmission rate of 11.40 g/
(m2 h), a degree of swelling of 36%, a moisture retention
capability of 93.57%, and a membrane solubility of 9.26%. The
zone of clearance against pathogens such as E. coli, S. aureus, B.
cereus, and M. luteus increases with an increase in mass percent
of NBC. Tomatoes were packed with an M-10 mass % NBC
membrane, which prevented the fruit from microbial attach-
ment for up to 10 days and underwent biodegradation within 1
year. Hence, the M-10 mass % NBC membrane can be used for
food packaging applications.
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