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The current work aims to produce nanoparticle-infused starch-based bioactive thermoplastic packaging films.
The FeO and ZnO nanoparticles were examined to be potential active ingredients for the production of
nanoparticle-infused bioactive thermoplastic packaging films. The bio-thermoplastic films infused with FeO and
ZnO nanoparticles showed high oxygen scavenging and antimicrobial activity, respectively. Consecutively, both
films were combined to form a double-layer Nano-Biothermoplastic packaging system for food preservation. The
distribution and diffusion of nanoparticles in starch-based films were examined to be influenced by the amor-

phous character of starch and the swelling index of the film, respectively. The amorphous property of starch
molecules showed a masking effect on the crystalline characteristics of nanoparticles in Nano-Biothermoplastic
films. The diffusion of nanoparticles from the Nano-Biothermoplastic packaging system was found to influence
the microbial, chemical, and color characteristics of mutton and chicken meat stored at 4 °C.

1. Introduction

The accumulation of synthetic plastics derived from petrochemicals
is a serious problem that affects the environment. Many research works
are being done to produce natural polymers to replace synthetic poly-
mers [1-4]. Therefore, polymers such as starch and cellulose which are
abundant in nature, have been the subject of rigorous investigations
[4-6]. The starch molecules have reforming capabilities when subjected
to gelatinization and retrogradation, which is why they are referred to as
bio-thermoplastics. The bio-thermoplastics are eco-plastics that consist
of naturally formed polymers or biologically derived polymers. These
bio-thermoplastics can be broken down into simple monomers by mi-
crobes present in soil and atmosphere. Thus, they are eco-friendly and
can reduce environmental pollution [7].

The starch molecules (consisting of crystalline amylose and amor-
phous amylopectin) can be a potential source for the production of bio-
thermoplastic film. The cellulose molecules with their high crystalline
nature can be a potential reinforcing agent for improving the barrier
properties of the bio-thermoplastic films. The integrity of cellulose-

reinforced starch-based bio-thermoplastic films is mainly dependent
on the interaction between the amorphous amylopectin in starch with
crystalline cellulose [1,7]. The starch-based bio-thermoplastic films
don’t have innate preservative capabilities to act as an active packaging
system since they are susceptible to microbial contamination. Therefore,
active ingredients can be infused into bio-thermoplastic films to improve
their antioxidant and antimicrobial properties. In recent years, several
researchers have worked on the infusion of various active ingredients
into bio-thermoplastic films [8-10]. Among the investigated active in-
gredients, nanoparticles are fascinating active ingredients with a broad
application-oriented property. The ZnO nanoparticles are interesting in
their food packaging applications because of their significant antimi-
crobial properties, non-toxicity, UV protection, high thermal stability
and surface-to-volume ratio [11]. The FeO nanoparticles with high ox-
ygen scavenging properties can be an effective active ingredient in food
packaging applications [12]. Detailed studies on the diffusion of nano-
particles into food products have profound importance, for the pro-
duction of nanoparticle-infused bio-thermoplastic films.

This work is the continuation of the previous works, 1) ‘Extraction
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and Characterization of polysaccharides from tamarind seeds, rice mill
residue, okra waste and sugarcane bagasse for its Bio-thermoplastic
properties’ [2] and 2) ‘Effect of film constituents and different pro-
cessing conditions on the properties of starch-based thermoplastic films’
[7]1. In the first work polysaccharides from different agro-industrial
wastes were extracted and characterized for their properties, then in
the second work the thermoplastic film-forming capabilities were
examined for the extracted polysaccharides. The reported insights from
those initial works: 1) The starch molecules extracted from tamarind
seed wastes contain a high amount of amylose as well as xyloglucan
(linear polysaccharides) with good film forming capability. 2) Mucilage
polysaccharide extracted from okra head portion waste was examined to
have repeating units of a - (1,2)-rhamnose and o - (1-4) -galacturonic
acid residues with disaccharide side chains. We observed that okra
mucilage has very good hydrogen bonding capabilities and can serve as
a good natural plasticizing additive in starch/cellulose-based thermo-
plastic films. Thus, we used the okra mucilage extracted in the initial
work as a natural plasticizer in this work. 3) Cellulose extracted from
sugarcane bagasse can be a good reinforcing agent for starch based
thermoplastic films. The clove extract has good antioxidant properties
with high polyphenols [1] and it can serve as a potential reaction so-
lution for green synthesis of nanoparticles [13]. The main aim of the
present work is, to develop nanoparticle-infused starch-based bioactive
thermoplastic packaging films. Moreover, this work also aims to study
the interaction, diffusivity, bioactivity, and preservation potential of
Nano-Biothermoplastic packaging films.

2. Materials and methods
2.1. Overview of the initial works

The polysaccharides from tamarind seed, okra head, and sugarcane
bagasse agro-industrial wastes were extracted and characterized for
their polymer properties [2]. The derived polysaccharides were opti-
mized for the fabrication of starch-based thermoplastic packaging films

[71.
2.2. Overview of the works reported in this manuscript

This work can be separated into four parts. First part: Production and
characterization of FeO and ZnO nanoparticles. Second part: Develop-
ment and characterization of Nanoparticle infused bio-thermoplastic
packaging films. Third part: Examining the diffusion kinetics of nano-
particles from Nano-Biothermoplastic packaging film into the chicken
and mutton meat. Fourth part: Examining the effect of the Nano-
Biothermoplastic packaging system on microbial, chemical, and color
characteristics of chicken and mutton meat.

2.3. Raw materials

The okra mucilage polysaccharide, tamarind seed starch, and sug-
arcane bagasse cellulose from our previous study [2] were used for the
fabrication of Nano-Biothermoplastic films. The aqueous extract of clove
was extracted by dissolving 10 g of clove powder in 100 mL of sterile
deionized water, subjected to shaking of 500 xg at room temperature for
15 h. The resultant extract was filtered, freeze-dried, and stored at
—20 °C until further use. The chicken meat (70.1 g/100 g moisture, 22.9
g/100 g protein, 2.1 g/100 g fat content) and mutton meat (60.3 g/100 g
moisture, 17.3 g/100 g protein, 16.5 g/100 g of fat content) were pro-
cured from local slaughtering house (Chennai, Tamilnadu, India). The
meat samples were collected in insulated polystyrene boxes (kept at
4 °C) and transferred within 30 min to the laboratory. The analytical
chemicals and solvents used in this study were procured from Merck
Millipore (Merck Specialities Pvt. Ltd.). Purity: EMPARTA®®S grade for
analysis. The media components and microbial culture media were
procured from Hi-media laboratories.
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2.4. Synthesis of FeO and ZnO nanoparticles

The ZnO and FeO nanoparticles were produced by reducing the salts
of zinc acetate and (Ferric and ferrous sulphate mixture in the ratio of
0.8). Different concentrations (1, 5, 10, 15, and 20 mM) of zinc acetate
and (ferric and ferrous sulphate mixture) salt solutions were mixed with
20 pg/mL aqueous extract of clove. The mixture was subjected to a
constant stirring of 500 xg at 35 °C for 1 h, with nitrogen sparging at the
rate of 10 cm®/min. The resultant solution was dried in a hot air oven at
90 °C and calcinated/annealed at 200 °C using a muffle furnace. The
resultant particles were kept in glass ampoules for further use.

2.5. Characterization of FeO and ZnO nanoparticles

The produced ZnO and FeO nanoparticles were analyzed for their UV
absorbance [14,15], Particle size [2,16], Morphology [7,17], Zeta po-
tential [18], Functional groups [19], Antioxidant and Antimicrobial
properties [1,9]. The detailed procedures for the above-mentioned an-
alyses of Nanoparticles are given as Supplementary Data from Sections
2.2.1to02.2.7.

2.6. Production of Nano-Biothermoplastic packaging films

1.50 g/100 mL okra mucilage, 4 g/100 mL tamarind seed starch, and
1.5 g/100 mL cellulose were dissolved in deionized water to prepare bio-
thermoplastic films. The resultant matrix solution was gelatinized at
90 °C for 5 min. After gelatinization, nanoparticles at MIC concentration
levels of (ZnO - 40 pg/mL) or (FeO - 60 pg/mL) were added into the
matrix of the edible film. The film-forming solution was poured on a
petri dish (diameter 15 cm) and dried at 60 °C for 3 - 4 h. A double-layer
packaging system was produced by adding ZnO to the matrix and dried
to form a stable film. Then the film matrix solution containing FeO was
poured over the dried ZnO film and dried to form a double-layered
packaging film.

2.7. Characterization of Nano-Biothermoplastic packaging films

The film samples were conditioned for 10-15 days at constant 50 %
humidity, to avoid errors due to the absorption of moisture by the films.
The Nano-biothermoplastic films were characterized for their
Morphology [7,17], Mechanical properties [7], Oxygen Transfer Rate
(OTR) [20], Water Vapor Permeability [21], Swelling Index [22] and
Diffusion kinetics of nanoparticles in the food samples (meat system)
[23]. The detailed procedures for the above-mentioned analyses of
Nano-Biothermoplastic packaging films are given as Supplementary
Data from Sections 2.4.1 to 2.4.6.

2.7.1. Diffusion kinetics analysis of nanoparticles in the solid meat system

2.7.1.1. Thickness optimization of meat samples. The optimization of
meat thickness was done as per the method mentioned in our earlier
work [23,24]. Meat samples with a postmortem age of 30 min were
stored at 4 °C. They were then cut into 1 x 1 cm portions with different
thicknesses ranging from 0.2 to 3 cm (0.2, 0.5, 1, 1.5, 2, 2.5, 3 cm).
Before packing the meat samples, the initial load of microorganisms in
the meat was determined as per the method mentioned below.
Nanoparticle-infused films (~0.45 mm thick) were placed on one side of
sliced meat (perpendicular to muscle fiber of longer axis) and aseptically
sealed in polyethylene bags. Bags were stored at 4 °C. After storing for
24 h, the film was detached from the meat surface and the side of the
meat which is not in interaction with the film was placed over the sur-
face of nutrient agar plates for a few minutes. Both film and meat
samples were discarded and the agar plates were incubated for 24 h at
37 °C. Microbial load in meat (after 24 h) was taken as an index for the
optimization of meat thickness. The maintenance or reduction of the
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initial load of microbes was measured as a breakpoint for the selecting
thickness of meat or the least inhibition of microbial load.

2.7.1.2. Kinetic of nanoparticles in the meat system. The pieces of
Nanoparticle infused film (1.5 x 1.5 cm?) were placed over meat slices
(postmortem age of 30 min and pH of 6.82 + 0.16) at optimized
thickness. Meat samples were sampled every 2nd day for 34 days. The
nanoparticle-containing meat samples were put in storage at tempera-
ture conditions of 4 °C and 10 °C. The diffusivity of nanoparticles was
studied over the storage period. The extent of nanoparticles released
into the meat during the period was calculated by examining the amount
left back in the film (that covers the meat). During each sampling pro-
cess (to estimate the number of nanoparticles left back in the film), a
piece of film was taken out from the sample (meat) and put into a glass
tube containing 2 mL of PBS solution. The solution containing the film
was kept for 6 h under shaking. After this incubation period, the con-
centration of nanoparticles (FeO and ZnO) in PBS solution was measured
using atomic absorption spectroscopic analysis. The below-mentioned
formula was used to compute the fractional release of nanoparticles
(ATR) into the meat samples from the films.

ATt:i

where the amount of nanoparticles at the time (i) present in the film is
given as AT_;, the amount of nanoparticles present at the time (0) in the
film is given as AT—o. The fractional release of nanoparticles from the
films into the meat samples was examined and plotted with time (t).

A mathematical model was used to predict the release of nano-
particles from the film matrix. The mechanism of release was presumed
to be by diffusion. Based on the structural characteristics of the matrix
polymer and its swelling behavior, the pattern of release is expected to
differ. It was also assumed that (1) primarily, there was a homogenous
distribution of nanoparticles concentration in a thin sheet of the film; (2)
diffusion of nanoparticles was considered to be perpendicular to the film
surface and unidirectional; (3) the film is in full contact with meat
surface. Since tamarind seed starch is hydrophilic, water diffusion in a
hydrophilic system was considered for the model. Two phenomena
occur in this system: stochastic phenomenon (associated with Brownian
motion), where the flow penetrating substance is driven by concentra-
tion difference and relaxation phenomenon is driven by the system to
attain equilibrium [23]. The model system used in our work is a com-
bination of polymer relaxation and stochastic phenomena. The diffusion
coefficients were determined using a relationship derived from Fick’s
law for a plane sheet developed by Crank [25].

For the diffusion of nanoparticles from films into the meat (at a fixed
temperature), mathematical parameters were computed using the
equation [22]:
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The resistance offered to the flow of nanoparticles by the solid me-
dium can be expressed from the equation [25].

where, R — Resistance; L — length or thickness of the solid matrix; D —
active compound Diffusivity.

The Iron, and Zinc concentrations were examined regularly through
atomic absorption spectroscopy, to evaluate the diffusion of nano-
particles [26,27]. The Hitachi 170-50 (Japan) atomic absorption spec-
trometer (flame type) with cathode lamps (hollow) was used for the
analysis. The parameters of the instrument were set as per the recom-
mendations of the manufacturer. A Zn and Fe cathode lamp (hollow)
operating at 213.9 nm and 248.3 nm was used as a source of radiation
for the analysis of zinc and iron present in packaging films. The cathode
lamp was fixed at 15 mA. The composition of flame was: air (at pressure
1.5 kg/cm?), and propane-butane (at pressure 0.1 kg/cm?). The film (1
g) was heated at 512 °C using a mulffle furnace, to produce ash. Before
analysis, ash was diluted with 2 % (w/v) HNOs. The zinc and Iron stock
solutions (standard at 1000 mg/L), were diluted with concentrated ni-
tric acid (analytical grade) and deionized water to make working stan-
dards of various concentrations. The 2 % (w/v) HNO3 solution was used
as a calibration blank. Working standards for iron and zinc were (1, 5,
and 10 mg/L) and (0.5,1 and 2 mg/L) respectively.

2.8. Effect of nano-biothemoplastic packaging on the shelf-life of chicken
and mutton meat

2.8.1. Meat sample preparation

Meat samples (postmortem age of 30 min and stored at 4 °C) were
sliced to optimized thickness. The samples were then wrapped with
nanoparticle-fused bio-thermoplastic films, then the samples were
stored at 4 °C to conduct shelf-life analysis. The meat samples covered in
bio-thermoplastic films (without nanoparticles) were taken as the
negative control. The meat samples wrapped in 0.02 g/100 mL of BHT
(Butylated hydroxytoluene) incorporated films were taken as a positive
control. The microbial parameters were examined once in 5 days until
the TVC of the sample crosses 7 Log CFU/g (acceptable limit) [28]. The
protein oxidation, color, and TBARS of meat were also studied at the
same time interval until the acceptable shelf life of the sample.

2.8.2. Microbial examination of meat samples

The microbial quality of the sample enfolded with nanoparticle-
fused film and control film was analyzed on each sampling day. The
10 g of meat samples were aseptically homogenized (Model PT-MR-
2100, Kinematica AG, Switzerland) with 90 mL (0.1 %) sterile
peptone water and the same was used to make serial dilutions. Microbial

M(t) = Meq{Xp-{l _%. ”:mm-exp{—Dv(Zn + 1)2~f[2'l£2:| } + (1 —Xp): [1 —EXI’<—£) ] } 2

where M(t) - the amount of nanoparticles diffused into meat at time t;
Meq - the amount of nanoparticles diffused into meat at equilibrium
condition (under stochastic phenomena); X - deviation of nanoparticle
diffusion from Fickian behavior. Note: deviation of Xg ranges from 0 to
1; The above-mentioned equation provides a solution for Fick’s second
law if Xg = 1 and denotes anomalous diffusion at Xg = 0; D - diffusivity
coefficient; | - meat thickness; t - the time of sampling; 7 - relaxation time
of polymer. The fractional release (predicted) of nanoparticles from the
film surface into the meat (M(t)/Meq) was examined and plotted with
time (t).

parameters such as Pseudomonads, Enterobacteriaceae, Lactobacillus, and
Total Viable Counts (TVC) were computed.

The 100 pL of serially diluted and homogenized meat sample was
plated on plate count agar for TVC analysis. Plates were incubated for
48 h at 37 °C. The colony counter was used to count the microbial col-
onies. The Pseudomonads counts were enumerated using pseudomonas
agar with Cetrimide — Fucidin — Cephaloridine after incubating the
plates at 25 °C for 48 h. Lactobacillus MRS agar was used to determine
Lactobacillus count after incubating the plates at 37 °C for 72 h. The
violet red bile glucose agar was used to compute Enterobacteriaceae
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count after incubating the plates for 48 h at 30 °C. Microbial parameters
were expressed as Log CFU/g.

2.8.3. Protein oxidation and TBARS analysis of meat

2-Thiobarbituric acid analysis (TBARS) or secondary lipid oxidation
of meat samples was examined as per the method mentioned by Chandra
Mohan et al. [24]. The level of TBARS was recorded as milligrams of
malondialdehyde per kilogram of the sample (mg MDA kg™! of meat)
[29].

The total carbonyl content or the Protein oxidation (PO) of meat was
quantified as per the procedure mentioned by Chandra Mohan et al.
[23,24]. Using Bovine Serum Albumin (BSA) as standard, protein con-
centration in the sample was calculated by measuring the absorbance at
280 nm. The carbonyl content was given as nmol of carbonyl per mg of
protein.

2.8.4. Analysis of meat color

The color parameters of meat samples were examined with Hunter
Lab Ultra Scan VIS color spectrophotometer (Hunter Associates Labo-
ratory Inc., Reston, VA, USA). The instrument was calibrated against
black and white reference tiles. The CIE color values were obtained from
illuminant A (light source). The port size (diameter) and area view were
1.02 cm and 0.64 cm?, respectively. The angle of observation was set at
10°. The obtained color values were used to calculate the color of meat
(AE) using the equation given by Chandra Mohan et al. [23]. Where, ¢ -
Oth-day value, L* - lightness value, a* - redness value and b* - yellowness
value.

AE = /(L — L)) + (@ —a) + (b — ;) @

2.9. Statistical analysis

All the studies were carried out in triplicates to find standard devi-
ation and mean values. Duncan’s multiple ranges and one-way Analysis
of variance tests were done for mean values to assess the significant
differences between the values. IBM SPSS software (version 22) and
Microsoft Excel Data Analysis Centre (2010) were used for statistical
data analysis.

A —— Salt solution
395 nm i
—— 5mM
FeO Np — —— 10mM
_— \ 15mM ZnO Np
e

Absorbance
Absorbance
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3. Results and discussions
3.1. Synthesis and characterization of ZnO and FeO nanoparticles

Fig. 1A depicts the UV absorption bands of the ZnO and FeO nano-
particles. Generally, nanoparticles strongly absorb blue transition light
between UV and visible spectra. This absorption is called the blue shift
phenomenon that takes place because of the quantum confinement ef-
fect in nanoparticles [14]. The peak absorption of the blue shift phe-
nomenon was noted at 395 and 364 nm for FeO and ZnO nanoparticles,
respectively. The absorption of FeO Nano suspension made from 1 mM
salt solution was observed to be considerably (P < 0.05) higher than
other investigated concentrations. The absorption of ZnO Nano sus-
pension made from 10 mM salt concentration solution was observed to
be considerably (P < 0.05) higher than other investigated concentra-
tions. This significant difference may be dependent on the concentration
and quality of nanoparticles in the suspension [15,30]. The plain salt
solution of the respective nanoparticles was found to have insignificant
(P > 0.05) absorption in the blue shift phenomenon range. This could be
due to a lack of nanoparticles in the salt solution.

The particle size, nano conversion rate, and zeta potential of the
produced nanoparticles were tabulated in Table 1. The least average size
of ZnO nanoparticles was observed to be 61.09 &+ 0.22 nm for the par-
ticles produced from 10 mM salt concentration, with a maximum nano
conversion percentage of 95.45 + 0.25 %. The least average size of FeO
nanoparticles was observed to be 79.63 + 0.24 nm for the particles
produced from 1 mM salt concentration, with a maximum nano con-
version percentage of 98.34 + 0.19 %. This considerable difference (P <
0.05) in size and conversion percentage of nanoparticles from other
investigated salt concentrations could be because of the optimized
interaction of polyphenolic components present in aqueous clove extract
with metallic salts [31]. The surface charge of a nanoparticle in a
colloidal solution can be determined from zeta potential measurement.
The nanoparticles have a surface charge that draws a thin layer of ions to
the surface of the nanoparticle. This double ion layer migrates through
the solution along with the nanoparticles. The electrical potential at the
periphery of the double layer is known as the zeta potential of the
particle and has a value that usually ranges from +100 to —100 mV [32].

—— Salt solution

— 1mM

— 5mM

—— 10mM
15mM
20mM

B

508
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\
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Fig. 1. A — UV Absorbance Spectra of Nanoparticles; B — FTIR Spectra of Nanoparticles; C — X-Ray Diffraction Spectra of Nanoparticles.
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Table 1

Particle size, conversion rate, and zeta potential of iron and zinc-based nanoparticles.
Concentration ZnO Np FeO Np

Average particle size Nano conversion Zeta potential Average Particle size Nano conversion Zeta potential

Unit nm % mV nm % mV
1 mM 63.68 + 0.38 95.35 + 0.23 26.8 +£0.11 79.63 + 0.24 98.34 + 0.19 —24.1 +0.15
5 mM 61.83 +£0.13 93.22 £+ 0.41 25.6 +£0.13 96.37 £+ 0.18 87.27 £ 0.24 —22.3+0.11
10 mM 61.09 + 0.22 95.45 + 0.25 28.9 +0.17 106.54 + 0.37 85.19 + 0.17 —23.1 +0.15
15 mM 70.38 + 0.18 87.28 + 0.27 27.5 +0.14 106.98 + 0.21 79.62 + 0.22 —21.8 +0.17
20 mM 78.67 + 0.26 85.19 + 0.21 25.8 +£0.12 109.37 + 0.32 78.41 £+ 0.27 —23.6 + 0.16

The nanoparticles with zeta potential values of more than +25 mV or
less than —25 mV usually have a high level of stability [33]. The
nanoparticles with zeta potential that falls in between this range will not
be stable, they will agglomerate and will lose their characteristic size.
The nanoparticles with zeta potential farther away from this range will
be more stable [32]. The zeta potentials of ZnO and FeO nanoparticles
were examined to be around (25.6-28.9 mV) and (—21.8 to —24.1 mV),
respectively. These zeta potential results indicate the moderately stable
nature of produced ZnO and FeO nanoparticles.

Fig. 1B illustrates the FTIR spectra of ZnO and FeO nanoparticles.
The intense band at 508 and 519 cm ™! confirms the stretching vibrations
of Zn—O [34] and Fe—O [35], respectively. The other minor bands were
noticed in ~1590, ~1400, and ~3400 cm™! corresponding to C—H
stretching, C—C stretching and O—H stretching, respectively. These
minor peaks could be due to trace amounts of carbon and hydrogen-
containing compounds from clove extract, even after complete calci-
nation of nanoparticles at 200 °C. Similar observations were reported by
Khalil et al. [36] during the synthesis of FeO nanoparticles with Sageretia
thea (Osbeck) aqueous extract.

The X-ray diffraction spectra of FeO and ZnO Nanoparticles are
illustrated in Fig. 1C. The XRD diffraction spectra of ZnO nanoparticles
revealed the octahedral and tetrahedral structural pattern of pure
magnetite FeO nanoparticles, with crystallographic reflections of (111),
(311), (220), (422), (400), (440), (533) and (511) [37]. It should be
noted that magnetites and maghemites are isostructural patterns, which
means that the XRD technique cannot clearly distinguish them. Espe-
cially in a nanophase state their characteristic reflection is wide and
occurs at almost the same 20 position. The diffraction spectra of ZnO
nanoparticles revealed pure wurtzite structural pattern, with crystallo-
graphic reflections of (100), (101), (002), (110), (102), (200), (103),

FeO

\%‘4.17 nm

fsf
190.89 nm

(201) and (112) [34,38]. The characteristic peaks were examined to be
broad; this may correspond to the nanometer scale of the particles [38].

The scanning electron microscopic images of FeO and ZnO nano-
particles are depicted in Fig. 2. The FeO nanoparticles were examined to
be in the shape of a sphere with particle sizes ranging from ~90.89 to 64
nm. The nanospheres of ZnO nanoparticles were observed to be forming
agglomerates, this phenomenon may be ascribed to the moderate sta-
bility of FeO nanoparticles evaluated in zeta potential analysis. The ZnO
nanoparticles were examined to be in the shape of sharp flakes with
particle sizes ranging from ~94 to 50 nm. The ZnO nanoflakes were
examined to be forming ball-like structures (Fig. S1). A similar occur-
rence was also reported by [39] during the chemical production of ZnO
nanoparticles.

Table 2 tabulates the antimicrobial and antioxidant properties of FeO
and ZnO nanoparticles. The ZnO nanoparticles produced in 10 mM
concentration trails with an average particle size of 61.09 + 0.22 nm
and Zeta potential of 28.9 £ 0.17 mV were used for the analysis as well
as for the production of ZnO infused Nano-Biothermoplastic Films. This
ZnO nanoparticles trail concentration was chosen due to its significantly
high nano conversion rate (>95 %). The FeO nanoparticles produced in
1 mM concentration trails with an average particle size of 79.63 + 0.24
nm and Zeta potential of —24.1 + 0.15 mV were used for analysis as well
as for the production of FeO-infused Nano-Biothermoplastic films. This
FeO nanoparticles trail concentration was chosen due to its significant
nano conversion rate as well as the size of nanoparticles which were
below 100 nm. The ZnO nanoparticles were found to be having high
antimicrobial properties with low minimum inhibition concentrations
against investigated food spoilage microbes. Castro-Mayorga et al. [39]
investigated the effect of ZnO nanoparticles on the development of L.
monocytogenes and S. enterica and reported that the ZnO nanoparticles

Fig. 2. Scanning electron micrographs of Nanoparticles.



C.M. Chandrasekar et al.

International Journal of Biological Macromolecules 254 (2024) 127689

Table 2

Antioxidant and antimicrobial potential of ZnO and FeO nanoparticles.
Parameter ZnO Np FeO Np ZnO Np FeO
Antimicrobial analysis Zone of inhibition (mm) Minimum inhibition concentration (ug/mL)
Escherichia coli 22.53 + 0.6 15.68 + 0.3 30 60
Salmonella sp. 28.36 + 0.4 19.75 + 0.4 20 30
Shigella flexneri 30.18 £ 0.2 20.22 £ 0.2 30 30
Vibrio parahaemolyticus 25.74 £ 0.5 16.38 + 0.8 40 60
Vibrio cholerae 27.22 +£ 0.7 17.25 + 0.5 40 50
Pseudomonas aeruginosa 28.68 + 0.1 16.87 +£ 0.3 30 50
Lactobacillus delbrueckii 35.74 £ 0.7 20.24 £ 0.2 20 40
Brochothrix sp. 30.87 +£ 0.5 19.11 £ 0.6 30 50
Antioxidant analysis DPPH radical scavenging assay ABTS radical scavenging assay
p mol TE/g 6.53 £ 0.62 7.87 £0.57 3.28 £ 0.41 4.64 £ 0.38

are effective in the reduction of microbial growth by >6 Log CFU.
Talebian et al. [40] reported that the antimicrobial property of the
nanoparticles could be related to the effectiveness of larger particle
surface area which may enhance the surface reactivity. Recently Krish-
namoorthy et al. [41] studied the antimicrobial mechanism of ZnO
nanoparticles and revealed that there are two mechanisms involved in
the antimicrobial nature of ZnO particles. The first mechanism is that
ZnO elevates the level of reactive oxygen species (ROS) and malon-
dialdehyde in the bacterial cells as membrane disruptors. The second
mechanism is that ZnO nanoparticles diminish the permeable mem-
brane, denature the intracellular proteins, and cause DNA damage with
membrane leakage. Based on their findings, the action of ZnO nano-
particles has been reported to have broad-spectrum antibacterial action.
Similarly, FeO nanoparticles were reported to elevate reactive oxygen
species (ROS) to facilitate antimicrobial activity [42,43]. But it has not
yet been observed to cause broad-spectrum antimicrobial action,
compared to ZnO nanoparticles. The antioxidant capacity of FeO
nanoparticles was observed to be considerably (P < 0.05) higher than
the ZnO nanoparticles. This may be ascribed to the oxygen absorption
capacity of FeO nanoparticles [12].

3.2. Production and characterization of Nano-Biothermoplastic films

The produced nanoparticles (ZnO - 40 pg/mL; FeO - 60 pg/mL) were
infused into the tamarind seed starch-based bio-thermoplastic pack-
aging films to examine its mechanical properties, oxygen transfer rate
(OTR), water vapor permeability, internal and external morphology.
Table 3 tabulates the mechanical strength, permeability, and swelling
index of nanoparticle-infused starch-based thermoplastic films. Gener-
ally, addition of nanoparticles in to film matrix solutions improves the
mechanical properties of the film. But in our study, the nanoparticle
infusion into the starch films was observed not to influence the me-
chanical properties and swelling index of the films. This may be attrib-
uted to the low concentration of nanoparticle infusion in to the film
matrix, which is not significant enough to show evident change in me-
chanical properties. But a considerable difference (P < 0.05) in oxygen
permeability was observed for iron nanoparticle-infused starch films, in
comparison with TS films. This phenomenon may be ascribed to the high
oxygen-scavenging activity of FeO nanoparticles [12].

The scanning electron surface micrographs of ZnO and FeO
nanoparticle-infused starch films are depicted in Fig. 3A. The
nanoparticle-infused films were observed to have a smooth surface. This
may be ascribed to the homogeneous mixing of nanoparticles with a film
solution matrix [11]. The nanoparticles were observed to be embedded
in the matrix of the bio-thermoplastic films. This could be because of the
immobilization of nanoparticles by the polysaccharide matrix. The
nanoparticle size was observed to be increased inside the starch-based
bio-thermoplastic films. This phenomenon may be ascribed to the
coating/covering effect of nanoparticles by amorphous amylopectin
molecules present in starch.

The internal morphology of the nanoparticle-infused bio-thermo-
plastic films was illustrated through cross-sectional SEM analysis and
XRD spectral analysis of films. The scanning electron cross-sectional
micrographs of TS and nanoparticle-infused films are depicted in
Fig. 3B. The XRD spectra of nanoparticle-infused films are depicted in
Fig. 3C. The nanoparticles were observed to be small dots embedded
throughout the cross-section of the film. Babaei-Ghazvini et al. [14]
reported that the film preparation method, type of polymer, concen-
tration of film matrix, and nanoparticles influence the distribution of
nanoparticles inside the film matrix. Therefore, the even distribution of
the nanoparticles observed in the starch bio-thermoplastic films may be
attributed to the immobilization capacity of amylopectin molecules
present in starch. Ni et al. [11] studied the XRD arrangement of ZnO-
infused starch films and reported that the films did not exhibit the
typical peaks of ZnO nanoparticles. But in our study, the typical nano-
particle peaks were observed in both ZnO and FeO-infused bio-ther-
moplastic films. This could be due to the even distribution of
nanoparticles noted in the cross-section micrograph of films. The in-
tensity of characteristic crystalline peaks in both nanoparticle-infused
films was observed to be affected by the film matrix. This significant
decrease (P < 0.05) in crystalline peaks of XRD confirmed the masking
effect of amorphous starch against the crystalline property of nano-
particles infused into the film.

Fig. 4, depicts the FTIR spectra of nanoparticle-infused bio-thermo-
plastic films. The characteristic IR spectral peaks at ~3000-3500 em™!
(O—H stretches), ~2900 cm™* (C—H stretch), ~1300-1600 cm™* (C—C
stretches/bends), and ~ 1000 cm ™! (C—O—C glycosidic linkages be-
tween glucose monomers) were noted in starch-based bio-thermoplastic

Table 3

Mechanical strength and oxygen transfer rate of nanoparticles infused tamarind seed starch films.
Parameters Unit ZnO film FeO film TS films
Average Thickness mm 0.44 +0.12 0.46 + 0.09 0.49 + 0.15
Tensile strength MPa 10.19 + 1.58 10.21 £ 1.25 10.22 £ 1.72
Elongation % 62.18 +£1.51 62.22 + 1.67 62.18 + 2.71
Young’s modulus MPa 16.38 + 1.09 16.40 + 1.14 16.43 +1.23
Oxygen transfer rate em®pmm—2d ! kpPa~? 13.89 + 2.39 8.06 + 1.17 14.11 + 4.71
Water vapor permeability gs 'mpa! 0.59 + 0.05 0.62 + 0.07 0.61 + 0.09
Swelling Index % 61.87 + 2.47 62.18 + 2.88 62.41 + 3.14
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of Nanoparticles infused Biothermoplastic films (Internal morphology); C - XRD spectra of Nanoparticles infused Biothermoplastic films.
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Fig. 4. FTIR spectra of nanoparticle infused biothermoplastic films.

film [2,9]. The characteristic peak of nanoparticles (Fe—O and Zn—O
stretch) was noted at ~500 em! [36,39], in addition to the other
characteristic peaks of bio-thermoplastic film. There was no additional
peak or shifts that were observed in both the nanoparticle-infused films
which may be ascribed to a lack of strong chemical interaction between
infused nanoparticles and film matrix. Therefore, the interaction be-
tween nanoparticles and the film matrix of bio-thermoplastic films could
be because of weak hydrogen bonding, as was already observed in the
nanoparticle immobilization effect of starch through SEM analysis.
From the overall characterization of Nano-Biothermoplastic pack-
aging films: It was evident that FeO-infused films have a high potential for
absorbing oxygen, thus they have reduced OTR properties. The films
infused with ZnO were observed to be potential antimicrobial films.
Therefore, both the FeO and ZnO-infused films were combined to form a
double-layer Nano-Biothermoplastic film. The mechanism of developing
double-layer Nano-Biothermoplastic film is illustrated in the graphical
abstract of this manuscript. The FeO-infused films formed the outer layer
of Nano-Biothermoplastic film that may absorb oxygen molecules to
reduce the OTR of the film. The inner layer (Food contact layer) consists
of ZnO-infused films that may reduce the microbial growth rate in food
products. The average thickness, tensile strength, elongation at break,
OTR, WVTR and swelling index of the double layer nano-
biothermoplastic film was estimated to be 0.95 + 0.23 mm, 19.45 +
2.54 MPa, 88.44 + 5.32 %, 7.56 + 0.23 cm3umm-2d~! kPa~!, 0.52 +
0.03 g s 'm~'Pa’!, and 63.17 + 0.58 %, respectively. Hypothesized
Mechanism of Nano-biothermoplastic films: The diffusion of moisture
from food samples facilitates the enlargement of micropores and release
of nanoparticles from the biothermoplastic films. The food contact layer
contains ZnO nanoparticles, that diffuse into the food products and follow
its mechanism of action (as mentioned above in antimicrobial activity of
nanoparticles) to reduce the growth of microbes in food. The outer FeO
layer protects the oxidation of food, by absorbing atmospheric free oxy-
gens and it also reduces the infestation possibility of atmospheric mi-
crobes into food products. Thus, the produced double-layer nano-
biothermoplastic films can serve as potential food packaging system aid.

3.3. Diffusion kinetic of nanoparticles from Nano-Biothermoplastic films

The meat thickness was optimized with minimum inhibition of
bacteria and diffusivity (D) of active compounds. The 0.5 cm thickness
of the mutton meat was observed to possess reduced microbial growth
on the side that was not in interaction with nanoparticles-infused bio-
thermoplastic films. Consecutively, it was chosen as the optimized
thickness for the storage of film-packed mutton meat. This improved
effect of the antibacterial activity of nanoparticles could be due to their
greater diffusivity in mutton meat. As 0.5 cm thick meat was selected
from one side application of Nano-Biothermoplastic film, 1 cm thick
meat was selected for applying the Nano-Biothermoplastic film package
on all surfaces of the meat for diffusion kinetics analysis and shelf-life
estimation. Chicken meat of 1 c¢cm thickness was examined to have
reduced microbial growth on the side that was not in interaction with
nanoparticle-fused Biothermoplastic film. This optimized thickness of
chicken meat was considerably (P < 0.05) higher than mutton meat
samples. This may be attributed to the high moisture content in chicken
meat facilitating effective nanoparticle diffusion into the chicken meat.
The 1 cm thick meat was selected for one side of the Nano-
Biothermoplastic film application, thus 2 cm thick meat was selected
for applying edible film package on all sides of the meat for diffusion
kinetic analysis and shelf life estimation.

Fig. 5, depicts the diffusion kinetics of ZnO and FeO nanoparticles
into meat at different storage conditions. The equilibrium condition in
nanoparticle diffusion from film to meat was not achieved; this could be
due to the difference in the resistance provided by the meat sample and
the film matrix. The resistance provided by the meat system is profi-
ciently high than the film matrix (swelling in the film matrix also fa-
cilitates the drive of the nanoparticles in the film). Therefore, it might
not be possible for achieving equilibrium among two solid matrices with
different resistance (without the application of external force). The
extreme release proficiency of ZnO and FeO into mutton meat for stor-
age at 4 °C was observed to be having a considerable difference (P <
0.05) with samples stored at 10 °C. The maximum release efficiency of
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Fig. 5. Diffusion kinetics of nanoparticles into meat system.
Table 4
Diffusive kinetic parameter of nanomaterials into meat.
Diffusion through Mutton meat (1 cm thickness) Chicken meat (2 cm thickness)
Temperature 4°C 10°C 4°C 10°C
T (s) ZnO 3873+ 71 3219 £ 35 3149 £+ 43 3009 + 36
FeO 3876 + 62 3211 + 32 3152 + 41 3023 + 32
D (cm?%/s) ZnO 0.72 x 1072 + 0.02 x 107° 0.75 x 1072 + 0.02 x 10~° 0.76 x 1072 + 0.04 x 107° 0.81 x 1072 +0.03 x 10~°
FeO 0.66 x 1077 +0.04 x 107 0.71 x 1079 £ 0.03 x 107° 0.70 x 1072 £ 0.03 x 107 0.77 x 1072 £ 0.02 x 107°
Fx ZnO 0.51 £+ 0.03 0.42 + 0.01 0.45 £+ 0.03 0.40 + 0.04
FeO 0.55 £ 0.02 0.46 + 0.04 0.46 + 0.02 0.42 £+ 0.02
R (s/cm) ZnO 2.77 x 10° 2.67 x 10° 5.26 x 10° 4.94 x 10°
FeO 3.03 x 10° 2.82 x 10° 5.71 x 10° 5.19 x 10°
R? ZnO 0.9963 0.9961 0.9875 0.9669
FeO 0.9945 0.9889 0.9601 0.9627

Symbols: T — Polymer relaxation time; D — Active compound diffusion coefficient; X — Deviation of the transport mechanism from the ideal Fickian behavior; R —
Resistance of meat to active compound diffusion; R? - Model coefficient of determination.

ZnO and FeO in chicken meat, when stored at 4 and 10 °C, was found not
to be significantly different (P > 0.05). This insignificant extreme release
efficiency could be attributed to high moisture present in chicken meat
than in mutton meat. The results also show that the greater storage
temperature positively influences the dispersal of active compounds.
This could result in the free-flowing of water molecules within the meat
system at higher temperatures. But meat cannot be stored at higher
temperature conditions because microbiota in meat could use these free
water molecules for their rapid growth.

From the diffusion kinetics data, mathematical models (predictive)
were developed by using a kinetic model equation (Eq. (2)). The solid
line in the kinetic figure represents the greatest fit model curves of
diffusion. The kinetic parameters calculated from the diffusivity model
for nanoparticle diffusion into meat samples are given in Table 4. The
diffusivity of ZnO and FeO nanoparticles into mutton meat was observed
to be 0.72 x 107 4+ 0.02 x 107 and 0.66 x 1077 + 0.04 x 107°,
respectively at 4 °C. The diffusivity of ZnO and FeO nanoparticles in
chicken meat was observed to be 0.76 x 10~° 4 0.04 x 10~° and 0.70 x
107° £ 0.03 x 1077, respectively at 4 °C. This significant (P < 0.05)

increase in diffusivity of nanoparticles into chicken meat may be
ascribed to the elevated moisture of the chicken meat than mutton meat.
The diffusivity of nanoparticles was observed to be slightly increased at
the elevated temperature of 10 °C. This could be because of the free
movement of water and oil molecules inside the meat samples. The
deviation of nanoparticle diffusion from fickian behavior and polymer
relaxation time for diffusion of nanoparticles into chicken meat was
observed to be considerably (P < 0.05) low, in comparison with mutton
meat. This reduction in Xg and polymer relaxation time may also be
attributed to the high moisture content of chicken meat that facilitates
the free motion of nanoparticles in the meat system.

The moisture present in meat may diffuse to Biothermoplastic films.
This moisture diffusion could result in the swelling of starch molecules,
which in turn can facilitate the higher release of nanoparticles from the
film into the meat. Consecutively, to understand the swelling influence
of the film with the diffusion of nanoparticles, the swelling index of
edible films was compared with nanoparticles diffusion into the meat.
Fig. 6, illustrates the effect of the swelling index on the diffusive kinetics
of nanoparticles in meat samples. In all the analysis samples, the
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Fig. 6. Effect of the swelling index on the diffusion of nanoparticles into the meat system.
diffusion rate of nanoparticles was observed to be increasing with a rise the swelling index of the starch-based films. The effect of storage tem-
in the swelling behavior of the bio-thermoplastic film. The maximum perature on the swelling percentage of bio-thermoplastic films was
diffusion of nanoparticles in both chicken and mutton meat was examined not to considerably (P > 0.05) affect the flow of nanoparticles
observed to be achieved at a swelling percentage of 18 %. The swelling inside the meat. This indicates that the rate of diffusion of nanoparticles
index of the starch-based films depends on the hydrogen bonding is not entirely dependent on the temperature of storage. This phenom-
capability of the starch and okra mucilage polysaccharide (natural enon may be ascribed to the particle size of nanoparticles in comparison
plasticizer). These molecules tend to hold a high amount of water with other biological and synthetic active compounds. The meat prod-
molecules, which in turn results in the swelling of films. We have already ucts are prone to autolysis and microbial contamination at elevated
studied and reported the effect on swelling of starch-based films with temperatures. Therefore, the meat samples were only stored at 4 °C to
cross-linkers (e.g. Citric acid) and concentration of cellulose (e.g. sug- study the effect of Nano-Biothermoplastic films on their shelf life.
arcane bagasse cellulose) [7,9]. Therefore, an increase in the concen-
tration of cellulose and the addition of cross-linkers will help in reducing
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Fig. 7. Effect of double layer Nano-biothermoplastic packaging system in the total viable count, Pseudomonads, Lactobacilli, Enterobacteriaceae count of mutton and
chicken meat system [Abbreviation: MWNF — Meat without Nano-biothermoplastic Film; NC — Negative Control (meat wrapped in biothermoplastic films without
nanoparticles); PC - Positive Control (meat wrapped with biothermoplastic films containing commercial BHT); NP — Meat samples wrapped with Nano-
biothermoplastic films].
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3.4. Effect of Nano-Biothermoplastic films on the shelf-life of chicken and
mutton meat

The microbial quality of food decides its shelf-life. According to FAO,
the major factor for estimating the shelf life of food products is Total
Viable Count (TVC) [28]. Fig. 7A depicts the effect of Nano-
Biothermoplastic films on the TVC of mutton and chicken meat. The
nanoparticle-infused test sample of both chicken and mutton meat
showed a significant decrease (P < 0.05) in TVC in comparison with both
positive and negative controls. The maximum acceptable level of TVC
for the consumption of meat products was reported to be 7 Log CFU/g
[28,44]. Therefore, the shelf life of chicken and mutton meat samples
was observed to be extended up to 20 and 15 days, respectively by a
double-layer Nano-Biothermoplastic packaging system. Many re-
searchers have explained the importance of enumerating Pseudomonads
counts in meat products that may play a significant part in meat
microbiota [45]. The growth of Pseudomonads in food products facili-
tates the production of many lipolytic and proteolytic enzymes that may
deteriorate the nutrient quality of food products to facilitate microbial
growth. Fig. 7B illustrates the effect of Nano-Biothermoplastic films on
the Pseudomonads count of chicken and mutton meat. The double-layer
Nano-Biothermoplastic packaging system was examined to considerably
(P < 0.05) affect the growth of Pseudomonads in chicken and mutton
meat. The growth of Lactobacilli in meat samples has both useful and ill
effects. The lactic acids produced by Lactobacilli can inhibit the growth
of other microbes in meat [46,47]. The decrease in meat pH is due to the
overproduction of lactic acid, which makes the meat incompatible for
consumption. Fig. 7C shows the effect of Nano-Biothermoplastic films on
the Lactobacilli count of chicken and mutton meat. The Lactobacilli count
of chicken and mutton meat was also found to be significantly (P < 0.05)
reduced by the double-layer Nano-Biothermoplastic packaging system.

The Enterobacteriaceae growth in meat products has been given as a
pathogen-indicating factor by FAO [24,28,48]. The acceptable limit of
Enterobacteriaceae count for the consumption of meat products was re-
ported to be 3 Log CFU/g. Fig. 7D depicts the effect of Nano-
Biothermoplastic films on the Enterobacteriaceae count of chicken and
mutton meat. The double-layer Nano-Biothermoplastic packaging sys-
tem showed a significant effect (P < 0.05) against the growth of
Enterobacteriaceae in chicken and mutton meat. The test sample of both
the mutton and chicken meat was observed to be within the acceptable
limit for the estimated shelf life of 20 and 15 days (for storage at 4 °C),
respectively.

The growth of putrefying microbes greatly causes the chemical
deterioration of meat products. Various enzymes are produced by
Pseudomonads, these enzymes cause the release of fatty acids from the
meat fat. These free fatty acids undergo oxidation, affecting the chem-
ical properties of meat products. The off-flavors or rancidity of meat was
reported to be caused by oxidative by-products of fatty acids.

Fig. 8A illustrates the effect of Nano-Biothermoplastic films on the
thiobarbituric acid reactive substance (TBARS) values of mutton and
chicken meat stored at 4 °C. The double-layer Nano-Biothermoplastic
packaging system showed a significant effect (P < 0.05) against the
TBARS estimates of chicken and mutton meat. Greene & Cumuze [49],
noted that 0.6-2.0 mg MDA/kg of meat is required to detect off-flavors
even by an inexperienced consumer panel. Tarladgis et al. [50] reported
that the MDA level of 0.5-1 mg MDA/kg of meat is necessary for off-
flavor detection by an experienced consumer panel. The levels of MDA
in both the chicken and mutton meat samples were observed to be well
within the limit for off-flavor detection. Fig. 8B illustrates the effect of
Nano-Biothermoplastic films on the Protein Oxidation (PO) of mutton
and chicken meat stored at 4 °C. The double-layer Nano-Bio-
thermoplastic packaging system showed a significant (P < 0.05) effect in
the PO values of both mutton and chicken meat. This effective reduction
of protein and lipid oxidation in both mutton and chicken meat may be

12

International Journal of Biological Macromolecules 254 (2024) 127689

ascribed to the high oxygen-scavenging capacity of FeO and ZnO
nanoparticles. The color evaluation of meat samples during storage is
important for consumer acceptance [51]. Fig. 8C depicts the effect of
Nano-Biothermoplastic films on the color characteristics of mutton and
chicken meat stored at 4 °C. Considerable differences (P < 0.05) in AE
values were observed among test and control samples of both mutton
and chicken meat. These results indicate the active ingredient effect of
nanoparticles on color retention of mutton meat. Thus, the analysis of
lipid oxidation, protein oxidation, and color characteristics proved the
effectiveness of the double-layer Nano-Biothermoplastic packaging
system in the control of chemical and physical deterioration in both
mutton and chicken meat.

4. Conclusions

The clove extract was observed to hold good potential for the syn-
thesis of stable nanoparticles with a high nano conversion rate. The
synthesized FeO and ZnO nanoparticles were examined to have high
antioxidant and antimicrobial properties. Consecutively, they were
selected as potential active ingredients for the production of
nanoparticle-infused bioactive thermoplastic packaging films. The bio-
thermoplastic films infused with FeO nanoparticles showed high oxy-
gen scavenging activity with a low oxygen transfer level. The bio-
thermoplastic films infused with ZnO nanoparticles showed high anti-
microbial activity. Consecutively, both films were combined to form a
double-layer Nano-Biothermoplastic packaging system for food preser-
vation. The distribution of nanoparticles in starch-based bio-
thermoplastic films was examined to be influenced by the amorphous
property of starch molecules. The diffusion of nanoparticles in starch
base biothermoplastic films was studied to be influenced by the swelling
index of the film. The amorphous property of starch molecules was also
studied to be masking the crystalline characteristics of nanoparticles in
Nano-Biothermoplastic films. The diffusion of nanoparticles from the
Nano-Biothermoplastic packaging system was found to influence the
microbial, chemical, and color characteristics of mutton and chicken
meat stored at 4 °C. Consecutively, the infusion of nanoparticles to
develop bioactive starch-based thermoplastic films was observed to be a
potential packaging system for the shelf-life extension of food products.
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