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Abstract

The purpose of this work is to develop a novel active packaging chitosan hydrogel film (H17@CH) containing azoloazine
derivatives as a novel antibacterial agent (11-(2-chlorobenzylidene)-6-(2-chlorophenyl)-6a, 7, 8, 9, 10, and 11-hexahydro-6H-
benzo[b] (cyclohepta[e][1,4]thiazepine). The H17 revealed significant cell viability. H17 was added to chitosan in various
quantities (100, 130, and 150ug). Escherichia coli, Staphylococcus aureus, and Candida albicans are all susceptible to the
antibacterial effects of the films. The films were evaluated using ATR-IR, XRD, XPS spectroscopy, and SEM-EDS. The lowest

swelling ratio was 71.07+6.0 g/g for H17(150)@CH.

The H17(150)@CH film had the lowest WVP at 15.60+1.52 g.mm. kPa ".h™".m"> . Guggenheim-Anderson-de Boer, Peleg, and
Smith were utilized to model the water vapor adsorption isotherms. All of the models were perfectly fitted.

Keywords: Chitosan, Azoloazine Derivative, Packaging Hydrogel Film.

1. Introduction

Traditional food maintenance processes such as
cooling, fermentation, drying; freezing, utilizing
preservatives like organic acids and their salts, and
thermal processing are given less emphasis in the
emerging packaging trend known as "active
packaging." Active packaging tends to maintain a
modified atmosphere environment and allows
interaction between packaging materials and food [1-
6].

Active packaging can perform a variety of tasks,
including oxygen, moisture, or ethylene scavenging,
ethanol, and taste emission, and antibacterial activities
[7, 8]. Bactericidal films can be created by mixing
synthetic or natural antimicrobial ingredients into
films or by applying them directly on food and are
among the most promising antimicrobials active
packaging materials [9, 10]. Antimicrobial agents that
can be classed as natural antimicrobial agents or
synthetic ones depending on their origins are

responsible for the antimicrobial properties of food
packaging. Natural antimicrobial agents in active
packaging include plant extracts [11], essential oils [2,
12], organic acids [13], bacteriocins [14], inorganic
compounds [15-17], enzymes, and proteins [18-20].
The assessment of the antimicrobial activity of
packaging materials employing differing approaches
is becoming a crucial aspect of food security and
economic application [2, 8, 21]. Antimicrobial agents
extracted from natural sources have been produced
because they are reasonably safe and easy to obtain
[19, 22-26]. On the other hand, natural antimicrobial
ingredients are in limited supply as food production
and packaging need to increase. As a result, organic
synthetic antimicrobial agents were created. Synthetic
antimicrobial agents offer the potential to reduce costs
and high activity over natural antimicrobial agents, but
their toxicity is often higher. Researchers have a
critical issue in developing antimicrobial treatments
with high effectiveness and low toxicity.

Synthetic organic compounds, which mostly contain
ethylene diamine tetra acetic acid (EDTA) [27, 28],
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fungicides [29-31], parabens [32, 33], and other
chemicals, are the principal antibacterial components
in food packaging. Vanillin is a synthetic antibacterial
agent, which belongs to the aromatic hydrocarbon
group. Furthermore, its inhibitory function against
germs (such as bacteria, molds, and yeast)
demonstrates its potential as a food preservative.
Previously, vanillin derivatives were shown to possess
antibacterial efficacy against E. coli, S. aureus, and
Pseudomonas aeruginosa, as well as fungal
suppression [23]. Films containing ethyl vanillin (EV)
and chitosan (CS)/poly (vinyl alcohol) (PVA) were
created. The films showed high antibacterial action
against both Escherichia coli and S. Staphylococcus
aureus germs [34].

Isothiazolinone is a strong biocide that is utilized as a

preservative in a variety of food packaging industries
[35, 36]. Many isothiazolinone derivatives, including
methylchloroisothiazolinone (MCI),
octylisothiazolinone (OIT), enzisothiazolinone (BIT),
isothiazolinone, and  3-iodo-2-propynyl  butyl
carbamate (IPBC) and methylisothiazolinone (M),
have been widely employed as preservatives in a wide
range of products [37]. Also, By reacting
cycloheptanethione with haloketones or hydrazonoyl
chlorides, a novel series of fused thiazolopyrimidines
was created in a short amount of time with a high yield.
Additionally, the reactions of
bis(chlorobenzylidene)cycloheptan-1-one  with  o-
aminothiophenol and heterocyclic amines led to the
production of benzo[b]cyclohepta[e][1,4]thiazepine
derivative and cycloheptapyrimidines fused with
various azoles. Evaluation of the antibacterial activity
of the products revealed that the majority of the
derivatives occasionally outperformed the standard
antibiotic in terms of strength [38].

The antibacterial, antifungal, antiprotozoal, and
antiviral properties of the 1, 3, and 4-oxadiazole ring
have been proven in various new compounds. Thus
according to multiple researches, novel oxadiazole
compounds exceed current antibiotics and other
antimicrobial agents in terms of activity, indicating
that their prospective as new treatments is quite
promising [39].

Thus the goal of this study was to create chitosan
hydrogel films containing (H17) as unique active
packaging films. The cytotoxicity of H17 and the
antimicrobial inhibitory function of H17-containing
films were investigated. ATR-IR, XRD, XPS, and
SEM/EDS were employed to depict the films. The
performance of H17 was assessed in terms of physical
swelling characteristics, water vapor permeability, and
water vapor sorption isotherms. The In- vitro release
research was investigated.

2. Materials and Methods
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Chitosan and tripolyphosphate sodium salt (TPP)
were delivered from Sigma Aldrich. All of the other
reagents were used exactly as they were received by
us.

2.1. Azoloazine Derivative Synthesize (H17)
According to Kassem and associates, (H17) was
produced in two processes as an effective
antimicrobial compound [38].

H17

2.2. Fabrication of chitosan hydrogel film

All chitosan hydrogel films were made using the
solvent casting routine in the presence of (H17). To
begin, chitosan (CH) (1g) solution was dissolved in
100 mL (1% acetic acid) and swirled until completely
dissolved. CH was magnetically stirred for 15 minutes
before being immersed in an ultrasonic bath for 30
minutes at 30 °C to achieve system homogeneity. The
chitosan solution film was then cast in a Teflon Petri
dish and allowed to dry at room temperature. The film
was then soaked in tripolyphosphate sodium salt (TPP)
cross-linker solution for 1 minute before being rinsed
with distilled water and air dried. Furthermore, the
technique was repeated using the above-described
casting method with the antimicrobial component
(H17) dissolved in ethanol (1mL) with different
concentrations (100, 130, and 150 pg H17).

2.2. Characterization

2.2.1. 'H NMR spectroscopy

The 'H NMR spectrum of H17 was examined on a
Bruker Advance 400 instrument at 400 MHz (JEOL,
Tokyo, Japan) utilizing residual solvent signals as
internal standards for 'H-NMR in chloroform
solutions.

2.2.2. Determination of
protocol)

The cytotoxicity of (H17) on the VERO cell line was
investigated using salt MTT practice [40, 41].

cytotoxicity (MTT

2.2.2. Attenuated total reflectance infrared
spectroscopy [ATR-IR] analysis

Fourier Transformation Spectroscopy (FTIR) of H17,
CH, and H17@CH hydrogel films was achieved by the
Attenuated Total Reflection (ATR) unit involved in
FTIR-Vertex 70 Bruker, Germany ( 4000-400 cm).

2.2.3. X-ray diffraction analysis (XRD)
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The XRD analysis of H17, CH, and H17@CH
hydrogel films was explored using a Bruker diffract
meter (Bruker D 8 advance target). A CuK radiation
source with a second monochromator (A = 1.5405)
could be used at 40 kV and 40 mA. The scanning rate
for phase recognizing and line-broadening shape
analysis was 0.2 per minute. According to equation (1)
[2, 42], the crystallinity indices of CH and H17@CH
hydrogel films were determined.
Crystallinity index %
Intergrated area of crystalline peaks

Total integrated area

2.2.4. X-ray photoelectron spectroscopy (XPS)
XPS of CH and H17@CH hydrogel films was
achieved on K-ALPHA (Thermo Fisher Scientific,
USA) with monochromatic X-ray Al K-alpha radiation
-10 to 1350 eV spot size 400 micrometer at pressure
10-9 bar with full spectrum pass energy 200 eV and
narrow spectrum pass energy 50 eV.

2.3.5. Surface morphology

SEM/EDS of CH and H17@CH hydrogel films
utilizing SEM Model Quanta 250 FEG (Field
Emission Gun) attached to EDX Unit (Energy
Dispersive X-ray Analyses), with accelerating voltage
30 K.V., magnification 14x up to 1000000, and
resolution for Gun.1n).

2.3.6. Swelling degree

Periodically, specimens of CH and H17@CH
hydrogel films were pre-weighed and then immersed
in a buffer solution (pH = 7.4). At fixed time intervals,
the specimens were removed, cleaned with tissue
paper to dispose of extra water, and then re-weighed
yet again while gaining equilibrium. Equation (2) was
employed to get the swelling degree (g/g) in which m;
refers to the specimen’s weight at time (t), and m, is
the sample's initial weight [17, 43-46].

mg—m
Swelling ratio = M v e e e e e (21)

o

A pseudo-second-order model was employed to
explore the kinetics swelling of H17@CH with
varying H17 content. Eq. (3) was utilized to estimate
the swelling rate at (t), in which, W; and W, are
swelling ratio at time (t) and at equilibrium. K is the
rate constant [42, 43].
- W2 kyt 3

= Wyt 4 e (3)

Chi-square nonlinear error function (y?) as specified in
(Eq.4) was used to determine the best-fitting model for
capturing the investigational results with the analyzed
swelling ratios, using data suited to theoretical, kinetic,
high (R?) and the lowermost (x?).
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Chi — Square statistics (x2)
_ Z M, exp — We ,fit)z
We rie

(4

2.3.7. Water vapor permeability (WVP)

The WVP of CH and H17@CH hydrogel films having
varying H17 concentrations was determined
gravimetrically using the modified ASTM E96-95,
1995 [47]. The polycarbonate bottles were pre-
weighed and contained 10 g. of anhydrous calcium
sulphates. The films, which had a diameter (6 cm)
were inserted in polycarbonate bottles with parafilm
around the circumference. The pre-weighed bottles
were kept at 75 % relative humidity and 30 °C in a
desiccator including a supersaturated solution of NaCl.
For 12 hours, the WVTR was measured at a one-hour
term. Each film was subjected to the same test. The
weight gain of permeation bottles was used to assess
the WVTR. Each film was subjected to the test three
times. The bottle's weight change has been mentioned
as a function of time.

The WVTR was measured via slope that was
quantified with the support of a linear regression
equation (Eq. 5). Wi is the slope (g/h.A) is the film's
exposed area (m?). The correlation coefficients (R?)
should be > 0.99.

1
WVIR =W, o .. (5)

Water vapor permeability (WVP) (g. mm. m?2. kPa*!
') was determined as in (Eq. 6) [2, 42, 48, 49]. While
Pi and pa (25 °C) are the 75% relative humidity and
air, respectively and L is the mean thickness (mm).

WVP =1L WVTR 6
P;_Pa ®

2.3.8. Determination of moisture sorption isotherm
Gravimetric analysis was used to investigate the effect
of H17 content on the moisture sorption isotherms of
chitosan and H17@chitosan hydrogel films. The
specimens (30x30mm) have previously been dried for
one day at 105°C. Prior to the insertion of the films in
highly compact and sealed desiccators containing
supersaturated salt solutions having differing relative
humidity, the film samples were weighed. The
experiment was carried out at 30 °C. The samples were
weighed at regular intervals until there was no weight
change. All of the tested films' equilibrium moisture
content (EMC) was calculated as g water/g dry film.
Three times each sample was tested, with average
readings taken. The following formula (Eq.7) was
used to estimate the EMC [2, 48, 49].

Final weight — Initial weight
EMC = — - e (7)
Initial weight

2.3.8.1. Mathematical modeling of vapor isotherm
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GAB (Eg. 8), Peleg models (Eg. 9), and Smith (Eq. 10)
models, respectively were employed to represent the
experimental data.
Where M stands for equilibrium moisture content, M,
for maximum moisture monolayer coverage capacity,
and ay, for water activity; the constants of adsorption
energy C and K stand for the energy interactions
between the first and the next adsorbed molecules at
specifically sorption sites [46, 50].
M= M,CK a, 8
. = (1~ Kay) (1Ka_ + CK ay) vt ee e v e e (8)
The Peleg model is an empirical one that has no
fundamental assumptions background Equation (9)
[51]

M, =kl a,"* + k2 a,N? ... .(9)
kl is a mass transfer constant in thls model the Iower
k1, the higher the initial water adsorption rate; and k2
is @ maximum water adsorption capability constant in
this model; the lower k2, the greater the adsorption
capacity [52, 53].

The Smith model (10) [54, 55].
M,=A+BIn(l-a) .. .(10)
The amount of water in the flrst sorbed fractlon is A
and the amount of water in the multilayer moisture
fraction is B.

2.3.9. Assay for antimicrobial potency

Foodborne Gram Negative and Gram Positive Bacteria
and pathogenic yeast were assigned to test of
antimicrobial potency of H17@chitosan hydrogel
films (ATCC 10231). Qualitative valuation has been
carried out on nutrient agar medium. At 37°C, the
seeded plates were incubated for 24 hours. The
inhibitory zones (1Z) were likely estimated (mm) [17].

2.4. Statistical Analysis

At least three duplicates of each experiment were
carried out. The outcomes were displayed as mean
standard deviation (£SD) and ANOVA test using the
"SPSS" application. Duncan multiple comparison tests
were performed to investigate the significant
differences between the samples. Means with identical
letters in each column signify that there is no statistical
difference (p < 0.05).

3. Results and discussion

3.1. Hydrogen Proton Magnetic Resonance (*H
NMR)

In order to verify the possible structure of (H17), 'H
NMR technique was utilized. Figure (1) shows the *H
NMR spectrum of H17. It was found 1.24-1.27(m,2H,
CHy), 1.82-1.86(m,2H, CH2), 1.93-2.03(m,2H, CH>),
2.56-2.59 (t,2H, J = 4.3Hz, CHy), 2.64-2.69(t,2H, J =
4.1 Hz, CHy), 3.74-3.75(d,2H, J =4 Hz, CHy), 6.79
(s, 1H, =CH), 7.17- 7.19 (m, 2H, Ar-H), 7.27- 7.32
(m,3 H, Ar-H), 7.32- 7.39 (m, 3H, Ar-H), 7.44- 7.48
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(m, 2H, Ar-H), 7.57- 7.58 (d, 1H, J = 4.4 Hz, Ar-H),
7.71-772(d, 1H, 3 =36 Hz, ArH)[38]

23385488 SRI2AET aREzIEARy
—_,‘..-—-‘ v N SN

Figure 1: *H NMR H17.

3.2. Cytotoxicity
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Figure 2: Viability and cytotoxicity of H17 at
diverse concentrations.
The cellular metabolic activity is usually measured by
MTT assay which reflects the proliferation, survival,
and cytotoxicity of cells. In the MTT assay, a yellow
tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium  bromide or MTT) s
metabolically reduced by NAD(P)H-dependent
oxidoreductase enzymes to formazan crystals (purple
color) by active cells [56, 57]. The insoluble formazan
is dissolved in DMSO solvent and then
spectrophotometrically measured at an absorbance of
500-600 nanometers. The darker the solution, the more
live, metabolically active cells there are.
The effect of diverse H17 concentrations on viability
and cytotoxicity % of VERO cell-line was shown in
Figure 2. The viability and cytotoxicity percentages
are significantly dependent on the concentration of
H17. When the concentration of H17 increased, the
viability% decreased and at the same cytotoxicity
increased. At concentration (150 pg), the viability and
cytotoxicity percentages were 80.41 and 19.58 %,
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respectively. This indicates that H17 has a fair
cytotoxicity at that concentration.

3.3. Attenuated Total
Spectroscopy (ATR-IR)
The ATR-IR spectra of (H17), chitosan (CH), and
H17@CH hydrogel films were demonstrated in Figure
(3). The ATR-IR spectrum of H17 shows a peak at
3055 cm caused by the C-H stretching vibration of
the benzene ring =C-H. The overlapping stretching
vibrations of -C=C of the benzene ring and —C=N of
the thiazepine ring of the H17 compound are
represented by the strong band at 1663 cm™. The
symmetrical and asymmetrical C-H stretching
vibrations produce the strong two peaks at 2916 and
2884 cm™. The chorlobenzene ring's finger print
region was 1500-400 cm*. The peaks at 867-538 cm!
are caused by the chlorobenzene ring's —C-Cl.

Reflectance Infrared

—H17

—— Chitosan
—— H17@Chitosan

I

[ \./'_\“/\./nt.

\ "

Ll T Ll Ll L Ll
4000 3500 3000 2500 2000 1500 1000 300

Wave number (cm™')

— Chitosan
= H 1 7@Chitosan

L] L
2000 1500 1000 500

Wave number (cm™)

Figure 3: ATR-IR spectra of H17, CH, and
H17@CH hydrogel films.
The chitosan shows a band at 2935 cm? that was
attributed to methylene CH,. The peak at 1734 cm™
was referred to the C=0 functional group of residual
carbonyl and the peak at 1430 cm™ was attributed to
CH; bending vibration. In addition, the sharp
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absorption peak at 1030 cm™ was assigned to C-O
stretching. Moreover, the peak at 3350 cm™ was
related to O-H/-NH stretching. For H17@CH
hydrogel film showed peaks at 2918, 2851, and 1665
cm? which corresponded to symmetrical and a
symmetrical C-H stretching vibration, overlapped
stretching vibrations of -C=C of the benzene ring, and
—C=N of thiazepine ring of Hi;; compound,
respectively. The peaks at 3472, 1736, 1033 cm™, and
1224 cm™ are assigned to —OH, -C=0, -O-C, and -C—-
O-C of chitosan, respectively. Moreover, the peaks
that appear in the region of 867-538 cm are due to —
C-CI of the chlorobenzene ring. This indicates the
good incorporation of H17 into the chitosan hydrogel
film.

3.4. X-ray diffraction analysis (XRD)

—HI17
—— Chitosan film
— H17G@xhitosan film

L

L) Ll Ll Ll Ll
16 20 0 Jul <(» 6l 70 80

2Theta (20)
Figure 4: XRD analysis of H17, CH, and
H17@CH hydrogel films.

The XRD of H17, CH, and H17@CH hydrogel
films are elucidated in Figure (4). It is shown that
the diffractogram of chitosan is rather crystalline, it
includes two peaks at 2Theta = 8.5° and 20.91°. On
the other hand, H17 is a highly crystalline
substance. The H17@CH hydrogel film revealed
multiple distinct peaks characteristic of H17 at
2Theta=8.73, 2°.68°, 31.03°, 32.09° 36.02°, 46.20°,
54.0°, 64.43°, and 72.27 °. The addition of H17 to
chitosan hydrogel film raises the crystallinity index
percent. The crystallinity indices of CH hydrogel
and H17@CH hydrogel films were 35.46% and
66.66%, respectively. This increase in the
crystallinity index percent of the H17@CH
hydrogel film is proof of its successful
incorporation of H17 into chitosan hydrogel film.

3.4. X-ray photoelectron spectroscopy analysis
(XPS)

PS spectroscopy would also quantitatively be used to
explore the surface’s elemental analysis state. A
comprehensive survey of CH and H17@CH hydrogel
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films is shown in Figure (5). Peaks at 286.29, 533.7,
and 403.87 eV in the spectra of CH hydrogel
correspond to C, O, and N with atomic ratio
percentages of 74.44, 25.15, and 0.41 %, respectively.
On the other hand, the H17@CH hydrogel film reveals
new expected peaks that correlate to Cl and S. Peaks
for C, N, O, S, and ClI with atomic percentages of
73.02,3.541,22.71,0.71, and 0.02 % emerge at 286.5,
400.94, 533.97, 165.02, and 199.08 eV. The
hydrocarbon (C-H/C-C), alcohol/ether/amine (C-
NH/C-OH/C-0), and acetal (O-C-0) peaks in the C1s
spectra of CH hydrogel film have binding energies of
284.25, 287.43, and 289.41 eV, respectively.
However, three peaks at 284.98, 286.44, and 287.85
eV in the H17@CH hydrogel film could be agreed to
C-H/C-C/ C=C and C-S/C-N/C-ClI, respectively [58,
59]. When compared to CH hydrogel film, the atomic
ratio of the subpeak of H17@CH hydrogel film
assigned to C-C increases from 56.85 to 76.48 percent.
This is due to the benzene ring of H17 being
incorporated into the CH hydrogel film with an extra -
C=C-. The peaks at 401.68 eV matching the
assignments of -NH were found in the N1s area of the
XPS spectra of chitosan. However, two peaks at
399.58 and 401.73 in the H17@CH hydrogel film are
attributed to C-NH/C-N=C [42, 44]. In the O1s region,
C-0, and N-C=0 were given by 533.11 and 530.32
eV. The peak at 534.56 eV could be caused by H.0O
adsorbed on the CH hydrogel film surface. However,
the Ols peaks in the spectra of HLI7@CH hydrogel
films are virtually identical to CH but with a minor
shift, C-O (533.01 eV), N-C=0O (531.69 eV) and
adsorbed water (534.12 eV), respectively [60]. The
H17@CH hydrogel exhibits clear two CI 2p peaks at
200.4 eV and 197.43 eV of atomic ratio present 75.62
and 22.13%, respectively that may be attributed to C-
Cl. Another peak occurs at 198.0 eV, it is rather than
likely contaminating species peaks for CI [61].
H17@chitosan hydrogel, on the other hand, shows a
peak at 163.7 eV, which corresponds to the—-C-S-C-
covalent bond [44, 62].
Cls: Chitosan hydrogel 284.85
C-C/C-H

“C-NH/C-O-C

287,43
C-O-C/N-C~ O 874

T T
2K 288 286 284 282 280

Binding energy (eV)
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S.Mjﬁ/\ 530.32
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Binding energy (eV)
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Binding energy (¢V)



INVESTIGATION OF A NOVEL ANTIMICROBIAL CHITOSAN PACKAGING HYDROGEL FILM... 417

N1s: H1 7@ Chitosan hydrogel
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Figure 5: High resolution C1s, O1s, N1s,Cl 2p, S2p
XPS spectra of CH and H17@CH hydrogel

3.5. Surface morphology (FE-SEM)

FE-SEM has been used to scan the obtained CH and
H17@CH hydrogels. Figure (6) shows the
morphology of the hydrogels, as well as an SEM study
of the surface morphology. The hydrogel possesses
tight, dense, and rough morphology, indicating its
great toughness and dense cross-linking. This surface's
roughness has a potential advantage, it will be more
convenient to increase the surface area and will aid in
the diffusion of water flow into polymer chains. The
successful embedding of H17 into CH hydrogel is seen
in the EDS spectra of CH and H17@CH hydrogels.
The EDS spectrum of H17@CH hydrogel revealed the
elemental composition of H17, which included C, O,
N, Cl, and S.
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Swelling studies
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Figure 6: SEM images of (A) CH and (B) HL7@CH
hydrogel films and their EDS spectra.
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Figure 7: Swelling ratio of CH and H17@CH hydrogel films containing different concentrations of H17

The degree of swelling of CH and H17@CH hydrogel

films is particularly fascinating. As a promising
foundation for fine-tuning film properties, H17
increasing content was effectively determined to
impact swelling degree. Swelling percentages
decreased when H17 concentrations increased this can
be attributed to the lipophilic nature of the heterocyclic
organic compounds [46]. As a result, the more H17 in
the film, the less water can diffuse into the polymer
network. Figure (7) shows the swelling degrees versus
time for HL7@CH hydrogel films with H17 content at
25°C and a pH (7.4) buffer solution (6). The results
reveal that as the H17 level increases, the equilibrium
swelling degree decreases. The swelling ratios for
H17(100)@CH, H17(130) @CH, and H17(150)@CH
were 73.10+ 2.5, 72.62+ 1.1, and 71.07+ 6.0 g/g,
respectively compared with CH hydrogel film 77.11+
2.6 g/g.

Egypt. J. Chem. 67, No. 4 (2024)

The practical outcomes, as shown in Figure (7), were
more in line with the hypothetical one. Modeling
swelling kinetic characteristics of HL7@CH hydrogel
films were provided in Table (1). Higher correlation
coefficients (R? >0.999) were observed in Table (1)
indicating a good matching with real swelling results.
With the experimental swelling data (We) of
77.11+2.6, 73.10+2.5,72.62+ 1.1, and 71.07+ 6.0 g/g,
the fitted W values were 84.23+0.62, 80.52+0.99,
80.11+ 1.4, and 79.17+ 2.0 g/g (Table 1).
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Table 1: Swelling kinetics of H17@CH hydrogel films of different content.

Nonlinear Pseudo-second order

Parameters We exp (9/g) W fit (g/g) k x10%(h?Y) R? 1
CH 7711+ 2.6 84.23+0.62 0.1803+9.19 0.9992 0.545
H17(100)@CH 73.10+ 2.5 80.52+0.99 0.185+ 1.5x10°° 0.9978 0.35
H17(130)@CH 72.62+ 1.1 80.11+ 1.64 0.173+ 2.01x10°3 0.9957 0.66
H17(150)@CH 71.07+ 6.0 79.17£2.0 0.142+ 2,13x10°3 0.9925 0.45

3.6. Water vapor permeability

mmk Path'.m™)

WVP (e

Figure 8: WVP of CH and H17@CH hydrogel
films containing different concentrations of H17.

a-c: Means with identical letters signify that there is no
statistical difference (p < 0.05).

The ability of a film to permit water gases to travel
through it is referred to as "water vapor permeability"
(WVP). H17@CH film serves as a shield between the
product and its surroundings, preventing dehydration
[36]. Figure (8) displays the WVP of H17@CH in
combination with various H17 dosages. While H17
concentration increases, the WVP declines. Figure (8)
shows that when compared to the CH control film,
which had a WVP value of 23.14+1.52 g. mm.k Pal.h-
. m2, the H17(150)@CH film had the lowest WVP
value (15.60%1.52 g. mm.k Pat.ht.m?2).

3.8. Water vapor sorption isotherms

Packaging materials' moisture sorption aspects are
widely employed to tune stable, long-term, and better-
useable film for packaging purposes. Figure (9)
depicts the equilibrium moisture sorption isotherms of
H17@CH hydrogel films with various H17 contents
(w/w) in comparison with CH hydrogel at 25 °C. The
findings also revealed that when the H17 content
increased, the equilibrium moisture contents (M) for
each H17@CH hydrogel film reduced at the same aw,
implying that H17@CH hydrogel films are getting less
hygroscopic. H17(100)(@CH), H17(130)(@CH), and
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H17(150)(@CH hydrogel films had M. (g/g) values of
1.378+0.10, 1.320+0.10, and 1.281+0.10 g/g dry,
respectively, compared to CH hydrogel film
1.402+0.08 g/g dry. This decrease in M. of HI7@CH
hydrogel films could be related to an increase in
hydrophobicity of H17@CH hydrogel films due to the
higher amount of novel antibacterial azoloazine
derivatives agent H17 contained, resulting in less
accessible polar groups. Similarly, the emergence of
dense cross-linked regions of H17@CH hydrogel
films leads into declining of the available water-
binding sites [63].

3.8.1. Mathematical modeling of vapor isotherm
The purpose of this study was to see how different H17
concentrations in H17@CH film alter the water
sorption isotherms of the H17@CH films. According
to the GAB model [42], sorbate molecules in the
second layer have the same state as those in superior
layers but are distinct from those in the liquid state.
The monolayer value shows how much water may be
bound to a single layer of dry film per gram. The
monolayer (M,) value is important because it
represents the amount of water that is heavily adsorbed
in certain locations and is regarded to be an indicator
of packaging film stability. The monolayer moisture
content is significantly affected by increasing H17
concentration in H17@CH hydrogel films. As the H17
concentration increases, M, decreases. The more H17
there was, the less active site there was to bind water
molecules, according to theory. In comparison to the
CH hydrogel control film (1.870+1.016 g/g dry
solids), the monolayer moisture contents of
H17(100)@CH, H17(30mg)@CH, and
H17(150)@CH were 1.637+1.059, 1.574+0.8605, and
1.283+1.391g/g, respectively, as shown in Table (2).
In the GAB models, C, is as well as, relevant to
monolayer heat sorption, [55]. The difference in heat
of sorption between a monolayer (E1) and a multilayer
(Ev) or bulk water is proportional to C [64]. This
energy constant's high value proposes that water
molecules are more firmly adsorbed in the matrix's
active areas. The parameter C value dropped when CH
hydrogel film was compared to various concentrations
of H17, showing that this novel hydrophobic
antimicrobial agent may reduce the portion of the
polymer's sorption sites, as shown in Table (2).
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Figure 8: Equilibrium moisture content and fitting practical data of CH and H17@CH hydrogel films using GAB,
Peleg, and Smith models.

H17(100)@CH, H17(130)@CH, and H17(150)@CH
had C parameter values of 0.403+0.404,
0.344+0.1569, and 0.339+0.1809, respectively
compared with CH control sample (0.4704+0.430).

The energy constant in the GAB model (k), the
difference between the energy linked to multilayer
sorption heat and condensation heat of pure water

became minor when k < 1 [65]. All H17@CH
hydrogel films had K values of 0< k <l1. CH,
H17(100)@CH, H17(130)@CH, and H17(150)@CH
had K values of 0.8267+0.087, 0.8748+0.0415,
0.8718+0.0361 and 0.90419+0.0297, respectively
(Table 2).

Table 2: GAB of water vapor sorption isotherm models parameters, correlation coefficients, and Chi-square (?)

GAB model
Parameters CH H17(100)@CH H17(130)@CH H17(150)@CH
Mo 1.8705+1.016 1.6372+1.059 1.5742+0.8605 1.2835+1.391
k 0.8267+0.087 0.8748+0.0415 0.8718+0.0361 0.90419+0.0297
C 0.4704+0.430 0.4034+0.404 0.34401+0.1569 0.3390+0.1809
R? 0.9903 0.9962 0.9972 0.9971
x2 3.23x10%3 1.21x10°3 8.0491x10* 7.850x10*
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For Peleg modeling, the mass transfer rate (k1) at the
start of the sorption is significantly affected by the
rising amounts of H17. With increasing H17
concentration, the Peleg rate constant k1 of HI7@CH
hydrogel films increases. The Peleg rate constant k1 of
H17@CH hydrogel films increases with increasing
H17 content. The mass transfer rate (k1) increases
from 0.4604+0.0971 to 1.2007+0.1131 h(g/g)™
compared to CH hydrogel film [0.43813+0.093 h(g/g)~
11 as demonstrated in Table (3). For HL7@CA films,
Peleg capacity constant (k) showed a definite pattern
with rising H17 content, but K ((g/g)?) showed an
increasing trend with increasing H17 content. When
compared to the control (0.3645+0.143 ((9/g9) ™), Ka
fell from 1.0081+0.1141 to 1.1226+0.0891 ((g/g) ) as
mentioned in Table (3).
According to the Smith model, water molecules are
adsorbed in two portions. The first fraction, which has
a higher condensation heat than pure water, follows
the Langmuir model. The second fraction, which
arises after the first is adsorbed and is made up of a
multilayer of condensed water molecules, prevents the
first from evaporating [53].
The Smith model only accounts for the behavior of the
second fraction [54, 55].

M, =A+BIn(l-ay) ......(10)
The amount of water in the first sorbed fraction is A,
and the amount of water in the multilayer moisture
fraction is B.

This equation could be used in the water activity range
of 0.5 to 0.95.

The Smith model adequately explained the moisture
sorption isotherms of H17@CH hydrogel films. The
constants A of this model in this investigation range
from 0.05009+0.0193, 0.0454+0.018 and
0.0329+0.0120 which correspond to H17(100)@CH,
H17(130)@CH, and H17(150)@CH, respectively,
when compared to CH control film of 0.0727+0.036
g/g. The constants B were 0.3857+0.011,
0.371340.011 and 0.3577+0.007 of H17(100)@CH,
H17(130)@CH, and H17(150)@CH, respectively
compared with control sample CH 0.3928+0.022¢/g
(Table 3).

The actual data meets the model's prediction when the
correlation coefficients (R?) are higher and the Chi-
square (x?) is lower, implying acceptable fitting.
According to R? and Chi-square (x?), the GAB showed
R? =0.9903 t0 0.9972 and y?= 3.23x10to 8.0491x10°
4 (Table 2). Peleg fitting gives R? = 0.9959 to 0.9984
and y2=1.82x10% to 6.38x10* (Table 3). However,
Smith modeling showed R?=0.9840 to 0.9978 and y?
= 1.15x10% to 4.75x10* (Table 3). All models were
accepted to describe the moisture sorption of
H17@CH films based on the definition of an
appropriate fitting model.

Table 3: Peleg and Smith modeling of water vapor sorption isotherm parameters, correlation coefficients, and

Chi-square ()

Peleg model
Parameters CH H17(100)@CH H17(130)@CH H17(150)@CH
k1l 0.43813+0.093 0.4604+0.0971 0.4877+0.1208 1.2007+0.1131
k2 0.3645+0.143 1.0081+0.1141 1.0171+0.091 1.1226+0.0891
N1 4.4659+0.850 0.7024+0.1806 0.8475+0.2283 0.83451+0.2041
N2 0.5160+0.2710 5.4971+0.7106 5.8344+1.0126 6.5947+1.0377
R? 0.9959 0.9984 0.9980 0.9982
e 1.82x10%° 6.45x10* 7.58x10* 6.38x10*
Smith model
Parameters CH H17(100)@CH H17(130)@CH H17(150)@CH
A 0.0727+0.036 0.05009+0.0193 0.0454+0.018 0.0329+0.0120
B -0.3928+0.022 -0.3857+0.011 -0.3713+0.011 -0.3577+0.007
R? 0.9840 0.9952 0.9951 0.9978
¥? 4.27x10°° 1.22x10°° 1.15x10°° 4.75x10*

3.9. Antimicrobial activity

The antimicrobial activity against food-borne Gram
Negative Bacteria: Escherichia coli (ATCC 25922),
Gram-positive  bacteria:  Staphylococcus —aureus
(ATCC 6538), and pathogenic yeast Candida albicans
(ATCC 10231). All films possess significant
antimicrobial influence against all tested foodborne
microorganisms as shown in  Figure (10).
H17(150pg)@CH hydrogel film showed the highest
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inhibition zone of 24+1.0, 22.3+0.57, and 21+1.0 mm,
respectively against Escherichia coli, Staphylococcus
aureus and Candida albicans.

With a comparison from the previous study, We
discovered that the synthesized form of
benzothiazepine is thought to be the basis for new,
powerful antibacterial compounds against Gram-
positive bacteria and Gram-negative bacteria fungi
species [66].
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Staphylococcus aureus

Escherichia coli

Candida albicans

Figure 9: Inhibition zone caused by H17@CH hydrogel film

Table 4: Inhibition zone (mm) generated by
H17@CH films at different H17 contents

the development of active packaging based on
azoloazine derivatives.
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