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ARTICLE INFO ABSTRACT

Keywords: This study evaluated antioxidant and antimicrobial properties of chitosan gel (Cs-gel) functionalized with cin-
Orénge Pe§1 extract namaldehyde oil (CN) and orange peel-derived flavonoid extract (Fs) using the ionic-gelation method. Results
Ionic gelation showed that the encapsulation efficiencies of CCF-9 and CCN were 83.14 + 3.34 and 80.56 + 1.17%, respec-

Essential oils
Antimicrobial properties
Chitosan gel

tively. The interaction of CN or Fs on Cs-gel indicates the presence of H-bonding formation, as observed by
UV-vis spectroscopy, Fourier transform infrared spectrophotometry (FTIR), and Raman-spectroscopy showed a
good corroboration with Surflex-dock findings. Scanning electron microscopy also showed the integration that
occurred between Cs and both ligands, which was further supported with X-ray diffraction and X-Ray photo-
electron spectroscopy spectra. The textural properties of CCF-5 gel showed high hardness, chewiness, and
gumminess values, indicating that the integration of Fs and CN altered the microstructure of Cs-gel. Chotison-
functionalized based gels exhibited higher antioxidant abilities against DPPH and ABTS free radicals than Cs-gel.
The CCF-9 gel showed a good inhibition value of 29.91 + 1.22 and 93.61 + 2.12% against Penicillium expansum
and Alternaria westerdijkiae, respectively. Additionally, CCF-9 inhibition zones against Staphylococcus aureus,
Escherichia coli, and Bacillus cerues were 28.65 + 0.05, 27.69 + 0.04, and 26.16 + 0.02 mm, respectively. These
findings demonstrated the potential antioxidant and antimicrobial effects of functionalized chitosan gel indi-
cating its potential as a bioactive additive for food preservation.

1. Introduction causing major economic losses for producers (Hernandez et al., 2021).
Alongside chemical and physical contamination, microbes are mainly
Food products are liable to spoilage before and even after processing, responsible for food spoilage that is caused by growth of mold and/or
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bacteria, ie., Penicillium expansum, Aspergillus flavus, Escherichia coli,
Staphylococcus aures, and Bacillus subtilis through inefficient
temporary-storage and packaging operations (Garcia et al., 2019).
Therefore, synthetic chemicals are the main approach used to control
the post-harvest microbial contamination in fruits and vegetables (Gong
etal., 2024; Tu et al., 2024). In addition to the toxicity of these synthetic
additives and their direct or indirect delivery to humans that can lead to
different health concerns, thus demanding to explore effective methods,
eco-friendly strategies, and efficient additive alternatives to mitigate the
food contamination.

In this context, phytochemicals and volatiles have been spotlighted
as natural anti-spoilage agents (Lai et al., 2024). For instance, essential
oils and flavonoids that contain hydrophobic groups and can show
antimicrobial activity through binding with the phospholipids of the cell
membranes, were recommended. Flavonoids (Fs) produced naturally in
citrus fruits have shown antioxidants, antibacterial properties, and
compatibility with probiotics (Addi et al., 2021). For instance, Fs which
was abundantly found in Navel orange peels showed antibacterial
properties and preservation effects (Zhang et al., 2022). These proper-
ties could be enhanced via synergistically conjugating with essential oils
for wide-range applications, meanwhile the underlying mechanism of
the functionality of Fs depends on thier structure, hydroxylation level,
substitution, conjugation, and polymerization degree (Thebti et al.,
2023). For example, cinnamaldehyde (CN) which is a bioactive essential
oil extracted from cinnamon could act as a flavor-enhancing and anti-
microbial food additive (Guo et al., 2022; Predoi et al., 2018). It inhibits
the growth of S. aureus (Gram-positive), E. coli, and Salmonella spp.
(Gram-negative) bacteria (Doyle and Stephens., 2019) via cell mem-
brane degradation and ATPase activity inhibition. Meanwhile, CN and
Fs have some disadvantages, namely weak thermal stability, low water
solubility, and a high oxidation rate in oxygen-rich environments (Li
et al., 2018; Subhaswaraj et al., 2018). Thus, overcoming their limita-
tions and amending their stability using conjugation and/or encapsu-
lation are needed.

Gel developed from polysaccharides via ionic gelation by cross-
linkers is one of the outstanding approaches to enhance the bioactive
components’ stability. It has a great potential for nanomaterial appli-
cations, ie., antimicrobial properties and drug delivery (Adame et al.,
2024; Pereira Silveira, Lucas Chaves Almeida, Dutra Alvim and Silvia
Prata, 2023). Chitosan gel (Cs) is a delivery system that fully delivers
phytochemicals and controls their releasing rate (Do et al., 2022). Cs has
been utilized in various fields, such as controlling post-harvest diseases
in agricultural products caused by pathogens, owing to its nontoxicity,
biodegradability, and biocompatibility properties (Coutinho et al.,
2020; Ren et al., 2021). Cs is a cationic polymer that helps bind with the
negative charge molecules at the cell surface, affecting plasma mem-
brane permeability, and leading to cell death. Meanwhile, modification
of the polymer chain’s functional groups and/or admixing among phy-
tochemicals can improve its performance and reduce the required doses
of microbicides (Ding et al., 2021; Predoi et al., 2023).

We hypothesized that encapsulating CN and Fs using gelation
method might enhance their antimicrobial effects. Thus, we aimed at
fabricating Cs-gel functionalized with CN and Fs using dual cross-
linkers. The physiochemical properties of CN and Fs encapsulated into
Cs-gel were evaluated via UV-vis spectroscopy, Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), Raman spectroscopy, and scanning elec-
tron microscope (SEM), and further their in-vitro DPPH and ABTS
antioxidant capacities. The in-vitro antimicrobial effects against
P. expansum, A. westerdijkiae, S. aureus, E. coli, and B. cereus were also
evaluated. The texture properties and releasing profiles of gels were
investigated.
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2. Materials and methods
2.1. Materials

Chitosan (Cs) with a minimum purity of 85% and a deacetylation
degree of 95.0% was acquired from Zhejiang Golden-Shell Pharmaceu-
tical Co., Ltd., located in China. 2.2-Azino-bis-(3 ethylbenzothiazoline-
6-sulfonic acid) the 2-ammonium salt (ABTS), 2,2-diphenyl-1-picrylhy-
drazyl (DPPH), and cinnamaldehyde oil (with a purity greater than
98% and a molecular weight of 132.16) were purchased from Shanghai
Macklin Biochemical Co., Ltd. in Shanghai, China. Orange fruits were
acquired from a nearby grocery in Zhenjiang City, Jiangsu, China.
Additional compounds have the quality of analytical grade.

2.2. Extraction and purification of flavonoids from orange waste

In summary, a 10 g of orange peel samples were subjected to
extraction using 100 mL of 100% EtOH (1:10 w/v) at a temperature of
37 °C. It was then stirred using a magnetic stirring for 6 h at a speed of
200 RPM following the method of Salah and Xu (2021). The extracts
were subsequently filitered through a Whatman No. 2 filter paper to
eliminate peel particles, and the resulting residue was re-extracted using
the same procedure. The extract was subjected into an AB-8 macro-
porous resin column, and the purified extract was separated using EtOH
(80%). The flavonoid extract was concentrated using rotary evaporator
until the volume reached 5 mL. To assess the purification process,
HPLC-Shimadzu LC-20AT-UVD equipped with a Shimadzu packed col-
umn (VP-ODS) was used. The mobile phase used for separation was a
mixture of acetonitrile (A) and H,O (B) with a gradient elution. The
proportions of A and B varied over time as follows: 10-25% A from 0 to
15 min, 25-35% A from 15 to 25 min, 35-50% A from 25 to 50 min,
50-90% A from 50 to 60 min, 90% A from 60 to 70 min, and 90-10% A
from 70 to 75 min. The injection volume was 20 pL, with a flow rate of
1.0 mL/min, at a temperature of 20 °C. The detection wavelength was
set at 285 nm as shown Fig. S1.

2.3. Total flavonoid contents in purified orange extract

100 pL of orange peel extract (5 mg/mL) was mixed with 20 pL of
10% AlCls3, 300 pL of EtOH, and 20 pL of 1M sodium acetate. Then, the
suspension was equilibrated for 30 min at 25 °C in the dark place, and
the UV absorption was recorded at a wavelength of 415 nm. Finally, the
rutin equivalent (mg/g dry flavonoid extract) was used as a standard
curve.

2.4. Preparation of cinnamaldehyde oil (CN) loaded on chitosan gel (Cs-
gel) using tripolyphosphate (TPP)

The ionic-gelation method was used to encapsulate CN within the Cs-
gel using tripolyphosphate (TPP) as a cross-linker agent according to
Ding et al. (2021). Chitosan, at a concentration of 5 mg/mL, was
dispersed in a solution of 1% (v/v) acetic acid with a pH of 4.8. Then,
CN, at a concentration of 250 pug/mL, was added to the mixture and
agitated for 90 min in a dark environment. Afterward, a solution of TPP
with a concentration of 5 mg/mL was gradually added in a ratio of 2:1
(v/v). The mixture was then stirred at room temperature for 90 min and
centrifuged at a speed of 9660xg for 40 min. Subsequently, the
precipitated gel (termed as CCN) was dissolved in 1% (v/v) acetic acid
with a pH 4.7 and kept at 4 °C.

2.5. Preparation of flavonoid extract (Fs) loaded on CCN using phytic
acid (Pa)

Different concentrations of Fs were loaded on CCN gel using the
ionic-gelation method with the aid of phytic acid as a cross-linker agent.
Briefly, CCN (5 mg/mL) was dispersed in a solution of 1% (v/v) acetic
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acid with a pH of 4.8, and the concentration of Fs (3 mg/mL, CCF-3), (5
mg/mL, CCF-5), (7 mg/mL, CCF-7) and (9 mg/mL, CCF-9) was added to
CCN solution then agitated for 90 min in a dark environment. Afterward,
5 mg/mL of Pa was added dropwised at a flow rate of 1 mL/min and
stirred for 90 min. The suspension reaction was centrifuged at 9660xg
for 40 min, and the gel was then dispersed in a solution of 1% (v/v)
acetic acid and kept at 4 °C.

2.6. Entrapment efficiency (EE %)

The EE of Cs-gel for CN and Fs was determined as reported by Arya
et al. (2022). After the centrifugation step, the free CN and Fs in the
supernatants were determined using UV-vis spectroscopy at a wave-
length of 287 and 280 nm, respectively. The following equations were
used to calculate the EE (%):

EE (%) — CN initial content — Free — CN in the suppernants
= CN initial content

x100 (1)

Fsinitial content — Free — Fs in the suppernants
Fs initial content

EE (%)= x100 (2)

Where, CN and Fs are the initial contents which are added to fabri-
cate the gels, where the free-CN, free-Fs are the remaining in the
supernatants.

2.7. Structural characterization

2.7.1. UV-vis spectroscopy

The UV absorption of Cs-gel, Fs (3 mg/mL), CN, CCN, and CCF-9
were examined using UV/vis spectroscopy (UV-8000, Metash In-
struments, Shanghai, China). 2 mg/mL of gel was aliquoted and dis-
solved in PBS (pH 7.4), then centrifuged at 1677xg for 7 min.
Supernatants of all samples were collected and measured at a wave-
length ranging from 200 to 400 nm.

2.7.2. FTIR

The functional groups of CN and Fs loaded on CN-nanoparticles were
investigated. The lyophilized gel (5 mg) was analyzed using FT-IR IS50
(Thermo Fisher Scientific, US) in the wavenumber range of 1000-4000
cm L. The scanning was performed at a minimum rate of 21 min~! with
a resolution of 2 cm L. The baseline of the FTIR spectra was established
using the Omnic program. To determine the quantity of the component
bands, we performed second derivative calculations and a multiple
Gaussian curve-fitting analysis using Peak Fit software version 4.12
(SPSS Inc., Chicago, IL, US).

2.7.3. Raman spectroscopy

The gels were analyzed using Horiba Optics Inc.’s Raman spectros-
copy apparatus (France), which had a 100-mW laser with a wavelength
of 633 nm. The range of 500-4000 cm ™, 32 scans, and 4 cm™ ! spectral
resolution were used for the data collecting process.

2.7.4. XRD analysis

The crystalline and amorphous content of prepared Cs, CCN, and
CCF-5 was analyzed using Malvern Panalytical’s multifunctional pow-
der diffractometer (XPert Pro MPD). 20 mg of each sample was scanned
at a rate of 4° min~! in the region from 5 to 80° at 40 kV and the tube
current was adjusted at 40 mA. The crystalline size of samples was
determined by the Scherrer’s equation as follow:

K
"~ Pcosb

3

Where, D represents the crystalline size of the samples, K is the
Scherrer constant, ) is the wavelength of X-ray source, f is the radians,
and 0 is the peak position.
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2.7.5. XPS analysis

The samples were measured using an electron spectrometer, and the
XPS spectra were calibrated using a reference energy value of 284.8 eV
(Ciobanu et al.,, 2023). The XPS data were analyzed using the
Thermo-Avantage program. Gaussian curve-fitting analysis was used to
fit all peaks by Origin version 2024b (Origin Lab, Co., US), with a
Jiangsu University accessibility.

2.7.6. SEM

The morphology of Cs, CCN, and CCF-9 was analyzed using SEM
(JSM-7001F, JEOL Co., Japan). The freeze-dried samples were placed
onto an aluminum plate, and an accelerating voltage of 5 kV was
applied. Three different magnifications of 30, 50, and 70 kx were used to
examine the gel morphology. The elemental composition of the samples
was evaluated throughout the SEM process using an energy dispersive X-
ray spectrometer (EDX). Moreover, the particles size distribution gained
from SEM snapshots was extracted by ImageJ and then their histogram
was plotted and fitted by OriginLab 2024b.

2.8. Determination of the in vitro antioxidant activity

2.8.1. DPPH-scavenging activity

The DPPH scavenging activity was used to test the capabilities of Cs,
CCN, CCF-3, CCF-5, CCF-7, and CCF-9. CN (250 pg/mL) and various
concentrations of Fs (3, 5, 7, and 9 mg/mL), referred to Fs-3, Fs-5, Fs-7,
and Fs-9, respectively (Salah et al., 2020). Initially, 0.4 mL of the pre-
pared gel was dissolved in acetic acid (1%) and combined with 1.8 mL of
DPPH (0.2 mM) in an EtOH solution. The reaction solution was incu-
bated for 0.5 h with agitation at room temperature in a dark environ-
ment. The samples were subjected to centrifugation at a speed of
2415xg for 10 min. Subsequently, the UV-absorption reaction solution
was quantified at a wavelength of 517 nm using a microplate reader
(Multiskan Go, Thermo Scientific, China). Ascorbic acid served as the
standard equivalent, and was measured in ASE (ug/mL). Thus, the DPPH
radical-scavenging activity of samples was calculated using the
following equation:

DPPH Scavenging activity (%) = x100 4)

C — Abs
C

Where, Abs represents the absorbance of the samples, and C is the
absorbance of control.

2.8.2. ABTS-radical scavenging activity

A solution of ABTS free radical (7 mM) was combined with potassium
persulfate (2.45 mM) and prepared in PBS (10 mM, pH 7.4) at room
temperature (Li et al., 2018). The UV-absorption of solution was diluted
until ABS absorption reached 0.7. 0.4 mL of the prepared gel was sus-
pended in acetic acid (1%) before mixing with 1.8 mL of the ABTS free
radical solution. It was then incubated, centrifuged at 2415 xg for 10
min, and scanned at 734 nm. The standard curve equivalent of ascorbic
acid ASE ([pg/mL)] was used. The ABTS + scavenging activity (%) was
calculated using the following equation:

C — Abs

ABTS Scavenging activity (%) = x100 5)

Where, Abs denotes the absorbance of the ABTS free radical solution,
and C is the absorbance of control.

2.9. Antimicrobial of CN and Fs loaded on Cs-gel

2.9.1. Invitro antifungal assay

P. expansum 3.3703, obtained from moldy apples, was acquired from
the China General Microbiological Culture Collection Centre.
A. westerdijkiae fc-1 strain was provided by the Chinese Academy of
Agricultural Sciences. Fungi were cultivated in potato dextrose agar
(PDA) using sterile dH20 in a sterile environment for a well-diffusion
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method (Do et al., 2022). Fungal spores were diluted at 1 x 10% and

mixed with sterile HyO (as a control), Cs, CCN, CCF-3, CCF-5, CCF-7, and

CCF-9 gels. All treatments were incubated for 4 h in the dark, and 30 pl

were injected into the sterile PDA. Inoculated plates were then incu-

bated at 25 °C for 7 days, and the zone of inhibition (%) was determined.
Control diameter — Treatment diameter

Inhibiti %) = 100 6
ibition (%) Control diameter X ©®

2.9.2. In-vitro antibacterial assay

B. cereus (ATCC 10987), E. coli (ATCC 8739), and S. aureus (ATCC
6538A) were bought from the National Research Centre (NRC) located
in Cairo, Egypt. All bacterial strains were pre-cultured in nutrient broth
medium for 12 h and total counts of bacterial strains were adjusted at 1
x (10°-107) using a dilution assay (Wu et al., 2023). Briefly, 100 pL of
each bacterial broth was equally spread on a nutrient agar plate. Then,
filter papers were soaked with Cs, CCN, CCF-3, CCF-5, CCF-7, and CCF-9
gels for 5 min. These filter papers (6 mm) were put on the bacteria plates
which were then incubated for 24 h at a temperature of 37 °C. The
antibacterial activity was presented in the form of the zone-inhibition
(mm), and antibacterial activity rate (%) which was calculated as per
the following equation:

C-T
Antibacterial rate (%) =

x100 )

Where, C is the colony count of bacteria strain before mixing with
samples and T is the colony count of bacteria strain after treating with
samples.

2.10. Texture analysis of prepared gels

Texture profile analysis (TPA) of Cs, CCN, CCF-9 gels were assessed
via a TA-TX plus (texture analyzer Stable, Micro Systems Ltd., Surrey,
UK), attached with a load cell (5-kg). All samples were tested using a
trigger force of 5 g, a pre-test speed of 1 mm/s, a test speed of 1 mm/s,
and a post-test speed of 1 mm/s (Athipornchai et al., 2024). The hard-
ness (g), adhesiveness (g. sec), cohesion (%), resilience (%), springiness
(%), chewiness, and gumminess were calculated at 25 °C.

2.11. Release profile assay

The release behavior of Fs from CCF-3, CCF-5, CCF-7, and CCF-9
were measured. The prepared gel was dissolved in 10 mL PBS solution
(pH 7.4), and each treatment was incubated at 37 °C with shaking. Then,
2 mL of each treatment was measured by UV-vis spectroscopy at 280 nm
(Phonrachom et al., 2023). Simultaneously, 2 mL of PBS was added to
each treatment equal its original volume.

2.12. Molecular docking modeling

The binding among the gel matrices was theoretically evaluated
using molecular docking approach. The initial geometry of chitosan
(PubChem CID: 71853), cinnamaldehyde (PubChem CID: 637511),
narirutin (PubChem CID: 442431), phytic acid (PubChem CID: 890), and
pentsodium triphosphate (PubChem CID: 24455) was acquired from
PubChem database (https://pubchem.ncbi.nlm.nih.gov/) and opti-
mized by SYBYL X-2.0 on a windows operating system. The energy
minimization of each structure was conducted by the Powell method
using Tripos force field, where a convergence criterion of 0.005 kal/(mol
A) was used as the termination of the Powell conjugate gradient algo-
rithm. The maximum iterations were set to 1000 steps and the other
parameters were defaulting adjusted (Khalifa et al., 2021). Molecular
docking study was done by Surflex-dock model using the lowest-energy
conformations. HyO and bound ligands were removed from the receptor
prior to docking analysis and all parameters were default. After suc-
cessful docking, all the putative docking models were analyzed and
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selected based on H-bonding. The stabilized structure served to visualize
the capability to form H-bonding, and to determine the sites and number
of direct and intermediate H-bonding. Oppositely, geometry of the
initial molecules and complexes were further optimized using M062X
function with 6-31G (d, p) basis set, which was implemented in Gaussian
09 package to calculate theoretical thermodynamic constants. The
binding constants and driving forces were finally computed.

2.13. Statistical analysis

All tests were done in triplicate, and the outputs were stated as the
mean value + SD. Statistical analysis was done using SPSS 27.0 (SPSS
Inc., CHI, US), including one-way analysis of variance (ANOVA) with
Duncan’s post-hoc test to compare the mean values at a significance
level of p < 0.05. The educational version of OriginPro (2024b) was used
to draw and present the data. The software Minitab, version 16 (Minitab,
Inc., US) was used to perform the principal component analysis (PCA).
Using Origin 2024b (Origin Lab, Co., US), with a Jiangsu University
accessibility, a bubbles Pearson correlation study was conducted with
significance levels of 0.05, 0.01, and 0.001.

3. Results and discussion
3.1. The interaction of CN and Fs loaded on Cs

The yield of flavonoid extract after lyophilization was 8.95 +
0.039%, and TFC was 6.10 + 0.245 mg rutin/g dry flavonoid extract.
The results revealed for the high EE at high level of Fs loaded on CCN, as
presented in Table S1. The EE of CCF ranged from 75.95 + 1.74 to 83.14
+ 3.34%, with an increase in flavonoid level, while EE of CCN was 80.56
+ 1.17%. The maximum EE for CCF-9 was 83.14 + 3.34%. This mani-
fests that Cs-gel successfully encapsulates Fs, with a dose-dependent EE,
showing the suitability of Cs-gel to encapsulate CN and Fs. The high
encapsulation of CCF-9 is due to the existence of many OH-groups in
flavonoid molecules, which could interact with the positive charge on
the surface of chitosan through electrostatic interaction (Aluani et al.,
2017). Roy et al. (2019) exhibited that the EE of quercetin and myricetin
encapsulated in the chitosan matrix was 81 and 89%, respectively
agreeing with our results. Furthermore, these differences in EE may be
ascribed to the pH levels, the ratio of chitosan to cross-linker agent, the
concentration of phytochemicals, and the polymer’s binding affinity
toward active components, as previously reported by Sun et al. (2020).
The interaction between Cs-gel and CN and Fs was then examined using
UV-vis, FTIR, and XRD assays.

The structure of flavonoids consists of two separate bands. Band I
correspond to the cinnamoyl group, which includes the B ring and part
of the C ring which was observed at wavelengths between 300 and 380
nm. Band II corresponds to the benzoyl group, which includes the A ring
and part of the C ring which was observed at wavelengths between 240
and 280 nm (Duan, 2014). The UV spectrum of Fs (5 mg/mL) shows two
bands at 310-360 nm and the other at 260-280 nm (Fig. 1A). However,
these bands disappeared in the UV spectrum of CCF-5, confirming that
Fs might be entrapped into chitosan matrix. Additionally, the
UV-spectra intensity of CCF-5 was increased, compared with the Cs-gel
spectrum likely attributed to the binding of the cinnamoyl part of Fs
with Cs-gel. Zhang et al. (2008) reported that the band II disappeared
after loading quercetin on chitosan-nanoparticles. Fig. 1B shows that the
spectrum of CN displayed a band around 270-295, which is related to
the benzene molecule conjugated with a C=0 group (Cox et al., 2021).
Similar results were observed in the UV spectrum of CCN gel. The peak
position changes are due to the interaction between the CN band and
Cs-gel, as previously reported (Wu et al., 2023). These results confirmed
the binding and integration of Fs or CN into Cs matrix during gelation.

FTIR spectroscopy was employed to assess functional groups
involved in the interaction between the carriers and bioactive sub-
stances. FTIR of Fs (5 mg/mL), CN (250 pg/mL), prepared gel of CCF-5,
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Cs-hydrogel
1.8+ —— CN (250 pg/mL)
1.6 ——CCN
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Intensity (a.u.)

Cs,D=1.52 nm
—— CCN, D =1.61 nm
CCF-5,D =1.81 nm

5 10 15

20 25 30 35
20 (°)

Fig. 1. A) Uv-absorption of Cs-hydrogel, Fs (5 mg/mL), and CCF-5, B) Uv-absorption of CN (250 pg/mL) and C) XRD patterns and crystalline size (D, nm) of Cs-
hydrogel, CCN, and CCF-5. Where CCF-5 means that Fs (5 mg/mL) loaded on CCN, While CCN is CN (250 pg/mL) loaded on Cs-gel.

CCN, and Cs are shown in Fig. 2A. The Cs-gel exhibited two distinct
absorption peaks at 3292.53 and 1635.98 cm™?, corresponding to the
stretching vibration of -O-H, broad signal and the amide-I groups (=N-H,
acute signal), respectively. Nalini et al. (2022) showed that the peak
absorption at 3200-3500 and 1635-1690 cm ! referred to H-bonds and
amide-1, respectively. FTIR signal of Fs shows a peak at 3320.26 cm™?,
demonstrating to the O-H-group, while the sharp signal of the peak at
2972.26 cm ™! corresponded to the C-H vibration. The FTIR spectrum of
CN showed two distinct sharp bands at 1668.82 and 1624.82 cm ™7,
corresponding to C=0 which is related to the CHO-group and aromatic
benzene ring linked with C=H. The binding of CN and Fs on Cs-gel
induced H-bond formation, resulting in peak shift as reported by Liu
et al. (2020). The O-H-group band was red-shifted to 3301.54 and
3304.02 cm ™! in the CCN and CCF-5 spectra, respectively, signifying the
formation of new hydrogen bonds within the initial binary complex
through the process of ionic-gelation. (Liang et al., 2021). The disap-
pearance of bands at 1668.82, 1624.82, and 2972.65 cm ™! in the CCN
and CCF-5 spectra further inferred the presence of hydrogen bonding
formation between Fs or CN with Cs-gel. Furthermore, the peak intensity
changes confirmed the interaction of CN and Fs with the Cs-gel. The
findings exhibited that encapsulating bioactive materials in glycopol-
ymer based on nanoparticles led to the formation of H-bonds as man-
ifested by significant shift in the peak intensity. As observed in Fig. 2B,
the peak fit analysis of amid-1 (1620-1650 cm ™) showed 5, 4, and 3
stretching small peaks of Cs, CCN, and CCF-5 gels, respectively. Briefly,
all the analyzed fitted peaks were derived from the amid-1 peak, but the
secondary structure, including a-helix, p-turn, and so on, led to the
amid-1 peak producing some fine peaks. These findings revealed that Fs
and CN could greatly influence the secondary structure of Cs-gel, mostly
due to their interaction together. To gain a greater understanding of the
bonding arrangement of CN and Fs integrated with Cs-gel, Raman

spectroscopy was conducted. Fig. 2C displays the Raman spectra of Cs,
CCN, CCF-3, CCF-5, CCF-7, and CCF-9 gels. It was observed that C-C
(1000-1250 cm™!) stretching region in Cs-gel structure was influenced
by the integration Cn and Fs. In comparing with Cs-gel, the CC stretching
peak intensity of CCF-3 to CCF-9 was increased. This indicated that the
Fs successfully interacted with CCN-gel (Fig. 2C). Similar phenomena
were observed when CN encapsulated into Cs-gel (Fig. 2D). Jha and
Mayanovic (2023) have shown that conformational changes can cause
modest effects in the Raman spectra, such as frequency shifts, changes in
intensity, and broadening of the relevant Raman bands. These data were
in agreementwith the above results of Uv—vis and FTIR.

3.2. XRD, XPS analysis and the morphology of Cs, CCN, and CCF-5

The X-ray diffraction (XRD) patterns were performed for CN, CCN,
and CCF-5, as displayed in Fig. 1C. In general, diffraction patterns
showed that the crystalline materials present in the sample exhibit sharp
peaks, while broad peaks indicated the presence of amorphous materials
(Liang et al., 2021). The diffractogram of Cs, CCN, and CCF-5 revealed
two distinct peaks at 8.65° and 18.41°, 8.36° and 18.84°, and 8.54° and
18.76°, respectively. These peaks showed that all prepared samples were
in an amorphous state. Moreover, the crystalline size of Cs, CCN, CCF-5
were 1.52, 1.61, and 1.81 nm, respectively. Comparing Cs with the
CCF-5 and CCN diffractograms, the peaks were slightly red-shifted.
Moreover, changes in peak intensity suggested that the hydrogen
bonding between CN and Fs with Cs occured. These findings indicated
that the distances between the chains expanded and the H-bond of the
amorphous Cs was disrupted in an irregular manner as previously re-
ported (Chen et al., 2016). Liu et al. (2020) observed that the dif-
fractogram peaks became broader after encapsulating CN into whey
protein isolate-dextran complex and chondroitin sulfate. Similar
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Fig. 2. A) FTIR of Fs (5 mg/mL), CN (250 pg/mL), CCF-5, CCN and Cs, B) peak fit of amide-I (1620-1650 em ™) of Cs, CCN, and CCF-5 gels, C) Raman spectroscopy of

CCF-3, CCF-5, CCF-7, and CCF-9 gel, and D). Cs, CCN-gel.

phenomena were reported by Ding et al. (2021), who implied that the
amorphous state contributed to the H-bond formation of the
chitosan-proanthocyanidin interaction. These results showed that the
H-bond controlled the interaction of CN and Fs with Cs-matrix which
was in accordance with FTIR results. Fig. 3 shows the XPS spectra of Cs,
CCN, and CCF-5 gel, where the binding energy ranges from 0 to 1200 eV.
The elements scanned in the Cs, CCN, and CCF-5 gel structures were
carbon (C), oxygen (O), and nitrogen (N) (Jiang et al., 2024). Mean-
while, sodium (Na) and phosphorus (P) involved in the gel formation
contributed to the cross-linkers (tripolyphosphate and phytic acid) that
are used to bind CN and Fs. After cross-linking by tripolyphosphate, the
CCN gel contains Na and P, as observed in the XPS spectra (Fig. 3A and
C). After cross-linking with phytic acid, the CCF-5 gel contains only P, as
shown in the XPS spectra in Fig. 3A and D. Moreover, Fig. 3B, C, and D
display the element resolution of Cls, Ols, N1s, Nals, and P2p in Cs,
CCN, and CCF-5 gels. All gels in the C1s spectra display different binding
energies at 284.4, 286, and 282,8 eV, contributing to the C-C/C-H/C=C,
C-OH/C-0-C, and C-C/C=C groups. While N1s spectra show levels at
399.4 and 397.3, mostly contributing to C-N/NH-C-O and C-N groups,
notably, CCN and CCF-5 had a different N (count/s) content than Cs-gel,
indicating the formation of Schiff base. Similarly, the different content
in the O1s spectrum could correspond to the formation of the CHO group
in CCN and CCF-5 gels. Similar phenomena were reported by Zhou et al.
(2024). This result indicated that CN and Fs were successfully encap-
sulated into the Cs-gel structure.

SEM was used to investigate the morphology of the dried Cs, CCN,
and CCF-9, as shown in Fig. 4. The Cs morphology was squishy and
porous, which confirms the presence of gelation using a cross-linking
agent. At 70 KV magnification, the micrographs of CCN showed a lit-
tle crust with less porous surfaces covered with flake grains due to ionic

crosslinking agent (TPP) binding with CN and Cs. At 70 KV magnifica-
tion, the CCF-9 micrographs showed a crusty shape and an almost non-
porous surface, indicating that Fs was successfully embedded inside the
CCN matrix. Moreover, the particle sizes found in the Cs-gel were in the
range of 0.2-0.75 pm. A larger number of particles are found between
0.35 and 0.55 pm, while a smaller number of particles are found be-
tween 0.550 and 0.75 pm. Similar observations were made for the
particle size distribution of CCN and CCF-5 observed from SEM images,
as shown in Fig. 5. These structures can enhance the interface contact
with the core material and generate a multi-dispersed microstructure (Li
et al., 2024). Furthermore, atoms (%) obtained from EDX revealed that
Cs, CCN, and CCF-5 have high contents of carbon and oxygen ions. Post
loading of CN and Fs on the Cs matrix, the atom percentage of carbon
ions increased in the order of Cs < CCN < CCF-5. This demonstrated that
CN and Fs bonded the C-H chain of Cs with a new carbon chain as re-
ported by Athipornchai et al. (2024).

3.3. Antioxidant activity in-vitro

The scavenging activities of all gels against DPPH and ABTS free
radicals were also confirmed using ascorbic acid equivalent (ASE, pg/
mL) as displayed in Fig. 6. The data demonstrated that DPPH-scavenging
activity of Fs ranged from 42.12 + 0.48 to 61.02 + 1.80 pg/mL using 3
and 9 mg/mL, respectively (Fig. 6A). After loading CN, the antioxidant
ability of CCN was 3.06 + 1.51 pg/mL, which was higher than Cs-alone,
suggesting that CN may improve Cs’ scavenging ability against DPPH
free radicals. Likewise, upon loading flavonoids on CCN structure, the
abilities of CCF-3, CCF-5, CCF-7, and CCF-9 were 15.30 + 0.66, 24.58 +
0.53, 32.84 + 0.42, and 38.22 + 0.37 pg/mL, respectively. The highest
antioxidant capacity against DPPH free radical was observed at 38.22 +
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Fig. 3. XPS wide-scan spectra obtained for Cs, CCN and CCF-5 gel (A), XPS high-resolution spectra of C1s, Ol1s, N1s, Nals and P2p obtained for Cs (B), CCN (C) and

CCF-5 (D) gel.
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Fig. 5. Particle size distribution histogram plot for Cs, CCN, and CCF-5 gels.

0.37 pg/mL for CCF-9 gel. Salah et al. (2020) showed that the antioxi-
dant activity of purified anthocyanin’s extract is dose dependent. This
outcome might also be associated with the fact that the binding of Fs or
CN in the Cs-gel permitted Fs or CN to be more readily immersed in the
DPPH solution, thus increasing the reaction contact with the free radical
(Liang et al., 2021). Furthermore, the variation in the scavenging
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Fig. 6. In vitro antioxidant activity using (A) DPPH radical scavenging and (B)
ABTS radical scavenging assays. The Fs loaded on CCN gel was designated as (3
mg/mL, CCF-3), (5 mg/mL, CCF-5), (7 mg/mL, CCF-7) and (9 mg/mL, CCF-9).
Where Fs-3, Fs-5, Fs-7, and Fs-9 were the free of unloaded Fs. While CCN is CN
(250 pg/mL) loaded on Cs-gel. Values represent mean and + standard deviation of
three replicates. Different letters on the bars indicate significant differences among
the samples (p < 0.05).

activity was more consistent with EE % findings, suggesting that Fs and
CN interacted with the Cs matrix. The ABTS scavenging activity of
CCF-3, CCF-3, CCF-5, CCF-7, and CCF-9 were 36.43 + 2.73, 58.42 +
2.58, 163 + 0.81, and 174.170 + 1.36 pg/mL, respectively (Fig. 6B).
The highest scavenging ability against ABTS free radical was 174.170 +
1.36 pg/mL for CCF-9 gel. Ding et al. (2021) found that the antioxidant
ability of Cs-nanoparticles fabricated by gelation method with the aid of
TPP was limited. Besides the high molecular weight of chitosan, it is
evident that the TPP cross-linker quenched the amino acid group inside
the chitosan structure and prevented this functional group from reacting
with ABTS or DPPH free radicals. The produced gel exhibited a stronger
ABTS scavenging activity compared to the DPPH scavenging activity
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attributed to the fact that ABTS radicals can dissolve in both water and
organic solvents, allowing for the assessment of the antioxidant capacity
of both hydrophilic and lipophilic molecules. Chen et al. (2023) showed
that the ability of anthocyanins loaded on chitosan/f-lactoglobulin to
scavenge the ABTS free radicals was higher than DPPH free radical.
Furthermore, the variation in the scavenging activity is more consistent
with the EE% findings, suggesting that Fs and CN interact with the Cs
matrix and have the potential to exert their antimicrobial activity.

3.4. Antimicrobial activity in vitro

The cultivation of fungus on solid media has numerous advantages,
including the ease and cost-effectiveness of the assay, as well as the
ability to evaluate a wide range of antimicrobial compounds. Fig. 7A
shows the antifungal activity of Cs, CCN, CCF-3, CCF-5, CCF-7, and CCF-
9 gels against P. expansum and A. westerdijkiae. After loading Fs on CCN
gel, the inhibition (%) of CCF-3, CCF-5, CCF-7, CCF-9 against
A. westerdijkiae were 48.22 + 2.45, 56.73 + 1.22, 75.17 + 12.28, and
93.61 + 2.12%, respectively, Fig. 7B. However, the inhibition (%)
against P. expansum was limited and still significant between the treat-
ments of CCN, CCF-3, CCF-5, CCF-7, and Cs-gel. Additionally, CCF-9 gel
showed a significant inhibition on the spore growth of P. expansum,
while the growth of mostly A. westerdijkiae was inhibited. The corre-
sponding inhibition (%) of CCF-9 against P. expansum and
A. westerdijkiae were 29.91 + 1.22 and 93.61 + 2.12%, respectively
indicating that CCF-9 exhibited a stronger effect against A. westerdijkiae
than P. expansum, compared with Cs-gel. These results demonstrated
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that the biologically active components enhanced Cs structure and
effectively inhibited the extension of the fungus colony diameter. Fla-
vonoids exhibit antifungal properties via inducing alterations in the
structure of fungal cell walls and endomembrane system, thereby,
inhibiting fungal growth and activity (Liu et al., 2021). The antibacterial
ability of Cs, CCN, CCF-3, CCF-5, CCF-7, and CCF-9 gels against
S. aureus, E. coli, and B. cereus is shown in Fig. 8A. The antibacterial
diameter zones of Cs, CCN, CCF-3, CCF-5, CCF-7, and CCF-9 against
E. coli were 16.25 + 0.06, 17.65 + 0.04, 19.7 + 0.05, 21.15 + 0.04,
22.70 + 0.05, and 26.16 + 0.02 mm, respectively (Fig. 8B). While the
inhibition zones of Cs, CCN, CCF-3, CCF-5, CCF-7, and CCF-9 against
B. cereus were 12.33 + 0.57, 15.81 + 0.23, 14.33 £ 0.15, 15.47 + 0.02,
19.60 + 0.05, and 27.69 + 0.05 mm, respectively. Li et al. (2018)
exhibited that the inhibition diameter of Cs against S. aureus and E. coli
ranged from 7 to 11 mm, and in agreement with our results. Further-
more, the prepared CCF-9 gel, at the highest concentration of Fs, showed
antibacterial abilities against the three pathogenic bacteria in the
following order: S. aureus > B. cereus > E. coli. The corresponding di-
ameters of the antibacterial zone were at 28.65 + 0.05, 27.69 + 0.04,
and 26.16 + 0.02 mm, respectively inferring that Fs embedded in CCN
exerted a significant effect on the antibacterial effect. A previous study
showed that the licoricidin (iso-flavonoid) loaded on chitosan has a good
antimicrobial ability against pathogenic microbes (Wu et al., 2023).
Moreover, the results confirm that the activity of Cs-gel was enhanced by
binding to CN and Fs. The action mechanism might be attributed to the
fact that the fabricated CN and Fs with Cs-gel have unique structures
that prevent nutrients uptake and inhibit pathogenic bacteria as
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previously reported (Zhou et al., 2024). The antibacterial effect (%) of
prepared gels against these bacteria strains was also investigated. As
shown in Fig. 8C, the prepared gels exhibited antibacterial rate (%) in
the following order: CCF-9 > CCF-7 > CCF-5 > CCF-3 > CCN > Cs,
which are in line with the inhibition diameter zone. Previous studies
indicated that the antibacterial rate (%) of free-Cs against S. aureus and
E. coli was 60 and 40%, respectively (Wang et al., 2023). Overall, in-vitro
antimicrobial assay results indicated that the binding of CN and Fs on
Cs-gel has potential for use as an antimicrobial agent.

3.5. Texture profile analysis (TPA)

The TPA factors of Cs, CCN, CCF-3, CCF-5, CCF-7, and CCF-9 gels as
key, control, and reference samples are displayed in Table 1. Hardness is
the most important physical characteristic of fabricated gel. Among all
prepared gels, hardness ranged from 55.29 + 2.23 to 152.66 + 3.18 g.
After loading the Fs on CCN-gel, the hardness increased in the order
CCF-3 < CCF-5 < CCF-7 < CCF-9. However, after loading CN onto Cs-
gel, the hardness of CCN decreased, likely attributed due to hydrogen
bond formation upon Fs embedding inside the CCN gel. Zhong et al.
(2022) reported that the binding of different flavonoid molecules
exhibited an effect on the hardness of ovalbumin hydrogel. Furthermore,
the presence of an ordered Cs-gel structure increased the hardness level
(Khorshidi et al., 2023). Springiness (%) is well-defined as the elasticity
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of prepared gels which showed an increase upon the addition of CN and
Fs to Cs-gel. The springiness (%) of prepared gels ranged from 19.43 +
0.50 to 47.69 =+ 2.19 %. It was observed that the chitosan structure may
improve the elasticity levels, which would help to use this gel in food
candy industry. The variation in elasticity of CN and Fs loaded on Cs-gel
contributed to the diverse microstructure of the gel. The same phe-
nomenon was observed in the other TPA parameters, including chewi-
ness and gumminess. CCF-9 showed high texture and physical
characteristics, including hardness, chewiness, and gumminess. More-
over, SEM micrographs indicated that the structure of the gel became
more compact after binding Fs, resulting in strong TPA parameters
(Zhong et al., 2022).

3.6. Cumulative release (%) of Fs from prepared gel and their binding
mechanism

The release profiles of Fs from the CCF-3, CCF-5, CCF-7, and CCF-9
were measured by monitoring total concentration released at 720 min,
as displayed in Fig. S2. Results revealed that the amount of Fs eluted
from the prepared gel increased in the following order CCF-3 < CCF-5 <
CCF-7 < CCF-9. The release of Fs reached 72.59 % for CCF-3, 75.49 % for
CCF-5, 84.49 % for CCF-7, and 87.08 % for CCF-9. These results could be
attributed to the higher hydrophilicity of CCF-9 triggered structural
relaxation, resulting in a higher release of Fs. Phonrachom, Charoensulk,
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Table 1
Texture profile analysis of Cs, CCN, CCF-3, CCF-5, CCF-7, and CCF-9.

Current Research in Food Science 9 (2024) 100826

Samples  Physical properties Physical appearances
Hardness (g) Adhesiveness (g. sec) Cohesiveness (%) Resilience (%) Springiness (%) Chewiness Gumminess

Cs 93.76 + 5.20° —84.69 + 0.75% 11.56 + 0.53* 1.22 £ 0.09? 19.43 £+ 0.50* 210.47 £ 5.07% 1083.46 + 2.85°¢
\\ ’.//

CCN 78.42 + 2.45° —68.61 + 7.67° 12.62 + 0.96* 1.21 +0.01° 23.72 + 1.45° 222.27 + 2.57°  908.80 + 51.03"
4
)

CCF-3 55.29 + 2.23% —28.56 + 1.10¢ 13.72 + 0.94> 1.35 + 0.05" 31.64 + 3.13¢ 235.26 + 4.92¢ 791.75 + 10.53*

CCF-5 82.26 + 1.07° —87.07 + 1.69% 17.82 4+ 0.66° 1.26 + 0.06%° 47.69 + 2.19° 712.55 + 1.85¢ 1479.60 + 5.46¢
~

CCF-7 144.42 + 2.39¢ —33.75 + 1.65% 15.25 + 1.53%¢ 1.24 + 0.05° 38.82 + 1.669 779.44 + 1.02¢ 2096.97 + 7.59¢
|
K‘i"‘k‘/

CCF-9 152.66 + 3.18°¢ —36.99 + 2.50° 16.19 + 1.25% 1.20 + 0.02* 43.51 + 0.57°¢ 807.92 + 6.49" 2124.58 + 3.72¢

'&; xg} 5

Values are the mean =+ standard deviation of three replicates. Different letters in the same column indicate significant differences among the results (p < 0.05).

Kiti, Saichana, Kakumyan, and Suwantong (2023) reported that propolis
loaded on chitosan/pectin hydrogel increased the hydrophilicity
resulting in faster release of the propolis. Another explanation was re-
ported by Athipornchai et al. (2024) indicating that the high amount of
mangiferin loaded on carrageenan/chitosan hydrogel exhibited the
highest cumulative release (%). All prepared gels exhibited a high cu-
mulative release (%) at 180 min, followed by slower and sustained
release rate till the end of the analysis.

The binding free energy (AGpinding) and binding energy (AE) showed
negative values, suggesting that the calculations at the M062X/6-31G (d,
p) level of theory could provide a useful understanding of the binding
among molecules inside the gel matrix and most importantly its stability
during processing where this interaction was a spontaneous and
exothermic. As portrayed in Fig. 9, Cs stacked with CN, where there are no
direct binding forces among them occurred, where adding TPP directly
conjugated between CN and Cs with a couple of H-bonds and some other
77 stacking interactions. Meanwhile, Pa could also directly interact with
Cs by 2 H-bonds and other n—x forces since its delocalized electrons,
leading to stabilizing the gel stability and agreeing with our character-
ization results. Narirutin, the key flavonoid fraction of our flavonoid
extract, also interacts with Cs in the presence of Pa by H-bonding, showing
the importance of the dual crosslinkers we used. The Surflex-dock results
found that CCF final gel conjugates have an acceptable polarizability with
a value of 1.031. In addition to the close contacts between the flavonoid
and benzene rings of each ligand used and their equals Cs which may
enhance their binding among the gel matrices, finally leading to stabi-
lizing its functional and supplementary uses. It was speculated that H-
bonding and n—r interactions of the gel ligands were the main driving
forces of their stabilization. These forces mainly assisted the multiple
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ligands in the presence of suitable crosslinkers to improve the gels stabi-
lization and prevent their deterioration. PCA is a statistical analysis used
to link all variables together. PCA data showed that the analysis of the first
and second components (PC; and PCy) were 57.21 and 23.71%, respec-
tively, with a cumulative variation contribution ratio of 80.92% (more
than 75-85%). PC; exhibited a positive correlation with all gel parameters
including antioxidant ability, antifungal against P. expansum and
A. westerdijkiae, antibacterial against S. aureus, E. coli, and B. cereus, and
TPA (Fig. 10A). Moreover, PC; exhibited a positive correlation with CCF-
5, CCF-7, and CCF-9 gels, displaying their preferred effecting on the tested
parameters, while the Cs, CCN, and CCF-3 gels showed a positive corre-
lation with PCy. These findings agreed with the experimental data, where
the high amount of Fs (9 mg/mL) and CN (250 pg/mL) were more sig-
nificant effective than Cs-gel. Thereby, these data suggested that the in-
tegrated flavonoid with CCN gel have influenced the analyzed parameters.
As revealed in Fig. 10B, the Pearson correlation analysis displayed that a
great significant of p < 0.001 between (ABTS and DPPH), (P. expansum
and A. westerdijkiae), (S. aureus, E. coli, and B. cereus), (all TPA parame-
ters), indicating to a great effect on each other. There are different colors
of bubbles Pearson correlation represented by red, blue, and so on.
However, the most important is the high shadow color, which presents the
high correlation and vice versa. Significantly, almost all the parameters
exhibit a positive correlation, indicating a strong association among the
selected gel variables used to assess the effects of CN and Fs on Cs-gel
structure.

4. Conclusion

The ionic-gelation method successfully fabricated chitosan gel (Cs)
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Fig. 9. The MD possibilities of the inter-intramolecular interaction among the gel formulas (Fs/CN/Cs) using tripolyphophate and phytic acid as cross-linkers, the

double yellow dashed lines (:

) referred to H-bounding among them, while from the pink to the red areas and small sticks referred to the suspected positions of the

H-bonds, electrostatic, and hydrophobicity forces. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

functionalized with cinnamaldehyde oil (CN) and flavonoid extract (Fs)
and assessed their antioxidant and antimicrobial effects. The EE of CCF
ranged from 75.95 + 1.74% to 83.14 + 3.34% based on an increase in
flavonoid concentration, while the EE of CCN was at 80.56 + 1.17%.
The UV and FTIR spectra revealed that H-bond formation in the original
binary complex was the main force dominating the interaction, in
accordance with XRD, Raman spectroscopy, and Surflex-dock findings.
Furthermore, Cs-gel successfully encapsulated Fs and CN, as evidenced
by XPS and SEM-EDX micrographs. The CCF-9 gels showed potential
antioxidant levels of 38.22 + 0.37 pg/mL against DPPH free radicals and
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174.170 + 1.36 pg/mL against ABTS free radicals. The antifungal
inhibitory activity (%) against P. expansum and A. westerdijkiae of CCF-9
was 29.91 + 1.22 and 93.61 + 2.12%, respectively. In addition, CCF-9’s
zone growth inhibition effects against S. aureus, E. coli, and B. cereus
were 28.65 + 0.05, 27.69 + 0.04, and 26.16 + 0.02 mm, respectively.
Texture properties revealed that the hardness and springiness increased
in the order CCF-3 < CCF-5 < CCF-7 < CCF-9, further accomplishing the
cumulative release (%) findings. These results showed the potential
antioxidant and antimicrobial effects of Cs-gel functionalized with cin-
namaldehyde oil and flavonoid extract, suggesting it as a potential
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Fig. 10. Principle component analysis (A) and bubbles Pearson correlation analysis for the gels variables (B). *, **, and *** are the signifcant levels of 0.05, 0.01, and

0.001, respectively.
additive in the food or pharmaceutical industries.
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