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conjugated metabolism to become O-glucuronides and O-
sulfates.21 The lower bioavailability and faster excretion are
caused by the rapid metabolism of gallic acid under the above-
mentioned pathways.22 It is classified as class III medication in
BCS, with high solubility and low permeability.23 Higher
molecular weight, which restricts absorption by simple
diffusion, and extremely low lipid solubility, which limits
permeability across the gastrointestinal tract’s (GIT) bilipid
layer, are two of the reasons given for the poor bioavailability
of punicalagin.24,25 Furthermore, the intestinal microbiota of
healthy people converts punicalagins into hydroxy-6H-
dibenzopyran-6-one derivatives (urolithins), which are bio-
available but not very effective antioxidants.19 Poor bioavail-
ability of ellagic acid (EA) is associated with its low solubility,
limited permeability, fast metabolism, and removal from the
system. Both punicalagin and EA are categorized as class IV
medications by the BCS.26 Only a small portion of EA derived
from ellagitannis is absorbed in the stomach owing to its
resistance to acidic pH. Colon microflora convert ellagitannins
and EA to urolithins, facilitating cellular uptake. However,
owing to the variability of the gut microbiota composition,
each individual may produce highly or less active urolithins or
no urolithins, resulting in varied health benefits across the
population.27 Thus, drug delivery systems such as nano-
particles,28,29 nanoemulsions,30,31 solid-lipid nanoparticles,32

hydrogels,33 and polymeric nanoparticles34,35 have been used
to overcome these drawbacks related to lower bioavailability
and rapid metabolism of the above-mentioned polyphenols.

Iron oxide nanoparticles (Fe3O4 NPs) are one of the many
types of NPs that have gained attention because of their
remarkable superparamagnetic properties, biocompatibility,
extremely low toxicity, biodegradability, and reactive surface
amenable to modification using biocompatible coatings. Fe3O4
NPs are used extensively in drug delivery systems owing to
their superparamagnetic properties and easily modifiable
particle surfaces. Drug delivery systems consisting of Fe3O4
NPs can be directed to the target site using external magnetic
fields.36 As a result, research has been conducted on
manipulating superparamagnetic Fe3O4 NPs using external
magnetic fields in order to deliver a variety of medicinal
chemicals precisely.37,38 Recent research has considered
functionalizing Fe3O4 NPs with a variety of materials, including
silica,39 carbon,40 graphene oxide,41 and polymers.42 Thus,
polymers with magnetic sensitivity resulting from the
incorporation of Fe3O4 NPs with polymers will pave the way
to address the conventional limitations in remotely controlled
targeted drug administration.

A cationic polymer, chitosan, is produced by partially
deacetylating chitin, a copolymer made up of 2-amino-2-deoxy-
D-glucose and 2-acetamido-2-deoxy-D-glucose units with β-(1−
4) links.38 Chitosan is being used in biomedical applications
owing to its nontoxic, mucoadhesive, biocompatible, and
biodegradable properties.43 It has been used for the delivery of
therapeutic agents, including anticancer drug doxorubicin
(DOX),44,45 nonsteroidal anti-inflammatory drug indometha-
cin,46 curcumin targeting the treatment of inflammatory bowel
disease,47 and ciprofloxacin.48 At physiological pH, chitosan is
a weak base with a positive charge (pKa value ∼ 6.5).49 The
amine and hydroxyl groups of the chitosan chains facilitate
interactions with other materials, including Fe3O4 NPs, in
synthesizing nanocomposites.42 In addition to having reduced
toxicity and improved biocompatibility, functionalized Fe3O4
NPs with chitosan will interact with biological molecules such

as DNA, polypeptides, and antibodies.50 Accordingly, chitosan
was used as the material to couple with Fe3O4 NPs in the
current study to enhance the biological activity of the designed
delivery system.

Natural therapeutic compounds, including curcumin51,52

and pomegranate peel extract,34 and synthetic therapeutic
compounds, including doxorubicin,53 indomethacin,46 and
hydrocortisone,54 have been incorporated into delivery systems
consisting of chitosan and Fe3O4 in various studies. In the
present study, a chitosan-loaded Fe3O4 NP delivery system
(Fe3O4@Chi) was used to deliver the polyphenolic com-
pounds of the Punica granatum seed/peel extract. The presence
of punicalagin, EA, and gallic acid was confirmed via HPLC
analysis, and the in vitro drug release kinetics were evaluated
using five kinetic models under varying pH media
compositions. Furthermore, the antioxidant and anti-inflam-
matory potential was assessed. Several attempts have been
made to deliver pomegranate extract and the respective
polyphenolic compounds using chitosan, Fe3O4 and a
combination of these with other polymer delivery sys-
tems.55−58 Even though pomegranate extract has been used
as a reducing and stabilizing agent to synthesize Fe3O4 NPs
extensively,59−63 to our knowledge, research focused on the
delivery of punicalagin, EA, and gallic acid derived from the
pomegranate peel/seed extract (PG) using Fe3O4@Chi
nanocomposite delivery systems has not been conducted.
Moreover, a detailed release kinetics analysis over a varied pH
range has not been reported in the literature for the delivery of
polyphenolic compounds of PG using an Fe3O4@Chi delivery
system. Therefore, the present study focused on evaluating the
pH-responsive delivery of punicalagin, EA, and gallic acid of
pomegranate extract using the Fe3O4@Chi nanocomposite.
The study provides valuable insight into the pH-responsive
delivery of the respective bioactive compounds, filling critical
research gaps in polyphenol delivery systems.

2. METHODOLOGY
2.1. Extraction of Bioactive Compounds from

Pomegranate. Fresh pomegranate fruits of the local “Nimali”
cultivar were initially washed thoroughly using distilled water
to remove any impurities. The fruits were then manually
separated into peels and seeds. Both the peels and seeds were
dried in a hot air oven at 40 °C until they reached a constant
weight. The dried materials were ground into a fine powder.
Equal proportions (1:1 w/w) of peel powder and seed powder
were mixed and extracted by using methanol in a 1:5 (w/v)
sample-to-solvent ratio. The mixture was shaken continuously
for 24 h and subjected to ultrasonication for 1.5 h at room
temperature (25 °C) to enhance extraction efficiency. The
suspension was centrifuged to collect the supernatant, while
the pellet was re-extracted under the same conditions. Both
supernatants were pooled and evaporated to obtain the crude
bioactive extract.64 The extraction yield was calculated to be
41.62% (w/w). The resulting crude extract was stored in a
sealed amber glass vial at −20 °C until use.

2.2. Synthesis of Fe3O4 Nanoparticles via Coprecipi-
tation. The Fe3O4 NPs were synthesized using a coprecipi-
tation method. In this process, ferric chloride (FeCl3) and
ferrous sulfate heptahydrate (FeSO4·7H2O) in a 2:1 molar
ratio were dissolved in 200 mL of distilled water under
continuous stirring (400 rpm). To facilitate the precipitation of
magnetite, 25% ammonium hydroxide (NH4OH) was added
dropwise to reach pH 11.0, while maintaining the temperature
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60 ± 5 °C. Fe3O4 was precipitated, which was washed several
times with distilled water to neutralize the pH, and dried at 60
°C in a hot air oven.65 The sample was stored in an airtight
container at room temperature for further use.

2.3. Preparation of Chitosan from Shrimp Shells.
Shrimp shells were collected and cleaned using 70% isopropyl
alcohol to remove impurities. After oven drying (80 °C), the
shells were ground into a coarse powder. Demineralization was
conducted by immersing the powdered shells in 10%
hydrochloric acid (HCl) for 24 h at room temperature (25
°C). After the powder was washed to neutralize the pH, the
residue was stirred in 3% sodium hydroxide (NaOH) media
for 5 h at 25 °C, allowing deproteinization. Deacetylation was
followed by refluxing the powder in 50% NaOH for 2 h at 80
°C, where chitin from the shells was converted to chitosan.
The resulting powder was dried by using a hot air oven (60
°C). The sample was stored in an airtight container at room
temperature for further use and analysis.66

2.4. Synthesis of Chitosan−Fe3O4 Nanocomposite. A
chitosan solution was prepared by dissolving 5 g of chitosan in
500 mL of 2% acetic acid, followed by magnetic stirring at
500 rpm for 12 h to ensure complete solubilization.
Subsequently, 5 g of Fe3O4 NPs were gradually added to the
chitosan solution, and the mixture was stirred continuously for
3 h. To functionalize chitosan and Fe3O4 NPs and to stabilize
the composite, glutaraldehyde (50 wt %, 1 mL) was introduced
as the cross-linking agent and stirred for 3 h. Thereafter, 1 M
NaOH was slowly added dropwise until the solution reached a
neutral pH of 7. The final mixture was left undisturbed
overnight to facilitate complete precipitation. All of the steps of
the experiment were carried out at room temperature (25 °C).
The resulting precipitate was filtered, washed with distilled
water, and dried at 40 °C.42 The sample was stored in an
airtight container at room temperature for further use.

2.5. Loading of Fe3O4−Chitosan Nanocomposite with
Pomegranate Extract. To load the synthesized nano-
composite with pomegranate bioactive compounds, 3 g of
the crude extract was dissolved in 100 mL of methanol. An
equal amount (3 g) of the Fe3O4−chitosan nanocomposite was
added to this solution, and the mixture was stirred at 300 rpm
overnight at room temperature (25 °C) to ensure adsorption
and loading of the extract onto the composite surface.
Following solvent evaporation, the final loaded nanocomposite
was dried at 40 °C and stored in an airtight container at −20
°C until further use.

2.6. Characterization. X-ray diffraction (XRD) patterns
were acquired by using a D8 Advance Bruker diffractometer
equipped with Cu Kα radiation (λ = 0.154 nm). The
diffraction angle (2θ) was scanned from 5° to 80° at a rate
of 2°/min. The surface morphology of the synthesized
materials was examined using a ZEISS EVO 18 RESEARCH
scanning electron microscope (SEM). Vibrational fingerprints
of the synthesized material were acquired in the mid-infrared
region (4000−500 cm−1) using a Vertex 70-RAM II Bruker
spectrometer equipped with a diamond attenuated total
reflectance (ATR) accessory at a resolution level of 4 cm−1,
averaging 256 scans per spectrum. Surface area and pore size
distribution were evaluated by a Quantachrome V2.0 instru-
ment. The samples were degassed at 200 °C for 12 h to collect
the adsorption−desorption isotherms.

2.7. HPLC Analysis. The Punica granatum L. methanolic
extract was filtered through a 0.45 μm nylon syringe and
directly injected for analysis. The HPLC fingerprint of the

methanolic P. granatum L. extract was obtained using an
Agilent 1200 HPLC system equipped with a ZORBAX Eclipse
XDB-C18 column (4.6 mm × 150 mm, 5 micron). Detection
was carried out at 254 nm using a UV−vis detector. The
mobile phase consisted of (A) acetonitrile (HPLC grade) and
(B) 0.5% (v/v) acetic acid in distilled water delivered at a flow
rate of 1.0 mL/min. Gradient elution was employed as follows:
initially 0% A (100% B), linearly increased to 30% (A) at 40
min, 60% (A) at 60 min, and 90% (A) at 62 min, held until 68
min, followed by re-equilibration to initial conditions by 70
min. The total running time was 70 min, and the column
temperature was maintained at 30 °C. The injection volume
was 20.0 μL.67

2.8. Antioxidant Activity Using DPPH Assay. The
antioxidant capacity of the nanocomposite was evaluated by
using the DPPH radical scavenging method. A 1 mM stock
solution of DPPH in methanol was prepared. Test solutions
were prepared by diluting the extract and loaded nano-
composite in methanol to obtain concentrations ranging from
5 to 35 μg/mL. Each dilution (5 mL) was mixed with 0.5 mL
of the DPPH solution and incubated in the dark for 30 min.
Absorbance at 517 nm was measured by using a UV−vis
spectrophotometer. The radical scavenging activity (RSA%)
was calculated using the following formula:

A A
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RSA% 100%
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control

= ×
i

k

jjjjj
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{

zzzzz (1)

where Acontrol is the absorbance of the DPPH solution
without the sample and Asample is the absorbance in the
presence of the tested compounds. Each experiment was
triplicated, and the results were reported as mean ± standard
error. The concentration to result in 50% inhibition (IC50) was
determined using the nonlinear curve fitting method (Origin-
Lab) by plotting the RSA% over the concentration of the
sample.68,69

2.9. Egg Albumin Denaturation Assay. The anti-
inflammatory activity of the nanocomposite and pomegranate
extract was evaluated by using the protein denaturation
method. The concentration of the test compounds varied
from 50 to 250 μg/mL. To each tube with 2 mL of the test
sample in methanol, 2.8 mL of phosphate-buffered saline (PBS,
pH 6.4) and 0.2 mL of 1% egg albumin solution were added to
maintain the desired reaction conditions. The samples were
incubated at 37 °C for 30 min to enable interaction with
inflammatory mediators, followed by heating in a water bath at
70 °C for 15 min to induce protein denaturation. After cooling
to ambient temperature, absorbance was recorded at 600 nm
and 800 nm using a UV−vis spectrophotometer. The
absorbance difference (ΔA) was calculated as follows:

A A A600 nm 800 nm= (2)

This differential absorbance was used to compute the
percentage inhibition using the following formula:
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where Acontrol represents ΔA of the control (without sample)
and Asample represents ΔA of the test sample. Mean RSA values
were obtained for each concentration, and the corresponding
percentage inhibition of protein denaturation was plotted to
evaluate the dose-dependent anti-inflammatory efficacy of the
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formulations. The IC50 value was determined by the linear
regression model.68

2.10. Drug Encapsulation Efficiency % and Loading
Degree %. EE% of Fe3O4@Chi-PG was determined with
slight modifications.70 Freshly prepared Fe3O4@Chi-PG was
dissolved in methanol and sonicated at room temperature for
15 min. Afterward, 5 mL of the suspension was extracted and
subjected to centrifugation at 6000 rpm for 30 min. The
supernatant with the unbound drug was then collected, and the
absorbance for unloaded bioactive compounds was measured
at 360 nm using UV−visible spectroscopy.71 Utilizing the PG
extract as a standard solution, a calibration curve was plotted.
In brief, the amount of the unloaded drug in parts per million
was determined by utilizing the calibration curve to convert the
supernatant absorption to the drug concentration. The amount
of free drug was obtained by multiplying the drug
concentration by the volume of the drug utilized in the
drug-loading procedure.72,73 The encapsulation efficiency (EE
%) was calculated using the following formula:

EE(%) Amount of loaded drug(mg)

/ Total amount of drug(mg) 100

= [ ]

[ ] × (4)

Loading degree (LD%) was calculated using the following
formula:

LD(%) Amount of loaded drug(mg)

/ Total weight of drug system(mg) 100

= [

+ ] ×
(5)

where the substitution between the initial amount of the
drug and free drug will result in the amount of the loaded drug.

2.11. In Vitro Drug Release Study. The release profile of
the pomegranate-loaded nanocomposite was assessed in media
of varying pH values (1.0, 2.5, 4.0, 5.5, 6.7, and 7.4). An
amount of 2.5 mg of the nanocomposite was dispersed in
closed cuvettes containing the release medium and incubated
at room temperature (25 °C). Absorbance was measured every
15 min over a period of 5 h at 360 nm71 using a UV−vis
spectrophotometer to determine the cumulative amount of
released bioactive compounds.68

The cumulative drug release (CDR)% for every media
composition was calculated using the following equation:

t
% CDR

Amount released at time( )
Total amount of drug loaded into DDS

100%= ×

(6)
The drug release data were analyzed using mathematical

models to understand the underlying release mechanisms, and
the best-fit models with R2 ≥ 0.95 were selected to evaluate the
release mechanism of the polyphenolic compounds from the
delivery system.

The following equation shows the zero-order kinetics model:
Q Q k tt 0 0= + (7)

Qt represents the amount of active agent released during
time t and k0 is the zero-order constant.

The first-order kinetic model is expressed as follows:

Q Q e(1 )t
k t

0
1= (8)

Qt is the amount of active agents released at time t, Q0 is the
initial amount of the drug dissolved, and k1 is the first-order
constant.

The following equation indicates the Higuchi kinetic model:

Q k tt H
1/ 2= (9)

Qt is the amount of drug released at time t and kH is the
Higuchi constant.

The Korsmeyer−Peppas model is denoted by the following
equation:

Q k tt
n

P= (10)

Qt is the amount of drug released over time t, where n is the
exponent of release (related to the drug release mechanism) as
a function of time t, and kP is the model constant.

The Peppas−Sahlin model is expressed in eq 11, which
determines the estimated diffusional and relaxational con-
tributing mechanisms in an anomalous drug release process.

Q k t k t( ) ( )t
m m

D R
2= + (11)

Here, the constants kD, kR, and m are implemented. The first
part of the equation represents the Fickian diffusional
contribution (F), whereas the second term (Case II)
represents the relaxational contribution (R). The coefficient
m represents the strictly Fickian diffusion exponent for each
system with regulated release.

The following formula can be used to determine the ratio of
the R and F contributions:

k t kR/ F /m
R D= (12)

3. RESULTS AND DISCUSSION
3.1. XRD Analysis. The XRD patterns of the synthesized

materials were collected to determine crystallography (Figure
1). The XRD pattern of chitosan shows characteristic peaks at
19.3°, 20.9°, 22.9°, and 26.4° corresponding to the (110),
(120), (101), and (130) crystalline planes (JCPDS card
number 39-1894), with d spacings of 0.46, 0.42, 0.39, and 0.34
nm, respectively. The calculated crystallite size is 5.05 nm. The
XRD pattern of Fe3O4 shows the characteristic peaks of
magnetite at 30.2°, 35.6°, 43.2°, 53.6°, 57.2°, and 62.8°, which
are attributed to (220), (311), (400), (422), (511), and (440)
(JCPDS card no: 19-0629), and the corresponding d spacing
values are 0.30, 0.25, 0.21, 0.17, 0.16, and 0.15 nm,
respectively. The calculated crystallite size is 10.63 nm. Both
XRD patterns of Fe3O4@Chi and Fe3O4@Chi-PG show the
characteristic peaks of chitosan and Fe3O4. The absence of any
new crystalline peaks in Fe3O4@Chi-PG suggests that PG did
not disrupt the crystallinity of the nanocomposite. There is no
change in the crystallite size or the d spacing when materials
are coupled together and loaded with PG. All of the parameters
related to the crystallography of the materials are tabulated in
Table 1. According to the results, no significant changes were
observed in the crystallite size or the d spacing when materials
are coupled (Fe3O4@Chi and Fe3O4@Chi-PG). As the
processes of coupling chitosan and loading with PG occur
after the synthesis of Fe3O4 NPs and chitosan, subsequently,
the crystal lattice of Fe3O4 NPs is not disturbed. Therefore,
they do not alter the internal atomic arrangement or the size of
the formed crystallites.

3.2. SEM. SEM images were collected to study the surface
morphologies of the synthesized materials. The SEM image of
chitosan (Figure 2a) shows an oval-shaped macropore
structure, which was established due to the removal of
minerals (CaCO3) and protein upon treatment with 10%
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HCl and 3% NaOH in the conversion of chitin to chitosan.
The SEM image of Fe3O4 nanoparticles (Figure 2 b) shows
nanoparticles with a diameter of 62.48 ± 0.76 nm (Figure 2c)
and spherical and irregularly shaped aggregates with a diameter
of 170.85 ± 1.92 nm (Figure 2d). As exhibited in the SEM
image of the chitosan−Fe3O4 nanocomposite (Figure 2e), the
well-established oval-shaped macropores of the chitosan
matrix, which were formed after the removal of proteins
during the deproteination step of chitosan synthesis, can no
longer be seen in the SEM image of Fe3O4@Chi. Fe3O4 NPs
are heterogeneously distributed on the chitosan matrix, where
the density of the nanoparticles varies from one location to
another. A new macropore structure with irregularly shaped
macropores of different sizes has been formed after the
coupling of Fe3O4. The chitosan−Fe3O4 nanocomposite
consisted of particles with an average size of 93.01 ± 2.04
nm (Figure 2 f) and aggregates of the same with a diameter of
176.42 ± 5.00 nm (Figure 2g). Aggregates of both Fe3O4
nanoparticles and chitosan−Fe3O4 nanocomposites were
formed during synthesis and aging to neutralize the surface
charge. Furthermore, they physically interact with each other,
forming clumps and aggregates for a thermodynamically
favorable arrangement. During the formation of chitosan−
Fe3O4 nanocomposites, hydroxyl groups on the surface of

Fe3O4 interact with the NH2 groups of chitosan to form a
complex. Fe3O4 can interact with the NH2 groups of different
chitosan molecules. During the formation of such linkages,
aggregates can be formed. Furthermore, glutaraldehyde was
used as a cross-linker to link chitosan molecules that had
already formed a complex with Fe3O4, thereby establishing a
network of chitosan−Fe3O4. This can lead to the production of
aggregates of chitosan−Fe3O4 nanocomposites. Pomegranate
extract has masked the chitosan−Fe3O4 nanocomposite during
the deposition of the extract on the surface of the
nanocomposite, as illustrated in the SEM image of chitosan−
Fe3O4 nanocomposite-pomegranate (Figure 2h).

3.3. BET Analysis. The surface area and pore size
distributions of the synthesized materials were determined.
The adsorption−desorption isotherms (Figure 3a) exhibited
type V isotherms with H3 hysteresis loops, indicating the
presence of poorly developed micropores, as suggested by the
slow increase in adsorption at relatively low pressures.
Thereafter, adsorption increases significantly, demonstrating a
huge number of mesopores on the adsorption platform. The
surface area and pore volume of chitosan are comparatively
lower, indicating the presence of a low amount of mesopores
and micropores, though the material is abundant in larger
macropores, as shown in the SEM image in Figure 2a. The
bulky molecules, including proteins, were removed during the
synthesis of chitosan, hence facilitating the formation of
macropores.66 The high surface area, pore volume, and pore
size resulting in Fe3O4 suggest the presence of an abundant
amount of micropores and mesopores. The surface area and
the total pore volume of Fe3O4@Chi have been reduced to
45.47 m2/g and 0.162 cm3/g, respectively, compared to those
of Fe3O4, but are significantly higher than those of chitosan
(Table 2). This resulted from the weight ratio in which
chitosan and Fe3O4 were coupled (1:1), where Fe3O4 mainly
contributed to the textural properties of the composite. The
same parameters of Fe3O4@Chi-PG have been reduced to 3.12
m2/g and 0.013 cm3/g, suggesting the loading of PG in the
porous network and on the surface of the delivery system. The
average pore size increased from 7.134 to 7.428 nm, indicating
the creation of larger mesopores after loading of PG. Pore size
distribution data are represented in Figure 3b, indicating the
presence of micro- and mesopores in the synthesized material.

3.4. FT-IR. The FT-IR spectra were obtained to study the
different functional groups present in the materials and to
confirm the loading of Fe3O4@Chi with PG. The peaks on the
FT-IR spectrum of chitosan centered at 1008 and 1066 cm−1

correspond to the symmetric and asymmetric C−O−C
stretching vibrations. The peak at 1307 cm−1 is assigned to
C−H bending, and the peak at 1378 cm−1 is attributed to C−
H bending of the alkane, while the peak at 1548 cm−1

represents N−H bending of the amine group. The peak at
1655 cm−1 corresponds to the C�O stretching, suggesting the
presence of acetyl groups, which were not deacetylated upon
treatment with 50% NaOH. The peaks at 2874 cm−1 and 3097
cm−1 are attributed to the C−H stretching, whereas the peak at
3248 cm−1 is assigned to the O−H stretching of the hydroxyl
groups. The broad peak at 3447 cm−1 corresponds to the N−H
stretching of the amine group. The increase in the absorbance
in the region below 1000 cm−1 of Fe3O4 nanoparticles
confirms the presence of Fe−O vibrations. The vibrational
band near 572 cm−1 is attributed to the Fe−O stretching
vibration. Coupling of Fe3O4 onto the surface of chitosan can
be confirmed by the presence of characteristic vibration bands,

Figure 1. XRD pattern of the synthesized materials.

Table 1. Crystallographic Parameters of the XRD Patterns

Sample Crystal plane 2θ° L (nm) d (nm) L/d

Chitosan 110 19.34 5.05 0.46 10.98
Fe3O4 311 35.61 10.63 0.25 42.52
Fe3O4@Chi 110 19.31 4.52 0.46 9.83

311 35.59 13.62 0.25 54.48
Fe3O4@Chi-PG 110 19.28 4.45 0.46 9.67

311 35.60 10.78 0.25 43.12
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including 1007 cm−1, 1070 cm−1, 1623 cm−1, and 1664 cm−1 in
the FT-IR spectra of Fe3O4@Chi, as indicated in Figure 4. The
same bonds of chitosan spectra were present in Fe3O4@Chi,
though the peak positions vary slightly due to the coupling of
chitosan with Fe3O4. The FT-IR spectrum of PG shows many
characteristic peaks. The peaks below 920 cm−1 represent the
C�C bending, and the broad, significant peak at 1032 cm−1 is
attributed to the C−O stretching of the active compounds of
PG. The peak at 1243 cm−1 is assigned to the C−O stretching
in aromatic esters, present in punicalagin, which is one of the
active compounds in PG, and the peak at 1347 cm−1 represents
the O−H bending of the hydroxyl group of the active
ingredients. The peak at 1446 cm−1 is assigned to C−H
bending, while the peak at 1609 cm−1 corresponds to the C�
C stretching frequency. The C�O stretching is represented by
the peak at 1723 cm−1, and the peaks at 3299 cm−1 represent
the hydroxyl groups. The presence of the characteristic peaks
of PG on Fe3O4@Chi with slight variations in peak positions
suggests the successful loading of PG on Fe3O4@Chi. Table S1
indicates a detailed representation of the FT-IR vibrational
bands and their corresponding functional groups. These data
further confirm the coupling of Fe3O4 with chitosan and the
loading of PG onto the surface of Fe3O4@Chi.

3.5. HPLC Analysis. The HPLC fingerprint of P. granatum
methanolic extract was analyzed with ellagic acid, gallic acid,
and punicalagin α, β commercial standards (Figure S1). The
complete chromatogram is presented in Figure 5, and the
respective details of the elution of the compounds are
indicated in Table 3. The characteristic peaks that correspond

to punicalagin α and β, ellagic acid, and gallic acid can be
identified in the extract among other distinctive peaks, which
could be attributed to other chemical compounds present in
the extract. Furthermore, the UV spectra of the extract peaks
were compared to the standards to verify the identification’s
specificity. Based on the experimental results and previously
published literature,74−77 all of these chemicals are inferred to
be major polyphenolic compounds of the P. granatum extract.

3.6. Antioxidant Activity. The DPPH radical scavenging
assay was used to evaluate the antioxidant activity of PG and
the Fe3O4@Chi-PG composite. Both samples showed an
increase in Radical Scavenging Activity (RSA%) with
concentration, suggesting a dose-dependent antioxidant
response. Figure 6a,b depicts the variation of RSA% vs
concentration. The concentration ranges used to evaluate the
RSA% ranged between 5−30 and 5−35 μg/mL for the
pomegranate extract and for the nanocomposite, respectively.
Concentrations above 30 μg/mL were not used to assess the
RSA% of the pomegranate extract to eliminate saturation
effects. IC50 values were calculated using nonlinear curve fitting
of the collected data (n = 3). Ascorbic acid was used as the
positive control.

The RSA% of the PG was reported to range between 25.20
± 1.25% at 5 μg/mL concentration and reached a maximum
value of 95.61 ± 0.06% at 30 μg/mL. In contrast, Fe3O4@Chi-
PG exhibited a slightly lower RSA% varying between 12.78 ±
0.97% and 84.86 ± 0.45% at 5 and 35 μg/mL concentrations,
respectively. It is worth noting that at lower concentrations
(<20 μg/mL), PG’s RSA% was nearly 2 times that of Fe3O4@

Figure 2. (a) SEM image of chitosan, (b) SEM image of Fe3O4 nanoparticles, (c) particle size distributions of Fe3O4 NPs, (d) particle size
distributions of Fe3O4 aggregates in Fe3O4 NPs, (e) SEM image of the Fe3O4/chitosan composite (Fe3O4@Chi), (f) particle size distributions of
Fe3O4 NPs in Fe3O4@Chi, (g) particle size distributions of Fe3O4 aggregates in Fe3O4@Chi, and (h) SEM image of Fe3O4@Chi-PG.
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Chi-PG (55.42 ± 1.06% and 29.28 ± 1.66% at 20 μg/mL).
Nevertheless, Fe3O4@Chi-PG’s RSA% significantly increased
at higher doses (>20 μg/mL), minimizing this disparity and
indicating a concentration-dependent release mechanism from
the nanocarrier. The sustained rise in RSA% of Fe3O4@Chi-
PG was due to the higher concentration of the loaded PG. IC50
values of PG and Fe3O4@Chi-PG were 8.67 ± 0.57 and 18.69
± 1.54 μg/mL, respectively. Ascorbic acid had a reported RSA
% of 98.0 ± 0.13% at 10 μg/mL, higher than the PG’s (55.42
± 1.06) and Fe3O4@Chi-PG’s (29.28 ± 1.66) RSA% at the
same concentration (Figure S2). With an IC50 value of 2.76 ±
0.26 μg/mL, ascorbic acid showed a higher capacity to
scavenge radicals than both samples tested. Lower IC50 values
indicate the strong antioxidant activity of the tested
compounds. Thus, both samples showed strong antioxidant
activity, indicating the potential to protect against the negative
effects caused by free radicals. In a study conducted by
Soltanzadeh et al.,34 chitosan nanoparticle-loaded pomegranate
peel extract showed 56% inhibition, which was significantly
lower than that of the pure extract (85%). Similarly, Fawole et
al.78 reported an IC50 value of 15.88 μg/mL in a study that
compared the antioxidant activity of pomegranate fruit peel
extracts.

Phenolic bioactive components in PG function to fight free
radicals, which explains the extract’s proven antioxidant ability.

Figure 3. (a) Adsorption and desorption isotherms and (b) BJH pore size distribution curves of the synthesized materials.

Table 2. BET Surface Area, Pore Size, and Pore Volume
Distribution of the Synthesized Samples

Sample
BET surface area (

m2/g)
Average pore size

(nm)
Pore volume (

cm3/g)

Chitosan 4.104 3.078 0.006
Fe3O4 88.935 7.757 0.334
Fe3O4@Chi 45.471 7.134 0.162
Fe3O4@Chi-PG 3.127 7.428 0.013

Figure 4. FT-IR spectra of synthesized chitosan, Fe3O4 NPs, extracted
PG, and synthesized Fe3O4@Chi-PG.

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

https://doi.org/10.1021/acsomega.5c08001
ACS Omega 2025, 10, 50488−50510

50494



According to these findings, the antioxidant properties of
pomegranates are mostly attributed to their total phenolic
constituents. The scavenging capacity of pomegranate fruit is
associated with its total phenolic, anthocyanin, and flavonoid
content.79 The natural polyphenolic chemicals in PG have
antioxidant qualities, and the hydroxyl groups in the phenolic
aromatic rings are one of the potential mechanisms of action.80

These polyphenols’ redox properties allow them to function as
quenching agents against 1O2 and 3O2, neutralize free radicals,
and dissolve peroxides, all of which contribute to their

antioxidant action.81 Among these compounds, the highly
potent antioxidant activity of pomegranate is due to the
presence of ellagitannins, which are responsible for most of the
therapeutic properties, including anticancer, antibacterial,
antiviral, and anti-inflammatory properties. Almost all parts
of the fruit are found to exhibit anti-inflammatory properties,
which are again linked with the radical scavenging ability.
Punicic acid in pomegranate seeds was shown to be effective in
fighting against cancer, diabetes, obesity, and cardiovascular
diseases.82,83 As demonstrated by Kohno et al.,84 conjugated

Figure 5. HPLC fingerprint of the P. granatum extract.

Table 3. Different Phenolic Compounds Were Identified in Methanolic Pomegranate Extracts by HPLC

Compound Retention Time (min) Area Height Relative Concentration % References

Gallic Acid 5.520 1228.08 124.53 0.38 76
Ellagic Acid 26.716 37597.00 1536.27 11.68 74−76

Punicalagin α 12.701 35750.97 1505.07 11.11 74,76,77

Punicalagin β 15.917 41695.64 1897.85 12.95 74,76,77

Figure 6. DPPH radical scavenging ability of (a) PG and (b) the Fe3O4@Chi-PG nanocomposite.
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linolenic acids in the seed oil can prevent or reduce the
occurrence of multiple colon adenocarcinomas. Among the
components of the pomegranate fruit, the peel was found to be
the most abundant source of phenolic compounds, which is 2.8
times higher than that of the leaf extract, and according to
Tehranifar et al.,85 the peel extract exhibited an antioxidant
capacity of 55.3%.

The antioxidant capacity of Fe3O4@Chi-PG is mainly due to
the antioxidant properties of the loaded polyphenolic
compounds. However, according to reports of Soleymanfallah
et al. and Wan et al.86,87 chitosan also has antioxidant
properties. Low molecular weight chitosan has been shown to
have a higher antioxidant activity than high molecular weight
chitosan.88 According to Hromis et al.,89 low molecular weight
chitosan with higher degrees of deacetylation has demon-
strated stronger DPPH radical scavenging efficacy. Comparing
low molecular weight chitosan with a degree of deacetylation
>90% to that with a lesser degree, Alsharabasy90 observed that
the former one had greater scavenging properties. Fe3O4 NPs
were also reported to have moderate antioxidant properties. In
the study carried out by Ullah et al.,91 Fe3O4 NPs exhibited 45
± 3% DPPH radical scavenging ability with an IC50 value of
900 ± 3 μg/mL. Patra et al.92 have reported that Fe3O4 NPs
exhibited a very low DPPH RSA% of only 16.13% at 100 μg/
mL compared to the positive control. Quercetin-loaded
chitosan-grafted Fe3O4 NPs were reported to have a dose-
dependent increase in DPPH RSA% with the increasing
concentration of Fe3O4−chitosan.93 Thus, using stabilizers,
surface functionalization and coating, and doping with other
metals have gained interest in the synthesis of Fe3O4 NPs with
enhanced antioxidant activity. Since Fe3O4@Chi-PG was
synthesized using higher molecular weight chitosan, its
constituents have not significantly enhanced the drug
composite’s antioxidant capacity.

Polyphenolic compounds, which are loaded onto Fe3O4@
Chi-PG via hydrogen bonding and hydrophobic interactions,
should diffuse to the reaction media to interact with DPPH
radicals. The complex matrix structure of Fe3O4@Chi, which
will be discussed below, collectively ensures this diffusion of
active compounds. Therefore, the protective effect of the
delivery system in preventing the rapid leakage of polyphenolic

compounds from the chitosan nanocomposite, thereby
restricting their interaction with DPPH radicals, may be the
reason for the lower RSA% value of Fe3O4@Chi-PG compared
to PG. In contrast to PG, Fe3O4@Chi-PG showed lower initial
RSA%, which gradually increased with concentration. Hence,
the use of the Fe3O4@Chi system for the delivery of potent
antioxidant compounds ensures the sustained release of active
ingredients with significant antioxidant activity.

3.7. Anti-Inflammatory Activity. The egg albumin
denaturation assay was conducted to evaluate the anti-
inflammatory properties of PG and the Fe3O4@Chitosan-PG
composite. The results are indicated in Figure 7 a,b
respectively. The principal objective of the egg albumin
denaturation assay is to determine if certain substances or
agents may prevent or inhibit the denatured state of egg
albumin in specific conditions, such as heat.94

Proteins become insoluble when they undergo denaturation,
which is caused by a range of physical and chemical substances
that alter their electrostatic forces and hydrophobic, disulfide,
and hydrogen bonds. Inflammation results from the denatura-
tion of intracellular materials and protein components within
cells, which are linked to tissue damage. Therefore, it appears
that a medicine or compound’s capacity to prevent protein
denaturation can be considered as a potential source against
inflammatory reactions.95

The anti-inflammatory activity of PG and the Fe3O4@Chi-
PG composite was evaluated in the concentration range of 50−
250 μg/mL. A linear fit of the triplicate experimental
absorbance data was used to determine the IC50 value, which
is the concentration of the sample that can inhibit 50% of
protein denaturation. Diclofenac sodium was used as the
positive control. Both PG and Fe3O4@Chi-PG nanocompo-
sites demonstrated a dose-dependent increment in the %
inhibition activity. Percentage inhibition of PG varied from
16.67 ± 3.61% to 75.0 ± 0.00%, at 50 and 250 μg/mL
concentrations, respectively. Fe3O4@Chi-PG exhibited a lower
percentage inhibition compared to the pure extract, ranging
between 14.23 ± 0.54% and 42.86 ± 1.39% in the same
concentration range. The increment of the % inhibition was
lower in the composite compared with the pure extract.

Figure 7. Anti-inflammatory activity of (a) PG and (b) the Fe3O4@Chi-PG nanocomposite.
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Recorded IC50 values of the extract and nanocomposite were
160.0 μg/mL and 257.69 μg/mL, respectively.

The antioxidant and anti-inflammatory properties of PG
were thought to be caused by the presence of phytochemicals
such as hydrolyzable tannins (gallotannins and ellagitannins),
their products, ellagic acid, or their common metabolites,
urolithins, punicalagin, and polyphenols.96 Reduction of
inflammation regulators, including prostaglandin E2 and nitric
oxide, and suppression of the nuclear factor-kappa B pathway
are achieved by these compounds.97 The pomegranate peel
extract contains anti-inflammatory properties that improve
liver enzyme activity and reduce liver inflammation by lowering

proinflammatory activity and controlling inflammatory
markers.11,98 Sayed et al.11 examined the role of the
inflammatory enzyme cyclooxygenase (COX-2) in the
inflammatory process. By inhibiting the production of
prostaglandins, which are proinflammatory mediators, the
pomegranate peel ethanol extract demonstrated an inhibitory
impact against the inflammatory activity of the COX-2 enzyme.
Ellagic acid/Na2CO3 was encapsulated in hollow zein nano-
particles using triethyl citrate as a natural plasticizer to deliver
the EA by Ruan et al.99 Overproduction of TNFα and IL1β,
proinflammatory cytokines, was suppressed in the carrageenan-
induced mouse paw edema model, indicating significant anti-

Figure 8. Phytochemicals in pomegranate extract.

Figure 9. Metabolic pathway of bioactive compounds inPunica granatum extract.
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inflammatory activity. Several studies have indicated that
Fe3O4 NPs possess proinflammatory activity. Fe3O4 NPs can
alter the human neutrophil function by delaying apoptosis and
inducing proinflammatory cytokines, as reported in the study
conducted by Saafane & Girard.100 In a study conducted by
Bheemayya et al.,101 Fe3O4 NPs were used as a catalyst for the
synthesis of 3-(1,4,5-triaryl-1H-imidazol-2yl) quinolin-2-
amines as COX-1 and COX-2 inhibitors with enhanced anti-
inflammatory properties. Conversely, chitosan has been shown
to have anti-inflammatory properties through regulating
immune responses and lowering the synthesis of cytokines
that promote inflammation.102 However, in the present study,
the mechanism of action of the composite is mainly due to the
presence of the P. granatum extract. During the synthesis of the
nanocomposite, PG has been loaded onto the surface of the
delivery system, limiting the rapid interactions with the
reaction media compared to the free extract. Thus, the lower
% inhibition indicates that the delivery system successfully
preserved the bioactive compounds without being subjected to
rapid release. However, both samples have demonstrated
significant anti-inflammatory activity, suggesting that the
Fe3O4@Chi-PG nanocomposite delivery system effectively
maintains the bioavailability of interested polyphenols.

3.8. Formulation of Fe3O4@Chi-PG Nanocomposite.
Numerous bioactive compounds are present in pomegranate
fruit. The arils contain vitamin C, anthocyanins,1 phenolic
acids (ellagic acid and gallic acid), and hydroxycinnamic acids
(chlorogenic acid, caffeic acid, and p-coumaric acid).83

Secondary metabolites, including anthocyanins, phenolic
acids, flavonoids, coumarins, vitamin E,103 sterols, and punicic
acid,104 are present in pomegranate seeds. In terms of
phytochemistry, pomegranate peel is distinguished by its
abundance of polysaccharides, phenolic compounds, and
flavonoids like quercetin, epicatechin, catechin, procyanidins,
and anthocyanins.105 Furthermore, the peel is abundant in
hydrolyzable tannins, particularly ellagitannins. Up to 85% (w/
w) of the tannins in pomegranate peel are punicalagin isomers,

which are the most prevalent type of polyphenols. Punicalagin,
ellagic acid, and gallic acid are the most significant active
ingredients in pomegranate peel in this category, as shown in
Figure 8.106

The metabolic pathways of the bioactive compounds in
pomegranate extracts are shown in Figure 9. Ellagitannins are
naturally unstable substances that can be hydrolyzed by
enzymes and spontaneous processes. The gut bacteria in the
distal small intestine and colon convert a greater percentage of
ellagitannins and ellagic acid into urolithins and other
metabolites. Since ellagitannins are precursors of ellagic acid
and urolithins, which are thought to have systemic health
advantages, it is imperative to increase their bioavailability.
Therefore, compared to ellagic acid and gallic acid alone,
increasing ellagitannins’ bioavailability guarantees a higher
potential for the formation of these advantageous metabolites.
Even though ellagic acid is a metabolite of ellagitannins, it has
low bioavailability; less than 1% of it is absorbed, and a large
amount of it accumulates inside cells, lowering the systemic
effects. This problem is indirectly resolved by making
ellagitannins more bioavailable, which promotes the synthesis
of urolithins and ellagic acid. Thus, increasing ellagitannin
bioavailability guarantees a higher chance of systemic health
advantages via urolithin synthesis.107

In order to preserve the qualities of the active ingredients,
micro- and nanotechnology approaches have shown remark-
able results in altering the pharmacokinetic properties,
bioavailability, and stability of a variety of medications,
including phytochemicals used in dietary supplements or
cancer prevention. Solid dispersions, micro- and nanoparticles,
inclusion complexes, self-emulsifying systems, and polymorphs
are a few of the strategies used. El-Missiry et al.108 have used
alginic acid (ALG) for the synthesis of ellagic acid (EA)-ALG
nanoparticles (NPs). Abd-Rabou and Ahmed109 developed
chitosan (CS) and polyethylene glycol (PEG) blended poly d-
l-lactide-co-glycolide (PLGA) nanodelivery systems to encap-
sulate quercetin, ellagic acid, and gallic acid, and a gastric

Figure 10. Synthesis of the Fe3O4@Chitosan-PG nanocomposite.
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dressing composed of chitosan-gelatin and pomegranate peel
extract was fabricated by Jebahi et al.110 Pomegranate extract-
loaded solid lipid nanoparticles were prepared using
cosurfactant, lecithin, by Badawi et al.,111 with 40-fold
improvement in anticancer activity against MCF-7breast, PC-
3 prostate, and HepG-2 liver cancer cells compared to
unencapsulated PG. Anwer et al.112 have developed glycer-
osome-encapsulated Punica granatum with antibacterial effects
for skin infections. A novel nanocarrier system consisting of
silver NPs doped with pomegranate peel extract and hyaluronic
acid was designed by El-Hamid et al.113 to manage the C.
albicans infection in wounds.

Polymeric magnetic composites have emerged as very
promising materials in drug delivery due to their unique
attributes, including rapid response and remote control
capabilities. The use of Fe3O4 magnetic nanoparticles and
polymers will produce magnetically sensitive polymers that can
overcome the limitations of traditional polymers in remotely
controlled release and targeted drug delivery.37 In the current
study, a chitosan−Fe3O4 delivery system was used to deliver
the bioactive compounds in the pomegranate peel/seed extract
to enhance the pharmacokinetic properties of the interested
polyphenols, namely punicalagin, ellagic acid, and gallic acid.
Chitosan can interact with Fe3O4 via electrostatic interactions
and hydrogen bondings as it contains −NH2 and −OH groups.
These functional groups of chitosan can form H-bonds with
the Fe3O4 surface.42,114 Both chitosan and Fe3O4 change their
surface charges according to the pH of the media. Hence, the
electrostatic interactions can change according to the charge of
the Fe3O4 surface and the protonation state of the NH2 group
in chitosan. Glutaraldehyde is added as the cross-linking agent
in the nanocomposite synthesis. Glutaraldehyde can create
interchain cross-linking via Schiff base formation of −NH2
groups. Covalent C�N bonds can enhance the mechanical
strength of the polymer network and form a 3D framework of
chitosan chains around Fe3O4, preventing detachment.115,116

Moderate cross-linking can create optimal loading and the
release of the incorporated drug molecules, as the cross-linking
affects the pore size of the polymeric network. Loading of the
polyphenols of the PG occurs through the hydrogen bonding
of the −OH groups of the polyphenols with the vacant −OH
or −NH2 groups of chitosan.42 Hydrophobic interactions
between aromatic rings of the polyphenols and the chitosan
backbone can also occur in the loading process of PG to the
delivery system. The schematic representation of the synthesis
process of the Fe3O4@Chitosan-PG nanocomposite is
depicted in Figure 10. Cellular uptake of the nanocomposite
delivery system can occur via electrostatic interactions between
the cationic nanocomposite and the negatively charged cellular
membranes. The internalized composite will release the drug,
and the biodegradable polymer will be eliminated by
exocytosis.

Drug release mechanisms can be divided into four groups
based on how a drug is released from a carrier: diffusion, ion
exchange, dissolution, and erosion. Diffusion is the most basic
form of drug release, where mass transport occurs according to
the dosage form. However, it can be the predominant
mechanism in some cases, while in others, it can be a part of
the various mechanisms involved. Drugs are released from
carrier systems through a combination of mechanisms
involving more than one release mechanism.117 Diffusional
mass transport can be quantified using Fick’s first law of
diffusion, which indicates that the concentration gradient

facilitates the process. Dissolution involves two steps: the
initial release of the active ingredients from the surface of the
carrier to the release media, followed by diffusion. The first
phase of the release is faster, and hence, the concentration of
the dissolving drug on the surface is equal to the solubility of
the drug during the steady phase. Modification of the water-
insoluble drug matrix with ionic functional groups that can
swap ions from the release media is the principal mechanism in
ion-exchange-based controlled release drugs. Drug molecules
are bound to ionic sites through electrostatic interaction, and
once the drug formulation is in the release media, drug
molecules are exchanged with the ions of the same charge in
the media.118 According to Hillery and Park,119 bioerodible
matrix systems are sustained-release systems where the drug
release is predominantly controlled by matrix erosion or
degradation rather than diffusion or dissolution. When the rate
of erosion is higher than the rate at which water penetrates the
polymer, surface erosion takes place. It starts at the matrix/
scaffold surface and gradually reduces the size of the matrix/
scaffold from the outside to the inside. Since drug release is
predictable and regulated, surface erosion is perfect for a
variety of drug delivery applications. Furthermore, given that
water-vulnerable drugs are shielded, a slow water penetration
rate is optimal for drug delivery. Bulk erosion happens when
water flows into the polymer’s bulk, which breaks down the
matrix uniformly. Hydrolysis can occur in the polymer, as the
rate of water penetration is higher than the rate of erosion.
This poorly predictable mechanism does not provide
protection for the drug from the environment, making it a
less-used mechanism for controlled delivery.120

Predicting the release rate and diffusion patterns of the
active ingredients in delivery systems requires the application
of mathematical models. This makes it possible to create new
systems with more favorable release behaviors. As discussed
above, the release of drugs from delivery systems can follow a
combination of mechanisms. Understanding the release
mechanism enables the prediction of the interactions between
the system and the drug and creates room for modifications
with more desirable release profiles. However, complete
knowledge of the release mechanisms, which would allow for
a precise estimation of release kinetics and molecular
interactions, can only be achieved by precisely combining
experimental results with the proposed mathematical mod-
els.121 The selection of the mathematical model used to
describe the release profile is also crucial, as many factors of
the drug and carrier, including chemical and molecular
composition, surface morphology, interactions, molecular
weight, degradation rate, and size, can affect the release.122

The most popular kinetic model in drug release studies is the
Ritger−Peppas model, sometimes known as the power law.
This model has been successfully used by numerous
researchers for the past few decades to describe drug release
by Fickian diffusion and anomalous transport.122−126 In
addition to this model, the Higuchi model,127−129 zero-order
model,130−132 first-order model,133−135 and Peppas−Sahlin
model136−139 have all successfully explained the drug release
kinetics from polymer matrix systems. Thus, the release of the
bioactive compounds from the Fe3O4@Chitosan-PG system
was evaluated using these five drug release models based on
the UV-spectrometry absorbance data.

Release of the polyphenols from the Fe3O4@Chi-PG
nanocomposite system was evaluated by changing the pH of
the release media within the range of 1−7.4. The pH range was
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selected considering the oral and IV delivery of the nanodrug
composite. pH of the peripheral blood (7.4) and the pH range
observed in the GIT are included within the selected range. pH
of the GIT varies from acidic values in the stomach to ∼7.6 in
the large intestines. In the normal state, the pH of the stomach
varies between 1.5 and 2.0, whereas in the fasting state, it
ranges between 3.0 and 5.0. The pH values of the small
intestine and large intestine range between 5.0 and 6.5 and
6.4−7.6, respectively. Additionally, the release profile of PG’s
polyphenols, which are proven anticancer agents, was studied
in pH values 5.5−6.8, mimicking the tumor macroenviron-
ment. The pH values of the extracellular matrix of malignant
tissues are reported to be lower than the normal extracellular
pH (7.4) because of elevated glycolysis for ATP production,
even at normal oxygen levels.140,141

3.9. Drug Encapsulation Efficiency % and Loading
Degree %. The encapsulation efficiency of Fe3O4@Chi-PG
was calculated by using the calibration curve (Figure 11). The
concentration of unbound bioactive compounds was derived
using the linear regression equation of the resulting calibration
curve. EE% and LD% were calculated using eqs 4 and 5,
respectively. The PG EE% in the Fe3O4@Chi-PG was reported
to be 86.44% with a LD of 43.22% (Table 4). Naderi and

Azizian142 have developed carboxymethyl chitosan/Fe3O4 and
MnFe2O4 nanocomposite hydrogels for the loading and release
of curcumin, with loading efficiency ranging from 15.42−
82.21% for the carboxymethyl chitosan/Fe3O4 composite. The
loading efficiency was increased with the NP-to-chitosan ratio,
where the highest loading efficiency of 82.21% was reported for
the 1:2 ratio. However, in this study, the effect of the carrier
system components on the loading efficiency was not
considered.

3.10. Drug Release Studies. The absorbance data were
collected in 15 min time intervals for 5 h at 360 nm using a
UV−visible spectrophotometer to calculate the cumulative

drug release % in each media composition. Cumulative release
% of the different pH media compositions is represented in
Figure 12 and Table S2. According to the results, the highest
release was observed at pH 1, followed by pH 4, pH 5.5, pH
7.4, and pH 2.5. The lowest release was recorded at pH 6.7.
pH of the media can alter the electrostatic interactions of the
delivery system components by changing the surface charge of
the Fe3O4 NPs and the protonation/deprotonation state of the
−NH2 groups. The Fe3O4 surface is strongly positive, whereas
the NH2 groups of chitosan are fully protonated (NH3

+) in the
media with pH 1.143 Electrostatic repulsion of these charges
makes the polymer−nanoparticle network loosely bound,
facilitating the release of the loaded polyphenols at a higher
rate. However, the H-bondings between some −OH groups of
polyphenols and the Fe3O4 surface remain intact, despite the
disruption of H-bondings by protonated Fe3O4 (Fe−OH2

+).
Punicalagin (pKa ∼ 7−10)144 and ellagic acid (pKa ∼ 5.5−
6.5)27 remain in a neutral protonated state bound to the
delivery system. The larger size of punicalgin and the low
solubility of ellagic acid limit the release under this condition,
but the protonated gallic acid (pKa ∼ 4.4)145 can diffuse easily
owing to its smaller size. Although with protonated NH2
groups and positive surface charge of Fe3O4, the release rate
of the media with pH 2.5 is lower compared to pH 1 due to the
lesser swelling state of the chitosan polymer. The protonated
state of the OH groups in the polyphenol compounds remains
the same as that in the pH 1 media, yet the slightly stabilized
chitosan matrix reduces the release of the bioactive
compounds, including the easily diffusible gallic acid. Chitosan
matrix starts to partially deprotonate when the pH of the media
changes to 4; thus, both −NH2 and −NH3

+ are present in the
polymer matrix with Fe−OH2

+/Fe−OH. Interested polyphe-
nolic compounds remain bound to the matrix via H-bonding.
The deprotonation of gallic acid creates electrostatic repulsion
(−COO− and Fe−O−), triggering a sudden increment of the
drug release. Both the punicalagin and ellagic acid contribute
to the release in minor amounts due to their larger size and
lower solubility. The delivery system creates a tight polymer-
NP network, with chitosan being more neutral with
deprotonated −NH2 groups and Fe−OH binding sites in the
medium at pH 5.5. Fully deprotonated −COO− groups in

Figure 11. Calibration curve of PG.

Table 4. EE% and LD% of Fe3O4@Chi-PG

PG concentration Fe3O4@Chi ratio EE% LD%

3% (w/v) 1:1 86.44 43.22
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ellagic acid and deprotonated −OH groups of ellagic acid
generate electrostatic repulsion forces with the tightened
matrix, with a release profile similar to that at pH 4. But the
neutral state of the chitosan matrix slows down the diffusion
compared to the above scenario. Deprotonated chitosan (pKa
∼ 6.4)146 and negatively charged Fe3O4

− form a rigid matrix,
slowing down the release of polyphenols in pH 6.7 release
media. Carboxyl groups of gallic acid are fully deprotonated,
which results in electrostatic repulsion, allowing the release of
the active compounds. However, the partially deprotonated
hydroxyl groups (−O−) of ellagic acid are electrostatically
attracted to the exposed Fe3+ sites (Lewis acids), forming
inner-sphere complexes, limiting the release of the poly-
phenols. Further, π−cation interactions between the aromatic
rings of the polyphenols and Fe3+ stabilize the binding of
polyphenols to the matrix.147 Punicalagin starts to contribute
to the release in this media composition as the phenolic −OH
starts deprotonating (−O−, pKa ∼ 7−10). But the overall
release rate is recorded to be lower as the chitosan matrix
creates a hydrophobic, tightly packed matrix with less porosity.
In the release media with pH 7.4, release of the bioactive
compounds was reported to be higher despite the deproto-
nated chitosan matrix and the strongly negative Fe3O4 NP
surface. The main cause of the swelling of the polymer chains
is the hydration of the numerous hydroxyl (−OH) and amino
(−NH2) groups on chitosan.148 Electrostatic repulsion
between the negatively charged FeO4 nanoparticle surfaces
accelerates this relaxation. Additionally, the covalent cross-links
that glutaraldehyde introduces produce a permanent steric
hindrance that keeps the neutral chitosan chains from packing
densely and maintains a baseline porosity. As a result of these
processes, diffusion channels are formed for the release of
bioactive compounds, aided by water uptake and matrix
swelling. The release of gallic acid and ellagic acid is driven by
the strong electrostatic repulsion from Fe3O4

−. These forces
dominate the Fe3+ coordination and π−interactions, which
were observed in the media with pH 6.7, as the full
deprotonation degree is higher in the hydroxyl groups. But
the metal-phenolate binding remains, limiting the release of the
polyphenols compared with lower pH values. Even though the
bulky structure restricts the release, the deprotonation of −OH

groups of punicalagin enhances the repulsion forces within the
matrix, allowing a detectable release in this media composition.
Cumulative drug release data suggest that the synthesized
nanocomposite delivery system enables the controlled release
of the loaded polyphenolic compounds, driven by the swelling
of the chitosan matrix and deprotonation-triggered release.

3.11. Release Kinetics. The release behavior of the drug
depends on the interaction between the carrier and the
delivery system. Conducting in vitro release studies helps to
understand the release mechanisms, like diffusion, erosion,
degradation, and dissolution, which control the release rate.
The obtained release data were fitted into mathematical
models considering the first 60% of cumulative drug release.
The mathematical models used in the study are zero-order,
first-order, Higuchi, Korsmeyer−Peppas (KP), and Peppas−
Sahlin (PS) models. Kinetic models were fitted using nonlinear
regression (OriginLab, Levenberg−Marquardt algorithm) and
evaluated using R2 (threshold ≥ 0.95). Model parameters of
the models along with the corresponding R2 values are
mentioned in Table 5. The Korsmeyer−Peppas and Peppas−
Sahlin models showed both superior fit (R ≥ 0.95) and
statistical significance in explaining the release kinetics in most
of the media compositions, while the first order also showed
some significance in some scenarios. Therefore, these models
were taken into consideration in explaining the release
mechanisms of the bioactive compounds from the Fe3O4@
Chi-PG delivery system.

Diffusion-controlled systems are explained using Fick’s laws,
which fall under Fickian or non-Fickian diffusion. When the
solvent diffusion time (tD) is greater than the polymer
relaxation time (tR), Fickian diffusion occurs, and non-Fickian
diffusion occurs when tR ≫ tD.149 Based on this principle, the
Korsmeyer−Peppas model was developed. This equation could
accurately describe drug release in the hydrogel and other
polymeric materials. This model is useful for complex
mechanisms, such as when several release mechanisms are
coupled or when diffusion (Fickian diffusion) and Case II
transport (non-Fickian) are combined.70 This model, which is
often referred to as the modified power-law model, uses the
following equation to illustrate an exponential relationship
between the drug release percentage and time (t):

Figure 12. Cumulative drug release percentage of the synthesized Fe3O4@Chi-PG composite over time.

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

https://doi.org/10.1021/acsomega.5c08001
ACS Omega 2025, 10, 50488−50510

50501



In the equation, K is the release rate constant, which is
dependent on the geometry and structural characteristics of the
delivery system. The release exponent (n) is used to describe
the release mechanism, where Fickian diffusion occurs when n
≤ 0.45, anomalous or non-Fickian diffusion occurs when 0.45
< n < 0.89, super case II occurs when n > 0.89, and zero-order
release occurs at n = 1. The rate of diffusion in Fickian
diffusion is greater than the rates of swelling and relaxation of
polymers. As a result, the drug’s diffusion influences the release
rate. In contrast, swelling and polymer relaxation occur in
anomalous (non-Fickian) transport.118

The nonlinear kinetic model fits of the KP model are
demonstrated in Figure 13 along with other parameters.
Release of the media with pH 1, 2.5, 6.7, and 7.4 is fitted well
with R2 ≥ 0.95, indicating the suitability of the KP model in
explaining the drug release mechanism. According to the
model parameters, the release behavior of the polyphenols in
the pH range between 1 and 6.7 aligns with the Fickian
diffusion (n ≤ 0.45). As indicated by the n value, anomalous or
non-Fickian diffusion occurs at pH 7.4 (n = 0.46). At pH 1,
chitosan protonation (NH3

+) facilitates polymer swelling via
electrostatic repulsion between polymer chains, leading to
increased porosity in the matrix. This allows the faster diffusion
of the polyphenols. Additionally, this results in weaker H-
bonding with the polyphenols, allowing the faster release.
Gallic acid can easily diffuse owing to its lower molecular
weight, whereas the punicalagin release rate is lower due to the
steric hindrance. Ellagic acid has a low solubility compared to
gallic acid, yet the swelling of the matrix aids the diffusion.
Fe3O4 is stable under pH 1 media, and the chitosan swelling
governs the release mainly. The relatively high kP value
indicates a faster release rate following Fickian diffusion. The
chitosan polymer matrix remains protonated in the pH 2.5
media as well, but the swelling is reduced compared to pH 1,
resulting in a reduced release rate. Electrostatic repulsion
contributes to the polymer swelling to some extent. H-
bondings with the polyphenols are partially restored due to the
reduced charge density. These interactions retain the
polyphenols (punicalagin) more strongly than in the pH 1
media, but the gallic acid and ellagic acid can diffuse via the
swollen matrix. Fe3O4 is less protonated and can interact with
the negatively charged OH groups of polyphenols, slowing the
release rate. Fickian diffusion is the predominant release
mechanism with an n value of 0.30 and a more sustained
release behavior. The balanced swelling and H-bond formation
ensure that the loaded polyphenols remain in the delivery
system. At pH 4, the release rate is higher compared to those
of the previous scenarios. Partial protonation of the chitosan

Table 5. pH-Dependent Drug Release Kinetics Data of
Fe3O4@Chi-PG Fitted with the Korsmeyer−Peppas Model,
Peppas−Shalin Model, Higuchi Model, Zero-Order Model,
and First-Order Model (Model Parameters and � 2 Values)

Model/parameters pH 1 pH 2.5 pH 4 pH 5.5 pH 6.7 pH 7.4

Korsmeyer−Peppas
� P 0.16 0.19 0.23 0.19 0.28 0.08
� 0.33 0.30 0.27 0.30 0.22 0.46
� 2 0.95 0.96 0.94 0.92 0.95 0.98
Peppas−Sahlin
� D 3.48 3.58 5.87 4.41 2.57 0.10
� R 1.36 0.00 0.00 0.00 0.64 1.60
� 0.25 0.32 0.27 0.30 0.19 0.23
� 2 0.95 0.97 0.93 0.92 0.96 0.97
Higuchi
� H 2.29 1.38 1.68 1.75 0.81 1.40
� 2 0.90 0.89 0.66 0.86 0.60 0.97
Zero
� 0 0.10 0.06 0.05 0.07 0.02 0.09
� 2 0.89 0.77 0.67 0.73 0.96 0.89
First
� 1 0.02 0.02 0.03 0.02 0.70 0.07
� 2 0.90 0.96 0.96 0.96 0.23 0.98

Figure 13. Fitted %CDR data for Korsmeyer−Peppas model of the Fe3O4@Chi-PG under varying media conditions: (1) pH 1, (2) pH 2.5, (3) pH
4, (4) pH 5.5, (5) pH 6.7, and (6) pH 7.4.

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

https://doi.org/10.1021/acsomega.5c08001
ACS Omega 2025, 10, 50488−50510

50502



matrix collapses the polymer matrix, creating transient pores.
Loaded polyphenols can diffuse easily through this structure.
Specifically, lower molecular weight (MW) gallic acid and
moderate MW ellagic acid benefit mostly from the transient
pores. Higher MW punicalagin release is moderate to lower
under this condition, despite weaker H-bonding and better
solubility. Fe3O4 remains stable as in previous cases, with the
ability to form weak electrostatic interactions with hydroxyl
groups of polyphenolic compounds. With partial deprotona-
tion, the chitosan matrix shrinks more, and the electrostatic
repulsion forces become weaker between the polymer chains at
pH 5.5. Hydrogen bonding of the polyphenols dominates over
repulsion, but the micropores remain in the partially collapsing
polymer. Though Fe3O4 remains neutral, weak coordinative
bonds of the Fe3O4 surface (Fe3+ with polyphenol − OH
groups) reduce the release of bulky phenolic compounds like
punicalagin. The moderate release rate is due to the shrinkage
of the polymer matrix, resulting in tortuosity, where the active
compounds have to take a longer path to diffuse out. The
increment in the n value (n = 0.30) is not due to the polymer
erosion or relaxation but is due to the tortuosity effect of the
shrunken matrix. Fickian diffusion remains the predominant
mechanism of release, but the comparatively low R2 (R2 = 0.94
and 0.92) suggests there could be deviations from the pure
Fickian diffusion release at pH 4 and pH 5.5 media
compositions, respectively. As chitosan can form stronger H-
bonds with the polyphenols compared to the lower pH media,
the release rate is lower, with gallic acid being the major
contributor to the release via diffusion. The model fit for the
first-order model is remarkably higher at pH 5.5 and 4
compared with the KP model, suggesting that polyphenol
solubility (dissolution) plays a role in the release. This
transition from Fickian diffusion to combined diffusion and
dissolution effects proposes that the system is suitable for
sustained delivery. The release at pH 6.7 is governed by strong
Fickian diffusion, unlike that at pH 5.5. The chitosan (pKa ∼
6.4) is fully deprotonated, and the polymer retains micro-
porosity due to the hydrophobic interactions within the chains

and the weakened H-bonding with polyphenols. The Fe3O4
surface becomes slightly negative in charge and weakly
interacts with the ionized polyphenols. Fully ionized and
partially ionized COO− groups of gallic acid, ellagic acid, and
punicalagin contribute to these interactions, slowing the release
compared with acidic media compositions. However, the
release rate is higher compared to pH 5.5, demonstrating a
Fickian diffusion controlled by the ionization of the
polyphenols, with no tortuosity effects. The molecules are
diffused, overcoming the chitosan matrix contractions, because
of ionized COOH groups, which are repelled by the matrix.
Conversely, anomalous transport occurs in pH 7.4 media with
a reported n value of 0.46. As explained in the CDR% analysis,
swelling of the polymer can happen with water uptake through
hydrophilic pores. Gradual relaxation of the dense matrix of
chitosan over time and the stronger electrostatic repulsive
forces of negatively charged Fe3O4 on the ionized polyphenols
direct the release of these compounds from the matrix. The
release rate driven by diffusion was reported to be lower at pH
7.4, as the relaxation is proven to be part of the release
mechanism, indicated by the PS model fit. Interestingly,
punicalagin actively participates in the ionization under this
pH, suggesting an enhanced release of the bioactive compound
compared to that of other media compositions.

The PS model does not determine the release mechanisms
depending solely on Fickian diffusion, but it provides a detailed
analysis of the release mechanisms, quantifying the contribu-
tions of both Fickian diffusion and relaxation of polymer
matrices. The first term of the model equation (eq 11)
indicates the contribution of diffusion, whereas the second
term denotes the relaxational contribution. Term m indicates
the Fickian diffusion exponent; hence, when the release is
governed by Fickian diffusion, the m value of the PS model
should be equal to the n value of the KP model. In contrast,
when both Fickian diffusion and relaxation contribute to the
release of active compounds, exponents n and m are not
equal.122 Figure 14 shows the kinetic model fits of the PS
model and the respective model parameters. The modification

Figure 14. Fitted %CDR data for Peppas−Sahlin model of the Fe3O4@Chi-PG under varying media conditions: (1) pH 1, (2) pH 2.5, (3) pH 4,
(4) pH 5.5, (5) pH 6.7, and (6) pH 7.4.
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of the model equation (eq 12) can be used to determine the
ratio between relaxation and diffusion. When R/F = 1, both
mechanisms contribute equally to the release of the drug,
diffusion predominates when R/F < 1, and relaxation
contributes more to the release when R/F > 1.150 Figure S3
represents the R/F against time plots, which were calculated
using the model parameters and CDR% data.

In media with pH = 1, the relaxational contribution to
release is due to the protonation of the chitosan matrix, as
explained in the KP model data. Swelling of the matrix creates
transient pores that enhance the release beyond pure diffusion.
This high protonation causes the polymer to swell, leading to
chain disentanglement and weakening of the bonds with the
polyphenols. As represented in Figure S3, diffusion dominates
the release, resulting in a burst release of the loaded
polyphenols, but after the first hour, relaxation contributes to
the sustained release. According to the model fits, relaxational
contribution kR was reported to be zero in media compositions
with pH 2.5, 4, and 5.5. Chitosan is at a partial protonation
state at pH 2.5, but less swelling is expected, as the electrostatic
repulsion is weaker because of fewer −NH3

+ groups. However,
the PS model has not captured relaxation as a leading factor to
the release mechanism since the contribution is not significant
compared to the pH 1 media. Moderate swelling of the
polymer can occur because of the partially protonated NH3
groups, but the PS model can detect relaxation only if it
contributes significantly to mass transport. As explained in the
KP model, strong Fickian diffusion governs the release at pH 4
(kR = 0), and the increment in the n value at pH 5.5 is not due
to polymer relaxation but because of the formation of
micropores in the shrunken hydrophobic matrix. These
findings are further confirmed by the model parameter data,
where the n values of the KP model are similar to the m values
of the PS model in each scenario. Therefore, the predominant
release mechanism is revealed to be Fickian diffusion in pH
2.5, 4, and 5.5 media compositions. Both Fickian diffusion and
relaxation contribute to release at pH 6.7, with relaxation being
less prominent. A fully protonated chitosan matrix facilitates
the release of polyphenolic compounds by diffusion through
micropores and the ionization of functional groups. Chitosan’s
near-neutral state forms a balanced swelling/shrinking state
with detectable relaxation. Additionally, the positive surface
charge of Fe3O4, which stabilizes the matrix in acidic media, is
neutral at this pH, making weak interactions with chitosan/
polyphenols, allowing polymer loosening. Unlike at pH 2.5,
where diffusion is fast and prominent compared to swelling, at
pH 6.7, diffusion is slower, permitting the polymer chains to
create dynamic rearrangements. The significance of relaxation
is very low, which is further proven by the R/F plot, where the
values are <0 throughout the entire release period. Conversely,
relaxation is the major contributor to the release mechanism at
pH 7.4 (kR = 1.6), where gradual relaxation occurs with water
uptake to the hydrophobically collapsed polymer. Chitosan−
Fe3O4 adhesion becomes weaker with a negatively charged
surface, promoting polymer relaxation. Electrostatic repulsion
between ionized polyphenols with the matrix components,
specifically Fe3O4, and pore formation are responsible for the
release of polyphenols under pH 7.4 media. The KP model
indicated that anomalous transport is responsible for the
release, with diffusion being a part of it. In accordance with R/
F graphs, relaxation is the leading force of polyphenol release,
where the R/F ratio was reported to be >1. Furthermore, the
PS model fits ensure that the n value (n = 0.46) of the KP

model represents the relaxational contribution, but not the
erosion of the drug delivery system. The model fits reveal that
the release of the interested bioactive compounds is governed
through time-dependent polymer relaxation, which is crucial
for creating pH-sensitive delivery systems.

Figures S4−S6 represent the model fits of the Higuchi, zero-
order, and first-order models, respectively. The nonlinear
model fits of the Higuchi model indicate less significant R2

values, as depicted in Table 5. The following assumptions
should be considered when applying the Higuchi model
equation to interpret the release of drugs from delivery
systems: a) a homogeneously loaded drug is constantly
diffused from the matrix; b) the initial drug concentration is
significantly higher than the drug solubility; and c) the
formulation’s thickness exceeds that of the drug molecules.
The drug diffusion coefficient is assumed to be constant, and
the model disregards any swelling or relaxational contribution
of the polymer carrier.149,151 However, as shown in the results,
diffusion is not the sole governing factor of the release
mechanism. Initial burst effects, swelling, relaxation, and
changes in the polymer matrix were exhibited in the delivery
system under varying pH media compositions. Thus,
interpreting the results based on the Higuchi model alone
can lead to erroneous conclusions about the release behavior.
Combining the results of the Higuchi model with those of
others will be beneficial when multiple mechanisms are
responsible for the drug release of complex systems. However,
kH values of the Higuchi model align with the CDR% data and
release mechanisms discussed in the KP and PS models in
some instances. pH 1 has the highest rate due to the initial
burst effect, facilitating the diffusion. The lowest kH value is
recorded for the media with pH 6.7, as the swelling or chain
rearrangements are not considered in the Higuchi model when
interpreting the release behavior. Lower R2 values of the model
indicate poor alignment of the actual release behavior with the
assumptions of the Higuchi model.

Drug release at a consistent rate across the lifetime of the
drug is described by a zero-order system. It is unaffected by the
drug concentration in the system. Ideal zero-order systems
release medications at the same rate as those that are taken out
of the body when they are in equilibrium. Consequently, the
body’s total cumulative dose is decreased. As a result, it permits
consistent plasma concentrations and accurate dosing,
decreasing side effects and lowering the possibility of long-
term toxicity. However, because it requires a large and costly
system with a restricted temporal range and inconvenient use,
the manufacture of devices with optimal zero-order kinetics is
still limited.152 According to the first-order model, the quantity
of drug released into the system determines the release rate of
the drug over time. The concentration gradient between the
matrix and the medium’s solid−liquid interface determines the
release rate in this model.153 For the zero-order model,
relatively low R2 values are recorded, whereas, in contrast,
considerably higher R2 values are reported for the first-order
model in most of the media compositions. When the release is
based on the dissolution of the drug, which directly correlates
with concentration (pH 2.5, 4, and 5.5), or matrix effects, such
as relaxation, where the remaining amount of the drug is
proportional to the drug exposed (pH 7.4), the first-order
model is fitted well with the data (R2 ≥ 0.95). However, at pH
1, where the extreme swelling of the polymer facilitates
diffusion, and at pH 6.7, where the system is at a transitional
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phase, which is neither dissolution-limited nor relaxation-
dominated, the first-order model fails to fit the release data.

Overall, a combination of mechanisms, including diffusion,
polymer relaxation, swelling, and drug dissolution, contributes
to the release of the loaded ellagic acid, gallic acid, and
punicalagin from the Fe3O4@chitosan delivery system. Fickian
diffusion is the major contributor to the release of polyphenols
in all the media compositions except at pH 7.4, where water
uptake, pore formation, and ionization-aided electrostatic
repulsion facilitate the drug release via polymer relaxation.
Under strongly acidic conditions (pH 1), swelling of the
polymer matrix is significantly higher with the protonation of
NH3

+ groups of the chitosan biopolymer, but deprotonation
occurs with the increment of the pH. This reduces the
electrostatic repulsion between the polymer chains, creating a
tightly packed, hydrophobic structure that leads to decreased
swelling and increased stability at neutral or alkaline pH levels.
Transient pore formation occurs with the collapse of the
chitosan matrix (near the pKa value), enabling the release of
the polyphenols from the matrix despite the stronger H-bond
formation with the chitosan polymer, compared to acidic
media. Fe3O4 acts as a matrix stabilizer in acidic media
compositions, but when the pH > 6.5, the negatively charged
surface of the magnetite NPs allows polymer relaxation. Hence,
electrostatic repulsive forces between the NPs’ surface and the
ionized carboxyl groups of the phenolic compounds assist the
diffusion of these compounds to the release media. Lower MW
gallic acid is easily diffused in all of the pH media
compositions, contributing to the release, followed by the
moderate MW ellagic acid. Punicalagin, being a bulky
molecule, is released under near-neutral pH conditions, aided
by the repulsive forces of the matrix. Therefore, the pH-
responsive sustained release behavior of the designed delivery
system is ideal for the delivery of targeted polyphenols to the
specific sites.

It is crucial to highlight that CDR% in this study reached
only up to a maximum level of 35% due to the non-sink
conditions and the small volume cuvette systems used. Future
studies should focus on optimizing the drug loading capacity of
the delivery system and evaluating the release behavior under
sink conditions to obtain a complete release profile. The drug
release study was designed to perform a fundamental and
preliminary investigation to demonstrate the pH-responsive
behavior of the Fe3O4@Chi-PG delivery system, rather than to
stimulate physiological conditions. Furthermore, as reported
by Nazir et al., Zhang et al., and C. Zhang et al.,154−156 the
release of drugs targeting the GIT and targeted tissues
(malignant) is evaluated over a prolonged period, stimulating
the extracellular environment parameters. The release profile
was plotted based on the initial release kinetics of Fe3O4@Chi-
PG to identify the dominant release mechanisms under
different pH conditions, which is a necessary first step to
understand the release behavior.

Glutaraldehyde was used as the cross-linker during the
synthesis of Fe3O4@Chi-PG delivery system, as it can form
stable covalent networks with chitosan. Although glutaralde-
hyde is the most commonly utilized cross-linker in
biodegradable hydrogels,157,158, there is significant evidence
of its cytotoxicity.159,160 This study did not assess the potential
cytotoxic effects of the Fe3O4@Chi composite, including the
residual effects of the cross-linker, but these are documented as
a primary limitation. Nevertheless, according to several studies,
chitosan and Fe3O4 nanoparticles both show better bio-

compatibility with low cytotoxic profiles.161,162 However, a
thorough safety evaluation of this particular composition via in
vivo studies is still necessary for further biomedical
applications.163

4. CONCLUSIONS
The delivery system composed of Fe3O4NPs and chitosan was
developed to deliver polyphenolic compounds derived from
PG with an encapsulation efficiency of 86.44%. HPLC analysis
was conducted to determine the presence of the interested
bioactive compounds, namely gallic acid, ellagic acid, and
punicalagin. The XRD analysis revealed that the corresponding
peaks of chitosan and Fe3O4 were present in the composite
materials, suggesting successful coupling of the synthesized
materials. Loading of Fe3O4@Chi with the PG extract was
confirmed via the FT-IR spectrum, which indicated the
presence of functional groups related to polyphenolic
compounds in Fe3O4@Chi-PG. BET analysis revealed an
extensive reduction of the BET surface area and pore volume
in Fe3O4@Chi-PG, confirming the loading of PG. Similarly,
SEM images demonstrated that the macropore structure of the
chitosan matrix was covered by the incorporation of Fe3O4 and
pomegranate extract in Fe3O4@Chi-PG. The reported IC50
values for the DPPH RSA% of PG and Fe3O4@Chi-PG were
8.67 ± 0.57 and 18.69 ± 1.54 μg/mL, respectively. Results of
the egg albumin denaturation assay indicated that the IC50
values of the PG and Fe3O4@Chi-PG were 160.0 and 257.69
μg/mL, respectively. Drug release kinetics results indicate that
KP and PS models were fitted well in most of the release media
compositions, while the first-order model showed significance
at some compositions. According to the n values of the KP
model, quasi-Fickian diffusion was the predominant release
mechanism of polyphenolic compounds in all the pH media
compositions tested except for the media with pH 7.4, where
non-Fickian diffusion occurs (n = 0.46). At lower pH values,
swelling occurs via the protonation of NH2 groups in chitosan,
which creates a faster release with a burst effect, specifically at
pH 1. When the pH was increased above pH 4, deprotonation
of the chitosan creates a rigid network with fewer electrostatic
repulsions. Fe3O4 stabilizes the polymer network at lower pH
values, controlling the burst effects in the release. However,
when the surface of Fe3O4 becomes more negative with the
increase of pH, Fe3O4 contributes to the release of the loaded
polyphenols via relaxation of the polymer network (pH 7.4).
Polyphenol compounds are bound to the nanocarrier via H-
bonds, and the release is mainly dominated by the molecular
weight of the compounds, repulsive forces created by the
ionization of OH and COOH groups with pH increment, and
the polymer rearrangements. Relaxation is a major contributor
to the release at pH 7.4, as indicated by the PS model
parameters (R/F > 1). However, the contribution of relaxation
to the release of polyphenols at pH 2.5, 4, and 5.5 was
negligible according to the parameters (kR = 0). Dissolution of
the compounds was also reported to be responsible for the
release at pH 4, 5.5, and 7.4 (first-order release) when the
concentration of the drug correlates with diffusion due to
matrix effects. Therefore, the punicalagin/ellagic acid/gallic
acid-loaded Fe3O4@Chi nanocomposite exhibits pH-respon-
sive release behavior according to the results. The use of higher
molecular weight chitosan with reduced water solubility, the
absence of cytotoxicity assessments of the drug carrier system
and its components, and the absence of in vivo tests to assess
the delivery system’s bioavailability and safety are some of the

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

https://doi.org/10.1021/acsomega.5c08001
ACS Omega 2025, 10, 50488−50510

50505



drawbacks of this study. To evaluate the pharmacokinetics and
therapeutic efficacy of this delivery system, further in vivo
evaluations are required. Future studies should include more
comprehensive cytotoxicity evaluations and long-term toxicity
studies to validate the proposed drug carrier’s clinical safety
and biocompatibility.
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(75) Muñiz-Márquez, D. B.; et al. Effect of ultrasound on the

extraction of ellagic acid and hydrolysis of ellagitannins from
pomegranate husk. Environ. Technol. Innov. 2021, 24, 102063.
(76) Parisi, V.; et al. Comparative Chemical Analysis of Eight Punica

granatum L. Peel Cultivars and Their Antioxidant and Anti-
Inflammatory Activities. Antioxidants 2022, 11, 2262.
(77) Lee, C. J.; Chen, L. G.; Liang, W. L.; Hsieh, M. S.; Wang, C. C.

Inhibitory effects of punicalagin from Punica granatum against type II
collagenase-induced osteoarthritis. J. Funct. Foods 2018, 41, 216−222.
(78) Fawole, O. A.; Makunga, N. P.; Opara, U. L. Antibacterial,

antioxidant and tyrosinase-inhibition activities of pomegranate fruit
peel methanolic extract. BMC Complement Altern. Med. 2012, 12, 200.
(79) Benchagra, L.; et al. Antioxidant effect of moroccan

pomegranate (Punica granatum L. sefri variety) extracts rich in
punicalagin against the oxidative stress process. Foods 2021, 10, 2219.
(80) Taha Yassin, M.; Mostafa, A. A.-F.; Al Askar, A. A.; et al. In

Vitro Evaluation of Biological Activities and Phytochemical Analysis
of Different Solvent Extracts of Punica granatum L. (Pomegranate)
Peels. Plants 2021, 10 (12), 2742.
(81) Dogara, A. M.; Hama, H. A.; Ozdemir, D. Update on the

Potential of Punica granatum L. Traditional Uses and Pharmaco-
logical Uses: A Review. Adv. Pharmacol. Pharm. Sci. 2024, 2024 (1),
6523809.
(82) Aruna, P.; Venkataramanamma, D.; Singh, A. K.; Singh, R. P.

Health Benefits of Punicic Acid: A Review. Compr. Rev. Food Sci. Food
Saf. 2016, 15, 16−27.
(83) Kandylis, P.; Kokkinomagoulos, E. Food Applications and

Potential Health Benefits of Pomegranate and its Derivatives. Foods
2020, 9, 122.
(84) Kohno, H.; et al. Pomegranate seed oil rich in conjugated

linolenic acid suppresses chemically induced colon carcinogenesis in
rats. Cancer Sci. 2004, 95, 481−486.
(85) Tehranifar, A.; Selahvarzi, Y.; Kharrazi, M.; Bakhsh, V. J. High

potential of agro-industrial by-products of pomegranate (Punica
granatum L.) as the powerful antifungal and antioxidant substances.
Ind. Crops Prod. 2011, 34, 1523−1527.
(86) Soleymanfallah, S.; Khoshkhoo, Z.; Hosseini, S. E.; Azizi, M. H.

Preparation, physical properties, and evaluation of antioxidant
capacity of aqueous grape extract loaded in chitosan-TPP nano-
particles. Food Sci. Nutr. 2022, 10, 3272−3281.
(87) Wan, A.; Xu, Q.; Sun, Y.; Li, H. Antioxidant activity of high

molecular weight chitosan and N,O-quaternized chitosans. J. Agric.
Food Chem. 2013, 61, 6921−6928.
(88) Tomida, H.; et al. Antioxidant properties of some different

molecular weight chitosans. Carbohydr. Res. 2009, 344, 1690−1696.
(89) Hromis, N.; Lazic, V.; Popovic, S.; Suput, D.; Bulut, S.

Antioxidative activity of chitosan and chitosan based biopolymer film.
Food Feed Res. 2017, 44, 91−100.
(90) Alsharabasy, A. Semi-synthesis of Chitosan with High

Molecular Weight and Enhanced Deacetylation Degree Amir.
Polym. Sci. 2016, 2, 11.
(91) Ullah, M.; Kim, D. S.; Hun Park, K. Evaluating antioxidant

activity of phenolic mediated Fe3O4 nanoparticles using Usnea
Longissimma methanol extract. Results Chem. 2022, 4, 100661.
(92) Patra, J. K.; Ali, M. S.; Oh, I. G.; Baek, K. H. Proteasome

inhibitory, antioxidant, and synergistic antibacterial and anticandidal
activity of green biosynthesized magnetic Fe3O4 nanoparticles using
the aqueous extract of corn (Zea mays L.) ear leaves. Artif. Cells,
Nanomed., Biotechnol. 2017, 45, 349−356.
(93) Alshehri, M. A.; Panneerselvam, C. Development of quercetin

loaded biosynthesized chitosan grafted iron oxide nanoformulation

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

https://doi.org/10.1021/acsomega.5c08001
ACS Omega 2025, 10, 50488−50510

50508



and their antioxidant, antibacterial, and anti-cancer properties. J. Drug
Delivery Sci. Technol. 2024, 101, 106247.
(94) Anokwah, D.; Kwatia, E.A.; Amponsah, I.K.; Jibira, Y.; Harley,

B.K.; Ameyaw, E.O.; Obese, E.; Biney, R.P.; Mensah, A.Y. Evaluation
of the anti-inflammatory and antioxidant potential of the stem bark
extract and some constituents of Aidia genipiflora (DC.) dandy
(rubiaceae). Heliyon 2022, 8, No. e10082.
(95) Khatun, M.; Nur, M. A.; Biswas, S.; Khan, M.; Amin, M. Z.

Assessment of the anti-oxidant, anti-inflammatory and anti-bacterial
activities of different types of turmeric (Curcuma longa) powder in
Bangladesh. J. Agric. Food Res. 2021, 6, 100201.
(96) Saeed, E.; Javed, F.; Rana, Z.; Perveen, R.; Mallhi, I. Y.; Amjad,

I.; Maqsood, Q.; Chaudhary, N. A.; Tahir, S. B.; Fatima, A.; et al.
Bioactive Compounds, Their Mechanisms of Action, and Cardiopro-
tective Effects of Pomegranate (Punica granatum): A Comprehensive
Review. eFood 2025, 6 (4), No. e70075.
(97) Cordiano, R.; Gammeri, L.; Di Salvo, E.; Gangemi, S.;

Minciullo, P. L. Pomegranate (Punica granatum L.) Extract Effects on
Inflammaging. Mol 2024, 29, 4174.
(98) Jafarirad, S.; Goodarzi, R.; Mohammadtaghvaei, N.;

Dastoorpoor, M.; Alavinejad, P. Effectiveness of the pomegranate
extract in improving hepatokines and serum biomarkers of non-
alcoholic fatty liver disease: A randomized double blind clinical trial.
Diabetes Metab. Syndr. Clin. Res. Rev. 2023, 17, 102693.
(99) Ruan, J.; et al. Novel oral administrated ellagic acid

nanoparticles for enhancing oral bioavailability and anti-inflammatory
efficacy. J. Drug Delivery Sci. Technol. 2018, 46, 215−222.
(100) Saafane, A.; Girard, D. Interaction between iron oxide

nanoparticles (Fe3O4 NPs) and human neutrophils: Evidence that
Fe3O4 NPs possess some pro-inflammatory activities. Chem. Biol.
Interact 2022, 365, 110053.
(101) Bheemayya, L.; Kamble, R.; Shettar, A.; Nadoni, V.; Nayak,

M.; Joshi, S.; Bayannavar, P.; Metre, T.; Keri, R.; Hoskeri, J.; et al.
Microwave-Assisted Fe3O4 Nanoparticles Catalyzed Cascade Syn-
thesis of 3-(1,4,5-Triaryl-1H-imidazol-2yl)quinolin-2-amines as COX-
1, COX-2 Inhibitors and Antioxidant Agents. Appl. Organomet. Chem.
2025, 39 (2), No. e7812.
(102) Mohyuddin, S. G.; Qamar, A.; Hu, C.Y.; Chen, S.W.; Wen,

J.Y.; Liu, X.X.; Ma, X.B.; Yu, Z.C.; Yong, Y.H.; Wu, L.Y.; et al. Effect
of chitosan on blood profile, inflammatory cytokines by activating
TLR4/NF-κB signaling pathway in intestine of heat stressed mice. Sci.
Rep. 2021, 11, 20608.
(103) Tian, Y.; Xu, Z.; Zheng, B.; Martin Lo, Y. Optimization of

ultrasonic-assisted extraction of pomegranate (Punica granatum L.)
seed oil. Ultrason. Sonochem 2013, 20, 202−208.
(104) Goula, A. M.; Adamopoulos, K. G. A method for pomegranate

seed application in food industries: Seed oil encapsulation. Food
Bioprod. Process 2012, 90, 639−652.
(105) Singh, B.; Singh, J. P.; Kaur, A.; Singh, N. Phenolic

compounds as beneficial phytochemicals in pomegranate (Punica
granatum L.) peel: A review. Food Chem. 2018, 261, 75−86.
(106) Saparbekova, A. A.; Kantureyeva, G. O.; Kudasova, D. E.;

Konarbayeva, Z. K.; Latif, A. S. Potential of phenolic compounds from
pomegranate (Punica granatum L.) by-product with significant
antioxidant and therapeutic effects: A narrative review. Saudi J. Biol.
Sci. 2023, 30, 103553.
(107) Elendran, S.; Shiva Kumar, V.; Sundralingam, U.; Tow, W. K.;

Palanisamy, U. D. Enhancing the Bioavailability of the Ellagitannin,
Geraniin: Formulation, Characterization, and in vivo Evaluation. Int. J.
Pharm. 2024, 660, 124333.
(108) El-Missiry, M. A.; et al. Nanoformulated ellagic acid

ameliorates pentylenetetrazol-induced experimental epileptic seizures
by modulating oxidative stress, inflammatory cytokines and apoptosis
in the brains of male mice. Metab. Brain Dis. 2020, 35, 385−399.
(109) Abd-Rabou, A. A.; Ahmed, H. H. CS-PEG decorated PLGA

nano-prototype for delivery of bioactive compounds: A novel
approach for induction of apoptosis in HepG2 cell line. Adv. Med.
Sci. 2017, 62, 357−367.

(110) Jebahi, S.; et al. Chitosan-Based Gastric Dressing Materials
Loaded with Pomegranate Peel as Bioactive Agents: Pharmacokinetics
and Effects on Experimentally Induced Gastric Ulcers in Rabbits.
Metab 2022, 12, 1158.
(111) Badawi, N. M.; et al. Pomegranate extract-loaded solid lipid

nanoparticles: Design, optimization, and in vitro cytotoxicity study.
Int. J. Nanomed. 2018, 13, 1313−1326.
(112) Anwer, M. K.; Alshdefat, R.; Akhtar, J.; Aleemuddin, M.

Punica granatum Loaded Glycerosomes for Antibacterial Effect in
Skin Infections: Preparation, Optimization, In Vitro and In Vivo
Characterization. BioNanosci 2025, 15 (2), 294.
(113) El-Hamid, M. I. A.; Ibrahim, D.; Abdelfattah-Hassan, A.;

Mohammed, O. B.; Pet, I.; Khalil, S. S.; El-Badry, S. M.; Metwally, A.
S.; Azouz, A. A.; Elnegiry, A. A.; et al. Silver nanoparticles loaded with
pomegranate peel extract and hyaluronic acid mediate recovery of
cutaneous wounds infected with Candida albicans. Front. Cell. Infect.
Microbiol. 2024, 14, 1469493.
(114) Al-Qarhami, F.; Abdallah, A. B.; Khalifa, M. E.; Awad, F. S.

Glutaraldehyde-crosslinked magnetic chitosan nanocomposite for
efficient Cr(VI) removal: A sustainable approach to aquatic
remediation. Int. J. Biol. Macromol. 2025, 310, 143459.
(115) Pavoni, J. M. F.; dos Santos, N. Z.; May, I. C.; Pollo, L. D.;

Tessaro, I. C. Impact of acid type and glutaraldehyde crosslinking in
the physicochemical and mechanical properties and biodegradability
of chitosan films. Polym. Bull 2021, 78, 981−1000.
(116) Hu, H.; Hu, H.; Xin, J. H.; Chan, A.; He, L. Glutaraldehyde-

chitosan and poly (vinyl alcohol) blends, and fluorescence of their
nano-silica composite films. Carbohydr. Polym 2013, 91, 305−313.
(117) Siepmann, J.; Siepmann, F. Modeling of diffusion controlled

drug delivery. J. Controlled Release 2012, 161, 351−362.
(118) Khalbas, A. H.; Albayati, T. M.; Ali, N. S.; Salih, I. K. Drug

loading methods and kinetic release models using of mesoporous
silica nanoparticles as a drug delivery system: A review. South African
J. Chem. Eng. 2024, 50, 261−280.
(119) Hillery, A. M.; Park, K.; Drug delivery: Fundamentals and

applications: Second edition. Drug Delivery Fundam. Appl. Second Ed.
CRC Press, 2016, 1−614.
(120) Kamaly, N.; Yameen, B.; Wu, J.; Farokhzad, O. C. Degradable

controlled-release polymers and polymeric nanoparticles: Mechanisms
of controlling drug release. Chem. Rev. 2016, 116, 2602−2663.
(121) Trucillo, P. Drug Carriers: A Review on the Most Used

Mathematical Models for Drug Release. Processes 2022, 10 (6), 1094.
(122) Unagolla, J. M.; Jayasuriya, A. C. Drug transport mechanisms

and in vitro release kinetics of vancomycin encapsulated chitosan-
alginate polyelectrolyte microparticles as a controlled drug delivery
system. Eur. J. Pharm. Sci. 2018, 114, 199−209.
(123) Il̇gar, M.; Karakus,̧ S.; Kilislioğlu, A. Design, characterization
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