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Chitosan-Starch Biocomposite for Enhanced Curcumin Delivery:
Kinetic Modeling of pH and lonic Strength Responsive Release and
Evaluation of Biological Efficacy
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ABSTRACT: A drug delivery system composed of chitosan and starch was used to deliver curcumin effectively by enhancing its
pharmacokinetic properties. The sustained release of the synthesized delivery system was evaluated using a kinetic modeling
approach along with its biological efficacy. The SEM analysis confirmed the coupling of starch and chitosan and loading of curcumin
into the matrix during synthesis. Crystallographic orientation of the delivery system was confirmed by XRD, and the FT-IR data
confirmed the successful loading of curcumin. TG analysis indicated that the increment in decomposition temperature of the
composite is due to the incorporation of curcumin into the composite. BET analysis revealed the reduction in the BET surface area
and pore volume in the synthesized composite, confirming successful loading. The ICs, values of the curcumin and composite for the
DPPH assay were 17.81 pug/mL and 38.77 ug/mlL, respectively. Composite material has shown enhanced antibacterial activity
against Staphylococcus aureus and Pseudomonas aeruginosa at 20 mg/mL, with inhibition zones of 15.56 + 0.29 and 10.11 + 0.44 mm,
respectively. Allium cepa cytotoxicity assay confirmed that all the synthesized materials promote mitosis at 2.5 mg/mL concentration.
The pH and ionic strength responsive release of curcumin was studied by fitting the release data into six kinetic models, including
Korsemeyer—Peppas (KP) and Peppas—Sahlin (PS), which has not been reported earlier for the synthesized system. The KP and PS
models were selected to interpret the release mechanism based on R* A combination of Fickian diffusion, relaxation and swelling
dominates the curcumin release. According to the KP model, quasi-Fickian diffusion is responsible for the release in acidic and
alkaline pH, whereas non-Fickian diffusion occurs at pH 6.7. At higher [NaCl], relaxation is responsible for the release (n > 0.43, kp
= 0), while a combination of diffusion and relaxation governs the release at lower [NaCl]. These behaviors are related to the
chemical composition of chitosan and the release media, where the electrostatic repulsion, protonation and charge screening
contribute to curcumin release.

1. INTRODUCTION anticancer activity of curcumin is discussed widely and related
to many cancer types, including colon,” breast,'’ prostate,'!

Turmeric (Curcuma longa L.) is a perennial herbaceous plant o s 1
esophagus, ~ lung cancers ° and multiple myeloma.”” How-

belonging to the Zingiberaceae family. Curcumin, a hydro-
phobic bioactive polyphenolic compound, is the most studied
curcuminoid of the plant rhizome, which has been used as a

ever, low bioavailability is attributed to poor water solubility,

remedy for disease conditions from ancient times." The Received: February 1, 2026
chemical structure of curcumin consists of two ortho-methoxy Revised:  June 19, 2026
phenolic groups that are connected symmetrically to a f- Accepted:  June 29, 2026
diketone moiety.” Curcumin is well-known for its antioxidant,’ Published: July 2, 2026

anti—inﬂammatory,4 antibacterial,5 anticancer,6 neuroprotec-
tive’ and hepatoprotective® activities. Interestingly, the
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rapid metabolism and elimination'® and limited gut
absorption” limits the therapeutic use of curcumin. The half-
life of curcumin in pH 7.4 phosphate buffer was reported to be
only 10 min2 and the plasma concentration is limited even
after consuming higher concentrations. Therefore, strategies
like polymeric1 nanoparticle17 delivery systems, nanoemul-
sions'® and coadministration of curcumin with other bioactive
compounds'’ have been employed to enhance the solubility
and bioavailability of curcumin.

Chitosan is a linear biopolymer characterized by partial
deacetylation, composed of randomly dispersed f-(1—4)-
linked D-glucosamine (deacetylated unit) and N-acetyl-p-
glucosamine units connected by glycosidic linkages.”” Owing
to its superior biomedical properties including bio/hemo
compatibility, biodegradability, mucoadhesivity, anticancer,
and antimicrobial activities, chitosan has been commonly
employed in drug delivery systems.”' Aslzad et al. has
developed an enzyme-responsive carrier for doxorubicin
(DOX) using chitosan/gelatin nanogel with gold nano-
particles.”” In a study conducted by Jalaladdiny et al.
chemotherapeutic agent, DOX, was coencapsulated with
curcumin using a metal—organic framework coated with folic
acid and chitosan.”> Furthermore, chitosan was used as a
component of the delivery system composed of poly-
(vinylpyrrolidone) /y-Alumina nanocomposite for the delivery
of quercetin by Nematollahi et al.** Therefore, chitosan
facilitates the protection of the unstable bioactive substance
and ensures the targeted and regulated delivery of
pharmaceuticals to specific locations, consequently improving
the therapeutic efficacy and reducing the frequency and dosage
of administration.

Starch is a polysaccharide of amylopectin, which consists of
1—4 and 1—6 a-p-glucopyranose units and amylose, which is a
linear polymer with 1—4 q-p-glucopyranose units.”> As a
naturally abundant, biodegradable polysaccharide, it has been
gaining attention in the scientific community to be used in
pharmaceutical applications because of its biocompatible,
nontoxic and nonimmunogenic nature.”® Alipournazari et
al.”” employed a pH-sensitive starch/PVA and graphitic
carbon nitride hydrogel, and Gholamali et al.** used a delivery
system with oxidized starch/poly(vinyl alcohol)/CuO biona-
nocomposite hydrogel for the delivery of DOX. Not only
synthetic drugs, but a starch-based Pickering emulsion was
developed for the delivery of resveratrol to the skin with
sustained release properties by Bi et al.”’ Moreover, as
demonstrated by Rajabpour et al.’® and Parvaneh et al.*' a
curcumin-loaded hydrogel consisting of starch/agarose/ZnO
can effectively target breast cancer cells, while carboxymethyl
cellulose/starch/reduced graphene oxide composite can act as
a pH-sensitive nanocarrier for curcumin. Starch is most
commonly used as a stabilizer, filler or binder in drug delivery
applications, and it facilitates controlled and sustained release
of therapeutic agents.”” In this work, starch was used as a
secondary biopolymer with chitosan to enhance the stability of
the chitosan polymeric network by acting as a filler, facilitating
a pH-independent swelling, resulting in a smoother release.
Further, starch can enhance the encapsulation efficiency of
hydrophobic curcumin with chitosan, via hydrogen bondings
between carbonyl (C=O0) and phenolic (—OH) groups of
curcumin.

As discussed above, chitosan and starch-based delivery
systems have been used for the delivery of pharmacologically
active natural substances, including curcumin,® resveratrol,**

quercetin,” eugenol®® and gallic acid’’and many other

synthetic therapeutic agents. Additionally, several studies
have reported the use of chitosan/starch composite along
with some other components. Sarmah et al.>® and Nguyen et
al.*” have developed a self-cross-linked starch/chitosan hydro-
gel and a chitosan/starch nanocomposite for the ampicillin
delivery, respectively. Furthermore, chitosan/starch-based
delivery systems have been used to effectively deliver curcumin
and curcumin analogues in the literature. A delivery system
consisting of chitosan/starch/MoS, nanocomposite has been
reported by Omrani et al*’ and chitosan—starch nano-
composite particles used by Subramanian et al,*' to deliver
curcumin targeting breast cancer treatment. Jo et al."* used a
Pickering emulsion system consisting of starch crystals and
chitosan to overcome the issues related to stability issues of
curcumin in the GI tract. Consequently, in the present work, a
biopolymeric delivery system consisting of chitosan/starch was
synthesized using PVA as a stabilizer and glutaraldehyde as a
cross-linker.

Curcumin was postcoated onto the chitosan/starch
polymeric system to synthesize the curcumin-loaded chito-
san/starch composite. The in vitro drug release kinetics of the
delivery system were evaluated using six kinetic models under
varying media compositions. The antibacterial activity of the
synthesized samples was evaluated using Staphylococcus aureus,
Escherichia coli, Klebsiella pneumoniae and Pseudomonas
aeruginosa bacterial strains. Previously reported chitosan-
based curcumin delivery systems typically have focused on
the synthesis and evaluated the biological efficacy of the drug
delivery system. However, to our knowledge, a detailed release
kinetics analysis over a varied pH range and ionic strength
conditions has not been reported in the literature for the
delivery of curcumin using a chitosan/starch biopolymeric
delivery system. In addition, the antibacterial activity of the
curcumin-loaded composite has been studied thoroughly using
Gram negative and Gram-positive bacterial strains in the
current study. Therefore, the present study provides valuable
information about the pH and ionic strength responsive release
mechanism of curcumin from chitosan/starch composite and
the biological effectiveness, specifically focusing on antibacte-
rial activity evaluation, of the curcumin-loaded composite,
addressing the key gaps in the current research. This integrated
approach provides more sophisticated data on the release
profile of the curcumin that can be used in optimization of the
therapeutic potential in medical applications.

2. METHODOLOGY

Detailed methodology is described in the Supporting
Information (Section 1: Materials and methodology).

2.1. Synthesis of Chitosan

Chitosan was synthesized using shrimp shells according to the

methodology described by Mendis et al.*’ (Supporting
Information Section 1.1).

2.2. Extraction of Curcumin
Local turmeric rhizomes (Curcuma longa L.) were used to
prepare the ethanolic extract of curcumin, and samples were

stored in -4 °C until further use™ (Supporting Information
Section 1.2).

2.3. Preparation of Chitosan/Starch Composite
Chitosan and gelatinized starch were mixed 1:1, combined
with PVA solution, and stirred at 50 °C to form a gel. Glycerol
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and glutaraldehyde were added, then the product was washed
to neutral pH and dried at 45 °C for 24 h.*’ (Supporting
Information Section 1.3).

2.4. Loading of Curcumin onto the Composite

Chitosan-starch composite (1 g) was added to the curcumin
extract in ethanol and stirred at 300 rpm for 3 days at room
temperature until it was fully evaporated. It was kept in the
oven at 40 °C to obtain a dried powder (Supporting
Information Section 1.4).

2.5. Material Characterization

XRD, SEM, FT-IR, BET, and TGA were conducted for the
synthesized materials to study their crystallographic orienta-
tion, surface morphology, functional group variation, surface
and pore size analysis and thermal stability, respectively
(Supporting Information Section 1.5).

2.6. DPPH Antioxidant Assay

A DPPH (2,2-diphenyl-1-picrylhydrazyl) assay was used to
determine the antioxidant potential of curcumin and the
composite according to the method reported by Wijayawarda-
na et al,** (Supporting Information Section 1.6).

be

Ay — Ay
—— X 100%
Abc (1)

scavenging effect (%) =

2.7. Anti-Inflammatory Assay

The in vitro anti-inflammatory activity of the curcumin extract
and drug composites was determined using an egg albumin
denaturation assay44 (Supporting Information Section 1.7).

%activity remaining

absorbance of the test sample
= X 100%
absorbance of the test control ()

2.8. Antibacterial Activity Determination—Agar Well
Diffusion

The agar well diffusion method was conducted to determine

the antibacterial activity of the synthesized samples (curcumin,

chitosan, starch, chitosan-starch, and curcumin composite)

using E. coli, P. aeruginosa, K. pneumoniae, and S. aureus as the
. 46 . . .

test organisms (Supportlng Information Section 1.8).

2.9. Allium cepa Cytotoxicity Assay

A. cepa cytotoxicity assay was conducted to test the general
toxicity and cytotoxicity of the synthesized samples, with slight
modifications to the method reported by*”** (Supporting
Information Section 1.9).

Mitotic index was calculated using the following equation.

Mitotic index = (number of dividing meristematic cells

/1000 total meristematic cells) X 100
3)

2.10. Loading Efficiency of Curcumin

The absorbance of free curcumin, resulting from the sample
dissolution, was measured at 423 nm with proper dilutions.
The Curcumin content was determined using a regression
equation derived from the calibration curve of Curcumin. The
following formula was used to determine the percentage of
curcumin loading efficiency onto chitosan-starch composite
(Supporting Information Section 1.10).

loading efficiency%

amount of the drug loaded (mg)
= X 100%
total weight of the drug + system (mg)

(4)

2.10.1. Storage Stability of the Curcumin in the
Composite. The stability of the synthesized compound was
tested by comparing the loading efficiency of the freshly
synthesized composite and the same composite after 6 months
of storage at room temperature. The concentration of free
curcumin in the supernatant was measured to determine the
amount of curcumin that had either been released or leached

from the composite over time (Supporting Information
Section 1.10.1).

2.11. In Vitro Drug Release Kinetics of Curcumin

In vitro drug release of the synthesized drug delivery systems
was assessed in different pH values, pH 1, pH 2.5, pH 4, pH
5.5, pH 7, pH 7.4, and pH 8, and ionic strengths in the range of
0.1—0.5 M, separately. Typically, the composite of interest (S
mg) was added into a cuvette with the respective release media
(pH solution or NaCl solution) and the release data were
collected every 15 min for 10 h.

The data from in vitro drug release studies were evaluated by
various mathematical models, namely, Zero-order, First-order,
Higuchi, Hixson—Crowell, Korsemeyer—Peppas models, and
Peppas-Sahlin. The Cumulative drug release (CDR)% for
every media composition was calculated using the following
equation™” (Supporting Information Section 1.11).

amount released at time (t)
total amount of drug loaded into DDS

%CDR = X 100%

(5)
2.12. Statistical Analysis

Triplicated data from DPPH antioxidant assay, egg albumin
denaturation assay, antibacterial activity, and drug release
analysis were statistically analyzed using SPSS Statistics
(Version 27, SPSS Inc., Chicago, Illinois, USA), and results
were expressed as mean =+ standard error (SE). The confidence
level of 95% was set as the Statistical significance. One-way
analysis of variance (ANOVA) was used to determine the
differences among the treatment means (Supporting Informa-
tion Section 1.12).

3. RESULTS AND DISCUSSION

3.1. FT-IR Analysis

FT-IR spectra were collected to identify the chemical nature of
the synthesized materials and to confirm the coating of
curcumin on the biopolymer composite (Figure 1). The FT-IR
spectrum of chitosan shows peaks in the range of 1010—1090
cm™" attributed to the C—O stretching of the polysaccharide
chain, and the peak at 1154 cm™" is ascribed to the C—O—C
vibration of the glycosidic linkage in the polymer chain. The
peaks at 1376 cm ™" and 1422 cm ™! represent the CH, bending
and CH; symmetrical deformations, respectively. The peak at
1556 cm™" corresponds to the N—H bending of the amide II
structure, and the peak at 1620 cm! represents the N—H
bending of the primary amine (NH,) in the chitosan structure.
The peak at 1655 cm ™" is ascribed to the C=0 stretching of
amide I, suggesting the presence of residual N-acetyl groups.
The peaks in the range of 2872—2961 cm™" are attributed to
the C—H symmetric and asymmetric stretching, respectively,
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Figure 1. FT-IR Spectra of the synthesized chitosan, starch, extracted
curcumin, and their composites.

which appear due to the presence of CH, bonds in the ring
structures of the polysaccharide chain. The peak at 3258 cm™
corresponds to the O—H stretching, and the broad peak at
3436 cm™ is ascribed to the N—H stretching of the primary
amine. The FT-IR spectrum of starch shows the characteristic
peaks confirming the structure. The peak at 997.75 cm™
corresponds to the C—O—C ring vibrations, and the peak at
1088.76 cm™' represents the C—O stretching. The peak at
1147.54 cm™' is attributed to the C—O—C asymmetric
stretching, and the peaks at 1419.61 and 1461.32 cm™' are
ascribed to the CH, scissoring and deformations. The peak at
1646.18 cm™' corresponds to the C—O bending, and the peak
at 2919.34 cm™' represents the C—H stretching of CH,
groups. The peak at 3303.28 cm™' reveals the presence of
O—H groups. The FT-IR spectrum of chitosan/starch
composite shows similar peaks found in the individual
components, but with slight changes in the peak positions
due to their coupling. In the chitosan/starch composite, the
O—H stretching band shifted from 3258 cm™ (chitosan) and
3303 cm™' (starch) to a single intermediate broad band at
3280 cm!, indicating intermolecular hydrogen bond for-
mation between the hydroxyl groups of the two polymers. The
FT-IR spectrum confirms the structure of curcumin. The peaks
in the range of 1137—1168 cm™' correspond to the C—O
stretching in ether linkages, and the peak at 1278.36 cm™ is
attributed to the C—O stretching of the phenolic groups. The

peak at 1372.21 cm™ is ascribed to the CHj bending, and the
peak at 1436.67 cm™" corresponds to the C—H bending and
aromatic ring stretching. The prominent peak at 1513.47 cm™"
represents the stretching carbonyl bond vibrations, and the
peak at 1603.52 cm™' represents the C=C aromatic
stretching. The peak at 1626.28 cm™' is attributed to the
C=0O0 stretching, and the peaks at 2926.92 and the shoulder
peak at 2961.05 cm™' are ascribed to the CH, stretching
vibrations. The broad peak at 3316.55 cm™" corresponds to the
O—H stretching vibration. Following curcumin loading, the
N—H bending of chitosan (amide II) shifted from 1556 cm™
to 1540 cm™' (A = 16 cm™ shift to lower wavenumber),
suggesting hydrogen bonding between the amine groups of
chitosan and the carbonyl or hydroxyl groups of curcumin.
Additionally, the C=0 stretching (amide I) shifted from 1655
cm™ in pure chitosan to 1626 cm™ in the curcumin-loaded
composite (A =29 cm™"), further confirming hydrogen bond
formation involving the carbonyl group. New peaks character-
istic of curcumin appeared in the loaded composite at 1278
ecm™ (C—O phenolic stretching) and 1600 cm™' (C=C
aromatic stretching), confirming successful curcumin incorpo-
ration. The reduced intensity of the free N—H band at 1566
cm™ is consistent with glutaraldehyde-mediated cross-linking
of chitosan. Furthermore, the modest peak shifts (16—29
cm™!) and lack of new major peaks indicate that curcumin
interacts with the matrix through noncovalent interactions
(primarily hydrogen bonding) rather than covalent conjuga-
tion. The coating is facilitated by the H- bond formation,
suggesting that the curcumin has interacted with the chitosan/
starch matrix upon loading. The peaks corresponding to
curcumin being present in addition to those of chitosan and
starch in chitosan/starch/curcumin composite suggest that
chitosan/starch polymer composite has been successfully
coated with curcumin.

3.2. BET Analysis

Brunauer—Emmett—Teller (BET) surface area analysis was
performed to study the surface area and pore size distribution
of the unloaded samples (chitosan, starch, and chitosan/
starch). Figure 2(a,b) represent the adsorption—desorption
isotherms and the pore size distribution graphs, respectively,
and Table 1 summarizes the specific surface area, average pore
diameters, and pore volume data of the synthesized materials.
Chitosan, starch, and chitosan/starch composite exhibit a Type
IV isotherm with H3 hysteresis loop as defined by IUPAC. The
gradual increase in nitrogen uptake at low relative pressure
corresponding to the monolayer adsorption on mesoporous
material has reached a plateau at higher relative pressure (P/P,
= 1) following capillary condensation and multilayer
adsorption on the surface of the materials. The difference
between the adsorption and desorption branches of the
isotherm suggests the presence of pores with complex shapes.
The surface area and the total pore volumes of the synthesized
materials are comparatively lower, demonstrating a limited
abundance in accessible micro and mesopores. Pore diameter
data, which range between 2 and 4 nm, suggest that the porous
system of all the synthesized materials consists of mesopores.
Furthermore, the pore distribution of the synthesized material
is nonuniform with multiple peaks, as shown in Figure 2 (b).
Chitosan has the most developed porous structure among the
tested samples, with the highest BET surface area (4.43 m*/g)
and pore volume (0.008 cm’/g), in contrast to the smaller
mesopore structure of starch. The surface area and the total
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Figure 2. (a) Adsorption and desorption isotherms and (b) BJH pore size distribution curves of the synthesized materials.

Table 1. BET Surface Area, Pore Size, and Pore Volume
Distribution of Synthesized Samples

BET surface area average pore size pore volume

sample (m*/g) (nm) (cm®/g)
chitosan 4.434 3.409 0.008
starch 3.640 2477 0.005
chitosan/ 2.390 3.535 0.004
starch

pore volume of the chitosan/starch composite have been
reduced to 2.40 m’/g and 0.0004 cm’/g, suggesting the
successful incorporation of starch in the porous network and
on the surface of chitosan. The increase in the average pore
size (3.54 nm), compared to chitosan and starch, indicates the
formation of larger mesopores during the composite material
syntheses. While BET analysis of the curcumin-loaded
composite was excluded due to the thermal sensitivity of
curcumin, SEM imaging provides complementary evidence for
pore filling. The oval-shaped pores visible in the unloaded
composite are absent after curcumin loading (Figure S2(b,c)),
indicating that the pores have been occupied by the drug
during the loading process. The gas sorption data are
supported by SEM surface morphology of pore filling,
indicating that the reason for the reduction in the surface
area and pore volume is drug loading within the pores rather
than structural collapse.

The materials synthesized were characterized by XRD to
study their crystallography (Figure S1 and Table S2), SEM to
image the surface morphology (Figure S2), and TGA to

evaluate the thermal stability (Figure S3), which are described
in detailed in the Supporting Information Sections 2.1, 2.2, and
2.3, respectively.

3.3. Antioxidant Assay

The antioxidant activity of the curcumin extract and chitosan/
starch-curcumin composites is illustrated in Figure 3. These
results have shown that the ICy, of Curcumin extract was 17.81
ug/mL, suggesting that curcumin has a higher antioxidant
activity. The linear regression model results in higher R* values
(R* = 0.99) for both the curcumin extract and the chitosan/
starch composite, as shown in Figure 3. The lack of plateau
effects in the radical scavenging activity (RSA%) profiles
indicates that saturation was not attained, as all values stayed
within the linear response range.’® Curcumin’s ability to
scavenge free radicals (DPPH) increased with higher
concentrations. The RSA% of the curcumin extract was tested
in the concentration range of 5—30 ug/mL in the current
study, where the RSA% ranged between 15.71 + 1.10—81.73 +
0.52% in a dose-dependent manner. The RSA% values were no
longer within the linear range of the dose-dependent
relationship for the concentrations above 30 ug/mL,
suggesting the potential saturation effect of DPPH radicals.
Lower ICs, values ranging from 1.08 pug/mL—16.55 ug/mL
were obtained in a work carried out by Tanvir et al.”' using
different turmeric varieties, similar to the current study. A
study conducted by Ciochina et al.’> have reported that
curcumin and Trolox have extremely similar scavenging
properties, according to the DPPH radical scavenging activity,
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indicating the potent antioxidant activity of the curcumin
extract.

RSA% of the composite varied between 10.30 pg/mL and
78.88 pg/mL in the tested concentration range of 10—60 pg/
mL, which was lower than the pure extract. The slightly
decreased activity of the chitosan composite may result from
the encapsulation of bioactive substances within the chitosan
matrix, restricting their interaction with DPPH radicals. The
ICs of chitosan/starch-curcumin composite was 38.77 ug/mL.
Based on the ICy; values of the composite, it can be inferred
that the curcumin-loaded composite exhibits substantial
antioxidant activity, protecting against the negative effects of
free radicals. The sample’s ability to scavenge free radicals
(DPPH) increased with higher concentrations. The highest
RSA% for chitosan/starch-curcumin was observed at 79 + 1.52
at 60 ug/mL (Figure 3(b)). In contrast to reports where
curcumin encapsulation improves DPPH scavenging ability by
enhanced water dispersibility,*>>® in the present study, the
ICs, value of the curcumin extract was higher than that of the
composite. Unlike the curcumin-loaded hyaluronic acid
complexes®® and curcumin-loaded chitosan/lecithin nano-
particles,” which has enhanced the activity by preventing

41672

curcumin aggregation, here, postcoating has created a more
rigid barrier. Postcoating of the curcumin extract on the
delivery system might have hindered the freely available
curcumin for the reaction with DPPH, compared to the pure
extract. This behavior is due to the reduced diffusion of
curcumin from the dense chitosan/starch matrix and the
availability of the free phenolic groups. Postcoating involved
the formation of H-bonding and covalent linkages between the
phenolic compounds, which are mainly responsible for its
antioxidant activity, between curcumin and the polymeric
system that can block these active sites freely available to
scavenge the DPPH radicals. In polymer-based delivery
systems that included chitosan, one phenolic group is required
for covalent linkage to chitosan, which will temporarily
attenuate curcumin’s antioxidant capacity.”® Nevertheless, the
curcumin-loaded composite has also shown promising
antioxidant potential while improving the bioavailability of
the loaded drug.

The RSA% of the positive control (ascorbic acid) at 40 ug/
mL was reported to be 94.9%, which is higher than that of the
composite (48.1%). In comparison to the curcumin and
composite, ascorbic acid demonstrated greater radical scaveng-
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ing ability with an IC;, value of 421 pg/mL. The composite’s
RSA% was mainly attributed to the antioxidant potential of
curcumin, which was grafted to the surface of the delivery
system. However,">*” have reported that chitosan also
possesses antioxidant activity. Tomida et al. have indicated
that compared to high molecular weight chitosan, the
antioxidant activity of low molecular-weight chitosan was
stronger.”® Alsharabasy A has found that low molecular-weight
chitosan with a degree of deacetylation >90% exhibited higher
scavenging activities’® compared to a lower degree of
deacetylation. However, the chitosan was not readily soluble
in the methanol-based system used in the DPPH assay,
preventing the assessment of the RSA% of the carrier. Since
higher molecular weight chitosan was used in the synthesis of
the delivery system, the components in the delivery system
have not considerably contributed to the antioxidant potential
of the drug composite. Therefore, results suggest that the
chitosan/starch-curcumin composite is composed of sub-
stances, mainly curcumin, that can provide free radical
hydrogen to neutralizes the odd electron of the ROS, which
is responsible for the reactivity.

3.4. Anti-Inflammatory Assay

The antidenaturation assay of egg albumin was used to assess
the anti-inflammatory properties of curcumin and chitosan/
starch-curcumin composite (Figure 4(a,b)).

The assay is conducted based on the theory that anti-
inflammatory drugs may stabilize protein structures and
prevent denaturation, which is often associated with inflam-
mation and tissue damage.’® Curcumin has been identified in
earlier research as a potent anti-inflammatory drug, and its
action is mediated in many pathways that include interactions
with more than 30 different proteins.”” It is well-known for the
inhibition of nuclear factor kappa B, which is related to
inflammatory diseases.”” Thus, the anti-inflammatory activity
of the synthesized composite is mainly attributed to the
presence of curcumin.

The remaining % inhibition activity of the curcumin and
chitosan/starch curcumin composite in the concentration
range of 100—600 ug/mL is shown in Figure 4(b). The ICy,
values were calculated using the linear fit of the triplicated
experimental data. Diclofenac sodium was used as the positive
control. The higher inhibition activity exhibited at a lower
concentration range (100—200 ug/mL) gradually declined at
higher concentrations in both samples tested. Protein
aggregation causes free curcumin’s efficacy to decline at
greater concentrations, despite its enhanced action at 100—200
pug/mL. The composite maintains more stable activity across a
broader range compared to that of the free curcumin. While
the composite underperforms free curcumin at low doses due
to restricted immediate availability, it avoids the high-dose self-
antagonism seen with free curcumin. Excess curcumin
promotes nonspecific aggregation of egg albumin, lowering
the particular stability of the protein structure. But it is
important to highlight that the activity of the % inhibition has
been reduced with the increased concentration of both
compounds. Composite material has depicted a similar level
of anti-inflammatory activity because of the anti-inflammatory
activity of the loaded curcumin. The activity can be explained
via the postcoating process of curcumin. The concentration-
dependent reduction in the % inhibition activity is attributed
to the increased turbidity caused by the protein-polyphenol
interactions with the increase of curcumin concentration.’!

Curcumin has been coated onto the surface of the chitosan/
starch delivery system in the synthesis procedure through
hydrogen bonding with its phenolic—OH groups and covalent
connections. This conjugation limits curcumin’s rapid
availability at low doses, thereby reducing its action. The
same coating offers controlled release at high doses, avoiding
the saturation that leads to the aggregation and loss of
effectiveness of free curcumin. As a result, the composite
avoids high-dose self-antagonism while exhibiting lower
activity in lower concentrations. Results suggest that the
ability of curcumin to inhibit egg albumin denaturation may
exhibit dose-dependent effects, with lower concentrations of
curcumin providing greater protection against denaturation.
Similar results were documented in a previously released
study.”” The study, which has been done by Belma et al., has
proven that curcumin is highly anti-inflammatory compared to
acetylsalicylic acid, known as aspirin, a widely used non-
steroidal anti-inflammatory drug.>”

Nonsteroidal anti-inflammatory medications like curcumin
can stop the denaturation of egg albumin by stabilizing the
lysosomal membrane.'® This membrane-stabilizing action may
partially inhibit egg albumin denaturation in the experiment.
Curcumin interacts with egg albumin to create complexes
through noncovalent interactions. These interactions help
curcumin attach to egg albumin molecules, which may prevent
denaturing chemicals from penetrating the protein surface and,
hence, ultimately prevent denaturation. The potential of the
prepared chitosan/starch-curcumin composite has demonstra-
ted the ability to prevent protein denaturation and, therefore,
can be improved as a natural anti-inflammatory therapeutic
drug.

3.5. Antibacterial Activity

Antibacterial activity of curcumin has been observed in a broad
spectrum of antifungal, antivirus and antibacterial agents of
both Gram-positive and Gram-negative strains, including P.
aeruginosa, S. aureus, Bacillus subtilis, Bacillus cereus, E. coli, and
Bacillus coagulans.”” In bacterial cells, curcumin causes
oxidative stress, DNA damage, and cell death via apoptosis.
Curcumin contributes to bacteriostatic effects by blocking the
bacteriall DNA damage repair pathway. The antibacterial
mechanism of action of curcumin includes bacterial quorum
sensing, a specific communication process mediated by
biochemical signals that regulate cell density and microbial
behavior, and damage to the cell wall or membrane and
interfering with cellular processes by targeting DNA and
proteins.’

The most widely accepted antibacterial action for chitosan is
attaching chitosan to the negatively charged bacterial cell wall,
which disrupts the cell and changes the permeability of the
membrane. Lower molecular weight chitosan can penetrate the
cell wall by passing through pores, causing the cell wall to
collapse, and then bind to DNA. This process inhibits DNA
replication and ultimately results in cell death.”’ Chitosan’s
NH, group, which can be protonated to NH;* and readily
form electrostatic interactions with anionic groups of microbial
cell membranes, leading to the leakage of proteinaceous and
other intracellular constituents of the microorganism. Accord-
ing to Shehabeldine et al, the degree of deacetylation is
correlated with the polycationic chitosan charge.”* Strong
electrostatic interaction, which is a key component of
antibacterial activity, is produced due to the higher positive
charge densities of protonated amino groups (—NH;"), which
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are attracted to the negatively charged bacterial surface,
causing agglutination of chitosan, or an increase in the
microbial wall permeability, which ultimately triggers the
release of the internal components. By attaching to microbial
DNA, chitosan can prevent the creation of mRNA and
proteins.

In the current study, starch was used as a part of the delivery
system, which increases the bioavailability of curcumin to
result in better control of the drug release. It was observed that
starch did not contribute to the antibacterial activity of the
composite or the curcumin-loaded composite, significantly.*®
Although the antibacterial activity of chitosan and curcumin
has been studied extensively, the antibacterial activity of the
curcumin-loaded chitosan/starch composites has not been
studied over a broad range of Gram-negative and positive
bacterial strains. Thus, the study provides insightful informa-
tion about the antibacterial activity and possible mechanisms
of action of the curcumin composite that can be used in
potential pharmaceutical applications. A summary of the
reported antibacterial mechanisms has been depicted in Figure
S4.

The antibacterial activity of the synthesized materials was
assessed using the agar well diffusion method. The impact of
the curcumin extract, chitosan/starch composite and curcu-
min-coated chitosan/starch composite on the inhibition of
bacteria was tested on both Gram-positive and Gram-negative
bacterial strains, including S. aureus, P. aeruginosa, K.
pneumoniae and E. coli under varying concentrations of 2.5,
5,10 and 20 mg/mL. The test samples, including the curcumin
extract, biopolymer composite, and drug composite, should
diffuse through the solid agar media to interact with the
bacterial cell walls to cause antibacterial activity.

The chitosan/starch composite showed inhibition zones
only for P. aeruginosa, resulting in zones of inhibition of 11.66
+ 0.78 mm, 8.89 + 0.4 mm, 9.00 + 0.38 mm and 10.00 + 0.51
mm for 2.5 mg/mL, 5 mg/mL, 10 mg/mL, and 20 mg/mL
concentrations, respectively. The highest zone of inhibition
was reported with a 2.5 mg/mL concentration. Interestingly,
the zone of inhibition reported for the chitosan biopolymer
was 11.12 + 0.78, 7.98 + 0.40, 8.98 + 0.38, and 10.0 + 0.51
for the above-mentioned concentration range. Therefore, it is
evident that the reported antibacterial activity of the chitosan/
starch carrier against the P. aeruginosa is attributed to the
antibacterial activity of chitosan. However, the chitosan/starch
composite or chitosan biopolymer did not show any
antibacterial effect against other bacterial strains tested,
including S. aureus, E. coli and K. pneumoniae, in the tested
concentration range. Starch did not exhibit antibacterial
activity against any of the bacterial strains tested in the current
study (Figure SS). Shehabeldine and Hasanin et al, proved
that hydrolyzed starch exhibited no antibacterial activity
against either Gram-positive bacteria or Gram-negative
bacteria, validating these results.”* Therefore, the reported
antibacterial zones have resulted from the antibacterial activity
of chitosan. Chitosan was not reported to exhibit significant
antibacterial activity against Gram-positive S. aureus because
both bacterial cells and chitosan have positive charges that
repel each other and keep them away from interacting
closely.”® Furthermore, the positive charges on bacterial cells
and chitosan in the case of Gram-positive bacteria have a
repelling effect that prevents them from coming into close
contact.”* The chitosan/starch composite has shown inhibition
zones only in P. aeruginosa and not in other Gram-negative

microorganisms. According to Ardean et al, chitosan’s
antibacterial activity was shown to be prominent against
Gram-negative bacterial strains. However, this activity could be
varied due to several reasons, including molecular weight,
degree of deacetylation, source and concentration.”” The
antibacterial activity of chitosan is limited due to its poor
aqueous solubility, limiting the use of this natural biopolymer
as an antibacterial agent. In the present study, higher molecular
weight chitosan was used as the delivery system for curcumin
coupled with starch, which limits its activity toward the Gram-
negative bacterial strains significantly. Because the antibacterial
mechanism of chitosan is based on its ability to adhere and
absorb into cell surfaces, which results in cell leakage causing
the change in membrane permeability Huszczynski et al. has
indicated that P. aeruginosa has a more permeable outer
membrane with fewer lipopolysaccharides accelerating the
cellular uptake of chitosan, while the cell wall structure of E.
coli and K. pneumoniae consist with thicker lipopolysaccharide
layers®® limiting the cellular uptake of the composite and the
curcumin loaded chitosan/starch delivery system. This limits
the antibacterial activity of the composite and the composite-
loaded curcumin against K. pneumoniae and E. coli.

Curcumin has exhibited effective antibacterial activity
against the Gram-positive S. aureus and Gram-negative P.
aeruginosa bacterial strains. The diameter of the zones of
inhibition against P. aeruginosa by curcumin extract was
reported to be 14.00 + 1.17 mm, 13.55 + 0.9 mm, 12.11 +
0.29 mm, and 10.11 + 0.44 mm for 2.5, 5, 10, and 20 mg/mL
concentrations, respectively. The results indicated a dose-
dependent decrease in the zone of inhibition at higher
concentrations of the sample tested, suggesting that higher
concentrations of curcumin were associated with reduced
antimicrobial activity for P. aeruginosa. The zones of inhibition
for curcumin extract against S. aureus were 12.33 + 1.17 mm,
12.89 + 1.16 mm, 14.22 + 0.48 mm and 15.56 + 0.29 mm for
2.5, 5, 10, and 20 mg/mL concentrations, respectively. The
antibacterial activity of curcumin against S. aureus increased
with increasing curcumin concentration, indicating a dose-
dependent increment in the antimicrobial activity. The highest
zone of inhibition for curcumin was shown as 15.56 + 0.29
mm for 20 mg/mL for S. aureus. In contrast, curcumin extract
has not shown any zone of inhibition in the tested
concentrations for E. coli and K. pneumoniae, which are
reported as strong Gram-negative bacterial strains.

Curcumin has shown distinct better effectiveness against
Gram-positive bacteria than Gram-negative bacteria, which
complies with prior research.’”’’ Adamczak et al. reported that
their results have shown a significantly higher activity of
curcumin against Gram-positive than Gram-negative bacte-
ria.”” The differences in the makeup and structure of microbial
cell walls are assumed to be the reason why curcumin and
other natural compounds have a stronger effect on S. aureus.
Gram-positive bacteria lack an outer membrane, but their cells
are encased in a thick layer of peptidoglycan that contains an
extra class of lipoteichoic acids (LTA). It facilitates the passage
of hydrophobic molecules through the cell wall more easily.
Curcumin functions as an antibacterial agent against Gram-
positive bacteria by blocking the bacterial surface protein
sortase A and preventing cell attachment to the binding
protein, fibronectin of S. aureus. Furthermore, curcumin
inhibits the release of Penicillin-binding protein 2, a protein
from S. aureus, which is encoded by the mecA gene and
disrupts the process of protein synthesis by causing damage to
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Figure 6. Well diffusion results of the tested compounds against (a) S. aureus and (b) P. aeruginosa.

RNA.’ Additionally, curcumin generated lipid peroxidation,
enhanced DNA breakage, and impacted the metabolism of L-
tryptophan in Gram-positive S. aureus but not in Gram-
negative E. coli.”’

Due to variations in bacterial membrane structure, efflux
mechanisms, and particular virulence targets, curcumin’s
antibacterial effectiveness against Gram-negative bacteria varies
quite significantly.”’" As mentioned in Gorski et al, K.
pneumoniae isolates that produce carbapenemase exhibit
significantly broad-spectrum antibiotic resistance, including
curcumin.”’ RecA protein expression, which drives apoptotic-
like death processes in bacteria, was upregulated at the genetic
level by curcumin. Dai et al. demonstrate that curcumin
resistance was seen in E. coli RecA knockouts, which proves
that curcumin-induced cell death in E. coli is dependent on
apoptotic pathways.”' P. aeruginosa has a less restrictive outer
membrane, as mentioned in Dai et al, P. aeruginosa shows
antibacterial activity against curcumin by preventing the
synthesis of the quorum-sensing-dependent components,
including the formation of alginate and exopolysaccharides.”'
Therefore, the results are consistent with the previous studies
where curcumin’s antibacterial mechanism was highly effective
against Gram-positive S. aureus, while exhibiting moderate
antibacterial activity against gram-negative P. aeruginosa.

Between P. aeruginosa and S. aureus, S. aureus was more
susceptible to the antibacterial activity of curcumin-loaded
chitosan/starch composite. The zones of inhibition that were
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reported for curcumin-loaded chitosan/starch composite
against P. aeruginosa were 13.44 + 0.73 mm, 12.22 + 0.22
mm, 12.00 + 0.88 mm and 14.11 + 0.87 mm, while S. aureus
showed zones of inhibition of 11.78 + 0.4 mm, 12.67 + 0.84
mm, 13.22 + 0.68 mm and 16.56 + 1.72 mm at 2.5,5,10 and
20 mg/mL concentrations, respectively. The zones of
inhibition depicted for S. aureus have increased with increasing
concentration, indicating enhanced antimicrobial activity at
higher concentrations. This finding is consistent with the
antibacterial activity of curcumin as discussed above. There-
fore, the antibacterial activity of S. aureus against curcumin is
mainly attributed to the antibacterial mechanism of curcumin.
However, grafting curcumin onto the surface of the delivery
systems has positively affected the antibacterial action at higher
concentrations. Conversely, the reported inhibition zones for
the antibacterial activity of curcumin-loaded chitosan/starch
composite for P. aeruginosa have decreased with the increment
of the concentration, except for the 20 mg/mL concentration,
where it showed an enhanced antibacterial effect. In both
bacterial strains, the drug composite at 20 mg/mL exhibited an
enhanced synergistic antibacterial effect, where the diameters
of the reported zone of inhibition are larger compared to the
curcumin extract or the chitosan/starch composite alone. The
zone of inhibition (mm) reported for curcumin extract at 20
mg/mL was 15.56 + 0.29 mm and 10.11 + 0.44 mm for S.
aureus and P. aeruginosa, respectively. Whereas at the same
concentration, the reported zones of inhibition (mm) for the
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curcumin-loaded drug composite were 16.56 + 1.72 mm and
14.11 + 0.87 mm, for the same bacterial strains. The result of
S. aureus for the curcumin extract was consistent with a prior
investigation by Li et al. on curcumin antimicrobial efficacy.””
No zones of inhibition were reported for the curcumin-loaded
chitosan/starch composite against the E. coli and K. pneumo-
niae in the tested concentration range, similar to the results
reported for the curcumin extract and the chitosan/starch
composite.

Amoxicillin was used as the positive control. It showed
higher zones of inhibition than curcumin, chitosan/starch
composite, and curcumin-loaded chitosan/starch composites
against all the test microorganisms at 2.5, S, 10, and 20 mg/mL
concentrations. The highest zone of inhibition for Amoxicillin
was recorded against E. coli with a zone of 40.44 + 0.22 mm at
20 mg/mL.

The results shown in Figure 5 show that the Curcumin-
loaded chitosan/starch composite showed greater inhibitory
activity to the Gram-positive strain of S. aureus as well as
Gram-negative strains of P. aeruginosa. Figure 6 represents the
inhibition zone for the respective bacterial strains on agar
plates. These findings are similar to the results reported by
Jahanizadeh et al, where the Gram-positive S. aureus has
demonstrated better antibacterial activity against curcumin-
loaded chitosan/carboxymethyl starch/montmorillonite, and
Gram-negative strains of P. aeruginosa have demonstrated
efficient antibacterial activity for chitosan-cross-linked curcu-
min-tannic acid biocomposites, respectively.””

For instance, both curcumin-loaded chitosan/starch compo-
site and curcumin extract have not shown a zone of inhibition
diameter in K. pneumoniae and E. coli. It is commonly known
that Gram-positive bacteria are typically more sensitive to
antibiotics than Gram-negative bacteria, even though both
types have a stronger peptidoglycan coating in their cell
walls.”* The outer membrane of Gram-negative bacteria, which
is made up of a lipid-rich structure that serves as a barrier to
many antimicrobial drugs, is the main cause of this increased
resistance. As a result, when tested against the Gram-negative
bacterium K. pneumoniae and E. coli, curcumin and the
curcumin-loaded chitosan/starch composite material showed
no zones of inhibition within the tested concentration range.”®
This resistance can be attributed to the structural character-
istics of the E. coli outer membrane, which contains outer
membrane proteins (OMPs) that function as selective
channels, thereby regulating the entry of molecules into the
bacterial cells.** According to Azucena et al., this resistance of
E. coli to curcumin may stem from strain-specific genetic
factors.”® Through RecA-mediated mechanisms, curcumin
causes E. coli to exhibit responses resembling apoptosis.
Curcumin is ineffective in strains missing RecA because they
do not exhibit DNA fragmentation or phosphatidylserine
exposure.”'

The specific composition and quantity of the composite, as
well as the technique used to test the antibacterial activity, may
affect how effectively curcumin-loaded chitosan/starch com-
posite inhibits the growth of K. pneumoniae. It is well-
recognized that bacteria, such as K. pneumoniae, can have a
variety of enzymes, such as f-lactamases or carbapenemases
that support their resistance and ability to survive. These
enzymes could be involved in the modification or breakdown
of foreign materials, including curcumin. According to Yada et
al,”” some strains utilize active transport systems to expel
curcumin.

In the present study, the curcumin-loaded chitosan/starch
composite was shown to exhibit enhanced antibacterial activity
against S. aureus and P. aeruginosa at 20 mg/mL, while
maintaining prominent activity across the tested concentration
range of 2.5—20 mg/mL. These findings were aligned well with
the reported literature for individual components in the
delivery system. However, the study concluded the novel
findings for the enhanced antibacterial activity against the
tested bacterial species. Therefore, loading curcumin into a
chitosan/starch delivery system can enhance the antibacterial
activity of the curcumin extract, providing benefits for
therapeutic applications.

3.6. A. cepa Cytotoxicity Assay
Mitotic index of the treated samples was calculated to further

evaluate the cytotoxic effects of the samples on onion root tip
cells. As presented in Table 2, the negative control exhibited a

Table 2. Mitotic Index in Control and Treatment
Concentrations

MI % MI%
sample/treatment (2.5 mg/mL) (20 mg/mL)
Curcumin 36.87 + 9.45 26.57 + 2.08
Chitosan/starch 40.67 + 5.51 26.6 + 1.85
Curcumin-chitosan/starch composite 41.8 + 8.89 32.87 + 3.55
Negative control 52.5 + 4.51

normal MI of 52.5%. At 2.5 mg/mL, all treatments showed
slightly reduced MI values compared to the negative control,
but still within a range indicative of active cell division. As
indicated by Antosiewicz, a MI% value below 22% compared
to the negative control indicates the possible cytotoxicity,
whereas a decline below 50% indicate sublethal effects, and is
referred to as the cytotoxic limit value.”® Although within the
accepted range, at 20 mg/mL, a noticeable reduction in MI
was observed for all samples compared to the value reported at
2.5 mg/mL. Additionally, at 2.5 mg/mL, all three samples
exhibited a good distribution of cells across all four mitotic
phases (prophase, metaphase, anaphase, and telophase),
indicating normal progression through the cell cycle. On the
contrary, at 20 mg/mL, a clear shift in phase distribution was
observed. In all three treatment groups at 20 mg/mlL, the
majority of mitotic cells were arrested in prophase at the time
of cell fixation. Cells in metaphase, anaphase, and telophase
were markedly reduced or nearly absent in the test samples at
20 mg/mL. Prophase cells were very prominently visible, but
subsequent stages were scarce, suggesting a block in mitotic
progression at the prophase-to-metaphase transition. The root
tip cells in the mitotic phase, which were observed under the
400X magnification, are indicated in Figure 7(a—f).

In the positive control (K,Cr,0,), root tip cells showed no
stained mitotic cells. The nuclei were extremely condensed and
hyperchromatic, with no visible chromosomal structures.
Further, the cell walls of some cells in the root tips were
completely damaged, which promotes the elimination of the
nucleus from the cell (Figure 7(gh)). No cells were observed
in prophase, metaphase, anaphase, or telophase, indicating
complete arrest of the cell cycle before mitotic entry.

When the results are compared with the general toxicity
study (root elongation), which is reported in the Supporting
Information section 2.5 (Figure S6), a reduction in root length
could occur without actual cell cycle arrest. Interestingly, all
the test samples that indicated better root elongation (2.5 mg/
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(d)

Figure 7. Microscopic appearance of cells in mitosis in A. cepa root tip meristematic region (a) prophase; (b) metaphase; (c—e) anaphase; (f)

telophase; (g, h) cells of positive control with damaged cell membrane.

mL) had MI above 22%, suggesting lower cytotoxic effects.
Importantly, at this concentration, all three samples maintained
a normal distribution of cells across prophase, metaphase,
anaphase, and telophase. This indicates that although the rate
of cell division was somewhat reduced (compared to the
negative), the cell cycle machinery remained functional, and
cells could complete mitosis. At 20 mg/mL, all three
treatments caused marked root growth inhibition (>47%
reduction) and substantially reduced MI values (26—33%).
More critically, the cell cycle was arrested predominantly at
prophase, with very few cells progressing to metaphase,
anaphase, or telophase. However, cells had entered the mitotic
division at the time of observations, and the rate of progression
through mitosis was slower compared to the lower
concentration value. Thus, the combined results of the general
toxicity and cytotoxicity assay suggest that the synthesized
compounds are not cytotoxic at lower concentrations (2.5 mg/
mL) but can delay the mitotic division at higher concen-
trations.

Although the mitotic index analysis and the A. cepa root
elongation test offer useful initial insights into the toxic and
cytotoxic potential of synthesized samples, these assays have
several limitations. As a result, the current study should be
regarded as an initial inquiry that offers basic cytotoxicity
information.

3.7. Drug Release Studies

Covalent and noncovalent interactions interact dynamically
during the composite synthesis, defining its three-dimensional
structure and functional characteristics. The amine groups
(=NH,) of chitosan and the aldehyde groups (—CHO) of
glutaraldehyde primarily undergo a Schiff base reaction to
create covalent imine (C=N) bonds, facilitating the cross-
linking of chitosan chains. This covalent framework is
additionally reinforced and made flexible by a network of
hydrogen bonding interactions. These bonds include glycerol
and the hydroxyl groups of starch, as well as among the
functional groups of chitosan, starch, PVA, and glycerol, which
in turn improve the material’s physical stability and flexibility.
Curcumin is physically loaded within this porous, cross-linked
network, with its retention regulated by hydrogen bonding and
hydrophobic interactions with the polymer matrix, rather than
through covalent attachment, helping to preserve its
bioactivity. The proposed chemical reactions are illustrated

in Figure S7, whereas the interactions with the cell membrane
and the cellular fate of the drug-loaded carrier are shown in
Figures S8 and S9, respectively.

To assess the impact of the physiological conditions on the
release of curcumin from chitosan/starch polymer composite,
the pH and the ionic strength of the media were changed
systematically. pH of the release media was varied between pH
1—pH 8, while the NaCl concentration was varied from 0.1
M—0.5 M to change the ionic strength. As the oral and IV
administrations are focused on in the current study, the pH
range was selected to be inclusive of the pH gradient present in
the GI tract and the pH of the peripheral blood (pH 7.4). For
the oral dosage forms, the stomach is the first place where the
disintegration and dissolution take place because the delivery
time of the drug composite through the oral cavity and
esophagus is relatively short. Gastric juice consists of a strong
acidic pH range between 1.0 and 2.0. The intestines are the
major absorption site for drugs, and the pH increases from pH
6 in the duodenum to pH 7—8 in the distal part of the ileum.”
Additionally, the release profile of curcumin, which is a proven
anticancer agent, was studied in lower pH values (pH S5.5—
6.8). The pH values of the extracellular matrix of the 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. Moreover, the ionic strength of
the extracellular matrix is governed by the concentration of
ions, including K*, Na*, Ca®" and H". These concentrations are
altered in malignant tissues, specifically the concentration of
Na* ions.® It is reported that in most tumor types, including
brain,®' breast,** prostate and uterine cancer, ™
and intracellular Na* concentrations are significantly higher
than in normal tissues. Hence, in order to assess the differences
in the release profile of curcumin under varied Na*
concentrations, the above range was selected. Since curcumin
tends to aggregate in media with higher ionic strength (500
mM to 1000 mM) due to the strong van der Waals forces
predominating over the electrostatic repulsion forces ionic
strength was maintained below 500 mM.** Therefore,
evaluating the behavior of the release mechanism under
varying physiological conditions could provide insights into
pH-responsive controlled release and site-specific action of the
therapeutic agent.

extracellular
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3.7.1. Loading Efficiency of Curcumin

The encapsulation efficiency of curcumin in the chitosan/
starch biopolymeric delivery system was calculated using the
curcumin calibration curve (Figure 8). The concentration of
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Figure 8. Calibration curve of curcumin.

unbound curcumin in the polymeric delivery systems was
derived using the linear regression equation of the resulting
calibration curve. LE% was calculated using eq (3). The
Curcumin loading efficiency in the chitosan/starch composite
was reported to be in the moderate range, with a value of
51.0%.

During the synthesis of the drug carrier, cross-linkers like
sodium tripolyphosphate were not used, and therefore, the
composite lacks ionic or covalent interactions with the weakly
acidic, hydrophobic curcumin. Water-in-Oil-in-Water (W/0/
W) emulsification can enhance the EE% of hydrophobic
therapeutic agents, as reported in the literature. However, the
recorded value for EE% is considerably moderate compared to
advanced delivery systems which have used this approach. A
double emulsion approach to load curcumin onto a pH-
sensitive nanocomposite consisting of chitosan/ gelatin/ carbon
quantum dots has been used by Ostovar et al.*> with an EE%
of 46.75%. Rajabzadeh-Khosroshahi et al.*° has reported that
incorporating graphitic carbon nitride into the pH-sensitive
nanocarrier system composed of chitosan/agarose and
entrapping curcumin using W/O/W emulsification can
enhance the EE% from 42% (chitosan/agar) to 54%.

Drug encapsulation efficiency was considered when
converting the absorbance data into the cumulative drug
release percentage (CDR%). At lower pH values (1.0—2.5),
curcumin release was relatively higher, showing a burst effect
due to the protonation of NH, groups of the chitosan that
weakens the drug-polymer interactions.”’” In the moderate pH
levels (4.0—6.7), the release was comparatively reduced
compared to acidic conditions, where the chitosan matrix has
stabilized, slowing down the diffusion rate, indicating a
sustained release. Based on the CDR% % data, curcumin
release was highest in the media with pH 7.4, where the
curcumin solubility and the matrix stability were well
maintained. However, in alkaline conditions, the release of
curcumin was reported to be lowest because of the
deprotonation of the chitosan matrix.*® This leads the polymer

to be less hydrophilic, and it entraps the curcumin inside the
matrix while accelerating the degradation of curcumin. CDR%
in the media with changing [NaCl], curcumin release was
reduced with the increment of the Na* concentration, showing
the highest release rates at 0.1 M [NaCl]. High ionic strengths
cause salting-out effects, making the hydrophilic chitosan
polymer less accessible to interact with the media.”” Curcumin
tends to be physically trapped in the tightened polymer,
slowing the release. However, the natural biological fluids tend
to maintain a Na* concentration of around 135—145 mM/L in
the extracellular fluid. The results of the study reveal that the
release of curcumin in the media with pH 7.4 and 0.1 M NaCl
concentration is higher with a sustained release, allowing the
polymer matrix and coated curcumin to be stable under these
conditions. This suggests the curcumin-loaded chitosan/starch
biopolymeric delivery system is stable for oral and IV delivery.

3.7.2. Storage Stability of the Composite. The goal of
this stability study was to determine whether intact curcumin
remains loaded on the composite after extended storage. After
6 months, the free curcumin concentration in the supernatant
increased substantially (from 2.45 mg/mL to 3.27 mg/mL).
Further, the loading efficiency dropped from 51.0% to 34.58%,
representing a loss of 32.2% relative reduction in loaded
curcumin. This reduction could result from physical release
(leaching) of curcumin from the composite, chemical
degradation of curcumin, or a combination of both
mechanisms.

This formulation’s curcumin-chitosan-starch interactions are
all completely noncovalent (van der Waals forces, hydrophobic
interactions, and hydrogen bonds). Without chemical cross-
linking or covalent attachment, total retention over six months
in an aqueous medium is not feasible due to the intrinsic
dynamic nature of such reversible interactions. Thus, 65.4%
release over 6 months is in line with what would be expected
from a non-cross-linked polysaccharide matrix.

3.7.3. Drug Release Kinetics. Cumulative drug release %
data was fitted into six drug release kinetic models, namely,
Zero-order, First-order, Higuchi, Hixson—Crowell (HC),
Korsemeyer—Peppas (KP) models, and Peppas-Sahlin (PS)
kinetic models, considering the first 60% of release. Fitting the
release data to the mathematical equations results in model
parameters that are relevant to each model and the R between
the experimental data and the model fit. The model parameters
can differ according to the model considered; however, the
release constant (k), which is related to the release rate of the
drug, is considered in all the models. This k value is used to
compare the release rate and optimize the release profile to
match the intended outcomes. The R* value was used to
determine the best-fitted model to explain the release
mechanism of curcumin from the chitosan/starch biopoly-
meric delivery system. Tables S3 and S4 summarize the model
parameters of the mathematical models, indicating the release
behavior of curcumin under varying physiological conditions
along with the R? value for each model. Models with the R >
0.99 were selected to elucidate the drug release mechanism.
Korsmeyer Peppas model and Peppas Shalin model met the
above criteria for all the release media compositions, and the
Higuchi model was also reported to have a higher R* in most of
the media compositions. Zero order, first order and Hixson-
Crowell models exhibited R* < 0.98 for the tested media
compositions, and hence those mathematical models were not
taken into account when interpreting the release mechanism of
curcumin from the biopolymer.
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Figure 9. Fitted %CDR data for Korsmeyer—Peppas model of the drug composite under varying media conditions; (1—7) pH and (8—12) ionic

strength.

In mechanistic models, the diffusivity concept is incorpo-
rated along with Fick’s law. Fick’s first law elaborates the
steady-state diffusion where the flux flows according to the
concentration gradient and the magnitude is proportional to
the concentration gradient. Whereas the second law predicts
the effect of diffusion on varying concentrations. Drug delivery
methods usually fall into one of two categories: Fickian or non-
Fickian solute diffusion. Fickian diffusion occurs when the

solvent diffusion time is longer than the polymer relaxation
time. Non-Fickian diffusion, which cannot be predicted using
Fick’s diffusion rules, will take place when relaxation time
predominates the diffusion time.”

The “power law” or Korsmeyer-Peppas equation is a
diffusion-based semiempirical technique used to indicate the
primary delivery mechanisms involved in the release, either by
swelling or diffusion. Drug release in hydrogel and other
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polymeric systems could be accurately represented by this
equation. This model is helpful when dealing with complex
controlled process mechanisms, like when multiple release
mechanisms are coupled or when Case II transport (non-
Fickian) and active principle diffusion (Fickian diffusion) are
combined. The release exponent (n) defines the release
mechanism of the therapeutic agent in the KP model. When n
= 0.43, it indicates pure Fickian diffusion, while n < 0.43
indicates quasi-Fickian diffusion. For values in the range 0.43 <
n < 0.85, the mechanism shows non-Fickian diffusion, which is
characterized by a combination of diffusion and swelling
control. Additionally, for n = 0.85, the model matches case II
transport, which is mostly governed by gel swelling.”' A
comprehensive understanding of the different drug release
patterns observed in polymeric systems is provided by this
theoretical framework.

Figure 9 demonstrates the nonlinear kinetic model fits of the
KP model according to the parameters varied, and Tables S3
and S4 indicate the model parameter values, including n and
release constant (kp). R? values for the KP model are within
the range of 0.99—1.0 for the tested release media; hence, the
release mechanism can be explained using the Fickian diffusion
principle. Release exponent (n) values range between 0.27—
0.38 for the release of curcumin from the polymer matrix under
different pH media compositions, suggesting that quasi-Fickian
diffusion governs the release mechanism. This mechanism is
similar to Fickian diffusion but considers the effect of swelling
and relaxation of the polymer matrix.”* Thus, the process
deviates from perfect Fickian behavior due to these variables,
indicating that there are other factors at play besides
concentration gradients. Instead, molecule mobility is
influenced by a system of diffusion and other processes. This
implies that, in addition to the active ingredient’s diffusion,
drug release is aided by the relaxation of polymer chains in
chitosan or carrier surface degradation. Chitosan, the major
component responsible for the release of curcumin from the
polymer, is a pH-sensitive polymer, where it remains
protonated (NH;") in acidic media.”” It limits the swelling
due to the electrostatic repulsion, but a slight relaxation can
occur due to hydration. In the media with the pH range of 1—
5.5, diffusion predominates with minor relaxation. In contrast,
the n value reported for the KP model fir of the pH 6.7 media
(n = 0.52) is in the range of 0.43 < n < 0.8S, suggesting the
non-Fickian diffusion mechanism controls the curcumin
release. In the media with pH 6.7, chitosan was deprotonated
to NH, partially (pH > pK,) and exhibited optimal swelling
with the water uptake. Maximum swelling can be expected to
occur near the pK, value. Here, anomalous transport occurs
where the diffusion and polymer relaxation equally contribute
to the drug release.”” In the alkaline pH (7.4—8), the Quasi-
Fickian release mechanism reoccurs, with the complete
deprotonation of chitosan, reducing the water uptake. This
leads to reducing the swelling at alkaline pH, given the poor
solubility of chitosan in higher pH values and the weak
electrostatic repulsion between chitosan chains with the
deprotonation.g3 Therefore, diffusion with slight relaxation/
erosion governs the release under alkaline conditions.

Ionic strength impacts the swelling of the chitosan, a
positively charged component in the delivery system, which
ultimately contributes to the alterations in the release
mechanism. Quasi-Fickian diffusion predominates in the
media with ionic strength between 0.1 to 0.3 M, with n <
0.43. When the ionic strength increased to 0.4 and 0.5 M,

anomalous transport occurred, which is confirmed by the n
values of 0.53 and 0.51, respectively. pH of the media was
directly responsible for the charge of the chitosan, thereby
changing the release properties, whereas, in contrast, ionic
strength indirectly controls the relaxation and swelling by
masking the charge. In the low Na* and CI™ ion environment,
chitosans’ NH;" groups are weakly shielded by the salt ions
with a moderate swelling effect due to the electrostatic
repulsion and water uptake. The release of curcumin is,
therefore, dominated by the diffusion with a slight swelling
effect. At higher ionic strength, Na* and CI” ions screen the
NH;" charges, which results in reduced swelling. However, the
shielding effects allow the chitosan chains to rearrange and
move freely, enhancing chain mobility. When the NaCl
concentration is increased, the relaxation contribution
increases in this scenario, unlike the condition for the alkaline
pH where the charge of the NH;" ions was neutralized.
Therefore, relaxation contributes to the release of curcumin in
higher ionic strength remarkably along with swelling.

When determining the drug release mechanism, the
Peppas—Shalin (PS) model takes into account the contribu-
tions of both diffusion (Fickian diffusion) and polymer
relaxation. The first term in the model equation (eq 10)
represents the Fickian diffusional contribution (F), whereas the
right side represents the Case II relaxational contribution. In all
controlled-release systems, the coefficient m represents the
strictly Fickian diffusion exponent. In a situation in which the
bioactive substances are released only by Fickian diffusion, the
PS model's m value should be equal to the KP model’s n
value.” Figure S10 displays the nonlinear curve fitting of the
drug release data with the PS model equation. As described
above, polymer relaxation also plays a considerable role in the
release of curcumin from the biopolymer along with the
Fickian diffusion. This is further confirmed by the significant
differences recorded for the m values of the PS model, with the
release exponent values of the KP model shown in Tables S3
and S4. The R/F ratio can be used to calculate the
contribution of polymer relaxation and diffusion to the release
of bioactive chemicals using the equation. According to Jadidi
et al,”® when R/F = 1, diffusion and erosion both contribute
equally to the release of the loaded drug, with diffusion
predominating when R/F < 1 and relaxation (erosion)
predominating when R/F > 1. Figure S15 denotes the
graphical representations of the R/F against time intervals,
based on the model parameters calculated using the CDR%
data over 15 min time intervals. Results reveal that drug release
is dominated by polymer relaxation in a majority of the media
compositions with R/F > 1 after the first 15 min. Interestingly,
the R/F ratio readings correspond to the values reported for
the release exponent (1) in the KP model. The R/F ratios are
distributed in a narrow range in the media with pH 1, 2.5 and
4, indicating the quasi-Fickian diffusion, where the diffusion
also contributes to the release of the curcumin. However, a
sudden increment in the R/F could be seen in the media with
pH S.5, indicating the transition phase of reaching the pK,
value (~6.5) of chitosan, where the anomalous transports
govern the release. In the media with pH 6.7, the maximal
relaxation contribution can be seen compared to the diffusion
(n = 0.52). Diffusion also contributes to the release of
curcumin from pH 6.7 media (kp = 0.06) as the partially
protonated chitosan allows moderate swelling, with a
significant chain relaxation. This relaxation contribution is
reduced again in the pH range of 7.4 to 8, indicating the quasi-
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Fickian diffusion with minimal relaxation due to the complete
deprotonation of the polymer matrix. Similarly, the contribu-
tion of the relaxation mechanism for the curcumin release in
0.1 M—0.3 M NaCl media is of moderate value. The release
behavior of the media with 0.4 and 0.5 M [NaCl] differs
notably from others, as the kj, value obtained from the model
fit is reported to be 0 in both scenarios. Therefore, the Fickian
diffusion is not contributing to the release of the curcumin
from the biopolymer, and the R/F ratio cannot be calculated.
Nevertheless, the n values also confirmed the presence of
elevated relaxation of the polymer matrix, by screening the +
charge of the NH;" group, eliminating electrostatic repulsion.
The resulting chain mobility creates time-dependent release,
which is similar to the coupling of diffusion and relaxation.””
When categorized under the non-Fickian (anomalous)
diffusion of the KP model, it does not distinguish the
contribution of diffusion and relaxation mechanisms, but the
PS model calculates these contributions. In a study conducted
by Wijayawardana et al,,"* curcumin was loaded into a chitosan
polymer, and the release was studied under the same NaCl
concentration range. Nonetheless, the release mechanism was
dominated by quasi-Fickian diffusion (n < 0.43) even in the
higher NaCl concentrations. In the current study, starch, which
is a neutral polysaccharide, was incorporated into the delivery
system, facilitating hydrophilicity and plasticity. Starch can
enhance water uptake and disrupt the electrostatic network of
chitosan, thereby improving the swelling properties and the
chain mobility of the delivery system.” Further, starch can
swell independently of the pH or ionic strength of the media,”
creating more pores, allowing room for the relaxation of the
chitosan matrix. The incorporation of starch into the delivery
system has altered the release mechanism at higher NaCl
concentrations, representing synergistic effects in swelling and
hydrophilicity. In acidic pH levels, chitosan dominates the
release via quasi-Fickian diffusion, while starch and chitosan
act together in neutral pH for swelling and relaxation. Thus,
the chitosan/starch polymeric delivery system could facilitate
pH/ionic responsive drug release. Even though diffusion is
responsible for the release of curcumin to a certain extent, it is
not the sole governing force of the drug release from the
chitosan/starch polymer matrix. The results also indicate that
in some media compositions (0.4 and 0.5 M NaCl), Fickian
diffusion did not contribute to the release mechanism.
Relaxation was proven to contribute significantly to the release
mechanism in all the tested media compositions.

The nonlinear model fits of the Higuchi model, zero-order
model, first-order and Hixson—Crowell models are shown in
Figures S11—S14, respectively. As Tables S3 and S4 indicate,
the R* values recorded for the Higuchi model are relatively
higher compared to the rest of the models (R* > 0.98). The
model considers the relationship between the release rate and
the square root of time, based on several assumptions. In the
situation of homogeneous drug loading across the matrix, the
Higuchi equation is used to describe the drug release from the
nanoparticles with matrix structures, going beyond the
assumption that the dissolving drug is transported only in
the matrix center. The model ignores any swelling or relaxation
of the polymer carrier and assumes a constant drug diffusion
coefficient.”” In most of the delivery systems, diffusion is not
the only leading mechanism responsible for the release of
therapeutic agents. Thus, depending solely on the data of the
Higuchi model to interpret the release behaviors can lead to
erroneous conclusions. It is always better to combine the

findings of the Higuchi model with other delivery systems, as a
single model might not capture the release behaviors of
complex systems that combine multiple release mechanisms,
including swelling or relaxation. That could further aid in
identifying the dominant release mechanisms responsible for
the release. The release constant values (k) of the Higuchi
model align with the CDR% data and the release behavior
discussed in the KP and PS models. The media, consisting of
pH 1 and 7.4, exhibited a higher ky value, where the burst
effect and optimal diffusion of the curcumin were observed.
When the pH values reach the pK, value of chitosan, swelling
of the polymer occurs, reaching the maximum swelling around
pH 6.7. Accordingly, the lowest ky values are recorded for
these pH values (5.5 and 6.7) as the model does not consider
swelling behaviors. Similarly, for the conditions with higher ky
values (pH 1 and 7.4), higher kp (PS model) values are
reported, while lower ky; values (pH 1 and 7.4) correspond to
lower kp (pH 6.7). Interestingly, the decreasing pattern of the
ky values when the [NaCl] increased correlates with the
release behaviors reported for PS and KP models. Strong
diffusion is demonstrated at 0.1 M NaCl with a higher ky and
kp value (0.31 and 0.44). When the concentration of NaCl
reached 0.2 and 0.3 M, the ky and kp values decreased,
whereas the n value increased. This indicates the shift from
diffusion to relaxation release behavior, where the kj value
plateaued at 0.2, showing minimal diffusion control. A
significant change in these parameters can be seen when the
[NaCl] drift from 0.3 to 0.4 M, when the k; remains constant
but the n drastically increases from 0.4 to 0.53, indicating a
release governed by pure relaxation.

The mathematical release model developed by Hixson and
Crowell (HC) describes how drug release occurs through
mechanisms that show changes in particle diameter and surface
area, such as a tablet in a fluid.'” In both bioavailability
assessment and medicinal applications, the Hixson-Crowell
model is the most appropriate choice for accurately
representing the dissolving process since it defines the drug
release rate by a parameter that is completely homogeneous
from batch to batch. The equation was used for specific drug
dosage forms in which the drug is released in planes parallel to
the drug surface.”” The R* for the HC model was lower than
the values reported for the above-mentioned models. Hence,
the current study did not employ the HC model to understand
the controlled release because it was demonstrated that the
release of the curcumin was based on diffusion and relaxation
rather than a continuous decrease in the polymer’s surface area.

The drug dissolution of various modified-release pharma-
ceutical dosage forms, such as transdermal systems, matrix
tablets containing poorly soluble pharmaceuticals in coated
forms and osmotic systems, may be described using the zero-
order model. This model, known as the ideal kinetics model,
describes drugs released gradually at a constant concentration.
It keeps drug levels constant in the blood plasma during
delivery because the drug release rate is independent of
concentration.'”" The release of an active agent under zero-
order kinetics is only reliant on time, and the process proceeds
at a steady pace regardless of the concentration of the active
agent. The first-order model can be applied in scenarios
describing drug dissolution in pharmaceutical dosage forms,
such as those containing water-soluble medicines in a porous
matrix. Consequently, the first-order release describes how
concentration changes affect the release profiles over time.
Furthermore, the first order is theoretically equal to the KP
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model in cases when n = 1, indicating that the drug release is
due to the case II transport mechanism.'”> For both models,
relatively low R* values were stated, which confirms the poor
fitting of the model equations to the CDR% data. Even though
time and concentration can impact the release rate of the
pharmaceutical formulations, that is not the responsible
mechanism to describe the release pattern of curcumin from
chitosan/starch composite.

In summary, a combination of Fickian diffusion, polymer
relaxation and swelling controls the release of curcumin from
the synthesized biopolymeric delivery system. The nonlinear
curve fittings of the release data for the KP and PS models
confirm the findings of the investigation. Under acidic pH
conditions (pH 1-3.5), protonated chitosan NH;" creates a
strong electrostatic repulsion force between the polymer
chains. This repulsive force, which restrains the chain mobility
and the swelling, is responsible for the release mechanism
dominated by quasi-Fickian diffusion (n = 0.27—0.37). Under
these conditions, curcumin is released mainly through the
diffusion of water-filled pores, with a lesser contribution from
polymer relaxation. When the pH reaches 6.7, which is close to
the pK, value of chitosan, partial deprotonation of the chitosan
occurs. This reduces the electrostatic repulsion, increasing the
water uptake and thereby the chain relaxation. This behavior is
reflected by the n value of the KP model (n = 0.52), suggesting
that the non-Fickian diffusion, where the polymer relaxation
and diffusion contribute equally to the release mechanism. The
PS model further validates this phenomenon with a recorded
increase in the relaxation contribution in the R/F ratio.
Complete deprotonation of chitosan eliminates electrostatic
repulsion in alkaline settings (pH 7.4—8), but it also decreases
water absorption and polymer solubility. As a result, the release
mechanism returns to quasi-Fickian diffusion (n = 0.34—0.38),
where diffusion predominates over relaxation. A distinct
mechanism appears at different ionic strengths. The NH;"
groups are weakly protected at low NaCl concentrations (0.1—
0.3 M), enabling modest swelling with diffusion-controlled
release (n < 0.43). Nevertheless, charge shielding by Na* and
Cl” ions suppress the electrostatic repulsion at higher ionic
strengths (0.4—0.5 M), allowing for improved polymer chain
mobility and relaxation without the swelling contribution. As
demonstrated by kp = 0 in the Peppas-Sahlin model and n
values of 0.51—0.53, this leads to solely relaxation-controlled
release, demonstrating anomalous transport predominantly
driven by chain relaxation rather than diffusion. This behavior
is further modulated by the incorporation of starch. Starch, a
neutral, hydrophilic polysaccharide, improves water absorption
and breaks the electrostatic network of chitosan, allowing chain
relaxation. The significant relaxational contribution seen at
high ionic strengths is explained by this synergistic action,
which differs the composite’s release behavior from that of
chitosan alone.

Table 3 summarizes the data related to encapsulation
efficiency, release profile, and other main biological activities of
the curcumin-chitosan/starch delivery systems. However, as
explained in the introduction section, these studies have not
focused mainly on the aspects covered in the present study,
specifically evaluating the drug release kinetics of the delivery
system over a changing pH, ionic strength media, and in a
concentration-dependent manner. In the current study, the
antibacterial activity of the synthesized composite was also
studied against 4 pathogenic bacterial species. Thus, the
present work provides unique contributions for modeling the

release kinetics of curcumin from chitosan/starch-based
delivery systems under varying physiological conditions and
evaluates a broader antibacterial profile that can be used in
pharmacological applications.

Several methods for controlling the rate at which curcumin
is released from the chitosan/starch composite system can be
suggested for future work. Since the composite material
indicated a pH-responsive release, with lower release at acidic
conditions and enhanced release near pH 6.7 due to the
behavior of chitosan, it is a potential targeted delivery system
for the gastrointestinal environment. Ionic strength provides an
additional adjustable parameter for controlling the release rate,
which allows for modulation based on the ionic composition of
the biological medium. Additionally, modifying the starch-to-
chitosan ratio will optimize water uptake and chain relaxation
contributions, while increasing the glutaraldehyde cross-linking
density will tighten the polymer network and decrease release.
When taken as a whole, these independent variables, including
pH, ionic strength, degree of cross-linking, and chitosan: starch
ratio, offer a logical foundation for synthesizing composites
with customized release profiles for specific medical uses.

Chitosan used in this study was synthesized from shrimp
shells and had a comparatively high molecular weight, which
reduced its solubility. The swelling and release dynamics would
have been different if chitosan nanoparticles had been used
instead because of their larger surface area and systematic
chain alignment.'” Future research should focus on improving
chitosan molecular weight and integrating nanoparticle
formulations to provide a more prolonged release profile.

It is crucial to highlight that the drug release profile was
plotted based on the initial release kinetics of the system to
identify the governing release mechanisms under varying pH
and ionic strength conditions as a necessary first step to
understand the release behavior. Future studies should focus
on optimizing the drug loading capacity of the delivery system
and evaluating the release behavior under sink conditions, with
larger volumes to obtain a complete release profile. The drug
release study was designed to perform a fundamental and
preliminary investigation to demonstrate the pH and ionic
strength-responsive behavior of the chitosan/starch delivery
system, rather than to stimulate physiological conditions. This
study did not assess the potential cytotoxic effects of delivery
system and its components, but these are documented as a
primary limitation. Nevertheless, according to several studies,
chitosan and starch nanoparticles both show better bio-
compatibility with low cytotoxic profiles."'’ However, a
thorough safety evaluation of this particular composition via
in vivo studies is still necessary for further biomedical
applications.

4. CONCLUSIONS

Curcumin, a bioactive phytochemical with potent therapeutic
effects, was loaded onto the biopolymeric delivery system
consisting of chitosan and cassava starch. SEM analysis
revealed that the change in surface morphology of the chitosan
is due to the successful loading of starch and curcumin during
the synthesis of the delivery system. FT-IR data indicated the
presence of the vibrational bands of curcumin, starch, and
chitosan in the composite, and the XRD pattern of the drug
composite showed significant peaks corresponding to the
individual components. TGA data indicated an increase in the
decomposition temperature of the chitosan/starch system with
the incorporation of curcumin. Similarly, BET surface area
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analysis revealed the successful incorporation of starch onto
the porous structure of chitosan. The antioxidant activity of the
curcumin extract varied from 15.71% (0.005 mg/mL) to
81.73% (0.03 mg/mL), and the antioxidant activity of the
composite varied from 10.30% (0.01 mg/mL) to 78.88% (0.06
mg/mL). Egg-albumin denaturation assay was conducted to
evaluate the anti-inflammatory activity of the curcumin and
composite, and the concentration range between 50 and 150
pug/mL has demonstrated better activity for the tested samples.
The antibacterial studies reveal that the curcumin extract was
effective against Gram-positive S. aureus in the tested
concentration, exhibiting a dose-dependent increment in the
zone of inhibition. The chitosan/starch composite displayed
inhibition zones only for P. aeruginosa. The curcumin-coated
chitosan/starch composite’s antibacterial activity was effective
against the growth of P. aeruginosa and S. aureus, with
enhanced activity at 20 mg/mL concentration for both
bacterial strains. However, neither curcumin nor curcumin-
coated composite affected the growth of Gram-negative E. coli
and K. pneumoniae. A. cepa cytotoxicity assay was used to
evaluate the cytotoxic effect of the synthesized compounds,
and they were tested in two concentration ranges. According to
the results of the MI%, both 2.5 and 20 mg/mL concentrations
were reported to exhibit no cytotoxic effect. Cumulative drug
release data were fitted into kinetic models, and results indicate
that both the KP and PS models had R* > 0.99. According to
the n values of the KP model, quasi-Fickian diffusion was the
predominant release mechanism of curcumin in all the pH
media compositions tested except for the media with pH 6.7,
where non-Fickian diffusion occurs. When the NaCl
concentration increased more than 0.3, the quasi-Fickian
diffusion release pattern was changed to the non-Fickian
diffusion (0.43 < n < 0.85). PS model fit indicated that
relaxation is responsible for the release of curcumin, as well as
diffusion. However, in the media compositions with pH 6.7,
0.4, and 0.5 M NaCl concentration, relaxation contributes to
the release predominantly, where relaxation is the only
mechanism in the latter two scenarios (kp = 0). These
changes were attributed to the chemical composition of the
media and the chitosan, where deprotonation-protonation of
the NH, group and charge masking by the Na" and CI”
regulate the swelling of the polymer matrix, resulting in the
transition between quasi-Fickian and non-Fickian release
mechanisms. This study consists of several limitations,
including the use of higher molecular weight chitosan with
limited water solubility and lack of in vivo experiments to
evaluate the bioavailability and safety of the delivery system. A
preliminary cytotoxicity assessment was carried out using the
A. cepa root meristem model. However, this assay alone is
insufficient for predicting mammalian toxicity. More rigorous
evaluations using established mammalian cell lines are required
to adequately characterize the biocompatibility and safety
profile of the drug carrier system. Thorough in vivo
investigations are necessary to assess the pharmacokinetics,
biodistribution, and therapeutic effectiveness of this delivery
method. To confirm the clinical safety and biocompatibility of
the developed drug carrier, more thorough cytotoxicity
evaluations and long-term toxicity studies should be conducted
in future research.
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