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Introduction

Desferrioxamine mesylate encapsulated novel
chitosan based polymeric hanocomposites:
insights into drug interaction, biocompatibility,
cytotoxicity, cell permeability, antioxidant and
controlled release properties

A. K. D. V. K. Wimalasiri,? P. Kalansuriya, © *2 B. P. Esposito,® T. A. Pereira,”
Yongmei Zhao,® J. C. Godevithana,® K. Siriwardana,® M. Mohotti and E. Lacerda®

Desferrioxamine (DFO) is a clinically established iron chelator used to manage iron overload in transfusion-
dependent thalassemia patients. Despite its efficacy, DFO's poor cellular permeability and burst release
profile limit its application to subcutaneous administration, precluding its use as an oral formulation. To
address these limitations, DFO was encapsulated in a nanocomposite matrix composed of chitosan
(CTS), polyethylene oxide (PEO), ethyl cellulose (EC), and tripolyphosphate (TPP). The resulting
nanocomposites were comprehensively characterized using scanning electron microscopy (SEM), X-ray
(XPS), (PSA),
spectroscopy (FT-IR). The in vitro evaluation assessed drug release behavior at physiological pH,
intestinal pH, and cellular uptake in Hela cell lines. Among the tested formulations,
DFO_PEO_EC_CTS_TPP_1 exhibited the highest drug loading capacity (28556 + 0.04 mg g™},
entrapment efficiency (85.67 + 13.35%), and antioxidant activity. Drug release kinetics were best

photoelectron spectroscopy particle size analysis and Fourier-transform infrared

described by the Peppas—Sahlin model (R? = 0.9999), indicating a Case Il relaxation-controlled
mechanism, supporting a sustained release profile. Blood compatibility was confirmed through Wilks'
Lambda test, comparing coagulation parameters (APTT, PT) and complement levels (C3) between
control and treated samples, including Fe(i)-DFO_PEO_EC_CTS_TPP_1 at 0.5 mg mL™* and 37 °C. No
statistically significant differences were observed (e.g., PT, p = 0.052), confirming the hemocompatibility
of the formulation. The MTT cytotoxicity assay for the optimal formulation yielded an ICsq value of 29.9
+ 5 pM, indicating acceptable cytocompatibility. Furthermore, the formulation demonstrated enhanced
DFO permeability across cell membranes and sustained drug release over time. In conclusion,
encapsulation of DFO within the PEO_EC_CTS_TPP nanocomposite matrix presents a promising
strategy to overcome the limitations of native DFO, offering improved cell permeability, biocompatibility,
and controlled release, potentially advancing it toward more effective therapeutic applications.

free iron species are accumulated in the cytoplasm, it will
catalyze the production of free radicals via Fenton reaction.

Iron overload is a secondary health complication associated
with transfusion-dependent thalassemia. While increasing the
quality of patient life and life expectations, complications
silently induce life threatening situations in the body. When
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Consequently, DNA destruction and tissue damage occur ulti-
mately leading to cell apoptosis.*?

In order to reduce the iron burden in these patients, iron
chelator desferrioxamine (DFO) is administered. The average
daily dose of DFO is estimated to 20-60 mg per kg per day.
Patients with serum ferritin levels of <2000 ng mL ™' should
require about 25 mg per kg per day, and those with levels between
2000 and 3000 ng mL ™" about 35 mg per kg per day. In chronic
situations, DFO is administered over a period of 8-12 hours each
day.>® On the other hand, patients with thalassemia major
require lifelong regular blood transfusions usually every two to
five weeks and this situation may intensify the iron overload (I0)
in those patients.® However, certain drawbacks associated with
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DFO make the drug not suitable for oral administration. The
extreme hydrophilicity of DFO due to the presence of hydroxa-
mine acid moieties tends to decrease the cell permeability while
increasing the rate of excretion through urine, leading to a short
plasma half-life of 5-10 min, which requires increased frequency
of drug administration. Therefore, in order to obtain the
maximum efficacy, DFO has to be infused via subcutaneous
injection process in a continuous manner. However, subcuta-
neous administration of DFO is a tedious and painful process
often leading to common local skin reactions.” Further, patients
feel distressed for having to undergo chelation therapy. In addi-
tion, patients' life can become cumbersome without a supportive
family, care giver nurses and etc. As this is a lifelong therapy it is
important to find alternative options such as oral formulations
leading to better patient compliance. However, the major chal-
lenge associated with the formation of oral formulation is its
poor cell permeability. The present work discussed about the
fabrication of DFO based nanochelators which entrap DFO for
the purpose of achieving controlled release and enhance cell
permeability property. Numerous studies related to the forma-
tion of DFO-based nanochelators have been reported.® Pharma-
cokinetic, cell toxicity and plasma half-life of the DFO
encapsulated liposomes,**** PEG-acrylate copolymer conjugated
DFO,® DFO bile acid-targeted hyaluronic acid,"*> DFO incorpo-
rated natural polyphenols™ have been studied in this regard. In
order to fabricate a nanochelator which can scavenge DFO, it is
worth to have a surface that facilitate the formation of van der
Waals interactions with DFO and chitosan would be an excellent
candidate for making this combination. Chitosan can improve
the oral bioavailability of drugs by facilitating GI absorption.'* On
the other hand, few studies such as DFO incorporated chitosan,"
chitosan_hyaluronic acid composite’® and carboxymethyl_-
chitosan derivatives,'” have been reported so far to investigate the
use of chitosan as an effective vehicle for DFO delivery. However,
investigations of hydrophilic (CTS and PEO) and hydrophobic
(EC) polymer hybrid blends on encapsulation of DFO and
enhancement of cell permeability have not been investigated.
Moreover, pH-dependent drug release ability of CTS, PEO and EC
blended polymer composites have not been studied so far.
Therefore, there is ample space to explore the use of CTS
combinations with other polymer combinations for the
controlled release of DFO and their effect on cell loading of DFO.

Considering these facts, novel hydrophilic and hydrophobic
polymers blended DFO was synthesized using tripolyphosphate
(TPP) crosslinked chitosan (CTS), ethyl cellulose (EC) and
polyethylene oxide (PEO) aiming to increase the controlled
release property and cell permeability. The synthesized
composites were subjected to various in vitro assays to identify
cell permeability, cell toxicity, blood compatibility, antioxidant
and pharmacokinetics properties.

Materials and methods
Materials

Analytical grade chemicals were used in this study without any
further purification. Desferrioxamine mesylate (95%) (DFO),
ethyl cellulose (EC, ethoxyl content 48%), poly (ethylene oxide)
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(PEO, MW 600 000-1 000 000), chitosan (MW 600 000-800 000),
sodium tripolyphosphate (TPP) and Tween 80 were purchased
from Thermo Fisher Scientific. To screen blood compatibility,
blood and plasma were obtained from healthy volunteer donors
according to accepted and previously reported methods. PT
(TEClot PT-S) and APTT (TEClot APTT-S) reagents were
purchased from Ruhunu Hospital Pvt Ltd, Karapitiya. Human
cervical carcinoma (HeLa) cells and salicylaldehyde iso-
nicotinoyl hydrazone (SIH) were gifts from Prof. Esposito B.,
University of Sauo Paulo, Brazil and Dr Prem Ponka, McGill
University, Canada respectively. Calcein-AM was gifted from
Hayward, USA, (Biotium). Dimethyl sulfoxide (DMSO), ferrous
ammonium sulphate (FAS), NaCl, sodium nitrilotriacetate
(NTA), HEPES and (3-(4,5-dimethyl thiazol-2yl))-2,5 diphenyl
tetrazolium (MTT reagent) were purchased from Sigma-Aldrich.
Murine mammary carcinoma cells (4T1) were gifted from
Yongmei Zhao, School of Pharmacy, Nantong University, China
and dihydrorhodamine hydrochloride (DHR) was purchased
from Biotium. HBS buffer-pH7.4 was prepared by mixing
HEPES (20 mM) NaCl (150 mM) washed with Chelex (Sigma-
Aldrich) (1 g/100 mL).

Synthesis of nanocomposites

Optimization of stabilizer (Tween 80%) percentage. A 1%
solution of ethyl cellulose (EC) in ethyl acetate (EtOAc) (w/v) was
prepared and sonicated until complete dissolution. Poly-
ethylene oxide (PEO) was dissolved in two different stabilizer
systems PEO_EC_1 (stabilizer: 50 mL of 0.4% Tween 80) and
PEO_EC_2 (stabilizer: 50 mL of 0.2% Tween 80) with 0.1 g of
PEO each. The organic phase was slowly injected into the
stabilizer system (at 5 °C) while homogenizing the mixture
(8000 U min™1). After evaporating EtOAc, resulting white slurry
was freeze dried, washed and characterized using PSA. Based on
the PSA results, PEO_EC_1 was identified as the best system to
synthesize smaller EC particles.

Preparation of DFO_PEO_EC_CTS_TPP nanocomposites
using 0.4% Tween 80 stabilizer system. EC nanoparticles were
synthesized using the optimized method as described above. A
1% (w/v) solution of ethyl cellulose (EC, 150 mg) in ethyl acetate
(EtOAc) was prepared and sonicated until complete dissolution
of EC. Polyethylene oxide (PEO, 150 mg) was dissolved in Tween
80 (0.4%, 75 mL). The organic phase was slowly injected into the
stabilizer system (at 5 °C) while homogenizing the mixture
(8000 U min™"). In situ preparation of chitosan nanoparticles
was carried out by mixing various amounts of chitosan (1% w/v)
with the resulting white slurry. Briefly, 4 mL (system 1:
PEO_EC_CTS_TPP_1), 2 mL (system 2: PEO_EC_CTS_TPP_2),
1 mL (system 3: PEO_EC_CTS_TPP_3), of chitosan (1% w/v)
were added into the resulting white slurry (Table 1) and
homogenized (8000 U min~ ", 15 min). To these mixtures, TPP
(3% w/v) was added slowly at the ratio 2 : 5 (chitosan : TPP) and
homogenized for 30 min at 8000 U min~". The resulting slurry
was freeze dried and dialyzed using dialyzing tubing (D9777-
100FT MEMBRANE-CEL MC 188100CLR), 3 L of deionized
water for 72 hours to remove water-soluble components.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Formula for the synthesis of different types of PEO_EC_CTS_TPP nanocomposites

EC weight PEO weight Volume of 1% Volume of 1%
Systems (g) (g) (w/v) chitosan (mL) (w/v) TPP (mL)
PEO_EC_CTS_TPP_1 0.15 0.15 4.0 10.0
PEO_EC_CTS_TPP_2 0.15 0.15 2.0 5.0
PEO_EC_CTS_TPP_3 0.15 0.15 1.0 2.5

Loading of DFO to nanocomposites. An 80 mg portion of
each freeze-dried sample was centrifuged (3000 rpm, 45 min)
with DFO (40 mg, 2 mL). The DFO to composite ratio was
maintained 1:2 (w/w). The resulting slurry was freeze-dried
until a constant weight was obtained. The procedure was
repeated for all three systems mentioned in Table 1 to form
three  formulations, @ DFO_PEO_EC_CTS_TPP_1, DFO_-
PEO_EC_CTS_TPP_2 and DFO_PEO_EC_CTS_TPP_3 (Fig. S1).

Analysis of surface charge and { potential of nano-
composites. The { potential was analyzed at three different pH
values without loading DFO (1 mg in 10 mL). The pH 5.8, 6.5
and 7.4 were selected for the study in order to mimic the
gastrointestinal and physiological pH conditions respectively.
The nanocomposites (1 mg) were immersed in a buffer [0.01 M
TBS at pH 7.4 and phosphate buffer 6.6 and 5.8] with the
desired pH value for 24 hours and zeta potential was measured
followed by analysis of surface charge.

Characterization of nanocomposites. Morphological studies
of synthesized particles were conducted using scanning elec-
tron microscopy (Zeiss Gemini SEM 300600, at 15.0 kV). The
presence of functional groups of synthesized particles was
confirmed by analyzing FTIR spectra (Varian 660-IR) acquired in
the wavenumber range of 500-4000 cm . The bonding energy
of certain elements of composite was analysed before and after
loading DFO using the X-ray photoelectron spectroscopy (XPS).
The XPS system (Thermo Fisher Scientific, UK) with X-ray source
of Al Ko (1486.6 eV) equipped to an ultra-high vacuum chamber
(base pressure better than 2 x 10~® Pa) for the XPS measure-
ments. XPS spectra of the survey with high pass energy (PE) and
the core-level with low PE were done in the constant analyzer
energy (CAE) mode with pass energy of 50-200 eV and energy
step of 0.1 eV. The particle size was analyzed using PSA (Mal-
vern, ver.7.2). The colloidal stability of the composite was
measured using a Zetasizer (Malvern, ver.7.2). The amount of
DFO loaded into composites was measured by potentiometric
titration.

Determination of drug loading capacity (LC) and drug
entrapment efficiency (EE %) of nanocomposites. The amount
of DFO encapsulated in nanocomposites was quantified by
using the standard assay procedure mentioned in the British
pharmacopeia,'® using potentiometric titration method. Briefly,
9 mg of DFO loaded PEO_EC_CTS was added into cellulose
membrane dialysis tubing and 2 mL of deionized water was
injected. The tubing was immersed in 50 mL of distilled water
for five days. A 25 mL portion was taken and mixed with sul-
phuric acid (0.05 M, 4 mL). Finally, the mixture was titrated with
0.01 M ferric ammonium citrate. The end point was determined
potentiometrically using platinum indicator electrode and

© 2025 The Author(s). Published by the Royal Society of Chemistry

a calomel reference electrode. The drug loading and drug
entrapment efficiency were calculated using eqn (1) and (2),
respectively.

Weight of DFO in nanochelator(mg)

Drug loadi ity =
rug foading capactty (Weight of nanochelator(g))

(1)

Drug entrapment efficiency =

Weight of DFO in nanochelator(mg)
Weight of DFO loaded(mg)

100% )

Pharmacokinetic studies

In order to monitor the DFO release profile, the release of DFO
was monitored using potentiometric titration method at
different time points (0.5 to 60 min) at two pH values (pH 5.8
and pH 7.4) using 100 mg of DFO_PEO_EC_CTS_TPP_1,
DFO_PEO_EC_CTS_TPP_2, DFO_PEO_EC_CTS_TPP_3, and
buffer solutions [pH 7.4, 0.01 M tris buffer solution, 50 mL and
phosphate buffer solution pH 5.8, 0.01 M phosphate buffer, 50
mL]. The collected kinetic data were interpreted using seven
kinetic models (Table 2 and S1), namely, zero-order model (eqn
(3)),**?* first-order model (eqn (4)),"*" Higuchi model (eqn
(5)),"* Korsmere-Peppas model (eqn (6)),"** Hopfenburg
model (eqn (7) and (8)),>*** Weibull model (eqn (9)),>** and
Peppas-Sahlin model*****” (eqn (10) and (11)).

Blood compatibility analysis

The nanocomposite (PEO_EC_CTS_TPP_1) which showed the
best pharmacokinetic properties was selected for blood
compatibility assays. All the procedures that use blood and
serum samples from volunteer donors were performed in
accordance with all relevant national (General circular number:
01-30/2020, issued by Ministry of Health and Indegenous
Medicine) and international policies and regulations that
govern research involving human participants and also all the
experiments were approved by the Ethics Review Committee at
Faculty of medicine, University of Ruhuna (No: 2022-P-072,
Date: 17.01.2023). Informed consents were obtained from
human participants of this study.

Prothrombin time (PT) and activated partial thromboplastin
time (APTT)

PT and APTT assays were performed on whole blood collected
from ten doners. Blood was collected to citrate anticoagulated
tube (9:1: blood:citrate). The specimen was centrifuged

RSC Adv, 2025, 15, 40311-40327 | 40313
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Model Equation

Parameters

Zero-order model Q; = kot3

First order model Kt
log O, =log O, — 2303 (4)

Higuchi model Q= kut? (5)

Korsmeyer-Peppas model M,
Mo

= Ki" (6)

Hopfenburg model r M, k,
1- =1-—1(7)
| Coa

o M[-l/n: . k,
C,a

1(8)

Weibull model

Peppas-Sahlin model M,
Mo

=k + kz[zm (10)

R ks,
Fo ol an

(1500 rpm, 10 min). The resulting citrate anticoagulated platelet
poor plasma (PPP) was used for the analysis of PT and APTT.
The effect of DFO_PEO_EC_CTS_TPP_1, Fe(m) bound DFO_-
PEO_EC_CTS_TPP_1 and DFO on coagulation was examined by
mixing PPP with the above material in cuvette-strips (at 37 °C,
30 min). The final concentration of DFO was kept at 0.5 mg
mL~' in PPP. The required amount of DFO_-
PEO_EC_CTS_TPP_1, Fe(m) bound DFO_PEO_EC_CTS_TPP_1
was calculated by keeping the DFO amount constant (0.5 mg
mL ™). For APTT assay, a 25 pl portion of above prepared
sample was mixed with 25 pl of APTT reagent and incubated
(37 °C, 3 min). In here, silicate is used as the clotting activator.
Then, 25 pl of pre warmed CacCl, (0.0025 M, at 37 °C, 1-2 min)
were added to it. The control experiments were performed
without adding DFO into the normal blood. Each experiment
was repeated at least twice. For PT assay, a 25 pl of PPP sample
was mixed with 50 pl of PT reagent at 37 °C. The clotting times
were recorded using TECO GmbH coagulation analyzer.

Complement activation

Complement activation studies were performed using serum
samples isolated by whole blood from two donors. DFO_-
PEO_EC_CTS_TPP, Fe(m) DFO_PEO_EC_CTS_TPP and DFO

40314 | RSC Adv, 2025, 15, 40311-40327

Linearized form of the eqn (7) can be written as

log[—In(1 — m)] = b x log(t — Ty) —

Q;, amount of drug dissolved in time ¢ (min); ko,
zero-order release constant expressed in units of
concentration/time

Qo, the initial concentration of drug; k, first
order rate constant; ¢, time; Q;, amount of drug
dissolved in time ¢

Qq, amount of drug dissolved in time ¢ ki,
Higuchi constant

M,, amount of drug released in time ¢; M., total
amount of drug that must be released at infinite
time; k, kinetic constant; n, release exponent

M,, amount of the drug released at the time ¢;
M. amount released at the infinite time; M,/
M, fraction of the drug released; k,, erosion
grade constant; Cy, initial [drug] in matrix (mg
¢~ "); a, system half thickness (radius) (um)

loga (9) m, accumulated drug fraction; a, time scale of

the process; Ty, location parameter representing
the latency time of dissolution process; b, shape
parameter

m = Fickian diffusion exponent; ¢ = time in
minutes; k; = kinetic constants of Fickian drug
release process; k, = kinetic constants of case II
relaxation-based drug release process
Relaxational (R) contribution, Fickian
contributions (F)

samples were mixed with serum at a ratio to get a final
concentration of 0.5 mg mL'. The samples were incubated
(37 °C, 1 h) and then the procedure was followed as described in
the DIAgAM complement C3 assay. Briefly, a 4 ul of serum was
mixed with buffer solution (250 ul, PEG buffer pH 7, sodium
chloride and sodium azide). The mixture was incubated (at 37 ©
C for 5 min) and optical density was measured at 340 nm using
spectrophotometer. Then, a 50 pl of antiserum (anti human
complement C3 antiserum) was added and optical density was
measured after the 5 min incubation period.

Red blood cell aggregation and hemolysis in whole blood

To determine the effect of DFO, DFO_PEO_EC_CTS_TPP and
Fe(ur)_DFO_PEO_EC_CTS_TPP on red blood cell (RBC) aggre-
gation, EDTA-anticoagulated whole blood was incubated for 1 h
at 37 °C with the composites to get the final DFO concentration
of 0.5 mg mL™'. The required amount of DFO_-
PEO_EC_CTS_TPP_1, Fe(m) bound DFO_PEO_EC_CTS_TPP_1
was calculated by keeping the DFO amount constant (0.5 mg
mL~%). After incubation and centrifugation (3400 rpm, 30 min).
RBC was examined by transmitted bright field light microscope
(Olympus_2plus). Microplate reader (Thermo Scientific Vari-
oskan Lux) was used to measure haemolysis (Anax = 540 nm).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cytotoxicity study

A murine mammary carcinoma cells (4T1) were cultured in
DMEM medium supplemented with PBS and 1% penicillin-
streptomycin at 37 °C in a 5% CO, incubator. Cells were seeded
in 96 well plates at 8000 cells per well and incubated (24 hours).
DFO, Fe_DFO_PEO_EC_CTS_TPP_1 and DFO_-
PEO_EC_CTS_TPP_1 were separately dissolved in dimethyl
sulfoxide (0.1% DMSO). The 4T1 cells were exposed to varied
concentrations of DFO [3.125, 6.25, 12.5, 25, 50 uM] for 24
hours. MTT reagent were added to each well and incubated [20
pL, 4 hours]. DMSO were added after removing the solution
from each well and absorbance were measured at 570 nm using
microplate reader (Bio-Tek Instruments Inc., USA). Cytotoxicity
calculation formula: cell viability (%) = (OD treatment group —
OD blank group/OD control group — OD blank group) x 100%.
IC 50 values were calculated using nonlinear regression analysis
(Prism 8.0, GraphPad Software Inc., La Jolla, CA).

Cell permeability study

Human cervical carcinoma (HeLa) cells were seeded in 96-well
microplates and incubated (37 °C, 24 hours with 5% CO,) prior
to the experiment. They were then washed twice with 100 pl of
buffer and incubated with 100 pul of acetomethoxy-calcein (CAL-
AM; 0.5 pM in phenol red-free medium, 37 °C, 20 minutes) and
5% CO,. After washing with 100 pl HBS, fluorescence was
registered for approximately 20 min (Aexc/Aem = 485/520 nmy;
BMG FluoStar Optima). Then, 2 ul of iron stock solution (8-
hydroxyquinoline-iron(ur) complex 125 uM in water) were added
and the fluorescence was registered until signal stabilization.
The cells were then treated with diethylenetriaminepentaacetic
acid (DTPA) [10 uM in Hepes Buffered Saline (HBS)] to remove
the remaining extracellular iron. After that, the cells were
exposed to 2 ul of the suspension of the nanocomposites in
buffer (n = 3), to attain a final concentration of 50 uM in DFO,
and the fluorescence was registered for approximately 30
minutes. The difference between final fluorescence and fluo-
rescence at the time of chelator addition (Afluorescence) was
calculated, and used as an indicator of the degree of cell avail-
ability from the different nanocomposites. Salicylaldehyde iso-
nicotinoyl hydrazone (SIH, 50 uM) was used as a positive control
while free DFO (50 uM) was used as comparison.

Antioxidant potential of nanocomposites

The influence of DFO encapsulated nanocomposites on the
iron-dependent oxidation of ascorbate was studied. In here,
ferric nitrilotriacetate [Fe(nta)] solution was prepared by mixing
FAS and NTA (10 uM, 1:1 mole, 37 °C, 1 hour). Aliquots of
[Fe(nta)] (10 uM, 10 pL) were transferred to 96-well flat bottom
black microplates followed by DFO encapsulated nano-
compostes (0-40 uM, 10 pL). Each well was treated with 180 uL
of DHR (50 uM) and ascorbic acid (40 pM) in HBS solution.
Fluorescence (Aexc/Aemn) = 485/520 nm) was registered during 1
hour at 1 min intervals (FluoStar Optima equipment (BMG) and
the slopes from 15 to 40 min were calculated.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Stability of nanocomposite

The best nanocomposite (DFO_PEO_EC_CTS_TPP_1) was used
to conduct stability testing. In brief, the product was stored in
—20 £ 5 °C freezer and observations were made at two different
time points including initial and after 24 months for drug
loading capacities and FTIR spectra were compared.

Results and discussion

DFO was encapsulated in nanocomposites synthesized using
PEO, CTS and EC to address the challenges arising due to the
extreme hydrophilicity of drug, DFO. The hydrophobic EC and
hydrophilic CTS and PEO polymers make the whole nano-
composite amphipathic and would increase the cell perme-
ability. The combined effect of these two properties would be an
advantage to develop a cell permeable controlled released DFO
modularity in future.

Formulation of DFO_PEO_EC_CTS_TPP nanocomposites

Optimization of stabilizer (Tween 80%) percentage. Nano-
particles of desirable size and PDI were synthesized by changing
stabilizer concentration and in order to penetrate through the
intestinal epithelial cell membrane, the diameter less than
200 nm is desirable.”® In here, the size of the nanocomposites
was obtained as 104.81 + 15.47 nm and 432.57 + 11.64 nm for
PEO_EC_1 and PEO_EC_2 as shown in Table 3. The poly-
dispersity indexes of PEO_EC_1 and PEO_EC_2 are 0.79 £ 0.18
and 0.66 + 0.11 respectively. Both the nanocomposites showed
a size distribution from 10 nm to 1000 nm. Upon increasing the
stabilizer concentration from 2% to 4%, by two-fold, a fourfold
reduction of particle size was observed.

Based on the Z average and PDI, PEO_EC_1 synthesized
using Tween 80 (0.4%) was selected for the synthesis of DFO_-
PEO_EC_CTS_TPP nanocomposites. A milky dispersion of ethyl
cellulose nanoparticles was obtained by non-solvent precipita-
tion method. The prepared EC nanocomposites were fabricated
by adding cationic polymer CTS in different ratios. Moreover, in
order to fix the EC nanoparticles in CTS mesh, 3% (W/V) TPP
was used at the ratio CTS: TPP 2: 5. Finally, the three different
types of DFO-encapsulated PEO_EC_CTS_TPP formulations
were prepared by loading DFO.

DFO binding nature to PEO_EC_CTS_TPP:XPS based
interpretation. XPS analysis was conducted to support the
encapsulation of DFO into PEO_EC_CTS nanocomposite. In
this study, wide XPS spectra of DFO, PEO_EC_CTS and DFO_-
PEO_EC_CTS were measured in order to perform elemental
identification as well as quantity of a detected element which
can be estimated using the intensity of the corresponding
photoelectron peak in a wide XPS spectrum. It allows the

Table 3 Z-average and PDI of different PEO_EC systems

System Z average (nm) PDI
PEO_EC_1 (EC 1) 104.81 + 15.47 0.79 + 0.18
PEO_EC_2 (EC 2) 432.57 £ 11.64 0.66 + 0.11
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Fig. 1 XPS survey spectra of (a) DFO (b) PEO_EC_CTS_1 and (c)
DFO_PEO_EC_CTS_1.

determination of the atomic composition of the selected
elements in the sample before and after incorporating DFO.

Fig. 1 shows the XPS survey spectra of DFO, PEO_EC_CTS_1
and DFO_PEO_EC_CTS_1. The survey spectrum of DFO and
DFO_PEO_EC_CTS_1 reveals the photoelectrons lines and the
auger electron lines from mainly the elemental composition of
C, N, S and O. The appearance of N 1s peak for primary amine
group of CTS is not clearly shown in PEO_EC_CTS_1 composite.
This is mainly due to the occurrence of low atomic N compo-
sition in the composite. However, N 1s and S 2p photoelectron
lines are clearly visible in the XPS spectra (Fig. 1(c)) with the
DFO encapsulation to the PEO_EC_CTS_1. It confirms the
successful incorporation of DFO.

The N:S ratio of neat DFO and DFO_PEO_EC_CTS_1 were
estimated considering the intensities of photoelectron lines
of N 1s and S 2p peaks at binding energies of 398 eV and 166 eV,
respectively while N : C ratio of neat DFO, PEO_EC_CTS_1 and
DFO_PEO_EC_CTS_1 were also calculated using the photo-
electron lines of C 1s (283 eV) and N 1s (398 eV). In this case,
photoelectron intensities were normalized by the correspond-
ing values of photoabsorption cross sections® and inelastic
mean free path®® as shown in the eqn (12).****

M 08 2p(lw)s 2p incomposites &

= - /POl 12
[S] ON 15w e composies 1S 20 (2)

The N: S composition ratios were estimated to be 4.76 and
3.41 in the case of DFO and DFO_PEO_EC_CTS_1, respectively.
On the other hand, the N: C ratios were estimated to be 0.22,
0.00006 and 0.06 for the DFO, PEO_EC_CTS_1 and DFO._-
PEO_EC_CTS_1. In contrast to the DFO incorporation, the
composition ratio of N:C in DFO_PEO_EC_CTS_1 has been
increased significantly proving its encapsulation into to
PEO_EC_CTS_1 composite. This result is consistent with the
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Fig. 2 Deconvolution of N 1s peak of DFO, PEO_EC_CTS_1 and
DFO_PEO_EC_CTS_1.

data obtained from EDX and FT-IR analyses, which will be di-
scussed in detail later.

In order to confirm the changes in each sub peak compo-
nent, spectrums were deconvoluted (Fig. 2 and 3). Fig. 2 shows
the deconvolution of N 1s peak of DFO, PEO_EC_CTS_1 and
DFO_PEO_EC_CTS_1. The deconvolution of N 1s peak of DFO
results two major sub peaks at 398.8 eV and 397.25 eV which
were assigned to N-O and C-N, respectively. The photoelectron
intensity for N 1s of primary amine attributed to
PEO_EC_CTS_1 is very low and in the inset of Fig. 2 shows high
resolution of N 1s peak of CTS amine. On contrary, the N 1s of
DFO encapsulated PEO_EC_CTS_1 resolved into two sub peak
confirming encapsulation of DFO further and that peaks appear

C1s_DFO

Counts

Lalaladalelalal,l

P PO P PO P PO P P

290 255 ZéO 2;5
Binding energy (eV)

Fig. 3 Deconvolution of C 1s peak of (a) DFO, (b) PEO_EC_CTS_1 and
(c) DFO_PEO_EC_CTS_1.
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at 398.9 eV and 397.2 eV photoelectron lines. According to that,
binding energy of N-O has increased by 0.1 eV upon interaction
with the DFO. This result indicates that the positive charge
around the N atom has increased. This may result due to the
interaction of N atom of DFO with H of CTS, PEO or EC.
However, the N 1s of C-N has shown very slight shift after
binding with PEO_EC_CTS_1 (0.05 eV). The deconvolution of
C1S DFO spectra comprised with four sub peaks at 285.6, 283.6,
282.9 and 282.3 eV which were assigned to C=0, C-N, C-S and
C-C/C-H, respectively. Further, the deconvolution of C 1s peak
of DFO_PEO_EC_CTS reveals three distinct sub peak 285.5,
284.1 and 282.6 eV which can be attributed to different envi-
ronments: C=0, C-N and C-C, respectively. According to that,
C 1s, C=0 binding energy has been reduced by approximately
0.1 eV upon DFO binding to PEO_EC_CTS. The reason for this
could be attributed to enhance hydrophobic environment
around the carbonyl group. In this case, electron density of
surrounding environment reduces the electron deficiency of the
carbonyl carbon, causing a shift to lower binding energy. Elec-
tron density surrounding the C-N carbon of PEO_EC_CTS has
not much changed due to the interaction with DFO. However,
that for DFO (0.5 eV) has changed significantly upon binding
with PEO_EC_CTS. The increased C 1s binding energy can be
explained by depletion of electronic environment around C of
C-N. For this to occur, nitrogen should form hydrogen bonds
with surrounding hydrogen atoms of PEO_EC_CTS. This result
is consistent with the XPS interpretation of N 1s of N-O. Based

Hydrphobic interaction
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Fig. 4 Suggested structure for DFO_PEO_EC_CTS_TPP.

Table 4 Zeta potential at different pH values

pH 5.8 (mV) 6.5 (mV) 7.4 (mv)

PEO_EC_CTS_TPP_1  18.97 + 2.44 9.53 +£0.08  —2.95 + 0.43
PEO_EC_CTS_TPP_2  18.53 +4.24  11.00 £ 0.29  —0.24 & 0.14
PEO_EC_CTS_TPP_3  15.17 £ 5.15 8.82 £0.45 —1.68+0.15

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Graphs of zeta potential vs. pH for all three formulations.

on the analysis of these results, two factors can be inferred. The
major functional group involve in making interactions with
PEO-EC-CTS is C-N-O. The major type of van der Waals inter-
action formed is hydrogen bonding, while hydrophobic inter-
actions may also play a role in generating minor interactions.

The suggested structure for DFO binding to
PEO_EC_CTS_TPP is shown in the Fig. 4. In here, the interac-
tion between CTS (Fig. S2), EC and PEO with DFO would be
mostly hydrogen bonding with N-O of DFO. These H bonding
between PEO_EC_CTS_TPP and DFO would make the secured
environment to keep the DFO in the nanocomposites.

In order to investigate the surface charge of the
PEO_EC_CTS_TPP, { potential of all three formulations were
analyzed before loading DFO and depicted in Table 4 at
different pH values (pH 5.8, 6.5 and 7.4). The selected pH values
would mimic the gastrointestinal and physiological pH condi-
tions. Generally, zeta potential reveals the physical stability of
colloidal suspension and provides an idea about the potential
difference between the mobile dispersion medium and electric
double layer attached to dispersed phase.

The Fig. 5 illustrates the variation of zeta potential with pH.
According to that, the point of zero charge (pHpzc) of
PEO_EC_CTS_TPP_1, PEO_EC_CTS_TPP_2 and
PEO_EC_CTS_TPP_3 were 7.19 (40.03), 7.39 (£0.11) and
7.31(+0.17) respectively. Hence it can be concluded that the
nanocomposites are negatively charged at physiological pH
value (7.4) and the zeta potential values were found to be —2.95
(£0.43), —0.24 (£0.14), —1.68 (+0.15) for PEO_EC_CTS_TPP_1,
PEO_EC_CTS_TPP_2 and PEO_EC_CTS_TPP_3 respectively. On
the other hand, zeta potential of PEO_EC_CTS_TPP_1,
PEO_EC_CTS_TPP_2 and PEO_EC_CTS_TPP_3 at the pH 5.8 is
18.97 (+2.44), 18.53 (+4.24) and 15.17 (£5.15). It makes the
surface positively charged at pH 5.8. Moreover, it was found that
the zeta potential of all three nanocomposites at intestinal pH is
not significantly different at 95% confidence interval. However,
it was found that at pH 7, zeta potential values of three
composites are significantly different and therefore the surface
charges are also significantly different.

Characterization of DFO_PEO_EC_CTS nanocomposites

Morphological studies. Fig. 6 shows the SEM micrographs of
(a) DFO_PEO_EC_CTS_TPP_1 (b) DFO_PEO_EC_CTS_TPP_2

RSC Adv, 2025, 15, 40311-40327 | 40317
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Elements Atomic % of DFO Atomic % of neat
incorporated PEO_EC CTS_1
PEO_EC_CTS_1
CK 53.54 62.23
N K 12.59 7.18
OK 31.82 30.45
P K 0.48 0.10
SK 1.57 0.04

Fig. 6 SEM images of (a) DFO_PEO_EC_CTS_TPP_1 (b) DFO_PEO_EC_CTS_TPP_2 and (c) DFO_PEO_EC_CTS_TPP_3 (d) elemental

composition of DFO_PEO_EC_CTS_TPP_1 and PEO_EC_CTS_TPP_1.

and (¢) DFO_PEO_EC_CTS_TPP_3 (d) elemental distribution
data of DFO_PEO_EC_CTS_TPP_1 and PEO_EC_CTS_TPP_1. As
illustrated in Fig. 6(a) and (b) the shape of the DFO_-
PEO_EC_CTS_TPP_1 particle is more irregular and morphology
is polymeric in nature. This may be attributed to the high CTS
content in the structure, as the polymeric nature decreased
significantly with a reduction in CTS content. Fig. 6(c) indicates
the morphological features DFO_PEO_EC_CTS_TPP_3 and it
clearly shows the appearance of spherical shape particles of
which is more similar to the EC particle morphology. Fig. S3
shows the elemental mapping data of DFO._-
PEO_EC_CTS_TPP_1 in a selected portion of the composite and
Fig. 6(d) indicates the surface elemental composition of DFO
_PEO_EC_CTS_TPP_1 and PEO_EC_CTS_TPP_1. According to
Fig. 6(d), the %N and %S of DFO _PEO_EC_CTS_TPP_1 is 12.59
and 1.57 while for PEO_EC_CTS_TPP_1 is 7.18 and 0.04,
respectively. The increased %N and %S on surface is due to the
contribution of amine and amide groups and mesylate groups
of DFO (C26H52N6011S). These results evidence the encapsu-
lation of DFO into the neat matrix PEO_EC_CTS_TPP_1.

In order to determine the effect of CTS content on the size
distribution, particle size analysis was conducted (Table 5) and

40318 | RSC Adv, 2025, 15, 40311-40327

this confirms the decrease in particle size with a reduction in
CTS concentration, as well as the presence of polydispersity in
all three formulations. In this case it was found that there are no
significant differences in particles sizes at 95% confidence
interval. However, as mentioned earlier, it was found that zeta
potential values at pH 7.4 vary with increasing the CTS level and
that is due to the cationic charges introduced by the CTS.
According to the FTIR spectra (Fig. 7), most of the prominent
peaks specific to CTS, PEO and EC overlap with the peaks of
DFO. Fig. 7(j) illustrates the FTIR spectrum of PEO and the
peaks in spectrum are associated with number of vibrational
modes. In this case, the broad peak appearing at 3474 cm ™' is
attributed to the OH stretching of the polymer.** The sharp peak

Table 5 PSA data and polydispersity index (PDI) of synthesized
nanocomposites

Nanocomposite Particle size (nm) PDI
DFO_PEO_EC_CTS_TPP_1 293.1 £ 52.9 0.79
DFO_PEO_EC_CTS_TPP_2 235.5 £ 48.1 0.68
DFO_PEO_EC_CTS_TPP_3 164 £+ 39.5 0.43

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 FTIR spectra of (a) DFO (b) DFO_PEO_EC_CTS_TPP_3 (c)
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at 2894 cm
around 1460 cm

! is related to the CH stretching mode.*! The peak at
~! corresponds to the asymmetric bending
mode of CH,.** The peaks present in the region from 1282 cm ™"
to 1342 cm™' are associated with CH, wagging and CHj
bending.** The peaks at 844, 963 and 1103 cm ™' can be attrib-
uted to the CH, rocking, C-O-C vibrations mode and C-O-C
stretching/-CH,-CH, rocking, respectively.*® Comparison of
these results with Fig. 7(b-i) confirms the presence of PEO
polymer as well on the particle. Moreover, when comparing
sharpness and intensities of the peaks corresponding to CH,
rocking (844 cm ') and C-O-C vibrations (963 cm™'), an
increasing trend in the aforementioned features was observed
with higher chitosan levels in the composite.

The FTIR spectrum of CTS is shown in the Fig. 7(i) and
according to that the most of the prominent peaks which are
specific to CTS are overlapped with the peaks relevant to PEO
and EC. Further, the peak attributed to the C=0 stretching of
amide in neat chitosan (1730 cm™ ') spectrum®** has shifted to
a higher wave number region in all composites due to hydrogen
bond formation. In addition to that, the shifting of the peak
position relevant to C=O0O stretching of amide bond in neat
chitosan (1730 cm™') increase when decreasing the chitosan
content of the composite. These results indicate that the
formation of PEO_EC_CTS_TPP particles was successful.

The FTIR spectra of DFO and DFO encapsulated
PEO_EC_CTS composites are shown in Fig. 7(a-d). The peak at
3303 cm ! in Fig. 7(a) corresponds to the NH stretching vibra-
tion of the amine.* Further, the small peak at 3089 cm™ ' is
related to the C-N-H overtone.*® The peak for the asymmetric
CH; stretching vibration is at 2876-2807 cm™ "3 The peak at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1540 cm™ ' can be attributed to the C=0 stretching vibration.*®
Moreover, the peaks at 932-1048 cm™ " are related to the N-O
stretching vibrations.*® Post-adsorption characterization of the
material was carried out using DFO encapsulated materials. The
FTIR spectra of DFO-encapsulated systems are shown in
Fig. 7(b-d). According to that, it can be clearly identified that
characteristic peak positions of DFO start to shift when the DFO
was added to the composites. For instance, the stretching band

of DFO N-H (3303 cm ') appears at 3315 cm ™' in DFO_-
PEO_EC_CTS_TPP_3 (Fig. 7(b)), 3313 cm ' in DFO_-
PEO_EC_CTS_ 2 (Fig. 7(c)), and 3309 cm ' in

DFO_PEO_EC_CTS_ 1 (Fig. 7(b)). This shift may occur due to the
formation of hydrogen bonds in between NH of the DFO and
OH groups of PEO, EC and CTS."*” Further, the peak at
1540 cm™' shifted significantly to 1632 ecm™' for DFO_-
PEO_EC_CTS_TPP_3, to 1626 em ! for DFO_-
PEO_EC_CTS_TPP 2, and to 1638 cm '  for
DFO_PEO_EC_CTS_TPP_1. The appearance of these prominent
peaks related to DFO in all systems confirms the successful
encapsulation of DFO on PEO_EC_CTS_TPP particles. Further,
the identification of C-NH amide II stretching as well as N-O
stretching peaks is difficult due to the overlaying of the peaks
related to PEO, CTS and EC.

DFO_PEO_EC_CTS_TPP particles were treated with iron in
order to ascertain if the iron binding affinity of DFO is intact.
Fig. 8(a—c) shows FTIR spectra of Fe(m) bound DFO_-
PEO_EC_CTS_TPP_3, DFO_PEO_EC_CTS_TPP_2 and DFO_-
PEO_EC_CTS_1, respectively. Comparative to the metal-free
composites, FTIR spectra of iron bound composites are very
distinctive and confirm the chelation ability of the composites.

Drug loading capacities and drug encapsulation efficiency. The

drug loading capacities of DFO_PEO_EC_CTS_TPP_1,
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Fig. 8 FTIR spectra of (a) Fe(n) bound DFO_PEO_EC_CTS_TPP_3 (b)
Fe(n) bound DFO_PEO_EC_CTS_TPP_2 (c) Fe(m) bound DFO_-
PEO_EC_CTS_TPP_1 (d) DFO (e) DFO_PEO_EC_CTS_TPP_3 (f)
DFO_PEO_EC_CTS_TPP_2 (g) DFO_PEO_EC_CTS_TPP_1.
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Fig. 9 Reaction between DFO and Fe(n) during potentiometric
titration.

DFO_PEO_EC_CTS_TPP_2 and DFO_PEO_EC_CTS_TPP_3 were
determined by potentiometric titration method (Fig. 9).

According to Table 6, the LC as well as EE increases with
increasing the CTS content. This can be due to the increase of H
bonding with increasing the CTS content.

Table 6 Drug loading capacity and drug entrapment efficiency of
DFO_PEO_EC_CTS_TPP_1, DFO_PEO_EC_CTS_TPP_2, and
DFO_PEO_EC_CTS_TPP_3

Drug loading capacity Drug entrapment

Nanocomposite (mgg™) efficiency (%)
DFO_PEO_EC_CTS_TPP_1 285.56 + 0.04 85.67 £ 13.35
DFO_PEO_EC_CTS_TPP_2 193.58 £ 0.06 58.07 £ 16.95
DFO_PEO_EC_CTS_TPP_3 179.12 + 0.05 53.74 £ 15.30

Peppas—Sahlin model
(a) DFO_PEO_EC_CTS_TPP_1

(b) DFO_PEO_EC_CTS_TPP 2
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In vitro pharmacokinetic studies. The main purpose of loading
DFO in PEO_EC_CTS_TPP matrix is to control the rate of DFO to
enhance its retainment in blood/target tissue. DFO_-
PEO_EC_CTS_TPP system should initially release part of the
DFO dose in order to reach to the effective therapeutic
concentration. Then the DFO release profile should follow
a well-defined pattern to maintain the supplement dosage for
the required period of time. To evaluate if the synthesized DFO
encapsulated nanocomposite is effective in the controlled
release platform and to predict the release kinetics in vitro
before advancing to the pre-clinical stage, it is vital to study the
release profiles of the novel DFO nanocomposites. Herein,
a model dependent method was used to describe the DFO
dissolution profile from DFO_PEO_EC_CTS_TPP. Goodness of
fit was determined for each formulations using the models such
as Higuchi model®?* Korsmeyer-Peppas model, zero order
model,**?*® Peppas-Sahlin model, Hopfenburg model, Weibull
model* and first order (Fig. 10, S4 and S5).* According to the
regression coefficient values (R*) the dissolution profile of all
three different formulations is well in agreement with the
Peppas-Sahlin model at both pH values (Fig. 10). Generally,
Peppas-Sahlin model is used to explain the dissolution profile
of polymeric substances which shows anomalous drug release
profile. In this case, approximate contributions of the diffu-
sional and relaxational mechanisms in an anomalous drug
release process is determined. The kinetic parameters and R* at
two different pH values are summarized in Tables 7 and S2.
According to that, the Fickian kinetic constant (k,) for all three
DFO_PEO_EC_CTS_TPP composites is zero at both values (pH
7.4 and 5.8). Comparatively, the kinetic constants of case II
relaxation-based drug release process (k,) are high for all the
composites at both pH values (Table 7) suggesting case II
relaxation is as most probable mechanism that predict DFO
release. Further, R/F values for all the composites are greater
than one at both pH values (k; = 0). Considering these results, it
can be concluded that the release of DFO from the DFO_-
PEO_EC_CTS_TPP_1 nanocomposite is governed by the case 1I
relaxation. However, the determination of exact drug release
mechanism for DFO_PEO_EC_CTS_TPP_3 is much complicated

(¢) DFO_PEO_EC_CTS_TPP_3

ApH=74 =7.4 ApH=74
*pH=538 =5.8 R*=0.9686 *PH=S538
100 | R*>=0.9684 A 100
/
-’ o S
~ " l—:
§'50 N 5'50
- ¢ R-=0.8872 =
S S
0 0 0
o S0 0 50 0 50
Time (mins.) Time (mins.) Time (mins.)
Fig. 10 DFO dissolution profiles of nanocomposites (a) DFO_PEO_EC_CTS_TPP_1 (b) DFO_PEO_EC_CTS_TPP_2 (c)

DFO_PEO_EC_CTS_TPP_3.
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as it depends on the pH value of the system. Moreover, the
Fig. S4(a—-c) indicate the kinetic data fitted to the Higuchi model
while the Fig. S4(d-f) shows the data fitted to zero-order kinetic
model and it depicts the cumulative amount of drug release
with time. Fig. S4(g-i) shows the data fitted to first-order kinetic
model. Additionally, Fig. S5 shows the DFO dissolution profile
of composites (a—c) Weibull model (d-f) Hopfenburg model (g-
i) Korsmeyer-Peppas model. Comparing these results, it can be
noted that the cumulative drug release is higher at the pH 7.4
than the pH 5.8. These results provide evidence for the pH
responsive controlled release of DFO.

Controlled release behavior of DFO. In order to analyze the
controlled release behavior of DFO, the percentage of DFO
release was plotted against the incubation time. In general,
conventional drug release profiles oscillates between maximum
in plasma drug concentration (crest) and decrease (trough).*®
Hence, giving repeated dosage is necessary to maintain the
plasma DFO concentration. On the other hand, as a burst
release is shown at the beginning, in most of the conventional
drug administrations, the initial plasma drug concentration is
higher than the therapeutically effective level.*® Therefore, it is
imperative to deliver the drug at a required rate for a period of
time to achieve the therapeutic level. Fig. 11 shows the sus-
tained released pattern of DFO from nanocomposites at
different pH conditions. According to the Fig. 11(a), at pH 7.4,
the first 50% of DFO has been released within less than 10 min
by DFO_PEO_EC_CTS_TPP_2 and DFO_PEO_EC_CTS_TPP_3
and within approximately 6 min by DFO_PEO_EC_CTS_TPP_1.
This is an essential part in a controlled drug release platform as
the plasma need to achieve the therapeutic level of the drug
initially. In order to release rest of the encapsulated DFO, it has
taken more than 120 minutes showing the sustained release
pattern of DFO. On the other hand, Fig. 11(b) shows the drug
dissolution profile of all three formulations at pH 5.8.
Comparatively to the drug release profile at pH 7.4, the rate of
DFO release is much slower at pH 5.8. In order to release the
first 50% of DFO at pH 5.8 from DFO_PEO_EC_CTS_TPP_1 it
has taken approximately 22 minutes and even after one hour it
has released up to 60% of DFO. This is an advantage in oral drug
formulation as it indicates a slower DFO release at the intestinal
pH. Further, at intestinal pH, DFO_PEO_EC_CTS_TPP_2 and
DFO_PEO_EC_CTS_TPP_3 composites have taken approxi-
mately 5 min to release 50% and more than two hours to release
90% of DFO.

Regarding drug release for cell therapy purposes (Fig. 12), as
shown by the ability of DFO to scavenge iron from the intra-
cellular calcein-iron complex and subsequent recovery of cal-
cein fluorescence, DFO_PEP_EC_CTS_TPP_1,
DFO_PEP_EC_CTS_TPP_2 and DFO_PEP_EC_CTS_TPP_3 were
particularly able to load DFO into cells.

The cell permeability data were analyzed using one-way
analysis of variance (ANOVA), followed by Turkey post hoc test,
to determine statistically significant differences between the
cell permeability of DFO and DFO encapsulated
PEO_EC_CTS_TPP. The results show that of DFO_-
PEO_EC_CTS_1 (p = 0.041) and DFO_PEO_EC_CTS_2 (p =
0.033) and DFO_PEO_EC_CTS_3 (p = 0.01) exhibit different cell
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Fig. 11 Sustained drug release pattern of modified drug formulations
(a) at pH 7.4 and (b) at pH 5.8.

permeability compared to DFO indicating that there is statisti-
cally significant difference in cell permeability. Considering
these results, it can be concluded that the DFO binding to
PEP_EC_CTS_TPP could improve the cell permeability of DFO.
Moreover, the results indicate that DFO_PEO_EC_CTS_1,
DFO_PEO_EC_CTS_2 and DFO_PEO_EC_CTS_3 exhibit similar
cell permeability (p = 0.413) demonstrating that within the
selected concentration range of CTS the cell permeability is not
significantly different. These results support that the novel
nanocomposites are promising candidates for the development
of a controlled rerelease DFO drug modularity.

The cell permeability data was compared with the DFO
release data at pH 5.8 and it was inferred that there is no
significant correlation between cell permeability and DFO
release rate of the composites.

In vitro blood compatibility assay. The drug formulation
with the highest drug encapsulation efficiency was used for the

in vitro blood compatibility assays.
9842
Zil
& &

Fig. 12 Cell permeability of nanocomposites.
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PT and APTT assay for blood coagulation. Evaluating of the
effect of the newly modified drug on blood coagulation is crucial
in order to form biocompatible a drug formulation. To assess
the impact of nanocomposites on coagulation, PT and APTT
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assays were conducted using DFO, DFO_PEO_EC_CTS_TPP_1
and Fe(m) bound form of DFO_PEO_EC_CTS_TPP_1. PT was
used to assess the effect of drug on extrinsic and common
coagulation pathway.** While, APTT was used to evaluate the
intrinsic and common coagulation pathway*® by measuring the
activated thromboplastin time.** The normal activated partial
thromboplastin time is 22-40 seconds and if it exceeds more
than the reference range, it reveals that the intrinsic coagula-
tion pathway may get affected.”” The PT reagent contains
calcium rabbit brain thromboplastin and calcium chloride for
initiating the coagulation process. The normal PT range is 10-
14 seconds.*" After adding PT/APTT reagents to DFO_-
PEO_EC_CTS_TPP_1 and Fe(m) bound form of DFO_-
PEO_EC_CTS_TPP_1 the coagulation times were measured and
compared with that of DFO (Fig. 13). The results obtained for
APTT, PT and INR are within the standard range and therefore,
it can be concluded that these nanocomposite does not affect
the blood coagulation pathways.

Human complement C3. Complement protein peptides are
plasma proteins which upon activation induces histamine
release or inflammatory reactions.*” Therefore, determination
of the extent of complement protein activation is worth in order

View Article Online
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Table 8 IC 50 values of DFO, Fe_DFO_PEO_EC_CTS_TPP_1 and
DFO_PEO_EC_CTS_TPP_1

System IC50 (uM) R
DFO 15.7 £ 3 0.8
Fe_DFO_PEO_EC_CTS_TPP_1 28.1+4 0.7
DFO_PEO_EC_CTS_TPP_1 29.9+5 0.9
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Fig. 17 Antioxidant assay in the Fe(i)/ascorbate system followed by
DHR.

blood, blood added with

normal

Fig. 16 Blood films of (a)
DFO_PEO_EC_CTS_TPP_L1.
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(b) DFO, (c) DFO_PEO_EC_CTS_TPP_1 and (d) Fe(n) bound
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to analyze the biocompatibility of the modified drug. The
human complement protein C3 is analyzed by reacting serum
protein sample with anti-human complement anti serum at pH
7.4 in HEPEC buffer.* The turbidity induced by the formation
of immune complexes was recorded at 340 nm using UV visible
spectrophotometer. The C3 level was quantified upon exposure
to DFO, DFO_PEO_EC_CTS_TPP_1 and Fe(m) bound DFO_-
PEO_EC_CTS_TPP_1 (Fig. 14).

Repeated measure ANOVA (IBM SPSS statistic version 25),
Wilks' Lambda test was performed to analyze whether or not the
resulted PT, APTT and C3 protein values are significantly
different. The Wilks' Lambda test comparison between control
and DFO_PEO_EC_CTS_TPP_1 (DFO, 0.5 mg mL™ " at 37 °C)
(APTT, p - 0.65, PT, p - 0.052, C3, p - 0.5), Fe(ur) bound form of
DFO_PEO_EC_CTS_TPP_1 added blood (APTT, p - 0.63, PT, p -
0.439,C3, p - 0.403) showed that the results are not significantly
different at the p value of 0.05.

Red cell aggregation and haemolysis. The reaction of red
blood cells to DFO, DFO_PEO_EC_CTS_TPP_1 and Fe(ur) bound
DFO_PEO_EC_ CTS_TPP_1 was monitored by analyzing the
degree of haemolysis and blood film evaluation. The Fig. 15,
depicts the haemolysis level of blood in the presence of DFO,
DFO_PEO_EC_CTS_TPP_1 and Fe(m) bound DFO_PEO_EC_
CTS_TPP_1 and without adding any drug (control). Blood
samples incubated with DFO did not show any visible colour
change in the supernatant compared to that of normal blood.
The degree of red colour present in supernatant was monitored
at 510 nm using microplate reader. Repeated measure ANOVA
(IBM SPSS statistic version 25), Wilks' Lambda test was used to
study whether there is any significant difference between the
haemolysis level of DFO and modified drug. The results indi-
cated no significant differences in haemolysis level of normal
blood, DFO and DFO_PEO_EC_CTS_TPP_1 and Fe bound form
of DFO_PEO_EC_ CTS_TPP (p - 0.911 assuming 95% confidence
interval).

Red cell aggregation was studied using an optical micro-
scope and blood films pertaining to the normal blood and blood
added with DFO, DFO_PEO_EC_CTS_TPP_1, Fe(m) bound
DFO_PEO_EC_ CTS_TPP_1 are shown in Fig. 16. According to
that, it was not observed any rouleaux formation and clumping
was not observed, hence red cell aggregation was absent.

According to these results, it can be concluded that DFO
encapsulated nanocomposites are biocompatible and do not
affect blood coagulation, ¢3 complement protein pathways and
do not induce blood hemolysis.

Cytotoxicity study using MTT assay. The determination of
half maximally inhibitory concentration (IC50) is critical for
assessing the cytotoxicity of the drug DFO and DFO encapsu-
lated nanocomposite. The inhibitory effect of DFO, Fe_DFO_-
PEO_EC_CTS_TPP_1 and DFO_PEO_EC_CTS TPP_1 were
assessed by using MTT based cell viability assay. The study
successfully determined the IC50 values by using non-linear
regression analysis with four parameter logistic model (Graph-
Pad Prism, version 8) (Table 8).

The Fig. S6 shows the dose response curve for DFO, Fe_D-
FO_PEO_EC_CTS_TPP_1 and DFO_PEO_EC_CTS_TPP_1 nano-
composites. Encapsulation of DFO in PEO_EC_CTS_TPP matrix

© 2025 The Author(s). Published by the Royal Society of Chemistry
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significantly increased the IC 50 value compared to neat DFO
compound by - two-fold, suggesting its low cytotoxic effect.

Antioxidant activity. The ability of the chelator to prevent
auto oxidation of ascorbate in the presence of iron(u) was
measured (Fig. 17). This can occur by forming a stable six
coordinated complex between DFO and iron or decreasing the
E;em Jrey tO @ greatly negative value.* According to the Fig. 17,
DFO shows higher iron scavenging property and thereby higher
antioxidant property. Compared to that, antioxidant property of
all the DFO encapsulated nanocomposites is lower and
maximum antioxidant property was shown by DFO_-
PEO_EC_CTS_TPP_1. This is acceptable in a controlled release
platform of DFO.

Stability of nanocomposites. The FTIR spectra of the initial
DFO_PEO_EC_CTS_TPP_1 nanocomposite and after 24 months
(Fig. S7) showed no significant differences, indicating chemical
stability over the time. Additionally, the drug loading capacity of
DFO_PEO_EC_CTS_TPP_1 nanocomposite after 24 months was
found to be 248.12 £ 14.6, further supporting that the
composite exhibits good stability under the storage conditions
(=20 £ 5 °QC).

The Table 9 shows a summary of heamcompatibility, and
DFO release profile for some reported materials and compared
to the available literature data, DFO-PEO-EC-CTS_1 composite
shows the highest drug entrapment efficiency with anomalous
drug release profile.

Conclusion

In this study, a nanoscale polymer blend (DFO_-
PEO_EC_CTS_TPP) was developed to encapsulate the hydro-
philic drug deferoxamine (DFO), aiming to enhance cell
permeability and enable controlled drug release. The results
showed that increasing the concentration of chitosan (CTS) in
the nanocomposite (DFO_PEO_EC_CTS_TPP_1> 2> _3)led to
higher drug loading capacity and entrapment efficiency, with
PEO_EC_CTS_1 exhibiting the highest DFO encapsulsation.
Additionally, DFO_PEO_EC_CTS_TPP_1 demonstrated the
strongest antioxidant activity. The Peppas-Sahlin kinetic model
best described the drug release behavior at both physiological
pH (7.4) and intestinal pH (6.8), indicating a Case II relaxation
mechanism, which supports sustained release over an extended
period. A key limitation of the formulation was its high poly-
dispersity, highlighting the need for optimization of particle
size through adjustments in stabilizer concentration and
homogenization time to achieve a more monodisperse system.
In vitro hemocompatibility assays confirmed that the nano-
composite is biocompatible, while the formulation also showed
good cellular permeability. These findings suggest that DFO-
loaded PEO_EC_CTS_TPP nanocomposites offer a promising
platform for pH-responsive, controlled DFO delivery, opening
new avenues for future therapeutic applications.
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