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Abstract
Background and purpose: Microfluidic technology provides enhanced standardization for formulating
nanoencapsulated drugs compared to traditional bulk methodologies. Here, microfluidic nano-niosomal deferoxamine
(Nn-DFO) was compared to micro-niosomal (Mn-DFO) and liposomal (L-DFO) formulations synthesized by
conventional thin-film hydration.
Experimental approach: The formulations were subjected to physicochemical analyses. In vivo functional efficacy
and safety were analyzed in mouse models of iron overload. Urinary and fecal iron excretion were also assessed.
Findings/Results: Mean particle sizes were 180.89+74.34 nm for L-DFO, 87.06+2.67 nm for Nn-DFO, and
741 + 0.19 um for Mn-DFO. Encapsulation efficiencies of L-DFO, Nn-DFO, and Mn-DFO formulations were
64.54%, 57.1%, and 70.72%, respectively. The 4-h drug release rates for L-DFO, Nn-DFO, and Mn-DFO formulations
were 20.95%, 31.34%, and 26.30%, respectively, compared to 59.46% release from free DFO (F-DFO) within 4 h.
Animals treated with F-DFO, L-DFO, Nn-DFO, and Mn-DFO showed significant reductions in the iron content of the
liver (45.03%, 49.36%, 41.63%, and 23.52%, respectively). Urinary iron excretion on day 1% and fecal iron excretion
on day 3" after drug administration were the highest in the groups treated with F-DFO and Nn-DFO compared to other
groups. Fecal iron excretion on day 7" was the highest in mice receiving Nn-DFO compared to different formulations.
Conclusion and implications: Nn-DFO synthesized by the microfluidic approach showed iron chelation efficacy and
immediate iron excretion profile comparable to F-DFO, while being superior to Mn-DFO and L-DFO regarding
delayed iron excretion.
Keywords: Drug carriers; Drug delivery systems; Iron chelating agents; Microfluidics.
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INTRODUCTION

Iron toxicity is a significant cause of
morbidities (e.g., diabetes, renal failure,
thyroid/gonadal abnormalities, and
hepatic/cardiac failure) in patients suffering
from iron overload conditions. Recent studies
have shown that deregulated hemostasis of iron
can also contribute to cerebral iron accumulation
in neurological diseases such as Alzheimer’s
(1,2). Free iron is highly dangerous to living
cells secondary to the generation of reactive
oxygen species (ROS), leading to irreversible
oxidation of vital biomolecules (proteins, lipids,
etc) (3-5). The main iron chelators currently in
use for defusing these problems include
deferoxamine  (DFO), deferiprone, and
deferasirox (6). DFO has been the main and most
effective iron chelator for decades, dating back
to the mid-1960s when it was first approved in
the United States (7). This hexadentate iron
chelator offers the highest iron chelation activity
among the three iron chelators listed; however,
DFO faces some drawbacks that limit its clinical
efficacy and patient adherence. For starters, the
oral bioavailability of this chelator is extremely
poor, so patients have to receive DFO via either
the subcutaneous or intravenous route. For
subcutaneous infusion, DFO needs to be
continuously infused for over 8 to 12 h, which
substantially compromises patient adherence.
On the other hand, its intravenous administration
has to overcome the risk of systemic toxicity and
the short half-life of only about 20 min (4,6). The
need for prolonged infusion is a key
discouraging factor associated with poor
adherence to DFO in patients with transfusion-
dependent thalassemia and sickle cell disease
(8). For these reasons, interests have grown
toward slow-release and targeted nano-delivery
systems for DFO (9,10).

Nano-based carriers have been widely
employed to address the shortcomings of
traditional forms of medications (11), including
iron chelators and particularly DFO (12-14).
These formulations, encompassing polymer-
based carriers, dendrimers, micelles, nano gels,
liposomes, and niosomes, generally aim to
extend the bioavailability of DFO and obviate
the need for its prolonged continuous
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administration. In recent years, niosomes have
attracted the attention of researchers as a suitable
and stable alternative to conventional liposomes
(15). Although nano-carriers, including niosomes
and liposomes, can be produced using different
manufacturing approaches, the lack of scalability
and reproducibility, as well as the time-
consuming nature of conventional methods, limit
the clinical use of these formulations (16,17).
Other key issues that need to be answered when it
comes to the clinical translation of nano-based
drugs include safety, solubility, instability, off-
target delivery, biocompatibility, clinical
efficacy, and release kinetics. Extensive ongoing
efforts try to address these limitations using novel
modification/synthesis approaches, including
microfluidic systems (18-20).

The microfluidics technology, a relatively
new synthesis approach, has been recently
applied to produce lipid-based nano-carriers
(21). The main advantages offered by the
microfluidic system include the use of small
volumes of reagents, cost reduction, precise
control over the synthesis process, time
efficiency, homogenous reaction environment,
and better adjustment of nanocarriers’
physicochemical features (e.g., shape, surface
features, size) (22). The effective treatment of
iron-overload conditions demands modified and
optimized forms of iron-chelators that can
obviate the limitations of their traditional
forms (low bioavailability/therapeutic efficacy
and  undesirable pharmacokinetics and
pharmacodynamic behavior, etc.). As noted, the
microfluidic approach enables the resolution of
limitations of conventional techniques (such as
lack of reproducibility and standardization,
being time- and cost-consuming, etc.). Despite
previous efforts to develop nano-based carriers
of DFO, no study has yet assessed the
applicability of the microfluidic approach for
preparing nano-formulations of this iron
chelator. Regarding the increasing interest in
lipid-based nano-DFO formulations, the goal of
this study was to use the microfluidic technology
to synthesize nano-niosomal DFO (Nn-DFO)
and compare its physicochemical and functional
features with liposomal (L-DFO) and micro-
niosomal (Mn-DFO) formulations produced by
conventional thin-film hydration.



MATERIALS AND METHODS

Materials

All materials used in this pilot study were of
analytical grade. Span, Tween, Triton X-100, and
cholesterol were from Fluka (Switzerland).
Soybean lecithin was obtained from Carl Roth
company (Germany). Deferoxamine mesylate was
the product of Novartis Pharma (Switzerland). All
other chemical reagents employed were of
analytical grade and from Merck (Germany).

Liposome and micro-niosome preparation

Standard thin film hydration was utilized to
prepare L-DFO and Mn-DFO. Liposomes
composed of soybean lecithin and cholesterol
(both at 50 mg/mL concentration in chloroform)
mixed in the v/v ratios of 70:30, 60:40, and 50:50.
Nine Mn-DFO formulations were produced using
different ratios of cholesterol to Span and Tween
20, 40, and 60 non-ionic surfactants (cholesterol
to Span/Tween ratios: 60:40, 50:50, and 70:30).
The thin film was created using a vacuum rotary
device at 70 °C, 100 rpm, for 40 min. During the
hydration phase, 5 mL of 3 mg/mL DFO in
phosphate-buffered saline (PBS, pH = 7.4) was
added to the thin film, and rotation continued at
60 °C, 100 rpm for 30 min.

Nano-niosome preparation

First, the stock solutions (20 mg/mL) of non-
ionic surfactants (Span/Tween 40) and
cholesterol were prepared in ethanol using
shaking and ultrasonication (1 min, 45 °C).
DFO stock was prepared in PBS (3 mg/mL, pH
= 7.4). Specific volumes of the regents were
poured into glass containers and heated in a 45
°C bath. The lipidic phase was transferred into
a 5 mL syringe, and the DFO-containing
aqueous phase into al0 mL syringe. Nano-
niosomes were generated using a microchip
with the staggered herringbone mixer design and
a nano-synthesis device (INSIGHT,
NanoSynthes Co., Iran). A rotational flow of the
two phases within the microchannels enabled the
mixing and assembly of the two phases to form
a nano-structured lipidic bilayer in a controlled
manner. The ratio of the aqueous phase was 5
times that of the lipidic phase (5:1), and the total
flow rate was 12 mL/min according to a previous
report by Obeid et al. (20).
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Morphology, size, and zeta potential analysis
Particle size analysis was performed using a
particle size analyzer for Mn-DFO (Malvern
Instruments, United Kingdom), and L-DFO and
Nn-DFO formulations were analyzed by a
nano-sizer (CORDOUAN  Technologies,
France). A zeta sizer device (Malvern Zeta-
Sizer 3000, United Kingdom) was used to
measure the surface charge of the particles. The
morphology of Mn-DFO was checked under a
light microscope equipped with an imaging
system (Leica Biosystems, Germany), and Nn-
DFO and L-DFO were visualized via field-
emission electron microscopy (FE-SEM).

Encapsulation efficacy

In order to determine the encapsulation
efficiency (EE) of lipid-based carriers prepared
by thin film hydration (i.e., L-DFO and Mn-
DFO), we used a specific volume of the
formulation containing a known amount of the
drug. After centrifugation at 13000 rpm for 30
min, the pellet was separated from the
supernatant, and the concentration of the drug
was determined in the supernatant by adding
FeCls (1.5 mM, ratio of 1:1 to a DFO-
containing solution). The final amount of the
drug was determined according to a standard
curve and using equation 1. For Nn-DFO, EE
was determined by pouring a specific volume
of the formulation into a dialysis membrane,
and then both sides of the membrane were
sealed. The membrane was then inserted into a
container with an appropriate volume of a
solvent (PBS, pH = 7.4), and the drug was
allowed to pass through the membrane on a
stirrer. After 4 h, the concentration of the drug
in the solvent and the membrane was
determined. Isopropyl alcohol was used to
dismantle vesicular particles (12).

Total amount of DFO — free amount of DFO
Total amount of DFO

EE (%)= x100 (1)
Release kinetics

The release of DFO from niosomal and
liposomal formulations was determined at 37
°C after 0, 15, 30, 60, 90, 120, 150, 180, and
240 min, as well as 6, 8, 12, and 24 h. The
release profile of F-DFO was assessed until 8 h
(the usual interval of infusion in clinical
settings). For this purpose, the formulations
containing DFO and F-DFO were passed
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through a dialysis membrane into a known
amount of the solvent (i.e., PBS). At specified
times, 1 mL of the solvent was harvested and
replaced with the same amount of fresh solvent
to keep the final volume constant throughout
the process. The amount of the drug released
was then determined by adding FeCls
(1.5 mM, 1:1 ratio) and reading absorbance at
430 nm using a UV-Vis spectroscopy based on a
standard curve. Finally, cumulative drug release
and the kinetics of release were determined.

In vitro chelation activity

DFO was reacted with FeCls; (1.5 mM) at a
1:1 ratio. The complex formed following the
reaction of DFO with ferric iron (i.e.,
ferrioxamine) was quantified via UV-Vis
spectroscopy at 430 nm. The ability of niosomal
and liposomal formulations to chelate iron in
vitro was compared to that of F-DFO at the
concentrations of 10, 20, 30, and 40 pg/mL.
The chelation activity of F-DFO at each
concentration was considered to be 100% (23).

Erythrocyte toxicity

The toxicity of formulations against
erythrocytes was determined after incubation
with a 5% red blood cell (RBC) suspension at
37 °C for 1 h. The concentrations used for this
experiment were 10, 20, 30, and 40 pg/mL of
the drug corresponding to the
liposome/noisome concentrations of 1, 2, 3, and
4 uM, respectively. The percentage of
hemolysis was determined by reading the
absorption of the supernatant at 540 nm. Triton
X100- and PBS-treated erythrocytes served as
positive (100% hemolysis) and negative (0%
hemolysis) controls, respectively.

Animals and grouping

Male adult mice (25-30 g) were obtained
from the center for breeding of laboratory
animals, Kerman University of Medical
Sciences. The animals were kept under standard
conditions with free access to water and food
throughout the experiment. Housing and
experimental protocols were approved by the
Ethics Committee of Kerman University of
Medical Sciences (Ethic code:
IR.KMU.AEC.1403.034). A total of 18 mice
were allocated to six groups (n = 3 per group),
including negative control (normal saline),

149

positive control (iron dextran), F-DFO (iron
dextran + free non-encapsulated drug), L-DFO
(iron dextran + liposomal drug), Nn-DFO (iron
dextran + nano-niosomal drug), and Mn-DFO
(iron dextran + micro-niosomal drug).

Model creation and interventions

The experiment included three phases. In the
first four weeks, two mice in each group (except
for the negative control group) received 50
mg/kg iron dextran intraperitoneally every
other day. The second phase was a two-week
washout period to allow iron redistribution. In
the third phase, iron-overloaded mice (except
for the positive and negative control groups)
received five doses (50 mg/kg, every other day)
of DFO formulations (F-DFO, L-DFO, Nn-
DFO, and Mn-DFO) via intraperitoneal injections
(24). A single mouse in each group was used to
assess the toxicity of the formulations (two
weeks, 50 mg/kg, every other day).

Urine and feces collection

After the injection of the fifth dose
of the DFO formulations, the mice were
transferred to metabolic cages to collect urine
and feces samples on days 1%, 3", and 7. Urine
samples were collected in acidified microtubes
to prevent iron deposition and kept at -20 °C
until digestion. Feces were kept at room
temperature.

Harvesting target tissues for
analysis

At the end of the third phase and after
collecting the last urine and feces samples, mice
were scarified, and target organs (liver, heart,
and kidneys) were collected and used for
histological analysis, Perl’s staining, and iron
quantification. A slice of the liver, one kidney,
and half of the heart, separated by a longitudinal
cut, were immediately transferred into
formaldehyde 10% for 24 h. After that, the
samples were placed in a tissue processor and
fixed with formalin, then dehydrated with
alcohol, clarified with xylenol, embedded with
paraffin, and finally underwent sectioning and
staining with either hematoxylin and eosin
(H&E) or Perl’s (for visualization of iron
deposits). Histological sections were assessed
by an experienced pathologist blinded to the

grouping.

histological



Perl’s staining

Ferrocyanide potassium was freshly prepared
by dissolving 1 g of the powder in 25 mL of
distilled water. The above solution was admixed
with HCI solution in a 1:1 ratio and heated to 54
°C. Tissue slides were immediately immersed in
this solution for 20 min. Afterwards, the tissue
slides were gently rinsed with running water and
stained with 1% neutral red for 15 s.

Iron quantification by atomic absorption
Spectroscopy

Samples (urine, feces, liver, and heart) were
further analyzed for iron quantification using
atomic absorption spectroscopy as previously
described (25). First, the samples (urine: 300
pL, feces: 50 = 10 mg, liver: 100 + 5 mg, and
heart: 100 = 5 mg) were acid-digested using
concentrated HNO3 and HCI. Briefly, samples
were transferred into microtubes, and then 1000
uL of concentrated HNOs; was added to the
microtubes, allowing for overnight tissue
digestion. Next, concentrated HNO3; and HCI
(ratio of 3:1) were added to partially digested
samples, and incubation was continued at 80 °C
for 1 h. Then the samples were passed through
syringe 0.22 uM filters and diluted using
deionized water to a total volume of 5 mL. The

Nano-niosomes vs. liposomal and micro-niosomal DFO

samples were subjected to iron quantification
via atomic absorption according to a standard
curve in the range of 0.2-10 ng/mL.

Statistical analysis

Data were imported into Microsoft Excel 2019
for descriptive analyses. Inferential analyses were
conducted in SPSS 16 software using one-way
ANOVA and Bonferroni post-hoc test to compare
liver and heart iron content, as well as urinary and
fecal iron excretion between groups. Graphs were
drawn using GraphPad Prism 8. Data are reported
as mean + SD.

RESULTS

Physicochemical properties of micro/nano
niosomal and liposomal formulations
Particle size and morphology

Using thin film hydration, nine Mn-DFO
formulations (F1-F9) were initially synthesized,
encompassing a size range of 7.31 £ 0.83 to 43.87
+ 2390 um (Table 1). Regarding the average
particle size, polydispersity index (PDI),
size distribution curve, and morphology of
micro-niosomes, the optimal formulation was
chosen to be F5 (Span/Tween 40 with the ratio of
60:40 to cholesterol).

Table 1. The size distribution of micro-niosome, nano-niosome, and liposome formulations of deferoxamine that were
synthesized using different ratios of cholesterol and non-ionic surfactants.

MW (g/mol) Molar ratio
Formulations Size (ym) PDI
S T S:T  S/T:Cholesterol Mean 5D Mean + SD
F1 431 1310 1:1 30:70 7.31+£0.83 -
F2 431 1310 1:1 40:60 57.57+£4.02 -
F3 431 1310 1:1 50:50 1427 +£2.54 -
F4 403 1282 1:1 30:70 7.41+£0.19 -
Mn-DFO F5 403 1282 1:1 40:60 9.04 £0.18 -
F6 403 1282 1:1 50:50 9+0.17 -
F7 346 1226 1:1 30:70 19.24 +0.58 -
F8 346 1226 1:1 40:60 7.76 £0.21 -
F9 346 1226 1:1 50:50 11.11 +£0.62 -
Nn-DFO 403 1282 1:1 40:60 87.06 £ 2.67 0.47+0.01
lse?i’tl;leiin Cholesterol Soybean:Cholesterol Size (nm)
L-DFO F1 758.08 387 40:60 180.89 + 74.34 0.39+0.05
F2 758.08 387 50:50 231.18 £119.92 0.51+0.04
F3 758.08 387 70:30 261.45 +60.88 0.51+0.03

Mn-DFO, Micro-niosomal deferoxamine; Nn-DFO, nano-niosomal deferoxamine; L-DFO, liposomal deferoxamine; S, Span; T,
Tween; MW, molecular weight; SD, standard deviation; PDI, polydispersity index.
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Using the optimal Span/Tween: cholesterol
ratio obtained in thin-film hydration, Nn-DFO
was constructed using the microfluidic
technique, resulting in nanoparticles with a
mean diameter of 87.06 =2.67 nm (PDI: 0.47 +
0.01). Three L-DFO formulations with different
ratios of lecithin to cholesterol retrieved the size
range of 180.89 + 74.34 to 261.45 + 60.88 nm.
The optimal liposomal formulation according
to size distribution histograms was decided to
be F1 (the lecithin: cholesterol ratio of 40:60).
Regarding morphology, FE-SEM images of L-
DFO (Fig. 1A) and Nn-DFO (Fig. 1B) showed
uniform spherical nanoparticles, and Mn-DFO

(Fig. 1C) appeared as well-formed uni- to
multi-layered spherical structures.

Sability and zeta potential

Analyzing the size stability of the selected
optimal formulations for up to 3 months
revealed the acceptable stability of Mn-DFO
(Fig. 2A), as well as L-DFO and Nn-DFO
(Fig. 2B). The size distribution curves also
verified the monodispersity of the formulations
(Fig. 2C and D). The zeta potential values of L-
DFO, Nn-DFO, and Mn-DFO formulations
were obtained as -7.26, -38, and -3.45 mV,
respectively.

Fig. 1. Morphology of (A) liposomal, (B) nano-niosomal, and (C) micro-niosomal deferoxamine. All formulations
showed spherical morphology with a good size distribution, as confirmed in dynamic light scattering.
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Fig. 2. Size distribution and stability of lipid-based formulations of deferoxamine for up to three months. (A) Mn-DFO,
(B) Nn-DFO and L-DFO, (C) size distribution graph of Mn-DFO, (D) size distribution graph of L-DFO. Mn-DFO, Micro-
niosomal deferoxamine; Nn-DFO, nano-niosomal deferoxamine; L-DFO, liposomal deferoxamine.
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EE

For calculating the EE of the niosomal and
liposomal formulations, we initially prepared a
standard curve based on the formation of
ferrioxamine (DFO-iron) complex and its
distinct absorbance at 430 nm using a UV-Vis
spectrophotometer. The results showed that the
EE values for L-DFO, Nn-DFO, and Mn-DFO
were  64.54%, 57.10%, and 70.72%,
respectively.

Release kinetics

The amount of the drug released into the
solvent across a dialysis membrane was
measured via UV-Vis spectroscopy based on
ferrioxamine absorbance at 430 nm. In the free
form of the drug, 59.46 £ 1.14% of DFO passed
through the dialysis membrane within 4 h; on
the other hand, L-DFO, Nn-DFO, and Mn-DFO
formulations released the chelator at the
respective rates of 20.95 + 7.36%, 31.34+

Nano-niosomes vs. liposomal and micro-niosomal DFO

9.45%, and 26.30 + 5.91% within 4 h (Fig. 3).
According to data fitting parameters for DFO
release respective to various models (Table 2),
the best model predicting drug release behavior
from L-DFO, Nn-DFO, and Mn-DFO was
Korsmeyer-Peppas.

In vitro chelation and hemolytic activity
Chelation activity was assessed at four DFO
concentrations of 10, 20, 30, and 40 ug/mL,
showing that the encapsulation of DFO did not
significantly compromise its chelation activity
compared to the free form of the drug.
Considering the activity of F-DFO as 100% at
each dose, the lowest maintenance of chelating
activity was related to L-DFO at 10 pg/mL
(66.15 £ 15.06%) and the highest to Nn-DFO
also at 10 pg/mL (92.88 + 0.31%) (Fig. 4A).
The highest rate of erythrocyte hemolysis (4.02
+ 2.39%) was observed in cells treated with 40
ug/mL of L-DFO for 1 h at 37 °C (Fig. 4B).

Table 2. Data fitting parameters for various models predicting deferoxamine release from liposomes, micro-niosomes,

and nano-niosomes.

Deferoxamine formulations and release models R? K n
Zero order 0.6858 =0.0915 0.2954 £+ 0.0454
First order 0.7475 +£0.0914 0.0041 £ 0.0008

F-DFO Higuchi 0.8316 +0.1056 3.9182 +0.5702
Korsmeyer-Peppas 0.7305 £ 0.2049 0.1347 £ 0.0676 0.1722 +£0.0033
Hixon-Crowell 0.7315 +0.0899 0.0056 + 0.001
Zero order 0.8243 +£0.2097 0.1049 +0.0248
First order 0.8319 +0.2033 0.0011 £ 0.0003
L-DFO Higuchi 0.8628 +0.0237 1.3131 +£0.2404
Korsmeyer-Peppas 0.9539 + 0.0044 0.0206 + 0.0292 0.4433+ 0.1960
Hixon-Crowell 0.8295 +0.2055 0.0017 +0.0004
Zero order 0.8408 +0.1536 0.1604 + 0.0349
First order 0.8659 +0.1508 0.0018+ 0.0004
Nn-DFO Higuchi 0.9438 + 0.0440 2.0655 +0.3913
Korsmeyer-Peppas 0.9723 £0.0121 0.0173 +£0.0300 0.5233 +£0.2269
Hixon-Crowell 0.8580 +0.1520 0.0027 + 0.0007
Zero order 0.8474 +0.1394 0.1373 £ 0.0166
First order 0.8668 +0.1315 0.0015 + 0.0002
Mn-DFO Higuchi 0.9384 + 0.0264 1.7644 +0.1640
Korsmeyer-Peppas 0.9705 +0.0165 0.0259 £0.0312 0.5631+0.2748
Hixon-Crowell 0.8606 +0.1343 0.0022 £ 0.0003

F-DFO, Free deferoxamine; Mn-DFO, micro-niosomal deferoxamine; Nn-DFO, nano-niosomal deferoxamine; L-DFO, liposomal

deferoxamine. Values represent mean + SD from three release assay experiments.
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Fig. 3. Release kinetics of deferoxamine. Drug release was quantified in phosphate-buffered saline across a dialysis
membrane at 37 °C over time (0, 15, 30, 60, 90, 120, 150, 180, and 240 min). F-DFO, L-DFO, Nn- DFO, and Mn- DFO
showed a cumulative release of 59.46%, 20.95%, 31.34%, and 26.30%, respectively, during 240 min. F-DFO, Free
deferoxamine; L-DFO, liposomal deferoxamine; Mn-DFO, micro-niosomal deferoxamine; Nn-DFO, nano-niosomal
deferoxamine. Data represent mean + SD from three replications.
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Fig. 4. Invitro chelation and hemolytic activity of free and encapsulated deferoxamine. (A) The chelation activity (%) of
the drug encapsulated in L-DFO, Nn-DFO, and Mn-DFO compared to F-DFO, whose activity was considered 100% at
each concentration. (B) Hemolysis of erythrocytes incubated with various deferoxamine formulations at 37 °C for 1 h. F-
DFO, Free deferoxamine; L-DFO, liposomal deferoxamine; Mn-DFO, micro-niosomal deferoxamine; Nn-DFO, nano-
niosomal deferoxamine. Data represent mean + SD from two replications.

In vivo histological toxicity

The histologic evaluation of the liver in mice
receiving different DFO formulations (Fig. 5)
showed no significant histological lesions,
except for mild to moderate degrees of lobular
inflammation and Kupffer cell hyperplasia,
compared to normal saline (Fig. 5A). In the iron
dextran group (Fig. 5B), sinusoidal dilatation,
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portal vein congestion, and marked Kupffer cell
hyperplasia were noticed. Focal mild lobular
inflammation and degrees of Kupffer cell
hyperplasia were seen in the liver in the F-DFO
(Fig. 5C), L-DFO (Fig. 5D), and Mn-DFO (Fig.
5F) groups. In contrast, mild Kupffer cell
hyperplasia was the only noticeable feature in
the Nn-DFO group (Fig. 5E).
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Fig. 5. Liver histopathology stained using hematoxylin and eosin. The animals were treated with either
normal saline, iron dextran, or DFO formulations. Iron dextran and DFO formulations were infused for two weeks
(50 mg/kg, every other day). (A) Normal saline: the liver tissue shows preserved architecture; (B) iron dextran: sinusoidal
dilatation, portal vein congestion, and marked Kupffer cell hyperplasia were seen; (C) free DFO: preserved
architecture with focal mild lobular inflammation (arrow) and moderate Kupffer cell hyperplasia; (D) liposomal DFO:
preserved architecture, with focal mild lobular inflammation (arrow) and mild Kupffer cell hyperplasia; (E) nano-
niosomal DFO: normal architecture with only mild Kupffer cell hyperplasia; (F) micro-niosomal DFO: preserved
architecture with focal mild lobular inflammation (arrow) and mild Kupffer cell hyperplasia. Magnification: x100. DFO,

Deferoxamine.

In the kidneys (Fig. 6), no pathologic changes
and normal glomeruli and tubules were observed
in the normal saline group (Fig. 6A). Treatment
with iron dextran (positive control) led to
glomerular lobulation, focal mild infiltration by
mononuclear cells, and slight tubular injury
characterized by intratubular protein deposition
(Fig. 6B). The F-DFO group showed normal
glomeruli and tubules (Fig. 6C), and mild
tubular infiltration by inflammatory cells was the
only noticeable change in the L-DFO (Fig. 6D)
and Mn-DFO (Fig. 6F) groups. In the Nn-DFO
group, no pathologic changes were seen with
normal glomeruli and tubules, and only mild
vascular congestion (Fig. 6E).
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I'n vivo efficiency

Histological liver sections were prepared
for Perl’s staining 10 days after the
administration of the 5" dose of the
formulations (Fig. 7). Mice infused with normal
saline (Fig. 7A and 7G) revealed no iron
deposits, while large block of iron
deposits were frequently seen in the liver
sections of mice treated with iron dextran
for four weeks (Fig. 7B and 7H). Treatment
with F-DFO (Fig. 7C and 7I), L-DFO
(Fig. 7D and 7J), Nn-DFO (Fig. 7E and 7K),
and Mn-DFO (Fig. 7F and 7L) considerably
reduced iron deposition in the liver compared to
the positive control.
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Fig. 6. Kidney histopathology stained using hematoxylin and eosin. The animals were treated with either normal saline,
iron dextran, or DFO formulations for two weeks (50 mg/kg, every other day). (A) Normal saline: no pathologic changes,
normal glomeruli (arrows) and tubules; (B) iron dextran: mild glomerular lobulation, focal mild mononuclear cells
infiltration (red arrowheads) and mild tubular injury as intratubular protein deposition (black arrows); (C) free DFO: no
pathologic changes, normal glomeruli (arrow) and tubules; (D) liposomal DFO: no significant pathologic changes, normal
glomeruli (black arrows), tubules with mild chronic inflammatory cells (red arrowhead); (E) nano-niosomal DFO: no
significant pathologic changes, normal glomeruli (black arrow), tubules with mild vascular congestion; (F) micro-
niosomal DFO: normal glomeruli (black arrows) and tubules with only few chronic inflammatory cells (red arrowhead).

Magnification: x100. DFO, Deferoxamine.

Quantitative measurement of tissue iron
revealed a significant reduction in the liver iron
concentration of mice treated with various DFO
formulations compared to the positive control
(Fig. 8A). Also, cardiac iron concentration was
significantly lower in the F-DFO, L-DFO, and
Nn-DFO groups compared to the positive
control (Fig. 8B). The rates of liver iron
concentration reduction respective to positive
control were 45.03%, 49.36%, 41.63%, and
23.52% in the F-DFO, L-DFO, Nn-DFO, and
Mn-DFO groups (Fig. 8C), while cardiac iron
concentration in these groups reduced by
31.02%, 33.39%, 34.77%, and 15.61%,
respectively (Fig. 8D).

Urinary and fecal iron excretion
Regarding urinary iron excretion, a
significant increase was observed in all groups
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receiving DFO formulations compared to the
negative control group on the first day after
the administration of the fifth dose (Fig. 9A),
with the highest increase being observed
in the F-DFO and Nn-DFO groups. On the third
day, only the F-DFO group showed
significantly higher urinary iron excretion
compared to the saline group. No significant
difference was seen between groups on day
seven.

Fecal iron measurement on the first day
revealed a significant increase in iron excretion
only in the F-DFO group. On the 3" day, the
mice receiving F-DFO and Nn-DFO showed
significantly higher fecal iron excretion
compared to the control group. On the 7% day,
mice receiving Nn-DFO showed significantly
higher fecal iron excretion compared to the
control group (Fig. 9B).
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Fig. 7. Perl’s staining of hepatic sections. (A and G) Negative control (normal saline) showing no iron deposits;
(B and H) positive control: iron dextran (50 mg/kg, every other day, four weeks), showing large iron blocks as blue
color deposits across all fields. The experimental groups receiving DFO formulations, including (C and I) iron
dextran + free DFO; (D and J) iron dextran + liposomal DFO; (E and K) iron dextran + nano-niosomal DFO; (F and L)
iron dextran + micro-niosomal DFO, showed reduced iron deposits in histological fields. Magnification of parts
A-F: x 40 and for parts G-L: x 100. F-DFO, Free deferoxamine.
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Fig. 8. Hepatic and cardiac iron concentration in mice receiving different deferoxamine formulations. Iron quantification
was conducted by atomic absorption spectroscopy. (A) Liver iron, (B) cardiac iron, (C) percent reduction in liver iron
compared to positive control, and (D) percent reduction in cardiac iron compared to positive control. Data are presented
as mean + SD. ***P < (0.001 indicates significant differences compared to the positive control (Bonferroni post-hoc test).
Iron Dxt, Iron dextran; F-DFO, free deferoxamine; L-DFO, liposomal deferoxamine; Mn-DFO, micro-niosomal
deferoxamine; Nn-DFO, nano-niosomal deferoxamine; LIC, liver iron concentration; CIC, cardiac iron concentration.
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Fig. 9. Iron quantification in (A) urine and (B) fecal samples at 1, 3, and 7 days after the administration of the 5 doses of
free or encapsulated DFO to iron overload mice. After 24 h post-administration, the highest urinary iron excretion
belonged to the F-DFO and Nn-DFO groups. The F-DFO group showed the highest urinary iron excretion on day 3. On
day 7, no significant difference was evident in urinary iron excretion between groups. Fecal excretion of iron within the
first 24 h was the highest in the free DFO group. On day 3, fecal iron was the highest in the F-DFO and Nn-DFO groups.
On day 7, the Nn-DFO group showed the highest fecal excretion of iron compared to the negative control. Data are
presented as mean + SD. ***P < 0.001 indicates significant differences compared to the negative control. Iron Dxt, Iron
dextran; F-DFO, free deferoxamine; L-DFO, liposomal deferoxamine; Mn-DFO, micro-niosomal deferoxamine; Nn-

DFO, nano-niosomal deferoxamine.
DISCUSSION

In the present study, we used for the first
time a microfluidic system to synthesize Nn-
DFO and compare the formulation’s
physicochemical features, release profile, and
iron chelating efficacy with liposomal and
micro-niosomal carriers synthesized by the
traditional thin film hydration method.
Regarding the size of noisomes and liposomes
encapsulated with DFO, the formulation
synthesized by the microfluidic approach
showed a lower mean particle diameter
(87.06 +£2.67 nm) compared to the formulations
constructed by thin-film hydration (micro-
niosomes: 9.04 + 0.18 um and liposomes:
180.89 + 74.34 nm). DFO is a small molecule,
and its half-life in circulation is relatively short
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due to rapid clearance by the kidneys. So, nano-
constructs of DFO can elevate its size
(from 5 nm in diameter to larger molecules up
to micron-size), contributing to its longer
circulatory half-life (12,26-32). Not only the
plasma circulatory half-life of DFO nano-
conjugates, but also their urinary excretion have
been reported to be size-dependent (33). The
size of nanocarriers must be optimized to obtain
an appropriate pharmacokinetic balance,
including distribution, half-life, degradation,
and renal clearance. Ultra-large complexes of
DFO, exceeding the filtration threshold of the
kidneys, can increase the durability of the
chelator in circulation (24,34). To pass through
the kidney filtration barrier, nanomaterials must
traverse three layers in the glomerular
membrane: the endothelium with fenestrae



(70-90 nm), the meshwork glomerular
basement membrane (with pores of 2-8 nm),
and epithelium with filtration slits (4-11 nm)
(35). Thus, to undergo primarily renal
clearance, nanocarriers should be smaller than
the kidney filtration threshold of around 6 nm
while simultaneously avoiding sequestration by
the phagocytic system mediated through
protein opsonization. Therefore, a promising
design strategy could encompass the fabrication
of 10-100 nm particles able to gradually
degrade into smaller particles near the renal
clearance threshold, so guaranteeing as
prolonged as possible circulatory half-life and
acceptable removal rate from the body (36).
Accordingly, the microfluidic approach seemed
to render superiority in terms of the size of
particles compared to liposomes and niosomes
synthesized by thin-film hydration. As noted,
the microfluidic approach allows rapid and
scalable production of nanocarriers; however,
there is a need for optimization of various
synthetic parameters to achieve the desirable
outcome in terms of particle size and other
physicochemical properties (20).

An important aspect when it comes to
nanocarriers is stability during storage. PDI,
representing the homogeneity of size, and zeta
potential, which shows the electric surface
charge of particles, are two key parameters used
for evaluating the stability of nano-based
carriers. In the present study, the size stability
of both liposomal and niosomal formulations
was evaluated over 3 months, showing
acceptable stability. Also, the PDIs observed
for Nn-DFO and L-DFO were 0.47+0.01 and
0.39+0.05, respectively, which are below the
recommended value of 0.7 as a plausible
threshold (29). Also, compared to Mn-DFO (-
3.45 mV) and L-DFO (-7.26 mV), the Nn-DFO
synthesized by the microfluidic system showed
a zeta potential of -38 mV, which is considered
an optimal value. As a critical parameter, zeta
potential affects not only size stability (by
ensuring appropriate repulsion to prevent
aggregation) but also the release behavior of
liposomes and niosomes (Vvia interactions with
biological and environmental mediators and
affecting the permeability of lipid layers). The
repulsive forces in highly anionic or cationic
colloidal systems prevent premature release of
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cargoes by keeping the integrity of the carrier,
facilitating sustained and controlled release. On
the other hand, particle aggregation in less
stable colloidal systems such as liposomes and
niosomes can disrupt membrane integrity and
lead to premature drug release. Regarding size
distribution and stability, the relatively small
hydrodynamic diameter (~ 87 nm) and PDI
(0.47) of Nn-DFO were consistent with the
strong electrostatic repulsion (zeta potential of
-38 mV) of these particles, indicating their
plausible colloidal stability and low tendency
for agglomeration, as evidenced in SEM images
showing fairly separated and dispersed
particles. According to their zeta potential
values, L-DFO (-7.26 mV) and Mn-DFO
(-3.45 mV) formulations seemed to have weak
electrostatic stability, posing them at risk of
aggregation and fusion; nevertheless, the size
stability of these formulations was plausible
over three months. This notion was further
supported by the lack of significant aggregation
in SEM and light microscopy images,
respectively. Considering that zeta potential
values between -10 to +10 mV are generally
regarded as neutral and inadequate to prevent
agglomeration of particles during storage (37),
the zeta potential of -38 mV for Nn-DFO in this
study surpassed this threshold, predicting
desired stability. In a study by Marzban et al.,
the =zeta potentials of free and DFO-
encapsulated nano-niosomes were -18.2 +5.1
mV and -13.2 £4.5 mV, respectively, showing
good stability over four months (12). In another
study, liposomal structures with a zeta potential
of -40 mV remained fairly stable over 50 days,
while those with a zeta potential of +15 mV
remained stable for nearly one month (29). A
number of factors can influence surface charge
and interactions in lipid-based carriers,
including pH, ionic strength of the
environment, lipid-solvent interactions, and
hydrodynamic size. The near-neutral zeta
potential observed in our micro-niosomes and
liposomes might be partially explainable by the
ions present in PBS, which was used as the
solvent (38). Changes in pH can also lead to
alterations in the protonation status of
phospholipids and thereby influence their
interactions with each other and chemical
groups present in the environment (39).
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The bioavailability of nano-encapsulated
DFO largely depends on EE. In the present
study, our results showed that the EE of Nn-
DFO, Mn-DFO, and L-DFO for 3 mg/mL DFO
were 57.1%, 70.72%, and 64.54%, respectively.
Regarding the small size and hydrophilic nature
of DFO, it seems that the higher EE of micro-
niosomes compared to nano-niosomes and
liposomes (70.72% vs. 57.1% and 64.54%) can
be at least partially related to the larger aqueous
space of the former (40). Further, the thin-film
hydration technique has an inherent tendency for
generating larger multilamellar vesicles, so more
drug molecules can be entrapped into large
multilamellar noisomes during the hydration
phase (17), an argument that can also justify the
slightly higher EE of liposomes compared to
nano-niosomes (64.54% vs. 57.1%). In addition,
this variation may also reflect the compositional
differences between nano-niosomes and
liposomes, where the surfactants used for the
preparation of nano-niosomes could have led to
more permeability of the membrane and drug
leakage during preparation (41,42). Marzban et
al. synthesized a noisome formulation of DFO
using the combination of cholesterol, Span 20,
Tween 80, and PEG 3000, reporting an EE of
96.8% (12), which probably highlights the
impact of compositional structure on the loading
capacity of lipid-based carriers. Lang et al.
constructed liposomes co-carrying DFO and
lificiguat (a hypoxia-inducible factor inhibitor
la inhibitor, YC1), where the carrier was
exposed to 100 mg DFO, reporting an EE of
21.3% (31), reflecting the effect of DFO mass on
EE. In another study, Tran et al. synthesized
liposomes containing cholesterol and either soy
phosphatidylcholine (mean size: 88 nm) or
palmitoyloleoylphosphatidylcholine (mean size:
119 nm) and reported that each mole of these
lipid-based carriers could be loaded with 354
and 266 g of DFO, respectively, corresponding
to 0.354 and 0.266 mg per umol of liposomes
(28). Therefore, the variable EEs reported in
different studies can be explained by factors
such as different ratios, molecular weights, and
polarization of carriers’ structural components,
as well as drug solubility. All these modifiers can
be better optimized in a well-defined
microfluidic system rather than bulk synthesis
methods.
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Another important feature of a nano-based
drug delivery system is gradual and sustained
release, contributing to both prolonged
circulatory half-life and effective renal
clearance. This feature is of critical importance
in nanocarriers loaded with iron chelators,
considering the slow redistribution and
mobilization of iron deposited in vital organs,
where the iron and chelator must exhibit
matched release kinetics. In the present
experiment, DFO encapsulated within lipid-
based nanocarriers showed a gradual release of
31.34%, 26.30%, and 20.95% of DFO from Nn-
DFO, Mn-DFO, and L-DFO within 4 h,
respectively. This was while 59.46% of DFO
was released from F-DFO within 4 h. Toliyat et
al. produced multivesicular  liposomes
containing DFO, reporting the gradual release of
60% of the loaded drug within nine days (43). In
another study, niosomal DFO incorporated into
nanofibers supported a controlled and sustained
release of the drug for up to 9 days (44). Marzban
et al. noted that DFO entrapped into niosomes
showed a release of 5% within 2 h and 20%
within 20 h (vs. 20% and 40% for free DFO,
respectively) (12). In the case of DFO, the ability
of the nanocarrier to support gradual release is
logically essential for its optimal therapeutic
efficacy. So, there is a need for reaching a
functional balance since prolonged release
periods (i.e., days or weeks) may reduce DFO
chelating efficacy due to chemical instability of
the drug, while rapid release could lead to its
premature clearance and short circulatory or
tissue half-life. Moreover, due to the relative
toxicity and adverse effects of DFO, the gradual
release of the drug further improves its safety
profile and minimizes dose-related detrimental
effects (45). As we observed, there was neither
toxicity against erythrocytes in vitro nor renal or
hepatic histological lesions in mice treated with
the lipidic formulations carrying DFO, which
aligned with previous reports noting a reduction
in the toxicity of nano-encapsulated DFO
(30,33,46-48).

Regarding therapeutic efficacy, we showed
that all three nano-formulations preserved in
vitro iron chelating activity compared to F-DFO
and led to notable reductions in tissue iron
content in vivo (liver: L-DFO: 49.36%,
Nn-DFO: 41.63%, and Mn-DFO: 23.52%, vs.



F-DFO: 45.03% and heart: L-DFO: 33.39%,
Nn-DFO: 34.77%, and Mn-DFO: 15.61%, Vvs.
F-DFO: 31.02%). Likewise, Rossi €t al. reported
that the conjugation of DFO with polyethylene
glycol methacrylate did not interfere with the in
vitro chelating activity of the drug (13), and Tian
et al. suggested that the complexation of DFO
with alginate could preserve its iron chelation
activity (49). In other studies, tissue iron
reduction in mice models of hemochromatosis
treated with 30-100 mg/kg deferasirox was from
8.4% to 63.1% and 38% for the liver, and from
10.6% to 49.1% for the heart (50). In iron-loaded
gerbils, deferasirox reduced liver and cardiac
iron content by 51% and 20.5% compared to
24.9% and 18.6% in animals treated with
deferiprone (51). In a study conducted by Tran
et al., liposomal DFO showed around 2-3-fold
higher efficacy in removing iron from mouse
models of iron overload (28). A niosomal
formulation of DFO manufactured by Marzban
et al. was also reported to efficiently chelate iron
from hepatocytes in vitro (12). These results are
in agreement with our observation, reflecting
that the chelation activity of DFO could be either
preserved or even enhanced after being
conjugated with nano-polymeric compounds or

encapsulated within nanocarriers such as
liposomes and noisomes.
We further observed that Nn-DFO

synthesized by the microfluidic system showed
a superior immediate and delayed iron excretion
profile compared to L-DFO, Mn-DFO, and F-
DFO. There was a significant increase in
immediate (i.e., day 1%) urinary iron excretion in
all groups receiving DFO formulations, the
highest being related to the F-DFO and Nn-DFO
groups. Increased fecal iron excretion was
observed on day 3™ in the F-DFO and Nn-DFO
groups and on day 7" for the Nn-DFO group.
Our results were consistent with previous reports
on urinary and fecal iron excretion patterns
reported for DFO and other chelators, such as
DFX-loaded in various nanocarriers, including
liposomes and niosomes (24,52-55). In iron
overload conditions, the residency of iron
chelators in the primary locations of iron
accumulation (e.g., liver) needs an appropriate
size of the carrier so the urinary removal of the
drug is logically delayed, and its circulatory half-
life is likely extended (34). Our results supported
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a favorable shift in the pharmacokinetics and
biodistribution of DFO encapsulated in nano-
niosomes. Rather, the rapid clearance of F-DFO
matches with the short half-life of the drug in
circulation, in opposition to sustained-release
Nn-DFO, possibly suggesting better targeting
and accumulation of the recent in organs such as
the liver. Consistently, lipidic nano-carriers are
known for their protection of encapsulated drugs
from rapid renal clearance, allowing for a stable
reservoir of the drug (56). The tendency of the
reticuloendothelial system for the uptake of
lipid-based nano-carriers (57) or direct delivery
of the drug via intracellular penetration (55)
could lead to initial drug accumulation in organs
such as the liver and spleen, followed by the
subsequent release of DFO and delayed
appearance in urine and feces.

Addressing the limitations of this study, we
should acknowledge the small number of mice
in each experimental group due to the fact that
the goal of this pilot study was to gather
preliminary data. Therefore, our results should
be confirmed in studies with larger sample sizes.
Another noteworthy point was that the EE of the
Nn-DFO was determined by the dialysis
membrane method, which differed from the
centrifugation method used for L-DFO and Mn-
DFO, leading to a slightly lower estimation of
EE due to small remnants of the drug in nano-
niosomes or diffusing out of some encapsulated
drug during the test. Therefore, the direct
comparison of EE between Nn-DFO and the two
other formulations should be made with caution
and interpreted in the context of this
methodological variation. Further, we used the
physicochemical factors of particle size, PDI,
morphology, and EE as primary optimization
factors;  however, incorporating release
properties as another key element in the
optimization phase could offer a more robust
roadmap. Finally, for better conclusions on the
in vivo safety issue, our arguments could have
been strengthened by analyzing biochemical
markers of tissue damage.

CONCLUSION
In the present study, we employed the novel

microfluidic system to synthesize Nn-DFO and
investigate its physicochemical and functional
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characteristics compared to liposomal and
micro-niosomal  carriers  synthesized by
traditional thin film hydration. Our results
showed that the microfluidic approach could
provide a rapid strategy for generating nano-
niosomes with comparable and somehow
superior physicochemical and functional features
compared to lipidic carriers synthesized by the
traditional method. A significant barrier limiting
the clinical application of nano-encapsulated
DFO is the lack of reproducibility and scalability
of conventional bulk synthetic methods. The tiny-
scale microfluidic approach can obviate
limitations inherent to traditional synthesis
techniques, enabling the production of
functionally effective, structurally stable, and
clinically  applicable = nano-carriers.  The
microfluidic technology allows for highly
reproducible, scalable, and automated production
of nano-formulations of drugs in terms of size,
PDI, EE, release kinetics, and clinical efficacy by
eliminating variations that are poorly controllable
in traditional techniques. This is achieved by
robust control on mixing conditions, tunable flow
parameters, quality control attributes, and volume
of materials, improving the scalability and cost-
effectiveness, which are substantial requirements
for clinical approval of drugs.
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