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Abstract

Deferoxamine mesylate (DFO) is administered as a slow subcutaneous or intravenous infusion
due to its poor oral bioavailability and lack of dose proportionality. The aim of the present study was to
prepare and optimize polymeric micelles containing DFO, as an oral drug delivery system for increasing
permeability and oral bioavailability. Based on a full factorial design with three variables in two levels,
eight polymeric micelle formulations were made using film hydration method. Two polymers including
0.1% of carbomer 934 and Poloxamer® P 407 and two blends of surfactant + co-surfactant including
1 and 2 fold of critical micelle concentration of Labrafil® + Labrasol® and Tween 80 + Span 20 were used to
prepare polymeric micelles. The effect of variables on particle size (PS), entrapment efficiency (EE),
drug release, thermal behavior, in vitro iron bonding and ex vivo rat intestinal permeability were evaluated.
The PS of polymeric micelles was less than 83 nm that showed 80% EE with continuous drug release
pattern. The change in type of polymer from carbomer to Ploxamer® significantly increased drug release.
All polymeric micelles increased the iron-bonding ability of DFO compared to control. This could be due to
surfactants that can play an important role in this ability. Polymeric micelles increased drug permeability
through intestine more than 2.5 folds compared to control mainly affected by polymer type.
Optimized polymeric micelle consists of Tween 80 and Span 20 with 1.35 folds of critical micelle
concentration and Poloxamer® demonstrated 97.32% iron bonding and a 3-fold increase in permeation
through the rat intestine compared with control.
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INTRODUCTION iron concentration in the body (4,5).
The acute and chronic iron overload lead to

Although iron is vital for oxygen transport,
DNA synthesis, and energy metabolism,
it also catalyzes dangerous reactions that
produce free radicals (1). Two species of iron
including ferrous (Fe'?) and ferric (Fe®)
are produced; the former is highly toxic and
the latter is insoluble in physiological pH (2).
In plasma, iron is transported by transferrin,
which prevents free radical production and
ensures that iron is available for metabolic
processes (3). In normal condition, only
25-30% of transferrin is saturated with iron
while in iron-overload resulting from blood
transfusion in thalassemic patients, it becomes
completely saturated leading to high
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toxicity and affect multiple organs such as
heart and liver that causes metabolic acidosis,
depression of myocardial contractility
and reduction in cardiac output
and hepatotoxicity (6). Iron chelators
are currently being used for their benefits
in limiting iron-induced oxidative damage.
Deferoxamine mesylate (DFO) is the best iron
chelator in clinical use that binds with
unbounded iron and finally is excreted
in the feces and urine (7).
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However, administration of this drug
is limited to the parenteral rout due to
its poor absorption and an oral bioavailability
less than 2%. Since DFO has a very short
plasma half-life, repetitive subcutaneous
infusion is needed to maintain effective
therapeutic levels (8). To achieve desired
treatment, it is normally required to deliver
high doses of DFO via slow subcutaneous
infusion, over prolonged periods (8-12 h),
several days a week. This is evidently not ideal
and is associated with poor compliance of
patients (9). Oral delivery can be considered as
a viable alternative method for improving
the pharmacokinetics and toxicity profiles
of DFO. However, the main challenge
is poor membrane permeability and oral
bioavailability of DFO (10,11). Recently,

an orally active iron-chelating agent,
deferiprone, has been introduced showing
effectiveness in decreasing body iron.
However, some patients have shown

a life-threatening decrease in their white blood
cells during deferiprone treatment (12).
The development of a safe and orally active
iron-chelator still remains a major challenge
and is given number one priority in
recommendations for research by the National
Institute of Health and National Heart,
Lung and Blood Institute (13). A few
formulations have been used in order to
improve DFO biopharmaceutical properties
such as conjugation to hydroxyethyl starch
(14) and hyperbranched polyglycerol (15)
for increasing plasma half-life. However,
strategies for increasing DFO permeability
through intestinal membrane has not been
introduced. It is possible to improve drug
absorption by using nano-carriers that
indirectly improve drug absorption.
In addition, protective nano-carriers avoid
drug degradation in the gastrointestinal (GI)
tract enhancing oral absorption and
bioavailability.

To conquer this issue, a few solutions
have so far been suggested. Among
these methodologies, polymeric micelles,
constituted of amphiphilic block copolymers,
have recently enticed more interest (16,17).
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Polymeric  micelles are self-assembled
core-shell nanostructures formed in an
aqueous solution consisting of amphiphilic
block copolymers (18,19). The core of
polymeric micelle can entrap hydrophilic and
hydrophobic  compounds and  charged
macromolecules through electrostatic,
hydrophobic, hydrogen bonding interactions
(20) and the stereo complex formation (21).
Therefore, DFO with 7 and 12 hydrogen bond
donors and acceptor counts can interact with
this core and load into the polymeric micelle.

For free soluble drugs, such as DFO,
poor membrane permeability results in poor
bioavailability and low drug efficacy.
Polymeric micelles with small size can
positively influence the bioavailability of DFO
by increasing the membrane permeability (22).
Interaction between polymeric micelles
and phospholipid facilitate  hydrophilic
component incorporation into the biological
membrane (23). Therefore, polymeric micelle
can facilitate DFO oral absorption.

On the other hand, hydrophilic drugs that
are susceptible to degradation in the GI and
blood can be protected by encapsulation
in the polymeric micelles. After oral
administration, micelles are exposed to
pH variation, bile salts, and digestive enzymes
and can be destroyed. But loading drug could
improve the stability of polymeric micelles
by decreasing free energy of micellar
dispersions (24). In vitro stability of micelles
under different pH was studied (16).
The results of this study indicated that micelles
made by chitosan are stable maintaining
a narrow PS distribution for 3 days under
pH7.5,6.8,and 5.9.

The small size of polymeric micelles also
helps to reduce mononuclear phagocyte
system in the liver and bypassing the filtration
of inter-endothelial cells in the spleen leading
to longer blood circulation (25). On the other
hand, endocytosis of the polymeric micelles
and drug release in the blood stream is another

reason for using polymeric micelles
in the oral delivery of poor membrane
permeable drugs, such as DFO (26).

Therefore, the main aim of this study was
designing and optimizing a polymeric micelle
formulation as oral delivery system for



increasing the oral DFO permeability.
DFO-loaded polymeric micelles can finally be
incorporated in soft gel capsules.

MATERIALSAND METHODS

Materials

DFO was purchased from Jaber Ebne
Hayyan Pharmaceutical Company
(Tehran, I.R. Iran). Cholesterol, lecithin,
oleic acid, carbomer 934, Poloxamer
(Pluronic® P 407), Tween 80, and Span 20
were purchased from Sigma-Aldrich (USA).
Labrafil® M1944, and Labrasol® were gifted
from Gattefosse Company (France). Dialysis
bag was acquired from the Armaghane Kalaye
Gavan Co (I.R. [Iran). All chemicals
and solvents were of analytical grade. Freshly
double distilled water was employed
in the experiments. Simulated gastric fluid
(SGF) and simulated intestinal fluid (SIF)
were prepared based on United States
Pharmacopeia (USP 29). SGF was made by
dissolving 2 g of sodium chloride and 3.2 g
of purified pepsin (purchased from
Sigma-Aldrich, USA) in 7 mL of hydrochloric
acid and sufficient water to make 1000 mL
at pH 1.2. SIF was also prepared by dissolving
6.8 g of monobasic potassium phosphate
in 250 mL of water, mixed and 77 mL of
0.2 N sodium hydroxide and 500 mL of water
were added. Then, 10 g of pancreatin
(purchased from Sigma-Aldrich, USA) was
added and mixed and the pH was adjusted to
6.8 and diluted with water to 1000 mL.

Animals

Adult female Wistar rats (about 3 months
of age) weighing 200 + 9.8 g were obtained
from the Laboratory Animal Care and
Breeding Center of Ahvaz Jundishapur
University of Medical Sciences (Ahvaz, LR.
Iran). Animals were kept for 5 days of
acclimatization, given a standard diet and
water, and treated according to the principles
for the care and use of laboratory animals
approved by the Ethical Committee of
the Ahvaz Jundishapur University of Medical
Sciences (Ahvaz, I.R. Iran). All rats sacrificed
by intravenous ketamin injection and
then animal intestines were removed
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completely and divided into three equal
segments. All segments were then washed
with cold ringer solution and their contents
were removed. The guidelines followed were
those laid down by the National Academy of
Sciences published by the National Institutes
of Health (Human services, Office of
Laboratory Animal Welfare).

Deferoxamine mesylate assay

The quantitative determination of DFO was
performed using a UV spectrophotometer
Biochrom WPA BioWave II (England).
The Amax was set at 211 and 206 nm when
the drug was dissolved in SGF and SIF,
respectively. The assay was validated
in terms of linearity, repeatability, accuracy,
and limit of quantification (LOQ). Possible
interferences of formulation's component on
DFO assay were evaluated using blank
samples.

Solubility studies

Solubility of DFO was determined in oleic
acid, lecithin, castor oil and isopropyl
myristate. An excess amount of DFO was
added to 5 mL of the oil and stirred for 30 min
at 45 °C, and for 24 h at room temperature
(25 °C). The equilibrated samples were
then was centrifuged at 8,000 rpm for
20 min to remove undissolved drug.
The clear supernatant liquid then decanted and
the concentration of DFO was determined
using previously constructed calibration curve.

Determination of critical micelle concentration

Aqueous solutions of surfactant and
co-surfactant with different concentrations but
constant concentration of polymer were
prepared. Surface tension of these solutions
was measured at 25 °C with a Torsion balance
(WHITE ELEC Model NO. 83944E).
Then, the surface tension versus log
concentration was plotted. There is a break in
surface tension at a concentration associated
with critical aggregation concentration (CAC),
which corresponds to the onset of micelle
formation on the polymer. With increasing
surfactant concentration, a second break
indicating critical micelle concentration
(CMC) was observed.
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Preparation of deferoxamine mesylate
polymeric micelles
DFO-loaded polymeric micelles were

prepared by film hydration method that
previously reported by Zhang et al. (27).
Lipophilic phase consisted of 1.5 g cholesterol,
1 g lecithin and 1.5 mL oleic acid were
blended and dissolved in 10 mL chloroform
and kept in a rotary evaporator at 120 rpm and
60 °C for 15 min to form a uniform lipid film.
To remove residual amount of solvents,
the films were placed in a vacuum oven
at 40 °C, overnight. Then, dried lipid films
were hydrated with aqueous solution
containing DFO (5 mg/mL), surfactant,
polymer and co-surfactant at 50 °C and
120 rpm and then sonicated in a bath sonicator
(POWER SONIC 505, Korea) at 500 W at
25 °C for 5 min.

Optimization of polymeric micelles using full
factorial design

A full-factorial design of three factors at
two levels was used for optimization of
the study. The correlation between
independent variables and responses was
evaluated using equation 1:

Y = by + biX; + Xy + b3Xs + binXiXo + bi3XiXs
+biXoX3+...... 1)

Where, Y is dependent variable (particle size
(PS), entrapment efficiency (EE), drug release
or drug permeability and Xi, X2 and X3
are surfactant type, surfactant concentration
and polymer type respectively. The modeling
was performed using Minitab 16 with stepwise
linear regression technique with significant
term P < 0.05. The Designed formulations of
polymeric micelles are illustrated in Table 1.

Particlesize

PS was measured at 25 °C by PS analyzer
(SCATTER SCOPE 1 QUIDIX, South Korea)
based on photon correlation spectroscopy with
wide measurable size range (1-7000 nm).
Each sample was measured in triplicate.

Percentage of entrapment efficiency
EE was determined by direct and
indirect methods. In indirect method
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a polymeric micelle solution was added
into centrifugal-ultrafiltration tubes (Microcon

MWCO 3000, Millipore Co, USA)
and centrifuged at 15,000 rpm for 25 min.
Then, the amount of free DFO

in the supernatant was measured by UV-V
is at 206 nm. Then the amount of loaded
DFO was calculated by subtracting
the unloaded DFO from initial DFO added to
the polymeric micelle. Percent of EE and
loading capacity (LC) were then determined
using equation 2 and 3. In direct method,
the samples were centrifuged at 15,000 rpm
for 25 min and nanoparticles were separated
from the suspending medium and dissolved
in  methanol/water (70/30) to disrupt
the polymeric micelle and amount of DFO

was measured spectrophotometerically
(28,29).
_ weight of DFO loaded
EE (%)7 weight of DFO initially added x 100 (2)
LC (‘V) _ weight of DFO loaded % 100 (3)
) = eight of DFO loaded

weight of micelles

In vitro release study

In vitro drug release studies were performed
using the dialysis bag technique
at the sufficiently sink condition as respected
to DFO solubility. Polymeric micelle solutions

including 10 mg DFO were placed in
dialysis bags with acetate cellulose
(Spectra/Por, molecular weight cut of

3000-4000 Da) membrane, tied and immersed
into the 100 mL release medium stirred
at 37 °C in basket dissolution apparatus.
SGF (pH 1.2) and SIF (pH 6.8) were applied
as release medium. At predetermined intervals
2 mL of sample was removed, filtered
and DFO released amount determined by
UV spectroscopy. Aqueous solution of DFO
with the same concentration of the polymeric
micelle solution was used as a control.

Scanning electron microscopy

Micelle morphology was studied by
scanning electron microscopy (SEM, AIS-2100
SERON TECHNOLOGY, South Korea)
and the samples were coated with gold prior
to the measurements.



Thermal behavior of deferoxamine mesylate
loaded polymeric micelles

The thermal behavior of polymeric micelles
was performed using differential scanning
calorimetry (DSC). Samples at first were
heated to 50 °C and kept at this temperature
for 5 min. Then, the temperature reduced to
0 °C at rate of 5 °C/min. The samples were
kept at 0 °C for 5 min, and the temperature

was then increased to 200 °C with
the same rate. The possible incompatibility
between drug and nanoparticles was
also evaluated by measuring transition
temperature and enthalpy.

Ex vivo permeation study through
rat intestine

Male Wistar rats were sacrificed and their
small intestines were excised and placed in
the ice-cold bubbled ringer buffer (Carbogen,
95:5 02/CO2). The jejunum 15-20 cm distal
from the pyloric sphincter was removed
and rinsed with ringer buffer. Two mL of
polymeric micellar formulations containing
defined amount of DFO was poured into
the rat intestine and closed from both sides.
Then tissue was kept in organ bath filled with
25 mL of phosphate buffer pH 7.4 with
continuous aeration for 4 h at 37 °C. Two mL
sample was taken at 0.5, 1, 2, 3, and 4 h from
solution for spectrophotometric determination
and replaced immediately with an equal
volume of fresh solution. The same test
was carried out for the solution of DFO in
phosphate buffer pH 7.4 as a control. Percent
of drug permeated after 4 h (Ps+%) was
calculated.

Evaluation of interference  between
deferoxamine mesylate and iron

DFO is a chelating agent, which forms
complex with ferric ion. The complex
formation constant is 10°!. The affinity of
DFO for complex formation with divalent ions
such as Fe™ is lower (complex formation
constant is 10 '# or less) than trivalent ions.
Chelating occurs on a 1:1 molar ratio, so that
1 g of DFO forms complex with 85 mg
of ferric ion (30). Various Fe(Nos)s. 9 H20
concentrations at 0.01, 0.02, 0.04, and
0.08 g/mL were prepared in SGF, pH 1.2
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and SIF, pH 6.8 as stomach and intestinal
mimetic media. Then, DFO-loaded polymeric
micelles in ratio of 100:8.5 were added to iron
solutions thermostatically maintained at 20 °C.
After 3 h, the mixture was treated with
10% sodium acetate to provide a pH 2-3 and
2% sulfosalicylic acid was added as indicator
to form the violet-red complex. Then,
the mixture was heated to 40-50 °C. According
to the following equation, remaining iron,
which was not incorporated with micelles,
was measured by complexometeric titration

with 1% ethylenediaminetetraacetic  acid
solution (EDTA). (31, 32).
MiVi=MV2 “

where, M is the concentration of iron bonded
to EDTA, M2 is a concentration of EDTA,
V1 is the volume of iron solution and V2 is
the volume of EDTA. The free DFO solution
was used as the control.

Micelle stability in refrigerated temperature

DFO-loaded polymeric micelles were
stored at 4 °C for 3 months and
time-dependent changes in micelle size

and distribution was evaluated. The chemical
stability of DFO was studied by measuring
drug content.

Stability in media simulating physiological
conditions and effect of dilution

Micelle formation may be influenced by
dilution in GI system. Therefore, the stability
of polymeric micelles was assessed by dilution
of formulations in SGF, which mimics GI tract
condition. The fluid volume in the GI depends
on fasted or fed state. In the fasted state,
the total volume in the stomach and small
intestine is approximately 130 mL (33).
For this purpose, 1 mL DFO-loaded polymeric
micelles incubated in 1 and 10 mL
buffer phosphate, pH 7.4; SGF, pH 1.2;
and SIF, pH 6.8 with and without bile salts
(5 Mm) for 12 h at room temperature. (34).
Then at defined time intervals polymeric
micellar solutions were filtered through
0.2 pm membrane filter and PS as a sign
of physical stability and DFO content as a sign
of chemical stability were analyzed.
DFO-loaded polymeric micelles without any
incubation were used as control.
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Statistical analyses

Data are presented as mean + standard
deviation (SD) of at least three experiments.
Statistical ~ significance =~ was  tested by
two-tailed student's t-test and one-way ANOVA.
Analyses were performed using Minitab®
software. P < 0.05 was considered significant.

RESULTS

Validity of drug measurement method

The calibration curve for DFO was linear
in the range of 0.001-0.3 mg/mL with
a correlation coefficient (R?) of 0.988,
signifying that 98.8% of the absorbance values
are estimated by the concentration. Regression
analysis revealed a significant relationship
between concentration and light absorbance
(P = 0.001). The lack-of-fit in the current
study was not significant (P 0.115),
which appears in the estimated absorbance
changes. LOQ was approximately 0.0009
mg/mL.  Within-day and  between-day
relative errors were within 0.1 to 1.2% and
0.4 to 1.8% and the coefficients of variation
(CV%) ranged from 0.2 to 1.07% and 0.35
to 1.39%, respectively. The results of
the assay wvalidation revealed desired
repeatability and accuracy of the method.

Qil solubility of deferoxamine mesylate

To identify a suitable oil phase, studies of
solubility were conducted in various types of
oils. DFO solubility in lecithin, oleic acid,
castor oil, and isopropyl muyristate
as oil phases was 4.16 + 0.2, 543 + 0.3,
231 + 0.6, and 1.89 + 0.5 mg/mL,
respectively. Oleic acid and lecithin amongst
tested oils demonstrated the desired solubility.

Critical micelle concentration and critical
aggregation concentration

Data on CMC and CAC for a mixture of
surfactants and polymers are shown in Table 2.
The results demonstrated micelle formation
occurred at lower concentration with mixture
of Tween 80 and Span 20 compared to
the mixture of Labrafil® and Labrasol®
in the presence of polymers. Same as CMC,
the Labrafil® and Labrasol® blend has higher
CAC in comparison with Tween and Span
when Poloxamer® is used as a polymer.
In the presence of carbomer, Tween and Span
blend did not show measurable CAC.
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The CMC/CAC ratios for Tweent Span
and Labrafil® + Labrafil® in the presence
of Poloxamer® are 1.2 and 1.8, respectively.
Concentration of mixed surfactants used
in formulations, was above the CMC of
that mixture. Thus, it can be concluded
that micelles are formed.

Particle size distribution

PS and polydispersity index (PDI) of
different polymeric micellar drug delivery
systems (PMDDS) are presented in Table 3.
Through this experiment, the different sizes of
particles were between 14 and 82 nm with
PDI of less than 0.5. Based on the regression
analysis, following equation was obtained
which show effect of each variable on PS.

Y, =40.07-5.171 X; + 3.80 X, + 3.25 X3 -13.70 XXz
+12.20 XX3-12.35 XoX;3 )

where, Y1 is PS, X1, X2 and X3 are surfactant
type, surfactant concentration and polymer
type, respectively. A summary of the statistical
analyses for PS and other responses is
shown in Table 4.

Entrapment efficiency

EE was between 55 and 81% and LC was
between 4.5-6.1% considered good value
for hydrophilic compound such as DFO.
Equation 6 demonstrates the effect of each
variable on the EE.

Y, = 66.61- 220 X;+2.71 Xo + 4.62 X5 -3.19 XX, +
6.37 X1 X3 - 3.14 X0 X5 (6)

where,Y2 is EE and Xi, X2 and X3 are defined
previously.

Drug release in simulated gastric fluid solution
The cumulative DFO release profiles

in SGF are presented in Fig. 1.
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Fig. 1. Percent of drug released from all polymeric
micelle formulations in simulated gastric fluid solution



Polymeric micelles for oral delivery of deferoxamine mesylate

Table 1. Compositions of different polymeric micellar drug delivery systems formulations using full factorial design.

Formulations Surfactant type Surfactant concentration Polymer type Cholesteral () Oleicacid (mL)  Lecithin (mL) Propylene glycol (%)
1 Labrafil® + Labrasol® 2 CMC Carbomer 1.5 1.5 1 0.1
2 Labrafil® + Labrasol® 2 CMC Poloxamer® 1.5 1.5 1 0.1
3 Labrafil® + Labrasol® 1 CMC Carbomer 1.5 1.5 1 0.1
4 Tween® 80 + Span® 20 2 CMC Carbomer 1.5 1.5 1 0.1
5 Tween® 80 + Span® 20 1 CMC Poloxamer® 1.5 1.5 1 0.1
6 Tween® 80 + Span® 20 1 CMC Carbomer 1.5 1.5 1 0.1
7 Tween® 80 + Span® 20 2 CMC Poloxamer® 1.5 1.5 1 0.1
8 Labrafil® + Labrasol® 1 CMC Poloxamer® 1.5 1.5 1 0.1

CMC, critical micelle concentration.

Table 2. Amounts of CAC and CMC for mixture of surfactants and polymers (mean + SD, n = 3)

Mixture of surfactant and polymer CAC (mg/mL) CMC (mg/mL)
Labrafil® : Labrasol® (1:1) + 0.1% Carbomer 0.056 = 0.004 0.077 £ 0.003
Labrafil® : Labrasol® (1:1) + 0.1% Poloxamer® 0.049 £ 0.006 0.085 + 0.005
Tween® 80 : Span® 20 (1:1) + 0.1% Carbomer - 0.019 £ 0.002
Tween® 80 : Span® 20 (1:1) + 0.1% poloxamer® 0.014 +0.002 0.017 +0.003

CAC, Critical aggregation concentration; CMC, critical micelle concentration.

Table 3. Physicochemical properties of different polymeric micelle formulations (mean + SD, n = 3).

Formulations PS (nm) PDI EE (%) D2 SGF (%) D24 SIF (%) P4(%)

1 75.4£5.21 0.48 +£0.02 78.14 +5.12 7.71£1.15 48.40 £ 1.41 37.10 +3.10
2 12.28 £ 0.40 0.46 +0.27 70.49 + 3.81 21.00 +3.23 52.95+6.62 52.20 +3.80
3 37.7+23 0.36+0.14 66.19 +6.78 17.10 + 0.86 36.95+1.38 26.70 +2.80
4 81.23+0.5 048 +£0.11 80.48 £ 6.94 15.62 +1.31 51.18 + 1.00 29.50 + 1.90
5 1532+ 1.32 0.39+0.19 54.19+5.21 20.45 £2.60 84.60 + 4.08 42.50 £3.80
6 4425 £3.48 042+0.14 60.14 +4.58 20.46 £2.06 39.96+0.14 28.10 +3.10
7 40.15+0.42 0.35+0.12 62.83 +4.61 26.31 +1.49 68.09 + 8.27 39.20 +2.90
8 142+1.19 0.49+0.15 60.44 +3.32 25.09 £ 0.60 72.15+4.16 40.90 £ 1.70
Freedrug - - - 59.68 +3.81 99.9 £5.32 13.10 +1.40

Ps, Particle size; PDI, polydispersity index; EE, entrapment efficiency; SGF, simulated gastric fluid; SIF, simulated intestinal fluid; P4, percent of drug permeated after 4 h.
299
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Table 4. Summary of the statistical analyses of the responses generated by full-factorial design.

Y1 Y2 Y3 Ya Ys
Coefficient P value Coefficient P value Coefficient P value Coefficient P value Coefficient P value

I nter cept 40.07 0.001 66.61 0.0001 19.22 0.01 56.8 0.0001 33.76 0.001
X1 -5.17 0.28 2.20 0.16 -1.49 0.928 -4.17 0.34 -1.48 0.75

X2 3.80 0.04 2.71 0.01 -1.56 0.414 -11.53 0.70 6.16 0.22

X3 3.25 0.01 4.62 0.02 -4.00 0.0406 -0.31 0.03 -3.41 0.05
X1X2 -13.70 0.38 -3.19 0.40 -1.81 0.2270 3.86 0.73 6.21 0.36
X1X3 12.20 0.41 6.37 0.20 -1.32 0.3000 -1.63 0.88 3.04 0.58
X2X3 -12.35 0.41 -3.14 0.40 -2.00 0.2072 1.50 0.89 -3.21 0.57
Lack of fit - 0.6353 - 0.1521 - 0.2283 - 0.1658 - 0.6096

Y, Particle size; Y», entrapment efficiency; Y3, release after 2 h in simulated gastric fluid; Y4, release after 24 h in simulated intestinal fluid; Y, drug permeation through rat
intestine after 4h.

Table5. Measured and predicted physicochemical characteristics of optimized formulation (mean = SD)

Independent variables

Surfactant type Tween®80 + Span®20

Surfactant concentration 1.35 critical micelle concentration

Polymer type Poloxamer®

Dependent variables M easured Predicted P value Error (%)
Particle size (nm) 27.33+£2.01 29.46 0.25 -7.23
Entrapment efficiency (%) 65.45+1.48 62.33 0.15 5.00

Drug permeated after 4 h (%) 45.95+2.61 44.78 0.32 2.61
Iron-bonding (%) 97.32+0.89 - - -
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Drug release study in SGF was evaluated
within 2 h because maximum residence time in
the stomach is 2 h. The percentage of drug
release after 2 h (D2%) is shown in Table 3.
Equations 7 demonstrates the effect of each
variable on the obtained D2% in SGF.

Y; = +19.22 - 149X, - 1.56X; - 4.00X3 - 1.81X;X; -
1.32X,X; - 2.00X2X3 (7
where, Y3 is D2% in SGF and Xi, Xo and X3
are as defined previously.

Drug release in simulated intestinal
fluid solution

The percentage of drug release profiles
in SIF is presented in Fig. 2. Also,
the percentages of drug release after 24 h
(D24%) in SIF solution are shown in Table 3.
Equation 8 demonstrates the effect of
each variable on the obtained D24% in SIF.

Ys=56.8-4.17 X; — 11.53X5— 0.31X3 + 3.86 X, Xz —
1.63 X1X3 + 1.5 XoX;3 (®)

where, Y4 is D24% in SIF and Xi, X2
and X3 are as defined already.

Drug release kinetics

In order to evaluate the drug release
kinetics, the release profiles were fitted into
zero-order  kinetics, first-order  Kkinetics,
Higuchi and Hixon-crowell models. We found
that first order kinetics (R? = 0.975)
and Higuchi (R? = 0.986) were the best models
to define the release kinetics for DFO.

Scanning electron microscopy

SEM picture of optimized DFO-loaded
polymeric micelles is shown in Fig. 3
illustrating micelles with uniform shape
and size.

Differential scanning calorimetry

Thermograms of DFO pure powder,
DFO-loaded polymeric micelles and blank
polymeric micelles are shown in Fig. 4.
DFO powder indicated one endothermic
transition around 190 °C that disappeared
in DFO-loaded polymer micelle thermogram.
This implies that DFO is dissolved
in formulation and thermotropic state
of polymeric micelle was not changed.

Polymeric micelles for oral delivery of deferoxamine mesylate

Permeability study

The percentage of DFO permeated through
rat intestine within 4 h (P4%) from different
formulations is given in Table 3. The effect
of each wvariable on the obtained P4%
is demonstrated by the following equation:

Y5=33.76- 148 X, + 6.16 Xo— 3.41 X5+ 621 X;Xo+
3.04 XiXs - 3.21 XoX; )

where, Ys is P4 % and other Symbols are
as defined previously.
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Fig. 1. Percent of drug released from all polymeric
micelle formulations in simulated gastric fluid solution
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Fig. 2. Percent of drug released from all polymeric
micelle formulations in simulated intestinal fluid solution

Fig. 3. Scanning electron microscopy of optimized
polymeric micelles
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Iron-bonding ability

The percentage of iron bonded to
DFO-loaded  polymeric  micelles  and
DFO aqueous solution, is shown in Fig. 5.
All polymeric micelles and controls showed
DFO-iron bonding between 94.75 and 97.88%.

Micelle stability in refrigerated temperature

DFO-loaded polymeric micelles that were
stored at 4 °C for 3 months indicated less than
5% increasing in PS that was not significant.
Therefore, it seems that micelles have
desirable stability.

Micelle stability in
physiological conditions

Results indicated that in SGF and SIF
without bile salt, micelle size and drug
content did not change significantly. But
incubation in SGF/Bile salt and SIF/bile salt
decreased micelle size by 12.58 % + 0.95 and
9.89 % = 0.55, respectively. Under these
circumstances drug content did not change
significantly indicating DFO-loaded polymeric
micelles was stable.

Optimization was performed with Minitab
16 software to find the level of independent
variables that would obtain a minimum value
of PS and maximum value of EE. Optimized
formulation with desirability factor 0.974 was
prepared and the PS, EE%, Ps % and its
iron bonding ability were measured.
The differences between actual and predicted
values of dependent variables were evaluated
by t-test and P-values are reported in Table 5.
Based on the results, at 5% significance level,
there was no significant difference between
the actual and predicted values (P > 0.05).

media mimicking

DISCUSSION

The present research designed to prepare
DFO-loaded polymeric micelles for increasing
oral absorption of DFO. When a surfactant
is added to a dilute polymer solution,
a micelle-like aggregation is formed at CAC
that depends on the nature of the surfactant
and polymer. The CAC is always lower than
CMC by a factor between 3 and 10 for simple
system and 10-1000 for a complex long chain
polymer. In the presence of a polymer,

the CMC of the surfactant mixture may be
affected by the interaction between surfactant
and polymer.

30 505050 30 1000 50 100 150 200 °C

T e T T I e T e e
0 10 20 30 @ 50 60 min

Fig. 4. Differential scanning calorimetry thermograms
of (a) blank micelle, (b) deferoxamine-loaded polymeric
micelle, and (c) deferoxamine powder.
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Fig. 5. Percent of iron bounded with DFO-loaded
polymeric micelles and free drug solution. *P < 0.05
compared with free drug. DFO, Deferoxamine.
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Table5. Measured and predicted physicochemical characteristics of optimized formulation (mean = SD)

Independent variables

Surfactant type Tween®80 + Span®20

Surfactant concentration

1.35 critical micelle concentration

Polymer type Poloxamer®

Dependent variables M easur ed Predicted P value Error (%)
Particle size (nm) 27.33+2.01 29.46 0.25 -7.23
Entrapment efficiency (%) 65.45+1.48 62.33 0.15 5.00

Drug permeated after 4 h (%) 45.95+2.61 44.78 0.32 2.61
Iron-bonding (%) 97.32 +0.89 -

At CAC, polymer chains become saturated
with surfactants and more surfactant-polymer
interaction tendencies occur at higher CAC.
According to the findings of the present study,
Labrafil® and Labrasol® blend showed higher
CAC and CMC compared with Tween 80 and
Span 20 due to higher tendencies of Labrafil®
and Labrasol® for interaction with polymers
leading to micellar formation at higher
concentrations (35). In the current study,
lecithin and cholesterol were used to serve
as lipid core for polymeric micelle. Addition
of cholesterol and lecithin decreased CMC
value and particle size while promoted
stability of the micelles. In a previous study,
docetaxel-loaded lecithin-stabilized micellar
drug delivery system exhibited good stability
with particle size of below 200 nm (36).
Emami et al also reported that the absence of
lecithin in the oil phase of nanostructured lipid
carriers caused an increase in particle size
probably due to the increase of micelle core
viscosity (37). Transition from micelles to
vesicles may occur in the mixture of surfactant
and phospholipid in a region where micelles
and vesicles coexist. However, vesicles do not
appear when the concentration of surfactant
is higher than CMC, which is the case in
our study. Incorporation of a small amount of
cholesterol does not affect this transition (38).

PS is one of the most effective
characteristics on drug release and permeation.
In this study, polymeric micelles with PS less
than 81 nm provide sufficient areas for
efficient oral absorption. In the previous
studies DFO-loaded PLGA (39) and poly
(lactide-co-glycolide)-poly (ethylene glycol)-
poly (lactide-co-glycolide) (40) nanoparticles
showed mean PS of 220 and 116 nm,
respectively. According to the results, the most
effective factors on the PS relate to polymer
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type and surfactant concentration. Larger PS
was resulted when higher concentrations of
surfactant were used in the aqueous phase
resulting in higher viscosity. This finding is in
accordance with some earlier studies (41,37).
Furthermore, the micelles prepared using
carbomer showed larger particle size which
could be attributed to the ionization of acrylate
group of carbomer in aqueous medium,
polymer swelling and increasing viscosity
which in turn led to larger particles (42).
On the other hand, the incorporation of
poloxamer in the micelles significantly
reduced PS. Hydrophobic propylene oxide
domain of poloxamer could be adsorbed to
the lipid core of the micelle and hydrophilic
ethylene oxide domain produce protective
hydrophilic ~ shield preventing  particle
agglomeration. Similar results have been
reported in previous studies (43,37).

As shown in table 4, EE was affected
significantly by surfactant concentration and
polymer type. Higher EE was observed when
higher concentrations of surfactant and
carbomer were used. PS increasing leading to
more drug accommodation in the micelles.
Carbomer exhibited high viscosity
at low concentration in aqueous medium due
to the hydration of its acrylate group
which caused faster micelle formation
preventing drug escape from the micelle
leading to more EE (44).

Sustained drug release is another feature
that is very important for DFO delivery
systems. This increases DFO residence
time and reduces dosing frequency.
DFO-loaded micelles prepared in this study
significantly decreased release rate of DFO
in comparison with free drug which
is more favorable than some DFO-loaded
nanoparticles such as poly(g-caprolactone)-
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bloack-poly(propylene adipate) that showed
100% DFO release during 12 h (45). Based on
regression analysis, in SGF, the correlation
between polymer type and D2% was
significant and polymeric micellar drug
delivery systems containing poloxamer®
showed higher D2%. Similarly, in SIF,
significant correlations between D24% and
polymer type was observed (P < 0.05).
In this manner, formulations containing
Poloxamer® indicated higher drug release rate,
which might be due to smaller size of
the poloxamer-containing micelles leading to
increased  specific  surface area  and
drug release rate. These results are in
accordance with the results reported by
Varshosaz et al. (46) which showed Pluronic®
accelerated the drug release from liquid crystal
formulations and Emami et al who reported
that the presence of poloxamer in solid lipid
nanoparticles caused an increase in
drug release rate due to smaller particle
size (47). In addition, as mentioned before,
carbomer-containing micelles demonstrated higher
viscosity compared to poloxamer-incorporating
micelles which could decrease drug diffusion
from the micelle to dissolution medium.
Comparison between both media showed
that percentage of drug release was not
affected by pH of the medium.

The release kinetics of the micellar
formulations were best fitted to the Higuchi
model. Release exponents calculated using
Pepas equation was equal or less than 0.5 in all
formulations, which indicate DFO release is
mainly controlled by drug diffusion.

All polymeric micelles exhibited an
increase in P4+% and even some formulations
demonstrated more than 3 folds in
permeability compared to the control. The
maximum value for permeability was observed
for formulation 8, which corresponds to
3.32 folds higher than free DFO. According to
the results, there was a significant relationship
between polymer type and drug permeation,
such that polymeric micelles containing
Poloxamer®  demonstrated higher DFO
permeability. Previous studies have shown
that poloxamer enhanced oral absorption and
bioavailability of hydrophilic and hydrophobic
drugs (48). Ying et al. reported that poloxamer
was effectively promoted intranasal absorption
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of the drug possibly due to permeation of
poloxamer into lipid membranes changing
the lateral packing density of membranes
leading to enhanced drug absorption (49).
Conversely, Fischer et al reported no apparent
increasing effect of poloxamer on ketoprofen
intestinal absorption (50). However, PS may
affect permeability. It is generally assumed
that the membrane absorption is inversely
proportional to particle size, and most
published data support this hypothesis (51).
The micelle containing poloxamer exhibited
smaller size than those of containing carbomer
which could be a reason for increased
permeability.

Effective iron chelation is achieved if iron
chelators can remove equal or greater amounts
of iron accumulated in the body due to
transfusion. This needs chelators to be able to
reach the target site at appropriate
concentration (52). DFO-loaded polymeric
micelles demonstrated good iron-binding
capacity. The highest iron-bonding ability
demonstrated by formulation 1, which was
about 97.9%. Not all formulation with
surfactant concentration equal to CMC showed
significant differences in iron bonding ability
compared to free drug. A slight increase in
surfactant concentration could lead to more
micelle formation causing higher DFO loading
and iron-binding capacity. On the other hand,
increasing in  surfactant  concentration
increased DFO entrapment, which leads to
improvement of iron bonding ability.
However, surfactant concentrations greater
than 1.5 fold of CMC led to micelle
aggregation with lower DFO loading or iron-
binding capacity. DFO-loaded polymeric
micelles demonstrated good stability leading
to DFO protection against degradation in the
SGF and SIF. CMC less than 0.135 mg/mL is
resistant to rapid dissociation upon dilution in
GI tract following oral administration of
polymeric micelles (16). Therefore, Polymeric
micelles prepared in the present study with
CMC around 0.017 mg/mL demonstrate
resistance to dissociation in GI tract. However,
CMC per se is not adequate to ensure
polymeric micelle stability in GI tract
and other factors might be involved.



Francis et al. examined cyclosporine release
from micelles in SGF and SIF and found that
in both fluids, the drug release reached a
plateau within 4 h with less than 12% of drug
release (51). They concluded that this
phenomenon was due to good micelle integrity
under this condition. In our study, similar
experiment was performed and results showed
that D4% in SIF and SGF was less than 20%;
this may indicate polymeric micelles are able
to resist dissociation in GI tract. Different
approaches have been previously used for
improving DFO bioavailability by conjugation
of DFO to different polymer backbone such as
PEG methacrylate (53), hyperbranched
polyglyceroles (15), hydroxamic acid (54),
3-hydroxypyridine (55), and dextran (14).
Polomoscanik et al. produced a non-toxic
DFO hydroxamic acid-based iron-chelating
hydrogels and evaluated its ability to prevent
iron absorption in the GI tract (56).
These gels were effective in preventing gastric
iron absorption where Zn and Cu did compete
with iron moderately. In the present study, the
ability of DFO-loaded for Zn and Cu binding
was not evaluated and it should be performed
in future studies. Present  research
demonstrated a novel DFO-loaded polymeric
micelle that is not only stable and easily
forming but increases DFO permeability
through intestine membrane.

CONCLUSIONS

DFO as an iron chelator demonstrates
poor membrane permeability and low oral
bioavailability and for this reason, it is
administered as a slow subcutaneous or
intravenous infusion. The main aim of this
study was to design and optimize a polymeric
micelle formulation for increasing oral DFO
absorption. The results revealed that
all polymeric micelles increased permeability
through the rat intestine compared to control.
Polymeric micelles with low PS provided
sufficient area for oral absorption and iron
binding. Majority of polymeric micelles
did not decrease iron-binding ability compared
to DFO aqueous solution. Polymeric micelles
established perfect carrier for DFO

Polymeric micelles for oral delivery of deferoxamine mesylate
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encapsulation  and  protection  against
degradation that was proved by stability study
in acidic and alkaline conditions.

Polymeric micelles showed a sustained release
pattern that is a good feature for reducing
the frequency of DFO dosing. In conclusion,
optimized polymeric micelle including Tween
and Span with 1.35 CMC and Poloxamer®
indicated  perfect intestine  permeation
and iron-binding ability, which might be
a suitable system for oral DFO administration.
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