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Abstract: The objective of this study was to develop chitosan (CS) nanoparticles (NPs) loaded with
deferoxamine mesylate (DFO) for slow release of this iron-chelating drug. Drug nanoencapsulation
was performed via ionic gelation of chitosan using sodium tripolyphosphate (TPP) as cross-linker.
Nanoparticles with a size ranging between 150 and 400 nm were prepared for neat CS/TPP with a 2/1
molar ratio while their yield was directly dependent on the applied stirring rate during the preparation
process. DFO at different content (20, 45 and 75 wt %) was encapsulated into these nanoparticles.
We found that drug loading correlates with increasing DFO content while the entrapment efficiency
has an opposite behavior due to the high solubility of DFO. Hydrogen-bonding between amino
and hydroxyl groups of DFO with reactive groups of CS were detected using FI-IR spectroscopy
while X-ray diffraction revealed that DFO was entrapped in amorphous form in the CS nanoparticles.
DFO release is directly dependent on the content of loaded drug, while model analysis revealed that
the release mechanism of DFO for the CS/TPP nanoparticles is by diffusion. Treatment of murine RAW
264.7 macrophages with nanoencapsulated DFO promoted an increased expression of transferrin
receptor 1 (TfR1) mRNA, a typical homeostatic response to iron deficiency. These data provide
preliminary evidence for release of pharmacologically active DFO from the chitosan nanoparticles.

Keywords: chitosan; nanoparticles; ionic gelation; tripolyphosphate; deferoxamine mesylate; iron
chelator; nanoencapsulation; drug release

1. Introduction

Due to more than 40-year long clinical experience and low cost, the iron chelator deferoxamine
(DFO) remains a first line therapeutic option to reduce iron burden in transfusion-dependent thalassemia
patients [1]. The most significant challenge that DFO faces is its inability to be delivered effectively, since
itis poorly absorbed in the gastrointestinal tract and has a short plasma half-life of approximately 20 min.
In order to reach effective pharmacological concentrations, the drug is administered parenterally with
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the aid of a portable infusion pump at least 4-5 days per week and for 8-10 h each time. This rather
strenuous procedure reduces compliance and compromises of quality of life.

Nanocarriers, such as biocompatible polymers, offer unique possibilities to overcome cellular
barriers and improve drug delivery [2]. Their small sizes allow high diffusivity across membranes
improving drug permeability. Nanoparticles (NPs) have a diameter of less than 200 nm and this can
facilitate their cellular uptake via receptor-mediated endocytosis, fluid phase endocytosis or even
passive diffusion; moreover the small size reduces their clearance by the mononuclear phagocyte
system, which in turn increases their circulation time in blood [3-6]. Thus, the encapsulation of DFO in
biocompatible nanoparticles aiming in a slower and more controlled release of the drug in the blood
could provide an alternative means for drug administration, bypassing the compliance issue and
improving quality of life. Released DFO should maintain its pharmacological properties, efficacy and
safety profile.

Chitosan (CS) NPs have attracted a lot of attention as drug delivery vehicles due to their ability
to protect the drug from degradation, to achieve higher drug-loading and to release it in a slow and
sustained manner [7-10]. Furthermore, due to the hydrophilic properties of chitosan, CS NPs are
suitable carriers for hydrophilic drugs, like DFO. Lately, CS NPs have shown promising results in
delivering drugs for treatment of diabetes and cancer [11]. In another case, CS NPs were inoculated
in the rabbit ocular surface and were able to interact and remain associated with the ocular mucosa
for extended periods of time without causing inflammation [12]. A major challenge remains the
size-controlled synthesis of CS NPs [13].

CS-tripolyphosphate (TPP) NPs are intended for in vivo administration because of their excellent
biosafety profile. The ionic gelation method used for their preparation does not require the addition of
any organic solvents, a fact that avoids the problem of elimination of residues prior to delivery into
living organisms [14]. However, the reaction time, the stirring rate and the amount of tripolyphosphate
added in the chitosan solution are factors requiring optimization [15-19].

The aim of the present work was to prepare CS nanoparticles loaded with the iron chelator DFO.
We reasoned that since DFO exhibits a high water solubility and shares amino and hydroxyl groups
with CS, it could be encapsulated in high amounts within nanoparticles. After optimizing mechanical
stirring on the particle size during the ionic gelation proccess, we prepared CS NPs and characterized
them as appropriate DFO drug carriers by several techniques such as scanning electron microscopy
(SEM), Fourier transfrom infrared spectroscopy (FI-IR) and X-ray diffraction (XRD). We provide
preliminary evidence that encapsulated DFO can be released from CS/TPP NPs and generate an
iron-deficient phenotype in cultured cells.

2. Experimental

2.1. Materials

Chitosan of high molecular weight (MW: 350,000 g/mol, deacetylation degree >75% and viscosity
800-2000 cps), sodium tripolyphosphate (TPP) and ferric ammonium citrate were all purchased by
Sigma-Aldrich Co (St. Louis, MO, USA). Deferoxamine mesylate was supplied from Mayne Pharma
Inc. (Montreal Canada; Scheme 1). All other materials and solvents used in this study were of
analytical grade.
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Scheme 1. Chitosan, tripolyphosphate (TPP) and desferoxamine mesylate used for nanoencapsulation.

2.2. Preparation of CS Nanoparticles

CS nanoparticles were prepared according to the ionotropic gelation method [20]. Blank
nanoparticles were obtained upon the addition of TPP aqueous solution as an ionic crosslinking
agent (final concentrations 1 mg/mL, respectively) to a CS acetic acid solution. CS/TPP ratio was
2/1 w/w and different stirring rates (400, 800 and 1200 rpm) were applied. For the preparation of
drug-loaded nanoparticles, deferoxamine mesylate (DFO) aqueous solutions with CS were prepared
and TPP was added dropwise in order to prepare the nanoparticles. Every sample was prepared
in triplicate and the results represent the average value. Non-entrapped drug and disolved CS was
removed by ultra centrifugation at 13,000 rpm for 20 min and reconstituted from the precipitate in fresh
water (twice). The resulting suspension was frozen and lyophilized by a freeze-drier system (Scanvac,
Coolsafe 110-4 Pro, Labogen Scandinavia) for 24 h at —108 °C to obtain a dried nanoparticle product.

2.3. Characterization of CS Nanoparticles

2.3.1. Morphological Characterization of Nanoparticles

The morphology of the prepared nanoparticles was studied using scanning electron microscopy
(SEM; JEOL JMS-840 apparatus). The samples were covered with a carbon coating in order to provide
good conductivity of the electron beam. Operating conditions were: accelerating voltage 20 kV, probe
current 45 nA and counting time 60 s.

2.3.2. Size Measurements of Nanoparticles

The intensity average particle size distribution of CS/drug nanoparticles was determined by
dynamic light scattering (DLS) using a Zetasizer Nano Instrument (Malvern Instruments, NanoZS,
ZEN3600, UK) operating with a 532 nm laser. A suitable amount of nanoparticles was dispersed in
distilled water creating a total concentration 1% and was kept at 37 °C under agitation at 100 rpm.
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2.3.3. Wide Angle X-ray Diffractometry (WAXD)

A wide angle X-ray diffractometry (WAXD) study of neat and drug encapsulated nanoparticles
was performed over the range 26 from 5 to 50°, at steps of 0.05° and counting time of 5 s, using a
MiniFlex II XRD system from Rigaku Co. with Cu Ka radiation (A = 0.154 nm).

2.3.4. Fourier Transformation-Infrared Spectroscopy (FT-IR)

FT-IR spectra were obtained using a PerkinElmer FTIR spectrometer, model Spectrum 1000.
In order to collect the spectra, a small quantity of freeze-dried nanoparticles was mixed with KBr
(1 wt % nanoparticles) and compressed to form tablets. The IR spectra of these tablets, in absorbance
mode, were obtained in the spectral region of 450-4000 cm™! 1
64 co-added scans.

using a resolution of 4 cm™ and

2.3.5. Differential Scanning Calorimeter (DSC)

A differential scanning calorimeter (DSC) study was performed using a Perkin-Elmer, Pyris
Diamond DSC, calibrated with indium and zinc standards. Samples of 10.0 + 0.1 mg sealed in
aluminum pans were heated from room temperature until 200 °C at a heating rate of 20 °C/min under
nitrogen atmosphere and held at that temperature for 5 min. Then the samples were supercooled to
30 °C at a cooling rate of 200 °C/min, held at this temperature for 5 min and subsequently heated again
with 20 °C/min until 200 °C.

2.3.6. Evaluation of Drug Encapsulation and Release Rates

The drug content of nanoparticles was determined using a direct procedure. Lyophilized samples
of nanoparticles (1 mg) were dissolved in a mixture of aqueous acetic acid solution (1% v/v)/ferric
chloride (20 mg/mL) 50%/50% volume/volume and the solutions were assayed for drug content using
a Shimadzu HPLC system with a CNW Technologies Athena C18 column (250 mm X 4.6 mm and
5 pm internal diameter) at 40 °C. Chromatographic station CSW was used for regression analysis
and data acquisition. Concentration was determined by using an HPLC-UV apparatus at 430 nm
as described in our previous study [21]. In brief, the HPLC system was operated isocratically, flow
rate was set at 1.2 mL/min and injection volume was 20 uL. The mobile phase consisted of 27 mM
KH;POy/tetrahydrofurane/triethylamine (93:7:0.05 v/v/v). Each sample was measured in triplicate
to obtain quite sharp peaks at retention time 6.6 min and chromatographic data were processed to
concentration. Nanoparticle yield, drug loading and drug entrapment efficiency were calculated from
Equations (1)—(3), respectively:

(weight of nanoparticles)

Nanoparticles yield (%) = x 100 (1)

(weight of polymer and drug fed initially)

. (weight of drug in nanoparticles)
Drug loading (%) = - - x 100 )
(weight of nanoparticles)

(weight of drug in nanoparticles)

Entrapment efficiency (%) = x 100 3)

(weight of initially used drug)
The release rate of DFO from prepared nanoparticles was also determined using an HPLC UV

apparatus at 430 nm, as described in our previous study [21].

2.3.7. Cell Culture

Murine RAW 264.7 macrophages were grown in Dulbecco’s modified Eagle medium (DMEM)
containing 10% fetal bovine serum, 100 U/mL penicillin and 100 mg/mL streptomycin (Wisent Inc.,
St-Bruno, QC).
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2.3.8. Quantitative Real-Time PCR (qPCR)

At the end points, the cells were scraped, harvested and washed in cold phosphate buffered saline
(PBS). The cell pellets were then lysed in RLT Buffer. Total RNA was isolated from cell lysates using the
Rneasy Mini kit (Qiagen). Purity was assessed by 260/280 nm absorbance ratios. qPCR was performed
by using gene-specific primers (Table 1), as previously described [22] with ribosomal protein S18 (r518)
as a housekeeping gene for normalization. gPCR results are represented as fold changes compared to
RAW 264.7 macrophages treated with PBS.

Table 1. List of gene-specific primers used for qPCR.

GenBank

Gene . Forward Primer Sequence Reverse Primer Sequence
Accession

TfR1 NM_011638.4 AGCCAGATCAGCATTCTCTAACT GCCTTCATGTTATTGTCGGCAT

Rpl19 NM_009078.2 AGGCATATGGGCATAGGGAAGAG TTGACCTTCAGGTACAGGCTGTG

2.3.9. Statistical Analysis

Quantitative data were expressed as mean + standard error of the mean (SEM). Comparisons
were made using the unpaired Student’s ¢ test. A probability value p < 0.05 was considered to be
statistically significant.

3. Results and Discussion

3.1. Size and Morphology of CS/TPP Nanoparticles

The particle size and size distribution of chitosan nanoparticles are important parameters for
the development of physically and chemically stable nanocarriers, since these properties influence
significantly their biological performance and drug release profile [22,23]. The effect of the CS/TPP
ratio on the size of nanoparticles was studied in our previous work, where we obtained the lowest
nanoparticle size at a CS/TPP w/w ratio near 2/1-4/1 [24,25]. The addition of higher TPP content caused
rapid nanoparticles aggregation resulting in higher sizes [26].

However, along with the ratio between CS and TPP, the stirring conditions can also be crucial
in determining what kind of particle shape and size dispersity is obtained due to different growth
rates. The mechanical energy associated with the reaction stirring speed may exceed the electrostatic
repulsion energy between nanoparticle positive surface charges, thus eventually triggering aggregation
phenomena [27,28]. Thus, at the present work, the crucial role of the stirring speed was also evaluated,
as being one of the factors, which is directly implicated in aggregation. The CS/TPP 2/1 w/w ratio
was selected and different stirring speeds like 400, 800 and 1200 rpm were applied. Table 2 shows
nanoparticle yields at different stirring rates as well as the prepared sizes.

Table 2. Nanoparticle yield (%), particle size and zeta potential of CS/TPP 2/1 at different stirring rates.

2 Sample Nanoparticle Yield (%)  Nanoparticle Size (nm)  Pdi Zeta Potential (mV)
CS/TPP 2/1 400 rpm 77.50 + 1.84 243 £ 15 0.62 38.45
CS/TPP 2/1 800 rpm 8575 +1.12 287 £17 0.78 37.59
CS/TPP 2/1 1200 rpm 82.51+0.93 269 +21 0.54 40.11

2 Three measurements per condition were obtained. Standard deviation (o) has been calculated using the following
formula: 0 = /[ (x — mean)2/N.

In agreement with previous studies [13], the highest percentage of nanoparticles was obtained at
a stirring rate of 800 rpm (85.75%), even though the differences with the other speeds are not so high.
At lower and higher stirring rates (400 and 1200 rpm) slightly lower nanoparticle yield was produced
while particle size was not significantly affected (Table 2). The dispersion and particle distribution
of nanoparticles as measured by DLS (Figure 1) was also similar in all stirring rates with very small
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and apparently statistically insignificant differences. These findings suggest that the stirring speed
during ionic gelation affects the reaction yield, and therefore, by manipulating this parameter a greater
proportion of nanoparticles of a given size range could be obtained.

14
124
] / N
104 F-A—CS/TPP 2/1 400 rpm
| CS/TPP 2/1 800 rpm
[=A— CS/TPP 2/1 1200 rpm)

Intensity (%)

T T UL |
100 1000
Particle Size Distribution (nm)

Figure 1. Dynamic light scattering (DLS) curves of CS/TPP 2/1 nanoparticles prepared at different
stirring rates.

The morphology of the nanoparticles was likewise not affected by variations in the stirring rates.
Thus, the nanoparticle shape was essentially identical under all conditions (Figure 2) and as can be seen
at higher magnification (Figure 3), in almost all cases spherical. The zeta potential due to amino groups
of CS was in all nanoparticles positive and ranged between 37.6-40.1 mV. Thus, for DFO encapsulation,
CS/TPP 2/1 w/w ratio was selected and the solution stirring speed was maintained at 800 rpm.

Toum

Tourm

(©)

Figure 2. SEM micrographs of CS/TPP 2/1 nanoparticles of CS/TPP 2/1 nanoparticles prepared at
different stirring rates: (a) 400 rpm, (b) 800 rpm and (c) 1200 rpm.
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Figure 3. SEM micrographs of CS/TPP 2/1 nanoparticles prepared at different stirring rates and at
higher magnification (0.2 um): (a) 400 rpm and (b) 800 rpm.

3.2. CS/TPP Nanoparticles Loaded with DFO

DFO is very soluble and thus its loading into CS/TPP nanoparticles could be challenging. In order
to evaluate this, we generated and studied the characteristics of CS nanoparticles with variable DFO
content of 20, 45 and 75 wt %. As can be seen from Table 3 the particle size increased slightly by
increasing DFO concentration. Measurements were performed with DLS at 25 °C and the data show a
direct correlation between drug content and NP diameter. This is because DFO can interact via -OH
and mainly via carbonyl groups with the CS amino groups forming an amide hydrogen bond. These
interactions, in comparison also with reduced CS amount, could decrease CS’s availability for ionic
interactions with TPP. Thus, increasing DFO concentrations lead to reduced TPP ionic interactions and
thereby bigger NP size. This, in comparison with drug loading could affect DFO release. The DFO
content also affects the other characteristics of CS nanoparticles; thus, the nanoparticle’s yield is
progressively reduced by increasing DFO amount. This could be attributed to the low entrapment
efficiency of DFO in nanoparticles, which is also reduced by increasing DFO content. As can be seen in
all cases only a small percentage of DFO is loaded in nanoparticles (about 50 wt % in all conditions),
which means that a big DFO amount was in solution. This is due to the high water solubility of DFO.

Table 3. Nanoparticle size, yield (%), drug loading (%) and entrapment efficiency (%) of CS/TPP/DFO
at various DFO concentrations.

Nanoparticle Nanoparticle . Entrapment

a o,

Sample Diameter (nm) Yield (%) Drug Loading (%) ped ency (%)

CS/TPP_blank 287 +17 85.75+1.12 - -

CS/TPP_20%DFO 304 + 25 76.88 £1.12 11.55 +1.47 4445 +1.39

CS/TPP_45%DFO 448 + 31 61.46 +0.87 17.02 £2.12 26.15+1.05

CS/TPP_75%DFO 528 + 35 3547 +1.34 40.09 + 4.22 18.96 + 0.89
2 Three measurements per condition were obtained. Standard deviation (o) has been calculated using the following
formula: 0 = +/[Y.(x — mean)2/N.

It is known that drug release is largely dependent on the physical state of the compound that
is encapsulated or dispersed in a polymeric matrix. It also counts on the extent of interactions with
the polymeric matrix and particularly the ability to form hydrogen bonds. DFO contains hydroxyl,
carbonyl and secondary amino groups, which could interact with the primary amino groups of the
CS. To explore these possible reactions, FTIR spectra of all samples were recorded and are shown in
Figure 4.
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Figure 4. FTIR spectra of CS, DFO, CS/TPP and their nanoparticles containing different amounts
of DFO.

The broad peak around 3600-3000 cm™! in neat CS should be assigned to the stretching vibration of
—-OH, the extension vibration of the >NH, and the intermolecular hydrogen bonds of the polysaccharide.
Indeed, CS has a strong absorbance at 3428 cm™! due to its -OH groups while primary amines have
two peaks in this region (3280 and 3098 cm~!) due to NH, groups and some lower intensity peaks (in
the range 2921-2879 cm~!), which are attributed to stretching vibrations of methylene groups in the
polymeric chain. There are weak absorption peaks at 1639 and 1545 cm™! corresponding to amide I
and amide II, respectively, which indicate that chitosan had a high deacetylation degree, while the
absorption at 1075 cm™! is due to asymmetric stress of the C-O-C bond. The absorbance at 1150 cm ™
is characteristic of asymmetric vibration of the b-(1-4) glycosidic bond [29,30]. DFO showed a small
peak at 2310 cm™! (free -OH groups), a sharp band at 3423 cm ™! due to ~OH stretching vibrations and
a broad peak (shoulder) at 3233 cm™! that is assigned to N-H stretching vibrations.

The comparative spectra, in case of CS nanoparticles, are presented in Figure 5a,b in the areas
of hydroxyl and carbonyl groups absorptions, respectively, where several shifts of the characteristic
peaks can be clearly seen. Hydroxyl group bands in CS/TPP samples are recorded at 3410 cm™! and
amino stretching at 3262 and 3092 cm~!. These shifts are clearly due to the ionic interaction taking
place between CS and TPP for the formation of nanoparticles. However, when DFO is incorporated the
~OH band was shifted at 3321 cm™!, at CS/TPP with 20 wt % DFO without being separated from amino
groups, while a small peak was recorded at 3083, due to the shift of -NH, groups from 3092 cm™.
It also can be seen that at nanoparticles containing 45 and 75 wt % DFO, -OH peak was recorded at
even lower wavenumbers (3263 cm™). This shift was too high and is clearly due to the formation of
hydrogen bonds between OH or amino groups of chitosan and DFO, since neat DFO had a peak at
3466 cm™!.
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Figure 5. FTIR spectra of CS, DFO, CS/TPP and their nanoparticles containing different amounts of
DFO in the areas of (a) of hydroxyl groups absorption and (b) carbonyl groups absorption.

Figure 5b shows that neat CS had a broad band absorption at 1660 cm~! and an amide carbonyl
at 1545 cm™! [31]. Both have been shifted to lower wavenumbers, 1638 and 1541 cm™?, respectively,
when CS interacts with TPP. Neat DFO has also several peaks in these areas as in 1713, 1668 and two
smaller intensity at lower wavenumbers. It is characteristic that in all CS/TPP/DFO nanoparticles
these peaks were not recorded and it seemed that the high intensity peak at 1668 cm~! was shifted to
lower wavenumbers and merged with the carbonyl absorption of CS/TPP forming a new peak with
absorption at 1645 cm™!. This finding indicates that the carbonyl peaks of DFO participate dalso in
hydrogen bond interactions with CS.

The physical state of the drug is also crucial for its release behavior and this was studied by XRD.
As can be seen from Figure 6 neat CS exhibited the weak diffraction peaks centered at diffraction angle
20 = 11.9°, and sharp diffraction peaks at 20 = 20° were indicative of the high degree of crystallinity
morphology of chitosan [32]. The addition of TPP had as a result to form an amorphous material
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(nanoparticles) since a hallow broad peak was recorded. So, it is clear that the ionic gelation and
the evolved interactions between CS/TPP reduced the ability of CS chains to fold and crystallize.
Concerning the CS/TPP nanoparticles with different amounts of DFO it can be seen that all these
were also amorphous, while it is clear that DFO was a crystalline compound with many characteristic
peaks at 20 = 19.32°, 21.03°, 22.56°, 23.98° and 28.46°. In all XRD patterns of CS/TPP/DFO NPs only
a broad peak at 20 = 22° was recorded. The nanoparticles were characterized by the absence of any
crystalline peak, which indicates that DFO was encapsulated (entrapped) in the amorphous form.
This is probably due to the extensive hydrogen bonds formed between DFO and CS, as concluded by

FT-IR spectroscopy [33].
—CS
.ﬂ ——DFO
M‘ —— CS/TPP
I CS/TPP-20% DFO
il H —— CS/TPP-45% DFO
m w CS/TPP-75% DFO
£ it
2 J
8 | %
>
= J{ JM
c \
2 i h
= fi i
, |v\‘w'H e il f AVAMM{NNWV‘” ™ .
WNW e AW Yy, }'M"M’MM\‘MWWM o

26 (deg.)

Figure 6. XRD patterns of CS, DFO, CS/TPP and their nanoparticles containing different amounts
of DFO.

The drug amorphization was also verified by DSC. As can be seen in Figure 7a there was a broad
peak recorded in CS/TPP due to dehydration of nanoparticles. CS is a very hydrophilic material and
absorbed about 12-20 wt % of water at room temperature. This water was evaporated during heating
of CS/TPP given a broad endothermic peak with a maximum about 80 °C. For this reason, no peak was
recorded during the second scan after cooling from 200 °C (Figure 7b). A similar behavior was also
observed for the CS/TPP nanoparticles encapsulated with DFO. All samples gave a broad peak during
first heating and a line during second heating. The dehydration temperature seems to be dependent
on DFO and as can be seen from Figure 7a was slightly reduced by increasing the DFO amount until
72 °C. The addition of DFO and the evolved interactions with CS reduced the available free groups
and thus their ability to absorb more water, or the ability of absorbed water to be easily removed from
these nanoparticles.
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Figure 7. DSC thermograms of CS/TPP and their nanoparticles containing different amounts of DFO.
(a) First heating and (b) second heating.

3.3. Drug Release from CS NPs

DFO release from CS NPs is presented in Figure 8. It is clear that DFO release was mainly
dependent on the amount of added DFO and at a lower extent on time, which is in good agreement
with our previous study using poly(e-caprolactone)-block-poly(propylene adipate) copolymers as
appropriate matrices for nanoencapsulation of DFO [34]. A lag phase was observed in DFO release
from CS NPs with lower drug content (20% and 45%) compared to free DFO, which is freely soluble.
The lag phase was absent in CS NPs with 75% DFO and the release behavior was closer to that of
neat DFO. This is because as was found from Table 3 a high percentage of DFO was loaded into
nanoparticles (about 40%). These data suggest that increased DFO encapsulation improved its release
profile from CS NPs. However, in all cases the release peaked at 1 day and then reached a plateau.
Additionally, it seemed that in all cases and mainly in CS nanoparticles containing 20 and 45 wt %
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DFO the release was not complete and some amount remained in nanoparticles. This behavior could
be attributed to the strong interactions that are taking place between DFO and CS, which was proved
by FTIR, reducing the diffusion of DFO from nanoparticles.

100__ ./I/I’J./:::
90 - /:;_/_/_ —
80
] / :/ a— e | -— .
< 70+ ./ -
& - n
5 604 [ /
g /
g . a —s—DFO
o 40- // —m— CS/TPP-20% DFO
s -i_/ CS/TPP-45% DFO
20
10 {li
0- . | | | | |
0 J . :

Time (days)

Figure 8. Kinetics of DFO release from CS nanoparticles (NPs) with variable DFO content.

Next, we attempted to model/analyze the experimental release data and to correlate them with the
nanoparticles composition. Although at a first glance the release curves for pure drug and for CS/TPP
nanoparticles appeared quite similar, it is noteworthy that they correspond to completely different
physical mechanisms. In all release cases, taking into account that the characteristic release time is
several hours and there is intense mixing, it can be assumed that mass transfer in bulk does not affect
the release process.

The release mechanism for a pure drug is the drug dissolution. This process is usually described
by a generalized Noyes-Whitney equation that takes into account finite rate dissolution kinetics [35].
The solution of this equation in the present experiment is a single exponential curve. The fitting of
such a curve to the corresponding experimental data is of medium success. A possible reason for this
is that the theory considers that the final bulk concentration is the equilibrium one (drug solubility).
However, this is not clear in the present case since the final release of almost 100% implies that the
final bulk concentration of the drug may not correspond to its solubility. In such a case the scheme of
the release curve is strongly affected by the size distribution of the drug particles. In principle, this
distribution can be reconstructed by the shape of the release curve. However, such a task is outside of
the scope of the present study, which focuses on the nanoparticles release behavior.

Examining the release from nanoparticles the first step is to isolate the limiting behavior from the
dynamic one. The asymptotic release fraction for the 20, 45 and 75 DFO type of nanoparticles was
76.3%, 89.3% and 94%, respectively. It is clear that there was an amount of drug permanently bound to
the CS/TPP matrix. This amount decreased as the drug content increased, leading to an increase of
asymptotic released percentage. The next step is to construct the normalized release curves. It can be
done by simply dividing the data with the corresponding asymptotic value. The normalized curves
are shown in Figure 9 where the difference in release dynamics for the three drug contents is evident.
These normalized curves have to be described by the appropriate model.
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Figure 9. Normalized drug release data for three types of nanoparticles.

The release mechanism for the CS/TPP nanoparticles is a diffusive one. The DFO molecules diffuse
through the CS/TPP structure until reaching the bulk fluid. There are several simple models in the drug
release literature for the modeling of this diffusion process. A basic classification of these models is
between the Fickian and non-Fickian type of diffusion [36]. These simple models typically refer to the
initial stages of the release process. The present data are extended up to the completion of the release
process; therefore, a different model is needed. In that case the process is described by the solution
of the transient diffusion equation in the nanoparticle. This is a partial differential equation and in
principle it must be solved numerically. However, in the special case of Fickian diffusion in a spherical
particle an analytical solution in the form of infinite series exists [37]. An alternative approach is an
approximate solution based on a polynomial representation known as linear driving force formula
(LDF) [38]. This approach leads to an exponential form of the normalized release data:

15Dt
N = 1-exp(-—2") @

where Ny is the normalized released drug fraction, t is time, R is the nanoparticle radius and D is
the effective diffusion coefficient of DFO in the CS/TPP matrix. The above equation is fitted to the
experimental data shown in Figure 9. The value of R for each type of nanoparticle was calculated
from the diameters appeared in Table 2. The fitting was very successful as it appeared in Figure 10
presenting comparison between experimental and modeling results. The LDF formula ignored the
initial diffusion burst, which was included in the infinite series solution. The fact that LDF was enough
to describe the present data implies that there was a lack of drug at the periphery of the particles.
This was compatible to the observed release lag referred above.

The diffusion coefficients extracted from the fitting procedure are D = 0.684 x 107! m?/s,
1.43 x 107 m?/s and 3.65 x 107! m?/s for the three types of nanoparticles (20, 45 and 75 DFO) respectively.
As it is expected the diffusion coefficient increased as the content of the drug in the particles increased.
This increase appeared to be non-linear becoming more intense for larger drug contents. The data of
diffusion coefficient were correlated with respect to the percentage drug content C in the nanoparticles
(appearing in Table 2) through the fitted equation D = (0.0723C2 — 0.706C + 2.39) x 107! m?/s.
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Figure 10. Comparison between experimental (symbols) and model (lines) normalized drug release
results for three types of nanoparticles.

3.4. Evidence that DFO Released from CS NPs Operates as a Functional Iron Chelator in Cultured Cells

Cellular iron metabolism is post-transcriptionally regulated by the IRE/IRP system [39]. In iron
deficient cells, “iron regulatory proteins” IRP1 and IRP2 bind to “iron-responsive elements” (IREs) in
the untranslated regions of several mRNAs encoding proteins of the iron metabolism and control their
expression. This homeostatic adaptation program promotes the iron uptake and prevents iron storage
or export. Iron uptake is mediated by transferrin receptor 1 (TfR1), which is induced in iron-deficient
cells upon stabilization of its mRNA by IRE/IRP interactions. Conversely, TfR1 is suppressed in
iron-loaded cells due to inactivation of IRPs, which allows TfR1 mRNA degradation. Thus, expression
of TfR1 mRNA is a common marker for cellular iron status.

We utilized murine RAW 264.7 macrophages as a cell culture model to address the iron-chelating
properties of DFO released from CS NPs. The cells were either left untreated or pretreated with
30 pg/mL ferric ammonium citrate (FAC) for 24 h. Subsequently, the cells were washed and left
untreated or treated with 100 uM free DFO or CS NP-encapsulated DFO for 18 h. The data in Figure 11
show that both free and CS NP-encapsulated DFO induced TfR1 mRNA levels, which is indicative
of effective iron chelation. In preliminary experiments, we found that empty nanoparticles had no
effects on TfR1 expression (not shown). Presumably, and based on the data in Figure 8, the release of
DFO from the CS NPs was incomplete. Nevertheless, assuming a 70% release efficiency, the effective
concentration of free DFO was well above 50 uM, which is known to trigger iron deficiency in cultured
cells [40].
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Figure 11. CS/TPP NP-encapsulated DFO promotes induction of TfR1 mRNA in RAW 264.7 macrophages.
4. Conclusions

Favorable sizes of CS NPs were prepared appropriately for in vivo applications. Our data
suggest an experimental optimum of CS/TPP ratio 2/1 w/w and of stirring rate 800 rpm for the
highest nanoparticles yield. DFO, a drug widely used for the treatment of transfusion-dependent
beta-thalassemia, was successfully encapsulated in these nanoparticles with high drug loading ranging
from 11% to 40%, depending on the DFO amount. FT-IR spectroscopy identified strong interactions
between the nanocarriers and the drug. These interactions may lead to the amorphization of DFO into
nanocarriers, as was detected by XRD studies. Our experiments suggest that CS NP-encapsulated DFO
was appropriately released and operated as an iron chelator in a cell culture model. Nevertheless, these
preliminary data did not provide any clue on whether NP-encapsulated DFO is suitable for therapeutic
applications, and further work with animal models is required to assess the pharmacological potential
of this drug in vivo.

Author Contributions: Data curation, M.K. and D.A.L.; Formal analysis, M.K,, D.A.L. and A K., Funding
acquisition, K.P,; Investigation, M.L., E.C., M.N., A K. and D.N.B.; Methodology, M.L., E.C., M.N. and A K.; Project
administration, K.P.; Writing—review and editing, K.P. and D.N.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Acknowledgments: This work was supported by a grant from the Thalassemia Foundation of Canada.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Musallam, K.M.; Angastiniotis, M.; Eleftheriou, A.; Porter, ].B. Cross-Talk between Available Guidelines
for the Management of Patients with Beta-Thalassemia Major. Acta Haematol. 2013, 130, 64-73. [CrossRef]
[PubMed]

2. Cheng, CJ.; Tietjen, G.T.; Saucier-sawyer, ].K.; Mark, W.; Haven, N.; Haven, N. A holistic approach to
targeting disease with polymer nanoparticles. Nat. Rev. Drug Discov. 2015, 14, 239-247. [CrossRef] [PubMed]


http://dx.doi.org/10.1159/000345734
http://www.ncbi.nlm.nih.gov/pubmed/23485589
http://dx.doi.org/10.1038/nrd4503
http://www.ncbi.nlm.nih.gov/pubmed/25598505

Pharmaceutics 2020, 12, 238 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Fangueiro, ].E; Andreani, T.; Egea, M.A_; Garcia, M.L.; Souto, S.B.; Silva, A.M.; Souto, E.B. Design of cationic
lipid nanoparticles for ocular delivery: Development, characterization and cytotoxicity. Int. J. Pharm. 2014,
461, 64-73. [CrossRef]

Mishra, V.; Jain, N.K. Acetazolamide encapsulated dendritic nano-architectures for effective glaucoma
management in rabbits. Int. . Pharm. 2014, 461, 380-390. [CrossRef]

Pahuja, P.; Arora, S.; Pawar, P,; Pahuja, P.; Arora, S.; Pawar, P. Ocular drug delivery system: A reference to
natural polymers. Expert Opin. Drug Deliv. 2012, 9, 837-861. [CrossRef] [PubMed]

Ustiindag-Okur, N.; Gokge, E.H.; Bozdiyik, D.I; Egrilmez, S.; Ozer, O.; Ertan, G. Preparation and
in vitro—in vivo evaluation of ofloxacin loaded ophthalmic nano structured lipid carriers modified with
chitosan oligosaccharide lactate for the treatment of bacterial keratitis. Eur. J. Pharm. Sci. 2014, 63, 204-215.
[CrossRef] [PubMed]

Chevalier, M.T.; Gonzalez, J.; Alvarez, V. Biodegradable Polymeric Microparticles as Drug Delivery Devices.
Ifmbe Proc. 2015, 49, 187-190.

Patel, J.K,; Jivani, N.P. Chitosan Based Nanoparticles in Drug Delivery. Int. . Pharm. Sci. Nanotechnol. 2009,
2,517-522.

Keawchaoon, L.; Yoksan, R. Preparation, characterization and in vitro release study of carvacrol-loaded
chitosan nanoparticles. Colloids Surf. B Biointerfaces 2011, 84, 163-171. [CrossRef]

Frank, L.A.; Onzi, G.R.; Morawski, A.S.; Pohlmann, A.R.; Guterres, S.S.; Contri, R.V. Chitosan as a coating
material for nanoparticles intended for biomedical applications. React. Funct. Polym. 2020, 147, 104459.
[CrossRef]

Arulmozhi, V,; Pandian, K.; Mirunalini, S. Ellagic acid encapsulated chitosan nanoparticles for drug delivery
system in human oral cancer cell line (KB). Colloids Surf. B Biointerfaces 2013, 110, 313-320. [CrossRef]
[PubMed]

de Campos, A.M.; Diebold, Y.; Carvalho, E.L.S.; Sanchez, A.; Alonso, M.]. Chitosan Nanoparticles as New
Ocular Drug Delivery Systems: In Vitro Stability, in Vivo Fate, and Cellular Toxicity. Pharm. Res. 2004, 21,
803-810. [CrossRef] [PubMed]

Fabregas, A.; Minarro, M.; Garcia-Montoya, E.; Pérez-Lozano, P; Carrillo, C.; Sarrate, R.; Sanchez, N.;
Tico, J.R.; Sufié-Negre, ]. M. Impact of physical parameters on particle size and reaction yield when using the
ionic gelation method to obtain cationic polymeric chitosan—tripolyphosphate nanoparticles. Int. . Pharm.
2013, 446, 199-204.

Dash, M.; Chiellini, F.; Ottenbrite, R.M.; Chiellini, E. Chitosan—A versatile semi-synthetic polymer in
biomedical applications. Prog. Polym. Sci. 2011, 36, 981-1014. [CrossRef]

Bulmer, C.; Margaritis, A.; Xenocostas, A. Production and characterization of novel chitosan nanoparticles
for controlled release of rHu-Erythropoietin. Biochem. Eng. J. 2012, 68, 61-69. [CrossRef]

Fan, W.; Yan, W.; Xu, Z.; Ni, H. Formation mechanism of monodisperse, low molecular weight chitosan
nanoparticles by ionic gelation technique. Colloids Surf. B Biointerfaces 2012, 90, 21-27. [CrossRef]

Gaspar, V.M.; Sousa, F.; Queiroz, J.A.; Correia, I.]. Formulation of chitosan-TPP-pDNA nanocapsules for
gene therapy applications. Nanotechnology 2011, 22, 015101. [CrossRef]

Ji, AM,; Su, D; Che, O.; Li, W.S,; Sun, L.; Zhang, Z.Y.; Yang, B.; Xu, F. Functional gene silencing mediated by
chitosan/siRNA nanocomplexes. Nanotechnology 2009, 20, 405103. [CrossRef]

Tsai, M.; Chen, R.; Bai, S.; Chen, W. The storage stability of chitosan/tripolyphosphate nanoparticles in a
phosphate buffer. Carbohydr. Polym. 2011, 84, 756-761. [CrossRef]

Calvo, P; Vila-Jato, J.L.; Alonso, M.]. Evaluation of cationic polymer-coated nanocapsules as ocular drug
carriers. Int. J. Pharm. 1997, 153, 41-50. [CrossRef]

Nanaki, S.G.; Kanaze, F1; Bikiaris, D.N. Development of a simple validated isocratic HPLC method for the
assaying of desferrioxamine in nanoparticles based on poly(e-caprolactone)-block-poly(propylene adipate)
copolymers. Glob. |. Anal. Chem. 2011, 2.

Maffettone, C.; Chen, G.; Drozdov, I.; Ouzounis, C.; Pantopoulos, K. Tumorigenic Properties of Iron Regulatory
Protein 2 (IRP2) Mediated by Its Specific 73-Amino Acids Insert. PLoS ONE 2010, 5, e10163. [CrossRef]
Pan, Y.; Zheng, J.; Zhao, H.; Li, Y.; Xu, H.; Wei, G. Relationship between drug effects and particle size of
insulin-loaded bioadhesive microspheres. Acta Pharmacol. Sin. 2002, 23, 1051-1056.

Papadimitriou, S.; Bikiaris, D.; Avgoustakis, K. Chitosan nanoparticles loaded with dorzolamide and
pramipexole. Carbohydr. Polym. 2008, 73, 44-54. [CrossRef]


http://dx.doi.org/10.1016/j.ijpharm.2013.11.025
http://dx.doi.org/10.1016/j.ijpharm.2013.11.043
http://dx.doi.org/10.1517/17425247.2012.690733
http://www.ncbi.nlm.nih.gov/pubmed/22703523
http://dx.doi.org/10.1016/j.ejps.2014.07.013
http://www.ncbi.nlm.nih.gov/pubmed/25111119
http://dx.doi.org/10.1016/j.colsurfb.2010.12.031
http://dx.doi.org/10.1016/j.reactfunctpolym.2019.104459
http://dx.doi.org/10.1016/j.colsurfb.2013.03.039
http://www.ncbi.nlm.nih.gov/pubmed/23732810
http://dx.doi.org/10.1023/B:PHAM.0000026432.75781.cb
http://www.ncbi.nlm.nih.gov/pubmed/15180338
http://dx.doi.org/10.1016/j.progpolymsci.2011.02.001
http://dx.doi.org/10.1016/j.bej.2012.07.007
http://dx.doi.org/10.1016/j.colsurfb.2011.09.042
http://dx.doi.org/10.1088/0957-4484/22/1/015101
http://dx.doi.org/10.1088/0957-4484/20/40/405103
http://dx.doi.org/10.1016/j.carbpol.2010.04.040
http://dx.doi.org/10.1016/S0378-5173(97)00083-5
http://dx.doi.org/10.1371/journal.pone.0010163
http://dx.doi.org/10.1016/j.carbpol.2007.11.007

Pharmaceutics 2020, 12, 238 17 of 17

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.
39.
40.

Siafaka, P.IL; Titopoulou, A.; Koukaras, E.N.; Kostoglou, M.; Koutris, E.; Karavas, E.; Bikiaris, D.N. Chitosan
derivatives as effective nanocarriers for ocular release of timolol drug. Int. J. Pharm. 2015, 495, 249-264.
[CrossRef]

Singh, K.H.; Shinde, U.A. Chitosan nanoparticles for controlled delivery of brimonidine tartrate to the ocular
membrane. Die Pharm. Int. . Pharm. Sci. 2011, 66, 594-599.

Bozdag, S.; Dillen, K.; Vandervoort, J.; Ludwig, A. The effect of freeze-drying with different cryoprotectants and
gamma-irradiation sterilization on the characteristics of ciprofloxacin HCl-loaded poly (D, L -lactide-glycolide)
nanoparticles. J. Pharm. Pharmacol. 2005, 57, 699-707. [CrossRef]

Abdelwahed, W.; Degobert, G.; Stainmesse, S.; Fessi, H. Freeze-drying of nanoparticles: Formulation, process
and storage considerations. Adv. Drug Deliv. Rev. 2006, 58, 1688-1713. [CrossRef]

Koutroumanis, K.P.; Avgoustakis, K.; Bikiaris, D. Synthesis of cross-linked N-(2-carboxybenzyl) chitosan
pH sensitive polyelectrolyte and its use for drug controlled delivery. Carbohydr. Polym. 2010, 82, 181-188.
[CrossRef]

Kyzas, G.Z.; Bikiaris, D.N.; Lazaridis, N.K. Low-Swelling Chitosan Derivatives as Biosorbents for Basic Dyes.
Langmuir 2008, 24, 4791-4799. [CrossRef]

Dubey, A.; Prabhu, P. Formulation and evaluation of stimuli-sensitive hydrogels of timolol maleate and
brimonidine tartrate. Int. |. Pharm. Investig. 2014, 4, 122. [CrossRef]

Abdeen, Z.; Mohammad, S.G. Study of the Adsorption Efficiency of an Eco-Friendly Carbohydrate Polymer
for Contaminated Aqueous Solution by Organophosphorus Pesticide. Open J. Org. Polym. Mater. 2014, 4,
16-28. [CrossRef]

Karavas, E.; Georgarakis, M.; Docoslis, A.; Bikiaris, D. Combining SEM, TEM, and micro-Raman techniques
to differentiate between the amorphous molecular level dispersions and nanodispersions of a poorly
water-soluble drug within a polymer matrix. Int. J. Pharm. 2007, 340, 76-83. [CrossRef]

Nanaki, S.G.; Pantopoulos, K.; Bikiaris, D.N. Synthesis of biocompatible poly(e-caprolactone)-block-
poly(propylene adipate) copolymers appropriate for drug nanoencapsulation in the form of core-shell
nanoparticles. Int. |. Nanomed. 2011, 6, 2981-2995.

Hattori, Y.; Haruna, Y.; Otsuka, M. Dissolution process analysis using model-free Noyes-Whitney integral
equation. Colloids Surf. B Biointerfaces 2013, 102, 227-231. [CrossRef]

Korsmeyer, R.W.; Gurny, R.; Doelker, E.; Buri, P.; Peppas, N.A. Mechanisms of solute release from porous
hydrophilic polymers. Int. . Pharm. 1983, 15, 25-35.

Crank, J. The Mathematics of Diffusion; Oxford University Press: Oxford, UK, 1975.

Tien, C. Adsorption Calculations and Modeling; Butterworth-Heinemann: Boston, MA, USA, 1994.

Wang, J.; Pantopoulos, K. Regulation of cellular iron metabolism. Biochem. J. 2011, 434, 365-381. [CrossRef]
Pantopoulos, K.; Gray, N.K. Differential regulation of two related RNA-binding proteins, iron regulatory
protein (IRP) and IRPB. RNA 1995, 1, 155-163.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.ijpharm.2015.08.100
http://dx.doi.org/10.1211/0022357056145
http://dx.doi.org/10.1016/j.addr.2006.09.017
http://dx.doi.org/10.1016/j.carbpol.2010.04.044
http://dx.doi.org/10.1021/la7039064
http://dx.doi.org/10.4103/2230-973X.138340
http://dx.doi.org/10.4236/ojopm.2014.41004
http://dx.doi.org/10.1016/j.ijpharm.2007.03.037
http://dx.doi.org/10.1016/j.colsurfb.2012.08.017
http://dx.doi.org/10.1042/BJ20101825
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Materials 
	Preparation of CS Nanoparticles 
	Characterization of CS Nanoparticles 
	Morphological Characterization of Nanoparticles 
	Size Measurements of Nanoparticles 
	Wide Angle X-ray Diffractometry (WAXD) 
	Fourier Transformation-Infrared Spectroscopy (FT-IR) 
	Differential Scanning Calorimeter (DSC) 
	Evaluation of Drug Encapsulation and Release Rates 
	Cell Culture 
	Quantitative Real-Time PCR (qPCR) 
	Statistical Analysis 


	Results and Discussion 
	Size and Morphology of CS/TPP Nanoparticles 
	CS/TPP Nanoparticles Loaded with DFO 
	Drug Release from CS NPs 
	Evidence that DFO Released from CS NPs Operates as a Functional Iron Chelator in Cultured Cells 

	Conclusions 
	References

