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Abstract: This study presents hydrogel nanoparticles made of chitosan and tripolyphosphate via
ionotropic gelation technique to evaluate their potential for the association of deferoxamine. Since it
has been shown that iron chelation therapy can be useful in the treatment of some neurodegenerative
diseases such as Alzheimer's, in this study, we attempted to evaluate the in vitro characteristics of
deferoxamine-loaded nanogels for this purpose. Chitosan-based nanogels were prepared and optimized
in terms of size by a Taguchi Orthogonal Array design. The spherical structure nanoparticles showed a
uniform particle size of 63±2 nm with loading amount, Loading efficiency, and loading ratio of
8.48%±0.021, 26.1%±0.63, and 2.66%±1.88 respectively in optimum conditions. Further study
revealed that this nanoparticulate system can be a suitable carrier for the entrapment and control release
of small molecules such as deferoxamine.
Keywords: Hydrogel nanoparticles; Chitosan; deferoxamine; Ionotropic gelation method; Iron
binding capacity.
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1. Introduction
Nanoparticles as a new attempt in the drug delivery system with their capability in small
and controllable sizes have the extended multiplicity of feasibility for controlling their
structures and functions for the goal of targeting and also for long-circulating delivery [1, 2].
Among this wide variety of nanoparticles, hydrogel nanoparticles due to their exceptional
characteristics, like wonderful hydrophilicity, biocompatibility, biodegradability, and the
relative ease of manner and handling, have gained new attention in recent years for drug
delivery [3, 4]. These hydrophilic nanoparticles can evade the reticuloendothelial system (RES)
and remain in circulation for a long time [5]. Various types of hydrogel nanoparticles are
prepared and characterized for drug delivery, which has been mostly classified based on the
type of polymeric materials used in the preparation of the nanoparticles. Among polymers,
chitosan is one of the plentiful, renewable, non-toxic, and biodegradable carbohydrate
polymers, which is one of the most polymers used in the preparation of hydrogel nanoparticles
[6, 7]. Different methods have used to prepare chitosan particulate systems. However, the
selection of any of the methods depends upon the nature of the active molecule as well as the
type of delivery device [8]. Ionotropic gelation method is an available, straightforward, and
mild method that is based on the making cross-linkage between oppositely charged polymers
by the polyanions in the presence of the drug to be loaded [9]. Tripolyphosphate (TPP) is a
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polyanion, which can interact with the cationic chitosan by electrostatic forces [10, 11]. In this
study, we used chitosan polymer and tripolyphosphate to prepare nanogels containing
deferoxamine (DFO).
Iron chelation therapy with DFO is one of the most ways to manage iron over storage
and improve the well-being and life prospect of Alzheimer's (AD) [12] and Parkinson's disease
[13, 14], thalassemia [15, 16], wound healing [17], tissue regeneration [18] and so on. It has
suggested that DFO, an FDA approved iron chelator, could be a potential treatment for various
neurodegenerative disorders such as AD [12]. AD is one of the common chronic
neurodegenerative diseases, which affects nearly 50 million people in the world. Currently,
only the two types of drugs used to relieve AD symptoms only are Acetyl Cholinesterase
Inhibitors (AChEI), and N-methyl-D-aspartic acid (NMDA) are drugs that do not stop or slow
the progression of the disease [19-21]. There are several small molecules among the
experimental drug classes. Their effects have studied for molecular responses associated with
the progression of AD, which includes Paroxetine [22], Indomethacin [9, 23], Lithium
Carbonate [24], N-acetylcysteine [25], intravenous immunoglobulin [26, 27], Carvedilol [28],
and DFO [29].
It has shown that the neurotoxicity of amyloid β peptide in AD is enhanced by iron,
which is present in amyloid plaques in AD [30, 31]. Amyloid β peptide is a predominant
histopathological lesion in AD [32, 33]. It has reported that the effects of DFO on neuronal
activity, synaptic plasticity, and BDNF may be significant in reducing memory impairment in
AD models [34].
DFO is a potent iron and aluminum chelating agent approved by the FDA and used the
treatment of iron overload caused by blood transfusions. DFO has had many benefits in treating
AD disease for patients. Daily doses of intramuscular injection of this drug can reduce
inflammation as well as slowing the progression of AD by reducing tau and also reducing free
radical production [32]. Also, DFO inhibits tau protein through GSK-3β hyperphosphorylation.
Besides, the DFO has reduced cognitive decline problems in APP / PS1 transgenic mice and
non-transgenic mice and has increased memory in Alzheimer's mice [35].
Finally, DFO is effective in improving AD by inhibiting Aβ deposits and creating
apoptosis in the brains of APP / PS1 transgenic mice [36]. Since DFO has a very short half-life
and not orally bioavailable, it is administered by either SC or IV infusion for 8-12 hours per
day up to six times per week [37]. However, poor patient compliance with this strict parenteral
DFO regimen may result in negative iron balance, which underlines the need for alternative
drugs and novel methods of drug administration [37, 38].
So, as mentioned, iron chelators like DFO can be good options for further research on
improving AD. In a recent study, a sample of DFO-containing hydrogels used for this purpose,
which was able to have effective results. Nevertheless, more research is needed.
Therefore, in this study, we tried to be able to design a suitable drug delivery system
based on nanogels that contains DFO and to deliver the drug to the brain using an intravenous
injection or intranasal method. As will be shown in the following results, this method has been
able to increase the drug's ability to bind iron, which is more promising in improving AD.
Since the polymeric system use in this study is a natural one with well-documented
biocompatibility and hydrophilicity, we expect the resulting nanogels to be well-tolerated that
the size and surface potential range achieved allow it to do so.
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2. Materials and Methods
2.1. Materials.

Chitosan (minimum deacetylation degree of 85%, Sigma–Aldrich, USA, Lot. no.
212F498-89), Penta-Sodium tripolyphosphate (Merck, Germany, Lot. No. K36643499-742)
and Deferoxamine mesylate (Desferal® 500 mg vials, Novartis Pharma AG, Basle,
Switzerland) were purchased locally. Other chemicals and reagents were from decent purity
grades and all purchased locally.
2.2. Preparation of hydrogel nanoparticles.

In this study, the ionotropic gelation method involving the polycation polymer,
chitosan, and a polyanionic counter ion, tripolyphosphate, was adopted and used for the
preparation of DFO loaded hydrogel nanoparticles intended for drug delivery [1]. The method
has already been optimized concerning all parameters in terms of their single as well as
combination effects on the finally resulted in particle sizes using a Taguchi orthogonal array
design [39, 40]. Briefly, in the optimum condition, the polyanion TPP solution (5% (w/v)) was
added to polysaccharide chitosan solution (0.3% (w/v) in acetate buffer of 0.67 M, pH=4) in a
dropwise manner, with the volume ratio of 1:8 (TPP:CS) over 2 minutes' time period with
constant magnetic stirring (1500 rpm) at 25°C. The stirring continued for 20 min. The most
effective factors on the size of nanogels were, by rank, TPP/chitosan volume ratio, chitosan
concentration, temperature, addition time of TPP solution to chitosan solution, and TPP
concentration.
2.3. Preparation of DFO loaded hydrogel nanoparticle.

For the association of DFO with chitosan nanoparticles, DFO in the concentration of
3.125, 6.25, 12.5, and 15 mg/ml dissolved in chitosan solution used for nanoparticle
preparation. After mixing with the TPP solution during the preparation procedure, the optimum
drug concentration in terms of the loading parameters will be found. The reminding part of the
preparation method carried out proportional to the previous section. Triplicate samples
analyzed in each case.
2.4. In vitro characterizations of DFO-loaded nanoparticles.

For the measurement of particle size and poly-dispersity (size distribution), Particle
Size Analyzer (Shimadzu, model SALD-2101, Japan) used, which measured the sizes based
on the Laser Diffraction techniques. Particle size measurement was performed manually using
a quartz cell. Samples diluted to appropriate concentrations with distilled/filtered water. Each
value averaged from three parallel measurements. Since the surface zeta potential of the drugloaded nanoparticles is one of the other significant determinants of the biofate of the carriers,
the zeta potential of the optimized DFO-loaded nanoparticles was recorded on a Zetasizer®
3000-HS, (Malvern Instruments, UK), working based on Photon Correlation Spectroscopy
(PCS) technique. Besides, morphological examination of the hydrogel nanoparticles performed
by transmission electron microscopy (TEM) (Philips, model CM10). Samples were
immobilized on copper grids, dried at room temperature and then, examined using a TEM
without being stained. Then for chemical characterization, Fourier transforms infrared
spectroscopy (FT-IR) used. The IR spectra of lyophilized chitosan nanoparticles, both DFOhttps://biointerfaceresearch.com/
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loaded and unloaded nanoparticles, were taken in KBr pellet using Shimadzu FT-IR
spectrophotometer (model 8000 series, Japan) in comparison to free DFO samples.
2.5. Drug assay.

The ferrioxamine complex between DFO and ferric iron was used for the detection of
DFO. DFO Solutions are colorless, but ferrioxamine has an orange-red color, which, depending
on its concentration, may be apparent to the naked eye. In this method, a stock solution of 150
mg/mL of DFO prepared in distilled water, and the concentrations of 2.5, 5, 10, 15 mg/mL
prepared with drug-free nanoparticles suspensions with the same concentration prepared
routinely during the studies. Then, the spiked samples diluted to 1:10, and the particles then
destroyed by adding 1:1 acetonitrile. To 2 ml of the samples prepared as described, 3 mL of
Ferric chloride solution, prepared by dissolving 3.35g of ferric chloride in dilute hydrochloric
acid (1 in 100), was added and the resulting solution is diluted to 25 ml with distilled water and
after, vortex-mixing for 1 minute, the absorbance of the samples determined at 485 nm against
the corresponding drug-free bland undertaking the same procedure on UV spectrophotometry.
2.6. DFO loading parameter.

The total concentration of the drug in the nanoparticles determined by destroying the
nanoparticles by adding a 1: 1 ratio of acetonitrile to the dispersion and then diluting the
nanoparticles in distilled water in a ratio of 1 to 10. Finally, the drug concentration was
determined using a pre-developed UV spectrophotometric method. The unloaded drug
concentration, on the other hand, was determined by the separation of nanoparticles from the
aqueous medium containing unloaded drug via filtration through a 50 nm membrane filter
(Millipore®, Bedford, USA) and, then, measurement of free drug amount in the supernatant
using the developed UV method.
The loaded amount (LA) of DFO in nanoparticles determined as:
LA= (Total DFO concentration − Free DFO concentration) × Sample volume
(1)
The loading ratio (LR) and loading efficiency (LE) determined as:
LR= [(Total DFO concentration−unloaded DFO concentration)/Total DFO concentration]
×100
(2)
LE= (LA/Total DFO added during the loading procedure) ×100
(3)
2.7. In-vitro drug release.

To exploit the release kinetics of DFO from nanoparticles, 10 ml of DFO-loaded
nanoparticles suspensions, as obtained, was diluted to 100 ml of PBS (Phosphate Buffer Saline;
pH=7.4), and the suspension was mixed thoroughly by several gentle inversions. The mixture
then divided into fifteen 5-ml portions in 15 ml polypropylene tubes. The samples shake
vertically (15 rpm) while incubated in 37oC using a vertically shaking incubator designed and
assembled in-house. At the beginning of the test and 2, 4, 8, 12, 24, 48, 72 hrs, also at 1, 2, and
3 weeks and 1, 2, and 3 months intervals, one of the aliquots harvested from which 0.5 ml was
used for particle destruction by the addition of 0.5ml of acetonitrile. Also, 4 ml of the remaining
samples filtered with a 50 nm membrane filter. The final 0.5 ml portion of the filtrate was mix
with 0.5 ml of acetonitrile. Then, the free and total drug concentrations in samples were
determined spectrophotometrically at 485 nm. These experiments carried out in triplicate, and
the percent of drug release in each case was determined.
https://biointerfaceresearch.com/
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2.8. Stability of DFO loaded nanoparticles.

This test carried out to evaluate the stability of the sizes of the DFO-loaded
nanoparticles with time in two different conditions: ambient and refrigerated temperatures. In
brief, 20 mL of freshly prepared DFO-loaded nanoparticle suspensions, as obtained, was
divided into two 10-ml portions in 15ml polypropylene tubes: one tube placed in a lab
refrigerator (2-8°C) and the other one kept at room temperature (22-28°C). At the start time of
the test and 1, 2, 4, 8, 12, 24, 48, 72 hrs, 1, 2, and 3 weeks and also at 1, 2, 3 months intervals,
the particle size and particle size distribution of both samples monitored. Each value averaged
from three parallel measurements.
2.9. Preparation of nan powder.

For the preparation of a suitable nanopowder form of nanogels, cryoprotectant
excipients such as glucose, mannitol, sucrose, glycerin and tween 80 which are a necessary part
of the freeze-drying procedure, were added to the nanoparticle dispersions, each at
concentrations of 1%, 3%, and 5%. The nanoparticle dispersions were frozen for a minimum
of 12 hours at -32 °C and, then, dried at -55 °C and 0.5 kPa for 24 hours (Christ, α1-4 LD plus,
Germany). Finally, all dried samples were reconstituted in distilled/filtered water to appropriate
concentrations, and their sizes were evaluated by particle size analyzer, as mentioned.
2.10. Yield of nanoparticles.

The process yield, as well as the overall recovery of the DFO-loaded nanoparticle
preparation process, was determined after the separation of the nanoparticles from out-of-range
waste materials. Aqueous suspensions resulting from the nano-gelation procedure, as described
earlier, were centrifuged at 3000 g for 5 min and, then, nanodispersion (i.e., supernatant), as
well as the waste material (i.e., centrifuge pellet), were freeze-dried separately until reaching a
constant weight of each portion, while using glucose as cryo-protectant in the concentration of
5% w/v. Nanoparticles yield (NPY), by convention, was defined as:
NPY = [(Dried weight of nanodispersion – the nominal weight of cryoprotectant added) / Total
nominal masses added during the procedure] × 100
Also, the overall recovery (accuracy of the processed determined as:
Recovery of the process = (Total recovered mass / Total incoming mass) ×100
2.11. Iron Binding Capacity.

To determine the iron-binding capacity (IBC) of DFO while loaded in nanoparticles
was measured and compare it with the IBC of the free drug as the functional effect of drug
binding in nanoparticles. DFO-loaded nanoparticles prepared as described, and 1 ml of the
nanosuspension were diluted to 10 ml using PBS. For particle destruction, 0.5 ml of acetonitrile
used, and the drug concentration in these samples was determined at 485nm UV
spectrophotometric. Based on the result of this assay, an equal concentration drug solution
prepared in PBS. Both samples, i.e., loaded- and the free drug mixed by the solution of FeCl3
(3.53% w/v in dilute hydrochloric acid (1 in 100), and the resulting mixtures divided into fifteen
1-ml portions in 1.5 ml polypropylene microtubes. The samples shake vertically (15 rpm) while
incubated in 37oC using a vertically shaking incubator designed and assembled in-house. At
the start time of the test and 1, 2, 4, 8, 12, 24, 48, 72 hrs, 1 and 2 weeks' intervals, one of the
https://biointerfaceresearch.com/
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aliquots harvested, and 4 ml of double-distilled water added to samples and the absorbance
were determined at 485nm as a measure of iron-binding. These experiments carried out in
triplicate.
3. Results and Discussion
3.1. Preparation of nanoparticles.

To prepare the chitosan-based nanoparticle, which supported the ability of chitosan in
gel formation by making inter and intramolecular linkages, we use the ionotropic gelation
method. In this technique, which based on ionic interaction, we attempt to use chitosan as a
polycationic polymer and tripolyphosphate as a polyanionic substance. For determining the
optimum condition of independent variables and their comparable estimates between real and
orthogonal values, the Taguchi experimental design used [39]. In this design, the optimum
condition was calculated based on the dominancy of the signal/noise ratio of each factor level.
After the initial estimation, the final optimum conditions validated by the preparation of
nanoparticle using the particle size analysis in each case. As a result, the optimum setting,
indicated earlier in the nanoparticle preparation method, was reliable and highly robust, with
the outputs being highly consistent with the theoretical data.
3.2. In vitro characterization of DFO-loaded nanoparticles.

The particles obtained in the present study were unidisperse (unimodal curves) with
very suitable sizes (below 100 nm), in terms of both central tendency indices and dispersity
indices for the intended intravenous drug delivery. The final particle size after optimizing the
setting was 62±2.01 nm (number-based diameter) and 78±2.09 nm (volume-based diameter)
for unloaded, and 63±1 nm (number-based diameter) and 79±3.21 nm (volume-based diameter)
for DFO-loaded nanoparticles. Most importantly, all the mean, median, and modal diameters
remain without any significant changes after the loading procedure (P>0.05).
Furthermore, the size dispersity of the nanoparticles population was about the same in
DFO-loaded and unloaded nanoparticles. This means that in optimum condition (CS 0.3%
(w/v), TPP 5% (w/v), TPP/CS 1/8, Temperature 25°C, Addition time of TPP solution to CS
solution 2 minutes, and DFO 6.25 mg/ml), the drug loading procedure has no significant effect
on particle size and size distribution of the nanoparticles. The particle diameters of about 60
nm obtained in the current study for DFO-loaded hydrogel nanoparticles remarkably lower
compared to 300-400 nm for insulin-loaded hydrogel nanoparticles [10] and >120 nm for
ammonium glycyrrhizinate-loaded hydrogel nanoparticles [41], both prepared by ionotropic
gelation process. In all these studies, the size of nanoparticles increased when the agent was
loaded, while the size of our nanoparticles not significantly changed after DFO loading.
Interestingly, the small size of the obtained DFO-loaded nanoparticles in this study is a
favorable prerequisite for a long-circulating drug delivery system.
While zeta potential (ξ) measurements provide a critical criterion for the stability of a
colloid system, this may be an important parameter for cellular interaction [42]. Although zeta
potential measurements have utilized in probing the interaction between cells and
biomolecules, thus, it is used to study the interaction between nanoparticles and biological cells
[43, 44]. Therefore, for determining the possible influence of drug loading on surface charge
and ionic environmental conditions, we tried to evaluate the zeta potential of nanoparticles
before and after loading the drug. In our study, the nanoparticles are undispersed in terms of
https://biointerfaceresearch.com/
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zeta potential, have a wide distribution, and mean zeta potential of close to neutral, but slightly
positive. Furthermore, the DFO loading, while shifting the overall mean slightly to positive
(from -1.70 mV for unloaded nanoparticle and +4.14 mV for DFO loaded nanoparticles), has
no observable effect on zeta potential distribution data. Therefore, there seems to be no need
for additional surface charge treatment of these particles in order to attain an ideal surface
charge in terms of evading the RES in circulation [5, 10, 41, 45].
The shape analysis of a spread of both DFO-loaded and unloaded nanoparticles by
transmission electron microscopy (TEM), while highly confirming the laser-based size analysis
data, indicated that the prepared nanogels are smoothly spherical with some satellite smaller
particles attached to the periphery of each particle. The size and shape uniformity between the
particles are evident. Also, again, this test shows that DFO loading has no observable effect of
particle size and shape (Fig. 1).
In characterizing the FTIR spectra, originally, there are three determinant peaks of
chitosan at around 3447 cm-1 of OH, 1066 cm-1 of C-O-C, 1649 cm-1 of NH2. As expected, the
peak at 3447 becomes wider as TPP becomes conjugated to chitosan. This event is evident in
our spectra and attributed to the resulting enhanced hydrogen bindings, also, in chitosan-TPP
nanoparticles peak of 1649 cm-1 of NH2 bending vibrations shifts to around 1570 cm-1. The
resulting FTIR spectrum is consistent with the results obtained from the phosphate-modified
chitosan film, and this termination can be attributed to the bond between the phosphorus ion
and the ammonium. So we suppose that the tri polyphosphoric groups of TPP linked with
ammonium groups of chitosan in nanoparticles. Compared with the spectrum of DFO in the
spectrum of DFO-loaded nanoparticles, the absorption peak of about 1622 cm-1 (carboxyl
group absorption peak) shifts to peak around 1570 cm-1 (salt of carboxyl) appears. The results
indicate the presence of the electrostatic interactions between carboxyl groups of DFO and
amino groups of chitosan (Fig. 2). Our FTIR results are in agreement with studies published
by Yan Wu et al. [41, 46-49].
3.3. DFO loading parameter & in vitro drug release.

The loading parameters of DFO in prepared nanogels at four different drug
concentrations displayed in Fig. 3. The loading parameter including loading efficiency, loading
amount and loading ratio of 26.1%±0.63, 8.48%±0.021 and 2.66%±1.88 respectively achieved
in optimum conditions which are practically acceptable for the optimum concentration of 6.25
mg/ml and notable compared to the other reports in the literature [41, 50, 51] and ensures the
feasibility of the method for DFO therapy. Also, our experiments showed no significant
adsorption of DFO by the membrane filters used in the study in the experimental conditions,
which ensures the data validity obtained upon filtration of the samples throughout the
experiments.
The release profiles of DFO from hydrogel nanoparticles while being shaken at 37°C
are shown in Fig. 4. Drug release from nanoparticles and subsequent biodegradation is essential
for developing successful formulations [52]. The amount of drug release from nanoparticles
depends on the following: i) Desorption of the surface adsorbed drug; ii) Diffusion through the
nanoparticles matrix; iii) Diffusion through the polymer wall (in case of nanocapsules); iv)
Nanoparticle matrix erosion, and v) A combined erosion/diffusion process [53].
In the case of matrix devices such as the one, we prepared in this study, because of the
uniform dispersion of drug in the matrix, the release occurs by matrix diffusion or matrix
erosion [52]. If the drug diffusion is faster than the matrix degradation, then the mechanism of
https://biointerfaceresearch.com/
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drug release occurs mainly by Fickian diffusion. Otherwise, it depends upon the degradation
rate [3, 54]. Considering that we have performed the drug release experiments directly on the
nanosuspension, as prepared, without the replacement of the medium, in order to avoid any
shock because of the external conditions on the nanoparticles, and also considering the drugloaded ratio in nanodispersion, the following facts can found that the initial release is explosive
in the first 24 hours of sampling, including about 60% of the loaded drug. This release rate
becomes gradually lower, followed by a linear phase between the second and seventh days,
including about 20% of the drug. The burst release hypothetically caused by a portion of the
drug-associated weakly to nanoparticles, e.g., adsorbed onto the surface of the microsphere.
The terminal zero-order release, however, seems to be related to a portion of the drug either
bound to nanoparticles more strongly, e.g., via electrostatic associations or entrapped deeply
inside the nanogel structures.
3.4. Stability of DFO loaded nanoparticles.

According to the results obtained from the particle stability test (data were not shown),
nanoparticle sizes remained relatively unchanged at least for three days both in refrigerator and
room condition, with no significant difference between these two temperatures. A slight, but
significant increase in sizes was evident in both temperatures from one week onward to reach
precipitation in one month. This article enlargement behavior could be a result of the hydration
and swelling of the nanogels, which ultimately leads to the particle disintegration. It seems that
the particles are stable enough in a suspended state for practically critical times before their
application time. For further stabilization, as we will see in this study, freeze-drying is a proper
solution. Besides, the temperature was shown not to be an essential factor in particle
disintegration kinetic. The minor difference in volume-based sizes compared to the numberbased data reflects the appearance of some out of range particles, presumably because of the
limited aggregation between nanoparticles.
3.5. Preparation of nanopowder.

From a series of tests using simple sugars or non-ionic surfactants as cryoprotectants,
the best result, i.e., re-gaining of the particle sizes of the nanoparticles after reconstitution, was
obtained with 5% (w/v) concentration of glucose. The average particle size after reconstitution
was 90 nm. Using 5% (w/v) of glucose, the appearance of the cake (the dried material) does
not become as a regular white powder, i.e., hardened nor fluffy, which is the best for a freezedried formulation. When other cryo-protectants used, the appearance of the dried material was
translucent and sticky. Dispersion of the nanoparticles was possible with other agents but as a
form of visible aggregates. The good cryoprotective results with glucose probably arise from
its ability to bind with water molecules in the amorphous phase during the freezing step. A part
of the water in the frozen glucose remained non-frozen (even 32% w/w), which, in turn, acts
as a spacing matrix and plasticizer, thus reducing the pressure of ice crystals against the
nanoparticles and preventing harmful aggregation caused by frozen materials.
3.6. Yield of nanoparticles.

The data shows that about 25 percent of the solid materials entering the loading
procedure other than the cryo-protectant, glucose, remain within the nanosuspension. In other

https://biointerfaceresearch.com/

7113

https://doi.org/10.33263/BRIAC106.71067119

words, about 75 % of the dry materials leave the process as the out-of-range solids after the
centrifuge, and the overall recovery (accuracy of the processed) was 66.48%±4.7.
3.7. Iron Binding Capacity.

The IBCs of DFO-loaded nanoparticles and the equal concentration free DFO solution
in PBS shown in Fig. 5. As a direct measure of the functional efficiency of the drug-loaded in
nanoparticles in comparison to the free DFO, we designed and carried out a simple test as the
exposure of the equal concentration DFO in two states, i.e., DFO-loaded nanoparticles vs. free
DFO, to Fe3+. The results showed that while the free drug maintains its activity (IBC) constant
at least for three weeks, which is consistent to the drug stability (previous section), the DFOloaded nanoparticles start from slightly lower IBC, but show a slowly progressing IBC to reach
an IBC value of about 50 % higher than the simultaneous free drug samples in two days (Pvalue < 0.05), with a slowly decreasing trend to overlap to the free drug curve. This observation
shows the higher efficiency of DFO in iron-binding in Nanoparticles loaded state, which stays
for a longer time. The fact that the IBC curves overlap after 72 hours (Pvalue>0.05) maybe
because of either the free iron penetration the Nanoparticles after some this time or the
migration of the drug to accessible particle surface at this time, an issue deserving more detailed
studies beyond the scope of this study.

Figure 1. TEM images of optimized DFO loaded nanogels (6.25 mg/ml). (copyright © 2020 John Wiley & Sons
Inc, License Number:4834270628218, all right reserved).

Figure 2. FTIR spectra of DFO (A), Chitosan (B), unloaded nanoparticles (C) and DFO-loaded nanoparticles
(D).
https://biointerfaceresearch.com/
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Figure 3. The effects of DFO concentration on Loading ratio (A), Loading efficiency (B), Particle size diameter
(C), and Loading amounts (D) of optimized DFO loaded nanogels.

Figure 4. The release profile of optimized DFO loaded nanogels.

Figure 5. The IBC of optimized DFO loaded nanogels in comparison with unloaded nanoparticles.

4. Conclusions
Hydrogel nanoparticles (nanogels) loaded by DFO was prepared, optimized, and
characterized in vitro after an extensive fractional factorial design test on the DFO-loaded
nanoparticles, based on an ionotropic gelation method using chitosan as the polymer and
tripolyphosphate (TPP) as the counter-ion. The determinant parameters optimized in terms of
https://biointerfaceresearch.com/
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the particle size as the central index. Then the drug concentration used during the process was
optimized concerning drug loading parameters. Finally, the optimal DFO-loaded nanoparticles
characterized in vitro to drug release, particle size, zeta potential, iron-binding capacity,
particle stability, and FTIR spectrometry of DFO-loaded nanoparticles, TEM analysis, and
freeze-drying of the nanoparticles. Overall the results were indicative of nanocarriers with
promising loading capacity, release characteristics, particle yield, and other in vitro tests. Our
particles have followed characteristics: very high hydrophilicity, above 90 percent is water;
Ideal particle size of about 60 nm with suitable dispersion and no rare significant
particles/associations; Reasonable zeta potential of about +4.14 mv, Spherical uniform shapes,
which are desired as a neutral condition to escape from the RES.; FTIR spectrum evidencing
the formation of weak chemical associations resulting in nanoparticles formation; according to
the results, maybe this interaction was at the surface of the nanocarriers. The capability of being
reversibly freeze-dried with minimum deviations from initial particle sizes upon re-dispersion.
Therefore, the resulting DFO-loaded nanogels are proper candidates to enter the in vivo
efficiency tests. This designed nanoparticle system could be a good candidate for AD by the
nose to the brain drug delivery approaches.
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