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ABSTRACT

Background and Aims: lonic gelation strategy is the most common method used for the preparation of chitosan nanoparticles
to obtain controlled drug delivery. Although it is a convenient and easy method, it is highly related with particle aggregation,
high polidispersity index and insufficient physical/chemical stability. The aim of this study was the development of chitosan
nanoparticles using tripolyphosphate-hydroxy propyl -cyclodextrin or tripolyphosphate-sulfobutyl ether f-cyclodextrin in-
clusion complex as an alternative to TPP, and hence to increase physical stability, reduce polidispersity index and develop a
stable nanocarrier for drug delivery purposes.

Methods: The nanoparticles were prepared with the ionic gelation technique. The effects of chitosan percent, pH, and chi-
tosan/tripolyphosphate ratio were investigated to find out the optimum nanoparticles in terms of particle size, polidispersity
index and zeta potential. After determining the conditions for the tripolyphosphate-chitosan nanoparticles, the nanoparticles
were prepared using tripolyphosphate-hydroxypropyl -cyclodextrin or tripolyphosphate-sulfobutyl ether -cyclodextrin to
make a comparison with the nanoparticles which were prepared using tripolyphosphate.

Results: The chitosan/tripolyphosphate-hydroxypropyl B-cyclodextrin nanoparticles were successfully formulated with 178
+84.1 nm particle size, 0.310£0.0134 PDI, 31.2+4.68 mV zeta potential. The interday changes in the measured characteristics
were minimized for chitosan/tripolyphosphate-hydroxypropyl -cyclodextrin nanoparticles as intended.

Conclusion: CS/TPP-HP-B-CD nanoparticle formulation with particle size below 200 nm, high zeta potential and increased
physical stability nanoparticles would offer a promising approach especially for hydrophobic drugs to improve their stability,
solubility, encapsulation efficiency and in vivo bioavailability.
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INTRODUCTION

In past decades, many efforts have been made to obtain a controlled and targeted release of drugs with micro and nano sized drug
delivery systems. Due to their small size and large surface area, drug nanoparticles are superior to conventional drugs, with the ability
to increase solubility, and hence improve bioavailability, providing a controlled release and reduced side effects. No doubt, advances in
polymer science also promoted the advancement of drug-delivery technology. Among all nanoparticulate drug delivery approaches,
polymeric nanoparticles have attracted significant attention since they are biodegradable, biocompatible, relatively easy to prepare and
suitable for a variety of chemical drug classes and dosage forms (Crucho & Barros, 2017; Kumari, Yadav & Yadav, 2010; Rizvi & Saleh, 2018).

Polymeric nanoparticles are mainly prepared with biodegradable polymers, either synthetic or natural ones. Poly (lactide) (PLA),
poly (lactide-co-glycolide) copolymers (PLGA), poly (e-caprolactone) (PCL) and poly(amino acids) are the most common synthetic

Address for Correspondence: Submitted: 81 .83.3813
G N IE i Revision Requested: 01.08.201

N. Basaran MUTLU AGARDAN, e-mail: bmutlu@gazi.edu.tr Last Revision Racelved: 02.10.2019

@ O Accepted: 15.10.2019

This work is licensed under a Creative Commons Attribution 4.0 International License. o ic Published Online: 19.03.2020


https://orcid.org/0000-0002-4882-3124

Mutlu Agardan. Studies on the formulation optimization and controlled ionic gelation of chitosan nanoparticles using

polymers, while chitosan (CS), alginate, gelatin, and albumin
CS-based are examples of natural polymers (Elsabahy & Wooley,
2012; Mohammed, Syeda, Wasan & Wasan, 2017). CS is a very
well established chitin derivative biodegradable polymer, which
is composed of B-1, 4 linked 2 amino-2-deoxy-glucopyranose
and 2-acetamido-2-deoxy-B-d-glucopyranose residues. It is cat-
jonic, highly basic, mucoadhesive biocompatible and approved
by the FDA for tissue engineering and drug delivery purposes
(Ahmed & Aljaeid, 2016; Mohammed et al, 2017). Since the
CS nanoparticles were first introduced in 1994 by Ohya and
colleagues, as a carrier for 5-FU, there has been tremendous
research on CS nanoparticles for various drugs/proteins, appli-
cation routes and preparation techniques (Grenha, 2012, Ohya,
Shiratani, Kobayashi & Ouchi, 1994) Emulsion cross-linking, co-
acervation/precipitation, spray-drying, emulsion-droplet co-
alescence, the ionic gelation method, and the reverse micellar
method are the methods used for CS nanoparticle prepration
(Agnihotri, Mallikarjuna & Aminabhavi, 2004).

The ionic gelation strategy is one of the methods that has been
extensively used for the preparation of CS nanoparticles to obtain
controlled drug delivery. Nanoparticle formation occurs with the
interactions between the positively charged CS chains and poly-
anions of cross-linkers employed such as tripolyphosphate (TPP).
Despite its convenience and abstinence of organic solvents, it
is generally known that the method is conducted with particle
aggregation, a high polidispersity index and insufficient pysical/
chemical stability. The main reason for this problem could be un-
desired intra and intermolecular cross-linking between TPP and
CS (Agarwal, Shrivastav, Pandey, Das & Gaur, 2018; Calvo et al,
1997, Pant & Negji, 2018).

Cyclodextrins (CDs) are cyclic oligosaccharides with a hyro-
phobic central cavity and hydrophilic outer surface. They are
widely utilized for improving solubility by forming inclusion or
non-inclusion complexes and enhancing oral absorption/bio-
availability of hyrophobic drugs (Agardan et al., 2016; Loftsson
& Duchene, 2007; Mutlu Adardan et al,, 2014).

In this study, it was considered to use CD complex with TPP
and thus controlling ionic gelation to obstruct undesired ionic
interactions between cationic CS and anionic TPP. For this rea-
son, two CD derivatives: 2-Hydroxypropyl-3-CD (HP-3-CD) and
sulfobutyl ether 3-CD (SBE-3-CD) were chosen to prepare com-
plexes with TPP. HP-3-CD is a neutral derivative, SBE-3-CD is an
anionic CD derivative. In addition, the effects of pH and CS/TPP
ratio were also investigated to optimise nanoparticle formation.
The stability of nanoparticles following preparation was com-
pared with CS-TPP nanoparticles, and optimum formulation
parameters were determined for further drug delivery studies.

MATERIALS AND METHODS

Low molecular weight CS (LWCS) (20-30 cps and >75% deacet-
ylation) and TPP were purchased from Sigma Aldrich Ltd (USA).
HP-B-CD and SBE-B-CD were purchased from Cylolab, Hungary.

Preparation of TPP- HP--CD and TPP-SBE--CD
inclusion complexes

TPP-HP-3-CD or TPP-SBE-3-CD complexes were prepared with
a solution-ultrasonic method (Pant & Negi, 2018). TPP and HP-

TPP-HP-B-CD inclusion complex

{3-CD or SBE-B-CD were dissolved in distilled water in 1:1 molar
ratio and the solution was kept in an ultrasonic bath at room
temperature for Th. Then, the solutions were filtered through
045 um cellulose acetate membrane filter and the filtrates
were frozen at -80°C for 30 min prior to lyophilization. The fro-
zen samples were lyophilized for 48 h at -55°C (Christ Alpha
1-2 LD plus, Osterode am Harz, Germany) in order to obtain
TPP-HP-3-CD or TPP-SBE-3-CD complex powders (Miecznik
and Kaczmarek, 2007; Pant and Negi, 2018). The complexes
were kept in tightly sealed glass vials at 4°C for further use.

Characterization of TPP-HP-3-CD and TPP-SBE-3-CD
inclusion complexes

TPP-HP-B3-CD or TPP-SBE-3-CD complexes were characterized
by Fourier-Transform Infrared Spectroscopy (FT-IR), X-ray Pow-
der Diffraction (XRD) and Differential Scanning Calorimetry
(DSC) measurements, comparatively with physical mixtures.

FT-IR analysis studies were performed using a PerkinElmer
Spectrum 100 FT-IR spectrometer (4000-550 cm™'), compara-
tively with, TPP-HP-3-CD physical mixture, TPP-HP-3-CD com-
plex, TPP-SBE-3-CD physical mixture and TPP-SBE-3-CD com-
plex in the range of 550-4000 cm™.

The thermal profiles of the physical mixture and inclusion
complexes were obtained with a Rigaku Ultima-IV X-ray dif-
fractometer. The samples were scanned over a range of 5°-95°
for XRD measurements.

DSC measurements were carried out with a Shimadzu DSC-
DTA 60 at 10°C/min scan speed. The accurately weighed 2 mg
of samples were sealed in an aluminium pan and equilibrated
at 25°C. The samples were subjected to a heating run over the
temperature range of 25-350°C.

The preparation of the CS nanoparticles using TPP, TPP-
HP-B-CD and TPP-SBE-B-CD inclusion complexes

CS nanoparticles was carried out using the traditional ionic
gelation method using LWCS and TPP (Calvo et al,, 1997; Pant
& Negi, 2018). In brief, the CS solution (0.125%) in 0.5% v/v ace-
tic acid was prepared by overnight stirring at 500 rpm, room
temperature. The CS solution was filtered through a 5 um pore
sized mixed cellulose esters membrane filter to remove coarse
CS residues. The TPP solutions were prepared at a concentra-
tion range between 1 mg/mL-2.67 mg/mL to obtain the CS/
TPP ratios as given in Table 1. Nanoparticles were formed with
a dropwise addition of 2 mL of TPP solution in different con-

Table 1. CS-TPP nanoparticle formulations.

F. code TPP CS amount CSITPP

amount (mg) (mg) ratio

F1 2.00 8 4

F2 2.29 8 3.5

F3 2.67 8 3

Fé4 3.20 8 2.5

F5 4.00 8 2

Fé 5.33 8 1.5
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centrations to 8 mL of prepared CS solution under continous
stirring in @ magnetic stirrer at 1000 rpm, room temperature
for an hour. The preparation of nanoparticles is schematized
in Figure 1.

TPP or
5 TPPHPB-CDOr
Sy TPP.SBE-CD
s = solution

|
Chitosan nanoparficles

Figure 1. Preparation of CS nanoparticles.

To determine the effect of pH on nanoparticle formation,
CS solutions (0.125%) were prepared in 0.5%, 0.25%, and
0.125% v/v acetic acid and used for CS-TPP nanoparticle for-
mulation studies.

The concentrations of TPP were changed while the CS amount
and the total volume were kept constant - 10 mL (Table 1). For
the preparation of nanoparticles with TPP-HP-3-CD and TPP-
SBE-B-CD inclusion complexes, the same procedure was fol-
lowed and the equivalent TPP amounts of the complexes were
calculated. According to the results of the CS-TPP nanoparticle
preformulation studies, the optimum acetic acid ratio, CS/TPP
ratio was chosen and used for preparing TPP-HP-3-CD or TPP-
SBE-B-CD nanoparticles.

Particle size analysis and zeta potential measurements
The particle size (PS), poly dispersity index (PDI) and Zeta po-
tential (ZP) of the CS nanoparticles were determined using a
Malvern Zetasizer (Nano ZS90, Malvern instrument Ltd., UK).
PS measurements were carried out in disposable polystyrene
cuvettes while ZP measurements were carried out with folded
capillary cells.

To confirm the effects of cyclodextrins on ionic gelation, the
nanoparticles were prepared as mentioned previously and
kept at room temperature. PS, PDI and ZP of the optimum CS-
TPP and TPP-HP-B-CD nanoparticles were measured on the 0™,
1%, 39 and 5" days following preparation.

Statistical analysis

All experiments were performed in triplicate and the results
were presented as means + standard deviation (SD). All results
were analyzed by one-way ANOVA, and p<0.05 set as the mini-
mal level of significance using GraphPad Prism 7.

RESULTS AND DISCUSSION

The TPP-HP-B-CD or TPP-SBE-B-CD complexes were prepared
and characterized by FT-IR, XRD and DSC measurements com-
paratively with physical mixtures. Figure 2 represents the FTIR
spectra of TPP-HP-3-CD, TPP-SBE-3-CD complexes and their
physical mixtures. The spectrum of physical mixtures were dif-
ferent from the complexes as shown on the spectra. Changes
at the absorption peaks at 1150 cm™ and 863 cm™ for both HP-
3-CD/SBE-B-CD physical mixtures and complexes indicated
the formation of the complexes.
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Figure 2. FT-IR spectra of TPP-HP-3-CD physical mixture (black
line), TPP-HP-B-CD complex (red line), TPP-SBE-B3-CD physical
mixture (blue line) and TPP-SBE-B-CD complex (pink line).

As shown in Figure 3, for both TPP-HP-3-CD or TPP-SBE-3-CD
complexes, the intensity of crystalline peaks in physical mix-
tures were significantly reduced. This result indicates a reduc-
tion of crystallinity and formation of an amorphous complex.
However, neither TPP or HP-3-CD/ SBE-B-CD are water soluble,
and the formed complexes are much more soluble as a result
of the reduction in crystallinity (Kapor, 2008).
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Figure 3. XRD diffractograms of TPP-HP-3-CD physical mixture
(redline), TPP-HP-3-CD complex (blue line), TPP-SBE-3-CD physical

mixture (pink line) and TPP-SBE-B-CD complex (green line).

The results of DSC analysis also supported the XRD results. Ac-
cording to the literature, TPP has a slight peak at around 200°C.
Although these slight peaks of TPP can be seen in Figure 4,
at around 180°C for physical mixtures, the peaks disappeared
from the thermograms of the complexes, indicating the forma-
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Figure 4. DSC thermograms of TPP-HP-3-CD physical mixture
(red line), TPP-HP-B-CD complex (green line), TPP-SBE-3-CD
physical mixture (purple line) and TPP-SBE-3-CD complex
(blue line).

tion of the complexes (Nallamuthu et al,, 2015). In addition, the
peaks at around 280°C belonging to the cyclodextrins were
much clearer for the complexes than the physical mixtures
which also refers to the formation of the complexes.

The research of Calvo and his group, is one of the first studies
that enlightens the conditions of CS nanoparticles prepared
with TPP using the ionic gelation method (Calvo et al., 1997).
Since then, there have been so many studies in literature on
optimising CS nanoparticles. As a recent example, Sreekuomar
and colleagues, investigated the effects of DA (degree of acet-
ylation), DP (degree of polymerisation), NH,/PO, molar ratio,
and the concentration of the CS solution. It was reported that
the optimum CS/TPP ratio, which this ratio denotes as the mo-
lar ratio of NH, groups of CS and PO, groups of TPP, was about
3 (Sreekumar et al, 2018).

Following the complex preparation, the CS nanoparticles were
prepared with the traditional ionic gelation method using TPP,
with varying CS/TPP ratios as shown in Table 1. It was consid-
ered to choose the optimum CS/TPP ratio and pH then use
these parameters to prepare the CS-TPP-HP-3-CD and CS-TPP-
SBE-B-CD nanoparticles.

Although the data is not shown, the CS ratios 0.5% and 0.25%
were also tested but the particle sizes were found to be in
micron sizes and the particle size increased proportionally
with the CS concentration. Hence it was decided to use CS
at 0.125%, to formulate the nanoparticles. It was clearly seen
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Figure 5. Effects of pH and CS/TPP ratio on PS and PDI (The
bars represent changes in PS and the lines represent changes
in PDI values).

TPP-HP-B-CD inclusion complex

that the CS/TPP ratio is the main factor affecting the nanopar-
ticle size. The ratio 4 to 2, allows the formation of nanopar-
ticles with varying sizes and PDIs values while the aggragates
formed for the CS/TPP ratio 1.5 or lower at higher pHs, 3.90
and 4.09 (Figure 5).

On the other hand, the ZP values were found to be directly
proportional to CS/TPP ratio, as the CS/TPP ratio decreases, the
ZP values decreases (Figure 6). While the ZP value of the CS/
TPP ratio 4 (0.5% AA) formulation was 35.9+1.42 mV, the CS/
TPP ratio 1.5 (0.5% AA) formulation was found to be 12.4+0.305
mV. As the CS/TPP ratio decreased below 3, the changes in ZP
values were found to be significant (p<0.05).
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Figure 6. Relation of ZP values of formulations with varying
CS/TPP ratios at different AA ratios.

According to the findings, the optimum conditions for the
preparation of CS/TPP were determined as given in Table 2.
Using these conditions the nanoparticles were obtained with
144 nm PS, 0.317 PDI, 21.2 mV ZP.

Table 2. Parameters for optimum formulation.

Parameters Optimum conditions
CS concentration 0.125%
Asetic acid (AA) ratio 0.5%

pH 3.59
CS/TPP ratio 2

Stirring rate 1000 rpm

The nanoparticles were prepared with TPP-HP-3-CD and
TPP-SBE-B-CD using the conditions given in Table 2. The
CS/TPP-HP-B-CD nanoparticles were found to be preferable
compared to the CS/TPP-SBE-3-CD nanoparticles due to
their lower PS and PDI and higher ZP values (Table 3). CS-
TPP-SBE-B-CD nanoparticles had also a tendency towards
aggregation, such that aggregates with particle size over
2 um could be easily seen a few hours after preparation.
As both SBE-3-CD and TPP were anionic, complexing to CS
caused a kind of neutralization and so aggregates could be
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Table 3. Characteristics of final nanoparticles.

Nanoparti- PS (nm) ZP (mV)
cle type +SD PDI+SD +SD
CS/TPP 1442229 0.317£0.0378  21.2+1.435
CS/TPP-

HP-B-CD 178+84.1 0.310+£0.0134 31.2+4.68
CS/TPP-

SBE-B-CD 821.2+54.4 0.849+0.140 17.5£0.709

formed. There are studies in the literature about using SBE-
B-CD instead of TPP as an anionic linker (Fulop et al., 2014;
Mahmoud et al., 2011) suggesting its use as a linker itself
rather than complexing with TPP.

Following the characterization of nanoparticles, the interday
changes in PS, PDI and ZP of CS/TPP and CS/TPP-HP-3-CD
nanoparticles were observed as a mini-stability study. As it is
clearly seen in Figure 7, while the PS and PDI values of CS/TPP
were increasing day by day (p<0.05), the values of CS/TPP-HP-
3-CD did not significantly change (p>0.1). In addition, the ZP
of CS/TPP nanoparticles dropped to 149 mV from 212 mV
in 5 days, as an expected result because the initial ZP of TPP-
HP-3-CD being significantly higher than the ZP of CS/TPP. The
positive effect of TPP-HP-3-CD could be clearly seen to protect
nanoparticle characteristics.
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Figure 7. Interday changes in PS, PDI and ZP of CS/TPP and

CS/TPP-HP-B-CD nanoparticles (The bars represent changes

in PS and the lines represent changes in PDI values for PS-PDI

time graph).

In a study by Pant and Negi in 2018, TPP-3-CD complexes were
prepared for the first time in the literaure and used for the
preparation of CS nanoparticles by ionic gelation method. The
changes in the parameters PS, PDI and ZP were determined for
2 days and according to their results, the parameters changed
significantly for the CS/TPP nanoparticles and 3-CD enhanced
interday stability (Pant and Negi, 2018). The results of this
study also supported their findings, except their CS/TPP-3-CD
nanoparticles were smaller than the CS/TPP nanoparticles. The
MW of B-CD is lower than HP-3-CD, so this may be the reason
for larger particle sizes of CS/TPP-HP-B-CD nanoparticles pre-
pared in this study.

CONCLUSION

The ionic gelation method has been the most common and
simple method for CS nanoparticle preparation since Calvo
et al. first described this method for synthesis of CS nanopar-
ticles using TPP. The method is basically related with the ionic
interactions between CSs’ amino groups and the phosphate
groups of TPP. In the case of ionic interactions, undesirable
complexations are also highly likely to occur. In this study, it
was aimed to control those undesirable interactions using TPP-
HP-3-CD complex instead of TPP and develop a nanocarrier for
drug delivery studies. According to the results of the optimi-
zation study, optimum CS/TPP-HP-3-CD were obtained using
a CS concentration 0.125% with 0.5% AA at a ratio of CS/TPP
2. CS/TPP-HP-3-CD nanoparticles were found to have a higher
physical stability compared to CS/TPP nanoparticles as aimed.
In conclusion, since cylodextrins are very well established mol-
ecules for enhancing solubility of hydrophobic drugs, CS/TPP-
HP-3-CD nanoparticles with 178+84.1 PS and 31.2+4.68 mV
would be a good candidate especially for hydrophobic drugs
to improve their stability, solubility, encapsulation efficiency
and in vivo bioavailability.
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