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HIGHLIGHTS GRAPHICAL ABSTRACT

e The US-RESOLV method was applied
to produce Sunitinib malate nano-
particles for the first time.

Process parameters were optimized
based on morphology, size distribu-
tion, and dissolution rate of produced
particles.

Four polymers were useful for mod-
ifying the size distribution and in-
creasing the dissolution rate of nano-
particles.

The combined effects of the smaller
particle size, ultrasonication and poly-
mers presence could enhance dissolu-

tion rate.
ARTICLE INFO ABSTRACT
Keywords: The present study practiced ultrasonic-assisted rapid expansion of a supercritical CO, solution into a liquid
Sunitinib malate nanoparticles solvent (US-RESOLV) process for the synthesis of nanoparticles (NPs) of Sunitinib malate for the first time.
Ultrasonic-assisted RESOLV (rapid expansion of Hydrophilic polymers including hydroxypropyl methylcellulose (HPMC), poly (vinyl alcohol) (PVA), chitosan
a supercritical CO; solution into a liquid (CHID) and polyethylene glycol (PEG) were utilized for modifying the size distribution and increasing the dis-
;Ollvem) solution rate of the Sunitinib malate NPs. Also, we determined the impact of pressure, nozzle diameter as well as
olymer

Optimization (Taguchi) temperature on morphology, size distribution and dissolution rate of produced particles. In order to accomplish
Dissolution rate enhancement the objectives of the present study, APEG w.a.s the bes‘t polynhler for cohntrolhr'lg the particle size dlstrlb.utlon and
Particle size distribution HPMC served as the best polymeric stabilizer for increasing the dissolution rate of the drug particles. The
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solution with solid cosolvent; R2, Coefficient of determination; R2adj, Adjusted coefficient of determination; R2;,.q, Predicted coefficient of determination; SAS,
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supercritical CO2 solution into a liquid solvent; XRD, X-ray diffraction

* Corresponding author at: Department of Chemical Engineering, Faculty of Engineering, University of Kashan, 87317-53153 Kashan, Iran.

E-mail address: sodeifian@kashanu.ac.ir (G Sodeifian).

https://doi.org/10.1016/j.supflu.2021.105163

Received 16 October 2020; Received in revised form 4 January 2021; Accepted 6 January 2021
Available online 12 January 2021

0896-8446,/© 2021 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/08968446
https://www.elsevier.com/locate/supflu
https://doi.org/10.1016/j.supflu.2021.105163
https://doi.org/10.1016/j.supflu.2021.105163
https://doi.org/10.1016/j.supflu.2021.105163
https://crossmark.crossref.org/dialog/?doi=10.1016/j.supflu.2021.105163&domain=pdf
https://crossmark.crossref.org/dialog/?doi=10.1016/j.supflu.2021.105163&domain=pdf
mailto:sodeifian@kashanu.ac.ir

F. Razmimanesh, G. Sodeifian and S.A. Sajadian

The Journal of Supercritical Fluids (2021) 105163

synthesized particles were much smaller (< 600 nm) in comparison to the unprocessed particles of Sunitinib
malate. The combined effects of the smaller sizes of the particles, ultrasonication and the presence of polymers
could enhance dissolution rate of the Sunitinib malate in the aqueous media.

1. Introduction

Sunitinib as a novel vascular endothelial growth factor receptor
inhibitor, has presented high activity in renal cell carcinoma (RCC) and
is now extensively applied for patients with metastatic disease [1]. It is
the new small molecularly targeted anti-cancer medicine with the
survival merits in the advanced renal cell carcinoma and in the ad-
vanced hepato-cellular carcinoma and gastro-intestinal stromal tumors,
respectively [2-4].

Moreover, Sunitinib malate has been proposed to be an orange-to-
yellowish solid with a molecular formula CysH33FN4O, with the mo-
lecular weight equal to 532.56 g/mole. This solid could be solved in
dimethyl sulfoxide at 40 mg mL ™" but it very poorly soluble in water
and ethanol [5]. In addition, it can be solved in acidic aqueous solutions
(25 mg mL~! at the pH of 1.2-6.8). The solubility of this medicine
quickly diminishes at the pH values > 6.8 (water solubility"1 mg mL ™)
[6]. Once used orally, the Sunitinib is known to follow a slow absorp-
tion stage throughout the gastrointestinal tract while its concentration
in the plasma reaches a maximum within 6-12 h [5]. One of the pro-
minent goals of developing solid-state drug has been considered to be
enhance the medicine solubility with maintenance of its stability. Such
a goal will be essential as permeability as well as solubility have been
introduced as two main parameters applied to explain the oral ad-
sorption based on the bio-pharmaceutics classification system (BCS).
Recently, particle size reduction has been applied in the pharmaceutical
industry to modify specifications of the solid forms including solubility,
stability, dissolution rate and bioavailability without altering the de-
sired effect of drug [7-9]. Nanosuspensions refer to mixes where solid
nanoparticles (NPs) of a drug are dispersed in a liquid and further
stabilized by polymer and/or surfactant. The so-called Noyes—Whitney
relationship implies that the API (active pharmaceutical ingredient)
dissolution rate improves remarkably upon miniaturizing the particle
size, thereby boosting the bioavailability of the NPs. There are also
chances that the NPs get attached to the gastrointestinal mucosa; this
tends to extend the transit time of the drug and hence contributes to its
absorption [10].

Application of supercritical fluid (SCF) technology that is one of the
options for reducing particle size of pharmaceutical compounds, has
recently received a lot of attention. Experts in the field utilized this
approach in the pharmaceutical and biochemical industries for im-
proving the bioavailability of poorly water-soluble medicines by de-
creasing their particles size to the micro- and nano-scales. Earlier stu-
dies regarding the usage of SCF technologies to form the particles have
considered the supercritical antisolvent (GAS, SAS, SEDS & ASES) as
well as fast expansion of the supercritical solution (RESOLV, RESS,
RESS-SC & RESSAS) methods which have been widely investigated
[11-24].

RESS (rapid expansion of supercritical solution) has been used as a
cost-effective, innovative and promising process for preparing nano-
and sub-micron pharmaceutical particles that have high-solubility in
supercritical CO, (SC-CO,) with narrow size distribution in solvent-free
condition [25,26]. The basic principle of this process is the contrast in
solute solubility in the SCF between high and low pressures. This
method works by abruptly expanding the supercritical solution through
some nozzle to achieve sonic velocities [27-29]. In this method, ex-
pansion and pre-expansion conditions as well as extraction variables
including pressure, temperature, nozzle diameter, nature and presence
of the cosolvent and spray distance affect particle size distribution
[25,26,30]. Sun et al. [31-33] modified conventional RESS by using
solution or a liquid solvent as a receptor (RESOLV) to expand the

supercritical solution into a liquid solvent instead of the ambient air
[34]. Pharmaceutical particles generated via RESOLV (rapid expansion
of a supercritical CO5 solution into a liquid solvent) are smaller in
comparison to the ones observed by RESS because the application of a
liquid as the receptor in the rapid expansion phase can prevent coa-
gulation and condensation in the expansion jet, therefore efficiently
inhibit fast procedure of the particles’ growth [35]. RESOLV technique
was applied for minimization of the particles’ aggregation in the course
of the jet expansion. For this purpose, the supercritical solution has its
pressure dropped by being introduced, via an orifice into a collection
chamber that was pre-loaded by an aqueous fluid at ambient tem-
perature. The resultant suspension of NPs was stabilized by adding
different water-soluble polymers/surfactants to the mixture [35]. Al-
though the particle size is utilized as a critical parameter involving in
the medicine performance in many cases, it is most often very difficult
to achieve a uniform particle size distribution.

According to previous researches, it has found out that polymers (PVP,
HPMC, PVA, PEG, etc.) have received much attention in this field
[33,36-40]. A number of investigators confirmed probable use of
RESOLV to nano-size the water-insoluble medicines in the aqueous sus-
pensions [33,37,41-45]. The drugs are delivered at a predetermined rate
by designing the controlled release systems. In addition, mean size,
morphology, distribution of the particle size, distribution of the pore size,
polarity as well as the molecular weight of polymers may affect the ways
of releasing drugs. Choosing a proper polymer for dispersion of phar-
maceutical compounds is considered as a challenge. The polymers used as
carriers should have some features such as biocompatibility and biode-
gradability [46,47]. Upon exposure to the aqueous medium encountered
in the gastrointestinal tract, a solid dispersion of a drug is known to turn
into a supersaturated drug solution. Under such circumstances, the drug
particles tend to get precipitated rather than being appropriately ab-
sorbed by the respective cells, leading to attenuated bioavailability of the
drug. As a workaround, studies have been performed with different
polymer excipients to extend the time of the supersaturation and hence
retard the precipitation of the drug particles. In the other words, the
polymer must be capable of retaining a drug at supersaturated con-
centration for long enough to enable proper absorption of the drug par-
ticles [48]. In this research, hydroxypropyl methylcellulose (HPMC)
[48-511, poly (vinyl alcohol) (PVA) [46,50], chitosan (CHI) [50-54] and
polyethylene glycol (PEG) [55,56] polymers were applied as stabilization
agents because of their useful features.

Despite the benefits of polymers in RESOLV process, there are
chances that the NPs of drug and/or polymer agglomerate upon ex-
posure to the receptor solution. Indeed, the main difficulties with the
RESOLV method include the particle agglomeration and the resultant
non-uniform particle distribution. In the previous research [57], for the
first time, ultrasonication method was considered to dominate particle
agglomeration and the obtained results showed that application of ul-
trasonication is effective in reducing particle size and homogenization.

The ultrasonication process generates sound waves by inducing
pressure changes in the aqueous medium. This builds so-called gas
pockets that nucleate some microbubbles. It takes only microseconds
for the microbubbles to nucleate, grow and finally burst, with the
eventual result being high-temperature and pressure micro-implosions
[58,59]. Moreover, ultrasonic irradiation compels the pressure waves,
which provide cavity. Therefore, the mentioned technique is considered
as a powerful technique for homogenization and particle size reduction
in different fields of nanotechnology [57,60,61].

During twenty past years, the micro- as well as nano-sized medicine
as well as the polymer particles were produced by the RESOLV method.
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Table 1
Molecular structure and physicochemical properties of Sunitinib malate.
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Compound Formula Structure My (g/mol) Amax (Nm) CAS number Mass fraction purity (Analysis
method)
Sunitinib malate CoeH33FN40, 532.56 440 341031-54-7 99% (HPLC method)
0
A
QTSN
ot oH 0
Carbon dioxide CO, 44.01 124-38-9 99.8% (GC method)

Pathak et al. [62] investigated the application of RESOLV technique for
preparing the antiparasitic drug (Amphotericin B) NPs. The well-dis-
persed Amphotericin B NPs suspended in a stable aqueous solution
were produced, also suspension was additionally stabilized in the pre-
sence of the water-soluble polymers.

Meziani et al. [63] prepared nanocrystalline silver particles using
SCF technique RESOLV with chemical reduction. They used poly(N-
vinyl-2-pyrrolidone) (PVP) or BSA (bovine serum albumin) protein as a
protecting agent for suspension of nano-particle. Results showed that
the BSA protein protected Ag NPs are much larger than the ones pre-
pared by PVP. Xiang et al. [64] fabricated gambogic acid NPs by using
RESOLV method for enhancing medicine solubility in water. Therefore,
the produced gambogic acid NPs by RESOLV technique, were in-
vestigated and the obtained results showed that RESOLV procedure can
substantially produce nano-suspension of gambogic acid with the
greater bioavailability as well as anti-neoplastic efficiency and these
NPs can possess many potentials in the drug field.

Sodeifian and Sajadian [57] applied the RESOLV, US-RESOLV as
well as RESS processes to provide nano sized amiodarone hydrochloride
(AMH). PVP and HPMC polymers were considered for stabilization and
controlling sizes of AMH NPs. They concluded that usage of polymer
couple with ultrasonic waves enhance the rate of dissolution of AMH in
the aqueous solutions more than just polymer.

The present research is the first for using ultrasonic-assisted RESOLV
(US-RESOLV) method for controlling the size and size distribution of
Sunitinib malate as an anticancer drug. HPMC, PVA, CHI and PEG
polymers were considered as stabilization agents and their influences
on the features of the generated Sunitinib malate micro and nano-
particles were evaluated. The US-RESOLV-assisted Sunitinib malate
particles were investigated by a variety of physical characterization
methods including Dynamic Light Scattering (DLS), Field Emission
Scanning Electron Microscopy (FESEM), X-ray Diffraction (XRD),

Fourier Transform Infrared (FTIR) analyses as well as Differential
Scanning Calorimetry (DSC), and compared to the unprocessed
Sunitinib malate. Also, the impacts of pressure, nozzle diameter and
temperature on morphology, size distribution and dissolution rate of
resultant micro and nanoparticles were studied and optimized via
Taguchi methodology.

2. Material and methods
2.1. Materials

According to the research design, Sunitinib malate (CAS Number
341031-54-7, purity > 99%) and carbon dioxide (CO,) (CAS Number
124-38-9, purity > 99.99%) were procured from Parsian Pharmaceutical
as well as Fadak Companies (Iran), respectively, and employed as re-
ceived (Table 1). HPMC 4000 cPs (HPMC K4M), PVA (molecular weight
145,000), CHI (medium molecular weight, 85% deacetylated) and PEG
(Average molecular mass: 28,000-38,000) were provided by Sigma Al-
drich (Germany).

2.2. Methods

2.2.1. Ultrasonic-assisted RESOLV apparatus and procedure (US-RESOLV)

Fig. 1 shows applied US-RESOLV apparatus in this research. As it is
observed, this system was the same as the RESS apparatus, with the
only difference being the fact that a liquid solution-loaded chamber
hosted the rapid expansion in the US-RESOLV apparatus used in this
work. The system consisted of two main sections, including RESOLV
and ultrasonication parts. At first, the extraction cell was loaded with
2 g of Sunitinib malate couple with glass beads with a diameter of 2 mm
to avoid channeling and enhance drug-carbon dioxide contact surfaces.
Furthermore, 2 sintered filters have been placed over the two ends of

COyTank  Fifter

Refrigerator

Air
Compressor

K
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o] =
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000

Sample collection

Fig. 1. The experimental equipment of US-RESOLV method.
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the cell to hold the undissolved solute within the extractor. In the be-
ginning of the process, a refrigerator was used to decrease the tem-
perature of carbon dioxide to around 253K in an attempt not to have
the CO,, gas formed within the piston and hence keep the high-pressure
pump from being gas locked. Then, the reciprocating high pressure
pump injected carbon dioxide into the 70-mL extraction cell until
proper pressure was achieved (up to 600 bar). The desired temperatures
were adjusted with an exactly temperature controlled oven with an
accuracy of + 0.1K. A static time 120 min has been considered to
achieve the equilibrium state and after, the saturated Sunitinib malate-
CO,, solution was injected into a capillary nozzle via a preheated, 1/8"
stain-less steel tube and a fine needle valve. This was done to keep the
nozzle open in the course of the expansion stage. Moreover, fast ex-
pansion has been performed upon introduction of the solution, via the
nozzle, into a polymer-loaded container (1% w/v) that was further
equipped with an ultrasonication unit. The ultrasonication was done by
a probe of 13 mm in diameter that operated at 20 kHz to generate the
output power equal to 70 W. The procedure has been completely ex-
plained in our previous papers [17,21,27].

2.2.2. Characterization methods

DSC, XRD, DLS, FTIR and FESEM analyses were used to investigate
the Sunitinib malate particles. The DSC analysis (DSC 404 F3 Pegasus;
Netzsch Company: Germany) provided us with the melting points of the
original and processed drug species. This was done by heating some
5mg of the sample from 30 to 200 °C at 10 °C/min in a standard alu-
minum pan in an atmosphere of argon flowing at 20 mL/min. On a
Philips X’pert Pro MPD X-ray diffracto-meter, XRD patterns of the ori-
ginal and treated APIs were recorded by means of Cu-Ka radiation
(A = 0.154nm) at ambient temperature at different 20 values in the
ranges from 5° to 80°.

FTIR analysis results provided us with absorption spectra. To this
end, 4mg of Sunitinib malate was coupled with spectral-grade po-
tassium bromide (300-mg KBr) by means of mortar and pestle, and the
result was subjected to pressing to obtain a test-ready KBr disk.
Conducted on a Hitachi S-4160 FESEM apparatus operating at 20 kV,
the FESEM analysis results were devised to evaluate the particles in
terms of morphology, i.e. geometry and surface properties. FESEM
samples were prepared by sputter-coating the drug powder with
gold-palladium alloy. For the sake of RESOLV imaging, a few drops of
the nanoparticle-suspended mixture were put on a carbon tape and the
tape was dried under ambient conditions. The DLS analysis was done to
see the particle size distribution. The analysis was undertaken on a
NANO-PHOX particle sizer (Sympatec GmbH System Partikel Technik)
that has been equipped with a He-Ne laser with the wave-length equal
to 623 nm and power of 10 mW), as a light source, that operated at 90 °
scattering angle. Prior to DLS analysis, some 0.01 g of Sunitinib malate
was dissolved in 10 mL of deionized water.

2.2.3. Dissolution rate

A phosphate buffer solution (PBS) with a pH of 7.4 has been utilized to
see how are the dissolution rates of the unprocessed and processed
Sunitinib malate particles affected by the particle size and morphology.
Tests were performed in a 100-mL vessel wherein the dissolution medium
temperature and stirring rate were adjusted to 310 = 0.5K and 100 rpm,
respectively [65,66]. As a first step, 30 mg of the Sunitinib malate was
introduced into 100 mL of the dissolution medium. Then, a 450-nm syringe
filter was utilized to take 3 mL of the liquid sample following 5, 10, 15, 30,
60, 90 as well as 120 min, and an equal volume of the fresh PBS has been
poured into vessel to keep the total volume unchanged. Next, UV-vis
spectro-photometry (GBC Scientific Equipment Ltd, Cintra-101) has been
conducted at 440 nm to evaluate the dissolved amount of the drug in the
considered sample. The experiments have been accomplished three times
and then the average values were determined.
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2.2.4. Experimental design of the process parameters

The so-called Taguchi method is a well-known approach to the de-
sign of experiments (DoE) for determining optimal values of the para-
meters for a particular process. In this work, the DoE was practiced on
the RESOLYV process with four orthogonal parameters at four levels (L16
(4"), which were selected according to the results of a set of pre-
liminary tests.

3. Result and discussion

We measured experimental solubility of Sunitinib malate at various
conditions of temperature and pressure in our previous study [67]. The
obtained results (mole fractions ranged between 0.5 x 10~ and
8.56 x 10~ °) indicated that US-RESOLV can be the desirable approach
to form micro and nanoparticles of Sunitinb malate. Numerous para-
meters can affect particle size, particle size uniformity, morphology and
dissolution rate of the pharmaceutical compounds in the US-RESOLV
method; these parameters include temperature, pressure, nozzle dia-
meter, type of used polymer, nozzle length, spray distance, co-solvent
content and flow rate. The present study analyzed the impacts of
temperature (308-338K), pressure (180-270 bar), diameter of nozzle
(150-450 pm) and type of applied polymer (HPMC, PVA, CHI and PEG)
on the particle size uniformity, dissolution rate and morphology of the
Sunitinib malate particles with ultrasonic assistance. For this purpose,
Taguchi methodology (L-16 orthogonal array) has been applied to in-
vestigate effects of mentioned variables on specifications of the pro-
duced particles. The obtained outputs were presented in Tables 2-4 and
Figs. 2 and 4. To achieve more reliable results, all measurements were
conducted in triplicate and average values of the size of particles,
uniformity of particle size and dissolution rate have been reported.

3.1. Investigating the impacts of the operating variables on the particle size
uniformity (SPAN value)

The SPAN (dispersion index) is a statistical value to investigate the
particle size distribution and is obtained as follows:

Dgy — Dyg
D5y (@)

where Dgy: diameter of particle, at which 90% of the population resides
are under the point Dgyg.

Djp: diameter of particle, at which 10% of the population resides are
under the point Dyq.

Dsq: diameter of particle, at which 50% of the population resides are
above this point and 50% of the resides are under this point [10,68].
The relatively smaller value of SPAN indicates the uniformity and
narrow distribution of the particle size [69,70]. The research works
investigating the impact of SPAN values on aerosol generation have
been most commonly focused on the lung deposition, indicating dif-
ferences in the deposition behavior with changing the SPAN value at
the same primary particle size. Indeed, one can use the SPAN values to
evaluate the spray quality. In this respect, the higher the SPAN value,
the higher would be the cohesiveness and surface tension and hence the
lower would be the available energy for liquid dispersion, which can be
translated as limited dispersion efficiency of the nasal device. Hence,
for a defined nasal spray, it is necessary to choose a lower SPAN for
optimizing its aerosol function [71].

Assuming no interaction among different variables, the process
parameters were statistically optimized by implementing the Taguchi’s
DoE to achieve the best possible the response (here the Sunitinib malate
particle size uniformity upon the US-RESOLV method).

Using the data presented in Table 2, the analysis of variance
(ANOVA) has done to see how significant were the effects of tem-
perature (308, 318, 328 and 338 K), pressure (180, 210, 240 and 270),
diameter of nozzle (150, 250, 350 and 450 um) and type of stabilizer
polymer (HPMC, PVA, CHI and PEG) on the SPAN in the RESOLV

SPAN =
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Table 2
Operation conditions of the US-RESOLV processes and quantitative results.
Sample T (K) P (MPa) Diameter of Polymer Mean Particle size Dissolution rate Predicted particle Predicted
nozzle (um) particle size uniformity (at 120 min) size uniformity dissolution rate
( nm) (SPAN) (SPAN) (at 120 min)

1 338 27 150 HPMC 858.32 0.4353 0.9430 0.4238 0.9453

2 308 18 150 CHI 2013.30 0.0943 0.8768 0.0898 0.9005

3 318 21 150 PEG 2157.85 0.0632 0.7380 0.0750 0.7082

4 328 24 150 PVA 586.84 0.0939 0.8888 0.0854 0.8927

5 308 24 350 HPMC 2029.44 0.4124 0.8431 0.4895 0.8134

6 328 27 250 CHI 1017.85 0.1918 0.8916 0.2277 0.8619

7 328 18 350 PEG 1557.16 0.0143 0.7340 0.0139 0.7012

8 308 21 250 PVA 713.44 0.3973 0.8710 0.3868 0.8733

9 338 18 450 PVA 767.10 0.0751 0.8403 0.0892 0.8132
10 318 27 350 PVA 560.93 0.4055 0.8424 0.3861 0.8661
11 318 24 450 CHI 1150.09 0.3352 0.8047 0.3263 0.8070
12 328 21 450 HPMC 1066.98 0.1222 0.5250 0.1164 0.5487
13 338 21 350 CHI 1927.08 0.2432 0.6104 0.2210 0.6142
14 338 24 250 PEG 906.71 0.1942 0.5478 0.1848 0.5614
15 308 27 450 PEG 843.26 0.0943 0.4910 0.0857 0.4930
16 318 18 250 HPMC 1287.64 0.5072 0.9321 0.4610 0.9359

method. The F-value was used as a measure to distinguish between the
significant and insignificant factors. Recall that an ANOVA table can be
merely interpreted within a range of values (levels) regarded for each
variable. For each variable, the impact was assessed based on the mean
response at each level [72]. Accordingly, the effects of the parameters
for which the p-value was sufficiently small (p < 0.05) while F-value
was considerably large were acknowledged as significant on the out-
comes of the RESOLV process. By examining Table 3, it can be con-
cluded that temperature (p = 0.0161), pressure (p = 0.0236), nozzle
diameter (p = 0.0384) and type of polymer (p = 0.0083) parameters
are significant terms in particle size uniformity. The p- and F-values
reported in Table 3 show that type of polymer is the most effective
parameter on the particle size uniformity. Also, various statistical cri-
teria like the coefficient of determination (R?), the predicted coefficient
of determination (R’zpred.), adjusted coefficient of determination (R?adj),
coefficient of variation (C.V.) as well as adequate precision were cal-
culated to see how significant was the model. Based on the results, the
model was found to be adequate, as per a determination coefficient, R?,
a R,2 adj» and a Ri,,ed of 0.9880, 0.9399, and 0.8170, respectively. The
obtained value of the adjusted R? showed that operating parameters
(temperature, pressure, nozzle diameter, and type of polymer), could
explain 0.9399 of the variance in the particle size uniformity. Adequate
precision demonstrates the ration of signal-to-noise. It should be noted
that the ratio > 4 will be acceptable and a relatively large value of the
adequate precision (16.74; that is > 4) highlighted the very good ratio
of signal to noise to navigate the design space, with a reliability of the
experiments approved by the relatively small value of the coefficient
variation; that is, CV = 13.10.

Examining Fig. 2a presents that 328 K is the optimum temperature for
production of Sunitinib malate couple with polymer NPs with narrow size
distribution. However, at a pressure of 180 bar, nozzle diameter of 150 um
and using PEG polymer as stabilizer, increasing temperature from 308 to

Table 3
The ANOVA analysis based on particle size uniformity (SPAN).

318K increased SPAN value; while increasing the temperature between
318 and 328K led to a significant decline in SPAN value.

According to Fig. 2b, at the temperature equal to 308 K, 150 um
nozzle diameter and using PEG polymer, the pressure and particle size
distribution are directly proportional. As the pressure increased, the
SPAN value increased. This indicated that pressure increment leads to
wider particle size distribution. The impacts of pressure on Sunitinib
malate solubility in SC-CO, was examined in our previous study [67].
The pressure was found to impose a significant effect on increasing the
solubility, possibly due to the resultant increase in the solvating power
of SC-CO, due to its greater density as well as solubility under higher
pressures. Put differently, distribution of the particles size is influenced
by concentration of drug in the solution. Size distribution of particles in
the solution with lower concentration has been narrower in comparison
to the distribution of the more concentrated solution [73].

Fig. 2c¢ presents the effect of nozzle diameter on the SPAN value at
308 K with 240 bar pressure, and using PEG polymer. Tests were per-
formed at various nozzle diameters, namely 150, 250, 350, and 450 pum.
According to Fig. 2c, the lowest SPAN value (narrow particle size dis-
tribution) was observed with a 150 pum nozzle. When diameter of the
nozzle increased from 150 to 250 pum, the significant increment in SPAN
value was observed. Then, enhancing diameter of nozzle diameter from
250 to 350 um led to the significant decrease in the SPAN value from
0.1822 to 0.0962. Further, the SPAN value decreased slightly with
enlarging the nozzle diameter from 350 to 450 pm.

In this research, four polymers (HPMC, PVA, CHI and PEG) were
considered as the stabilizer to evaluate their influence on the particle
size distribution. It has been well acknowledged that the type of
polymer affects the outcomes of RESOLV method significantly by
managing morphology as well as size of micro or nanoparticles [57]. As
observed in Fig. 2d, the type of polymer has the considerable impact on
the management of the size distribution of prepared particles.

Source Std. Dev. R-square Adjusted R-square
Model 0.24 0.9880 0.9399

Source Sum of Squares df Mean Square
Model 13.71 12 1.14

T 3.52 3 1.17

P 2.69 3 0.9

Diameter of nozzle 1.88 3 0.63

Polymer 5.61 3 1.87

Residual 0.17 3 0.056

Cor. Total 13.87 15

Predicted R-square p-Value PRESS (predicted residual sum of squares)
0.8170 0.0149 4.75

F- Value Prob > F

20.54 0.0149 Significant

21.13 0.0161 Significant

16.11 0.0236 Significant

11.29 0.0384 Significant

33.63 0.0083 Significant
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Table 4
The ANOVA analysis based on dissolution rate.
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Source Std. Dev. R-square Adjusted R-square
Model 0.044 0.9940 0.9701

Source Sum of Squares df Mean Square
Model 0.98 12 0.081

T 0.15 3 0.049

P 0.066 3 0.022

Diameter of nozzle 0.31 3 0.1

Polymer 0.46 3 0.15

Residual 5.867 x 1073 3 1.956 x 1073
Cor. Total 0.98 15

Predicted R-square
0.8300

F- Value
41.59
24.94
11.31
52.09
78.01

p-Value
0.0053

Prob > F
0.0053
0.0127
0.0384
0.0044
0.0024

PRESS (predicted residual sum of squares)

0.17

Significant
Significant
Significant
Significant
Significant

Among used polymers, PEG and HPMC had the narrowest and
widest particle size distribution, respectively. In addition, the SPAN
value corresponding to PVA was smaller than that of CHI polymer. The
determined difference in distributing the particles’ size is due to
structural differences of considered polymers. According to the pre-
vious researches [74,75], it can be concluded that in general, HPMC
produces a narrow pore size distribution with high pore sizes, whereas,
CHI, PVA and especially PEG have a wide pore size distribution with
small pore sizes. These results can be observed in the SEM images
(Fig. 3).

Optimum process conditions have found that 328 K, a 180 bar pressure,
a nozzle diameter of 150 um, as well as PEG polymer as a stabilizer, under
which set of conditions, a SPAN value of 0.0112 could be achieved.
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3.2. Investigating the effect of operating parameters on the dissolution rate

To study whether particle size reduction by using US-RESOLV
method could improve the bioavailability of Sunitinb malate, rate of
dissolution of the Sunitinib malate particles prepared by US-RESOLV
was evaluated and then compared to that of the unprocessed drug
knowing the fact that dissolution rate provides a measure of bioavail-
ability of drug.

Therefore, effects of the distribution of the particles’ size and also
the particles’ shape on the dissolution efficiency have been studied in
the several researches [76-78].

Fig. S1 presents the dissolution rate profiles of un-processed and
processed drug particles via US-RESOLV (HPMC (sample 5), PVA

(b)
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P (bar)
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(d)
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Fig. 2. The plot of the US-RESOLV procedure for SPAN value based on: (a) temperature (b) pressure; (c) nozzle diameter; (d) type of polymer.

6



F. Razmimanesh, G. Sodeifian and S.A. Sajadian

Y

WD: 7.16 mm
Det: SE
Date(m/d/y): 12/30/19

SEM HV: 20.0 kV
View field: 338 pm
SEM MAG: 561 x

The Journal of Supercritical Fluids (2021) 105163

VEGA3 TESCAN

100 um

Fig. 3. SEM images of US-RESOLV method for different conditions: a) original Sunitinib malate, b) Sample 12 (HPMC as a stabilizer), ¢) Sample 8 (PVA), d) Sample 2

(CHI) and e) Sample 14 (PEG).

(sample 4), CHI (sample 11) and PEG (sample 3)). On this figure, the
experimental results and outcomes of modeling with different kinetic
models are shown by scattered dots and solid lines, respectively. These
models will be examined in more detail later. The obtained results
confirm the promising potentials of the US-RESOLV technique to
ameliorate in vitro dissolution rate and anticancer efficiency of the
poorly soluble medicines, e.g. Sunitinib malate.

As shown in Fig. S1, the dissolution rate of the processed Sunitinib
malate augmented (for example in Fig. S1(d), 72% of encapsulated drug
was released in 15 min) corresponding to the its unprocessed form (39%
in 15 min).

NPs of Sunitinib malate had a higher surface area than its original
form in the solution. Enhanced solubility in water and dissolution rate
of the processed Sunitinib malate by US-RESOLV might be explained by
miniaturization and appropriate size distribution of the drug particles.

This could be linked to the ameliorated wetting features of the drug in a
dissolution medium, larger specific surface area, and transformation
from the crystalline to the amorphous phase (as per outputs shown by
XRD and DSC analysis) [79]. Moreover, amorphous state has been more
soluble because there is no need to energy for breaking up the crystal
lattice in the course of the dissolution procedure. That is, a combined
effect of the absence of a long-range molecular order as well as ex-
istence of the greater Gibbs free energy justifies faster dissolution rate
with the amorphous drug particles [57,80]. In addition, initial release
rate in four samples was relatively high. For example, for sample 4,
cumulative percent release reached 66% within 15 min, while the rates
decreased subsequently, so that the cumulative percent release reached
83% and 88% within 60 and 120 min, respectively. The higher dis-
solution rate in the initial stages could be associated with the medicine
dissolution over the micro or nanoparticles’ surface. Later on, drug
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Fig. 4. The plot of US-RESOLV procedure for dissolution rate as a function of a) temperature, b) pressure, c) diameter of nozzle, and d) type of polymer.

release was mainly driven by a diffusion procedure that is a much
slower mechanism.

A two-stage release profile of the Sunitinib malate from various
samples demonstrated the diffusion-controlled dissolution of Sunitinib
malate from all evaluated polymeric structures. Similar results have
been published for Sunitinib malate from self-nanoemulsifying drug
delivery systems in the literature [2].

Studying the kinetics of the drug release out of a polymer solution, one
can not only describe the molecular patterns of dissolution of the active
species, but also refine the stability of the drug. In this respect, the ad-
justable parameters provided by correlating different kinetics models to
experimental data can analyze the release process [4,81]. In this research,
mathematical models including Korsmeyer-Peppas, zero-order, Higuchi
and Weibull have been utilized for correlating the experimental data.

Zero-order model, Eq. (2) illustrates releasing the drug from dif-
ferent drug delivery systems, as polymeric solution.

Q= Qo + Kot (3]

where Q, represents the amount of drug in time t, Q, refers to initial
amounts of the drug in solution that is generally Qo = 0.0 M, and K,
stands for the zero-order rate constant (concentration/time). Moreover,
t represents time. In addition, zero order kinetic model considers con-
centration-independent release of the medicine at a constant rate [2,4].
Korsmeyer-Peppas [82] presented exponential relation, as follows:
U g
Qo 3

where % represents fraction of the released drug by the time t and K,
refers to the constant that incorporates structural features of polymer
and the drug and diffusional exponent, n, can be used to identify the
process by which the drug is released out of the polymer. This re-
lationship is applied to explain Fickian and nonFickian release behavior
of the swelling-controlled release system. The release of the solute from
the sheet, cylinder, sphere as well as the polydisperse specimens was
analyzed. Diffusional exponent can provide valuable information on
diffusional release mechanisms of a pharmaceutical compound from the
polymeric system [2,83]
For Higuchi model:

Q[ =K t05 (4)

here k;, represents Higuchi rate constant [81].
For Weibull model:

—tb
m=1-— exp[—]
a

)

so that m indicates time-variant fraction of Sunitinib malate dissolved
in the simulated intestinal medium. As seen, it possesses 2 adjustment
parameters of a and b that may have an optimal fitness to the dis-
solution data. The dissolution rate coefficient (K,,) is used to compare
dissolution rates of the unprocessed and processed samples [17]. The
K,, is calculated by the adjustment parameters of model, as follows:

1
¥a (6)
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Fig. 5. DLS graphs for a) Sample 1 b) Sample 10 ¢) Sample 2 and d) Sample 15.

According to Fig. S1, it can be concluded that Korsmeyer-Peppas and
Weibull models had the best fit (high correlation coefficients R?) to the
experimental dissolution rate data. The correlation results including R,
adjustable parameters and dissolution rate coefficient of samples of 5, 4, 11
and 3 and also original drug have been reported by Table S1. By reviewing
Table S1, it could be stated R? values of Weibull model were slightly higher
than those of Korsmeyer-Peppas model, which implied that the Weibull
model was the most accurate mathematical model for investigated particles.

Examination of the diffusional exponent, n, for different samples
showed that the samples prepared with using PVA, CHI and PEG, as the
stabilizer, had n values smaller than or equal to 0.43, while those where
HPMC was used as the stabilizer exhibited diffusional exponents be-
yond 0.43 but still lower than 0.85. There is enough information that in
case of n < 0.43, Fickian diffusion of the drug would be observed
through the polymer. Nonetheless, in case of n > 0.43 and < 0.85, the
drug release mechanism would be a non-Fickian diffusion mechanism,
where contributions from the medicine diffusion as well as polymer
relaxation could be compared. If n> 0.85, we are facing a type-II dif-
fusion process where the diffusion rate is considerably higher than the
relaxation rate [4,83]. Therefore, it can be stated that the Sunitinib
malate release from PVA, CHI and PEG polymers corresponded to the
Fickian diffusion, while for HPMC-whose n value was 0.48-it followed
non-Fickian diffusion mechanism and the polymer relaxation as well as
drug diffusion participated in releasing Sunitinib malate. In addition, n
value for original drug was 0.02, which this indicated that medicine has
been released by Fickian diffusion mechanism.

With regard to Weibull model, the parameter K,, denotes the rate
constant of the drug release [74]. As presented in Table S1, the obtained
values of K, for the processed Sunitinib malate by US-RESOLV method
were higher than that for unprocessed Sunitinib malate because the
drug diffused from the polymeric structures at the increased rates.

Taguchi experimental technique has been applied for examination
of the impact of four operating variables used in NPs production on the
dissolution rate of produced particles. The most basic step in the DoE is
to properly select the factors (variables) and their levels. In this re-
search, this basic stage was done on the ground of a review on the
literature reporting the production of pharmaceutical NPs by using US-
RESOLYV approach [27,57]. The ANOVA was done by the experimental
data presented in Table 2. Statistical evaluation of the outcomes pro-
vided us with the relative significance of different parameters affecting
the response. The results in Table 4 revealed that the nozzle diameter
(p = 0.0044) and type of polymer (p = 0.0024) used in the particle
production using US-RESOLV are the most significant parameters that
can influence on the dissolution rate. It should be noted that other
parameters including temperature (p = 0.0127) and pressure
(p = 0.0384) also have the significant effects on the dissolution rate.
The ‘Model F-value’ of 41.59 (p = 0.0053) proved the significance of
the model. However, just a 0.53% probability existed so that a large
Model F-value occurred because of the noise. As a measure of com-
parison precision, CV was low enough (6.42%) to approve the accuracy
and reliability of the experimental data. Moreover, corresponding value
of R? to dissolution rate of the processed Sunitinib malate was 0.9940
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Fig. 6. Comparing FTIR spectrum of a) the original Sunitinib malate, b) HPMC,
¢) Sample 5, d) PVA and e) Sample 8.

(Table 4); implying that the developed model was adequate for ex-
plaining 99.40% of the variance in responses. In addition, Rgred
(0.8300) agreed reasonably with the adjusted R? (0.9701). As a mea-
sure of the ratio of signal to noise, the value of “Adeq. Precision”
(20.42) significantly exceeded the generally desired baseline of 4 that is
signal has been sufficiently without any noises. Furthermore, the pre-
dicted residual sum of squares; that is, the sum of squares of the dif-
ference between predicted as well as actual values over the entire set of
experimental data points, PRESS = 0.17) prepares a measure of the
goodness-of-fit of the model to the search points in the design. Conse-
quently, if there is smaller PRESS, model would further fit with the data
points [84]. Finally, results presented in this section prove that the
Taguchi’s DoE could well lead us toward the objectives of the present
research.

Fig. 4a presents the influence of temperature on the dissolution rate
(notably, at a temperature in which particles have been produced by
the US-RESOLV method). It indicated that 318 K was the optimum
temperature for production of NPs using the US-RESOLV method with
the aim of having the highest dissolution rate. At the pressure of
240 bar, nozzle diameter of 450 um and using HPMC polymer as sta-
bilizer, increasing temperature from 308 to 318 K increased dissolution
rate; while increasing the temperature between 318 and 328K led to
significant decline in dissolution rate. Also, rising temperature to 338 K
caused a partial decline in dissolution rate of the drug.

According to Fig. 4b, the applied pressure for NPs production by US-
RESOLV method and their dissolution rate are directly proportional. At
308 K, the nozzle with 250 pm diameter and by using PVA polymer, as the
pressure increased, the dissolution rate increased. According to an earlier
discussion, pressure imposed a significant effect on the increasing solu-
bility and put differently, the rate of dissolution of pharmaceutical com-
pounds would be concentration-dependent, meaning the increased
amount of the released drug by enhancing drug concentration [81].
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Another parameter that can affect dissolution rate of processed
Sunitinib malate is the nozzle diameter used in the production of par-
ticles. Fig. 4c shows that at 338K, the pressure equal to 210 bar by
using CHI polymer, the smaller the diameter of the nozzle used in the
US-RESOLV method, the higher the release rate of the particles pro-
duced. As a matter of fact, the fluid tended to exhibit a more linear
velocity with reducing the nozzle diameter; this disturbed the balance
between the nucleation and the particle growth and hence decreased
the particle size.

In the following, four polymeric environments (HPMC, PVA, CHI
and PEG) at a certain concentration (1% w/v) in the US-RESOLV
method were utilized for investigating impact of stabilizer type on
dissolution rate.

The rate at which the drug is released is known to be affected by the
matrix structure and physicochemical features of polymer and drug. In
meantime, however, medicine release profiles exhibit two characteristic
stages, namely an early rapid release stage followed by a relatively
constant-release rate stage dominated by the diffusion and degradation
mechanisms [81,85].

Fig. 4d presents the relationships between dissolution rate and type
of used polymer. According to Fig. 4d, it can be concluded that HPMC
was the best polymer compared to other polymers for formation of
particles with higher dissolution rate. Additionally, CHI dissolution rate
has been higher than PVA. Moreover, PVA was higher than PEG.

The process of drug release begins by releasing drug from the NPs
surface followed from the inner part of the NPs. The drug burst occurs
by either releasing the adsorbed drug over the surface of polymer or
leaching drug out of wider pores in the vicinity of the nanoparticle
surface. The secondary stage is obviously related to the not only the
polymer molecular weight, crystallinity and polarity, but also the drug
load and particle size distribution as well as the matrix porosity. In this
respect, one may expect a higher release rate with a highly porous
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Fig. 9. XRD patterns of Sunitinib malate-polymer prior to and following the
procedure a) the original Sunitinib malate, b) HPMC, c) Sample 1, d) PVA and
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matrix. Total pore space in the polymeric structure has been seen to
impose significant impacts on the release rate of medicine [85]. Gen-
erally, dissolution rate of medicine has been controlled by a different
factors including the drug solubility and water absorption behaviors,

11
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Fig. 10. XRD patterns of Sunitinib malate-polymer prior to and following the pro-
cedure a) original Sunitinib malate, b) CHI, c) Sample 13, d) PEG and €) Sample 14.

polymer swelling, and the drug-polymer interactions in terms of dif-
fusion.

Compared to denser structures, porous structures exhibit less de-
sirable mechanical characteristics in many applications. For a drug
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delivery system, however, the porosity is crucial for not only the dif-
fusion of pharmaceutical compounds and nutrients, but also cell mi-
gration and tissue growth [86]. Studies have shown that a larger pore
size and/or further interconnectivity of the pores lead to a higher water
uptake capacity for the respective scaffolds [87]. The swelling and
penetrability of the polymer matrix have been identified to significantly
influence drug dissolution rate. Therefore, as mentioned in previous
section, HPMC has both high swelling characteristics and the irregular
pores in large sizes inside itself, whereas, CHI, PVA and especially PEG
have a wide pore size distribution with small pore sizes. Moreover,
HPMC possesses a channeled micro-structure form in case of entering
water into the polymer in the course of swelling process. The channels
allowed the compacts for maintaining their forms during slow diffusion
of drug between them. Such a fully homogeneous micro-structure
would be established since HPMC swelling occurred slowly and the
outer layers become the swollen but core remained un-swollen till the
external gel eroded and water reached the core [74,88].

The SEM graph of CHI (Fig. 3d) indicates its sponge-like structure
with numerous pores. This explains the dissolution performance of
Sunitinib malate from CHI despite its average swelling capacity. This
structure for CHI was observed in the previous research [74].

The effect of used polymer on the release rate can also be examined
in terms of solubility parameter. Calculated as a square root of cohesive
energy density, then, the solubility parameter provides a measure of
polarity and ranges from about 14 (lowest polarity) to 48 MPa'/?
(highest polarity). Despite the potentials of the parameter for the drug
release studies, rare research works have actually used the 8 in the
pharmaceutics and biology fields [89]. There are several approaches to
the evaluation of the solubility parameters, including direct measure-
ments, correlation to one or more physical parameter, and indirect
computations. For a polymer species, the so-called Hildebrand para-
meter (§,) cannot be obtained from the data on the vaporization heat,
due to nonvolatility of the species. Accordingly, the only way to prac-
tically calculate the solubility parameters for a polymer is the indirect
measurement. Among others, solubility parameters can be used for
selecting compatible solvent for polymer and forecasting the swelling of
the cured elastomers, the solvent vapor pressures in the polymer solu-
tion, and the polymer—polymer and multicomponent solvent phase
equilibria. The relative equation for mixing enthalpy may be computed
via Eq. (7):

Ahp = 9,9, (65 — 5p)? )

in which Ah,, indicates the per-unit-volume enthalpy of mixing, 5, and
ds denote the polymer and solvent solubility parameters, respectively.
Eq. (7) sets that Ah,, = 0 provided §; = &. That is, any 2 materials with
the same solubility parameter must be reciprocally soluble because of
their less-than-zero entropy factor. This supports the generally accepted
law of improved solubility with similar chemical and structural prop-
erties. On the other hand, with increasing the gap between &; and &,
solute exhibits less tendency towards dissolving in the solvent [55]. In
this research, the solubility parameter of the polymers has been com-
puted via by using Fedors's technique [90]. The solubility parameter of
HPMC, PVA, CHI and PEG was obtained 17.07, 16.60, 15.72 and
9.37 (calecm™3)%3, respectively. The above values have consistency
with the values presented in literature [56,89,91,92]. As mentioned
before, the larger the solubility parameter, the more polar the polymer.
In fact, when the difference between solubility parameter of water
(23.40 (calem™®)%%) and polymer decreases and the tendency of
polymer towards dissolution increases. Therefore, these outputs related
to the impacts of type of used polymer on dissolution rate can be jus-
tified. It should be noted that PVA is a linear aliphatic hydrophilic
polymer while chitosan has been considered as one of the cyclo-ali-
phatic hydrophilic polymers. Hence, the structure of PVA is usually
regarded with higher compaction in comparison to chitosan [54]. Al-
though PVA has a higher solubility parameter than CHI, but this
structural difference results in PVA having a lower release rate than
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chitosan. This structural difference was reported in the previous re-
search [54]. Introduction of chitosan at small dosages could distort
certain portions of the compact network of PVA, enlarging the pore
space within the network. Therefore, higher dosages of chitosan in the
membrane enhance its rate of permeation. This is while the permeation
rate became lower with increasing the PVA dosage in the membrane,
possibly due to the structural characteristics of the CHI and PVA [54].

DoE refers to the application of experimental designs to develop
poly-nomial equation as well as the trace responses over an experi-
mental domain for evaluation of optimal values of the considered
parameters and the respective model [79]. Finally, the optimized con-
dition for achieving the most acceptable rate of dissolution of Sunitinib
malate have been defined as follows: 308 K, 270 bar pressure, 250 pm
diameter of nozzle, using HPMC polymer as a stabilizer. Under the
optimal set of conditions, the maximum dissolution rate (at 120 min)
was found to be 0.9934.

3.3. Sunitinib malate characterization

FESEM analyses have been employed for characterizing morphology and
structure of original Sunitinib malate and NPs produced by the US-RESOLV
method. The results are presented in Fig. 3. Moreover, SEM images of ori-
ginal Sunitinib malate (Fig. 3a) indicates that the drug was composed of
crystals with the irregular size and morphology. According to the compar-
ison of the SEM pictures in Fig. 3, we found diminishment in the particle size
using US-RESOLV method. Also, the images indicate entrapment of the drug
NPs inside the carrier matrix and that carriers may suppress the crystal de-
velopment of Sunitinib malate throughout this procedure. However, SEM
outputs clarified the US-RESOLV method can reduce the particle size sig-
nificantly and prepare NPs with homogeneous surface morphology; this
showed complete dispersion of Sunitinib malate particles across the polymer.

The DLS curves in Fig. 5 indicate the homogeneous and uniform
distribution of the drug in the used polymers. These curves were ap-
plied to calculate the SPAN values. The ultrasonication could interrupt
the growth of the drug particles in the polymer in the course of the
process. Indeed, the polymer could limit the NPs growth even with no
strong interaction with the Sunitinib malate and by rather developing a
corona encompassing the primary particles. Different methods have
been used to enhance bioavailability of pharmaceutical compounds by
improving their dissolution rate and solubility. Among all the methods,
nanosizing techniques have received a lot of attention to enhance the
rate of dissolution via extending specific surface areas of the poorly
water soluble drug and hence adding to the respective oral bioavail-
ability.

The polymer-drug molecular interactions were corroborated by
FTIR spectra [53]. Figs. 6 and 7 indicate the IR spectra of pure Sunitinib
malate, HPMC, sample 5, PVA, sample 8, CHI, sample 2, PEG and
sample 14 in absorption bands in the ranges between 400 cm ™' and
4000 cm ™. Fig. 6a shows that there are many sharp peaks in the fin-
gerprint region of 400-1600 cm ! for pure Sunitinib malate. Conse-
quently, characteristic absorption band of C-F is situated at the
1026 cm ™! wavenumber. Moreover, the peaks have been seen at
1640 cm ™! for —-NH-C=0, 2850 cm ™' associated with C-H (alkyl),
2960 cm ! for the HC=CH (aryl), 3340 cm ™! specific to O-H (acid),
N-H.

Therefore, acquired IR spectrum of HPMC is observed in Fig. 6b.
This spectrum has been thoroughly investigated in the previous studies
[93,94].

The FTIR spectrum of sample 5 is presented in Fig. 6¢. This spectrum
demonstrates all the characteristic peaks of HPMC during the US-RE-
SOLV process and determines that Sunitinib malate was successfully
entrapped by HPMC polymer. The noncovalent interaction like the
hydrogen bonding that generally led to the typical peak shift or
widening of the drug functional groups in the infrared spectroscopy
tests [3]. Results of the sample 5 have been as the same as the HPMC
spectrum. The obtained outputs did not show any considerable or
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strong interactions between carrier and medicine. Nonetheless, because
of lower content of drug in the solid dispersion, it is hard to detect it in
FTIR tests or it is possible that typical bands of Sunitinib malate are
masked by a polymer absorptive band in a similar location that con-
sequently conceals any probable interaction like hydrogen-bonding
[80,95].

For PVA (Fig. 6d), the intense band from 3550 cm ™' to 3200 cm ™!
has been observed which is corresponded to OH from inter-molecular as
well as intra-molecular hydrogen bonds. Moreover, spectrum has been
examined in more detail in the previous researches [50,96,97]. On the
other hand, spectrum of sample 8 (Fig. 6e) compared to the spectrum of
PVA (Fig. 6d) shows that characteristic peaks of sample 8 were similar
to the spectrum of PVA. This indicates that Sunitinib malate was suc-
cessfully entrapped by PVA polymer.

FTIR spectrum of CHI is presented in Fig. 7b, where the corre-
sponding peaks to CHI are observable at certain wavenumbers. Thus,
the peak at 3356 cm ~* was ascribed to -NH, and ~OH groups stretching
vibrations. The amide I, II, and III vibrations were located at 1633,
1585cm ™! and 1318 cm ™!, respectively. Finally, peak at 1025 and
1070 cm ™! indicated C-O stretching vibration [50,53,98,99].

FTIR spectrum of sample 2 can be seen in Fig. 7c. This proved that
Sunitinib malate was well entrapped by CHI polymer. Additionally,
peaks at 3356 cm ~ ! for-OH or-NH,, groups was switched to 3310 cm ~*
with increasing the bandwidth, highlighting the formation of polymer-
drug hydrogen bonds.

At the end, Fig. 7d and e shows FTIR spectra of PEG polymer and
sample 14, respectively. The peak at 1094 as well as 1279 cm ™! were
attributed to O-H and C—O-H stretching. Moreover, the peaks at 1341
and 1466 cm ~ ! indicated C-H bending. In addition, the peaks that were
situated in 2878 and 3423 cm ™! were caused by C-H as well as O-H
stretching in PEG polymer, respectively [100]. The results of the sample
14 were similar to the spectrum of PEG. This proved that Sunitinib
malate was well entrapped by PEG polymer.

Fig. 8 presents the outcomes of the DSC analysis on pure Sunitinib
malate, pure polymers, sample 1, sample 4, sample 13, and sample 15.
Pure Sunitinib malate showed 208 °C melting point (T,,,) (as per the re-
spective characteristic endothermic peak), showing that the original Suni-
tinib malate was in the crystalline phase. This was in good agreement with
a previous finding [3]. The DSC analysis of the pure HPMC (Fig. 8a)
showed that the endothermic transition occurred in ranges from 35 to 75 °C
and a wide peak exhibited in the midway, well approving the findings of a
previous research work [101]. Fig. 8b shows a characteristic peak for PVA
at about 190 °C, this value is consistent with other researches [102].

The DSC curve of CHI (Fig. 8c) indicated one endothermic and one
exothermic peak in the ranges of 94-105 °C and 306-308 °C, respectively.
Also known as dehydration temperature (Tp), the endothermic peak sig-
nified the water removal from the hydrophilic groups on the chitosan. As a
polysaccharide, chitosan exhibits a disordered structure in the solid state, in
which condition it exhibits high affinity toward hydration. The en-
dothermic peak highlighted that the chitosan was yet to be fully dehy-
drated, with some bound water remained even after the drying stage. The
exothermic peak, on the other hand, characterized chitosan thermal de-
gradation of (glycoside bond cleavage, decomposition of de-acetylated and
acetyl units, and monomer dehydration) [103].

As shown by the DSC curve of PEG (Fig. 8d), the melting point has
been observed at 67 °C. This value is consistent with other researches
[104]. According to the DSC results of considered samples (1, 4, 13 and
15) in Fig. 8, it can be concluded that the endothermal peak of drug was
disappeared which confirmed complete entrapment of drug into poly-
mers matrix and so the degree of crystallinity of drug was decreased.

The crystallinity of the Sunitinib malate was further analyzed by
means of the XRD analysis (Fig. 9a). Based on the results (i.e. diffraction
patterns), the original Sunitinib malate was found to be well crystalline
with obvious peaks at diffraction angles (20) of 13.16°, 16.0°, 16.89°,
19.48°, 22.30°, 24.30° and 25.60°.
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As presented in Figs. 9 and 10, XRD analysis of US-RESOLV in-
dicated lower crystallinity of the processed drug compared to the ori-
ginal particles, probably due to their reduced particle size. The XRD
patterns recorded from the particles produced by US-RESOLV process
exhibited no characteristic peaks corresponding to Sunitinib malate;
this was while broad peaks were observed, that indicated amorphous
nature of the samples, just like those observed for the HPMC, PVA, CHI
and PEG. Our findings well agreed with outputs obtained by DSC
analyses, proving effectiveness of the US-RESOLV method for making
the Sunitinib malate in the amorphous state.

4. Conclusion

The dissolution rate of the drug may be enhanced via miniaturizing size
of the particles, especially to a nanometer scale, which this is able to sig-
nificantly extend the specific surface area of the particles of drug and leads
to considerably ameliorated bioavailability of drug. This research, for the
first time, utilized US-RESOLV (Rapid Expansion of a Supercritical CO,
Solution into a Liquid Solvent) method for controlling the size as well as
size distribution of Sunitinib malate as a water- insoluble drug. In this
method, the drug molecules may be enclosed by a polymeric shell or it may
be smoothly distributed into it. In addition, mean size, morphology, and
distribution of the pore sizes, molecular weight as well as polarity of
polymers could affect dissolution rate and size distribution of drug parti-
cles. Choosing the proper polymer for dispersion of pharmaceutical com-
pounds is considered as a challenge. In this regard, four polymeric stabi-
lizers (HPMC, PVA, CHI and PEG) were selected to investigate their effects
on the resultant particles size distribution (SPAN value) and dissolution
rate. Also, the influences of pressure, nozzle diameter and temperature on
the morphology, size distribution and dissolution rate of the produced
particles have been studied and optimized using the Taguchi design pro-
cedure. Then, these particles have been investigated by a variety of phy-
sical characterization methods including FESEM, DLS, DSC, XRD, and FTIR
analyses. In order to accomplish the research objectives, PEG was the best
polymer for controlling the particle size distribution and HPMC served as
the best polymeric stabilizer for increasing the dissolution rate of the
Sunitinib malate particles. Sunitinib malate particles of 858.32, 560.93,
1017.85 and 843.26 nm in average diameter were fabricated via the US-
RESOLV method by using HPMC, PVA, CHI and PEG, respectively. Kinetics
model has been utilized to explain release mechanism of pharmaceutical
substances from polymeric matrices. In this research, mathematical models
including zero order, Korsmeyer-Peppas, Higuchi as well as Weibull have
been utilized to correlate experimental dissolution rate. According to the
outputs, Weibull model can correlate the experimental data with
the highest accuracy. Miniaturization of the size of the particles as well as
the presence of the hydrophilic polymers enhanced dissolution rate of the
Sunitinib malate in the aqueous solutions significantly. To sum up, it was
concluded that, when devised with appropriate polymer stabilizer and ul-
trasonication, the US-RESOLV method can effectively inhibit the particle
agglomeration and rather accelerate the dissolution and control the dis-
tribution of the particles’ size of the Sunitinib malate as a weakly soluble
drug in aqueous medium.
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