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Background: The aim of this study was to prepare and evaluate the impact of polymers
on fabricating stable dexibuprofen (Dexi) nanocrystals with enhanced therapeutic potential,
using a low energy, anti-solvent precipitation method coupled with molecular modelling
approach.

Methods: Dexi nanocrystals were prepared using antisolvent precipitation with syringe pump.
Crystallinity of the processed Dexi particles was confirmed using differential scanning calo-
rimetry and powdered X-ray diffraction and transmission electron microscopy. Dissolution of
Dexi nanocrystals was compared with raw Dexi and marketed tablets. Molecular modelling
study was coupled with experimental studies to rationalise the appropriate polymers for stable
Dexi nanocrystals. Antinociceptive study was carried out using balb mice.

Results: Combinations of hydroxypropyl methylcellulose (HPMC)—polyvinyl pyrrolidone
(PVP) and HPMC—Eudragit (EUD) were shown to be very effective in producing stable Dexi
nanocrystals with particle sizes of 85.0+£2.5 nm and 90+3.0 nm, and polydispersity of 0.179+0.01,
0.182+0.02, respectively. The stability studies conducted for 90 days demonstrated that nano-
crystals stored at 2°C—8°C and 25°C were more stable than those at 40°C. The maximum
recovery of Dexi nanocrystals was observed from the formulations using the combination of
HPMC-PVP and HPMC-EUD, which equated to 98% and 94% of the nominal active drug con-
tent respectively. The saturation solubility of the Dexi nanocrystals was substantially increased
t0 270.0£3.5 ug/mL compared to the raw Dexi in water (51.0+2.0 pg/mL) and stabilizer solution
(92.0£3.0 pg/mL). Enhanced dissolution rate (P<<0.05) was observed for the Dexi nanocrystals
compared to the unprocessed drug substance and marketed tablets. Dexi nanocrystals produced
the analgesic effect at much lower doses (5 mg/kg) than that of control standard, diclofenac
sodium (20 mg/kg) and Dexi counterparts (40 mg/kg).

Conclusion: HPMC-PVP and HPMC-EUD were found the best polymer combination to sta-
bilise Dexi nanocrystals. The Dexi nanocrystals exhibited significant dissolution, solubility and
analgesic effect compared to the raw Dexi and the control standard diclofenac sodium.
Keywords: dexibuprofen, nanocrystals, dissolution, antinociceptive activity, molecular
modeling, stability

Introduction

Poor aqueous solubility is known to limit the developability of a number of drug
candidates, in spite of these molecules demonstrating suitable biologic activity and
appropriate pharmacokinetic characteristics. The poor water solubility of a drug results
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in low dissolution rate, with subsequent partial and inconsis-
tent absorption, which limits the drug exposure at its active
site and constrains its clinical effectiveness.!

Additionally, poor patient compliance has been observed
for drugs that are poorly water soluble because of the need
to deliver higher doses, with consequent large unit dose
sizes making them difficult to swallow. This also increases
the cost of therapies and reduces their commercial attrac-
tiveness, while the variability in drug exposure typically
associated with products of this nature might have negative
consequences and benefit/risk profiles.>3

Administering pharmaceutical dosage forms through
the oral route is considered the most attractive and saf-
est route of drug delivery. Solid dosage forms of active
pharmaceutical ingredients, when administered orally, first
undergo dissolution in the gastrointestinal fluids before
absorption. Where permeability across the intestinal wall
is good, dissolution is considered to be the rate-limiting
step for poorly water soluble drug compounds, with a
number of challenges being faced in developing suitable
dosage forms for BCS Class II drugs.* Additionally, BCS
Class IV compounds, which also demonstrate limitations
in intestinal permeability, provide significant challenges
for drug development.’

Generally available techniques for addressing issues
of low aqueous solubility in pharmaceutical development
include particle size reduction, micronization,® hot melt
extrusion technology,” solid dispersions,® nanoemulsions,’
microencapsulation,® micelles,’ salt formation, and
complexation.'® More recently, the use of nanocrystals for
enhancing oral bioavailability has received notable attention
from the pharmaceutical industry, owing to reports of exten-
sive increases in the dissolution rate and bioavailability.!!"°
Surface area-to-volume ratio increases with a decrease in the
size of particles, which in turn facilitates greater interaction
between solute and solvent, resulting in improved solubility
and dissolution.'? Two major methods are employed to reduce
the particle size, which includes top—down and bottom—up
methods.!e!8

Dexibuprofen (Dexi) is an S (+)-isomer of ibuprofen,
which is a chiral derivative of 2-arylpropionic acid, and dem-
onstrates similar therapeutic behavior to other nonsteroidal
anti-inflammatory drugs (NSAIDs). It has been established
that administration of ~200 mg of Dexi produces equivalent
analgesic effects to ibuprofen, but with a lower probability
of producing adverse gastric effects."

Dexi (Figure 1) belongs to BCS Class II of drug com-
pounds, because of its poor water solubility, which leads to
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Figure | Chemical structure of dexibuprofen.

variability in drug absorption and erratic bioavailability. It is
mainly used to manage mild-to-moderate pain and inflam-
matory conditions, such as headache, postoperative pain,
dysmenorrhea, dental pain, and soft tissue rheumatism.!*-?
A dose of 400 mg is effective to treat inflammatory
conditions, with the biologic half-life of the Dexi being
1.8-3.5 hours.?">* When considering a target product profile
for a dosage form with enhanced bioavailability, a system
giving adequate clinical performance at markedly reduced
dose would be attractive. Until now, however, there has
been no report of Dexi being developed in nanocrystals
form. The aim of this study was, therefore, to produce stable
Dexi nanocrystals using a low-energy method, with a view
to enhance in vitro dissolution rate and deliver enhanced
efficacy at lower doses. Moreover, this study aimed to com-
paratively evaluate the in vivo performance of the produced
nanocrystals with the available marketed counterparts. The
primary intent of this study was to couple experimental
evaluation of formulations with molecular modeling to
rationalize polymer selection to design optimal nanocrystal
preparations. From previous experience, molecular model-
ing studies (Figure 2) are helpful in providing mechanistic
insight at the molecular level, which could not be ascertained
from traditional experiments.?*?

Materials and methods

Materials

Dexi (Batch No: C 102-1509014M) was purchased from
Hubei Biocause Pharmaceutical Co. Ltd, China. Polyvinyl
pyrrolidone (PVP) K-30 (Batch No: 08297052G0), hydroxy-
propyl methyl cellulose (HPMC) 6¢ps (Batch No: 8028213),
polyvinyl alcohol (PVA) (Batch No: MKBR5960V), and
Eudragit (EUD) RS100 (Batch No: 150313) were gifted
by Navigal Pharmaceuticals, Pakistan, and analytical grade
purified water was produced in laboratory using a purifier
systems (Millipore, USA). Molecular Modeling Software,
AutoDockVina, Marven Sketch, and Maestro were used for
the extensive simulation studies. Mice (BALB/c) of both
sexes weighing 22-28 g were purchased from the National
Institute of Health Islamabad.
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Figure 2 Graphical abstract showing nanocrystals formation and their interaction with polymers.

Note: **Outstanding significant.
Abbreviation: MD, molecular dynamics.

Methods

Preparation of Dexi nanosuspension

Antisolvent precipitation with syringe pump (APSP) method
The APSP method was employed with slight modification
to produce nanocrystals of Dexi.!" The solution of the drug
(30 mg/mL) was prepared in ethanol (EtOH) and filled into
the syringe, and with the help of a syringe pump was quickly
injected at a constant flow rate of 2—-8 mL/minute into the poly-
mer solutions that served as the antisolvent phase, with continu-
ous stirring rate at 400—1,000 rpm. Different combinations and
concentrations of the polymers were used to investigate their
impact on the particle size of the produced Dexi nanocrystals.
The polymer solutions were composed of 1% (w/v) of each of
the polymers, which included PVP, EUD, HPMC, and PVA.
EUD RS100 was dissolved in the drug solution in ethanol
and was then injected into the polymeric solutions containing
HPMC, PVP, and PVA. The nanocrystals were obtained by
repaid evaporation of the solvent and antisolvent, using a rotary

evaporator R201BL (SENCO, Shanghai, China). To achieve
rapid drying of nanocrystals at low temperatures, in a way that
does not damage the produced nanocrystals, specialized drying
technology, vacuum drying, was employed. The vacuum dry-
ing of Dexi nanocrystals was carried out at room temperature
for 24 hours with other conditions, such as a chamber capacity;
64 L with a pressure of 75 cm Hg. Moreover, for complete dry-
ness of the produced Dexi nanocrystals, the drying process was
carried out for 24 hours in a convection oven at three different
temperatures, which include 40°C, 60°C, and 80°C."

Characterization

Particle size measurements

Particle size measurements of the produced Dexi nanosus-
pensions were carried out using dynamic light scattering
(DLS) (Zetasizer Nano-ZS, Malvern Instruments, UK).
All the samples were analyzed without further dilution, the
temperature of the system was kept at 25°C, and water was
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chosen as a dispersant, with the samples being analyzed
with mean + SD.

Assay of Dexi in nanosuspension

The produced nanosuspensions of Dexi were evaluated for
active agent content using the high-performance liquid chro-
matography (HPLC) system (Waters 2695) connected to the
ultraviolet detector. The produced Dexi nanocrystals were
dissolved in the appropriate solvent, diluted with the mobile
phase, and then injected into the HPLC system with the Ultra™
I column (C18 5 um, 250x4.6 mm column). The mobile phase
consisted of potassium dihydrogen orthophosphate buffer
and acetonitrile, with its flow rate being set at 1 mL/minute
with analysis at a wavelength of 222 nm. Moreover, after a
series of dilutions, the final sample consisted of 60 1g of Dexi
nanocrystals injected into the HPLC system and analyzed
in triplicate.

Morphologic studies

Scanning electron microscopy (SEM)

Dexi images were taken at a range of magnifications, with
the particles being sputter coated with gold prior to the
morphologic studies using Joel JISM5910 scanning electron
microscope at an operation voltage of 30 mA for a duration
of 2 minutes and accelerating voltage of 20 kV.

Differential scanning calorimetry (DSC)

The heat of fusion and melting points of the samples of Dexi
(nanocrystals and unprocessed drug substance), HPMC, PVP
K-30, and EUD RS100 were carried out using the Mettler
Tolado Differential Scanning Calorimeter (MettlerTolado®,
USA). The samples of each of the raw Dexi nanocrystals and
the optimized polymers (2-3 mg) were separately placed in
an empty aluminum pan and sealed, and were then heated
at the rate of 10°C min™' from 25 to 120°C, with all samples
being analyzed in triplicate.

Powder X-ray diffraction (PXRD) studies

The crystallinity of the unprocessed drug substance and
prepared nanocrystals were determined by PXRD powder
diffractometer (D8 ADVANCE, Bruker, Germany). In addi-
tion, for a control, the XRD analysis of the optimized poly-
mers including HPMC, PVP K-30, and EUD RS100 was
also carried out. Silicon-well sample holder was employed
for the nanocrystals, while plastic sample holder was
used for the unprocessed drug and polymers. The samples
were scanned in triplicate in the range of 0°=20=50° by
using copper Ko as a radiation source with 1 mm slit at
1.542 A wavelength, while the step size was 0.05° and the
time lapse between the steps was 2 seconds.

Fourier transform infrared (FTIR) spectroscopy analysis
Small quantities (2-3 mg) of both unprocessed Dexi and
Dexi nanocrystals were mixed with 200-300 mg potassium
bromide (KBr) separately, and then compressed to produce
transparent pellets using a hydraulic press. The resulting
pellets were scanned at a scanning range of 4,000—400
cm™' using IR Prestige-21, Shimadzu Japan. Moreover,
FTIR analysis of the optimized polymers including HPMC,
PVP K-30, and EUD RS100 was also carried out as con-
trol samples.

Transmission electron microscopy (TEM) studies

TEM (TEM-1200Ex; Japan Electron Optics Laboratory
Corporation, Tokyo, Japan) was used to evaluate Dexi
nanocrystals at 120 kV. Nanosuspensions of Dexi were
deposited on 200-mesh copper grid, which was coated with
formar/carbon (code no: S162), followed by drying the
samples at room temperature. The samples were stained
negatively with the magnesium uranyl acetate (2%) solution
because of the low conductivity of the API.

Solubility studies

The solubility studies of Dexi nanocrystals, unprocessed Dexi
in optimized polymer solutions, and water were carried out.
The Dexi nanocrystal samples were isolated from nanosuspen-
sions by centrifugation using the method previously reported
by Shah et al.'? Approximately 1.5 mL of the Dexi nanosus-
pension was filled into a centrifugation tube (1.5 mL) and
stored for 24 hours. The sample was then centrifuged using
a Sigma centrifuge (Scientific Lab supplier, Model: Sigma
0II5982I11T) at 14,800 rpm for 1 hour. The supernatant layer
was taken and filtered through a 0.02-um filter (Syringe Filter:
20 nm, Whatmananotop, Germany) to ensure that any undis-
solved API larger than 0.02 um (eg, the nanoparticles) was
separated from dissolved drug. The supernatant was then
analyzed for the Dexi content using the HPLC method as pre-
viously described. The solubility study of unprocessed Dexi
in pure water and optimized stabilizer solutions including
HPMC-PVP and EUD-PVP was also carried out to assess the
nanocrystals effect on saturation solubility of Dexi. Sufficient
quantity of Dexi in pure water and stabilizer solutions was
placed in vials and sonicated for 2 hours, followed by the use
of the same procedure as mentioned for nanoparticles.

Statistical analysis

All the tests were run in triplicate and the results were given
as mean * standard error of the mean. Mean values were
compared using analysis of variance (ANOVA) test, and
the difference was considered statistically significant at level
P<<0.05 using Statistics 8.1 software.
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Molecular modeling studies

The structures of Dexi and polymers were built up and energy
minimized using Schrodinger’s Maestro Molecular Modeling
suite.”® First, pKa calculations were performed at the experi-
mental pH to assign the correct protonation states for the studied
molecules. Two different tools were used to compute the pKa at
the experimental pH (neutral); Marven Sketch?” and Maestro,?
to ensure the validity and reliability of the results, with both tools
predicting the same results. A short MD run was performed to
obtain relaxed energy conformers before docking, which was
performed using OPLS 2005 force field without changing the
ionization state, with AutoDock Vina being used for the dock-
ing calculation.”” Geister partial chargers were allocated during
docking. AutoDock graphical user interface provided by MGL
tools was used to outline the AutoDock atom types.*® The grid
box was set to cover the entire polymer to ensure that all possible
interactions with the drug were being searched. The Lamarckian
Genetic Algorithm was used for docking calculations,*® with
Auto Dock calculating the binding free energy based on
the following energy terms: van der Waal (W, ), hydrogen
bonding (W, ), electrostatic (W, ), desolvation (W, ),and

lesolv

torsional free energy change due to binding (#, ).”

Stability studies

Physical stability of the Dexi nanocrystals was monitored for
10, 15, 30, 45, 60, 75, and 90 days by measuring the particle
size and polydispersity index (PDI) using DLS. The chemical
stability of the produced Dexi nanocrystals was monitored
by quantifying the active agent content of the stored suspen-
sions using HPLC. The samples manufactured at optimized
process parameters were stored at 2°C—8°C, 25°C, and 40°C
for the duration of the study.

Dissolution study

Dissolution studies on unprocessed Dexi, Dexi microsus-
pension, marketed tablets (200 mg), and Dexi nanocrystals
were carried out to investigate the drug release behavior. The
microsuspension was prepared by crushing the tablet using
pestle and mortar, followed by sonication using the same dis-
persion medium that was used to fabricate the Dexi nanocrys-
tals. The USP apparatus IT was used to dissolve the selected
formulations, with a phosphate buffer (pH: 7.2) being used as
the dissolution medium (900 mL). The rotation speed of the
paddles was set at 100 rpm, while keeping the temperature
of the dissolution medium at 37°C+0.5°C. At predetermined
intervals, 5 mL of sample was drawn from each vessel using
a syringe filter (0.02 um) and the same amount of fresh buf-
fer added to maintain sink conditions. The syringe filter with
the very small pore size (0.02 um) has previously been used

and recommended for dissolution studies of nanocrystals.?®
The collected samples were properly diluted and analyzed
by HPLC to determine the drug concentration.

Antinociceptive activity

Animals

Mice (BALB/c) of both sexes weighing 22-28 g were
purchased from the National Institute of Health Islamabad.
The maintenance temperature for the animals was 20°C-24°C,
12/12 hours light/dark cycle, and 40%—-70% humidity. To
maintain the environment from allergens, metabolic gases,
debris, and odor buildup, adequate ventilation was provided
to the experimental animals.

To avoid frown, variation in the light setting, and the forma-
tion of heat clusters, the cages were provided with uniformly
dispersed light. The noise was minimized by keeping the
animals in the place where the level of noise was not more
than the human range, with the environmental factors being
frequently observed for the animals on a cage level.

These experimental animals were kept in the environment
for a period of 7 days prior to the experiments commencing,
with free access to water and food for the full duration of the
experiment, with each animals being given specific markings
to enable identification. The protocol for this study was
carried out according to standard requirements that have
been approved by the Ethical Committee of the University of
Malakand and relevant bye-laws (2008) (Scientific Procedure
Issue-1). To perform experiments on animals, all the proce-
dures were adapted according to the guidelines provided by
National Institute of Health with respect to use and care of the
animals. Furthermore, for all the experiments and testing on
animals, the recommendation and policies of the international
association for the study of pain were adhered to.

Acetic acid-induced writhing test

The antinociceptive activity of the nanocrystals was deter-
mined by the acetic acid-induced abdominal constriction
assay.” The animals were withdrawn from food 2 hours
before the start of the experiment, with all the drugs being
administered orally through an oral gavage tube. Diclofenac
sodium was used as the positive control, and after 30 min-
utes of drug/standard treatment, individual animals were
given an intraperitoneal injection of 1% acetic acid. The
abdominal constrictions (writhes) were counted after 5
minutes of the acetic acid injection, with the observation
continuing for the next 20 minutes. The animals were ran-
domly assigned to the following groups (n=6). Group 1:
saline control, group 2: diclofenac sodium (20 mg/kg), group
3: Dexi (40 mg/kg), group 4: Dexi-nano (5 mg/kg), group
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5: Dexi-nano (10 mg/kg), group 6: Dexi-nano (15 mg/kg).
The mean incidence of constrictions expressed as percentage
protection across all experiments was normalized relative to
the untreated controls. The percent protection from the tonic
visceral chemical-induced nociception was calculated using
the following formula:

% Protection =
1— Number of abdominal

constrictions after treatment
%100

Number of abdominal
constrictions of untreated control

Statistical analysis

Data were expressed as the mean + standard error, with the
total number of writhes being compared among treatment
groups for the antinociceptive effect. Statistical comparisons
were carried out by one-way ANOVA, followed by Dunnett’s
post hoc test using GraphPad Prism 5 (GraphPad Software
Inc., San Diego, CA, USA), with statistical significance being
deduced at P=0.05.

Results and discussion
Preparation and characterization of Dexi

nanosuspensions
The stable Dexi nanosuspension was fabricated using the
APSP method. A range of polymer solutions were used as the

Table | Particle sizes and PDI values for Dexi nanocrystals
produced using different polymer combinations

S No Polymer-Dexi Particle size PDI + SD
complexes (nm) +SD
| PVP-Dexi 280.0£3.5 0.31+0.03
2 PVA-Dexi 450.0+2.5 0.4240.04
3 HPMC-Dexi 350.0£3.0 0.40+0.03
4 EUD-Dexi 330.0+4.0 0.28+0.05
5 PVP—PVA-Dexi 150.0+2.0 0.2140.03
6 HPMC-PVP-Dexi 85.0+2.5 0.17+0.01
7 HPMC-PVA-Dexi 310.0+4.5 0.45+0.02
8 HPMC-EUD-Dexi 90.0£3.0 0.18+0.02
9 PVP-EUD-Dexi 165.0+5.0 0.30+0.04
10 PVA-EUD-Dexi 320.0£6.0 0.23+0.05

Abbreviations: Dexi, dexibuprofen; EUD, Eudragit; HPMC, hydroxypropyl methyl
cellulose; PDI, polydispersity index; PVP, polyvinyl pyrrolidone; PVA, polyvinyl
alcohol.

antisolvent phase to elucidate the impact on particle size and
polydispersity. The combination of HPMC-PVP and HPMC—
EUD was shown to be the combination, as it produced
Dexi nanocrystals with the smallest particle size of 85.0£2.5
and 90.0+3.0 nm, respectively (Table 1; Figure 3). This
shows that these two polymers were sufficiently adsorbed
onto the surfaces of the Dexi nanocrystals, which resulted in
adequate particle—particle repulsion to prevent the growth of
the particles during the nucleation process.*? In addition, the
PDI of the abovementioned combinations was 0.17+0.01 and
0.1810.02, respectively, both results being in good agreement
with the PDI values of <0.5 reported for nanosuspensions
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Figure 3 Particle size measurements of Dexi-HPMC—polyvinyl pyrrolidone (A) and Dexi-HPMC—-Eudragit (B) nanocrystals.

Abbreviations: Dexi, dexibuprofen; HPMC, hydroxypropyl methyl cellulose.
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200 nm
———

I

Figure 4 Scanning electron microscopy micrographs for unprocessed Dexi (A) and transmission electron microscopy images of Dexi nanocrystals (B).

Abbreviation: Dexi, dexibuprofen.

with narrow size distributions.* The nanocrystals produced
using HPMC-PVP were subjected to further characterization,
including the quantification of the active agent content using
HPLC. Assay results were shown to be 98%, which indicates
that the controlled ASPS method for producing nanocrystals
is effective in delivering the target concentrations of suspen-
sions with minimal losses.

Morphology studies

The morphology studies of the unprocessed and pro-
cessed Dexi were carried out using SEM and TEM. SEM
micrographs of the unprocessed Dexi showed that the
particles were of proper shapes having smooth surfaces, the
average particle size being ~10-20 um. Most of the particles
were identified as rectangular, cuboidal, and prism shape
crystals. Moreover, the particles were found to be homoge-
neously distributed with limited agglomeration (Figure 4A).
The Dexi nanocrystals were analyzed using TEM, all the
particles being below 100 nm, which is in good agreement
with the Zetasizer data. In addition, the micrographs showed
similar results to the SEM, indicating that all the particles
were homogeneously distributed, with rectangular and cuboi-
dal crystalline shapes (Figure 4B).

The comparative DSC and XRD studies demonstrated
that the produced Dexi nanoparticles were crystalline in
nature and maintained the physical form associated with the
unprocessed drug substance. However, any prominent impact
of the optimized polymers (HPMC, PVP, and EUD) was not
observed on structure of the Dexi nanocrystals (Figure SE,
A and D). A sharp melting endotherm was observed for
both the unprocessed and processed Dexi (Figure 5B and
C). The melting temperature of the unprocessed Dexi was,
however, observed to show a slightly higher melting tem-
perature (52.5°C) compared to the Dexi nanocrystals (50°C).
In addition, the endothermic peak of the Dexi nanocrystals
appeared with a slightly broadened neck, which is caused by
the small particle size and packing density of the processed
samples compared to the raw Dexi.**** Moreover, broadening

of the Dexi nanocrystals can potentially be caused by
traces of the adsorbed polymers onto the surfaces of Dexi
nanocrystals.*

Figure 6 shows that XRD studies of both raw and Dexi
nanocrystals resulted in sharp X-ray diffractograms, which
confirmed that the crystalline nature of Dexi was maintained,
with no transformation to alternative physical forms after
processing. A difference in the intensities and sharpness of
the peaks was, however, observed between the unprocessed
and processed Dexi nanocrystals (Figure 6). The PXRD
studies of the polymers were also carried out as control to
evaluate their impact on crystalline structure of the produced
Dexi nanocrystals. However, any dominant effect of the
polymers on diffractograms of the produced nanocrystals
was not witnessed.

The appearance of the peaks for Dexi nanocrystals
(Figure 6), with reduced intensity, might be attributed to
the small particle size, which can impact on the reflection
of the X-rays at small angles. Additionally, the presence of
amorphous polymers adsorbed onto the surfaces of Dexi

11
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Figure 5 Differential scanning calorimetry thermograms of polyvinyl pyrrolidone
K-30 (A), unprocessed Dexi (B), Dexi nanocrystals (C), Eudragit RS100 (D), and
hydroxypropyl methyl cellulose (E).
Abbreviation: Dexi, dexibuprofen.
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Figure 6 Powder X-ray diffraction diffractograms of Dexi nanocrystals, unprocessed
Dexi, and chosen polymers.

Abbreviations: Dexi, dexibuprofen; EUD, Eudragit; HPMC, hydroxypropyl methyl
cellulose.

nanocrystals could produce a diffused scatter.’*3” The smaller
the particle size, the lower the anticipated sharpness of the
X-ray diffractogram, with subsequent disappearance of
some peaks.**

FTIR spectroscopy

The comparative FTIR studies demonstrated that the
process and optimized polymers (HPMC, PVP K-30, and
EUD RS100) did not result in any structural changes of
the produced Dexi nanocrystals. The FTIR spectra of both
unprocessed and processed samples were compared and
analyzed (Figure 7), and showed some specific structural
characteristics. Peaks from 700 to 1,300 cm™! represent
skeletal C—C vibrations, while the peak at 935.48 cm™ rep-
resents C—C bond, 1,008.27 cm™" cyclohexane ring vibration,
1,379.10 cm™ C—H methyl, 1,417.68 cm™ O—H bond,

1,462.04 cm™ C—H scissoring, 1,506.41 cm™ C—C stretch in
aromatic ring, 1,705.07 cm™! C=0, 2,922.16 cm™' C—H, and
2,954.95 cm™" represents CH, methyl. From the FTIR spectra
of the samples, it is evident that the preparation process and
polymers did not confer any changes to the structure of the
produced Dexi nanocrystals (Figure 7C), their structure
being almost similar to that of the FTIR spectrum of the
unprocessed Dexi (Figure 7B).

Solubility studies

The solubility profiles of Dexi nanocrystals and unprocessed
Dexi in pure water and stabilizer solutions have been shown
in Figure 8. In contrast to the water solubility of unprocessed
Dexi (51£2.0 pg/mL), both Dexi nanocrystals, HPMC-EUD-
Dexi and HPMC-PVP-Dexi, exhibited ~5-fold increase in
their solubility profiles, which include 270.0+3.5 and
251.044.0 ug/mL, respectively. In addition, the solubility of
unprocessed Dexi in the optimized polymeric solutions of
1% HPMC-PVP (92.0£3.0 pug/mL) and 1% HPMC-EUD
(10444.0 pg/mL) was found higher compared to the solubil-
ity in pure water (51.012.0 pg/mL). The nanocrystals have,
however, substantially increased saturation solubility of
Dexi and indicted that solubility of Dexi has been purely
increased because of small particle size of the particles
not due to the polymers.

Owing to increased surface area of the produced nano-
crystals, a significant difference (P<<0.05, paired #-test, one-
way ANOVA) was observed in solubility of the processed
Dexi compared to the solubility in water and stabilizer solu-
tion. It has been previously reported that water-soluble poly-
mers and surfactants (HPMC, PVP, and SLS) can increase
solubility of drug compounds.'>3% We also observed an
increase in solubility of Dexi in stabilizer solution (HPMC,
PVP, and EUD). The nanocrystals have, however, substan-
tially increased saturation solubility of Dexi and indicted
that solubility of Dexi has been purely increased, because
of small particle size of the particles not due to the polymers
and surfactants. Generally, enhancement of drug saturation
solubility could be attained by reducing drug particle size
or by altering drug crystalline state, such as forming amor-
phous particles.

Molecular modeling studies

The binding energies for the Dexi—polymer complexes are
shown in Table 2, which indicates that the docking results, and
copolymeric structures HPMC—PVP and HPMC-EUD exhib-
ited the highest binding with the drug (—4.7 and —4.6 kcal/mol,
respectively), whereas PVA showed the least binding
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(—2.3. kcal/mol). The three-dimensional molecular
representations of Dexi—polymeric structures are depicted in
Figures 9 and 10. It can be concluded that the inclusion of
PVP in the copolymeric forms tends to improve the binding
of the drug, compared to the corresponding monopolymeric
forms (eg, —4.7 kcal/mol versus —3.1 kcal/mol for HPMC—
PVP and HPMC, respectively), which might be due to the
contribution of the hydrophobic interactions with the PVP side
chains rather than hydrogen bonding interactions (Figure 9).

It is also observed that the HPMC—EUD copolymer has
enhanced drug binding compared to the respective individual
polymers (4.6, —3.1, and —3.2 kcal/mol, for HPMC-EUD,

HPMC, and EUD, respectively) (Figure 10). As shown in
Figure 10, the Dexi forms two hydrogen bonds with both the
polymeric units, HPMC and EUD, which may have improved
the binding (synergistic effect).

Dissolution studies of Dexi

Figure 11 shows the comparative dissolution studies of the
Dexi nanocrystals with marketed tablets, unprocessed Dexi,
and microsuspension. A substantial increase in dissolution
rate was observed of the dexi nanocrystals compared to the
raw Dexi, marketed tablets (200 mg), and Dexi microsuspen-
sion (10.0+2.5 um; Figure 11).

Transmittance %

|
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| 1 1 | | | | | | | L] L] L I
600 3,200 2,800 2,400 2,000 1,800 1,600 1,400 1,200 1,000 800 600
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Figure 7 Fourier transform infrared spectra of hydroxypropyl methyl cellulose (A), unprocessed Dexi (B), Dexi nanocrystals (C), polyvinyl pyrrolidone K-30 (D), and

Eudragit RS100 (E).
Abbreviation: Dexi, dexibuprofen.

International Journal of Nanomedicine 2018:13

submit your manuscript

Dove

1685


www.dovepress.com
www.dovepress.com
www.dovepress.com

Ullah et al

Dove

Table 2 The binding energies for Dexi—polymer complexes
obtained from docking calculations

S No Polymer AGbinding (keallmol)
| PVP -3.9
2 PVA -23
3 HPMC -3
4 EUD -32
5 PVP-PVA —4.3
6 HPMC-PVP —47
7 HPMC-PVA -34
8 HPMC-EUD —4.6
9 EUD-PVP 4.1
10 EUD-PVA -35

Abbreviations: Dexi, dexibuprofen; EUD, Eudragit; HPMC, hydroxypropyl methyl
cellulose; PVP, polyvinyl pyrrolidone; PVA, polyvinyl alcohol.

Additionally, it was evident from the dissolution studies
that ~70% and 65% of the Dexi nanocrystals HPMC-EUD—
Dexi and HPMC-PVP-Dexi were dissolved, respectively,
in the first 2 minutes. The dissolution rate of the HPMC—
EUD-Dexi nanocrystals was slightly higher than the HPMC—
PVP-Dexi nanocrystals, which is attributed to a slightly
higher binding free energy of HPMC—PVP-Dexi (4.7 kcal/
mol) than the HPMC-EUD-Dexi (—4.6 kcal/mol; Table 2).
The high binding energy can cause a slow release of the
encapsulated drugs.” In contrast, the dissolution rates of the
unprocessed Dexi and marketed tablets were observed to be
very low at 0.6% and 2.5%, respectively. A 117-and 108-fold
increase in dissolution rates of the Dexi nanocrystals HPMC—
EUD-Dexi and HPMC-PVP-Dexi, respectively, compared
to the unprocessed Dexi, was observed. Additionally, the
HPMC-EUD-Dexi and HPMC-PVP-Dexi nanocrystals
exhibited 28- and 26-fold increases, respectively, in the dis-
solution rates compared to the marketed tablets (200 mg).

300 -

200 1

100 1

Solubility (pg/mL)

Figure 8 Solubility studies of Dexi nanocrystals, unprocessed Dexi in pure water
and stabilizer solutions.

Abbreviations: Dexi, dexibuprofen; EUD, Eudragit; HPMC, hydroxypropyl methyl
cellulose; PVP, polyvinyl pyrrolidone.

Stability studies

Nanocrystals, owing to their large surface area, have a high
interfacial tension and increased free energies, making it chal-
lenging to control the particle growth in nanosuspension.'”#!
The nanocrystals produced in this study possess a high ten-
dency for agglomeration to reduce the overall system energy.
Ostwald ripening is a well-known phenomenon that occurs in
suspensions, where the small particles grow onto the surface
of large particles.*> In this regard, uncontrolled particle
growth has been reported as a major issue with nanocrystals
produced by typical bottom—up methods.

Nucleation is an important step in antisolvent crystal-
lization methods and can be exploited to tailor the particle
size of crystallized materials,®* in addition to manipulating
the polymeric medium, to facilitate surface stabiliza-
tion and consequently control the particle size during the
nucleation process.* Table 1 shows the impact of different
polymers on particle size and PDI values of the Dexi nano-
crystals. The combination of HPMC-PVP was found to
be the most suitable combination of polymers to control
the particle growth of Dexi nanocrystals, which remained
stable for 90 days when stored at room temperature (25°C)
(Table 3). This study demonstrated that sufficient adsorption
of the polymers occurred onto the surfaces of the produced
nanocrystals, which resulted in strong repulsion of the par-
ticles, and subsequent colloidal stabilization. The molecular
modeling studies also suggested that HPMC-PVP—Dexi
gave higher binding free energy (4.7 kcal/mol) than other
complexes, which in turn provided higher levels of surface
polymer adsorption and more effective stabilization. HPMC—
EUD-Dexi nanocrystals were shown to be more stable for
90 days than other nanocrystals, but were less stable than
their HPMC-PVP counterparts.

The stability studies of Dexi nanocrystals at 2°C—8°C,
25°C, and 40°C for 90 days showed that when the samples
were stored at 2°C—8°C and 25°C (Figure 12A and B), they
demonstrated a higher stability than the samples stored at
40°C (Figure 12C). The Dexi nanocrystals stored at 2°C—8°C
demonstrated improved stability (Figure 12A), with no
substantial changes in the key attributes of the produced
nanosuspensions. The statistical analysis (one-way ANOVA
and paired #-test) showed insignificant difference (P>0.05) in
particle sizes and PDI values after 90 days, which is indica-
tive of a homogeneous particle size distribution of the Dexi
nanocrystals, with the potential for avoiding particle growth
by Ostwald ripening.*

Previous reports have concluded that higher tempera-
tures can cause instability of the nanosuspensions, because
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HPMC-PVP-Dexi

Figure 9 Interactions of HPMC-Dexi (top) and HPMC-PVP-Dexi (bottom) complexes showing hydrogen bonding as black lines.

Note: (A) Hydrophobic interactions between the drug and the PVP side chains may have contributed to the enhanced binding, (B) molecular surface of the polymers is
displayed according to polarity.

Abbreviations: Dexi, dexibuprofen; HPMC, hydroxypropyl methyl cellulose; PVP, polyvinyl pyrrolidone.

.~

HPMC-EUD-Dexi

Figure 10 Interactions of EUD—Dexi (top) and HPMC-EUD-Dexi (bottom) complexes showing hydrogen bonding as black lines.
Note: (A) Enhanced binding might be due to hydrogen bonding formation with both polymeric units, (B) molecular surface of the polymers is displayed according to polarity.

Abbreviations: Dexi, dexibuprofen; EUD, Eudragit; HPMC, hydroxypropyl methyl cellulose.
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Figure | | Comparative dissolution studies of Dexi nanocrystals and its counterparts
including tablets, microsuspension, and raw Dexi.

Abbreviations: Dexi, dexibuprofen; EUD, Eudragit; HPMC, hydroxypropyl methyl
cellulose.

of the elevated Brownian motion and kinetic energy of the
suspended particles, which results in increased particle
collisions and the consequent aggregation and agglomera-
tion of the particles.’? In addition, at a higher temperature,
viscosity is decreased and solubility of the suspended par-
ticles is increased, which potentially leads to increased
particle mobility, elevated interparticulate interactions, and
consequent particle growth. For maximum stability of the
nanosuspensions, Freitas and Miiller recommended storing
them at a temperature range of 2°C—8°C.* In addition, the
HPMC-PVP-Dexi nanocrystals were found to be chemically
stable after 90 days while stored at room temperature, with
active agent content being maintained at levels >90.0%.

vation of the N-methyl-D-aspartate receptors, which are
released from the nocisponsive afferent fibers, and finally
decrease the inhibitory interneuronal tone in the dorsal horn.*’
Despite the availability of a range of drugs, managing pain
with safe therapeutic agents remains a challenge.*®

In medicine, the application of nanotechnology has the
potential to deliver several advantages, including improved
safety profile and accumulation of drugs at their target site,
enhanced biocompatibility and reduced toxicity.*

For the purposes of this study, the sensitivity of the
acetic acid-induced writhing method to analgesic and sen-
sory afferents in the peritoneum bear al/2-adrenoceptors,
B-adrenoceptors, and opioid receptors on their terminals has
been recorded. The pain impulse production is deactivated
when these receptors are activated by suitable agonists.

In our study, the standard diclofenac sodium (20 mg/kg)
produced a robust antinociceptive response by producing
a significant inhibition (68.08%) of acetic acid-induced
writhes. Diclofenac sodium, which is a phenylacetic acid
derivative and an important NSAID, is used in a number of
inflammatory conditions and to treat pain.*

It was observed in our study that the oral ingestion of
Dexi (40 mg/kg) provided efficient protection (58.87%)

Table 3 Monitoring of particle size measurements of Dexi nanocrystals for 90 days at 25°C

Dexi-polymer

Average particle sizes of Dexi nanocrystals = SD

complexes

Day 0 Day I5 Day 30 Day 45 Day 60 Day 75 Day 90
PVP-Dexi 280.0+2.0 291£3.5 300+4.5 312+3.0 321145 330+3.8 343+3.7
PVA-Dexi 450.0+2.5 468+2.0 485+3.5 502+4.0 512+4.2 530£3.5 565+3.8
HPMC-Dexi 350.0£3.0 362+4.0 372+3.0 383+3.0 392+4.0 410+3.7 42243.0
EUD-Dexi 330.0+4.0 340£3.0 348+2.7 356+3.2 367+2.4 380+3.5 392+2.8
PVP—PVA-Dexi 150.0+2.0 160+3.7 170+3.5 176+3.7 182+2.5 187+2.0 19243.0
HPMC-PVP-Dexi 85.0+2.5 87.0+2.0 90+2.7 92+2.0 93£3.0 95+3.5 96+2.5
HPMC-PVA-Dexi 310.0+4.5 318+2.4 326+3.5 335+3.0 347424 355+3.6 364+3.0
HPMC-EUD-Dexi 90.0+3.0 93+2.0 96+2.5 99+3.0 1024+2.0 105+2.5 106+2.3
PVP-EUD-Dexi 165.0+2.8 17612.5 188+2.0 196+2.4 205+3.0 212427 220+2.5
PVA-EUD-Dexi 320.0£2.0 328+2.8 337435 350+3.0 358+3.7 367£3.0 374+3.2

Abbreviations: Dexi, dexibuprofen; EUD, Eudragit; HPMC, hydroxypropyl methyl cellulose; PVP, polyvinyl pyrrolidone; PVA, polyvinyl alcohol.
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Figure 12 Comparative physical stability studies of Dexi nanocrystals as a function of time while monitoring the particle sizes and PDI values at 2°C-8°C (A), 25°C (B),

and 40°C (C).
Abbreviation: Dexi, dexibuprofen.

from nociception, as it significantly alleviated (P<<0.001)
the acetic acid-induced tonic visceral nociception during
an observation time of 20 minutes (Figure 13). Dexi is con-
sidered to be a more effective and safer NSAID than other
anti-inflammatory and analgesic drugs, as it causes markedly
reduced gastric damage.

In this study, the Dexi nanocrystals produced a high-
grade antinociceptive effect at much lower doses than the
unprocessed Dexi formulation. The Dexi-nano drug, at a
dose of 5 mg/kg, afforded significant analgesia (40.43%)
with the same magnitude as that of the standard. A significant
reduction in the writhes was observed at the lowest dose
(5 mg/kg; P<<0.001), as shown in Figure 13. Similarly, the
10 mg/kg dose also produced equipotent analgesia (57.44%),
as the reduction in the abdominal constriction was significant
(P<<0.001) compared to the saline-treated animals (Figure 13).
Additionally, the higher dose of Dexi-nano (15 mg/kg) also
ameliorated the nociceptive response (65.95%) by producing
an efficient suppression (P<<0.001) of acetic acid-induced
tonic visceral nociception, as shown in Figure 13.

The findings in the nociceptive assay showed that the
nanoformulation provided significant analgesia comparable
to that of Dexi and the standard diclofenac sodium. How-
ever, the analgesic effect was produced at much lower doses
than that of the standard Dexi. These data suggest that the
nano-drug-delivery systems could offer a clinically useful
formulation for delivering Dexi.

Conclusion

A low-energy bottom—up method (ASPS) was found to
be very effective for producing stable Dexi nanocrystals
(85.0£2.5 nm), which had a high dissolution rate and
enhanced therapeutic potential. This study supported the
rational selection of polymer combinations to facilitate
optimal control of the particle size of Dexi nanocrystals
formed through antisolvent precipitation. The combina-
tion at 1% (w/v) HPMC-PVP and HPMC-EUD was found
to produce Dexi nanocrystals with the smallest particle
sizes of 85.0+2.5 and 9043.0 nm, respectively. Dexi nano-
crystals, with particle size at these levels, gave 117- and
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Figure 13 Comparative antinociceptive effect of Dexi nanocrystals and unprocessed counterpart at graded doses of 5—-15 mg/kg in the acetic acid-induced abdominal

constriction assay.

Notes: Data presented as mean * standard error of the mean. **P<0.00| as compared to saline-treated group. No significant difference was observed between Dexi
(40 mg/kg)-treated group and groups treated with Dexi-nano (5, 10, and |5 mg/kg). One-way analysis of variance followed by Tukey’s post hoc multiple comparison test.

n=6 mice per group.
Abbreviation: Dexi, dexibuprofen.

28-fold increases in the dissolution rate compared to the
unprocessed drug substance and the marketed tablets of the
Dexi. A substantial increase in therapeutic performance of
the Dexi nanocrystals compared to the unprocessed drug
substance was observed, with the 10 mg/kg dose of the Dexi
nanocrystals demonstrating equivalent therapeutic response
to that of the unprocessed drug substance at the 40 mg/kg
dose. This is very beneficial and could provide an oppor-
tunity for developing a cost-effective approach to achieve
optimal therapeutic performance at a much lower dose than

is currently used. Additionally, this study provided molecular
insight into the mechanisms of binding of the optimal poly-
mers to the surface of the Dexi nanocrystals, which supports
the apparent avoidance of Ostwald ripening, with consequent
particle stabilization.
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