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Purpose: Rosuvastatin calcium (ROSCa) nanoparticles were fabricated by planetary ball
mill to enhance ROSCa dissolution rate and bioavailability.

Methods: Milling time factors (milling cycle time and number as well as pause time) were
explored. The effect of different milling ball size, speed, and solid-to-solvent ratio were also
studied using Box—Behnken factorial design. The fabricated nanoparticles were evaluated in
term of physicochemical properties and long-term stability.

Results: The obtained data revealed that the integrated formulation and process factors
should be monitored to obtain desirable nanoparticle attributes in terms of particle size, zeta
potential, dissolution rate, and bioavailability. The optimized ROSCa nanoparticles prepared
by milling technique showed a significant enhancement in the dissolution rate by 1.3-fold
and the plasma concentration increased by 2-fold (P<0.05). Moreover, stability study showed
that the optimized formula of ROSCa nanoparticles exhibits higher stability in long-term
stability conditions at 30°C with humidity of 60%.

Conclusion: Formulation of ROSCa as nanoparticles using milling technique showed
a significant enhancement in both dissolution rate and plasma concentration as well as
stability compared with untreated drug.

Keywords: rosuvastatin calcium, nanoparticles, planetary ball mill, Box—Behnken, in vitro
dissolution, stability, pharmacokinetics

Introduction

During the last few decades, nanotechnology participated in medical and pharma-
ceutical fields. It has a significant use in pharmaceutics to improve drug solubility
and thus enhancing its dissolution rate and bioavailability. Nanonization is carried
out via two different techniques, either bottom-up or top-down." After the advance-
ment and improvement occurred in nanoparticle machine area, top-down techniques
gain a special interest in pharmaceutical research and industrial community.”
Milling is one of the effective top-down techniques. It can be operated in dry and
wet methods, but wet milling showed a high capability in reducing the particle size
to nanaosize than dry method.?

Planetary ball mill is a powerful machine used to reduce the particle size to
nanosize depending on centrifugal accelerating force rather than gravitational
accelerating force, which makes the process more efficient and accomplished in
a short time.* Several parameters related to the planetary ball mill can affect the
resultant particles’ properties. These factors include i) milling time-related
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parameters (pause time, number of milling cycles and time
of each cycle), ii) speed, iii) milling ball size, and iv) solid
to solvent ratio. Nanosization by planetary ball mill sig-
nificantly resulted in enhancing the dissolution rate and
bioavailability of different drugs, like clarithromycin® and
naproxen.®

Rosuvastatin calcium (ROSCa), antihyperlipidemic
drug, is a class II drug that characterized by poor water
solubility, that lower its low dissolution rate, which in turn
affects its. Different techniques were used to enhance and
improve the dissolution rate and bioavailability of ROSCa,
including liquisolid technique,” solid dispersion,® cyclo-
dextrin complexation,’ self-nanoemulsifying technique.'’
nanosponge structure,'' and hexagonal liquid crystalline
nanodispersion technique.'> ROSCa nanosization by pla-
netary ball mill is expected to enhance its dissolution rate
and bioavailability by reducing the particle size of the
drug.”

In this study, different process parameters that can
affect the fabrication of ROSCa nanoparticles by planetary
ball mill viz., milling time factors (pause time, number of
cycles, and time of each cycle) were studied individually.
Other parameters that affect the milling efficiency such as
milling ball size, milling speed, and solid to solvent ratio
were also studied and optimized as independent para-
meters using Box—Behnken design. The effect of these
parameters on the nanoparticles attributer (response),
namely particle size (nm), zeta potential (mV) and disso-

lution efficiency (%) will be studied.

Materials and methods

Materials

Rosuvastatin calcium (ROSCa) was purchased from
Beijing Mesochem Technology CO. Ltd. (Beijing,
China). Polyvinylpyrrolidone (PVP K-30) MWt. 40,000
was obtained from Loba Chemie (India). Methanol was
obtained from Fisher Chemical, UK. Hydrochloric acid
was obtained from Panreac, Barcelona, Spain. All other
ingredients were of analytical grade and used as received.

Methods

Preparation of ROSCa nanoparticles

ROSCa nanoparticles were prepared in two steps. ROSCa
powder was first subjected to dry milling using planetary
ball mill (Pulverisette 7 Premium, Fritsch Co. Germany),
in order to decrease the particles size to less than 20 pm.
since the received raw material was analyzed for particle

size and it was found 618 pm. The dry milled ROSCa
powder was then subjected to wet milling using aqueous
solution containing 10%w/w PVP K30 as stabilizer.'* The
suspension of ROSCa and PVP solution was then nano-
sized by planetary ball mill using zirconium balls
(0.1 mm) at 800 rpm. Thereafter, the obtained nanosuspen-
sion was then dried using freeze-drier (Alpha 1-4 LD Plus,
Martin Christ Gefriertrocknugs anlagen GmbH, Osterode
am Harz, Germany) pending further investigations.

Impact of milling time

In this part, the effect of milling time factors (pause time,
number of cycle, and time of each cycle) on the particle
size, zeta potential, and DE% of ROSCa was estimated.
According to our preliminary study (data not shown), it
was found that the milling process was inefficient when
the number of milling cycles exceeded 3 cycles. Therefore,
the milling time was kept constant at 3 cycles each of 10
mins, and the milling time factors were changed to study
their impact on nanoparticles attributes.

Effect of pause time. Pause time means the stopping or
cooling time between cycles during the whole milling pro-
cess. In this study, the pause time was adjusted into 3 different
intervals 5, 10, and 15 mins, and its effect on ROSCa nano-
particles was determined by particle size and dissolution rate.

Effect of number of cycles. The effects of the number of
milling cycles were studied on the nanoparticles attributer.
One, two, and three milling cycles were examined.

Effect of cycle time. Milling times of 4, 7, and 10 mins
were examined for their impact on ROSCa nanoparticles.

Experimental design

After investigating the effect of milling time, milling
cycle, and pause time on the properties of ROSCa nano-
particles, the effects of other independent parameters were
evaluated using factorial design.

Experiment was designed by applying Box—Behnken
design using statistical program (statgraphics Centurion
program Version 17.2.02.). Three independent factors,
milling speed (A), milling ball size (B), and drug:solvent
ratio (C) were studied for their effects on four responses
(dependent parameters) including particle size, zeta poten-
tial, and dissolution efficiency after 120 mins, DE 120 as
shown in Table 1). ROSCa nanoparticles were prepared as
described previously.
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Table | Variables in Box—Behnken design

Independent Low Medium High
parameters -n 0) +1)
Milling speed (rpm) 200 500 800
Milling ball size (mm) 0.1 0.5 |
Solid:solvent ratio 0.25 0.625 |

Particle size analysis

The particle size of all formulation was measured for both
nanosuspension (before drying) and freeze-dried nanopar-
ticles using Malvern zetasizer (Nano S, Worcestershire,
UK). Small amount of the nanoparticles (in case of after
drying) were reconstituted in 10 mL of deionized water
and vortexed. The particle size was measured immediately.

Zeta potential measurements

The zeta potential for nanosuspension and freeze-dried
nanoparticles was measured using Malvern zetasizer
(Nano S, Worcestershire, UK) Small amount of the nano-
particles (in case of after drying) were reconstituted in
10 mL of deionized water and vortexed. The particle size
was measured immediately.

X-ray powder diffraction (XRPD)

The X-ray diffraction analysis was done for the best
obtained formula and compared to the raw drug in order
to study its crystallinity. The X-ray diffraction patterns of
the powder samples were obtained using RIGAKU dif-
fractometer (Japan) which was equipped with curved gra-
phite crystal monochromator, automatic divergence slit,
and automatic controller PW/1710. The target used was
CuKa radiation operating at 40 kV and 40 mA (Aka
=1.5418 A). The diffraction patterns were achieved using
continuous scan mode with 20° ranging from 4° to 60°.

Transmission electron microscopy (TEM)
In order to characterize the external and internal shape
of nanoparticles, transmission electron microscope was
used (FEI Tecnai G2 20 TWIN, USA) that was operated
at 200 kV. The point-to-point resolution of this micro-
scope was less than 0.25 nm and line to line resolution
<0.10 nm.

Drug content of ROSCa nanoparticles

In a volumetric flask of 10 mL, 10 mg of nanoparticles
was dissolved in 10 mL methanol; then, 1 mL was taken in
10 mL volumetric flask and completed to the volume with

0.1 N HCI. The absorbance was measured at A 244 nm
against a blank made of stabilizer only following the same
procedure. The drug content experiment was carried out in
triplicate.

In vitro dissolution study

The in vitro dissolution profile of ROSCa nanoparticles
was studied using a USP-II dissolution apparatus (Pharma
Test, DT 70, Germany). The dissolution experiment was
carried out in 500 mL of 0.1 N HCI as a dissolution
medium at 37°C and 50 rpm. Aliquots of 5 mL sample
were withdrawn at pre-determined time intervals (5, 10,
15, 30, 60, 90, and 120 mins) using poroplast-kerze filter.
The absorbance was measured spectrophotometrically at
244 nm against a suitable blank. The dissolution efficiency
after 120 mins was calculated according to Khan
Equation:'?

jZ y.dt

DE=—"-"1"
Yioo X (t — 1)

x 100
where, y is the percentage of drug dissolved, DE is the
area under the dissolution curve between time points ¢; and
t, expressed as a percentage of the curve at maximum
dissolution, yg9, over the same time period.

Pharmacokinetic studies

Animal

Rabbits (weight 4 kg) were obtained from the College of
Pharmacy experimental animal care center (King Saud
University, Riyadh, Saudi Arabia). The animals fasted for
24 hrs prior to the administration of the drug, the drug was
administered orally through oral gavage in order to assure
the dose uniformity. The study was approved by the
Ethical IRB no. 80-23) by
Experimental Animal Care Unit. The experimental proto-

Committee (Protocol

col was in agreement with the Guide of the National
Institution of Health (NIH) for the Care and Use of
Laboratory Animals.

Drug administration

Two groups of animals were administered the calculated
animal dose equivalent to 10 mg. Both raw ROSCa and
optimized nanoparticle formulation were suspended in
0.5% Na-CMC prior administration and administered
orally by gastric tube. Aliquots of blood sample were
collected from ear vein in heparinized tube at different
time intervals for at least 24 hrs. The blood sample was
centrifuged at 6,000 for 20 mins to separate the plasma.
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The samples were analyzed using developed UPLC-MS
/MS method.'* Different pharmacokinetics parameters
such as Cmax, Tmax, AUC, rate of absorption, and
rate of elimination were calculated using a non-
compartmental model analysis.

Analysis of ROSCa in rabbit plasma
Sample preparation

The plasma samples were processed by protein precipita-
tion method. Simply, 0.2 mL of plasma sample was com-
bined with 50 pL internal standard Prednisolone (100 pg/
mL) and 0.75 mL methanol, and then vortexed for 1 min.
After centrifugation at 15,000 rpm (15,000% g) for 10
mins, 750 pL of the supernatant liquid was transferred to
a sample vial and 5 pL was injected into the LC/MS/MS
for quantitative analysis.

Chromatographic conditions

In this study, a validated UPLC-MS/MS (UPLC: Waters
Acquity, Milford, MA, USA) was employed to determine
the concentration of rosuvastatin in rabbit plasma [12].
The chromatographic conditions involved the use of
a BEH C18 column (50 mmx2.1 mm, 1.7 pm) with
a mobile phase composed of acetonitrile and 0.1% formic
acid (35:65, volume: volume) at a flow rate of 0.25 mL/
min using prednisolone as the internal standard. The eluted
compounds were detected by tandem mass spectrometry
using TQ detector (Waters Corp., Milford, MA) equipped

with an electrospray ionization (ESI) source operating in
positive ionization mode. The quantification was per-
formed with multiple reactions monitoring (MRM) mode.
Selection of ionization pairs (m/z) was shown as follows:
rosuvastatin: 482.097—258.072 (cone voltage 60 V, colli-
sion energy 34 V), Prednisolone: 403.172—385.224 (cone
voltage 42 V, collision energy 13 V).

Stability studies

Stability studies were done for untreated drug powder and
nanoparticles of the optimized formula according to ICH
guidelines.'® The effect of long-term storage conditions at
30+2 Co, 60%+5% RH on formulations was determined
by characterizing the particle size and the dissolution rate
for 12 months.

Statistical analysis

One-way analysis of variance (ANOVA) was used for the
A value of P<0.05 was
a significant difference throughout the current study.

comparison. denoted as

(Statgraphics Centurion program Version 17.2.02.).

Results and discussion

Impact of milling time factors

Pause time during the milling procedure, as a process
factor, was not discussed briefly in the milling procedures.
Figure 1 shows the effect of milling time factors (pause

O Particle size ®DE%
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Pause time I Number of cycles I Time of each cycle
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Figure | Effect of milling time factors (pause time, number of cycles and time of each cycle) on the particle size and dissolution efficiency (DE%) for ROSCa nanoparticles.

Abbreviation: ROSCa, rosuvastatin calcium.
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time, number of milling cycles and time of each milling
cycle) on the particle size and DE% of ROSCa nanoparti-
cles. Generally, ROSCa particle size was remarkably
reduced to less than 2500 nm by milling in comparison
to the untreated material (618 um). The data also revealed
that the size of the milled drug particles increased with
increasing the pause time during the milling cycles. The
particle size increased from 461.8+16.68 nm to 1513.56
+55.2 with increasing the pause time from 5 to 15 mins.
Dynamically, during the milling process, the grinding balls
are subjected to high rotational speed, and the difference
between the speed of the ball and the grinding jar lead to
interaction between the impact and fraction forces, which
in turn releases a high energy that used in particle size

reduction.!”

While during the pause time, the non-
movement condition was pronounced and the ball will
then settle down with the aid of gravity force and, by
prolonging pause time, the opportunity for the particle to
re-aggregate and form a large particle is high. Therefore,
by increasing the pause time from 5 to 15 mins, the non-
movement period increased and thus, the tendency to for
the particles to form large particle size prevails.

The in-vitro dissolution study showed that there was an
inverse correlation between the DE% and the pause time.
For example, the calculated DE% showed marked and
significant reduction from 56.15% to 38.01% (P<0.05)
with increasing the pause time from 5 to 15 mins
(Figure 1). Prolonging pause time allows the small parti-
cles obtained from the milling procedure to re-aggregate
again pending the next milling cycle, resulting in enlarge-
ment of the particles at the end of milling. Therefore,
a reduction in the dissolution rate due to the enlargement
in the particle size occurred with longest pause time.’

The present study shows that the pause time affected
the particle size as well as the dissolution rate significantly
and it must be kept as short as possible. Pause time of 5
mins was selected as the optimum pause time condition
that resulted in a smaller particle size with higher dissolu-
tion rate.

In order to study the effect of number of milling cycles,
both pause time and time of each cycle were kept constant
at 5 and 10 mins, respectively. The results showed that by
increasing the number of cycles from 1 to 3 cycles,
a significant reduction in the particle size was observed.
Increasing the number of milling cycles (increasing milling
time) might allow more chance to reduce the particle size
with aid of beads collisions. The results showed also that
increasing milling resulted in a

cycle significant

enhancement of the drug dissolution rate positive effect on
dissolution rate from 69.9+3.7% to 78.844.9% by increas-
ing the milling cycles from 2 to 3 cycles. These results are
conformed with theory that stated that decreasing the parti-
cles size will enhance the dissolution rate.® In addition,
increasing the number of cycles gives a reasonable time
for efficient particle size reduction, which might result in
increasing the particles’ surface area that, in turn, enhanced
the dissolution rate.” The same results were obtained by Liu
et al,'"® who studied the effect of the number of cycles on
the particle size of itraconazole and indomethacin during
milling procedure. They found that the particle sizes of both
drugs significantly decreased with increasing the number of
cycles from 2 to 10 cycles.'®

Another factor that might influence the milling pro-
cess is the time of milling cycle. The effects of different
cycle times (4, 7, and 10 mins) on particle size and
dissolution rate of ROSCa nanoparticles were studied.
Similar to the number of cycles, increasing the cycle
time from 4 to 10 mins markedly and significantly
decrease the particle size from 3088+171.03 nm to
448.34£31.60 nm, respectively. Consequently, ROSCa
dissolution rate was increased significantly from 69.04
+3.3% after 4 mins to 78.7£4.9% after 10 mins. This
result could be attributed to the relation between the
milling time and the collision occurred between the
milling ball. So, by increasing the milling time, a high
collision will occur, and this gives a chance for large
particle to be milled into smaller size.'” Bartos and
coworker” succeeded to decrease meloxicam particle
size from 35 pm to 126 nm by increasing the milling
time to 50 mins.

The present study showed that milling time factors
played a crucial role in particle size reduction. The
pause time should be kept as minimum as possible
while milling time including (number of cycles and
time of each cycle) should be at optimum limit.
Therefore, milling of ROSCa for 3 cycles with 10
mins of each and a pause time of minutes was consid-
ered as optimum milling conditions that produced small
particle size with highest dissolution rate. These milling
conditions will be adopted during studying other formu-
lation and process factors.

Experimental design

In this part, the effects of milling speed (A), milling ball
size (B), and solid to solvent ratio (C) on the quality
attributes of ROSCa nanoparticles were evaluated. In

International Journal of Nanomedicine 2019:14

submit your manuscript

4629

Dove


http://www.dovepress.com
http://www.dovepress.com

Alshora et al

Dove

order to study the interaction between those parameters,
Box—Behnken design was applied. The desirability in this
part was to formulate ROSCa nanoparticles that have:
small particle size, high zeta potential, and high dissolu-
tion rates. Therefore, different formulations were designed
using Box—Behnken factorial design using the statistical
analysis as shown in Table 2. The effect of three indepen-
dent factors including speed (A), ball size (B), solid to
solvent ratio (C), their quadratic (AA, BB, CC), and inter-
active effects on the dependent parameters (responses)
including particles size, zeta potential, and dissolution
efficiency (120 mins) were studied as shown in Table 2.

Effect on particle size

ANOVA analysis (Table 3) showed the significance of all
possible effects of independent factors on ROSCa nanopar-
ticles size. It was found that the effect of milling ball size on
nanoparticle size was more noticeable, but insignificant
(P=0.21) in comparison to the milling speed and solid to
solvent ratio. ANOVA analysis showed that none of the
independent factors had a significant individual effect on
the particle size (>0.05), but the interaction of milling
speed and milling ball size exhibited the most pronounced
effect on ROSCa nanoparticles size (P=0.06). In case of F5
and F1, for example, the particle size of F5 (500 rpm,
0.5 mm, 0.625) was 875.4£2.76 nm and it enlarged to
2817.66£140.01 nm in F1 (800 rpm, 1 mm, 0.625).
Moreover, the response surface plot for particle size

(Figure 2A) showed that increasing the milling ball size
from 0.5 to 1 mm and speed from 400 to 800 rpm caused
enlarging in the particle size. The relation between the parti-
cle size and speed could be clarified the energy produced
during rotation. So, at low speed (200400 rpm) the particle
size decreased due to the higher energy inside the milling
bowel that led to impaction and breakage of the particles.
Further increment in the speed may result in enlargement in
the particle size due to agglomeration which mainly occurred
due to the breakage of repulsive force prepared by the
stabilizer.'® Increasing the solid content did not significantly
affect nanoparticle size. However, Ghosh and co-workers
found that increasing the solid content from 2% to 5% sig-
nificantly decreased the particle size.'

Effect on zeta potential

The target of nanoparticle formulation designed for enhanced
drug dissolution is to increase the negative value of zeta
potential which indicates the stability of the dispersion sys-
tem. ANOVA table (Table 3) showed that the individual
effect of solid to solvent ratio and quadratic effect of speed
have positive effects on zeta potential and maximized its
value (P<0.05). In contrast, the results showed that the
milling ball size significantly decreased zeta potential value
(P=0.01), while the reduction of zeta potential due to the
effect of solid:solvent ratio was found more significant
(P=0.003). In addition, the significant effects were observed
in case of the quadratic effects of both milling speed (P=0.01)

Table 2 Composition of different ROSCa nanoparticles formulations based on Box—Behnken factorial design

Formulation (F) Particle size Particle size (nanosuspension) Zeta potential DE 120
(nanoparticles) (nm) (mV) (%)
(nm)
FI (800, | mm, 0.625) 2817.66+140.01 1173.30+17.14 —22.90+3.66 60.50
F2 (500, 0.5 mm, 0.625) 631.96+£90.53 688.02+26.20 —25.80+3.54 71.95
F3 (500, I mm, 0.25) 1909.66+135.36 701.10£73.70 —17.40£12.00 4].69
F4 (200, | mm, 0.625) 970.06+104.02 1173.30+18.14 —26.02+6.59 49.25
F5 (500, 0.5 mm, 0.625) 875.40+2.76 1329.30+114.90 —26.3016.87 70.88
Fé6 (500, | mm, I) 667.06+31.40 609.71+£58.42 —23.20+£3.94 56.64
F7 (200, 0.1 mm, 0.625 1437.01+291.60 1092.30+124.42 —25.90+6.29 74.27
F8 (200, 0.5 mm, 1) 1049.16+149.85 1792.02+124.41 —29.10£7.12 52.40
F9 (800, 0.55 mm, 1) 923.70+8.01 689.73£17.20 —29.70+8.20 56.37
F10 (500, 0.1 mm, 0.25) 729.90+45.64 792.26£45.90 —20.40+3.74 64.12
FI'1 (200, 0.5 mm, 0.25) 1033.90+15.66 927.70+115.40 —26.701£7.42 66.68
F12 (800, 0.1 mm, 0.625) 1018.80+72.26 1458.01+5.02 —28.50+6.50 71.34
F13 (800, 0.5 mm, 0.25) 856.53+27.06 427.03+26.08 —25.10£5.85 66.54
F14 (500, 0.1 mm, 1) 1414.66+62.40 826.65+44.19 —27.50+9.04 43.63

Abbreviations: DE, dissolution efficiency; ROSCa, rosuvastatin calcium.
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Table 3 Analysis of variance for the effect of independent parameters on particle size, zeta potential and DE% with respect to speed,

ball size, and solid solvent ratio

Source Sum of squares F-ratio P-value
Particle size A: speed 233,119 1.45 0.31
B: ball size 388,997 242 0.21
C: solid solvent ratio 415.01 0.00 0.96
AA 138,750 0.86 0.42
AB 1.28%10° 7.98 0.06
AC 30,513.1 0.19 0.69
BB 894,273 5.56 0.09
BC 928,679 5.77 0.09
CcC 61,981.10 0.39 0.57
Zeta potential A: speed 233,119 0.23 0.65
B: ball size 388,997 16.68 0.0l
C: solid solvent ratio 415.01 40.31 0.003
AA 138,750 18.30 0.0l
AB 1.28%10° 6.6l 0.06
AC 30,513.1 0.99 0.37
BB 894,273 21.54 0.009
BC 928,679 0.34 0.58
CcC 61,981.10 2.87 0.16
DE% A: speed 18.45 0.55 0.50
B: ball size 256.28 7.58 0.05
C: solid solvent ratio 112.42 3.33 0.14
AA 1.57 0.05 0.83
AB 3026 1.49 0.28
AC 422 0.12 0.74
BB 219.18 6.49 0.06
BC 313.99 9.29 0.03
CcC 431.98 12.78 0.02

Note: *Significantly different (p<0.05).
Abbreviation: DE, dissolution efficiency.

and milling ball size (P=0.009), and the interaction between
them also exhibited significant effect (P=0.06) on the zeta
potential value. According to the results, the independent
factors that exerted a significant effect on zeta potential
can be ranked as follows, depending on both sum of squares
and P-value, solid to solvent ratio (C) > quadratic effect of
ball size (BB) > quadratic effect of speed (AA) > ball
size (B).

The 3D response surface plot for zeta potential
(Figure 2B) showed that increasing the speed from 200
to 500 rpm led to a decrease in the negative value of
zeta potential, while further increment to 800 rpm led to
raising zeta potential negative value but in an insignif-
icant manner (P>0.05). Moreover, the milling ball size
affected the zeta potential in an opposite way. The zeta
potential value increased while using small ball size
(0.1-0.5 mm) and it significantly decreased with larger

ball size of 1 mm. For example, F1 and F12 nanoparti-
cle formulations both were milled at 800 rpm using
solid to solvent ratio of 0.625 but with different ball
sizes. It was found that the negative value of zeta
potential decreased (—28.5+£6.5 to —22.9+3.9 mV) with
increasing the ball size from 0.1 to 1 mm in case of F1.

Effect on dissolution efficiency (DE)

The ANOVA table (Table 3) showed that only the milling
ball size exerted insignificant effect on DE (P=0.05), while
milling speed and solid to solvent ratio exhibited insignif-
icant effects (P<0.05). In contrast, the quadratic effect of
both ball size and solid to solvent ratio significantly
decreased the DE value (P-value was 0.06 and 0.02,
respectively). The interaction effect between ball size and
solid:solvent ratio also affected the DE significantly
(P=0.03). Increasing the ball size from 0.1 to 1 mm and
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Figure 2 Response surface plot for the effect of independent factors speed and ball
size on (A) particle size, (B) zeta potential, and (C) DE%.
Abbreviation: DE, dissolution efficiency.

solid to solvent ratio from 0.25 to 1, resulted in slowing
the dissolution rate (decreased DE), as the case of formu-
lations F1 and F12 that were prepared using same milling
speed (800 rpm) and solid:solvent ratio (0.625), Figure 2C.
F1 nanoparticle formula was manufactured using the lar-
gest milling ball size (1 mm), and the resulting particle
size was large (2817.66 nm); therefore, the drug exhibited
a reduction in DE to 60.5%. In contrast, smallest ball size
was used in preparing F12 nanoparticle formula, which
resulted in smaller particle size (1018.80 nm), and in turn,
the DE increased (71.34%). In Figure 2C, DE was
enhanced from 64.1% to 71.9% with increasing the ball
size from 0.1 to 0.5 mm and the solid to solvent ratio from
0.25 to 0.625, respectively. Further enlargement in the ball
size and increment solid to solvent ratio led to marked
reduction in the DE to reach 56.6% as seen in F6.

Optimization of the milling process and
formulation condition for ROSCa

nanoparticles

The multiple response optimization was used to optimize
ROSCa nanoparticles with the following desirability:
smaller particle size, maximum zeta potential, and max-
imum DE. Table 4 illustrates the optimum milling condi-
tions for the production of the optimized ROSCa
nanoparticles formula stabilized by 10% PVP. The data

Table 4 The predicted and observed values for optimized
ROSCa nanoparticles attributes

Optimized Parameters | Predicted | Observed
formula value value
Speed: Particle size 631.96 611+60.01
445.8 rpm (nm)

Ball size: 0. mm | Zeta potential | —20.92 —28.9+0.16
Solid solvent (mV)

ratio: 0.253 DE 120 (%) 70.04 68.09+3.91

Abbreviations: DE, dissolution efficiency; ROSCa, rosuvastatin calcium.

A’

——100 nm

Figure 3 TEM images for ROSCa nanoparticles optimized formula: (A) intact
particles; (B) internal section.
Abbreviation: ROSCa, rosuvastatin calcium.
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showed that the optimized ROSCa nanoparticle formula
could be prepared by planetary ball milling using a milling
speed of 446 rpm, milling ball size of 0.1 mm, and solid to
solvent ratio of 0.25 (Table 4). This optimized formula
was manufactured according to the previously mentioned
milling conditions and characterized for particle size, zeta
potential, and DE in comparison to the predicted values
obtained from the statistical program (Table 4). The
observed values of the optimized ROSCa nanoparticle
formula (zeta potential, particle size, and DE%) were
found highly correlated with their predicted values.

Characterization of ROSCa optimized

nanoparticle formula

Transmission electron microscopy (TEM)

TEM analysis was carried out to allow studying the inter-
nal structure and morphology of ROSCa nanoparticles.
The images obtained from TEM showed that the nanopar-
ticles have a spherical shape with a particle size of less

A

100 -

@
o
1

o
[«
1

-
—
-
-

%ROSCa dissolved
S
o
1

20

=——s— Optimized ROSCa nanoparticles formula

than 400 nm as seen in Figure 3A. Figure 3B shows the
internal structure of the particles in which the nanoparti-
cles contain a core (drug) coated with a layer of the
stabilizing polymer.

X-ray powder diffraction (XRPD)

To determine the crystalline nature of the raw ROSCa and
nanoparticles of the optimized formula, XRPD studies
were performed. The XRPD pattern of untreated ROSCa
showed two characteristic peaks at 26 degree of 31.8 and
45.5 degrees. These sharp peaks indicate certain crystal-
linity of untreated ROSCa. The XRPD spectrum of
ROSCa nanoparticles optimized formula showed complete
disappearance of ROSCa characteristic diffraction peaks,
and this could be due to the ability of the higher concen-
tration of PVP (10%) to transform ROSCa to amorphous
form. The addition of PVP as stabilizer plays an important
role in not only changing the crystalline form to amor-
phous one but also inhibiting the rate crystal growth?*->

==#=== Raw drug

——
-

T T

60 80 100 120

Time (min)

w

30 -

Plasma concentration (ng/mL)
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Figure 4 In vitro dissolution rate (A) and plasma concentration—time curve (B) of ROSCa optimized nanoparticle formula compared with the untreated drug.

Abbreviation: ROSCa, rosuvastatin calcium.
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In vitro and in vivo evaluation

The in vitro dissolution study showed that the dissolu-
tion rate of the optimized ROSCa nanoparticle formula
was significantly enhanced compared with raw ROSCa.
The drug exhibited 79% dissolution from the optimized
nanoparticle formula, while the untreated raw drug
showed only 61% after 120 mins (Figure 4A).

The solubility of untreated drug was carried out in
previous work,24 and it was 0.3 mg/mL. In addition, the
solubility of the drug in nanoparticles compared to the
untreated drug was enhanced, and this might contribute to
the enhanced drug dissolution rate in case of nanoparticles.

By performing the in vivo study, the results showed
that milling technique was significantly efficient not only
in enhancing the dissolution rate but also in improving the
bioavailability. Plasma concentration—time curve showed
that the plasma concentration was increased significantly
by 2-fold for ROSCa nanoparticles compared with
untreated drug. (Figure 4B).

Pharmacokinetics parameters calculated from plasma
concentration—time curve of ROSCa are shown in
Table 5. The maximum plasma concentration significantly
increased by 2-fold after the administration of ROSCa
nanoparticles optimized formula (P<0.05). The area
under the curve (AUC,,) also increased significantly by
1.5 fold (P<0.05).

Stability study
The effect of long-term storage condition of temperature
30°C and humidity of 60% on the particle size of ROSCa

Table 5 The plasma pharmacokinetic parameters after adminis-
tration of optimized nanoparticle formula and pure drug
(ROSCa) in a dose equivalent to 10 mg to rabbits (n=3)

PK parameters | Raw Optimized P-value

ROSCa nanoparticle

formula

Trmax (h) 3.7£3.09 2+ 0.16
Crnax (ng/ml) 9.2+2.04 19.035.6 0017
AUC,_. (ng/ml*h) 149.3+27.7 | 221.7£20.25 0.005
AUC oinf obs (ng/ 276.6%105 1131.04+1091.5 0.117
ml¥h)
Tin (h) 19.94+9.2 67.5£78.4 0.17
Kei (hf') 0.04+0.033 | 0.025+0.008 0.1832

Abbreviation: ROSCa, rosuvastatin calcium.

nanoparticles optimized formula is illustrated in Figure 5.
The results showed a significant particle size enlargement
after 3 months in the nanoparticles formulation compared
with freshly prepared nanoparticles. The particle size
increased from 611.06+60.01 nm to 1768.18+£389.55 nm.
After that, the enlargement in the particle size is consid-
ered as insignificant (Figure 5).

The effect of temperature and humidity on the dis-
solution rate of ROSCa nanoparticles optimized formula
was also studied (Figure 5). The results of storage of
raw ROSCa showed that the dissolution rate decreased
by 50% after 3 months, while no significant decrease in
the dissolution rate was observed thereafter. In case of
the optimized nanoparticle formula, the dissolution rate
of ROSCa from nanoparticles decreased only by 10%
after 3 months and by less than 20% after 6 months

OROSCa @ Optimized NP formula ® Particle size of optimized NP formula
90 - 2000
80 a " . L 1800
70 - - 1600
o o7 s —
g 60 57 1400 £
] £
-1200 &
2 50 s
®© - 1000 »
8 40 2@
o - 800 1‘5_3
X 30 8
S - 600
20 - 400
10 - 200
0
0 months 3 months 6 months 9 months 12 months

Figure 5 Effect of long-term storage condition on the particle size and dissolution rate of the optimized ROSCa nanoparticle (NP) formulation compared with untreated ROSCa.

Abbreviation: ROSCa, rosuvastatin calcium.
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after which no significant change was observed.
Therefore, ROSCa nanoparticles showed some kind of
higher stability over the untreated one. Moreover, the
drug content analysis showed no loss in the drug content
compared to the initial one. The decrease in the drug
dissolution rate in case of the optimized nanoparticle
formula could be contributed to the enlargement in the

particle size.

Conclusion

It is very important to study the effect of different process
parameters on the particle size and dissolution rate. The
results showed that for best milling pause time should be
kept as minimum as possible, while both number of
milling cycles and time of each cycle showed maximized,
but for certain limit. Box—Behnken factorial design was
used, and it showed up the effect of formulation and
process parameters on the attributes of ROSCa nanoparti-
cles prepared by planetary ball milling. The optimized
ROSCa nanoparticle formula showed enhancement in
ROSCa dissolution rate and plasma concentration with
smaller particle size, in addition to as higher stability
over 6 months in compassion to the untreated ROSCa.
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