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Introduction

Approximately 40% of drugs in the drug discovery pipeline that show 
promising activity are poorly soluble in water [1-2]. Poor solubility 
leads to erratic bioavailability and suboptimal dosing [1-2] which, in 
many cases, limits the clinical usefulness and further development of 
newly discovered agents. Several conventional methods such as 
micronization, chemical modification, use of surfactants and 
solubilizers, solid dispersion and a few new emerging technologies 
such as cyclodextrin complexation, mucoadhesive microspheres, 
nanoparticles, nanosuspensions, micro emulsion and self-
emulsifying systems are available to enhance the solubility, 
dissolution rate and bioavailability of poorly soluble BCS Class II drugs 
[3]. But, Nanonisation has become a popular approach to improve the  
solubility , whereby the drug is reformulated and maintained as 
nanometer sized crystals (known as nanocrystals), which are then 
suspended in a liquid (usually water) to form nanosuspensions [4-5]. 
A stabilizer (surfactant) is usually added to prevent aggregation of the 
crystals [1, 2, 4, 5]. Since dissolution of poorly soluble drugs is largely 
dependent on the surface area of the drug particle, and nanoparticles 
have greater surface area to volume ratios than larger particles, 
formulating the drug as a nanocrystal may drastically enhance 
dissolution rates and hence bioavailability [1-2,4,6]. Compared to 
other nanotechnological approaches, nanosuspension have a very 
high drug loading, as the particle core is composed of pure drug 
material, low incidence of side effects by the excipients and low cost. 
For example, in the formulation of Taxol®, anti-cancer drug paclitaxel 
is dissolved in the blend of ethanol and Cremophor®EL 
(polyoxyethylated castor oil) (1:1), which causes serious 
hypersensitivity reactions [7].

Nanosuspensions can be obtained either by particle size reduction of 
large crystals to nano-size (top-down approach) or by the 
precipitation of dissolved molecules into solid particles (bottom up 
approach) [8]. In wet milling technique, a typical top down approach, 
the mechanical grinding by media milling of yttrium stabilized 

zirconium beads in water is used to obtain drug/stabilizer 
suspensions. Compared to other nanosizing techniques, wet milling 
avoids organic solvents and is easy to scale up. 

Simvastatinis a lipid lowering agent derived synthetically from a 
fermentation product of Aspergillus terreus. After oral ingestion, 
Simvastatin, an inactive lactone, is hydrolyzed to the corresponding 
β-hydroxy acid form. This is a principal metabolite and an inhibitor of 
3-hydroxy-3-methylglutaryl-coenzyme-A (HMG Co-A) reductase, the 
enzyme that catalyses an early and rate-limiting step in the 
biosynthesis of cholesterol [9].  It is a widely prescribed cholesterol 
lowering drug belongs to class IΙ under BCS and exhibit low and 
variable oral bioavailability due to its poor aqueous solubility. It is 
practically insoluble in water and aqueous fluids. As such its oral 
absorption is dissolution rate limited and it requires enhancement in 
the solubility and dissolution rate for increasing its oral bioavailability.

At the moment, approximately twenty nanocrystal products are on 
the market and most of them are made by the wet milling technique. 
However, there are still problems with the wet milling. There is no 
single versatile stabilizer suitable for all drug compounds and different 
drugs require their optimal stabilizers. Inadequate systematic 
understanding on the interactions between stabilizers and drugs is 
available. Although the wet milling technique has been thought as a 
simple milling process for size reduction, actually multidisciplinary 
knowledge, including knowledge of grinding mechanism, breakage 
kinetics of nanocrystals, the physical background of crystal stability, 
formulation and processing factors affecting the drug fate in vivo are 
all necessary to fully understand the technique [10]. The efficacy 
testing and selection of stabilizers are still made on a trial and error 
basis, because little systematic understanding is available on this 
research area [11-13].

Accordingly, it is a challenging task to attain the desired stable 
particle size of nanosuspension using diversely behaving stabilizer 
and process parameters by wet milling. Systematic studies using 
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Formulation by Design (FbD) could efficiently surmount this hiccup of 
balancing stabilizer type and concentration, drug concentration and 
process parameters of wet milling. Formulation by Design (FbD) is 
well documented as being able to develop “the best possible” 
formulation under a given set of conditions, circumventing 
unnecessary experimentation and, thus, saving considerable time, 
money and effort [14].

Accordingly, the objectives of the current studies were to evaluate 
the importance of the concentration of simvastatin drug substance 
and of the type and concentration of surfactant and polymeric 
excipients on the physical characteristics of simvastatin 
nanosuspensions during milling and storage. Simvastatin was 
selected as it is practically insoluble in water, but possesses high 
permeability, which makes it an excellent candidate for nanogrinding. 

Materials and Methods

Materials  

Simvastatin Hydrochloride (Mylan Laboratories Ltd, India) used for 
nanogrinding had a volume-based mean diameter of d50 = 27 µm 
and d90 =49 µm respectively. Polysorbate 20 [Tween 20] (Cognis, 
Düsseldorf, Germany), povidone [PVP] (Plasdone® K29/32, (ISP 
Technologies, Texas City, US), poloxamer 188 (Pluronic® F68) and 
poloxamer 407 (Pluronic® F127), (BASF,  Germany), 
hydroxypropylmethyl cellulose [HPMC] (Hypromellose 2910, 
Methocel® E3 LV,  Methocel® E5 LV , Methocel® E15 LV,  (Colorcon, 
Dow Chemicals, Dartford, UK), Polyethylene glycol (PEG) of 10000 
g/mol, Mannitol, Sucrose, Methanol, Hydrochloride Acid were all 
used.

Methods

Media Milling for Selection of Polymer Stabilizer

For nanogrinding simvastatin, solutions of surfactant and polymer 
stabilizers in purified water were first prepared.  Simvastatin (d10 = 
14 µm; d50 = 27 µm; d90 = 49 µm) was then dispersed in the 
stabilizer solution.  Initial experiments were designed to screen most 
suitable surfactant and polymer stabilizers. Seven types of stabilizers 
and two types of stabilizer concentration were used (Table 1). Drug 
concentration was kept constant 10% w/w for all the below 
mentioned trials.
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Nanogrinding was performed in a high-energy mill (LabStar, Netzsch, 
Germany) filled (to 70 %, v/v) with yttrium-stabilized zirconium oxide 
beads (0.4 mm in diameter). Nanogrinding was performed in 
circulation mode using 325 g of suspension, a pump-speed of 40 rpm, 
and a stirrer-tip-speed of 3000 rpm (10 m/s); milling time of 30 
minutes. The mill was refrigerated to keep the product temperature 
below 37 °C. 

Optimization of stabilizer and drug concentrations

A face-centered cube design, FCCD (with α = 1), using three levels 
each of the two factors viz stabilizer X  (i.e. HPMC E3) and drug 1

concentration X  (i.e. simvastatin), was adopted for further 2

investigations as required by the design, and the factor levels were 
suitably coded. Table 2 summarizes an account of the 13 
experimental run studied employing a total of nine formulations.  All 
the studies were conducted in triplicate, and the formulation at 
central point (0, 0) was studied in quintuplicate.

Table 1: Nanosuspension formulation used for screening polymeric 
and surfactant stabilizers

Stabilizer Type Stabilizer (%w/w)wrt drug Tween 20 (%w/w)

HPMC E3

HPMC E5

HPMC E15

Poloxamer 188

Poloxamer 407

PVPK30

PEG10000

25

100

100

25

100

5

30

25

100

25

100

25

100

25

100

Nil

Nil

0.05%

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Table 2: Composition of various nanosuspensions prepared as per 
experimental design.

Formulation code

SA
SB
SC
SD
SE
SF
SG
SH
SI

Trial No.

1
2
3
4
5
6
7
8
9

Coded Factors level

X1 X2

-1
-1
-1
0
0
0
1
1
1

-1
0
1

-1
0
1

-1
0
1

Translation of coded levels in actual units

Coded Level -1

25

0

62.5

1

100X1: HPMC E3
(% w/w wrt drug)

The response variables considered for systematic optimization were 
particle size (d  and d ), PDI and zeta potential. Design Expert 50 90

software ver.6.0 (Stat-Ease, Minneapolis, MN, USA) was employed 
to fit full second-order polynomial equations with added interaction 
terms to correlate the studied responses with the examined 
variables. The prognosis of optimum formulations was conducted in 
two stages: first, a feasible space was located and second, an 
exhaustive grid search was conducted to predict the possible 
solutions. The optimized formulation was also located by overlay plot 
option of the Design Expert software, while 'trading off' of the 
responses.

Validation of optimization analysis

Six formulations  ( as % w/w, HPMC E3: Drug as 100:17, 70:8, 40:6.5, 
32.5:8, 40:18.5 and 77.5:14 ) were selected as the confirmatory runs 
(i.e. validation check-points) to validate the FbD methodology of 
systematic optimization. The nanosuspensions were formulated 
using the chosen composition and evaluated for particle size (d  and 50

d ), PDI and zetapotential. The observed and predicted responses for 90

the six check-point formulation were critically compared and the 
percent error calculated with respect to the observed responses. 
Linear correlation plots between predicted and observed responses of 
the check-point formulations were constructed and the residual 
figures were plotted.
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Particle size and size distribution of nanosuspensions

The average particle diameter and size distribution of the prepared 
nanosuspension was determined by laser diffraction technique using 
Zetasizer Ver. 7.02 (Malvern Instruments, Worcestershire, UK).  
Nanosuspension was suitably diluted with deionised water as 
dispersant and sonicated for 2 minutes to reduce any interparticulate 
aggregation. Prepared sample was placed in disposable sizing 
cuvettes and analyzed. Particle sizes were expressed by the 50% and 
90% volume percentiles ( ). Two samples per batch were 
analyzed, and the measurements were repeated three times for each 
sample. The results were presented as average ± standard deviation 
of the six measurements. 

Zeta-potential measurement of the nanosuspensions:

Zeta-potential was measured using a Zetasizer Ver. 7.02 (Malvern 
Instruments, Worcestershire, UK). The samples were adequately 
diluted with deionised water and placed in disposable zeta cells. The 
mean zeta-potential, expressed in mV, was calculated from the 
electrophoretic mobility using the Smoluchowski equation (Aulton, 
2007). 

Lyophilization

The optimized nanosuspensionwas lyophilized. Nanosuspension 
containing vials were freeze-dried (FTS Lyostar II freeze drying 
system, SP Industries Inc., Warminster, USA). Primary drying was 

0performed in -30 C for 17 h and secondary drying was done stepwise 
0 0from -25 C to 45 C.

Solubility Studies

Ten milliliters of each media (0.1N HCl, pH 6.8 phosphate buffer and 
pH 4.5 acetate buffer solutions) was taken in 15ml centrifuge tubes 
and excess of micronized API was added to it. Study was carried out 
in triplicates. Tubes were loaded on the bottle rotator apparatus at 

025 C and 50 rpm for 72 h. After 72 h, samples were withdrawn from 
tubes, filtered through 0.22µm PVDF membrane filters, suitably 
diluted using dilution medium and analyzed using UV-Visible 
Spectrophotometer at 238nm. Same procedure was performed for 

d  and d50 90

solubility study of lyophilized formulation powders.

In Vitro Dissolution Study

This study was carried out using USP dissolution test apparatus-2 
(Paddle assembly) for micronized simvastatin and lyophilized 
simvastatin nanosuspension. The dissolution media was 900 ml of pH 
6.8 phosphate buffer with 0.15% SLS (official FDA listed dissolution 
media). The dissolution vessel was maintained at a temperature of 37 

0± 0.5 C and a paddle speed of 75 rpm. Samples (10 ml) were 
withdrawn at regular intervals of 10 min for 60 min and replaced with 
fresh dissolution medium. Samples taken were filtered through 
0.22μm Nylon filters (Millipore) and assayed spectrophotometrically 
on SHIMADZU UV-VISIBLE spectrophotometer UV-1601 at 238 nm 
wavelength. Dissolution for each formulation was performed in 
triplicates.

Solid state analysis

X-ray powder diffraction (XRPD) analysis of each of excipient, pure 
drug, dried powder before and after milling were analyzed by using 
Bruker D8 Advance X-ray diffractometer (Bruker, Germany). The 

0 0pattern was collected in the range of 3 to 45  2θ. Anode X-ray source 
0used is Cu with K = 1.5405 A , with the voltage of 40 kV and tube 

current of 40 mA. Scanning was performed in continuous mode with 
time / step of 0.4 sec and step size of 0.01.  

Results

Screening of Stabilizers for Simvastatin Nanogrinding

The key of drug nanoparticle processing is how to compensate the 
extra free energy of freshly exposed surfaces. In nanogrinding 
process, the degree of compensation depends on the interactions  
between drugs and stabilizers [15]. To compares the interactions, the 
processing variables need to keep constant. To gain insight into the 
manufacture of nanosuspensions, seven stabilizers including 
macromolecular polymers and a small molecular weight surfactant 
were investigated at different concentrations levels.  Table 3 presents 
the particle size and PDI of Simvastatin nanosuspension with different 
type and concentration of stabilizer.

Stabilizer Type Stabilizer 
(%w/w)
wrt drug

Tween 20 
(%w/w)

Particle size 
d  (nm) ± sd50

Particle size 
d (nm) ± sd90

PDI

Table 3: Simvastatin particle size (d  and d ) and PDI achieved by nanomilling Simvastatin with different stabilizers50 90

HPMC E3

HPMC E5

HPMC E15

Poloxamer 188

Poloxamer 407

PVPK30

PEG10000

25

100

100

25

100

5

30

25

100

25

100

25

100

25

100

Nil

Nil

0.05%

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

Nil

450 ± 4.2

275 ± 1.5

332 ± 8.0

462 ± 3.5

292 ± 2.2

385 ± 4.2

416 ± 3.8

965 ± 10.8

932 ± 10.5

785 ± 7.2

722 ± 6.5

475 ± 3.2

444 ± 2.8

545 ± 4.1

560± 4.3

860 ± 4.8

455 ± 2.2

492 ± 9.5

875 ± 4.0

478 ± 3.5

690 ± 4.5

722 ± 4.0

1255 ± 16.5

1220 ± 15.5

1105 ± 9.5

1070 ± 8.5

772 ± 4.2

752 ± 3.5

732 ± 4.8

710 ± 3.5

0.24

0.24

0.12

0.24

0.24

0.24

0.22

0.4

0.4

0.4

0.25

0.24

0.22

0.22

0.22
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As can be seen in Figure 1 and Figure 2, with fixed milling time of 30 
min, the particle sizes and size distributions were affected not only by 
the  type of stabilizer but also by the stabilizer concentration. These 
results confirm that the different roles of stabilizer in nanogrinding as 
compared to high pressure homogenization technique [16], where the 
final nanocrystals size was found to be independent on the stabilizers 
used and the role of the surfactants is to stabilize and protect the 
nanocrystals from aggregation [17-18].

chains form hydrophilic layers surrounding drug particles to sterically 
protect against aggregation [20]. Here, both the grades of Poloxamers 
were worse than HPMC E3 for particle size reduction which might be 
contributed due to strong hydrophobic interaction between 
Poloxamers and drug particles.   

PVP failed to stabilize the nanosuspensions which might be 
contributed due to less favorable drug-polymer association as PVP 
has only one hydrogen bonding carbonyl group per molecule unit.

PEG also failed to stabilize the nanosuspensions. PEG is a linear 
hydrophilic homopolymer. Interactions between the drug and 
stabilizer, such as hydrophobic interactions, hydrogen bonds and 
ionic interactions, are the main driving forces for stabilizer adsorbing 
on the drug particle surfaces. Shortage of hydrophobic moieties and 
other functional groups in PEG chains are major problems for 
absorption. It was reported that for a hydrophobic drug, an effective 
stabilization performance of copolymers requires the hydrophobic 
moiety concentration to be higher than 15 mol%, if there are no 
functional groups in the polymer suitable for interactions with the 
drug [21-22].

Tween 20 is a smaller surfactant molecule, which effectively 
decreases the interfacial tension of the particles but forms a thin 
protective outer layer. The thin layer is insufficient for the particle 
stability. In addition, Tween 80 can remarkably increase the solubility 
of Simvastatin and thus prompt the Ostwald ripening [23]. Therefore, 
HPMC E3 was selected as best stabilizer for further optimization 
trials.

Optimization of stabilizer and drug concentration 

The particle size (d  and d ), PDI and zeta potential of the 50 90

nanosuspensions, prepared as per the experimental design are 
shown in Figure 3 and Figure 4. Formulations SE, SF and SH exhibited 
low particle size (d  and d ), PDI and high zeta potential of 50 90

Nanosuspension. Formulations SA, SB, SD, SC and SG were 
observed to possess high particle size (d  and d ), PDI and low zeta 50 90

potential of Nanosuspension.

Figure 1: Particle size (d ) and PDI of nanosuspension formulations 50

prepared with different stabilizers.

Figure 2: Particle size (d ) and PDI of nanosuspension formulations 90

prepared with different stabilizers.

Nanosuspensions with narrow size distributions were obtained 
successfully only with HPMC E3 and HPMC E5. The average particles 
size of Simvastatin particles decreased to 275 nm stabilized by HPMC 
E3 (100 %), 292 nm stabilized by HPMC E5 (100 %), 385 nm stabilized 
by HPMC E15 (5 %), 932 nm stabilized by Poloxamer 188 (100 %), 722 
nm stabilized by Poloxamer 407 (100 %), 444 nm stabilized by PVP 
K30 (100%), 545 nm stabilized by PEG 10000 (25 %).

Low viscosity grade HPMC E3 and HPMC E5 is the most effective 
stabilizer but as the molecular weight of HPMC increases like HPMC 
E15, not much effective to stabilize and to reduce the particle size 
significantly. HPMC containing a high degree of substitution of the 
methoxy and hydroxypropoxy groups can effectively adsorb on the 
drug particles by hydrogen bonding, which prompts the particle size 
reduction during the milling and protects the particles against 
aggregation [19].

Poloxamers (Pluronic® F68 and F127) are linear triblock ABA non-
ionic copolymers (A stands for hydrophilic polyethylene oxide (PEO) 
segment and B stands for hydrophobic polypropylene oxide (PPO) 
segment). It was clearly confirmed that the hydrophobic PPO chains 
act as driving forces for absorption on particle surfaces, while the PEO 

Figure 3: Particle size (d  and d ) and PDI of nanosuspension 50 90

formulations prepared as per the experimental design.

Figure 4: Particle size (d  and d ) and zeta potential of 50 90

nanosuspension formulations prepared as per the experimental 
design.
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Exploration of Polymer Mechanism Using Response Surface 
Methodology (RSM)

In all, eight coefficients (β –β ) were calculated, with β  representing 0 7 0

the intercept, and β –β  representing the coefficients of various 3 7

quadratic and interaction terms (Equation 1).
2 2 2 2Y = β  +β X +β X +β X X  +β X  + β X  +β X X +β X X  -------0 1 1 2 2 3 1 2 4 1 5 2 6 1 2 7 2 1

----- Eq. 1

Table 4 presents the lists of coefficient values of polynomial equations 
along with their statistical parameters for the studied response 
variables. To study the effect of the two independent factors (i.e. 
concentration of HPMC E3 and Simvastatin), the polynomial 
regression results were demonstrated using 3-D response surface 
Figures and 2-D contour plots.

Table 4: Coefficient values of polynomial equations with their statistical parameters for the studied response variables.

Coefficient 
code

d50
d90 PDI Zeta potential

β0

β1

β2

β3

β4

β5

β6

β7

r2

Adj r2

Pred r2

CV

Model 

significance

262.24

-92.50***

-72.50***

-31.25***

83.66***

88.66***

43.75**

48.75**

0.9959

0.9901

0.9783

2.78

P < 0.0001

*P < 0.05

478.97

-205***

-157.50***

-63.75***

162.12***

184.62***

121.25***

131.25***

0.9996

0.9990

0.9765

0.95

P < 0.0001

**P<0.001

0.144

-0.060***

-0.055***

-0.008*

0.034***

0.069***

0.018*

0.038***

0.9972

0.9934

0.9751

2.64

P < 0.0001

*** P <0.0001

21.83

7.00***

3.00***

4.00***

-4.70***

-6.70***

-0***

-2.50***

0.9996

0.9990

0.9801

1.23

P < 0.0001

***P<0.0001

As depicted in Figure 5 and 6, at lower level of drug concentration, 
there was marginal decreasing trend in the particle size (both d  and 50

d ) as the concentration of HPMC E3 with respect to drug increased 90

from lower to intermediate level and also marginal increase in particle 
size of nanosuspension observed with subsequent increased of 
HPMC E3 concentration from intermediate to high levels. But, at 
higher level of drug concentration, the particle size (both d  and d ) 50 90

showed an asymptotic curve with increased concentration of HPMC 
E3 (i.e. the value of particle size first decreases nonlinearly and then 
increases marginally with an increased in concentration of HPMC E3). 
HPMC E3 exhibited signifcant negative infuence on particle size at 
higher level of drug concentration. The effect was less significant at 
lower levels of the drug concentration. The slanting lines of the 
corresponding contour plot also confirmed the same. 

Figure 5: Response surface figure showing the influence of HPMC E3 
and drug on particle size (d ) of nanosuspension.50

Figure 6: Response surface figure showing the influence of HPMC E3 
and drug on particle size (d ) of nanosuspension.90

At lower level of HPMC E3, there was marginal decreasing trend in the 
concentration of particle size (both d  and d ) as the concentration of 50 90

drug increased from lower to intermediate level and also marginal 
increase in particle size of nanosuspension observed with 
subsequent increased of drug concentration  from intermediate to 
high levels. But, at higher level of HPMC E3, there was significant 
sharp decreasing trend in particle size (both d  and d )  as the drug 50 90

concentration increased from lower to intermediate level, afterwards 
the particle size start to increase with subsequent increased.

As depicted in Figure 7, at lower level of drug concentration, the PDI of 
nanosuspension remains constant as the concentration of HPMC E3 
with respect to drug increased.  But, at higher level of drug 
concentration, PDI of nanosuspension showed an asymptotic curve 
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with increased concentration of HPMC E3 (i.e. the value of PDI first 
decreases nonlinearly and then increases marginally with an 
increased in concentration of HPMC E3).  At higher level of HPMC E3, 
there was significant sharp decreasing trend in the PDI as the drug 
concentration increased from lower to intermediate level, afterwards 
the PDI start to increase with subsequent increased of drug 
concentration.

As depicted in Figure 9, the overlay plot between the two factors 
shows the desirable region in yellow shade along with the optimized 
formulation in this region (i.e. HPMC E3: 0.48 and drug: 0.36). Rest of 
the experimental domain is shown in light gray backdrop. The contour 
lines describe the boundary limits set for each response variables.

Validation of Optimization Results

The linear correlation plots between observed and predicted values, 
and residual plots for all the six check-point formulations are depicted 
in Figure 10. 

Figure 7: Responsesurface figure showing the influence of HPMC E3 
and drug on PDI of nanosuspension.

As depicted in Figure 8, at both, the lower level and higher level of 
drug concentration, the zeta potential of nanosuspension increases 
non linearly with the increased concentration of HPMC E3

Figure 8: Response surface figure showing the influence of HPMC E3 
and drug on Zeta potential of nanosuspension.

feasible regions to further narrow-down the region of optimal 
formulation. Based on the final grid search, the formulation containing 
15.2 % of drug and 80.5 % of HPMC E3 with respect to drug was 
selected as the optimal nanosuspension formulation. The selection of 
the optimum formulation was based on minimization of particle size 
toget faster dissolution, minimization of PDI and maximization of zeta 
potential to avoid coalescence of nanosuspension. The said 
formulation exhibited particle size of 223.8 nm (d50), 381.6 nm (d90), 
PDI of 0.115 and zeta potential of 24.6 mV.

To validate the search for optimal formulation, a region was marked in 
the overlay plot (Figure 9) corresponding to optima, and 
corresponding responses were predicted for the optima. In this 
investigation, the optima searched by brute-force methodology 
(feasibility and grid search) and overlay plot came out to be quite 
identical.

-1.00 -0.50 0.00 0.50 1.00

-1.00

-0.50

0.00

0.50

1.00
Overlay Plot

D50: 250.000
D90: 450.000

PDI: 0.150

Zeta Potential: 15.000

Zeta Potential: 25.000

5

D50: 223.808
D90: 381.217
PDI: 0.115
Zeta Potential:24.562
X1 0.48
X2 0.37

D50: 223.792
D90: 381.295
PDI: 0.115
Zeta Potential:24.565
X1 0.48
X2 0.37

D50: 223.759

D90: 381.559

PDI: 0.115

Zeta Potential: 24.573

X1 0.48
X2 0.36

A. HPMC E3

B
.D

ru
g

Figure 9: Overlay plot showing the location of optimized formulation.

Brute-Force Methodology for Optimum Formulation

Two feasible regions were selected as per the following criteria: d  < 50

250 nm,   d  < 450 nm PDI < 0.15, Zeta potential   > 20 mV. An 90

exhaustive grid search was then conducted within the selected 
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The prediction error for various response variables ranged between -
4.6 % and 4.9 %, while the magnitude of overall percent prediction 
error was observed to be miniscule, i.e. 0.9 % ± 3.35. All the 
correlation plots were found to be quite linear (as r2 values ranged 
between 0.972 and 0.996). The corresponding residual plots were 
also found to be quite regulated with uniform, relatively narrow and 
random scatter around zero-axis.

Solubility Studies 

Solubility of optimized formulations as mentioned in Figure 11, were 
found to have a significantly high increase in saturation solubility in 
pH 1.2, 4.5 and 6.8 as compared to that of pure micronized API. This 
enhancement in solubility can be attributed to the reduced particle 
size as well as the presence of a hydrophilic polymer (HPMC) in the 
nanocrystal that might have further enhanced the solubility in a way 
similar to that of solid dispersions. 

Figure 12a: Dissolution profile of drug and formulation in pH 6.8 
phosphate buffer.

Figure 10: Respective correlation plots between observed and predicted values and residual plots for all the six check-point formulations for 
d  particle size (a, b); d  particle size (c, d), Zeta potential (e, f), and PDI (g, h) 50 90

Figure 11: Solubility enhancement of drug and optimized 
formulations in media of different pH

Dissolution Studies

Drug release from pure micronized drug, markerted product (Zocor®) 
and optimized nanosupension after lyophilized with Mannitol was 
determined by dissolution study. As seen in Figure 12a, in pH 6.8 
phosphate buffer there was only 22%  drug release for micronized 
drug in 30 min as compared to 47%  drug release for marketed product 
and 85% drug release for optimized formulation respectively in the 
same time. 

In pH 6.8 phosphate buffer with 0.15% SLS (official FDA listed 
dissolution media), it was found that optimized formulation gave a 
75% drug release in just 5 min in striking comparison to  10% drug 
release for micronized and 18 %  drug release for marketed product 
respectively in the same time, as shown in Figure 12b. The increase in 
accessible surface area to the dissolution medium and hydrophilic 
stabilizer coating on the particle surfaces may be considered as the 
core reason  for approximately four fold increase in dissolution rate in 
optimized formulation.

Figure 12b: Dissolution profile of drug and formulation in pH 6.8 
phosphate buffer with 0.15% SLS.
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Solid State Analysis

XRD has been used to assess the interaction between carrier and 
guest molecules in the solid state. The XRD spectra's of all samples 
are shown in Figure 15. Raw Simvastatin and lyophilized nanocrystals 
exhibited same XRD spectrum as shown in Figure 13, which 
demonstrates that the chemical structure of the drug is not changed 
before and after the nanogrinding process

A CCD (Central composite design) for two factors at three levels with 
α = 1, equivalent to 32 Factorial design (FD), was chosen as the 
experimental design. This is considered to be an effective second 
order experimental design associated with a minimum number of 
experiments to estimate the influence of individual variables (main 
effects) and their second order effects and has been successfully 
implemented for systematic optimization of various drug delivery 
systems [28]. Further, this design has an added advantage of 
determining the quadratic response surface, not estimable using a 
factorial design at two levels [29-30].

The low particle size (both d  and d ), low PDI and high zetapotential 50 90

observed with formulations SE, SF and SH can be attributed to the 
presence of stabilizer and Simvastatin at certain concentration and 
above. The amount of HPMC E3 determines its adsorption onto the 
drug substance particles, thereby increasing the diffusion barrier for 
particle-particle interaction. Formulations SA, SC and SG were 
observed to process high particle size (both d  and d ), high PDI and 50 90

low zetapotential can be attributed to the low concentration of 
stabilizer and simvastatin. Quite high values of r2 of the MLRA 
coefficients for all four responses, ranging between 0.9959 and 
0.9996, vouch high prognostic ability of the RSM polynomials. 
Statistically, the models for all the response variables were found to 
be highly significant using analysis of variance (p<0.0001). The 
closeness in the magnitudes of adjusted r2 and predicted r2 to the 
actual model r2 and the low coefficient of variance also suggest high 
goodness of fit of the postulated model to the data. The response 
surface and contour plots for particle size confirmed that to attain a 
particular particle size, the level of HPMC E3 should be about 50 % 
w/w with respect to drug concentration and above this concentration 
of HPMC E3, subsequent reduction in the particle size of 
nanosuspensions will not be happened. In the current studies, the 
optimized formulation chosen by brute-force methodology, overlay 
plots and numeric optimization, came out to be identical, thus 
attesting to the accuracy of the applied FbD methodology.

The high values of 'r' for the correlation plots corroborated the 
“sameness” between the observed and the predicted responses. 
Over-all, all the above results clearly demonstrated unambiguous 
accuracy, validity and finally a high prognostic ability of the proposed 
FbD model in the prediction of studied response variables. Drug 
release comparison of the optimized formulation with the marketed 
product clearly ratified the marked dissolution performance of the 
optimized formulations.

To characterize the solid state of freeze-dried nanosuspensions XRPD 
studies of the drugs, stabilizers and freeze-dried nanosuspensions 
were performed. Raw Simvastatin exhibited crystalline state. There 
are no apparent differences in the X-ray patterns between the 
physical mixtures and milled samples. Low diffraction peak 
intensities in the milled samples were attributed to the dilution of the 
particles with the stabilizer. As a conclusion, the crystalline state of 
the drug compounds was not interfered by the wet milling processes.

Conclusion

It may be concluded from the results of this study that 
nanosuspensions of poorly soluble drugs such as simvastatin can be 
easily prepared and lyophilized and represent a promising new drug 
formulation for oral drug delivery for the treatment of heart diseases. 
Dissolution study in pH 6.8 phosphate buffer with 0.15 % SLS 
indicates that nanosuspension formulation gives fourfold increase in 
dissolution rate compared to the marketed product. Moreover, 
nanosuspensions represent a promising alternative to current 
delivery systems aspiring to improve the biopharmaceuticals 
performance of drugs with low water solubility.
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Figure 13: XRD of pure drug, optimized dried nanosupension and 
placebo blend.

Discussion

Nanonisation has become a popular approach to produce particles in 
the size range of 200 nm to 400 nm, to improve both dissolution rate 
and the solubility of the water insoluble compound [24]. Nanogrinding 
is a complex process requiring selection of adequate formulation and 
process parameters to obtain appropriate particle size reduction and 
stability of nanosuspensions. As a number of formulation and 
processing variables increases to influence the overall performance 
of nanosuspension; it becomes quite impragmatic to study the effect 
of each of such individual variables and the plausible interactions 
among them through the conventional approaches. Screening of 
various process and formulation variables, potentially influencing the 
particle size, polydispesibility index and zetapotential of 
nanosuspension to provide better stability and dissolution, was, 
therefore, performed during the current studies using systematic 
formulation by design approach.

Initial screening was done to select the best stabilizer to get the stable 
nanosuspension, among HPMC E3, HPMC E5, and HPMC E15, PVP 
K30, Poloxamer 188, Poloxamer 407 and PEG 10000. The selection of 
appropriate stabilizer is governed by two main functional criteria: (i) 
wetting of the drug substance [25], and (ii) steric and/or electrostatic 
stabilization of the nanoparticles [26].

The particle size and size distributions were affected not only by the 
type of stabilizer but also by the stabilizer concentration. 
Nanosuspensions with narrow size distributions were obtained 
successfully with HPMC E3 and HPMC E5.  HPMC E3 was selected as 
stabilizer of choice for nanogrinding simvastatin. Wetting agents like 
polysorbate 20 (Tween 20) do not help to reduce the particle size of 
nanosuspension. 

Besides the selection of appropriate stabilizer, the optimization of 
their and the drug substance concentration in the suspension is 
equally important for nanogrinding and nanosuspension stability. The 
concentration of drug substance in the suspension for nanogrinding 
needs to be sufficiently high to ascertain an elevated frequency of 
drug particle capture in the active grinding zone between beads; 
thereby, the milling energy of the beads is adequately transferred onto 
the drug particles [27].
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