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Abstract. The hot melt extrusion (HME) technology was explored and optimized to
solidify an amorphous nanosuspension using Quality by Design (QbD) methodology. A
design of experiments (DoE) approach was used to perform a set of 15 experiments, varying
independent variables (feed rate, input temperature, and screw speed) within a design space.
Redispersibility index (RDI), moisture content, and process yield constituted the critical
quality attributes (CQAs) of the experimental design. Regression analysis and ANOVAwere
employed to identify and estimate significant main effects and two-way interactions, and
model the process of HME drying for predictive purposes. The optimized HME-dried end
product was characterized for physicochemical properties using differential scanning
calorimetry (DSC), X-ray powder diffractions (XRPD), polarized light microscopy (PLM),
Fourier transform infrared spectroscopy (FTIR), and in vitro dissolution studies. The
statistical analysis reveals feed rate and input temperature as significant independent
variables, critically influencing RDI and moisture content of solidified end product. The
model developed for process yield was insignificant at a p-value of 0.05. The API retained its
amorphous nature after the extrusion process which was confirmed using DSC and XRPD
techniques. PLM was unsuitable to differentiate and determine crystallinity of drug moiety in
the presence of a semi-crystalline bulking agent, microcrystalline cellulose (MCC). In vitro
dissolution study depicted solubility and dissolution enhancement for HME-dried amorphous
nanosuspension in both the dissolution media which can be attributed to amorphous nature
of nanosized drug particles. A well-designed study implemented by DoE aided in developing
a robust and novel HME technique to dry aqueous nanosuspension.

KEY WORDS: amorphous nanosuspension; design of experiment; hot melt extrusion; optimization;
dissolution rate; analysis of variance (ANOVA).

INTRODUCTION

Most of the current drugs, new chemical entities (NCEs)
in the research pipeline belong to the brick-dust category of
drugs, which faces solubility and dissolution rate limited
bioavailability concerns (1,2). Presystemic metabolism and
food effects further lead to increased inter-patient variability
with regard to drug’s absorption and systemic circulation.
Higher doses have to be administered to achieve desired
therapeutic plasma concentrations. Low solubility and disso-
lution rate have been counterbalanced by techniques such as
complexation (3,4), salt formation (5), micronization (6),

nanonization (7), co-crystallization (8), and melt granulation
(9,10). Techniques such as amorphization and nanonization of
drugs are currently one of the most explored formulation
strategies; wherein, amorphization leads to enhanced appar-
ent saturation solubility of the drug by converting it to a high
energy form and nanonization resulting in increased drug
surface area promoting its dissolution rate (11,12).

Amorphous systems are disordered non-crystalline ma-
terial, which has higher entropy, enthalpy, and free energy
compared to other polymorphic forms of the drug. Since
these amorphous systems are unstable, they are susceptible to
crystallization prompting the formation of drug crystals which
have relatively lower drug solubility (13–16). Amorphous
systems can be stabilized by employing polymers which delay
crystallization of system by either increasing the glass
transition temperature (Tg) of systems and/or drug-polymer
interactions. The drug-polymer interactions lead to hydrogen
bond formation and/or decrease in the free drug concentra-
tion available for nucleus formation. Additionally, high
molecular weights and flexible polymeric conformation
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enable the polymers to prevent drug recrystallization, as it
lowers the free energy of the amorphous systems (17,18).
Nanoparticles are high-energy nanosized particles below
1 μm, which augments dissolution rate and facilitates
bioavailability. However, nanoparticles have higher Gibb’s
free energy which thermodynamically influences the particles
to aggregate, thereby lowering associated Gibb’s free energy.
Nanoparticle aggregation can be delayed or avoided by
incorporating high molecular weight polymers and surfactants
which prevent particle aggregation by steric hindrance or
electrostatic repulsion (19,20). BNanoamorphous^ technique
involves reducing particle size to nano and amorphous form,
which has synergistic benefits of the increased surface area
and higher saturation solubility. There are currently only a
few publications throwing light on the nanoamorphous
formulation and its applications in pharmaceutical drug
development (3,21–24).

A nanosuspension (crystalline or amorphous) is ulti-
mately dried into solid powders for enhanced drug stability
and commerciality. Matrix formers are inevitably added to
the nanosuspensions before drying to produce stabilized dried
nanoparticles. Sugars have been commonly used as matrix
formers because of its property of embedding and/or
adsorbing drug nanoparticles, and superior hydrophilicity,
favoring rapid dissolution of drug particles. Mannitol, lactose,
and trehalose are some of the commonly used matrix formers
employed during drying of nanosuspensions (25–29). Insolu-
ble excipients are occasionally used when sugars are insuffi-
cient in inhibiting particle agglomeration. MCC being water
insoluble can form a permanent barrier between nanoparti-
cles preventing agglomeration (30,31). An ideal matrix
former should serve in two possible ways: (1) It should
immobilize the nanoparticles by embedding it or layering it
on matrix formers, and (2) it should not hinder the release of
drug nanoparticles when contacted with an aqueous phase,
resulting in rapid dissolution.

There are various roadblocks to drying of nanosuspension
by conventional drying techniques such as spray-drying, freeze-
drying, pelletization, and granulation. These processes are time-
consuming and difficult to scale up and are not cost-effective
while developing or manufacturing a drug product. The
conventional drying techniques are not well suited to be
integrated into a continuous manufacturing environment. Hot
melt extrusion has been an emerging technology which has
viability for continuous manufacturing and is relatively easy to
scale up (32). Baumgartner et al. have outlined several issues
pertaining to conventional drying techniques while proposing a
new NANEX technique to dry nanosuspension using hot melt
extruder (33). The NANEX process involved introducing
nanosuspension and matrix forming polymer through different
zones, to embed drug nanoparticles into a polymeric matrix and
simultaneously evaporating excess moisture content from the
drug product. However, the introduction of nanosuspension and
matrix forming polymer through different zones in an extruder
can possibly lead to drug uniformity issues, especially in low-
dose formulations.

The objective of the current study was to develop a QbD
based novel nanosuspension drying technique using HME
technology. Moreover, to overcome any possible uniformity
issues and to simplify the drying process, MCC 101 was
incorporated as a matrix former in the polymer stabilized
nanosuspension. The nanosuspension was directly introduced
in the extruder through a separate feeding device to
evaporate the excess moisture and obtain dried
nanosuspension. A vacuum assembly was installed at the rear
end of the extruder to facilitate removal of excess moisture.
Devolatization of nanosuspension occurs by flash evapora-
tion, and the use of appropriate vacuum pressure prevents
any accumulation of moisture content in the end product. The
nanoparticles during the course of being extruded get
embedded into the polymer and matrix former producing a
stable dried product. Furthermore, HME process parameters
were optimized and validated, for solidifying nanosuspension
by the design of experiments (DoE) methodology.

MATERIALS AND METHODS

Materials

The clotrimazole was purchased from Letco Medical
(AL, USA). Soluplus® used as a polymeric stabilizer was
purchased from BASF; microcrystalline cellulose 101 was
purchased from FMC biopolymer (NJ, USA). HPLC grade

Fig. 1. HME assembly to dry clotrimazole nanosuspension

Table I. Independent Process Variables: Factors and Their Coded
Levels

Factors Low (− 1) Center (0) High (+ 1)

Inlet temperature (°C) 110 120 130
Feed rate (mL/min) 2.5 5 7.5
Screw speed (rpm) 100 150 200
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ethanol, methanol, and TFA were purchased from Fisher
Scientific (MA, USA). Hermetic pans and lids were
purchased from TA instruments (DE, USA). Deionized
(DI) water used was of reagent grade.

Methods

Formulation of Nanosuspension and Microsuspenion

Clotrimazole drug was dissolved in ethanol to achieve a
concentration of 60 mg/mL, forming a solvent (S) phase.
Antisolvent (AS) phase comprised of Soluplus® dissolved
separately in 100 mL of DI water at a concentration of 1.5%
w/v. Antisolvent phase was maintained at 2°C during the entire
process by a fluid mixture of propylene glycol and water via a
recirculating chiller system. Solvent phase was injected into the
AS phase using a syringe equipped with a needle gauge no. 22,
while stirring at 2000 rpm. Sonication was performed during the
process with the help of microtip sonicator for 30 s at 72 W.
Sonication during the process assists in achieving a higher
nucleation rate and prevents agglomeration of nanoparticles.
The obtained nanosuspensions were stirred until used for HME
drying process. MCC 101 was added as a bulking agent at a
concentration of 7.9% w/v before drying. A microsuspension
was prepared as a control, by physically mixing all the

ingredients mentioned above and continuously stirring it until
used further for downstream processing.

Drying of the Suspensions by HME

A twin-screw co-rotating hot melt extruder (OM10P,
SteerAmerica, USA) was used to dry amorphous
nanosuspension. The extruder has one non-heating zone and
three heating zones which were optimally temperature regulated
to dry nanosuspensions.As a part of preliminary screening study,
three different screw sets (Do/Di: 1.27, 1.55, and 1.71) were
utilized to evaluate the effect of different screw configurations on
drying efficiency of nanosuspension. 1.71 Do/Di twin screws
resulted in an end product with relatively lower moisture
content. This was apparently due to a higher degree of fill and
substantially higher residence time (56 s) compared to 1.27 and
1.55 screw sets. Thus, 1.71 twin screws were employed for all the
future studies. A 1.71 Do/Di (Do-outer diameter; Di-inner
diameter) screw configuration was used to perform extrusion
runs. The clotrimazole nanosuspension at a rate of 2.5–7.5 mL/
minwas injected through zone 0 (Fig. 1). The zone 1 temperature
wasmaintained at 130°C, whereas zone 2 and zone 3 were varied
from 110 to 130°C as shown in Table I. Vacuum at a pressure of
150 mmHg was applied at zone 3 to remove any traces of
moisture present in the sample thoroughly. Process parameters
such as inlet temperature, screw speed, and feed rate were varied

Table II. Box-Behnken Design Space for Drying of Clotrimazole Nanosuspension Using HME Process and Observed Responses

Run order Input variables Output variables

Inlet temperature Screw speed Feed rate Yield Moisture content RDI
(X1) (X2) (X3) (Y1) (Y2) (Y3)
°C (%) mL/min % (w/w) % (w/w) (%)

1 110 100 5 84.73 5.15 108.97
2 130 100 5 85.16 4.34 163.76
3 110 200 5 81.33 5.57 131.94
4 130 200 5 85.82 4.83 182.76
5 110 150 2.5 82.9 4.88 103.73
6 130 150 2.5 87.09 3.86 140.31
7 110 150 7.5 84.28 6.04 131.11
8 130 150 7.5 86.39 5.47 217.88
9 120 100 2.5 83.44 4.46 109.33
10 120 200 2.5 82.12 4.98 113.91
11 120 100 7.5 88.24 5.29 163.41
12 120 200 7.5 80.04 5.86 190.00
13 120 150 5 82.61 4.22 121.43
14 120 150 5 83.17 4.29 121.74
15 120 150 5 84.68 4.41 123.91

Table III. Model Summary for Response Variables

Response variables S R-squared R-squared (adj) R-squared (pred)
% % %

Process yield 1.3264 87.29 64.40 0.00
Moisture content 0.1914 86.78 81.00 78.01
RDI 4.7703 91.38 88.27 81.48
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in accordance with the experimental design. The suspensions
were continuously stirred during the entire process to maintain
homogeneity. The resultant dried powders were accurately
weighed and stored in silica gel desiccator until further studies.

The Design of Experiments

The initial experimental studies helped in determining
the suitable working range for all the process parameters. To
optimize and evaluate the effect of process parameters on the
product characteristics, a response surface design was gener-
ated using the Minitab® 17 software. Box-Behnken design
(BBD) has been previously used to construct a three-factor,
three-level design and has been efficient in exploring
quadratic response surfaces and building a second-order
polynomial model (34,35). Thus, a BBD consisting of 15
experiments with three center points was created using the
Minitab® 17 software. Independent variables selected for the
current study were inlet temperature (X1), feed rate (X2),
and screw speed (X3). The levels of each variable are
represented by a (+), (−), and (0) for higher, lower, and
center levels respectively as shown in Table I. Product
attributes measured for the current study were process yield
(Y1), moisture content (Y2), and redispersibility index (RDI)
(Y3). The Minitab® 17 software was used to calculate the
expected form of the polynomial equation for each response
variable:

Y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b11X1
2 þ b22X2

2 þ b33X3
2

þ b13X1X3 þ b12X1X2 þ b23X2X3

where Y is the response variable, X’s are the input variables
mentioned above, and the b parameters denote empirically
derived coefficients characterizing the main (b1, b2, b3),
interaction (b12, b23, b13), and the quadratic effects (b11, b22,
b33) (36).

For validating the model generated by the software,
optimal process parameters determined by response surface
design were used to experimentally find the product charac-
teristics and compare it with the predicted values. The
relative error was calculated using the following equation
(37):

Relative error %ð Þ ¼ Predicted value−Experimental valueð Þ
Predicted value

� 100

Statistical Analysis

Regression and Modeling. A polynomial equation was
generated for all the response variables using the Minitab
software. Regression analysis and analysis of variance
(ANOVA) are some of the statistical tools which will be
employed to understand the correlation between process
parameters and response variables effectively.

Response Surface Plots. Response surface plots graphi-
cally explore the relationships between input parameters and
one or more output parameters (38,39). The collected data
sets facilitated in generating contour plots using the Minitab
17® software. The contour plots show the three-dimensional
relationship in two dimensions, where input variables are
plotted in x- and y-axis, and contours represent response
variable.

Table IV. ANOVA Response Table for Moisture Content of the
HME-Dried Nanosuspension

Source DF Sum of squares Mean square F value p value

Model 9 5.5191 0.61323 16.72 0.003
Temperature 1 1.1552 1.1552 31.5 0.002
Screw speed 1 0.23461 0.23461 6.4 0.053
Flow rate 1 2.43101 2.43101 66.3 0.000
Lack of fit 3 0.16488 0.05496 5.95 0.147

Fig. 2. Main effect plot for moisture content (% w/w), HME process
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Polarized Light Microscopy Studies

For polarized light microscopy (PLM) studies, the
analysis was performed using Axio Scope.A1 microscope
(Zeiss, USA) with the help of the Captavision software. The
solidified samples of nanosuspensions were dispersed in the
mineral oil and placed on a clean glass slide. All the images
were obtained at 10× resolution under the dark field.

Differential Scanning Calorimetry Studies

Approximately 5 ± 1 mg of samples were analyzed in a
sealed aluminum pan with a pinhole under constant nitrogen
purge, at a heating rate of 5°C/min from 20 to 400°C and
modulated for ± 0.796°C every 60 s (40). The Universal
Analysis software (TA Instruments, USA) was used to

determine the heat of fusion and melting point for all the
samples.

X-ray Powder Diffraction

X-ray powder diffraction measurements assessed the
polymorphic structure of untreated and subsequently dried
clotrimazole nanosuspension formulations at room tempera-
ture. XRPD analysis was performed on a Smart X-ray
diffractometer (Rigaku, Japan) controlled by Smartlab Studio
which includes Smartlab Guidance as the management system
software and PDXL2 as the analysis software. X-ray radiation
used was generated by copper Kα filter method at 40 KV and
44 mA. Bragg-Brentano focusing geometry was used with
ACS6 auto-sampler. A 0.2-mm deep, low background sample
holder was used, and samples were scanned from 5 to 40° two

Fig. 4. Contour plot of moisture content (%w/w) vs. feed rate, inlet temperature

Fig. 3. Interaction effect plot for moisture content (% w/w), HME process
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theta at a scan rate of 3° per minute and scan step of 0.02°.
Diffractograms were analyzed using the PDXL2 software.

Fourier Transform Infrared

Attenuated total reflectance (ATR) FTIR spectra were
recorded using a Nicolet iS5 FTIR spectrophotometer with iD5
ATR diamond accessory (Thermo Fisher Scientific, USA).
Samples were scanned between 4000 and 400 cm−1 with an
average of 64 scans and at a resolution of 4 cm−1 by placing them
on the diamond crystal and pressing the knob on it (41).

In Vitro Dissolution Studies

Dissolution study for the aqueous nanosuspension,
HME-dried nanosuspension, and the physical mixture was
conducted to determine and investigate the initial dissolution
rate enhancement. Dissolution was carried out in USP Type-
II (Paddle) dissolution apparatus at 75 rpm, maintained at 37
± 0.5°C for 2 h. The dissolution medium for sink-condition
dissolution consisted of 900 mL DI water and pH 7.2 buffer
media. A 5 mL of a dissolution sample was withdrawn at 0,
2.5, 5, 7, 10, 15, 30, 45, 60, 90, and 120-min time points and
replaced with the same volume of dissolution media (pre-
equilibrated at 37 ± 0.5°). Samples were filtered through a 0.1-
μm Anotop syringe filter before the HPLC analysis.

Loss on Drying

All the samples were subjected to loss on drying
analysis to determine moisture retained in the end product
after HME drying. The analysis was performed using an
MB25 moisture analyzer equipped with a halogen lamp.
The samples were dried at 105°C until a constant %LOD
was obtained. Moisture content was calculated based on the
weight change due to moisture loss and was expressed as a
percentage by weight (%) (42). All the test was performed
in triplicate.

Redispersibility Index Measurement

Redispersion studies of the solidified nanosuspension
were performed in deionized water to investigate the effect
of different processing conditions on aggregation tendency of
nanoparticles after HME drying. Solidified nanosuspension
is said to be completely redispersed when RDI value is close
to 100%, indicating that the HME-dried nanoparticles are of
the same size as those in the nanosuspension. HME-dried
sample equivalent to 5 mg of clotrimazole was dispersed in
25 mL of deionized water and stirred at 200 rpm for 2 min
before measuring the particle size. Redispersibility index
(RDI) was calculated using the formula:

RDI ¼ D=D0ð Þ � 100%

Table V. ANOVA Response Table for RDI of the HME-Dried Nanosuspension

Source DF Sum of squares Mean of square F value p value

Model 9 18,349.7 2038.85 89.6 0.004
Inlet temperature 1 4180.9 4180.94 183.73 0.000
Screw speed 1 6.4 6.35 0.28 0.62
Feed rate 1 8268 8267.99 363.33 0.001
Lack of fit 3 95.7 31.91 3.54 0.228
Total 14 18,463.4

Fig. 5. Main effect plot for RDI (%), HME drying process
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where D indicates the mean particle size of the redispersed
suspension and D0 indicates the average particle size of the
suspension before HME drying.

RESULTS AND DISCUSSION

DoE Analysis

The data was statistically analyzed using Minitab® to
deconvolute the main and two-way interactions between
process and formulation parameters. The three replicated
center points in the experimental design helped in assessing
the pure error of the experiment. Regression coefficients for
each term are summarized and listed along with R2 of the
regression model in Table II. The process yield ranged from
80.04 to 88.24% (w/w), moisture content varied from 3.86 to
6.04%, and RDI ranged from 103.73 to 217.88% respectively.

Effect of Process Parameters on Process Yield

From the ANOVA response table (not shown here), we
can comment that the model could not appropriately fit the
process yield data for dried clotrimazole nanosuspension at a
95% confidence interval and appears to be statistically
insignificant (p-value > 0.05). Furthermore, as seen in
Table III, along with the low R-squared (adjusted) value, an
R-squared (predicted) value of 0.00% shows the fallacy of the
model in predicting the yield of the HME drying process. The
process yield of HME process does not appear to follow a
particular trend and could not be modeled for exploring main
and interaction effects of formulation and process variables.
HME process follows the principle of first in/first out since the
material does not rotate along with the screw (43). Thus,
unlike the spray-drying process, HME process parameters do
not impact the overall yield of the drying process which is
apparently advantageous for the overall productivity.

Fig. 6. Interaction effect plot for RDI (%), HME drying process

Fig. 7. Contour plot of RDI (%) vs. feed rate, inlet temperature
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Effect of Process Parameters on the Moisture Content

The final polynomial model calculated for the response
variable Bmoisture content^ is as follows:

Moisture content ¼ 57:1−0:746 Temperature− 0:0505 Screw speed

þ 1:106Flow rateþ 0:002867 Temperature�Temperature

þ 0:000182 Screw speed�Screw speed þ 0:0751 Flow rate�Flow rate

− 0:000015 Temperature�Screw speedþþ0:00450 Temperature

�Flow rateþ 0:000240 Screw speed�Flow rate

From the ANOVA response table (Table IV), we can
comment that the model efficiently fits the moisture content
data values for dried clotrimazole nanosuspension at a
confidence interval of 95% with a p-value of 0.003. Further-
more, the model summary results (Table III) depict high R-
squared and R-squared (adjusted) values. The R-squared
(predicted) value of 78.01% shows suitable predictability of
the model in predicting the moisture content of the HME-
dried end products. As per the quadratic polynomial
equation, inlet temperature negatively influences the mois-
ture content of the final product; the flow rate is directly
proportional to moisture content and leads to an increase in
moisture content with an increase in flow rate. An increase in
inlet temperature increases the overall thermal energy
needed to evaporate the water content. An increase in feed

rate reduces the effectiveness of HME drying process,
resulting in an HME-dried product with high moisture
content. Thus, higher inlet temperature and lower flow rate
led to the rapid and efficient removal of moisture from the
nanosuspension. The quadratic and interaction effects of all
the independent variables also significantly affected the final
moisture content in the HME-dried product, which is further
illustrated below using main plot, interaction effect plot, and
contour plots. Conversely, screw speed does not have any
significant effect on the moisture content of solidified
nanosuspension.

Main and interaction effect plots as shown in Figs. 2 and
3 support the hypothesis proposed for inlet temperature,
screw speed, and feed rate, based on the quadratic model
equation for moisture content. Additionally, contour plots
corroborate with the main effect plots and provide vital
information about the design space which will lead to the
lower moisture content in the HME-dried end product. From
Fig. 4, we can state that low moisture content (% w/w) in the
HME-dried product can be achieved at high temperature and
low feed rate settings.

Effect of Process Parameters on the RDI

In the model for RDI, inlet temperature and feed rate
have a negative main effect. Apart from these main effects,
the quadratic effect of all the independent variables and
interaction effect of inlet temperature-feed rate were the

Fig. 8. Optimization plot for drying clotrimazole nanosuspension by HME

Table VI. Multiple Response Prediction Tables for Drying of Clotrimazole Nanosuspension by HME

Response Predicted Observed Relative error (%)

RDI (%) 103.58 108.12 4.38
Moisture content (% w/w) 2.73 2.57 5.86
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most significant factors (p-value < 0.05) affecting the
redispersibility of the HME-dried nanosuspension based on
the statistical analysis.

The normal probability plot of the residuals (not shown
here) shows some data points which do not fall precisely
along a straight line passing through the center of the plot.
However, the deviation from normality does not appear
severe looking at lack of fit depicted in Table V. The final
polynomial model calculated for determining the response
variable, RDI, is as follows:

RDI ¼ 4738−73:45 Inlet Temperature−2:154 Screw speed−93:0 Feed rate

þ 0:3008 Inlet Temperature� Inlet Temperature

þ 0:007601 Screw speed� Screw speedþ 1:342 Feed rate

� Feed rate−0:00148 Inlet Temperature� Screw speed

þ 0:7525 Inlet Temperature� Feed rateþ 0:0140 Screw speed

� Feed rate

As per the quadratic polynomial equation, inlet temper-
ature negatively influences the RDI of the HME-dried
product. The RDI of the HME-dried nanosuspension
decreases with an increase in temperature until it reaches
minima; thereafter, any increase in temperature leads to an
increase in RDI (Fig. 5). At low-temperature settings,
removal of moisture content is not efficient due to slower
evaporation rate which leads to agglomeration of drug
particles by formation of liquid bridges followed by its
solidification, impacting the RDI of dried nanosuspension
(44). At high-temperature conditions, residual moisture in
the drug product is reduced efficiently. However, high-
temperature settings along with high residence time promote
aggregation of clotrimazole drug particles. Thus, moderate-
temperature settings led to the efficient removal of residual
moisture and resulted in lower RDI values compared to low-
and high-temperature settings. The RDI appears to be
directly proportional to the feed rate of clotrimazole
nanosuspension in the HME extruder. At higher feed rate,

Fig. 9. PLM images of clotrimazole, Soluplus, MCC 101, amorphous nanosuspension, HME-dried
nanosuspension, and PM microsuspension

Fig. 10. DSC thermograms of crystalline clotrimazole, MCC 101, Soluplus, HME-dried nanosuspension, and PM microsuspension
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evaporation, and removal of moisture content were not
efficiently achieved resulting in moisture-induced agglomer-
ation of particles and subsequent higher RDI values. The
screw speed of the extruder does not have any notable effect
on the RDI of dried nanosuspension. The quadratic effect of
inlet temperature and interaction effect of inlet temperature
and feed rate significantly influence the RDI of HME-dried
nanoparticles (Fig. 6).

Additionally, contour plots corroborate with the main
effect and interaction effect plots and aid in elucidating the
relationship between RDI and independent variables. As
can be seen from Fig. 7, lower RDI numbers are achieved at
moderate-temperature and lower feed rate settings.

Optimization and Validation

The most important aspect of performing DOE studies
was to determine an optimum range of process parameters to
achieve an HME-dried end product with low RDI, low
moisture content, and high process yield. Therefore, after
generating the polynomial equation correlating the response

and input variables, the process was optimized for the
responses. Response surface methodology helps in solving
the classic problem of process response maximum or mini-
mum. This technique consists of searching for response
surface maximum or minimum by carrying out experiments
along a straight path whose direction is given by gradient
analysis at specified points. The objective was to develop an
efficient HME drying technique for clotrimazole
nanosuspension which results in an RDI range of 100–
110%. Low RDI values will ensure that colloidal amorphous
nanoparticles still regain its original particle size after HME
drying. The numerical optimization approach explores the
design space, using the polynomial model developed during
the analysis, to find the independent process parameter
settings that meet the defined goals. The independent
variable settings (inlet temperature—125°C, screw
speed—187 rpm, and feed rate—2.5 mL/min) used for
validation experiments were identified by optimization plot
(Fig. 8). The predicted and experimentally determined
response variables are listed in Table VI. The process yield
was not taken into account during optimization since it was
not critically affected by HME process parameters. The

Fig. 11. XRPD thermograms of crystalline clotrimazole, MCC 101, Soluplus, HME-dried nanosuspension, and PM microsuspension

Fig. 12. FTIR spectra of pure clotrimazole, MCC 101, Soluplus, HME-dried nanosuspension, and physical mixture
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results of the experimental and predicted responses appear to
be in close agreement, thus demonstrating the reliability of
DOE approach to solidify amorphous clotrimazole
nanosuspension using HME drying process.

Polarized Light Microscopy

The pure clotrimazole and semi-crystalline MCC 101
displayed birefringence. Soluplus® which was incorporated
as a polymeric stabilizer did not show any birefringence,
affirming its amorphous form. The clotr imazole
nanosuspension prepared by sonoprecipitation technique,
devoid of MCC 101, did not exhibit any birefringence
confirming the amorphous nature of clotrimazole
nanoparticles. On the contrary, a physical mixture of
clotrimazole suspension showed birefringence affirming the
crystall ine state of API. HME-dried clotrimazole
nanosuspension showed extensive birefringence possibly
due to the presence of excess MCC 101 which was used as
a bulking agent during extrusion. Thus, PLM could not be
successfully applied to evaluate the crystallinity of the drug
moiety in the HME-dried end product (Fig. 9).

Differential Scanning Calorimetry

The endothermic peak was observed at 147°C for
crystalline clotrimazole, whereas amorphous Soluplus as
expected did not show a melting peak. MCC 101 shows an
endothermic peak at 321°C. HME-dried clotrimazole
nanosuspension did not show any characteristic endothermic
peak for clotrimazole confirming its amorphous nature in the
drug-polymer matrix as illustrated in Fig. 10. A minor
endothermic peak pertaining to clotrimazole was observed
in the physical mixture. The reduction in the drug enthalpy in
the physical mixture can be due to the dilution effect in the
presence of excipients.

X-ray Powder Diffraction

XRPD technique served as an orthogonal technique
used to validate the DSC results. The characteristic diffrac-
tion peaks of pure crystalline clotrimazole are 9.40°, 12.61°,
and 18.61°. As shown in Fig. 11, characteristic clotrimazole
peaks are absent in the HME-dried end product confirming
the amorphous state of clotrimazole nanoparticles. Further-
more, characteristic diffraction peaks pertaining to crystalline
clotrimazole are present in the physical mixture. The
characteristic crystalline peaks observed at 2θ values of
9.40°, 12.61°, and 18.61° have reduced intensities which can
presumably be due to the dilution effect of API in the
presence of high amount of excipient.

Fourier Transform Infrared Spectroscopy

Infrared spectra of pure clotrimazole show peaks char-
acteristic to C-H stretching at 3063.13 cm−1 and C-Cl
stretching vibration at 751.81 cm−1 (45,46). The spectra of
Soluplus® have transmittance peaks at 1732 cm−1 and C-H
stretching vibration at 2980.36 cm−1, whereas MCC 101 has
characteristic O-H stretching peaks at 3280 cm−1 and
3335.47 cm−1 (47). Spectra of HME-dried nanosuspension
and the physical mixture were similar to the addition spectra

Fig. 13. Dissolution profiles of clotrimazole, clotrimazole
nanosuspension, clotrimazole microsuspension, and clotrimazole
HME-dried nanosuspension in deionized water

Fig. 14. Dissolution profiles of clotrimazole, clotrimazole nanosuspension, clotrimazole
microsuspension, and clotrimazole HME-dried nanosuspension in pH 7.2 buffer
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of individual components, which shows the absence of any
interaction between clotrimazole and excipients (Fig. 12).

In Vitro Dissolution

A higher dissolution rate was observed for clotrimazole
n ano s u s p en s i o n and HME-d r i e d c l o t r ima zo l e
nanosuspension compared to controls, neat clotrimazole,
and physical mixture. Relatively higher dissolution rate was
found for clotrimazole nanosuspension compared to HME-
dried nanosuspension at initial time points, possibly due to
the formation of loose nanoaggregates while drying in a hot
melt extruder. These loose nanoaggregates may take few
minutes to completely redisperse and facilitate unhindered
dissolution of clotrimazole. The nanosized amorphous clo-
trimazole due to the virtue of high Gibb’s free energy and
high surface to volume ratio rapidly undergoes dissolution
compared to the physical mixture and neat clotrimazole. The
clotrimazole nanoamorphous suspension attained 86.74%
drug release in 20 min, whereas HME-dried clotrimazole
nanosuspension, micronized clotrimazole formulation, and
neat clotrimazole achieved 80.34, 46.66, and 26.32% drug
release respectively in deionized water (Fig. 13). Further-
more, in pH 7.2 buffer, clotrimazole nanoamorphous sus-
pension attained 76.88% drug release in 20 min, whereas
HME-dried clotrimazole nanosuspension, micronized clotri-
mazole formulation, and neat clotrimazole achieved 69.91,
37.23, and 12.22% drug release respectively (Fig. 14). A
relatively lower drug release was observed for all the
formulations in alkaline (pH 7.2 buffer) dissolution media.
This lower drug release is due to the commonly observed
malabsorption of weakly basic drugs under higher gastric pH
conditions (48).

CONCLUSIONS

Hot melt extruder has been successfully used as a novel
technique for continuous drying of low-dose amorphous
nanosuspension, resulting in embedment of drug moiety in a
polymer matrix. The nanosized drug particles play a vital
role in enhancing the kinetic solubility of the drug along
with the enhanced solubilizing effects of the polymer
matrix. An optimized drying process can help maintain the
integrity of nanosized particles by preventing its agglomer-
ation in the presence of moisture and heat energy. HME
drying process parameters such as inlet temperature, screw
speed, and feed rate have been explored and optimized to
solidify nanosuspension by QbD approach. The optimiza-
tion of HME drying process resulted in achieving higher
process yield and optimum moisture content and RDI. A
relatively high inlet temperature and low feed rate were
critical process parameters influencing the redispersibility of
drug nanoparticles after HME drying. The moderate inlet
temperature increases the overall thermal energy sufficient
enough to evaporate the solvent, whereas a low feed rate
provides for efficient drying of nanosuspension. Thus, it can
be inferred that an appropriate experimental design along
with statistical analysis can result in an optimal process
which delivers a drug product with desired critical quality
attributes.
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