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ABSTRACT
Low solubility and membrane permeability in the aqueous environment are the primary impediments to the oral
bioavailability of BCS Class IV drug candidates. Poor dissolution and variable absorption have been the
challenges. The intent of the current study was to optimize the formulation of amorphous solid dispersions
(ASDs) of a poorly soluble BCS Class IV drug using HME technology to augment dissolution performance. The
saturation solubility studies showed very low solubility of the drug in aqueous and several dissolution media,
thus indicating the need for a suitable formulation approach. Various hydrophilic polymers, including Kollidon®
VA64, Soluplus®, Kollidon® 30 and PEG 6000, were investigated using solvent evaporation and hot melt
extrusion methods. Of all the investigated carriers, Kollidon® VA64 exhibited the highest solubility
enhancement, particularly in HME formulations. To optimize the polymer concentration, a QbD-based approach
using a full factorial experimental design was employed, and the optimized formulation was evaluated and
compared with the other formulations. This formulation exhibited a considerably improved drug release than the
pure drug, and the dissolution profile was found to be comparable with the marketed formulation (F2 = 74.47).
The effect of polymer concentration on enhancement of dissolution was well modelled (R? = 0.98294), and the
model was statistically meaningful (p = 0.0010). Solid state characterization was performed using DSC and X-
Ray Diffraction (XRD). The DSC thermograms depicted an absence of the characteristic melting endotherm of
the drug and the XRD patterns depicted a decrease in the diffraction peaks of the crystalline form suggesting that
the crystalline form of the drug was converted to amorphous form due to the molecular dispersion of the drug
into the polymeric matrix during hot melt extrusion processing. Conclusively, the results of this study suggest
that HME-based ASD technology, when supported by QbD optimization, is a viable and scalable approach to
improve dissolution behaviour for poorly soluble BCS Class IV drugs.
Keywords: amorphous solid dispersion, hot melt extrusion, quality by design, dissolution enhancement,
solubility enhancement.
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1. Introduction

The oral route for drug delivery remains the
predominant and preferred route. The non-
intrusive, simple and convenient way of oral drug
administration results in better patient compliance
than the parenteral route [1]. It is the most preferred
route for the local and systemic delivery of drugs.
However, while the GI tract presents
physiological and physicochemical

barriers to oral drug absorption and targeted drug
delivery to the systemic circulation [2], oral
therapeutics have greater than 90% patient
acceptability, and as a consequence, oral dosage
forms constitute an overwhelming majority of the
pharmaceutical products on the market [3]. As
evidenced by their clinical success and commercial
availability, oral dosage forms such as tablets or
capsules, also referred to as solid oral dosage
forms, have become an integral part of
pharmacotherapy.

Good solubility of the active pharmaceutical
ingredient (API) in aqueous solution is key for oral
dosage forms but solubility is one of the most
common drug development issues today [4]. Up to
40% of marketed drug products and 70-90% of
drug candidates in preclinical development and
clinical trials are poorly soluble with poor
bioavailability, concentration-dependent adverse
effects and high doses [5]. The high prevalence of
poorly soluble compounds in drug discovery has
been a major roadblock to successful clinical
translation of new chemical entities (NCEs) from
the drug discovery phase to the clinic. Almost 40%
of new drug candidates have suboptimal aqueous
solubility, which limits the absorption of many
drugs administered via the oral route [6]. Low
concentrations of drug in the plasma due to poor
solubility lead to ineffective pharmacotherapy and
require costly and time-consuming reformulation
of the drugs to achieve complete bioavailability
[7].

The Biopharmaceutics Classification System
(BCS) was developed as a scientific method for
classifying drugs into four classes based on the
estimated solubility and permeability in the
gastrointestinal tract, to solve biopharmaceutical
issues of drug candidates in a systematic and
practical manner [8]. BCS captures the two most
meaningful factors controlling the oral absorption
of drugs (i.e., solubility and intestinal
permeability). BCS has been considered a widely
accepted, practically useful, and scientifically
justified starting point for drug product
development and regulatory decision-making [9].
The Biopharmaceutical Classification System

separates drugs into one of four classes. Class I
drugs (high solubility/high permeability) are the
most favourable for oral delivery to the body, Class
IT drugs (low solubility/high permeability), Class
III drugs (high solubility/low permeability) and
Class IV (low solubility/low permeability) are the
least [10] .

Class IV drugs are generally characterized by a
combination of low solubility and permeability of
the biological barrier. This generally makes drugs
in Class IV poor candidates for oral drug delivery
due to their intrinsically poor solubility and
permeability, both of which adversely affect oral
bioavailability[11, 12]. Additionally, several BCS
Class IV drugs are substrates of

CYP3A4 and/or P-glycoprotein (P-gp) and also
display a high variability (inter- as well as intra-
subject variability) [13]. The most relevant BCS
Class IV drugs in clinical use are furosemide,
ritonavir, paclitaxel, cyclosporine and
itraconazole. The drugs are valuable, but low
bioavailability presents meaningful clinical
challenges [14].

Class IV drugs are both poorly soluble and poorly
permeable, and wusually have very low oral
bioavailability and high inter- and intra-subject
variability. Therefore, Class IV drugs are poor oral
drug candidates, unless the dose is very low [15].
Solubility and poor permeability prevent
bioavailability improvement via the common
formulation strategies, which usually require
overcoming one of these barriers [16]. BCS Class
IV drugs require simultaneous enhancement of
solubility and permeability to achieve improved
bioavailability. Simply improving solubility and/or
dissolution rate will not improve bioavailability
since both permeability and solubility are needed to
be improved. This means that technologies that can
overcome both solubility-related and permeability-
related barriers must be developed [17, 18].

To overcome these barriers, various strategies have
been studied, such as solid dispersion technology
which has attracted much research interest in the
academic and industrial sectors in recent years.
Solid dispersions have received much attention as a
successful strategy in improving the dissolution
rate and bioavailability of a wide variety of poorly
water-soluble drugs; water-soluble carriers, in
particular, can result in an important enhancement
of the dissolution profile [19, 20]. Solid dispersion
(SD) technology has become a well-established
methodology  to  achieve  solubility and
bioavailability increases of poorly water-soluble
drugs by stabilizing the drugs in the amorphous state
using polymeric carriers [21]. The present study is
therefore focused on the development and
characterization of solid dispersion based
formulations as a rational approach to overcome
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the biopharmaceutical limitations posed by poor
solubility and low permeability with a view to
observing clinically meaningful enhancements in
oral bioavailability [22].

2. Materials and Method

The model drug and all the excipients namely —
Kollidon VA64 (manufacturer BASF), Soluplus
(manufacturer BASF), Kollidon 30 (manufacturer
BASF), PEG 6000 (manufacturer Clariant) was
obtained from Sun Pharmaceuticals, Gurugram. All
the excipients were of analytical grade.

2.1. Solubility Study

The saturation solubility of model drug was
determined under equilibrium conditions in various
media. The results gave information about the pH
and surfactant influence on the drug dissolution.
The drug excess was added in 250 mL of the drug
dissolution medium including: 0.1 N hydrochloric
acid, phosphate buffer pH 6.8, phosphate buffer
pH 4.5 and media with 0.4% w/v sodium lauryl
sulfate (SLS). The suspensions were incubated in
stoppered volumetric flasks by shaking on a
calibrated laboratory bioshaker for 24 h at 120-150
rpm until equilibrium was attained [23]. At the end
of the period of incubation, the samples were
separated from undissolved drug particles by
centrifugation at 1500 rpm and the clear
supernatant was collected. The drug concentration
in the supernatant was then determined using a
UV-Visible spectrophotometric method. The
experiment was carried out under controlled
conditions to ensure reproducibility [24].

2.2. Screening of Polymers

Polymer screening was done by literature survey to
select the suitable carrier for the dosage form.
Screening was done in such a way that the drug's
intrinsic release pattern is not modified by carrier.
Ultimately, the melting point and calorimetry
properties of the polymers indicated that those with
low melting points were not stable during handling
and extrusion and those with high melting points
were not processable [25]. Hot-melt extrusion is a
solvent-free process (no solvent is used), thus
solvent compatibility was also taken into account
during the screening process (i.e. polymers that
would require the use of solvent, or those that gave
poor interactions with solvents, were eliminated).
Note that, to keep the integrity of the formulation,
only solid polymers were used in the screening
phase, which excluded liquid polymers or
plasticizers (e.g. polysorbates) from the study [26].
Waxy materials were not considered, because they

are not easily processed and are not readily
miscible in the extrusion equipment. This
systematic approach enables the selection of
process-compatible polymers that also meet the
desired immediate-release properties. Furthermore,
the polymer with a relatively high Tg and good
miscibility with the drug was another contributing
factor that improved the overall dissolution
performance of the ASDs in combination with the
other physicochemical properties [27]. A Tg above
room temperature generally decreases the
spontaneous molecular mobility of the solid
dispersion and therefore decreases the likelihood of
recrystallization and improves physical stability.
The molecular interaction between the drug and
selected polymer might also have contributed to
the wettability/dissolution improvement. These
findings highlight the

importance of the choice of polymer in improving
the dissolution profile and the stability of the final
amorphous formulations [28].

2.3. Preparation of Screening Batches through
Solvent Evaporation

The API and polymer were weighed in a 1:1 ratio
and dissolved in acetone while being stirred with a
magnetic stirrer. After the solution became
homogeneous, the temperature was raised to about
50°C to further remove the solvent in a controlled
manner. The solid residue was vacuum dried in an
oven at a controlled temperature to remove residual
solvent, and then ground to a fine powder [29]. The
powder was then placed through a sieve to obtain
the desired grade and was packaged in the double
polyethylene bag and air-tight trilaminate pouch to
prevent moisture absorption. Table 1. represents the
screening batches for solvent evaporation process.
Table 1. Screening Batches for Solvent
Evaporation.

S. No.| Composition| Screening Batches (gm)
Solvent Evaporation

F1 F2 F3 F4
1. Model Drug | 1 1 1 1
2. Kollidon 1 - - -
VA
64
3. Soluplus - 1 - -
4. Kollidon 30 | - - 1 -
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5. PEG 6000 - - - 1

2.4.Preparation of Screening Batches through
Hot Melt Extrusion

The API and polymer were mixed in equal
proportions by weight via geometric mixing, before
being fed into a hot melt extruder, with multi-zone
barrel extrusion used. The temperature of the zones
of the barrel was varied according to the thermal
properties of the polymer (25 to 160°C over zones)
[30]. The speed at which the screw rotated (20 to
100 rpm) was controlled to ensure adequate mixing
and residence time. Melted polymer obtained after
processing was used to prepare the drug-
containing matrix by dispersing the drug
throughout the polymer at

molecular level. The extrudates obtained were
cooled at room temperature, collected and

gSound| @omyposition| TSbieehinmgBateheshe
sNgening batches for sol Tgﬂaﬂaporation process.

Hot Melt Extrusion

FS |F6 |F7 | F8

1. Model Drug | 1 1 1 1

2. Kollidon
VA

64

2.5

3. Soluplus - 1

e EV|aof Screening Batches (for Best Polymer

Selection

Preparation of solid dispersion batches through
solvent evaporation and hot melt extrusion
techniques were prepared. The drug: polymer ratio
was taken as 1:1. After the solid dispersion
preparation through both the methods the solubility
of the extrudes for each batch was analysed for the
defined ratio. Through the solubility analysis the
selection of polymer was done for optimization
batches that were to be prepared. The best polymer
and technique selection was done based on the
solubility of the screening batches of both the
techniques [32].

2.6. Optimization using QbD Approach

Optimization of formulation was done to improve
the dissolution of the API. A Quality by Design
(QbD) approach was adopted in the optimization
study. A single-factor full factorial design was
used to screen and evaluate the effect of varying

polymer concentrations on the critical quality
attribute of the formulation using the JMP software
(18th edition 18.2.2). Polymer concentration was
selected as the continuous independent variable.
Percentage drug dissolution at 240 min. was
selected as a dependent response variable. We also
investigated the effect of varying polymer
concentration, and a correlation between polymer
concentration and dissolution behaviour was
established [33, 34].

Experimental batches of the selected optimum
formulation were prepared and processed under the
mentioned conditions. The prepared extrudates
were subjected to dissolution studies at different
intervals. The data obtained were statistically
analysed using the software JMP. The model
adequacy and the region of optimum formulation
were assessed by regression analysis,

analysis of variance (ANOVA), residuals analysis,
prediction profiling, actual versus predicted
response situated in the design space, and
desirability optimization [35]. These analyses
showed that polymer concentration has a
meaningful effect on dissolution response and that
it has an acceptable predictive ability in the design
space region studied. This desirability function was
then used to find an optimal polymer concentration
with the maximum dissolution [36].

2.7. Evaluation of Formulations

The evaluation of the formulation was done based
on different techniques.

2.7.1 In Vitro Dissolution Studies

Dissolution studies were performed in USP Type
Il (reciprocating cylinder) apparatus in a
dissolution medium of (phosphate buffer, pH 6.8
with 0.4% SLS) at 37+0.5°C, and a paddle speed
of 20 dpm. At predetermined time intervals,
samples were withdrawn, filtered, and analysed for
drug content. Sink conditions were maintained
throughout all dissolution experiments, as verified
by ensuring the drug concentration in the
dissolution medium did not exceed 30% of its
equilibrium solubility [37]. The optimized batch
was analysed against the marketed formulation to
check whether the optimized formulation behaved
similar to the marketed. F2 was also calculated for
the optimized batch.

2.7.2 Differential Scanning Calorimetry (DSC)
Analysis

Differential Scanning Calorimetry (DSC) studies
were carried out on the solid dispersions,
polymers, physical blends and pure drug in order
to check into any drug polymer interaction and to
determine whether the drug in the formulation was
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in crystalline or amorphous form. The samples,
with a range of approximately 3-5 mg, were
weighed and put in closed aluminium pans, along
with an empty pan for reference, in the Differential
Scanning Calorimeter (DSC) instrument, and both
sample and reference pans were scanned. The
samples were heated at a constant rate from 25 °C
to 300 °C. The DSC thermograms were examined
for typical endo- (glass transition temperature (Tg),
melting point, etc.) and exothermic
(recrystallization, etc.) transitions [38, 39].

The melting peak of the drug was lost or shifted
once it had been formulated into a solid dispersion
with the polymer, indicating the loss of crystallinity
and formation of an amorphous solid dispersion. In
order to study the interactions between the drug
and polymer, thermal behaviour of the samples
was also studied. DSC of both crude drug as
well as optimized

formulation was analysed to determine the melting
point and to check the conversion of drug from
crystalline to amorphous form [40, 41].

2.7.3. X-Ray Diffraction Analysis

The solid state of the optimized solid dispersion
was confirmed by X-ray diffraction (XRD)
analysis to determine the crystalline or amorphous
property of the solid dispersion. The X-ray
diffractometer should be equipped with Cu-Ka
radiation, an appropriate 20 range (usually 5° to
50°), and an appropriate scanning speed under a
standard condition. Crystalline drugs are typcally
characterized by sharp peaks in the diffraction
pattern,  while  amorphous  polymers are
characterized by broad halos [42, 43]. Loss of peak
intefisity, peak broadening, or peak disappearance
of the crystalline drug is indicative of a possible
drug-to-amorphous phase transition, or formation
of aSsolid solution of the crystalline drug with the
polymeric carrier in the solid dispersions. Since the
solubility affects dissolution behaviour, the
preparation of an amorphous form is important [44,
45]. A commonly used method to evaluate the
dispersion quality is comparing diffraction
patterns, which also provide information about
drug-polymer interactions and system stability.
XRD of both the crude drug and the optimized
formulation was analysed to check whether the
drug has converted to amorphous form or not from
the crystalline form [46].

3. Results and Discussion

The results of the above flow of methods used for
preparation of final optimized drug product or
formulation is described in this section.

3.1. Saturation Solubility of Model Drug

The saturation solubility of the drug was analysed
in different media which helped to gain a clarity of
the drug solubility. The media that shows the
highest solubility will be used as a dissolution
medium to check the release profile of the prepared
batches. The solubility of the drug in different
media is provided in Table 3.

Table 3. Solubility of Model Drug in various media.

S. | Media Solubility|
No, (mg/mL)

1. | 0.INHCL 0.043

2. | 0.1 HCL+ 0.4% SLS 0.055
3. | pH45 0.028
4. | pH4.5+0.4% SLS 0.032
5. | Ph6s 0.048
6. | pH6.8+0.4% SLS 0.061

The comparative solubility of the model drug in
different medias is represented in Figure 1.

(Model
0.
0
7
0.
0
6
0.
0
0.INHCL  pH45 Ph  pH

N no/s cre R Q

Figure 1 Solubility of model drug in different
media.

From the solubility analysis results the solubility
of the model drug was seen highest in pH
6.8+0.4% SLS. Hence for the dissolution Ph
6.8+0.4% SLS will be used.

3.2. Polymer Screening

The polymers to be used for screening batches
were selected after a proper screening for their
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melting point and Tg. This screening is done to
check if the polymer is suitable for the process of
solid dispersion and will not get degrade during the
process and affect the formulation. Table

4. represents different polymers along with their
melting point and Tg and their solubility in the
solvent as for the solvent evaporation process.
Table 4. Melting point, Tg and solubility of

polymers.
S. | Polymer Melting| Tg Solubility
No, Point solvent
1. | Kollidon 30 | 170 131 Soluble
2. | Kollidon VA| 140 - Soluble
64
3. | Soluplus - 70 Soluble
4. | PEG 6000 ~60 - Soluble
5. | Kollidon 17 | 140 - Insoluble
6. | HPMC AS ~120 - Insoluble
Solubility of

Crraanina Ratrh fAr

0.

1

0.

08

I

T oM pH pH  pH45+ 0.1N

(A3 Hrl n1N

Media

From the polymer analysis we found that Kollidon
2| Drug:Kollid| 0.06/0.0 0.03| 0.04{ 0.05| 0.06

on 7 79 7 3 8 9
VA64

3| Drug:Kollid| 0.05/0.0 0.03{ 0.03| 0.04{ 0.05
on 30 2 162 3 8 6 3

4 Drug:PEG6 | 0.04/0.0 0.03( 0.03| 0.04{ 0.04
000 6 |51 1 5 2 8

Figure 2 Comparative solubility analysis of
screening batches for Solvent Evaporation.

Table 6. Solubility of Screening batches in different
media for HME.

‘ s.| Scre Solubility (mg/mL)

30, Kollidon VA64, Soluplus and PEG 6000 are
suitable polymers for preparing screening batches
of the drug.

3.3. Solubility of Screening Batches of Solvent
Evaporation and Hot Melt Extrusion

The screening batches prepared using drug:
polymer ratio as 1:1 for solvent evaporation and
hot melt extrusion were analysed for saturation
solubility in different medias to check the increase
in drug solubility after prepa

ration of solid dispersion. Table 5. describes the
solubility of the screening batches in various media
after processing the drug with polymer through
solvent evaporation and Table 6. describes the
solubility of the screening batches in various media
after processing the drug with polymer through hot
melt extrusion. The comparative solubility of
screening batches for solvent evaporation is
represented in Figure 2. and the comparative
solubility of screening batches for hot melt
extrusion is represented in Figure 3.

Table 5. Solubility of Screening batches in different
media for Solvent Evaporation.

S.| Screenin | Solubility (mg/mL)
g
N| Batches | pH| pH pH | pH | 0.1 | 0.1
o.| (1:1) 68| 68 45 | 45 SLS
+ +
04 04
% %
SL SL
S S
1.| Drug:Sol | 0.0 | 0.0600.0 | 0.04| 0.050 0.058
uplus 54 18 36 4

N| enin pH| pH pH | pH| 0.1 | 0.1
o g 68|68 45 | 45 SLS
Bat + +
ches 0.4 0.4
(1:1 % %
) SL SL
S S
1.| Drug:Solu | 0.0 0.0 [0.0 | 0.05 0.06 | 0.07
plus 68 192 42 8 3 4
2.| Drug:Kolli| 0.0 0.1 0.0 | 0.06/ 0.07 | 0.08
don 82 26 48 | 4 2 6
VA64
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3| Drug:Kollid| 0.06/0.0 0.03| 0.04{ 0.05| 0.06

.| on30 6 |79 6 3 2 1

4 Drug:PEG6 | 0.05/0.0 0.03] 0.03| 0.05| 0.05
000 7 72 1 9 1 9

Solubility of Screening

Batch for HME
0
1
4
0 »
£
1z
2 3
>
0o 3
1 1
n

Figure 3 Comparative Solubility of screening
batches of HME.

Through the solubility analysis of screening
batches of both solvent evaporation and hot melt
extrusion procedure - Kollidon VA64 shows the
highest solubility enhancement as compared to the
crude drug solubility. Hence, Kollidon VA 64 was
taken as factor affecting the solubility and
dissolution and Hot Melt Extrusion process was
selected for preparing DOE batches.

3.4. Optimization batches using DOE

The full factorial design with one factor and four
levels and with one centre point was used to
generate trial runs for estimating the required
response. The trial batches provided by DOE were
prepared and the dissolution of each batch was
conducted to match with the desired results of the
marketed tablets. Table 7. represents the trail
batches provided by the JMP software on one
factor that is polymer concentration (X1) of
Kollidon VA64 for the response (Y) that is the
dissolution rate.

Table 7. Trail batches of DOE

2. 2 500 100
3. 0 600 103
4. 4 900 109
5. 3 700 106

After these trial batches were run the following
prediction was done for these batches.

3.4.1. Dissolution Profile of the prepared
DOE batches

The DOE batches were formulated according to the
given concentrations of Kollidon VA 64. After
successful  preparation of different solid
dispersions, tablets were formed and the
dissolution of each formulation was conducted.
Table 8. provides the formula for optimized
batched by DOE for tablet compression.

Table 8. Formula for Optimized DOE batches

Sr. No. | Composition| F9 | F10| F11] F12| F13
(mg)

1. Drug 100| 100 | 100| 100| 100

2. Kollidon VA| 300| 500 | 600[ 700{ 900
64

3. Colloidal 10 | 10 | 10 | 10 | 10
Silicon
Dioxide

4. Sodium 5 5 5 15 |5
Stearyl
Fumarate

After the compression of the tablets through the
above formula the dissolution was conducted in the
OGD media that is pH 6.8 + 0.4% SLS. Table 9.
represents the dissolution profile of the optimized
DOE batches at different time points.

Table 9. Dissolution Profile of DOE batches.

Sr. No.| Pattern Kollidon VA| Dissolution
64
Concentration
(mg)

1. 1 300 95

Sr. Time | % Drug Release
No. | Point

(in F9 F10 | F11 | F12 | F13

2. 30 21 17 25 41 33
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S. 90 51 46 71 87 79

6. 120 60 58 98 100 | 97

7. 180 81 80 101 | 106 | 108

8. 240 95 100 | 103 | 106 | 109

The comparative % dissolution release profile of the
DOE batches was plotted against the time (in min.).
Figure 4. represents the % Drug release of the DOE
batches.

Dissolution Profile of DOE
batchesin pH 6.8 +

O OOk ONPE

Time

Fidfe 2 Fdpiéséht tirhy 7lbhse profile

PRSIV S SRS S o W ¥ nll NESDIE RS
UZULILSL LLE JOr vuriouds 17U DULeres

3.4.2. Linear Regression Plot

The effect of increasing the concentration of
Kollidon VA 64 on the dissolution profile of
the formulation can be seen in the linear
regression plot. The data points represent the
dissolution profile of the formulation carried
out in different concentrations of polymer,
and the red line is the fitted linear
regression line. Figure 5. Linear regression
of the dissolution for the Kollidon VA 64
data.

IJDDT, Volume 16 T

Figure 5 shows the linear regression
plot of Kollidon VA 64 v/s Dissolution

The graph shows the influence of Kollidon VA 64
concentration on the formulation's dissolution. As
the concentration of the polymer is increased from
the low to the high concentration, the dissolution
response is improved. These findings suggest that
Kollidon VA 64 is the primary polymer responsible
for improving drug wettability and solubilization in
the formulation matrix. There was a good
correlation between the fitted regression line and
the experimental data points, as the data points
were relatively close to the fitted regression line
predicted by the model. This indicates the DOE
model applied in this study was satisfactory and
that the chosen factor had meaningful effects on
dissolution.

3.4.3. Actual By Predicted Plot

The relationship between the experimentally
observed dissolution values (“Actual”) and the
statistically ~ predicted dissolution values
(“Predicted”) generated by the DOE model can be
seen in actual by predicted plot.

The red diagonal regression line represents the
ideal agreement between predicted and
observed responses, while the surrounding
confidence bands indicate the prediction variability
of the model. Figure 6. represents actual by
predicted plot.

110
L]
L]
105
14
Q
£
T
8 100
05
o f=] {=] o o f=] f=]
a g 2 2 = 2 g
Kollidon VA 64
Sre——
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Figure 6 shows the actual by predicted plot

As depicted in the Actual vs Predicted plot, there is
a very good correlation between the experimental
dissolution values and the predicted values obtained
from DOE statistical model. The experimental
values were very close to the regression line, which
shows the predictability of the DOE model
developed. The model had a high coefficient of
determination (R?) = 0.98294.
A coefficient of determination (R2) value of
0.98294 showed that 98.29% of the variability in
the dissolution response variable could be
explained by the formulation factor chosen; thus,
polymer concentration had a considerably high
degree of influence on the dissolution behaviour
and fit the model.
The low Root Mean Square Error (RMSE) of
0.8165 indicates that the actual and predicted
values were close to each other, meaning the
model made accurate predictions.

RMSE=0.8165

The model was statistically important (P-value of
0.0010) , implying that the effect of polymer
concentration on the dissolution response was
important and not due to chance experimental
variation.

p=0.0010

Conversely, narrow confidence bands around the
regression line can indicate a model that is stable,
reproducible in the examined design space,
whereas the absence of large outliers and large
deviations away from the fitting line can indicate
an acceptable experimental reproducibility and
robustness of the formulation process.

3.4.4. Residual v/s Predicted Plot

The distribution of residual values against the
predicted dissolution responses generated by the
DOE model can be seen in residual v/s predicted
plot. Residuals represent the difference between
experimentally observed values and model-
predicted values.

The horizontal reference line at zero indicates the
ideal condition where no prediction error exists.
Figure 7. Represents the residual v/s predicted plot
for the experimental runs.

110
.
r_“ L]
2 1054
<
=
g
5
7 100
(8]
85 |
95 100 105 110
Dissolution Predicted RMSE=0.8165 RSq=0,98294
PYalue=0.0010

Figure 7 shows the residual v/s predicted
plot

In the Residual vs. Predicted plot, the residual
value is randomly scattered around the zero-
reference line. This observation shows good
agreement of the experimental observations to
those predicted by the statistical function.
Furthermore, the low and randomly scattered
values of the differences throughout the entire
effective dissolution range indicate that no
important systematic error is introduced by the
developed function. This indicates that the
DOE model chosen was adequate to describe
the relationship between the polymer
concentration and the dissolution response.

TTIC 1m bd
10

=1
[

P=%

=1
L

Dissolution Residual

% L] 105 m
Dissolution Predicted
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with no pattern, funnel shape or curvature
trend, evidence of a homogeneity of variance
and an adequate model fit throughout the
design build. The random pattern of residuals
also indicates that the model development
assumptions are met. The positive and
negative values of the residuals around the zero
line further indicate that the prediction
behaviour of the model is balanced and that
the model is not underpredicting or
overpredicting dissolution responses. There
was some variation in the size of the residuals
in the intermediate predicted dissolution
range, but it was within an acceptable range
and was generally stable, indicating that the
model fit the data well. The absence of
extremely high or low values of the residual
values is an indicator of a good reproducibility
of the experiments and good reliability of the
formulation experimental data. The Residual
vs Predicted plot also shows the fitness,
robustness, and predictability of the designed
factorial design model for  polymer
concentration optimization, with regard to
dissolution enhancement.

3.4.5. Prediction Profiler with Desirability
Function Plot

A prediction profiler from the DOE model and the
desirability function for optimization of polymer
concentration are shown in the figure. The
prediction profiler depicts the effect of Kollidon
VA 64 concentration on the dissolution profile of a
formulation and the desirability function curve
shows the best formulation domain that
corresponds to the most desirable response. Figure
8. Prediction profiler with the desirability function
plot.

1104 : a

Dissolution

096434 05+

Desirability
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Figure 8 shows the prediction profiler with
desirability function

The Prediction Profiler corroborated the effect of
Kollidon VA 64 concentration on the dissolution
response of the formulation as earlier discussed,
with an increasing polymer concentration giving a
higher dissolution response across the presented
experimental region.

Based on data from profiler plot, it was found that
an increase in the Kollidon VA 64 concentration in
the formulation resulted in improved profiles,
probably due to improved wettability, the drug
being more finely dispersed in the polymeric
carrier, and a reduction in the drug's degree of
crystallinity, leading to an improved dissolution
profile.

The optimization study demonstrated that the
maximum predicted dissolution response was
109.8% for Kollidon VA 64 concentration of
approximately 900 mg (0.964344 showing high
potential of optimization) . A desirability value
close to 1 indicated that the optimum was well
defined and that the cost function was optimized;
the concentration choice for the polymer was the
optimum of the formulation involved.

Desirability=0.964344

The width of the confidence interval bands around
the prediction line is relatively small, indicating
that the statistical model is a good fit. The steep
upward slope indicates that polymer concentration
has a large and statistically important effect on the
performance of the dissolution

rate. The desirability function profile also
suggested that the desirability of the target
dissolution response increased with increasing
polymer concentration, suggesting that higher
Kollidon VA 64 concentrations were more
desirable. In addition, no decrease in desirability
was observed in the profile within its concentration
range, which indicated that the upper concentration
limit was consistent with the optimal region.

Both the results from overall profiler and the
desirability analysis suggested that Kollidon VA 64
was indeed an effective dissolution enhancer, and at
the best polymer concentration derived from the
DOE approach.

3.4.6. Analysis of Variance (ANOVA) for
the Effect of Kollidon VA64
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Concentration on Dissolution
Response

The ANOVA table tests the effect of Kollidon
VAG64 concentration on the dissolution response
with the applied factorial design model (Table 10) .
represents the analysis of variance for the effect of
Kollidon VA 64 concentration on the dissolution
response. Table 10. Analysis of variance for the
effect of Kollidon VA 64 concentration on
dissolution.

Source | Npar | D | Sum F Ratio| Prob
m F | Squares >F

Kollidon | 1 1 | 115.20000/ 172.80 | 0.0010

64 00 *

(300,900

)

ANOVA indicates that the concentration of
Kollidon VA64 has a statistically meaningful effect
on the dissolution profile of the formulation. The
high F-ratio of the model (172.80) indicates that
the variation in dissolution response explained by
the model is much greater than the unexplained
variation in the experiment.F = 172.80

The model generated a p-value of 0.0010 (p<0.05),
showing that the rise in dissolution was highly
associated with the change in polymer
concentration and was not a random variation in the
experimental results.

S | o

S = O O

The high value of the Sum of Squares for the
Kollidon VA64 suggests that the formulation
factor has considerably contributed towards the
total dissolution response and that polymer
concentration has been an important factor
contributing to the drug's release profile.

In a statistically meaningful model, the increase of
Kollidon VA64 concentration provides an
improvement of the dissolution characteristics over
the researched experimental range. The results of
the study also illustrate the adequacy of the
selected DOE approach for polymer concentration
optimization in the formulation.

In most cases, ANOVA analysis revealed that the
factorial design model developed is reliable, valid
and statistically meaningful in predicting the
dissolution behavior.

3.4.7. Regression Model Equation for
Dissolution Response

Using a linear regression equation as described in
the factorial design, the dependent variable (the
dissolution response) regressed on the independent
variable (the content of Kollidon VA64) , with the
regression equation statistically meaningful at p <
0.01. Therefore, an increase in the content of
Kollidon VA64 provided an improvement to the
drug release profile.
Y =
88.2 +
0.024
X

where Y is the predicted dissolution response and X
is the concentration of Kollidon VA64.

The positive coefficient of Kollidon VA64 implies
that overall, the polymer addition positively
affected the dissolution enhancement in the
concentration domain of interest, and when other
variables are kept constant, there will be a
corresponding increase in the dissolution response
for every unit increase of polymer concentration.
The improvement has often been attributed to
better wettability, dispersion of the drug and
decreased crystallinity leading to improved drug
release behaviour.

The high value of coefficient of determination along
with the statistical importance of ANOVA tests
carried out as a part of DOE analysis justifies the
high statistical importance of the regression model.
The model showed good greement between the
predicted and experimental values of the responses,
thus, confirming model adequacy and
predictability of formulation variables. The
regression equation of the overall should be an
appropriate reflection on the effect of Kollidon
VA64  concentration on the  dissolution
performance and a reliable mathematical model to
optimize the formula.

The QbD driven optimization thus helped us to
understand the formulation behaviour, reduce the
experimental variations and design a strong,
reproducible formulation which showed improved
drug release. Based on the QbD driven
optimization, the optimized drug: polymer ratio
was found to be 1:5 which showed the desired
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dissolution and performance parameters. Because
higher dissolution release profiles are toxic when
administered to the body, the optimal drug:
polywmer ratio was determined to be 1:5 (F10).

leas

(]
3.5 Evaluation of Formulation
RS

The @valuation of the optimized 1:5 drug: polymer
HM% batch was done through various tests against
the ggude drug.
3.5.1. Dissolution profile of the Optimized
Batch v/s Marketed

The dissolution of the optimized HME batch and
the marketed drug formulation was done to analyse
the drug release behaviour is same or not and if the
optimized batch is safe or will produce toxicity if
faster dissolution as compared to the marketed.
Table 11. represents the dissolution profile of both
the optimized batch and the marketed formulation.
Table 11. Dissolution Profile of Optimized and
Marketed Formulation.

egal  A288m
normalized 3239 Jg*
Onset 146.08'C

4« Pesk 16800°C |
st B47'C

Sr.| Time % Drug Release

No| Point
s (in Marketed | F10 1:5)
min.) Formulatio| Formulation

n

1. | 15 7 9

2. 130 14 17

3.1 45 22 24

4. 160 28 31

5.19 42 46

6. | 120 55 58

7. | 180 76 80

8. | 240 97 100

F2 74.47

Figure 9. shows a comparative dissolution analysis
of optimized and marketed formulation.

From the dissolution analysis we can see an increase
in the solubility of the F10 (1:5) optimized
formulation as compared to the marketed
formulation.

3.5.2. Differential Scanning Calorimetry
(DSC) Analysis

Melting and crystallization characteristics of the
crude drug and the optimized formulation were
studied using differential scanning calorimetry
(DSC) and shown in figure 10. represents the DSC
of the crude drug.

Niccnliitinn Prafile nf

The F2 value shows a good similarity factor for the
formulation.

( 5 1 150

- Mar
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Figure 10 DSC of crude drug

On the basis of the change of the endothermic
process, the onset, the melting endothermic peak
temperature and the endset temperature of the drug
were determined to be 148.00, 158.06 and 164.73
C respectively, and based on the sharp melting
transition, the pure drug possesses a highly-ordered
crystalline system.

Tpeak = 158.06°C

The sharp and narrow melting endotherm from the
thermogram indicates that the drug material was of
high purity and percentage crystallinity. The high
level of crystallinity of the crystalline drugs
provided a combination of strong intermolecular
interactions and lattice arrangement leading to
lower aqueous solubility and dissolution. These
observations of the thermal profile appear to be
consistent with the known poor solubility
behaviour of the drug.

No further thermal transitions or decomposition
peaks were found prior to the melting point
acquisition. Thus, the drug was thermally stable
throughout the evaluated temperature range. This
shows that there are no polymorphic transitions or
important impurities in the crude sample
examined, since multiple endothermic or
exothermic events would be observed otherwise.

Figure 11. represents the DSC of Optimized HME
formulation.

The thermogram of the optimized formulation
shows  marked  differences in  thermal
characteristics when compared to the DSC profile
of the pure crystalline drug.
In the DSC thermogram of optimized HME
formulation (figures 2 and 3) , melting endotherm
peak of pure drug which shows in the range of
158°C was absent. The absence of melting
endotherm peak indicates that drug crystallinity
was considerably reduced due to conversion of the
drug into an amorphous form or molecular
dispersion of the drug within the polymeric carrier
matrix during the hot melt extrusion processing
step.
Tm,d
rug =
158°
C

The lack of such a melting transition is also
indicative of the proper deposition of the drug into

the Kollidon VA64 polymeric carrier, which
suggests that the drug at the molecular level was
evenly distributed and recrystallization of the drug
inside the carrier system did not occur during the
thermal processing of the system.

The broadening of the thermal transition in the
intermediate temperature range likely arises from
the sofigni i i of
the ymeric ~ carrier, i
transitjon.| Additionally, the physical nature offthe
transitfon | suggests that £gn amorphous s
disper§ion is formed, rather than a crystalline qrug
phase.

To egf ]

state of
XRD . the cplide drug and the optimfed
formulhti
Figure

34.5609 1
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Figure 12 XRD of crude drug

The diffractogram of the crude drug recorded sharp
and intense diffraction peaks at certain values of the
diffraction angle (20) , indicating that the substance
is highly crystalline in nature.

The presence of the drug was characterized by the
presence of characteristic peaks in the XRD pattern
at 20 diffraction angles of 5.23°, 7.00°, 7.99°,
10.44°, 11.02°, 12.06°, 13.40°, 14.68°, 16.15°,
17.13°, 18.14°, 19.78°, 20.13°, 21.29°, 22.18°,
23.28°, 24.28°, 25.12°, 26.16°,

27.71°, 29.39°, 30.60°, 32.77°, 33.42°, 34.14°,
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36.15°, and 37.18°, which indicates the high degree
of crystallinity of the drug (well-defined sharp

peaks with high intensity).
20 =5.23°,7.99°, 10.44°, 19.78°

The presence of narrow and sharp diffraction peaks
in this diffractogram indicates the long-range
molecular organization of the crude drug material
and confirms the high crystallinity of the drug
material. High crystallinity of the drug material
accounts for close packing of molecules, strong
intermolecular interaction and as a result poor
wettability, low aqueous solubility and slow
dissolution.

The XRD pattern exhibited rather sharp peaks,
which is consistent with the melting endotherm of
the pure drug, as obtained from the DSC
thermograms, and is characteristic of materials
with crystalline structures. The DSC and XRD
results indicate that the crude drug was in
crystalline form before the processing steps
required to formulate it.

There was no peak broadening or formation of an
amorphous halo, suggesting that there was little
presence of amorphous content in the untreated
drug. The well-resolved diffraction peaks were
proof of both the purity and overall crystalline
integrity of the drug material.

Figure 13. represents the XRD of Optimized HME
formulation.

Figure 13 XRD of optimized formulation

The diffractogram of optimized formulation
exhibited considerable change in diffraction pattern
as compared to the XRD pattern of pure crystalline
drug.

The sharp and intense peaks of the diffraction were
observed in the diffractogram of the crude drug.
These peaks were reduced in intensity in the
optimized formulation. The diffractogram of the
optimized formulation (F2) exhibited the broad
diffuse halo pattern with few residual

peaks at 14.67°, 20.32°, 22.48° and 34.56° (20)
with low intensity. The decrease in intensity and
broadening of diffraction peaks indicated that there
was an important loss of crystallinity, and a
transformation to the amorphous form of the drug
following the hot melt extrusion processing.
26=14.67°, 20.32°, 22.48°, 34.56°

Broader diffraction pattern, as well as the loss of a
number of sharp crystalline diffraction peaks
compared with that of pure drug, suggests that
regular crystal lattice structure was disrupted
during extrusion so that the drug was completely
dispersed molecularly within the Kollidon VA64
polymer and formed an amorphous solid dispersion
system.

The broad halo in the diffractogram reflects the
absence of molecular order in the optimized
formulation, which is consistent with the presence
of an amorphous system. The amorphization of
poorly soluble drugs during hot melt extrusion is
desirable, as the amorphous form is
thermodynamically less stable than the crystalline
form and possesses improved wettability and
apparent solubility properties.

The characteristic low intensity peaks of the drug
in the formulation may still be detected, albeit to a
much lesser degree than the pure drug, indicating
the presence of residual crystallinity or crystalline
domains within the polymeric matrix. The
important decrease in crystallinity is a good
indication that the HME process is able to
successfully alter the states of the drug.

4. Discussion and Conclusion

This study highlighted the potential of using
amorphous solid dispersion technology to improve
the dissolution performance of a poorly soluble
BCS Class IV drug. Hot melt extrusion and solvent
evaporation  techniques  were  successfully
employed to manufacture solid dispersions.
Saturation solubility studies showed that the crude
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drug is poorly water soluble, warranted
formulation approaches to improve dissolution
performance. Polymer screening studies revealed
that Kollidon VA64 exhibited better solubility
enhancement than Soluplus, Kollidon 30 and PEG
6000 with respect to SE and HME systems. HME
exhibited better dissolution enhancement and
formulation uniformity when compared to other
methods of preparation due to the severe mixing
conditions, the molecular dispersion of the drug in
the polymeric matrix

and solvent-free continuous processing. The
developed QbD based optimization technique with
a single factor full factorial design was able to
realize the influence of polymer concentration on
the dissolution responses. It has been observed that
the drug release behaviour was considerably
improved when the concentration of Kollidon
VA64 was increased. Regression modelling and
ANOVA statistics, along with prediction profiling
and desirability optimization, indicated a suitable
fit and considerably determined the effect of
concentration of polymer on dissolution behaviour,
with a high coefficient of determination.

Improved dissolution was corroborated by a study
of solid-state characterization. According to DSC
results, the crude drug displayed a sharp, highly
intense melting endotherm, suggesting the material
was a highly crystalline solid. The absence of the
characteristic melting peak in the HME of the
optimized composition confirmed the successful
reduction of crystallinity and conversion of the drug
into amorphous state or molecular dispersion as a
result of optimization. On the other hand, the pure
drug exhibited multiple sharp diffraction peaks in
the XRD pattern, confirming its crystalline nature.
A broad halo with considerably reduced sharp
diffraction peaks of the optimized formulation
confirmed the amorphization of the substance
through the extrusion process. The better
dissolution behaviour was attributed to the
reduction of crystallinity of the drug and its better
wetting, molecular dispersion and  better
stabilization of the amorphous state by Kollidon
VA64 in the polymer matrix. The hydrophilicity of
the polymer also supports maintenance of
supersaturation and inhibition of recrystallization
during dissolution, thereby easing improved drug
release behaviour.

Ultimately, based on the findings of the present
study, hot melt extrusion in combination with a
quality by design driven optimization approach
represents an effective and scalable formulation
strategy to improve the dissolution performance of

poorly soluble BCS Class IV drugs. The
dissolution behaviour of the optimized formulation
was similar to the marketed product with a
satisfactory statistical predictability,
reproducibility and solid-state stability.
Collectively, DSC and XRD results unequivocally
indicate that the active pharmaceutical ingredient
has been successfully amorphized and molecularly
stabilized within the polymeric matrix. These
results further suggest a strong potential for HME-
based amorphous solid dispersions to substantially
improve the oral bioavailability of poorly soluble
drug candidates, and mark a clear path ahead
towards formulation of stable and highly effective
dosage forms.
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