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Abstract

Product development using quality by design is a proactive and
risk-based approach that shifts the manufacturing process from
empirical to science-based. Risk assessment was performed to
identify and analyse risk areas for the manufacture of captopril
pellets. Twelve experimental runs were performed using a
Plackett-Burman screening design. Pareto plots revealed the
effect of formulation and process variables on the responses
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monitored and facilitated the identification of the most critical
parameters for optimization of the formulation. A response
surface methodology approach in conjunction with a central
composite design was used to optimize the Eudragit® RL 30D
(15-30 ml), microcrystalline cellulose (20-40 % w/w), sodium
starch glycolate (2-5 % w/w) and spheronizer speed (650-1050
rpm). The amount of Eudragit® RL 30D had a significant effect
on % vyield, cumulative % captopril released and content. The
% cellulose had a moderate effect on particle size and % vyield.
The signal to noise ratio was found to be adequate and
therefore the model could be used to navigate the design
space. The lower and upper limits for Eudragit® RL 30D, % w/w
cellulose, % w/w disintegrant and spheronizer speed were
established as 20-22 ml, 32-34 % w/w, 3.7 -4.1 % w/w, 928-
1050 rpm, respectively. In vitro release of captopril from the
optimized, lower and upper limit design space formulations
ranged between 59.60-76.01, 95.68-110.34 and 101.12-111.84
%, respectively. In conclusion, a risk-based quality by design
approach and design of experiments was successfully used to
establish a design space for captopril pellets manufactured by
extrusion-spheronization while monitoring targeted outputs for
safe and effective use.
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Any batch manufacturing process for production of a quality
pharmaceutical product combines a number of unit operations.
The impact of each individual operation on product attributes
must be carefully considered during development as some
operations may have a direct impact on the quality of the final
product[1]. Routine practice entails changing one factor at one
time, which is a time-consuming approach and often does not
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demonstrate the complete flexibility of a manufacturing
process|[2].

The traditional approach used during product development is to
use in-process and finished product testing to establish quality.
If a material/batch does not meet predefined in-process/finished
product specifications, which include but are not limited to
percent purity, flowability and dissolution, the material or
product is discarded[3]. This is expensive and endpoint
examinations with limited flexibility provide incomplete scientific
reasoning for batch failure. The acceptance of a final product is
based on historical information for which the root cause of
failure may not be fully understood[4]. Therefore, the main aim
of applying QbD is to improve product quality through
establishing the quality throughout a process rather than
following the traditional approach of testing finished product to
reflect quality.

The importance of QbD is that efficient and effective
investigation of variables of a process is undertaken and it
facilitates an understanding of quality related issues permitting
implementation of effective riskbased decisions so as to ensure
consistency of quality throughout the lifecycle of a product. The
use of structured risk management analysis may also facilitate
effective quality decision making activities and enables
implementation of appropriate risk mitigating actions. The
knowledge gained from risk assessment analysis facilitates
identification of important variables to be evaluated in the region
of experimentation during screening experiments[5]. Statistical
tools are widely used as part of product realization, including
the design, development and improvement of existing
processes, evaluation of material properties and optimization of
manufacturing methods. The objective of screening studies is
not to define an absolute numerical value for a specific factor
but rather to establish whether the factor is significant and has
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an impact on processes or not[6]. Different statistical methods
are used for screening/ optimization experiments and include
factorial, Plackett-Burman design (PBD), D-optimal and
Taguchi designs[7]. In this case the decision making activities
related to the manufacture of captopril (CP) pellets using
extrusion-spheronization process are evaluated.

The concept and use of design space (DS) has gained
credibility and importance as a tool for the implementation of
QbD. In the ICHQ8(R2) guideline[8] the DS is described as a
multi-dimensional combination of independent variables that
have been demonstrated to provide an assurance of quality.
The objective of establishing a DS is to ensure consistent and
reliable production of a product with quality during development,
clinical trials and/or following commercialization[9]. The use of
DoE facilitates the study of the DS for a particular process and
is used to establish a control strategy that can be continuously
improved throughout the lifecycle of a product. DoE is a
mathematical and statistical approach that has been used
effectively during the development and optimization of
processes. A full or fractional factorial, Central Composite
(CCD), Box-Behnken or Doehlert design may be used for
optimization and/or to estimate the optimal experimental
conditions[10].

The purpose of this manuscript was to describe the acquisition
of sufficient process and product knowledge for the evaluation
of potential risks related to the production of CP pellets
manufactured using an extrusion and spheronization. An
Ishikawa diagram was used as an initial risk assessment tool
for the identification of potential risk factors for this product. A
PBD screening study was undertaken following an assessment
of the physiochemical characteristics of CP, formulation
variables and process parameters that could impact the
outcome of the proposed manufacturing approach. The critical


https://www.ijpsonline.com/articles/application-of-quality-by-design-principles-for-optimizing-process-variables-of-extrusion-and-spheronization-of-a-captopril-pellet-3809.html#6
https://www.ijpsonline.com/articles/application-of-quality-by-design-principles-for-optimizing-process-variables-of-extrusion-and-spheronization-of-a-captopril-pellet-3809.html#7
https://www.ijpsonline.com/articles/application-of-quality-by-design-principles-for-optimizing-process-variables-of-extrusion-and-spheronization-of-a-captopril-pellet-3809.html#8
https://www.ijpsonline.com/articles/application-of-quality-by-design-principles-for-optimizing-process-variables-of-extrusion-and-spheronization-of-a-captopril-pellet-3809.html#8
https://www.ijpsonline.com/articles/application-of-quality-by-design-principles-for-optimizing-process-variables-of-extrusion-and-spheronization-of-a-captopril-pellet-3809.html#10

factors identified and associated with formulation and process
parameters were further optimized using a CCD DoE approach.
Mathematical modelling was used to generate second-order
guadratic equations to which the experimental data were best
fitted and for the establishment of a DS. The DS for CP pellets
in terms of material attributes and process parameters can be
used to refine the limits for excipient composition and other
critical characteristics so as to ensure product quality and
assure that the product meets the targeted performance profile.
To our knowledge, this manuscript is the first to demonstrate
the proofof- concept for establishment of DS for CP pellets,
produced by extrusion-spheronization.

Materials and Methods

CP was donated by Protea Chemicals (Midrand, South Africa)
and Avicel® PH103 (MCC) was donated by FMC (Philadelphia,
PA, USA), Eudragit® RL 30 D (ERL) was donated by Rohm®
Pharma (Darmstadt, Germany), sodium starch glycolate (SSG)
and mannitol were donated by Aspen Pharmacare (Port
Elizabeth, South Africa).

Manufacture of CP pellets:

Extrusion-spheronization is a multi-step process that involves
the preparation of a wet mass or granulation, extrusion of that
mass through a screen to form cylinders, size reduction of the
cylinders using spheronization to form spheres followed by
drying of the spherical shaped beads or pellets. Each batch
manufactured was 50 g in size and was produced according to
the experimental conditions determined using the experimental
design as listed in Table 1 and the final yield of dried pellets
was determined using an analytical balance.

Table 1: PBD Listing Experimental Conditions Used and
Responses Monitored



Dry

Eudragit® MCC SSG Mixer Dry blending Extruder Spherc
RL 30D X2 X3 blade blending time speed speed
X1 % % Xa Xs Xs X7 Xs

mi wiw  w/w Type Speed sec rpm rpm
15 40 5 W H 300 35 650
15 20 2 W L 60 25 650
30 40 2 W L 300 25 1050
30 40 2 K H 300 25 650
15 20 2 K L 300 35 650
15 20 5 W H 300 25 1050
30 20 5 K H 60 25 650
15 40 5 K L 60 25 1050
30 20 2 W H 60 35 1050
30 40 5 W L 60 35 650
15 40 2 K H 60 35 1050
30 20 5 K L 300 35 1050

Responses reported in (Mean+SD)

Risk assessment of manufacturing and material variables:

The risks associated with process and product parameters for
the manufacture of CP pellets were identified using a basic
cause-and-effect or Ishikawa fishbone diagram. In the next
stage of the process potential harm related to each identified
factor or source of risk was estimated. The medium and high
risk factors that may have an impact on a product or process
were identified and screened using a PBD DoE[11].

Formulation development using PBD:
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In a PBD the experiments are conducted using combinations of
high- and low-level values for input or process variables and
were subsequently analysed for their impact or effect on the
process. The efficiency in screening a large number of variables
at the same time and testing for robustness allows for
information about controlled factors that have a significant
influence on the variability of processes to be identified. A PBD
was generated and analysed using Design-Expert® software
(version 8.0.4.1 Minneapolis, MN, USA). Eleven experiments
were performed using independent formulation and process
variables that included ERL, MCC % w/w and SSG % w/w
levels, mixer blade shape (K and whisk), dry blending speed
and time, speed of extruder, spheronization speed and time,
drying temperature and drying time at low (-1) and high (+1)
levels. All experiments were conducted in replicate (n=3).

Formulation optimization by CCD:

Formulation variables such as the amount of ERL (V:), % w/w
MCC (V2), % w/w SSG (Vi) and a processing variable,
spheronizer speed (V.) were considered the main factors that
required optimization to ensure that CP pellets, with adequate
performance characteristics, were produced. With the aid of
Design-Expert® software, a CCD of 30 experimental runs was
generated using 4 factors at 5 levels, -a, +a, low (-1), medium
(0) and high (+1). Responses such as % yield (R:), cumulative
% CP released at 0.5 h (Rz), CP content (R3), AOR (R.) and
mean particle size (MPS; Rs) were monitored.

Angle of repose (AOR):

An aliquot of each batch and powders (50-100 g) was poured
into a funnel placed 3 cm above a horizontal surface. The
material was permitted to flow from the funnel onto a horizontal
surface under the force of gravity. The height of the resultant



cone (h) and the radius of the base (r) were measured and the
AOR calculated using Eqgn. 1, Tan a = h/r.

Particle size distribution (PSD):

Approximately 5 g CP was accurately weighed and loaded onto
pre-weighed sieves stacked in ascending order of mesh size.
The basis of separation of particles is dependent on size and
shape. The PSD was determined using sieve analysis (ASTM
standard) with sieves ranging from 310 to 2000 um mesh size
(Atechnik®, Leinburg, Germany). The D50 was calculated by
plotting a graph of % weight of pellets retained versus pore size
of the sieve.

CP content:

CP content was determined using a Waters® Alliance high
performance liquid chromatography (HPLC) fitted with a PDA
detector set at 210 nm. Separation was achieved using a
Phenomenox® 5 ym Luna® C18 150x4.6 mm i.d. column and
a mobile phase of acetonitrile and water in a 30:70 % v/v ratio
at a flow rate of 1.0 ml/min with a column temperature of 24°.
The pH of the buffer was adjusted to 3 using o-phosphoric acid.
The CP pellets were crushed and powdered using a mortar and
pestle. Approximately 100 mg of powder was dissolved in
mobile phase with sonication (Branson® B12 ultrasonic bath,
Shelton, CN, USA) for 15 min. The solution was then filtered
using a 0.45 ym HVLP filter membrane (Millipore®, MA USA)
prior to analysis using a validated HPLC method[12].

CP release from pellets:

In vitro release of CP from the pellets was investigated using a
VanKel® Bio-Dis® dissolution apparatus (VanKel® Industries,
NJ, USA) fitted with a model VK 750D (VanKel® Industries,
New Jersey, USA) digitally controlled water circulation heater to
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maintain the temperature of the dissolution medium at 37°.
Approximately 500 mg CP pellets were accurately weighed and
loaded into size O clear gelatin capsules (RoDis, Gauteng,
South Africa). Dissolution studies were performed at 20 dips per
min in 200 ml 0.1 M HCI (0.74g of KCl and 0.54 ml of HCI in 200
ml HPLC water) buffer at pH 1.6 maintained at 37+0.5°. The
inner tubes were fitted with 850 um (top) and 177 ym (bottom)
screens. Aliquots (1.0 ml) of dissolution medium were
withdrawn at 2, 5, 10, 15, 30, 45, 60 and 120 min. The samples
were analysed using a validated RP-HPLC method[12].

Results and Discussion

The identification of critical quality and other attributes affected
by the manufacturing process and formulation composition was
undertaken using risk assessment tools in accordance with the
ICH Q9 guideline[13]. The attributes related to manufacture of
the CP pellets were identified and an Ishikawa diagram
developed (figure 1). Based on sound science and process
understanding, the major areas of risk likely to affect the product
quality were identified. The main sources of product variability
identified included raw material, equipment, unit operations
such as wet granulation, extrusion, spheronization, drying
temperature and time, in addition to the analytical methods
used for product evaluation.


https://www.ijpsonline.com/articles/application-of-quality-by-design-principles-for-optimizing-process-variables-of-extrusion-and-spheronization-of-a-captopril-pellet-3809.html#12
https://www.ijpsonline.com/articles/application-of-quality-by-design-principles-for-optimizing-process-variables-of-extrusion-and-spheronization-of-a-captopril-pellet-3809.html#13

Materials Equipment

Moisture content ——» Dissolution

Ope
Flow property — 4 apparatus —» Cal
Chemical stability — UI‘}r.ing err
_ . cabinet
Solubility > t I my
Spheronizer — -
Level of disintegrant —» . kL
Extruder —m m—0— Te!
Level of lubricant ——— Mixer e
Particle size distribution ; Hu
article size distribution —— HPLC AP
Granulation Sphe
Amount of binder Speec
Time of granulation Time
Type of granulating agent Scree
Speed of mixer ——
. Exi
Drying Ser
Temperature Mixing Sp
Time Dry mixing Ty
Equi nt e
qULEEEN ame Manufacturing |[|T€
Mixer speed Process —

Fig. 1: Ishikawa diagram depicting the risk factors for the manufacture of

Figure 1: Ishikawa diagram depicting the risk factors for the
manufacture of CP pellets

The first step of the extrusion-spheronization process is the
preparation of a wet granulation mass. Different blades (K-
shaped or Whisk blade) can be used to blend powders and
distribute granulation and binder solutions. The physical
properties of the materials, amount of binder and time of the
granulation process can influence the particle size, hardness,
sphericity and ultimately the rate of CP release from the pellets
produced. The total output of the extrudate is governed by the



extrusion speed that may in turn influence the size and surface
properties of the finished product[14].

The quality of pellets depended on the thickness and diameter
of the aperture of the screen. In general, thick screens produce
smooth and strongly bound extrudate whereas rough and
loosely bound extrudate are formed from thin screens. The
diameter of the perforations on the screen determines the size
of pellets and larger diameter pores produce large sized
particles[15]. In view of this, a 1.0 mm diameter aperture screen
was used throughout these studies. The speed of
spheronization may affect the size of the pellets produced and
an increase in the speed of spheronization resulted in an
increase in the mean diameter of the particles produced. In the
final step, the pellets were dried in an oven where extended
drying times (4-6 h) and temperatures (40- 60°) were necessary
to remove all moisture from the pellets.

It has been reported that between 60-80 % of product variability
may be related to manufacturing and formulation-related
criteria[16]. The impact on product quality due to low risk
variables could be adjusted at other stages of manufacture
whereas adequate control over the medium and high-risk
variables required early investigation. Critical factors
associated with formulation and processing such as amounts of
ERL (X1), MCC (Xz), SSG (X:), mixer blade shape (X.) (K- and
Whisk-type), dry blending speed (Xs) (low, medium or high) and
time (Xs), speed of extruder (X-), spheronizer speed (Xs) and
spheronization time (X,), drying temperature (X.) and time (Xu.)
were considered critical parameters that were evaluated
experimentally using a PBD approach, as these were
considered medium to high risk variables. Output responses
such as % yield (Y1), cumulative % CP released at 0.5 h (Y2),
CP content (Ys), AOR (Y.) and MPS (Ys) were monitored nd the
data are listed in Table 1.
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Pareto plots were used to present the data for critical responses
in a format in which the variables are ranked from the highest
to lowest absolute value and the magnitude of each effect is
represented by the height of the column for each variable. The
AOR of the pellets ranged from 5.7° to 40°, indicating that the
pellets exhibited adequate flow properties. The MPS of pellets
fell between 601 and 5236 um. An increase in the amount of
MCC in the formulation resulted in an increase in the MPS of
the pellets as pellet porosity and PSD are influenced by the
grade and particle size of the MCC used[17]. Pellets
manufactured with MCC exhibit better flow and compressibility
properties due to a larger particle size, low micro-pore volume
and minimal surface roughness.

The outcome of ANOVA analysis revealed that the % yield,
cumulative % CP released at 0.5 h and CP content were
significant with p-values <0.05. The first-order linear Eqns. 2-6)
derived for these responses are reported in terms of coded
variables. A positive sign for the factors indicates an agonistic
effect of that factor on a response whereas a negative sign
reflects an antagonist effect on that response. Eqgn. 2,
Y1=35.80+15.65X:+ 7.07X— 2.48X:—1.83X,—~7.25Xs— 1.45X:—
4.59Xs+ 2.80Xe+2.37Xw0+ 2.62X1; EqQn. 3, Y.=80.49-26.97X.—
7.34X:-15.24X:—6.48Xs+4.82X:—6.52X:+2.36Xs—6.76Xo—
4.17X0+0.792X1; Eqn. 4, Ys:=68.78 — 12.80Xi+ 3.22X.+
15.91Xs+ 17.33X_4- 1.75Xs— 1.65Xe+ 6.30X— 10.18Xe+ 2.88Xo—
5.16Xu; Egn. 5, Y4.=16.19 + 4.37X;+ 0.84X>—2 .86 X-—2 .61
Xa+1 .59 X+ 3.91 Xs+ 3 .14 Xe— 1.42X5+ 2.31 X450+
1.82Xu Eqn. 6; Ys=1319.08 + 609.08X: — 434.25X.+ 346.08 X4+
361.58Xs— 355.75Xe— 251.58X;— 268.083Xs+ 320.75Xo-
333.75X10+ 387.25Xu1.

The sum of squares, model F-value, p-value and the regression
coefficient (R?) were used to assess model fit and are listed
in Table 2. The value of Rzand standard deviation for the
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responses indicate the quality of the model. The value of Rz for
most responses was close to unity, indicating a good correlation
between the observed or experimental and predicted
responses. Responses such as percent yield, cumulative % CP
released at 0.5 h and CP content revealed good correlation
reliability between the adjusted R2 and predicted R2 values.

Table 2: Summary of Statistical Results for PBD Studies

Reponse F-value p-value
% yield* 4003.48 0.0123
% CP released 0.5 h* 261.40 0.0481
% CP content* 4058.74 0.0122
AOR 19.77 0.1734
MPS 2.32 0.4736

*Signifcant responses

The Pareto plot depicted in figure 2A revealed that a decrease
in the volume of ERL from 30 ml to 15 ml resulted in a decrease
in the yield of CP pellets. This observation may be attributed to
the fact that during granulation the binder solution when
sprayed onto powder materials results in adherence of the
powders to the walls of the blender/mixer. In addition
electrostatic forces between particles may also lead to
adherence of materials to the vessel walls, resulting in a low
yield. The speed of the spheronizer and spheronization time
resulted in an increased loss of moisture from the extrudate and
a loss of plasticity of the particles.
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Figure 2: Pareto plots f or cumulative (A) percent field, (B) % CP
released at 0.5 h, (© % CP content
A: Eudragit RS 30D, B: MCC, C: SSG, D: mixer blade, E: mixer
speed, F: mixing time, G: extruder, H: spheronizer speed, K:
drying time, L: drying temperature, (®) positive
effects,( ) negative effects

At high spheronizer speeds, the particles may also not round off
into spheres and remain as dumbbell and/or long cylinder
shaped extrudate, resulting in a decreased yield of usable
pellets. Furthermore high speed spheronization is likely to result
in the production of fines that may be lost between the
spheronizer plate and inner wall of the spheronizing vessel,
contributing to a low final yield. Based on the experimental
results the amount of MCC in the formulation was found to
increase the yield of pellets proportionally. This may be due to
the ability of MCC to adsorb and retain large quantities of water
whilst retaining high internal porosity and improved plasticity of
wet masses thereby enhancing the outcome of the
spheronization process resulting in higher yields[18].

The Pareto plot depicted in figure 2B reveals that variables
such as drying and mixing times have an antagonistic effect on
the cumulative % CP released at 0.5 h. This effect can be
explained due to decreased dissolution of CP from pellets as a
consequence of reduced porosity within the pellet that retards
entry of the dissolution medium into the core of the pellet[19].
The data in the Pareto plot suggests that an increase in the
volume of ERL used, results in a significant decrease in the
cumulative % CP released at 0.5 h. In addition the use of ERL
may result in the formation of a matrix in the core that on
increasing the amount of liquid used, results in the manufacture
of dense, hard pellets that exhibit slow release.
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ERL is hydrophilic and more permeable than other
polymethacrylate-based copolymers due to the presence of
quaternary ammonium functional groups in the molecular
structure[20]. The interaction of chloride counter ions within the
quaternary ammonium functional groups with anionic buffer
species in the dissolution medium may influence the degree of
hydration and swelling of the polymer, thereby affecting the
release of CP. In this case, the antagonistic effect observed with
respect to CP release may be driven by the chloride salt form
of the polymer due to the lack of anions to replace the chloride
ions at low buffer strength, therefore limiting CP release.

The Pareto plot depicted infigure 2C revealed that input
variables such as mixer blade type, amount of SSG and MCC
used, extruder speed and spheronization time had a direct
impact on CP content. The use of different blade types, altered
powder flow during mixing and might result in changes in the
loading capacity for CP. The mixer blades used, differed in
design, geometry and curvature on the bottom surface of the
blade. The length of curvature of the K-blade was 8.65 cm and
that of the whisk blade 6.8 cm clearly indicating that efficient
mixing of powders is more likely with a K-blade, as it is capable
of ensuring a greater area of contact with powders than the
whisk blade. The formulations manufactured using the whisk
blade exhibited a CP content ranging between 7.3-88.6 % and
those manufactured using the K-blade exhibited CP content
between 63.2 and 96.8 %. Therefore more efficient mixing using
the K-blade resulted in a more homogenous distribution of CP
and this blade was consequently used for all future studies. An
increase in the extruder speed resulted in greater roughness
and the presence of greater surface disruption of the extrudate,
resulting in poor quality of pellets that eventually led to the
production of excessive fines and a wider particlesize
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distribution, in addition to a low yield and poor content
uniformity.

Following an extensive study of formulation and process
variables, parameters such as the amount of ERL (V1), % w/w
MCC (V2), % w/w SSG (Vs;) and the processing variable
spheronizer speed (V.) were considered as critical factors that
required further optimization, to ensure that CP pellets with
adequate performance characteristics were produced. The
CCD design the
corresponding responses for each run are summarized in Table
3.

required 30 experimental runs and

Table 3 CCC Experiments Generated for CP Optimization

Eudragit

RL30D MCC SSG Spheronizer

(ml) (Yow/w) (Y%w/w) speed (rpm)  Yield (%)
Run V. V. Vs V., Y.
1 15 20 2 650 16.54+0.04
2 15 20 5 1050 33.14+0.01
3 15 40 2 1050 29.46+0.02
4 22.5 30 3.5 850 63.2+0.07
5 15 40 5 1050 40.18+0.01
6 30 40 5 1050 79.62+0.01
7 22.5 10 3.5 850 42.22+0.09
8 22,5 30 35 850 78.62+0.07
9 22.5 30 3.5 850 86.88+0.11
10 22.5 30 3.5 850 63.06+0.05
11 75 30 35 850 3.1+0.02

% CP
released
at0.5h
Y.
56.2+0.64
85.8+0.57
87.3+1.43
82.9+1.96
84.9+0.27
6.4+0.92
88.7+3.35
94+2.6
91.4+1.37
67.4+0.20

108.6+5.4



Run

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Eudragit
RL30D

(ml)
Vi
225
30
225
225
15
30
225
30
225
30
15
15
225
225
30
15
375
30

30

MCC
(Yow/w)

V;
30
20
30
30
40
40
30
40
50
20
40
20
30
30
20
20
30
40

20

Spheronizer
speed (rpm)

SSG

(Yow/w)

Vs V.
3.5 850
3) 1050
3.5 450
3.5 1250
5 650
2 1050
6.5 850
5 650
3.5 850
2 1050
2 650
5 650
35 850
0.5 850
5 650
2 1050
3.5 850
2 650
2 650

Responses reported in (Mean+SD)

The quadratic mathematical

Yield (%)
Y,
70.120.79
51.520.14
69.52:£0.04
68.4+0.03
29.32+0.06
60.1:0.06
52.1+0.05
82.8420.01
58.9+0.03
29.5+0.49
42.18+0.05
43.920.21
61.74+0.3
65:£0.6
38.96+0.6
42.120.12
32.14+0.12
72.2+0.4

40.36+0.1

Eqns derived to establish

relationship(s) between input variables and the responses

% CP
released
at0.5h
Y.
71.8+0.56
43.4+3.94
84.7+0.16
98.8+5.19
85.2+7.62
54.1+1.76
87.2+0.19
42.3+0.59
88.6+1.01
48.2+0.59
66.3+1.81
63.3+6.32
101.4+4.5
70.2+8.48
21.8+1.40
89.4+19
36.2+0.97
19+0.97

36.2+4.7



monitored are mathematically represented in Egns. 7-11. The
ANOVA results for CCD experiments are summarized in Table
4,

Table 4. Summary of Statistical Results for CCD Studies

Response F-value p-value
% yield* 8.400 <0.0001
% CP released 0.5 h* 2.607 0.0379
% CP content* 5.395 0.0012
AOR* 2.746 0.0309
MPS* 31.255 <0.001

*Signifcant responses

The percent yield (R:), cumulative % CP released at 0.5 h (Rz),
CP content (Rs), AOR (R:) and MPS (Rs) were found to be
significant parameters based on p-value <0.05. The negative
value for the predicted R2 value indicated that the model is not
suitable for predicting responses R.and Rsand therefore
required further refinement. Adequate precision, a measure of
the signal-to-noise ratio, was 19.24, indicating that an adequate
signal had been generated and that these data can be used to
navigate the DS for this set of variables. Egn. 7,
R.=8.385+0.862 V.+0.507 V.+0.140 V.+0.015 V.+0.520
V1 V.+0.109 V: V:—-0.145 V: V,~0.116 V. V:-0.164 V. V.,+0.070
Vs V—1.177 V:>-0.334 V>~0.195 V:>-0.029 V.2; Egn. 8, R2=
84.817-20.492 V.+0.042 V.+0.433 V:+5.725 V,—3.55 Vi1V~
3.975 V1 V—2.725 V. V,+0.487 V. V:—4.337 V. V.~5.837 Vs V.—
7.648 V1>-3.585 V>—6.073 V:~—2.810 V., Eqn. 9, R* = 6.097—-
1.436 V.+0.088 V.+0.004 V:+0.331 V.+0.146 V. V.+0.146
V1 V:0.123 V. V.+0.465 V. V:—0.124 V. V.—0.201 V; V.—0.289
V:>—0.122 V»>-0.188 V:—0.057 V.2; Eqn. 10, Rs = 8.425-3.982
V:—5.46 V—-2.354 V:—0.971 V.+4.871 V. V,+0.168 V. V:—1.937

Rz

0.8869

0.7088

0.8343

0.7193

0.9668



Vi Vu+1.751 V. Vs:+1.297 V. V4+3.277 VsV,+7.834 V.2+0.848
V2240.226 V:2+0.728 V.2, Eqn. 11, Rs = 1725.233+894.996 V.—
634.338 V~-68.729 V:-27.679 V.-566.481 V.V--132.881
Vi Vs+46.856 Vi V,+151.031 V.Vs+151.193 V. V.,-92.256
Vs V,+208.005 V12+51.918 V»>-165.67 V:>~160.857 V2.

The 3D response surface plot for yield of CP pellets as
impacted by ERL and % w/w MCC content is depicted in figure
3A. An increase in the amount of ERL from 15 to 30 ml resulted
in a significant increase in yield of CP pellets from 16.54 to
79.62 %. The increase in the level of MCC in the formulation
from 20 to 40 % w/w resulted in a significant increase in yield of
CP pellets from 16.52 to 42.18 %.
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Figure 3: 3D response surface plot
(A) Eudragit® RL 30D and % MCC content on % yield; (B and C)
Eudragit® RL 30D and % MCC content on cumulative % CP
released at 0.5 h; (D) Eudragit® RL 30D and % MCC on CP
content (%); (E) Eudragit® RL 30D and % MCC content on the
angle of repose

The combined effect of the levels of these excipients had a
significant impact on the overall percent yield and increasing the
level of ERL and % w/w MCC to high levels resulted in the yield
increasing from 43.9 to 82.84 % when the % w/w SSG and
spheronizer speed were constant. The reason for the
synergistic effect might be the ability of MCC to adsorb and
retain large volumes of water or, in this case, the increased
quantity of granulation fluid that might enhance the
cohesiveness of powders that impart appropriate rheological
properties to the wet mass, which would in turn, produce
sufficient extrudate of adequate quality to result in an increased
yield of pellets[21].

A 3D response surface plot for the impact of ERL and % MCC
content on the cumulative % CP released at 0.5 h suggests that
ERL had an antagonistic effect on the % CP released, when the
% w/w MCC was kept constant (figures 3B and C). The amount
of MCC and SSG have an agonistic effect on % CP released.
The reason for such behavior could be the addition of the SSG
that is a super disintegrant, which might have created pores/
channel in the pellets, essentially making formulation porous
and facilitating immediate release of CP from the formulation
despite the pellets remaining intact in the dissolution medium,
unlike conventional IR dosage forms because of the insoluble
nature of polymer use of Eudragit and MCCJ[22]. The influence
of the amount of granulation liquid on CP released could be due
to the hardness, density and the structure of pellets formed, with
this granulating fluid[23].
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The 3D response surface plot depicted in figure 3D suggested
that an increase in the amount of ERL in the formulation
resulted in a significant decrease in the CP content, from
approximately 49 to 13.5 %. The MCC content, amount of SSG
and spheronizer speed do not appear to have a significant
effect on content with all p-value >0.05. The negative effect of
the amount of granulation liquid on CP loading capacity may be
a consequence of the manner in which the granulation fluid is
sprayed onto and dispersed in the powder blend in which the
surfaces of MCC particles adsorb readily and with rapid
formation of granules with low CP entrapment[24]. In addition,
the use of a planetary mixer required the operator to scrape
material from the edges of the bowl during granulation, which
may have impacted the distribution of CP due to the timing of
granulation fluid addition[25].

The amount of ERL, % w/w SSG and the spheronizer speed
had a negative effect on the flow properties of pellets. An
increase in the amount of MCC from 20 to 40 % w/w resulted in
a decrease in the AOR from 40 to 10.59°, which is indicative of
excellent flow properties of the pellets. The 3D response
surface plot constructed is depicted in figure 3E. The change
in % w/w MCC content and spheronizer speeds from high to low
levels at constant ERL and % w/w SSG content resulted in a
high value for the AOR of 40°, suggesting the potential for poor
flow. The good flow properties observed are a result of the
granular nature of the formulations, which is enhanced by the
increased amount of MCC[26]. The CCD-CP batches 1, 2, 11,
27, 28 and 30 suggested poor flow was possible as the AOR for
these batches was >40. The pellets formed for these batches
were irregular in shape and adhered to each other resulting in
poor flow. The 3D response surface plot revealed that a change
in % w/w MCC content and spheronizer speed from high to low
levels when the ERL and % w/w SSG content were constant
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resulted in high AOR values of approximately 40° suggesting
poor flow properties would be evident.

The 3D response surface plot of the effect of ERL and % w/w
MCC content on particle size is depicted in figure 3F. The plot
revealed that the amount of ERL used was directly proportional
to the particle size of the pellets and an increase in the volume
from 15 to 30 ml resulted in an increase in particle size from 575
to 1806.9 um. The agonist action of ERL may be explained by
the fact that the particle size of the excipients in the powder
blend is small, which offers a relatively large surface area and
therefore requires additional binder solution to achieve the
desired sphericity[27]. As the % w/w MCC used was increased
from 20 to 40 % wi/w, the particle size of the pellets decreased
from 941.1 to 575 um, which may be the result of better
adhesion between particles due to reduced inter particulate
distances and forces and stronger bonds increasing the packing
density of the particles.

The particle size of pellets was influenced by the PSD of the
excipients used. MCC has a narrow size distribution and lower
variability in particle size when compared to other cellulose
derivatives. The combination of ERL and MCC resulted in a
poorly wetted mass that created excess friction in the extruder,
resulting in pellets that were easily disrupted and consequently
produced smaller particles with a low yield as too many fines
were produced[28]. An increase in spheronization speed from
650 to 1050 rpm resulted in a decrease in MPS from 781.8 to
575 ym when the other variables were at a constant level. It has
been reported that an increase in spheronizer speed results in
large spherical pellets but at high speeds small spheroids are
produced and at low speeds, the particles interact with each
other to facilitate agglomeration of fines, resulting in an increase
in MPS. The particle size and sphericity of pellets were
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dependent on the operating conditions and grade of MCC
used[29].

The numerical optimization tool in Design-Expert® software
was used to establish optimized (OPT) values and to identify
the lower (DS-LL) and upper limits (DS-UL) of the DS for each
variable investigated. The solutions for optimization were
generated by Design- Expert® software, constituting the lower
values of each variable as the lower limit for the DS and the
high values as the upper limit of the DS. Numerical optimization
of each variable was used to establish the DS limits within the
experimental region and/or knowledge space. The operating
space lies within the DS and is considered as the optimized
point for this study (figure 4). The optimized values, lower and
upper limits of DS for the input variables, i.e. amount of ERL
(V1), % wiw MCC (V2), % wiw SSG (Vs) and spheronizer speed
(V.), with measured responses are summarized in Table 5. The
results revealed that OPT, DS-LL and DS-UL formulations all
exhibited a high CP loading of >80 % CP. The in vitro release
profile for the OPT formulation is depicted in figure 5.
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Table 5: Optimized CP Formulation with Lower and Upper
Limits of the DS

Formulation/Process variable Operating limit
Eudragit® RL 30D (ml) (V1) 21
Microcrystalline cellulose (%ow/w) (V2) 32

Sodium starch glycolate (Yow/w) (V) 3.7

Spheronizer speed (rpm) (V1) 1040

The results reveal that optimized (OPT), DS-LL and DS-UL
formulations all exhibited a high CP loading of >80 % CP. The in
vitro release profile for the OPT formulation is depicted in figure
5

DS
20
29
3.2

928



The 3 batches produced using the OPT formulation exhibited a
cumulative % CP released at 0.5 h that ranged between 59.60
and 76.01 %. The DS-LL1, DS-LL3, DS-UL1, DS-UL2 and DS-
UL3 exhibited >80 % CP released within 15 min. The variable
CP release between the 3 batches of OPT formulation was
observed and a consistent release profile was achieved with
DS-LL and DS-UL formulations. The OPT batches exhibited a
good degree of consistency in % CP content and other
responses indicating good reproducibility. The changes in the
drug release profile may depend on the wettability of pellets and
the amount of SSG used. The moisture content of MCC and its
distribution in wetted mass is a crucial factor in deciding the
optimum amount of binder solution[30,31]. Higher variability in
moisture content of excipient lots leads to variability of binder
activity resulting in a lot-to-lot variability[32].

A pharmaceutical product was developed using the QbD
approach to establish a science-based understanding of the
interaction between material attributes of raw materials and
manufacturing process parameters. The use of QbD facilitated
identification and assessment of the key factors that could
impact product development, which are the risks related to
product quality and process performance. The QbD framework
has streamlined product development from an experience-
based empirical model to a DoE approach that is based on
statistical principles.

With the aid of risk assessment undertaken to identify and
select material attributes and process parameters to use in
appropriate ranges. A PBD experimental design was used to
identify process variables or formulation composition
parameters, from an extensive list of input factors that are likely
to have a significant impact on the manufacture of a quality
product. The use of ERL was found to be significant (p<0.05)
for the % yield and cumulative % CP released at 0.5 h and was
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considered a major factor to investigate during optimization
studies. Pareto plots and ANOVA analysis data for the yield,
cumulative % CP released at 0.5 h and CP content confirmed
that formulation parameters such as ERL, MCC and SSG
content had a significant impact on the performance attributes
of the CP pellets produced. Of all process variables, the mixer
blade type and spheronizer speed had the most significant
impact on yield and CP content.

A CCD approach was used to optimize the amounts of ERL,
MCC and SSG and the spheronizer speed to ensure that the
yield, cumulative % CP released at 0.5 h, CP content, MPS and
AOR were optimized after which a DS was established for CP
pellet production. Mathematical modelling and fitting of data
using Design-Expert® software elucidated the relationships
between formulation variables and product responses and
quadratic polynomial models were defined. The optimized
formulation was manufactured using 21 ml ERL, 32 % w/w MCC
and 3.7 % w/w SSG at a spheronizer speed of 1040 rpm. The
product DS was established using the defined lower and upper
limit specifications. The % yield, cumulative % CP released at
0.5 h, CP content, MPS and AOR of the optimized formulation
was 65.90, 54.45, 90.94 %, 880.6 um and 10.13°, respectively.
The mechanism of release can be postulated from the release
profiles and for CP it is likely governed through planes that are
parallel to the surface of CP particle and erosion of or pore
formation in pellets due to the addition of the super-disintegrant
SSG. This approach to establish a DS has the potential to
reduce the costs of production and enhance positive product
outcomes with a minimum number of experiments.
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