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This research presents the use of experimental design, optimization and multivariate techniques to investigate
the root-cause of agglomerates containing two drugs [i.e. racecadotril (RCD) and loperamide hydrochloride
(LPM)]. The influence of various excipients and processing conditions on formation of directly compressible
agglomerateswas prepared by crystallo-co-agglomeration (CCA) technique and evaluated. Design of experimen-
tal (DoE)was carried out to evaluate the interactions and effects of the design factors on critical quality attributes
(CQAs) of agglomerates. The design space was studied by DoE and multivariate analysis to ensure desired
physico-chemical properties of agglomerates. The overall higher yield of the process with sufficient size of
agglomerates was prepared by CCA. The optimized agglomerates exhibited excellent flowability and crushing
strength along with good compressibility and compactibility. The optimized batch of agglomerates was
characterized by Fourier transform infrared spectroscopy, differential scanning calorimetry, powder X-ray dif-
fractometry and gas chromatography which illustrated the absence of drug–excipient interaction with minimal
entrapment of solvent. It was demonstrated that QbD principles and tools provide an effectivemeans to achieve a
greater understanding of agglomerates prepared by CCA which adopted as an excellent alternative to wet
granulation.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The United States (US) Food and Drug Administration (FDA)
published a concept paper on current good manufacturing practices
(cGMP) for the 21st century [1]. This article expressed a desire that
companies build quality, safety and efficacy into their new products
as early as possible. This concept became well recognized as Quality
by Design (QbD). Key to successfully executing QbD approach is
distinguishing those characteristics of products that are critical to
its safety, efficacy and quality, i.e. critical quality attributes (CQAs),
plus those aspects of processes that impact those product character-
istics, i.e. critical process parameters (CPPs) [2]. Often design of
experiment (DoE) exercised in the context of QbD, which requires
a multivariate approach for understanding the multifactorial
relationships among formulation parameters. To improve process
knowledge, statistical DoE is a valuable tool to establish in
mathematical form the relationships between CPPs and CQAs [3–5].
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A range for each process parameter and their combinations can be
defined, in which the desired CQAs are achieved. All likely combina-
tions of raw material attributes and process parameters that need to
be realized by the process, to ensure that the CQAs stay within the
required ranges (control space), can be called the “design space” of
the process. The “design space” can be then defined, allowing an
in-depth understanding of the problem and, sequentially, the
maintaining of the product final quality [6].

Multivariate tools, such as principal component analysis (PCA), offer
opportunities tomore effectively and efficiently describe CQAs. By using
a statistical multivariate data analysis, e.g. PCA, on a set of experimental
data, it is possible to reveal intrinsic structures and to group observa-
tions in the data, whichmight be difficult to do by traditional univariate
data analysis [7]. PCA is a method of data reduction and classification
that transforms highly correlated, multidimensional data into a new
system of variables called principal components. These new variables,
which are linear combinations of the original variables, are selected so
that they explain as much of the original data's variability as possible.
Each principal component (PC) is uncorrelated and orthogonal to all
other PCs. The first principal component (PC1) is oriented in the
direction of maximum variability. Principal component 2 (PC2) is
orthogonal to PC1 and captures the second largest variation in the
data set. Therefore, each PC represents a source of variability that is
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Table 1
32 full factorial design batches.

Batch code Independent variables

X1
a X2

b

RL1 −1 −1
RL2 0 −1
RL3 1 −1
RL4 −1 0
RL5 0 0
RL6 1 0
RL7 −1 1
RL8 0 1
RL9 1 1

Factor Level

−1 0 1

X1 (Amount of DCM, mL) 4 7 10
X2 (Concentration of PEG, %w/w) 2 3.5 5

a X1: Amount of DCM, mL.
b X2: Concentration of PEG, %w/w.
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independent of the other sources. In the case of compaction data, one
can image that a property, such as plasticity, is associated with some
fraction of the variability observed in solid fraction and mechanical
energy consumption between materials. Therefore, the principal
components are expected to reflect distinct mechanical and physical
behaviors, which were convoluted together in the original multivariate
data [8]. Furthermore, PCA combined with an agglomerative hierarchi-
cal cluster analysis (AHCA) based on the similarity or dissimilarity of
whole cases to describe a set of multivariate methods and techniques
that seek to classify data, often into profiles, groups, types, and so on [9].

Drugs with poor compressibility and flowability are unsuitable for
the direct compression. Particle size enlargement techniques employed
in the field of pharmacy in order to improve flowability of compression
blend include melt granulation [10], extrusion–spheronization [11],
melt solidification [12],melt extrusion [13], and spherical crystallization
[14]. Among all, spherical crystallization technique is supposed to
modify crystal nature and produces directly compressible agglomerates.
Moreover, apart from modifications in the primary and secondary
properties of the particles, this technique also offers advantages in
terms of reduction in the number of unit operations and in turn,
processing cost. The suitability of this technique relies on the desired
properties of the enlarged particle and the physico-chemical properties
of the drug and excipients utilized. The unsuitability of SC for low-dose
and combination of drugs, Kadam et al. [15] has been successfully
overcome by crystallo-co-agglomeration (CCA) technique. CCA, a
novel particle engineering technique, is a modification of a SC in
which a drug is crystallized and agglomerated with an excipient(s) or
with another drug, whichmay or may not be crystallized in the system.

The present research work was aimed to develop agglomerates
containing racecadotril (RCD) and loperamide hydrochloride (LPM) by
CCA technique. The long needle like crystalline properties of RCD
produces poor flowability and compressibility which ultimately cause
difficulty in direct compression [16]. Agglomerates containing 100 mg
RCD and 4 mg LPH were developed since the combination seems as
effective as high-dose of individual drug [17]. Furthermore, RCD is
insoluble in water and this makes a rapid release of molecule by
disintegration of the tablet more difficult [16]. Hence, the current
researchworkwasmainly focused on the influence of processing condi-
tion and various excipients on the formation of agglomerates of
combined drugs (RCD and LPM) and its mechanical properties in
order to obtain excellent flowability and compressibility for direct com-
pression. In order to optimize agglomerates, principal component
analysis (PCA), agglomerative hierarchy cluster analysis (AHCA), and
32 full factorial experimental design were implemented.

2. Materials

RCD was procured from Ogene Systems (I) Pvt. Ltd., Hyderabad,
India. LPM was obtained from Torrent Research Center, Gandhinagar,
India. Talc, PEG 6000 and PVA were purchased from HiMedia Labs,
Mumbai, India. HPMC was gifted by Colorcon Asia Pvt. Ltd., Goa, India.
High performance liquid chromatography (HPLC) grade acetonitrile
and water were purchased from Merck Pvt. Ltd., Mumbai, India. All
other chemicals usedwere of analytical grade (Merck Pvt. Ltd., Mumbai,
India) and double distilled water was utilized throughout the study.

3. Methods

3.1. Preparation of agglomerates

3.1.1. Selection of solvent systems
A wide range of solvents were screened with different polarity for

selection of good solvent and poor solvent. An excess amount of RCD
and LPMwas added to each of selected 5 mL solvent. All these saturated
solutions were kept for 24 h in a cryostatic constant temperature
reciprocating shaker bath (Tempo Instruments and Equipments Pvt.
Ltd., Mumbai, India) at a temperature of 25 ± 1 °C with constant
shaking at 120 rpm [18,19]. The concentration of drugs in each sample
was determined by HPLC method (Shimadzu, Japan). The study was
repeated in triplicates in order to estimate reproducibility of results.

3.1.2. Crystallization procedure
On the basis of solubility study, good solvent and poor solvent was

identified for the preparation of agglomerates by CCA technique. In
crystallization vessel, as described by Morishima et al. [20], RCD and
LPM were dissolved in good solvent followed by talc (1%w/w) and
PVA (2%w/w). 100 mL of poor solvent with 1%w/w HPMC E50 LV and
PEG 6000 (Table 1) was added to crystallization vessel and these
contents were stirred at specific speed by using four blade mechanical
stirrer. On the basis of solubility data of LPM the external phasewas sat-
urated with drug prior to formulation in order to avoid any drug loss.
The stirring was continued until the mixture appeared clear at top
along with settling of agglomerates. The agglomerates generated were
filtered and dried overnight at room temperature. The dried
agglomerates were stored in screw-capped jars at room temperature
before to be evaluated. The effect of different concentrations of excipi-
ents was investigated and optimized [19].

3.2. Experimental design

Three level, two factor full factorial design was implemented to
evaluate main effects and interaction effects of the formulation
ingredients on the various properties of agglomerates containing RCD
and LPM in order to optimize the formulation. The non-linear quadratic
model generated by the design is as follows:

Yi ¼ b0 þ b1X1 þ b2X2 þ b12X1X2 þ b11X1
2 þ b22X2

2 ð1Þ

where, Yi was the dependent variable, b0 was the arithmetic mean of
nine runs and bi was the estimated coefficient for factor Xi. Themain ef-
fects (X1 and X2) represent average result of changing one factor at a
time from its low to high value whereas the interaction term (X1X2)
prompt change in responses when two factors were simultaneously
altered. The polynomial terms (X1

2 and X2
2) were included to investigate

the nonlinearity of the model developed [21]. A three-level two-factor,
full factorial design was generated by an experimental design software
SYSTAT version 12.02.00 (SYSTAT Software Inc., Chicago, USA). Based
on preliminary trials, independent variables (factors) were determined
as; amount of good solvent (X1) and concentration of polymer (X2). The
formulation composition of agglomerates is summarized in Table 1.



Table 2
Results of evaluation parameters of pure drugs and agglomerates.

Batcha dgb SFc CId CSe %Yf AoRg HRh CFi IFj Φk MCl Km an 1/bn Ao ko Pyo σ0
o ERp TSq DCRr DCLs

RL 0.226 ±
0.182

0.374 ±
0.049

38.73 ±
2.85

– – 45.07 ±
3.11

1.599 ±
0.153

0.338 ±
0.094

1.982 ±
0.097

0.072 ±
0.033

0.319 ±
0.124

0.078 ±
0.025

0.416 ±
0.067

16.845 ±
1.29

1.128 ±
0.084

0.035 ±
0.016

28.43 ±
1.71

9.458 ±
1.08

4.429 ±
0.507

1.645 ±
0.197

– –

RL1 0.497 ±
0.153

0.788 ±
0.071

19.24 ±
1.27

38.75 ±
2.15

92.24 ±
2.24

24.23 ±
1.47

1.185 ±
0.019

1.159 ±
0.127

2.385 ±
0.058

0.855 ±
0.082

0.933 ±
0.173

0.945 ±
0.097

0.108 ±
0.017

8.854 ±
0.437

0.722 ±
0.061

0.815 ±
0.112

1.271 ±
0.12

0.408 ±
0.14

0.819 ±
0.128

4.948 ±
0.471

98.76 ±
1.52

99.37 ±
2.05

RL2 0.748 ±
0.086

0.821 ±

0.057

16.81 ±
1.89

57.13 ±
2.94

94.36 ±
2.41

18.59 ±
1.45

1.235 ±
0.022

0.976 ±
0.162

2.831 ±
0.072

0.956 ±
0.091

0.914 ±
0.186

0.971 ±
0.109

0.157 ±
0.016

5.385 ±
0.529

0.838 ±
0.042

0.586 ±
0.076

1.706 ±
0.08

0.568 ±
0.19

0.702 ±
0.115

4.796 ±
0.529

97.07 ±
1.48

97.75 ±
1.33

RL3 0.923 ±
0.129

0.811 ±
0.074

17.59 ±
2.05

45.36 ±
2.57

90.28 ±
2.52

20.95 ±
1.04

1.166 ±
0.017

0.972 ±
0.173

2.597 ±
0.061

0.865 ±
0.097

0.8468 ±
0.163

0.982 ±
0.084

0.142 ±
0.018

4.383 ±
0.511

0.605 ±
0.039

0.427 ±
0.083

2.341 ±
0.15

0.786 ±
0.21

0.753 ±
0.134

5.142 ±
0.582

99.75 ±
1.72

97.34 ±
1.72

RL4 0.672 ±
0.137

0.884 ±
0.062

18.75 ±
2.11

50.92 ±
3.17

89.35 ±
3.74

21.87 ±
1.52

1.209 ±
0.018

0.985 ±
0.138

2.483 ±
0.091

0.923 ±
0.101

0.925 ±
0.148

1.054 ±
0.117

0.155 ±
0.015

5.856 ±
0.573

0.916 ±
0.077

0.633 ±
0.091

2.577 ±
0.16

1.024 ±
0.15

0.601 ±
0.129

5.972 ±
0.621

96.61 ±
1.84

98.65 ±
1.43

RL5 0.821 ±
0.162

0.915 ±
0.078

15.93 ±
1.43

53.34 ±
2.41

96.38 ±
2.17

19.31 ±
1.54

1.119 ±
0.015

0.972 ±
0.151

2.783 ±
0.059

0.959 ±
0.112

0.912 ±
0.141

0.972 ±
0.098

0.148 ±
0.013

3.058 ±
0.371

0.728 ±
0.045

0.731 ±
0.089

2.369 ±
0.19

0.856 ±
0.19

0.791 ±
0.153

6.261 ±
0.497

97.52 ±
1.91

99.52 ±
1.97

RL6 0.962 ±
0.175

0.917 ±
0.069

16.72 ±
1.18

56.53 ±
3.28

92.95 ±
2.49

20.09 ±
1.95

1.152 ±
0.018

0.988 ±
0.126

3.014 ±
0.121

0.972 ±
0.083

0.907 ±
0.118

0.942 ±
0.115

0.128 ±
0.014

5.193 ±
0.543

0.749 ±
0.033

0.671 ±
0.107

2.491 ±
0.12

0.926 ±
0.22

0.725 ±
0.173

4.925 ±
0.574

9814 ±
1.78

97.81 ±
1.95

RL7 0.907 ±
0.094

0.946 ±
0.073

17.63 ±
2.14

45.26 ±
2.41

97.32 ±
3.05

21.61 ±
2.19

1.183 ±
0.014

0.998 ±
0.172

2.637 ±
0.083

0.969 ±
0.125

1.292 ±
0.225

0.963 ±
0.079

0.142 ±
0.018

4.298 ±
0.509

0.823 ±
0.053

0.669 ±
0.072

2.492 ±
0.16

0.847 ±
0.23

0.522 ±
0.132

5.986 ±
0.541

97.09 ±
2.11

99.47 ±
1.64

RL8 1.075 ±
0.105

0.978 ±
0.043

14.27 ±
1.02

60.25 ±
3.06

91.74 ±
2.59

19.52 ±
1.56

1.112 ±
0.016

1.069 ±
0.135

3.045 ±
0.084

0.993 ±
0.072

0.992 ±
0.207

0.957 ±
0.083

0.151 ±
0.016

2.806 ±
0.385

0.721 ±
0.043

0.535 ±
0.093

1.869 ±
0.11

0.622 ±
0.11

0.593 ±
0.141

6.137 ±
0.672

100.04 ±
1.52

96.83 ±
1.17

RL9 0.944 ±
0.148

0.963 ±
0.061

16.29 ±
1.91

41.29 ±
2.19

93.37 ±
2.84

19.74 ±
1.38

1.169 ±
0.017

1.124 ±
0.152

2.912 ±
0.076

0.975 ±
0.064

1.154 ±
0.156

0.977 ±
0.094

0.145 ±
0.014

4.945 ±
0.612

0.769 ±
0.057

0.764 ±
0.087

2.308 ±
0.12

0.834 ±
0.17

0.638 ±
0.139

6.058 ±
0.523

99.82 ±
1.28

98.64 ±
1.55

a Results are mean of three determinations ±
SD.

b Mean geometric diameter.
c Shape factor.
d Carr's index.
e Crushing strength.
f Percent yield.
g Angle of repose.
h Hausner ratio.
i Circularity factor.
j Irregularity factor.
k Aspect ratio.
l Moisture content.
m Kuno's constant.
n Kawakita parameters.
o Heckel parameters.
p Elastic recovery.
q Tensile strength.
r RCD content.
s LPM content.
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Additionally the composition of optimized (check point) batch was
derived by constructing overlay plot. The percentage relative error of
each response was calculated using the following equation in order to
judge the validity of the model [22–24].

% Relative Error ¼ Predicted value−Experimental valuej j
Predicted value

� 100 ð2Þ

3.3. Characterization of agglomerates

3.3.1. Drug content and percent yield
Drug content is the ratio of experimentally measured drug content

to the theoretical value, expressed as percentage (%). Accurately
weighed quantity of prepared agglomerates was dissolved in a
sufficient quantity of a suitable solvent in which they were easily
soluble. These solutions were appropriately diluted and drug content
was determined by previously validated HPLC method. The percent
(%) yield of samples was calculated using following Eq. (3). The average
of three determinations was considered as mean value for both param-
eters [25].

% Yield ¼ Total weight of agglomerates
Total weight of drug and excipients

� 100 ð3Þ

3.3.2. Size analysis
The size of pure drug particles and prepared agglomerates was

measured by optical microscope (MLX-DX, Olympus (I) Pvt. Ltd., New
Delhi, India). The size of randomly selected particles or agglomerates
was measured and their mean geometric diameter (dg) was calculated
[26].

3.3.3. Shape analysis
Shape parameters of pristine RCD and LPM as well as prepared

agglomerateswere evaluated based on theprojected images of random-
ly positioned particles. The photomicrographs of the randomly selected
agglomerates were taken using CCD camera (MIPS-USB, Olympus (I)
Pvt. Ltd., New Delhi, India) and tracings of the enlarged photomicro-
graphs were used for the measurement of length, width, area and
perimeter. Numerous shape descriptors like; aspect ratio (AR), shape
factor (SF), circularity factor (CF) and irregularity factor (IF) were
evaluated as per Eqs. (4), (5), (6) and (7), respectively. Results of each
parameters were the average of three determinations.

AR ¼ b=l ð4Þ

where, b and l are the minor and major axes of traced photograph
respectively.

SF ¼ P′=P ð5Þ

where, P′ = 2π (A/π)1/2, A and P are the area and perimeter of the
projected photograph respectively.

CF ¼ P′
� �2

=4πA ð6Þ

IF ¼ P=l ð7Þ

3.3.4. Flow parameters
Angle of repose (AoR) was determined using fixed funnel method

[27]. Percentage compressibility (Carr's Index, CI) [28] and Hausner's
ratio (HR) [29] were calculated after tapping fixed amount of
agglomerates using tap density apparatus (ETD 1020, Electrolab,
Mumbai, India). The average of three determinations was considered
as final results.

3.3.5. Measurement of packability

3.3.5.1. Kawakita analysis. The packing ability of the samples was
investigated by tapping them into a measuring cylinder using a tap
density apparatus (ETD 1020, Electrolab, Mumbai, India). The packabil-
ity was calculated by the following equation [30].

n
C
¼ 1

ab
þ n

a
ð8Þ

where, a and b are the constants, n is the tap number, and C denotes the
volume reduction which again calculated according to the following
equation

C ¼ VO−Vn

VO
ð9Þ

where, Vo and Vn are the powder or agglomerate bed volumes at initial
and nth tapped state, respectively. The average of three determinations
was considered as the mean of individual Kawakita parameters.

3.3.5.2. Kuno analysis. The relationship between the change in apparent
density and the number of tappings was described by Kuno as per
following equation [31].

ln ρt−ρnð Þ ¼ −Knþ ln ρt−ρoð Þ ð10Þ

where, ρt is the apparent density at infinite taps, ρn is the apparent
density at nth tapped state, ρo is the apparent density at initial cascade
state and the constant K represents the rate of packing process under
tapping [32].

3.3.5.3. Heckel analysis. Accurately weighed quantity of samples of pure
drugs as well as agglomerates was compressed by hydraulic press
(TechnoSearch Instrument,Mumbai, India) at the constant compression
with different pressures and a dwell timeof 1 min [33]. Before compres-
sion, lubrication of die and punches was carried out by 1% w/v
dispersion of magnesium stearate in acetone. Compacts were allowed
to relax for 24 h at ambient temperature and thedata obtainedwas sub-
ject to Heckel plot using the following equation [34,35].

ln
1

1−D
¼ kPyþ A ð11Þ

where, D is relative density of compacts i.e. ratio of compact density to
true density of powder, P is the applied compression pressure, and k
and A are constants. The reported mean yield pressures, Py, are the
reciprocal of the slope k, which was calculated using linear regression
in a pressure range determined separately for each material. k is equal
to 1/3σo, where, σo is the yield strength and 3σo is the mean yield pres-
sure (Py). Here, the density of prepared compacts for Heckel parameter
was calculated from the volume of compacts andmass of compacts. The
average of three determinations was considered as the mean of respec-
tive Heckel parameters.

3.3.6. Tensile strength
The radial tensile strength (σt) of compacts prepared from powders

or agglomerates is considered as force per unit area of broken face
required to split a prepared compact. The data used for compressional
studies of prepared agglomerates were used to study the pressure
tensile strength relationship. The hardness value of compacts was



Fig. 1. (a) Score plot from PCA and (b) dendrogram from AHCA of coarse and agglomerat-
ed RL.

132 K.C. Garala et al. / Powder Technology 247 (2013) 128–146
determined by a Monsanto type hardness tester and used for σt

determination using the following equation [36]. The average of three
determinations was considered as σt.

σ t ¼
2F
πDt

ð12Þ

where, F is the crushing force (N), D is the tablet diameter, and t is the
compact thickness.

3.3.7. Elastic recovery
The compacts prepared, form pure drugs and agglomerates, for the

Heckel plot study and tensile strength determination were used for
the elastic recovery test. The thickness of the compacts was measured
immediately after ejection (Hc) and after 24 h relaxation period (He).
The elastic recovery was calculated by following equation [37]. The
average of three determinations was considered as % ER.

% ER ¼ He−Hcð Þ=Hc½ � � 100 ð13Þ

3.3.8. Crushing strength
Crushing strength (CS) of prepared agglomerates was determined

by mercury load cell method [38]. The agglomerate was placed inside
the syringe and mercury was added through hollow syringe tube. The
total weight of tube with mercury, at the stage where co-agglomerate
broke, gave the measure of CS of that particular agglomerate. The
average of three determinations was considered as CS.

3.3.9. Percent moisture content
Moisture content (MC) of prepared agglomerates was determined

by IR moisture balance (Rajdhani, Mumbai, India). The agglomerates
(5 g) were separately placed in heating pan and heated at a tempera-
ture 105 °C for 4 h. The percent reduction in theweight of agglomerates
due to moisture loss was directly displayed on the scale. The average of
three determinations was considered as % MC.

3.3.10. Scanning electron microscopy
The shape and surface morphology of pure drugs and prepared

agglomerates were observed using scanning electron microscope
(SEM) (JEOL, JSM 5610 LV, Japan). The agglomerates were observed at
various magnifications in order to analyze the effect of additives on
surface morphology and agglomeration efficiency.

3.3.11. Fourier transform-infrared (FT-IR) spectroscopy
Infrared spectra of pure drugs and optimized agglomerates were

recorded using infrared spectrophotometer (Nicolet iS10, Thermo
Fisher Scientific Inc., USA). The samples were dispersed in KBr and
compressed into disk by the application of pressure using hydraulic
press. The pellets were placed in the sample holder and FT-IR spectra
were recorded over the range of 400–4000 cm−1.

3.3.12. Differential scanning calorimeter (DSC) analysis
DSC spectra of pure drugs, polymers and optimized agglomerates

were recorded using differential scanning calorimeter (DSC-60,
Shimadzu, Tokyo, Japan) which was previously calibrated with indium
standard. Sample (~5–10 mg) was hermetically sealed in an aluminum
crucible and subjected to a purging of nitrogen gas at a flow rate of
50 mL/min. The heating was done at a rate of 10 °C/min. Empty sealed
aluminumpanwas used as reference [39,40]. The spectra obtainedwere
analyzed for endothermic and exothermic transitions in drug agglomer-
ates [41]. The crystallinity (Xcr) was calculated as;

Xcr ¼ ΔH
ΔH0

ð14Þ
where, ΔH0 and ΔH are the heat of fusion of the unprocessed and the
treated crystals, respectively [42].

3.3.13. Powder X-ray diffractometry (PXRD)
The X-ray powder diffraction patterns of pure drugs and optimized

agglomerates were recorded using diffractometer system (X'Pert MPD,
Philips, Netherlands) with a copper target and scintillation counter
detector (voltage 40 kV; current 30 mA; and scanning speed 0.05°/s).
The sample holder was non-rotating and the temperature of acquisition
was at room temperature. The diffraction pattern was analyzed for the
2θ range from 10° to 90° [43].

3.3.14. Gas chromatography
Accurately weighed optimized agglomerates were suspended in

methanol and shaken in orbital shaking incubator (Remi Laboratory
Instruments, Mumbai, India) for 24 h at 100 rpm. Subsequently, the
dispersion was filtered and filtrate was analyzed using gas chromatog-
raphy (head space) GC-HS (Turbo matrix 40, Perkin Elmer, USA) with
column Rtx-5MS (thickness: 0.25 μm, diameter: 0.25 μm and length:
60 m) and Helium as carrier gas. The reference solution (1000 ppm)
and sample solution were injected alternately to GC-HS and the area
of peak obtained was used to calculate the solvent concentrate in
agglomerates.

3.3.15. In vitro dissolution study
In vitro dissolution study for pure drugs and prepared agglomerates

was performed using USP type II apparatus (TDT 06P, Electrolab, India)
to evaluate an influence of various excipients on drug release from
agglomerates. 900 mL of acetate buffer pH 4.5 with 0.75% SLS was
used as a dissolution medium which was maintained at 37 ±
0.5 °C and stirred at 100 rpm. Aliquots of 5 mL were withdrawn at
predetermined time intervals and replaced with the same amount of
fresh dissolution medium. After suitable dilution the samples were
analyzed by HPLC method and cumulative percentage drug release
(CPR) was calculated.



Fig. 3. Correlation loading plot obtained by PCA of RL agglomerates.
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3.4. Principal component analysis

Principal component analysis (PCA) was implemented to reveal
latent structures in the data set and to identify the grouping of the
materials using The Unscrambler® 10.2 software (CAMO AS, Norway).
The data matrix included the previously described set of materials
(objects, n = 9), each characterized by various parameters (variables,
p = 21). PCA modeling was done using systematic cross-validation;
data were centered and scaled using a common normalization method
(1/SDev) [44]. A systematical approach was applied; first, including
pure RCD and agglomerates into the model, followed by identification
of extremes or potential outliers. Extreme samples were then left out
in order to analyze the remaining materials in further detail.
4. Results and discussions

4.1. Principal component analysis

For all experimental design batches of agglomerates, responses like
percent yield (%Y), mean geometric diameter (dg), angle of repose
(AoR), Carr's index (CI), Hausner ratio (HR), drug content (DC), aspect
ratio (φ), irregularity factor (IF), crushing strength (CS), shape factor
(SF), circularity factor (CF), Kawakita parameters (a and 1/b), Kuno's
constant (K), Heckel plot parameters (A, k, Py and σo), elastic recovery
(ER), tensile strength (TS) and moisture content (MC) were evaluated
and documented in Table 2. PCA was performed on these data set
using software package The Unscrambler® 10.2 for all experimental
design batches in order to scrutinize critical responses. Themultivariate
approach by using PCA is dating back to the beginning of the 20th
century [45] and most common latent variable projection method
[46]. PCA is a mathematical algorithm that reduces the dimensionality
of the data while retaining most of the variation in the data set [47]. It
allows the results to be simplified into latent variables (principal
components) that explain the main variance in the data [48]. PCA is
Fig. 2. (a) Score plot from PCA and (b) dendrogram from AHCA of agglomerated RL.
used for getting overview of data tables (their structure, similarities or
dissimilarities, trends, deviating observations).

Initially, PCA was performed to examine the relationship of all
properties obtained from the series of experimental design and
untreated crystals of RCD and LPM(RL). Further, identification of objects
for the different developmental stageswas carried out by examining the
scores and the loadings. The loadings are the contributions from the
variables to the principal components and the scores are the
contributions from the samples. The larger the loading, the more
important the agglomerates for a particular PC are; and the larger the
score, the more important the sample is [49].

As depicted in Fig. 1a, the first principal component (PC1) was re-
sponsible for 94% of the total variance in the data set and the second
(PC2) was responsible for a further 3%; thus, the cumulative contribu-
tionwas 97%. Based on the PCA score plot in Fig. 1a, RL crystalswere cat-
egorized as extreme objects. The RL was separated from the
agglomerates of all batches as clearly observed outside of eclipse,
which was further proved by agglomerative hierarchy cluster analysis
(AHCA). AHCA refers to a set of analytic procedures that reduce complex
multivariate data into smaller subsets or groups [50]. Compared with
other data reduction methods, AHCA yields groupings that are based
on the similarity or dissimilarity of whole cases [51]. AHCA represents
an important analytic tool for the health sciences and may be used to
devise patient or consumer profiles, or in the development of classifica-
tion systems or taxonomies. The data obtained were also classified by
AHCA using the Euclidean distance (nearest neighbormethod) [52]. Eu-
clidean distances, which can reveal the relationship of two samples, are
calculated by Eq. (15).

EUCLID ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1
xi−yið Þ2

q
ð15Þ

EUCLID is the Euclidean distances of two samples; n is the number of
variables, xi is the value of variable i of one sample, and yi is the value of
variable i of another sample. Then cluster analysis diagram (dendro-
gram) can be obtained by Euclidean distances [53].
Fig. 4. Bi-plot obtained by PCA of RL agglomerates.



Fig. 5. PCA 3D score plot for the PC1, PC2 and PC3.
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Furthermore, resulting PC scores were analyzed by a clustering
approach. This approach is often considered an optimal way to perform
classifications.With hierarchical average linkage, which is an agglomer-
ative method, each samples (as represented by its component scores)
initially started out as an individual cluster. Similar agglomerates were
then merged, where cluster similarity was determined by the mean
distance between all objects in the clusters (weighted by the number
of members), until all samples were united into one cluster [54]. The
AHCA results may be examined in the form of a dendrogram (a tree of
clusters) and subjectively determine how many clusters appear to
exist with their similarities [9].

The dendrogram, a graphical display of the result of AHCA is shown
in Fig. 1b. Twomajor clusters found representing coarse RL and agglom-
erated RL batches separately with higher relative distance. It revealed
that various properties of coarse RL were significantly distinctive from
agglomerated RL which proved the results of PCA score plot (Fig. 1a).
Therefore, RL was eliminated from the data set and a new PCA model
was built without RL, as a means to better illustrate the distribution of
the remaining agglomerated RL.

The PCA score plot of the all variables of all batches of full factorial
design is given in Fig. 2a. The agglomerates spread out relatively
homogeneously into four quartiles of the score plot and the PC1 was
responsible largest variation, i.e. 80%, of the total variance in the data
set, while the PC2 was responsible for a further 10%; thus, the
Fig. 6. Scree plot of all components with cumulative variance.
cumulative contribution was 90%. Further, all batches of experimental
design were defined in different group by AHCA. It was used for the
evaluation of the similarity and dissimilarity of all batches. As seen
from Fig. 2b, all the formulations were clustered into five groups;
group I (RL2, RL5, RL6 and RL8), group II (RL3 and RL9), group III
(RL1), group IV (RL4) and group V (RL7). All the five groups were
relatively distant and substantially different from one another.

Correlation loading plot of the first two principal components is
shown in Fig. 3. In general, it is considered that variables near each
other are positively correlated, while those on opposite sides of the
origin are negatively correlated in loading plots. All defined properties
of agglomerates were classified into the following four groups based
on the origin; top, bottom, right and left. With regard to the variables
dg and CS were plotted on the opposite side of the origin whereas CI
was plotted in the similar side to dg on PC1. Further, SF was found to
be negatively correlated with dg and CI was positively correlated with
dg. This result implied that if the dg of agglomerates was increased,
the SF would decrease. In addition to this, the CI and AoR were
negatively correlated with SF on PC1. This finding suggested that as
sphericity of agglomerated crystals increased and resulted into an
improvement in flowability as the values of flow parameters (AoR and
CI) decreased. Again this result correlated with the previous investiga-
tion [55]. Furthermore, other variables plotted on loading plot at low
values near to origin and hence, they were not further considered for
discussion. Finally, this PCA result was also considered to be reasonable
and the cumulative contribution ratio of PC1 and PC2 was 90%. Correla-
tion loading plot also decided the most important variables which are
illustrated in Fig. 3. The results depicted that there were three most
important variables (dg, SF and CI) marked by a circle as they were
enclosed between two ellipses.

Fig. 4 shows a PCAbi-plot containing both scores and loading vectors
of agglomerates. In the PCA bi-plot, CI of batches RL1, RL3, RL7 and RL9
were plotted on the same side of PC1, which depicted that they were
positively correlated and hence, CI of these batches was high. Similarly,
dg and SF of batches RL2, RL5, RL7 and RL9 were plotted on the same
side of PC2. In Fig. 5, the third principal component (PC3), explaining
an additional 4% of the variation in the data, is displayed in 3D score
plot against PC1 and PC2. Due to the very low explained variation of
PC3, it was not important in the development of agglomerates and
hence, not further discussed. The reduced PCA model was explained
with a total of 94% of the variation on the data set over three principal
components (PC1: 80%; PC2: 10%; PC3: 4%).

Plotting the eigenvalues against the corresponding PC produces a
scree plot that illustrated the rate of change in the magnitude of the
eigenvalues for the PC. The Cattell [56] scree test and the Kaiser [57]
criterion are the most frequently used procedures. They are both
based on the inspection of the correlation matrix eigenvalues. Cattell's
recommendation was to retain only those components above the
point of inflection on a plot of eigenvalues ordered by diminishing
Table 3
Regression analysis of full factorial design batches of agglomerates.

Coefficients dg (Y1) SF (Y2) CI (Y3)

FMa RMb FM RM FM RM

b0 0.8608 0.8387 0.9188 0.9188 15.78 15.67
b1 0.1255 0.1255 0.0116 0.0116 −0.836 −0.836
b2 0.1263 0.1263 0.0778 0.0778 −0.910 −0.910
b11

c −0.0638 – −0.0191 −0.0191 2.030 2.03
b22

c,e 0.0306 – −0.0210 −0.0210 −0.161 –

b12
d,e −0.0972 −0.0972 −0.0020 – 0.077 –

a FM, Full model.
b RM, Reduced model.
c Nonsignificant (P N 0.05) coefficients for Y1.
d Nonsignificant (P N 0.05) coefficients for Y2.
e Nonsignificant (P N 0.05) coefficients for Y3.



Fig. 7. Graphical representation of the magnitudes of the main effects and interactions of the factors on (a) dg; (b) SF and (c) CI of RL agglomerates.
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size. Kaiser [57] recommended that only eigenvalues at least equal to
one are retained as one is the average size of the eigenvalues.
Eigenvalues of all PCs were calculated using XLSTAT® software version
Table 4
Calculation for testing the model in portions for agglomerates.

Model dfc SSd MSe R2

Mean geometric diameter (Y1)
Regression

FMa 5 0.23812 0.04762 0.9641
RMb 3 0.22809 0.07603 0.9234

Residual Fcal = 1.6968
FM 3 0.00886 0.002955 Fcritical = 9.55
RM 5 0.01889 0.003779 df = (2, 3)

Shape factor (Y2)
Regression

FM 5 0.03882 0.007765 0.9974
RM 4 0.038807 0.009702 0.9970

Residual Fcal = 0.4892
FM 3 9.8E−05 3.27E−05 Fcritical = 10.13
RM 4 0.000114 2.85E−05 df = (1, 3)

Carr's index (Y3)
Regression

FM 5 17.48569 3.497138 0.9697
RM 4 17.41047 5.803489 0.9655

Residual Fcal = 0.2067
FM 3 0.545708 0.181903 Fcritical = 10.13
RM 5 0.620933 0.124187 df = (1, 3)

a FM, Full model.
b RM, Reduced model.
c df, Degree of freedom.
d SS, Sum of squares.
e MS, Mean of squares.
2008.6.03 (Addinsoft, Italy). The scree plot shown in Fig. 6 shows the
eigenvalues for each component in descending order. The aim was to
look for a “large gap” or an “elbow” in the graph. The rate of decline
tends to be fast first then levels off. The ‘elbow’, or the point at which
the curve bends (dotted line in Fig. 6), was considered to indicate the
maximum number of PC to extract. This scree plot revealed that there
was one large gap/break in the data between components 1 and 2 and
then the eigenvalues begin to flatten out beginning with component
3. This indicated that only these two components (1 and 2) should be
retained and interpreted. A sequential analysis would likely show that
components 3 to 9 appeared after the break was assumed to be trivial
and hence not retained. Also eigenvalues of components 3 to 9 were
less than unity (1) and can therefore be removed and not interpreted
[58]. From the percentage cumulative variance plot (Fig. 6), it would
appear to be 2 “dimensions” represented by components 1 and 2
which account for 90% of the variation in the data. At the end, it was
speculated that the dg, SF and CI were the most important variables in
the preparation of agglomerates of RL and, hence, further optimization
of agglomerates was based on them.
4.2. Optimization of agglomerates

For all 9 batches, selected dependent variables mean geometric
diameter (Y1), shape factor (Y2) and Carr's index (Y3) exhibited wide
variations from 0.497 to 1.075 mm, 0.788 to 0.978 and 14.27 to 19.24,
respectively (Table 2). The data clearly indicated strong influence of
selected factors (X1 and X2) on responses (Y1, Y2 and Y3). The polynomi-
al terms could be used to draw conclusions after considering the
magnitude of coefficients and mathematical sign it expresses either
positive or negative (Table 3) which are graphically illustrated in Fig. 7.



Fig. 8. Influence of formulation variable amount of DCM (X1) and concentration of PEG (X2) on dg (Y1) by (a) response surface and (b) counter plot.
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Using 5% significance level, a model was considered significant if the
P-value (significance probability value) was less than 0.05. For dg (Y1),
coefficients b11 and b22 were found to be insignificant (P N 0.05) and
therefore, these terms were separated from their full model in order
to develop reduced model (Table 3). Similarly, the coefficient b12 was
insignificant for SF (Y2) and b22 along with b12 were found to be
insignificant for CI (Y3) and hence, these terms were removed from
their respective full model [22]. The removal of insignificant terms
was further justified by executingANOVA test (Table 4). The high values
of correlation coefficients for dg (Y1), SF (Y2) and CI (Y3), illustrated
goodness of fit [59]. The critical values of F for Y1, Y2 and Y3 were
found to be 9.55 (df = 2, 3), 10.13 (df = 1, 3) and 10.13 (df = 1, 3),
respectively. For all responses, calculated F values [1.69 (Y1), 0.48 (Y2)
and 0.21 (Y3)] were less than their respective critical values which
advocated nonsignificant difference amongst full and reduced model
[60,61]. The data of all 9 batches of experimental design were used to
generate interpolated values with the assistance of contour and
perturbation plots [62].
Fig. 9. Influence of formulation variables on SF (Y2)
4.2.1. Influence of formulation composition on mean geometric diameter
(Y1)

The results of regression analysis for dg (Y1) depicted positive sign
for regression coefficients b1 and b2 which suggested that with an
increase in amount of DCM (X1) and concentration of PEG (X2) the dg
of RL agglomerates resulted in an increased. A highest dg of 1.075 was
observed for batch RL8 with levels of X1 and X2 as 0 and 1, respectively.
The results of response surface and contour plots are illustrated in Fig. 8.
From the response surface and contour plot it was clear that dg of RL
agglomerates was increased with increased amount of DCM and PEG
concentration. This could be attributed to the presence of higher
amount of DCM which might had provided good bonding of crystals
and ultimately increased size [14]. Additionally, an increase in size of
agglomerates with increased PEG concentration might be attributed to
the ability of PEG to bind the growing crystals during crystallization.

As the number of response surface methodology (RSM) factors
increased, it became difficult to visualize the response surface with
graphical tools. In this case it is helpful to view a special form of
by (a) response surface and (b) counter plot.



Fig. 10. Influence of formulation variables on CI (Y3) by (a) response surface and (b) counter plot.
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response plot called “perturbation” for RSM data. Perturbation plots
compared the effect of all the factors at a particular point in the RSM
design space. The response was plotted by changing only one factor
over its range, while holding all other factors constant. On the perturba-
tion plot, a steep slope or curvature in an input variable indicates a
relatively high sensitivity of response. Perturbation plot in Fig. 8a
illustrated the effect of X1 and X2 variables on the dg. Increase in dg
was observed as the amount of DCMand concentration of PEG increased
with same magnitude. Again this observation was also confirmed by
surface response and counter plot (Fig. 9) alongwith regression analysis
(Table 3 and Fig. 7a).
4.2.2. Influence of formulation composition factor on shape factor (Y2)
The results of regression analysis for Y2 depicted positive sign for

regression coefficients b1 and b2. This finding suggested that shape
factor (SF) of RL agglomerates was increased as X1 and X2 increased. A
highest SF of 0.978 was observed in batch RL8 with levels of X1 and X2

as 0 and 1, respectively. The results of response surface and contour
plots are illustrated in Fig. 10. This finding also correlated with the
observation of perturbation plot (Fig. 8b). In addition to these, high
magnitude of regression coefficient b2 (0.0778) indicated PEG had
more positive influence on the sphericity of RCD agglomerates as
compared to DCM (Table 3). PEG was the crucial polymer which could
alter the crystal habit and the manner in which drug got recrystallized
by giving a spherical shape. This might be attributed to adsorption of
PEG at the growing surface of agglomerates and controlling or blocking
the rate/growth of crystal formation [63,64].
4.2.3. Influence of formulation composition factor on Carr's index (Y3)
The results of regression analysis for Y3 described negative sign for

regression coefficients b1 and b2 (Table 3). This suggested that with
increased in amount of DCM and concentration of PEG the CI of agglom-
erates was decreased. These results are observed in response surface
and contour plots (Fig. 11). Perturbation plot (Fig. 8c) depicted that X1

influence strongly on CI which was confirmed by high magnitude of
regression coefficient b1 (−0.836). The curve corresponding to X1

declines from−1 to 0 and then rises gradually up to level 1. This finding
revealed that at low level of DCM, the CI decreased and at last the
flowability of agglomerates was improved. Further, the sphericity of
prepared agglomerates reduced at higher amount of DCM which
might be due to the roughness imparted by DCMon growing agglomer-
ates. The lower magnitude of regression analysis for X2 showed the
lesser impact on CI and it was confirmed from perturbation plot
(Fig. 8c).

The optimized formulation was obtained by applying constraints on
dependent variable responses and independent variables [65]. The
constraints were arbitrarily selected as dg in range of 0.5 to 1 (mm);
SF target to 1 and minimum CI. These constrains were common for all
the formulations. The recommended concentrations of the independent
variables were calculated by the Design Expert® version 7.1.5 (Stat-
Ease, Inc., MN, USA) software from the overlay plot (Fig. 12). The
optimum values of selected variables obtained were 0.22 (X1) and
0.86 (X2). Check point/optimized batch of RL agglomerates (RLO) com-
prised 7.66 mL of DCM, 4.79%w/wof PEG, 1%w/w of talc and 2%w/w of
PVA with a stirring rate of 875 rpm. The results depicted nonsignificant
(P N 0.05) difference and lower magnitude of % relative error between
experimentally obtained and theoretically computed data of dg, SF
and CI [23] along with significant values of R2 [66] suggested the
robustness of mathematical model and high predictive ability of full
factorial design applied (Table 5).

4.3. Percentage yield and drug content

Almost all the batches of agglomeration showed drug content N96%.
The results indicated good loading efficiency and insignificant drug loss
whichmight be attributed to slight solubility of RCD in poor solvent and
addition of LPM to poor solvent. The % yield of prepared agglomerates is
shown in Table 2. The percentage yield of agglomerated crystals was
found in the range of 89.35% to 97.32%. The variation in % yield might
be attributed to drug loss during agglomeration in terms of sticking to
the wall of the vessel and remaining unagglomerated.

4.4. Shape analysis

Aspect ratio (φ), shape factor (SF) and circularity factor (CF) for
prepared agglomerates were varied between 0 and 1, with a low value
which indicated an elongated particle; a perfect sphere had an aspect
ratio of 1. As seen in Table 2, the values of these descriptors are near
to unity. Irregularity gave an indication of whether or not the particle
was elongated or irregular. Irregularity measures the surface area
compared to the size of the particle, a perfect circle has an irregularity
of π. The low value of IF of RL crystals (1.982) was gave an indication
of elongated particle shape. The value of IF of optimized RL agglomer-
ates was found to be 3.016 which indicated perfect spherical structure
of agglomerates and it was confirmed from SEM. Elongated or irregular



Fig. 11. Perturbation plots showing effect of independent factors on (a) dg, (b) SF and (c) CI of agglomerates while keeping other variables at their respective midpoint.

138 K.C. Garala et al. / Powder Technology 247 (2013) 128–146
particles might tend to mechanically interlock or entangle with each
other, thus obstructing powder flow and reducing flowability [67]. Con-
sidering the shape parameters in combination can give more detailed
information. For instance, prepared RL agglomerates by CCA were
more spherical in shape whereas RCD and LPM crystals were elongated
and irregular in silhouette. The majority of drugs do not present ade-
quate flow properties and high compressibility necessary for direct
compression, requiring addition of excipients, which strengthens the
weak linking between particles, facilitating the cohesion of the mate-
rials and, consequently, the compression [68].
4.5. Flowability measurements

The widespread use of solids in industries related with agricultural,
food, chemical, ceramic, pharmaceutical, metallurgical, and other bulk
solids and powder processing has generated a variety of techniques
for characterizing flow behavior of solids. Improved processability
refers to any advancement, which would enable downstream dosage
form development or packaging, such as enhanced flowability and
compressibility. Flow is well-defined as the relative movement of a
bulk of particles among neighboring particles, or along the wall surface



Fig. 12. Overlay plot for optimized parameters of agglomerates.
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of a container. Poor flow properties affect adversely the ability to
process such materials, for example, by hindering the mixing process
and potentially affecting process performance. To ensure steady and
reliable flow, it is crucial to accurately characterize the flow behavior
of solid materials.

As shown in Table 2, flow property of agglomerates obtained in the
presence of excipients was excellent compared to RCD and LPM.
Remarkable reduction in CI and HR as well as AoR of agglomerates
compared to physical mixture of pure drugs indicated substantial
improvement in flow and packing ability of agglomerates. This was
due to spherical shape and smooth surface of the agglomerates obtained
from the process of agglomeration.

4.6. Compression behavior of coarse and agglomerated RL

An important approach in practice is the focus on themanufacturing
of tablets with adequate strength. This ability of a powder or agglomer-
ate formulation to be compressed into tablets with specified strength
can be expressed as the formulations' compactibility or packability.
Attempts have been made to describe the entire compression profile
in distinct parts by several equations [69] or with a polynomial with
several coefficients [70]. In order to investigate compression behavior
of prepared agglomerates, Kawakita analysis, Kuno's equation and
Heckel analysis were performed.

Kawakita parameters were obtained by linear regression analysis
(Fig. 13). The linear region of the Kawakita plot was determined
visually, and for all the plots was taken between 0 and 100 tapping.
Table 5
Results of optimized batch (RLO) of agglomerates.

Response Predicted value Experimental value
[Mean ±
SD (n = 3)]

% Relative error

dg (mm) 0.9517 0.9015 ±
0.1205

5.27

SF 0.9784 0.9641 ±
0.1132

1.46

CI 14.8583 15.3826 ±
0.0971

3.52
The R2 values for both RL and all other batches including RLO (indicated
by line graph in Fig. 13) were N0.9. The parameter a explains the initial
porosity at zero pressure which is corresponding to the total portion of
reducible volume at maximum pressure. It also describes the relative
volume reduction at the maximum number of taps. In case of prepared
agglomerates of RL, the value of a (b0.157) was significantly smaller
than value of RL (0.416), indicating excellent flowability and better
packability of agglomerated crystals over RL. Here, RL had higher a
value than RLO which could be attributed to needle shape structure of
primary RL particles, possessing large amount of voids between them.
Smaller a value of RLO was due to the smaller size and spherical shape
of the particles, which would facilitate efficient packing [71]. In other
words they were well packed before tapping since tapping does not
improve the packing significantly, it only reorganizes the agglomerated
particles presumably without changing their shape and size significant-
ly [72]. The apparent packing velocity obtained by tapping, represented
by parameter 1/b, for the agglomerates was lower than that for the pure
drug, since the agglomerates were packed more closely, even without
any tapping, as a consequence of their better flowability and packability
[73]. Mathematically the parameter 1/b is equal to the pressure when
the value of C reaches one-half of the limiting value, and for the pre-
pared agglomerates the 1/b parameter range from 2.806 to 8.854. The
1/b values for RL and RLO were 16.845 and 3.472 respectively. Thus,
RLO requires greater force to reduce to one half of its original volume
than RL, as needle shape crystals get packed with high amount of
rearrangement, which requires higher force. The larger b value of RLO
Fig. 13. Kawakita plot of pristine drugs and agglomerates.



Fig. 14. Heckel plot of pristine drugs and optimized agglomerates.

Table 6
Parameters of Leuenberger equation.a.

Sample Compression susceptibility, γ (kg/
cm2)−1

Maximumcrushing strength,σtmax (kg/
cm2)

RL 0.0211 ±
0.0089

1.645 ±
0.197

RLO 0.0937 ±
0.0115

5.578 ±
0.128

a Results are of mean of three observations ±
SD.
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(0.288) than RL (0.0593) implied that comparatively less resisting
forces could occur for agglomerated crystals during compression [74].
Improved flow properties and compressibility of the agglomerated
crystals indicated that they were directly compressible; whereas, the
non-agglomerated drug would be predicted to be not directly
compressible due to its poor flow properties. In mechanistical terms,
the powders became more resistant to compression at the lower
pressure range opposite to agglomerates. The compression profiles
also indicated that smaller particle size of drug tended to reduce the
ability of the powders to compress. This may reflect that smaller size
materials resulted in less prone to deform.

Furthermore, large values of parameter K (N0.9) in Kuno's equation
for the agglomerates indicated that the rate of their packing processwas
much higher than that of the original crystals. These findings suggested
that agglomerates flow and pack smoothly from the hopper into the die
and that tablets formed from agglomerates attain uniformity in weight
[73,75].

The Heckel equation is probably the most widely used porosity-
pressure function in the field of pharmaceutical sciences. Heckel
suggests [35] density–pressure relationship during powder compaction
in analogous to a first order chemical reaction. Heckel plot constant, A is
the intercept of the extrapolated linear region of the curve (Fig. 14). Its
value is related to the density of the powder after die filling and particle
rearrangement in the initial phase of compaction before bond
formation. Values of A for all batches of agglomeration were less than
pure drugs (1.128). This finding suggested that, low compression
pressure was required to obtain the closest packing of the particle,
fracturing its texture and densifying the fractured particles [76]. Heckel
[34] argued that the linear part of the curve described the plastic
deformation of the material and considered elastic deformation to be
negligible. The slope of the linear region of the curve, k, provided infor-
mation of the plasticity of the compressed powder. The higher the value
of the slope k for all prepared batches indicated the more plastic nature
of agglomerates than the RL. The value of slope was also related to the
mean yield pressure (Py) of the material [77], which measured the
material's resistance for deformation. Plastic flow of the particles during
Fig. 15. Leuenberger plot of pristine drugs and optimized agglomerates.
compression occurred mainly after rearrangement and fracture [78].
The Heckel yield pressure, Py, represented the compressibility of the
powder in region II, varied from 28.43 tons (RL) to 1.271 tons (RL1),
i.e. a ~ 22-fold variation. Since, the Heckel yield pressure is often used
as an indication of the plasticity ofmaterials, the agglomerates prepared
represented that was soft and RL considered as hard, as categorized by
Roberts and Rowe [79].

Yield strength (σo) is an indication of the tendency of the materials
to deform either by plastic flow or fragmentation [80]. The low value
of yield strength (σo) (Table 2)was again an indication of low resistance
to pressure, good densification and easy compaction [75]. Heckel also
concluded that at low pressures the curved region of the plot was
associated with individual particle movement in the absence of
interparticle bonding, and that the transition from curved to linear
corresponds with the minimum pressure necessary to form a coherent
compact [35]. In case of agglomerates, the effect of PEG addition (plastic
material) on tableting properties was observed. Densification of this
polymer was probably due to plastic deformation [81]. Furthermore,
Heckel plot analysis suggested that, agglomerated crystals were frac-
tured easily and new surface of crystals produced might contributed
to promote plastic deformation under compression [82]. Therefore, it
was concluded that compressibility and tableting behavior of RL was
successfully improved by CCA technique. Furthermore, compressibility
of optimized agglomerated RLwas determined by using 4.7 Leuenberger
analysis.

Leuenberger derived an equation, which includes one factor for the
compressibility and one for the compactibility [83]. The inclusion of a
compactibility term made this equation, the so-called Leuenberger
equation, an attractive tool for investigating powder formulations.
Interrelation between these two characteristics can be expressed with
following equation.
Fig. 16. FT-IR spectra of RCD, LPM and RLO.
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σt ¼ σtmax 1−e−γPρ
� �

ð16Þ

where σt is the radial crushing strength at certain pressure (kg/cm2);
σtmax is the maximum crushing strength (MPa); γ is compression
susceptibility ((kg/cm2)−1); P is the applied force and ρ is the relative
density. A nonlinear plot (Fig. 15) of tensile strength with respect to
product of compaction pressure (P) and relative density (ρ) was
obtained using statistical software GraphPad Prism 5.03 (GraphPad
Software, Inc. USA). The parameter maximum crushing strength
(σtmax) and compression susceptibility (γ) allow a characterization of
the different materials [84]. The compression susceptibility for compact
prepared from RLO indicated that the maximum crushing strength was
reached faster at lower pressures of compression as opposed to crystals
of RL. Higher value for σtmax was observed in case of agglomerates than
coarse RL compression. It showed that agglomerates can build a
compact with a higher strength than RL. The lower value of γ for RL
crystals demonstrated that maximum tensile strength could be
obtained slowly at higher pressure. The low σtmax value for powder
showed poor bonding properties which indicated least bonding proper-
ties of compact prepared from coarse RL crystals (Table 6).

4.7. Elastic recovery

To investigate the effects of interparticulate friction, elastic recovery
measurements were made on prepared compacts. The result of elastic
recovery for RLand agglomerates are given in Table 2. Elastic recovery
of all prepared agglomerates was very small (b0.82%). Capping/-
lamination of the original coarse crystals occurred at compression
pressures of 4 tons and above. At the same time, the elastic recovery
of pure drugs was very high (4.43%). When RL was made into agglom-
erates byCCA, tabletingwas possiblewithout the occurrence of capping.
Spherically agglomerated crystals of RL was significantly better
tabletibility than coarse crystals, because agglomerates making the
crystals fracture easily under compression, this increased the points of
contact among particles facilitated plastic flow, thereby increasing the
contact area and new high-energy surfaces appeared because of
fracturing, which strongly bonded the particles [82,85].

4.8. Tensile strength

The agglomerated crystals, obtained by crystallization in the
presence of excipients like HPMC and PEG, possessed superior tensile
Fig. 17. DSC thermogram of RCD, LPM and RLO.
strength characteristics in comparison to the pure crystals (Table 2).
The results showed that the tablets made of untreated RL particles
were prone to capping at lower compression pressures. Whereas, the
agglomerated crystals were successfully tableted without capping at
any compression pressure applied. This was the main reason for higher
tensile strength of tabletsmade from agglomerated particles in compar-
ison with the tablets made from the untreated RL (1.645 kg/cm2). The
maximum tensile strength for RLO (5.578 kg/cm2) was obtained at
compression pressure 9 tons.

4.9. Moisture content

The moisture content of a pure drugs and agglomerates influenced
flowability from the perspective of capillary forces and liquid bridging
between the particles. The strength of the cohesive force depends on
the surface tension, wetting angle, space between the particles and
particle diameter. The same particle characteristics that result in
moisture uptakewould influence dissolution properties. This parameter
was also important for the prediction of the flow behavior of the
product in the tableting machines or in the encapsulation machines
during the preparation of pharmaceutical dosage forms. It isworthwhile
to note that moisture played a critical role in compression. One of the
most common causes of capping in tablets was inadequate moisture
in the blend ready for compression. In terms of residual moisture,
results of moisture content of the agglomerated crystals of RL were
found to be less than 1.3% (Table 2), which could be attributed to the
hygroscopic nature of PEG that retained moisture, even after drying
[86]. The data were in compliance with USP requirements for product
storage [87].

4.10. Fourier transformed infrared (FT-IR) spectroscopy

Infrared (IR) spectral measurements have been used for a broad
range of applications — from analysis of liquids, gas compositions and
solid substances for detailed characterization of their physical state.
The compatibility of RCD and LPM with polymers was investigated by
IR spectroscopy study and the IR spectra of pure RCD, LPM and RLO
are illustrated in Fig. 16. One of the fundamental properties of
chemical bonds is that they exhibit vibrations at distinct frequencies.
The vibrational frequency of a chemical bond is intrinsic to the
Fig. 18. PXRD patterns of RCD, LPM and RLO.
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chemical bond of interest [88]. The study of IR spectra of RCD
(Fig. 16) demonstrated characteristic absorption bands for aromatic
rings like S\H stretching, C_O stretching, C\O stretching and N\H
stretching vibration appeared at 1542, 2554, 1641, 1039 and
3306 cm−1, respectively. Furthermore, IR spectra of LPM (Fig. 16)
revealed that the characteristic absorption bands of C_O stretching,
CH2 stretching and O\H stretching vibration appeared at 1603, 2854
and 3562 cm−1, respectively. Almost identical absorption bands
were obtained from FT-IR spectra of optimized agglomerates (RLO),
but with somewhat lower intensity. Thus, the IR study indicated a
stable nature of RCD and LPM in agglomerates prepared by CCA. All
the peaks of drugs appeared in the spherical agglomerates of RL,
which showed that there was no any interaction between drug and
excipients utilized.

4.11. Differential scanning calorimetry (DSC)

The DSC thermograms of RCD, LPM and RLO have been demonstrat-
ed in Fig. 17. Pure RCD and LPM showed a sharp endothermic peak at
81.20 °C and 218.28 °C, with the heat of fusion/enthalpy (ΔH) of
71.3 J/g and 76.31 J/g, respectively corresponding to melting points.
These sharp peaks confirmed the purity of the drug substances, with
no noticeable impurities present, corresponding to the literature value
of 80.9 °C and 218.4 °C for RCD and LPM respectively [89,90]. In DSC
thermogram of RLO, two endothermic peaks correspond to RCD and
LPM at 78.15 °C and 216.53 °C respectively with a reduction in ΔH of
RCD (44.81 J/g) and LPM (52.14 J/g). These occurrences might be
attributed to the dispersion of crystalline RCD and LPM into amorphous
polymers i.e. PEG and HPMC. Furthermore, it was not a sign of
pharmaceutical incompatibility [91,92]. Partial amorphization of
crystalline RCD and LPM in agglomerates might also be a reason for
such phenomena [93]. Literature revealed that complete amorphous
form of drugs was not in the equilibrium state and might be re-
crystallized during storage, granulation or compression processing
[94]. Therefore, partial amorphization of RCD and LPM might be
provided comparative more stability than their complete amorphous
counterparts. In order to evaluate the amorphous/crystalline property
quantitatively, the relative ratio of heat of fusion against the original
bulk, was defined as crystallinity (Xcr), and it was calculated from the
heat of fusion of DSC thermogram. The Xcr of RCD and LPM in RLO
was found to be 0.6285 and 0.6833, respectively which were signifi-
cantly smaller than pure crystalline drugs.

4.12. Powder X-ray diffraction (PXRD)

PXRD can be used to screen for the relative crystallinity of samples
[95] which is expressed in terms of relative degree of crystallinity
(RDC) or crystallinity index [96]. For the determination of the degree
Fig. 19. GC-HS chromatogram for the det
of crystallinity, numbers of X-ray diffraction methods were reported
and practiced [97]. Typically PXRD assessed crystallinity from peak
height [98] or area [99]. In the present investigation, RDCwas calculated
by the following equation:

RDC ¼ Is=Ir ð17Þ

where, Is was the peak height of the sample (optimized agglomerated
crystals) under investigation and Ir was the peak height at the same
angle of the reference (crystalline drug) with the highest intensity.
Because crystalline drug was not observed “halo” in the PXRD pattern,
the external standard method was reduced to a direct comparison
method and therefore, it was assumed that coarse crystalline drugs
had 100% crystallinity. Similarly, the relative crystallinity (RC) in
percentage was calculated as follows:

RC %ð Þ ¼ Cs=Crð Þ � 100 ð18Þ

where, Cs and Cr were the product of peak height and Kubler Index (is
the full width at half-maximumheight, FWHM) [100] of highest intense
peak of sample (optimized agglomerated crystals) and reference
(crystalline drug), at same angular scale, respectively.

The PXRD pattern of RCD and LPM exhibited intense peaks whereas
PXRD pattern of agglomerated crystals (RLO) exhibited less intense and
denser peaks compared to pristine RCD and LPM (Fig. 18). The PXRD
pattern of RCD showed its characteristic peaks at °2θ of 18.04, 20.22,
25.69, 25.13, 23.56, 17.10, 41.71 and 31.34. Moreover, PXRD spectra of
LPM exhibit clear diffraction peaks at °2θ of 11.6, 16.7, 17.5 and 20.2.
In case of RLO, PXRD pattern in the °2θ range of 5 to 50 illustrated
characteristic diffraction peaks of RCD and LPM. Intensities of character-
istic peaks of drugs were decreased in RLO, which might be due to the
differences in the crystallinity of the drugs and agglomerates [101],
and indicated reduction in crystallinity or partial amorphization of the
drugs in its agglomerated form [102]. In relative crystallinity determina-
tions, the PXRD patterns of RCD and LPM were clearly different in peak
intensity from corresponding peaks in RLO. The calculated RDC value of
RCD and LPM in agglomerates (RLO) was 0.59 and 0.62 respectively
which further indicated the reduction in crystallinity of drugs when
formulated as spherical crystal agglomerates. Further, calculated RC
values of RCD and LPM in optimized agglomerates were 59.69% and
61.76% respectively. In addition to these, it was found that the particles
crystallized in the presence of excipients did not undergo structural
modifications. As depicted in Fig. 18, most of PXRD peaks of the agglom-
erates were consistent with the pattern of pure drugs, which indicated
that there was no any structural change or drug-excipients incompati-
bility detected after recrystallization [103].
ermination of DCM in agglomerates.



Fig. 20. SEM micrographs of (a) coarse RCD, (b) coarse LPM and (c) optimized
agglomerates.

Fig. 21. Dissolution profile of RCD and LPM from optimized agglomerates (RLO).
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4.13. Determination of residual solvent

Residual solvents are critical impurities in excipients, drug sub-
stances and ultimately drug products, because they may cause toxicity
and safety issues, and affect physicochemical properties of drug
substances and drug products [104]. In order to control residual solvent
contents in drug substances, products and excipients, ICHQ3C guideline
provided particular criteria for Class 1 solvents (5) — known or
suspected human carcinogens or environmental hazards, Class 2
solvents (26) — suspected of other significant but reversible toxicities,
and Class 3 (28) solvents — low toxic potential to human [105].
Generally, the solvents were not completely eliminated by manufactur-
ing techniques. Hence, the solventmight sometimes be a critical param-
eter in the process. The general procedure of European Pharmacopoeia
for residual solvents determination in pharmaceutical products
included analysis of many solvents by GC [106].

A GC-HS chromatogram of standard solution and agglomerates is
shown in Fig. 19. The detector voltage (y-axis) was plotted as a function
of time (x-axis). The identity of each peak can be determined by
injecting samples and noting their retention times. After injecting
standard solution of DCM (1000 ppm), a peak corresponding to a
DCM content appeared at retention time of 1.03 min. A residual solvent
peak of optimized RL agglomerates was observed at same retention
time as that of standard (1.03 min) with extremely low intensity. It
depicted that most of the solvents were evaporated and very small
amount of solvent retained in agglomerates. Furthermore, the amount
of DCMwas determined by the area covered by peak at same retention
time and it was found that 17.75 ppm. The “permitted daily exposure”
(PDE) for DCM was defined by ICH as 600 ppm [105], it revealed that
DCM was entrapped in agglomerates at insignificant extent and that it
does not produce toxicity in human.

4.14. Scanning electron microscopy

An examination of the SEM, confirmed that the pristine RCD
(Fig. 20a) and LPM (Fig. 20b) was significantly smaller in particle size
and blade or plate shaped elongated crystals with fines which hindered
the flowability and compressibility. Improved flowability of RL agglom-
erates was mainly because of good sphericity of modified crystals
obtained (Fig. 20c) by CCA. Similar results were obtained in other
studies using CCA procedures for other drugs [19,33,107]. SEM of the
untreated RCD and LPM revealed no evidence of porosity in the
untreated crystals whereas the agglomerated drugs indicated clear evi-
dence of porosity. RCD and LPM crystallized and agglomerated in the
presence of HPMC and PEG (Fig. 20c) were spherical in shape along
with smooth surface appearance which promotes the flowability.

4.15. In vitro dissolution study

Dissolution of optimized agglomerates (RLO) and pure drugs (RCD
and LPM) in optimized media was performed using USP type II
apparatus [108]. The aliquots of dissolution were subjected to analysis
by HPLC method. Dissolution profile of optimized agglomerates (RLO)
showed 98.77% of RCD and 99.24% of LPM release within 90 min
whereas pure RCD and LPM showed initially slower dissolution rate
(Fig. 21). The reason for this improved dissolution was linked to the
better wettability of the spherically agglomerated crystals. Incorporat-
ing the hydrophilic polymer might contribute in the improvement
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of dissolution rate. The increase of the dissolution rates of drugs
from agglomerates was also attributed to the reduction in crystallinity
[109].
5. Conclusions

It was shown that QbD approach can be successfully used in the
development of agglomerates containing RCD and LPMwith predictable
physic-chemical properties. It was demonstrated that multivariate
methods, such as full factorial experimental design, response surface
modeling, optimization and PCA, can be applied to systematically char-
acterize the root-cause or source of variability. Crystallo-co-
agglomeration technique can be successfully employed as an alternative
to conventional wet granulation. This study showed that it is possible to
quantify differences between pristine RCD and LPM crystals and
agglomerated RL by a quick and simple screening method. The RL
agglomerates were successfully prepared by application of full factorial
experimental design and characterized by different 21 variables. In
combination with multivariate evaluation methods such as PCA, this
approach was successful in distinguishing, quantifying and predicting
themost influencing variables of agglomerates. Based on these findings
the present approach serves as thefirst step towards a ‘formulation tool’
for optimizing various agglomerate propertieswith respect to formulate
directly compressible tablet. In addition these RL agglomerates of RCD
and LPM were obtained with excellent physico-mechanical properties.
Agglomerates possessed increased particle size, sphericity and surface
smoothness which resulted in excellent flow and packability due to
reduced interparticulate friction. Optimized agglomerates consisting of
4.79% w/w of PEG, 1% w/w of talc and 2% w/w of PVA which were
prepared at room temperature with god solvent (DCM) of 7.66 mL
and stirring rate of 875 rpm. The dissolution study of the agglomerates
showed slight increase in the rate of drug release compared to pure
drugs. The systematic statistical approaches enable us to obtain ready-
to-compress agglomerates of combined active pharmaceutical ingredi-
ents by omitting time consuming conventional wet granulationmethod
using novel CCA technique. It can be concluded that multivariate
methods, as QbD principles and tools, play an important role in
simplifying a higher-level of process understanding and create
opportunities for root-cause investigation and developing control
strategies in pharmaceutical formulation and process development.
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