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Article Information  ABSTRACT 
Received: 14th February 2024  Background: This study explores the amalgamation of crystallization and agglomeration through 

spherical crystallization, aiming to develop the spherical crystals of Irbesartan with improved 

micromeritic properties. The main objective is to use spherical crystallization techniques to improve the 

micromeritic characteristics of Irbesartan, which has poor flow and compressibility because of its crystal 

habit. Methodology: A solvent change approach was utilized to synthesize spherical agglomerates of 

Irbesartan. Several system parameters, including the amount of bridging liquid, the rate of stirring, and 

the concentration of the polymer, were tuned to enhance the particle size distribution and mechanical 

qualities. SEM, GC, PXRD, DSC, and FTIR analyses characterised the spherical crystals. Result and 

Discussion: The study demonstrated that spherical crystallization significantly enhanced Irbesartan's 

micromeritic properties. The angle of repose of optimized agglomerates was reduced by around 52%, 

indicating improved considerably flowability of irbesartan. The sphericity of the crystals was validated 

by SEM examination (shape factor: 0.996), and the solvent levels were found to be within allowable 

bounds by GC analysis. PXRD data showed no polymorphism alterations, and DSC/FTIR analyses 

confirmed that the excipients and drug were compatible. Conclusion: This process provides a feasible 

alternative to classic granulation and agglomeration procedures, resulting in better flow, compressibility, 

and spherical crystals. It streamlines the Irbesartan formulation, improving efficiency and uniformity, 

reducing manufacturing costs, higher tablet consistency, and enhancing patient compliance. 
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INTRODUCTION 
The development and application of spherical crystallization in 
pharmaceutical sciences have significantly advanced since its 
initial discovery by Kawashima et al. in the 1980s [1,2]. This 
unique particle engineering methodology was developed to 
overcome the limits of previous granulation and agglomeration 
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techniques, frequently producing particles with poor flow and 
compressibility qualities. Spherical crystallization converts 
crystalline particles into spherical agglomerates, improving their 
flowability, compressibility, and packing properties – all of 
which are crucial in efficient pharmaceutical manufacture. 
Spherical crystallization was initially used to improve the 

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.69857/joapr.v12i3.581
https://crossmark.crossref.org/dialog/?doi=10.69857/joapr.v12i3.581&domain=pdf&date_stamp=2024-07-01


Journal of Applied Pharmaceutical Research 12 (3); 2024: 138 – 157 Gorde et al.  
 

 
 Journal of Applied Pharmaceutical Research (JOAPR)| May – June 2024 | Volume 12 Issue 3 |  139 

handling and processing of bulk drug powders. Still, it has 
gained widespread acceptance and application to various 
pharmaceutical compounds, particularly in increasing the 
solubility, dissolution rate, and bioavailability of poorly water-
soluble drugs [2]. Recent advances in techniques such as quasi-
emulsion solvent diffusion and spherical agglomeration have 
enhanced the process, broadening its possibilities and benefits 
while establishing the method as a cornerstone of modern 
pharmaceutical manufacture. Such advancements promise to 
revolutionize drug delivery systems, offering improved efficacy 
and stability in pharmaceutical products. The development and 
application of spherical crystallization in pharmaceutical 
sciences have advanced significantly since its initial discovery 
by Kawashima et al. in the 1980s. This innovative particle 
engineering method was created to overcome the limitations of 
earlier granulation and agglomeration techniques, which often 
produced particles with poor flow and compressibility 
properties. Spherical crystallization transforms crystalline 
particles into spherical agglomerates, enhancing their 
flowability, compressibility, and packing properties—crucial 
factors in efficient pharmaceutical manufacturing. Initially, 
spherical crystallization was employed to improve the handling 
and processing of bulk drug powders. Over time, it has gained 
widespread acceptance for various pharmaceutical compounds, 
particularly in improving poorly water-soluble drugs' solubility, 
dissolution rate, and bioavailability. Recent advances in methods 
such as quasi-emulsion solvent diffusion and spherical 
agglomeration have expanded the process's potential and 
benefits, solidifying its role in modern pharmaceutical 
manufacturing. The flexible method allows the ability to 
regulate the size and kind of crystals. Through particle 
engineering, crystals can be directly transformed into 
compressed spherical form by agglomerating and crystallizing 
concurrently in a single step. Because crystal habit (form, 
surface, size, and particle size distribution) can be altered 
throughout the crystallization process, the particle above design 
approach has become one of the active research areas currently 
of interest in pharmaceutical manufacturing. It has also recently 
obtained excellent popularity and significance. Certain 
physicochemical qualities like solubility, dissolution rate, 
bioavailability, stability, and micromeritic characteristics like 
bulk density, flow property, and compatibility may also shift due 
to such variations in the crystal habit [3]. New particulate drug 
delivery systems such as microsponges, microspheres and 
nanospheres, micro balloons, nanoparticles, and micro pellets 

can also be created. With this approach, certain medications with 
a sluggish dissolution profile and limited water solubility may 
change from their crystalline form to a new polymorphic form, 
increasing their bioavailability and dissolving more quickly. 
Through this innovative approach, the physicochemical 
attributes of pharmaceutical crystals undergo remarkable 
enhancement, optimizing pharmaceutical processes like milling, 
mixing, and tableting due to their outstanding flow and 
compaction characteristics. This method is straightforward and 
cost-effective for large-scale production and streamlines 
operations, requiring fewer resources and personnel, thus 
minimizing time and expenses [4]. This advancement marks a 
significant milestone in tableting technology, particularly 
integrating various directly compressible excipients. 
Furthermore, the spherical agglomerated crystals can be readily 
formulated into tablets or directly incorporated into 
pharmaceutical systems without additional processing steps like 
granulation. Principal component analysis (PCA) is utilized 
when you have collected data on numerous observed variables 
and aim to condense them into a smaller set of artificial 
variables, known as principal components, which capture the 
majority of the variability present in the original variables. This 
method proves beneficial when there is redundancy among the 
variables, indicating that some variables may be correlated due 
to measuring similar constructs. By reducing the observed 
variables into principal components, PCA aids in simplifying the 
dataset while retaining essential information [5]. Although PCA 
shares similarities with exploratory factor analysis (EFA) 
regarding procedural steps, it is crucial to recognize the 
conceptual distinctions between the two techniques to avoid 
misinterpretation or misapplication. The pharmaceutical sector 
favors the direct compression method over all others regarding 
tablet formulation. Good compression and flow qualities of the 
powder or blend are essential for this process [6]. Direct 
compression, however, is highly dependent on the powder's flow 
properties, which can be enhanced by adding various glidants or 
flow enhancers. Optimizing compression properties is still 
difficult to achieve, even with changes to processing processes 
or excipients [7]. Many crystalline medications and excipients 
are fluffy and have low relative bulk and tapped densities, 
exacerbating direct compression problems [8]. Irbesartan, 
renowned for its antihypertensive properties, is an AT1 receptor 
antagonist [9]. Characterized by its crystalline nature with an 
acicular morphology, it presents a fluffy texture alongside 
comparatively low tapped and bulk densities [10]. Despite its 
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efficacy, these inherent traits lead to suboptimal flow and 
compression behaviors, complicating the formulation of directly 
compressible tablets. Consequently, leveraging spherical 
agglomeration is a promising strategy to ameliorate its flow and 
compaction characteristics, facilitating tablet formulation 
processes. Bridging Liquid Amount: Essential for particle 
wetting and binding, ensuring proper agglomeration and 
uniform shape. Stirring Rate: Influences size and uniformity of 
agglomerates; controlled stirring prevents excessive 
aggregation. Polymer Concentration: Affects surface 
characteristics and stabilizes agglomerates, enhancing 
mechanical strength and compressibility. There are various 
major critical issues in pharmaceutical product development, 
particularly those related to bulk drug powders' poor flowability, 
compressibility, and solubility. Traditional granulation and 
agglomeration processes frequently fail to create particles with 
the correct physical qualities, resulting in industrial 
inefficiencies and poor medication compositions. This study's 
methodological rationale stems from advanced spherical 
crystallization procedures, which convert crystalline particles 
into spherical agglomerates, greatly enhancing flow and 
compressibility. This work is crucial because it improves 
Irbesartan's manufacturing efficiency (very poorly flowable) as 
an antihypertensive agent and maintains better product quality 
and patient compliance. 
 
MATERIALS AND METHODS 
Materials 
Irbesartan was obtained from CTX Lifescience Pvt. Ltd., India, 
while talc, PEG 6000, and PVA were acquired from HiMedia 
Labs in Mumbai, India. HPMC was generously provided by 
Colorcon Asia Pvt. Ltd. in Goa, India, and Eudragit was received 
as a gift from Evonik in Mumbai. High-performance liquid 
chromatography (HPLC) grade acetonitrile and water were 
sourced from Merck Pvt. Ltd. in Mumbai, India. All other 
chemicals utilized were of analytical grade and obtained from 
Merck Pvt. Ltd. in Mumbai, India. Double-distilled water was 
used throughout the study. 
 
METHODOLOGY 
Formulation of spherical agglomerates 
Solvent system selection 
To determine the solubility of Irbesartan, we employed the shake 
flask method [11]. An excess of Irbesartan was introduced into 
5mL volumetric flasks, each containing 2mL of varying 

solvents. These flasks were then placed on a rotary shaker for 24 
hours. Following equilibrium, the samples were extracted from 
the shaker and centrifuged at 2500 RPM for 10 minutes. After 
appropriate dilution with methanol, the resulting supernatant 
was analyzed for drug content using a UV spectrophotometer. 
 
Selection of excipients and processing parameters 
Various additives were added to suitable solvents at different 
levels to determine their effect on the development of 
agglomerates of irbesartan. These excipients included talc, 
polyvinyl pyrrolidone K30 (PVP), hydroxypropyl cellulose 
(HPC), ethyl cellulose (EC), hydroxypropyl methylcellulose 
K4M (HPMC), polyvinyl alcohol (PVA), polyethylene glycol 
6000 (PEG), and eudragit E 100 (ERE). While keeping other 
variables like stirring speed, temperature, and phase ratio 
constant, initial experiments were carried out to optimize the 
types and concentrations of polymers. Crushing strength (CS), 
angle of repose (AoR), and mean geometric dimension (dg) 
served as the selection criteria. Employing a propeller-type 
agitator at room temperature, an optimized batch of 
agglomerates containing particular additives was evaluated at 
various stirring rates (100–1200 rpm) to analyze dg, AoR, and 
CS. The temperature impact was then investigated by preparing 
the optimized batch at different temperatures and measuring dg, 
AoR, and CS. In addition, various proportions of good to poor 
solvents have been utilized to assess the impact of phase ratio on 
spherical crystallization. The amount of bridging liquid, stirring 
rate and polymer concentration are all important criteria when 
optimizing the spherical crystallization process because they 
directly impact the final product qualities. The amount of 
bridging liquid affects agglomeration and shape uniformity, 
ensuring particle wetting and binding. The stirring rate 
influences the size and regularity of the agglomerates, with 
controlled churning facilitating constant particle growth while 
preventing aggregation. Polymer concentration alters surface 
characteristics and stabilizes agglomerates, increasing 
mechanical strength and compressibility. Together, these factors 
ensure the formation of spherical agglomerates with outstanding 
flow properties, compressibility, and homogeneity, which are 
critical for the efficient fabrication and performance of 
Irbesartan formulations. 
 
Technique used to prepare spherical agglomerates 
The IRB was dissolved in a suitable solvent together with preset 
polymer concentrations. Following dissolving, bridging liquid 
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was gradually added while the mixture was constantly stirred 
using a mechanical stirrer to promote agglomeration. The 
stirring parameters were carefully monitored to guarantee 
homogeneous particle development and aggregation. 
Temperature was kept constant throughout the process to 
enhance crystallization kinetics. The resultant agglomerates 
were filtered through filter paper and washed with distilled water 
to eliminate leftover solvents and contaminants [12]. Following 
filtration, the agglomerates were dried at room temperature for 
24 hours and kept in a desiccator to avoid moisture absorption. 
Various polymers (HPMC, PVP, PVA, PEG, and Eudragit) were 
used singly and in combinations to customize the agglomeration 
properties, assuring optimal flow, compressibility, and stability 
for pharmaceutical applications. Each evaluation was performed 
three times, and mean±standard deviation (SD) values were 
reported to demonstrate reproducibility. 
 
Central composite design  
The Central Composite Design (CCD) was chosen for this 
investigation because of its reliability and efficiency in 
optimizing processes with various variables. Unlike the Box-
Behnken design, CCD incorporates both factorial and axial 
points, allowing for a more thorough examination of the 
response surface. This enables a more accurate estimation of 
curvature and interaction effects, which is crucial for 
understanding the complicated interactions between the 
variables that influence Irbesartan spherical agglomeration. 
CCD's ability to effectively fit a quadratic model with a small 
number of experimental runs makes it ideal for our study's goal 
of improving several formulation parameters while maintaining 
high precision and dependability in the results. The amount of 
talc and agitation speed play a crucial role in preparing IRB 
agglomerates. Central composite design (CCD) [13] was 
employed for the systemic study of joint influence of the effect 
of independent variables [Amount of Talc (X1) and agitation 
speed (X2)] on responses such as particle size (PS), crushing 
strength (CS), angle of repose (AoR) and yield (YLD). Based on 
preliminary trials, two factors and their levels were decided: the 
amount of talc (X1): 2.5-4.5 %w/w and speed of agitation (X2): 
600-900 rpm. In this design, two factors with five levels (Table 
1) were probed to investigate the main effects and interaction of 
the two factors on fourteen responses. Dependent variables were 
selected based on results obtained after applying principal 
component analysis (PCA). The design consists of nine runs (4 
factorial points, 4-star points, and 5 center points), yielding 13 

experiments in total (Table 1). A quadratic model incorporating 
interactive and polynomial terms was used to evaluate the 
response. Yi = b0 + b1X1 + b2X2 + b11X1

2 + b22X2
2 + b12X1X2 

where Yi was the dependent variable, b0 was the arithmetic 
mean response of the 9 runs, and bi was the estimated coefficient 
for factor Xi. The main effects (X1 and X2) represent the average 
result of changing one factor from its low to high value at a time. 
The interaction term(X1X2) shows how the response changes 
when two factors are simultaneously changed. The polynomial 
terms (X1

2 and X2
2) were included to investigate nonlinearity. 

Data were further analyzed using Microsoft Excel® 2013 for 
regression analysis. One-way analysis of variance (ANOVA) 
was implemented to ensure no significant difference between the 
developed full model and the reduced model. The significance 
level was commonly selected at p<0.05, suggesting a 95% 
confidence level in deciding whether observed variations among 
the means of distinct groups were statistically significant or 
occurred by chance. Response surface plots were plotted to study 
response variations against two independent variables using 
Design Expert 13 (Stat-Ease. Inc. Minneapolis, USA) software.  
 
Table 1: CCD layout congaing factors and levels  

Batch 
Independent variables 
X1 X2 

C1 -1 -1 
C2 +1 -1 
C3 -1 +1 
C4 +1 +1 
C5 -α* 0 
C6 +α 0 
C7 0 -α 
C8 0 +α 

C9 – C13 0 0 

Factor 
Level 

-α -1 0 1 α 
X1: Amount of talc (% w/w) 2.08 2.5 3.5 4.5 4.91 
X2: Agitation speed (rpm) 538 600 750 900 962 

*α 1.414 
Design Expert software was utilized to select the point batch 
(optimized batch). The model was further validated by 
evaluating % relative error between the predicted and 
experimental response for the point batch using the following 
formula: 

%𝑅𝑅𝑅𝑅 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉−𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

× 100          (Eq. 1) 
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Characterization of agglomerates 
Drug content and percent yield 
Properly measured and crushed IRB agglomerates equal to 100 
mg of Irbesartan were then put into a standard conical flask with 
a capacity of 100 mL. To dissolve the medication and the 
polymer, methanol was added, and the mixture was sonicated for 
five to ten minutes in a sonicator. Methanol was added to the 
quantity to reach 100 mL, and then Whatman paper was used to 
purify the mixture. After the filter was obtained, 0.5 mL of the 
solution was removed and adjusted to create 10 µg/ml. A UV 
visible spectrum analyzer determined the absorbance at 245.95 
nm compared to a blank reagent. The calibration curve was used 
to calculate the drug's concentration in the formulation. Every 
sample underwent triplicate analysis. The following formula 
determined the samples' percent (%) yield [14]. The mean value 
was determined for both parameters by averaging the three 
determinations.  

% 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 =  𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

× 100 (Eq. 2) 

 
Particle size and shape 
The optical microscopy method was used to determine the size 
and form of the particles. The ocular disc, earlier calibrated using 
a stage micrometer, was the basic optical microscope eye 
component [15]. The particle size distribution curve was created, 
the size was determined, and the mean geometric diameter (dg) 
was computed. The spherical agglomerates are examined using 
an optical microscope to study their shape. Agglomerate 
photomicrographs were examined for sphericity and surface 
morphology. Area (A) and perimeter (P') were used to calculate 
the shape factor (SF), irregularity factor (IF), and circularity 
factor (CF) for agglomerates. The total surface and 
circumference of the agglomerates were measured using the 
tracings of their enlarged photomicrographs [5,16]. By dividing 
the maximum diameter by the diameter at a right angle to it, the 
aspect ratio (AR) was determined.  
𝑆𝑆ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑆𝑆𝑆𝑆) = 𝑃𝑃"/𝑃𝑃′      (Eq. 3) 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝐶𝐶𝐶𝐶) = 𝑃𝑃′2

4𝜋𝜋𝜋𝜋
       (Eq. 4) 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝐼𝐼𝐼𝐼) = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑃𝑃𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝑃𝑃′)

      (Eq. 5) 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝐴𝐴𝐴𝐴) = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

       (Eq. 6) 
where, P” =2π (A/π)1/2, Dmax = maximum diameter of the 
agglomerate, Dmin= diameter measured to right angle to Dmax. 
 
Flow characteristics  
The angle of repose is a prevalent technique for evaluating flow 
properties, typically assessed through the fixed funnel method 

[17]. Additionally, the flowability of both untreated and 
agglomerated samples was evaluated using Carr’s Index (CI) 
and Hausner’s ratio (HR) [18]. The final results were determined 
based on the average of three measurements. 
 
Compression behavior analysis 
Particles must have advantageous compression and compaction 
properties to participate in the direct compression process. To 
evaluate the powder's and optimized agglomerates' compaction 
behavior, plots connecting relative volume to compression were 
created. 
 
Heckel analysis 
IRB powder and agglomerates (500±5 mg) were compressed for 
one minute using a KBr press and an 8 mm flat-faced punch at 
different compaction. A 1%w/v magnesium stearate in acetone 
dispersion was used to lubricate the punch and die. The 
agglomerates were compressed at a weight of seven tonnes to 
create compacts with no porosity [19]. The Heckel formula,  

𝑙𝑙𝑙𝑙 1
1−𝐷𝐷

= 𝐾𝐾𝐾𝐾 + 𝐴𝐴      (Eq. 7) 

was utilized. In this formula, P stands for compaction pressure 
(tonnes), D for packing fraction, and K and A are constants. The 
inverse of K is the mean yield pressure. 
 
Kawakita Study 
A precise amount of the powder and agglomerate samples were 
meticulously put into a 10 mL measuring cylinder for the 
Kawakita investigation [20]. Then, to determine the volume drop 
after every two taps, this cylinder was placed into the tapped 
density apparatus. Through the application of the formula  

𝑛𝑛
𝐶𝐶

= 1
𝑎𝑎𝑎𝑎

+ 𝑛𝑛
𝑎𝑎
  (Eq. 8) 

where, constants 'a' and 'b' were ascertained by graphing n/C 
against the number of taps. In this instance, 'C' is the volume 
reduction coefficient computed as (Vo – Vn)/Vo, where 'n' is the 
number of taps and 'Vo' and 'Vn' are the first and second tapped 
volumes, respectively. 
 
Kuno analysis 
The findings from the Kawakita study served as the basis for the 
subsequent Kuno analysis [21]. The Kuno analysis employed the 
equation: 

𝜌𝜌𝜌𝜌 − 𝜌𝜌𝜌𝜌 = (𝜌𝜌𝜌𝜌 − 𝜌𝜌𝜌𝜌) ∙ 𝑒𝑒−𝑘𝑘𝑘𝑘  (Eq. 9) 
where ρf, ρn, and ρo represent the density of the powder bed at 
the final, nth, and initial stages, respectively. 'n' denotes the 
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number of tapings, and 'k' signifies the Kuno constant. A 
logarithmic plot of (ρf- ρn) against the number of tapings (n) 
facilitated the determination of the Kuno constant, indicating the 
rate of packability. 
 
Elastic recovery 
To assess the elastic recovery, compacts utilized in the Heckel 
plot analysis were allowed to rest for a full day following the 
measurement of their diameter and thickness [22]. The compact 
thickness was determined both immediately after ejection (Hc) 
and 24 hours later during the relaxation phase (He). The equation 
below was used to compute elastic recovery. 

%𝐸𝐸𝐸𝐸 = 𝐻𝐻𝐻𝐻−𝐻𝐻𝐻𝐻
𝐻𝐻𝐻𝐻

× 100  (Eq. 10) 

 
Crushing strength 
Crushing strength (CS) is a direct indicator of compact 
mechanical durability, so it is used to calculate mechanical 
strength. The mercury load cell technique was used to figure it 
out. Employing a 10-milliliter hypodermic glass syringe, the 
mercury-loaded cell technique was used to assess the crushing 
strength of the developed agglomerates [23,24]. The syringe was 
positioned beneath the agglomeration, and mercury was injected 
via the empty injection tube. The aggregate's crushing strength 
was determined by the total weight of the mercury-filled tube at 
the point of breakage.  
 
Tensile strength 
500 mg were compressed for one minute using a KBr press at 
different pressure settings (measured in tons/cm²) to evaluate the 
tensile strength of spherical agglomerates. After recording the 
compact's thickness and diameter, it was kept in a desiccator for 
the entire night to aid in plastic recovery. A Pfizer hardness tester 
was then used to determine the compact's hardness. Using the 
following formula, the compact's tensile strength (σ), which is 
measured in tons/cm², was determined [25].  

𝜎𝜎 = 2𝐹𝐹
𝜋𝜋𝜋𝜋𝜋𝜋

   (Eq. 11) 

where F= Hardness of compact, D= Diameter, t= thickness 
 
Fourier transform infrared (FTIR) spectroscopy 
Using an FTIR spectrophotometer, the FTIR spectra of 
optimized agglomerates and untreated IRB were captured in the 
4000–400 cm-1 wavelength range [26]. An appropriate amount 
of samples (about 1% w/w) were combined with KBr powder 
and added to a sample container. 

Differential Scanning Calorimetry (DSC) 
Thermograms of IRB and agglomerates were collected using a 
differential scanning calorimeter (DSC). Agglomerates of the 
optimized batch and an accurately weighted sample of IRB were 
hermetically sealed in an aluminum crucible [11]. To keep the 
atmosphere inert, the system was purged with ultra-high quality 
nitrogen gas at a 20 mL/min flow rate. At 10°C per minute, 
heating was done from 10 to 300°C.  
 
X-Ray Powder Diffraction (XPRD) 
Using Cu Kα-1 radiation (λ = 1.542 Å) at 30 kV voltage and 30 
mA current, powder X-ray diffraction patterns of the pure IRB 
and agglomerates of the optimized batch were produced (X-ray 
diffractometer, Brucker D8 Advanced). Using a chart speed of 5 
mm/2°, the data was captured at a scanning rate of 1×104C/sec 
over a range of 5° to 80° [27]. 
 
 Scanning Electron Microscopy (SEM)  
Scanning electron microscopy was used to determine the surface 
topography and measure the particle size [28]. The agglomerates 
were packed on the aluminum stub using double sticky tape. The 
Zeiss Evo 15 scanning electron microscope was used to capture 
the scanning electron micrographs of both pure drugs and 
agglomerates. 
 
Gas chromatography (GC) 
Following the dissolution of 300±2 mg of IRB and an optimized 
batch of agglomerates in methanol, the filtrate was filtered and 
subjected to GC-MS QP 2010 (Shimadzu, Japan) analysis 
utilizing column Rtx-5MS (thickness: 0.25 m, diameter: 0.25 m, 
length: 60 m) and helium as the carrier gas [29]. The area of the 
peak obtained after injecting the reference solution (DMF and 
Toluene) and sample solutions alternatively into GC-HS was 
used to determine the concentration of DMF and Toluene in 
agglomerates. 
 
In Vitro Dissolution 
Using a type II (Electrolab, TDT 06P) dissolution apparatus 
(Basket type), an in vitro dissolution study was conducted on 
pure drug and manufactured spherical agglomerates to assess the 
impact of the polymer used on drug release from the 
agglomerates in 900mL of 0.1N HCl at 37±0.5°C and 50 RPM. 
5 mL aliquots were removed at prearranged intervals and 
replaced with an equivalent volume of dissolving fluid. After an 
appropriate dilution, the samples were examined 
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spectrophotometrically at 246.09nm. Then, the absorbance was 
measured at 247.35nm, and a graph showing the cumulative 
percentage of drug release v/s time was shown. 2 hour buffer 
medium was then changed to phosphate buffer pH 6.8 [30]. 
 
Stability study 
For three months, the agglomerates were charged in a stability 
chamber at 40±2°C and 75±5% relative humidity by ICH 
recommendations for accelerated stability tests. USP type-1 flint 
vials containing this formulation were filled and covered with 
aluminum caps. After being removed from the samples every 30 
days, the drug content, mean geometric diameter, crushing 
strength, and in vitro drug release were assessed [31]. 
 
Principal component analysis 
The Unscrambler®10.2 program (CAMO AS, Norway) was 
used to group the materials and apply PCA to uncover hidden 
structures in the data set. The previously mentioned materials 
(objects, = 13) with different parameters (variables, p = 14) for 
each were put in the data matrix. Systematic cross-validation 
was used for PCA modeling, and a popular normalization 
technique (1/SDev) was used to scale and center the data [32]. A 
methodical approach was used, including pure IRB and 
agglomerates in the model and ending with identifying extremes 
or possible outliers [5]. Then, extreme samples were excluded to 
conduct a more thorough analysis of the remaining materials. 
 
RESULT AND DISCUSSION 
Formulation of spherical agglomerates 
Selection of solvent system 
A drug's solubility in various solvents must be investigated 
before doing crystallization tests. The drug's solubility 
characteristics aid in selecting appropriate solvents. Higher 
solubility solvents are selected as excellent solvents, whereas 
lower solubility solvents are labeled bad solvents [33]. 
Furthermore, a bridging solvent is chosen to have restricted 
solubility and be immiscible with both the anti-solvent and the 
medication. For instance, several pure solvents, including 
hexane, water, chloroform, carbon tetrachloride, DCM, n-
butanol, toluene, ethanol, ethyl acetate, methanol, acetone, 
DMF, and petroleum ether, were used in a solubility 
investigation of IRB. Figure 1 presents a graphic representation 
of the study's findings. The results of the solubility investigation 
revealed that IRB exhibits the highest solubility in DMF 
compared to other solvents, making it a favorable choice. 

Petroleum ether, on the other hand, showed the least solubility, 
suggesting that it is not a good solvent. Petroleum ether was not 
included because of safety concerns related to its use, even 
though it was effective [34]. When evaluated as a substitute 
weak solvent, water produced encouraging results regarding the 
recrystallization of IRB. Furthermore, IRB's low water 
solubility—confirmed by the solubility investigation, which 
produced a solubility of 0.907 mg/mL in water—leads to its 
classification as a BCS-II medication. The immiscibility of the 
bridging liquid with the weak solvent (water) led to its selection, 
as it is crucial for wetting the drug during IRB recrystallization. 
 

 
Figure 1: Solubility (mg/mL) of IRB in different solvents 
 
Preparation of Spherical agglomerates  
For the formulation process, a range of polymers (PEG 6000, 
Eudragit E100, HPC, HPMC K4M, PVP K30, PVA, and Talc) 
and their mixes were used. Each batch's crushing strength (CS) 
and angle of repose (AoR) were evaluated. Following a thorough 
analysis, the polymer combination with the highest CS and 
lowest AoR was selected. Early analyses of the process 
parameters showed that the micromeritics properties of spherical 
agglomerates were significantly influenced by variables 
including talc content (%w/w) (X1) and agitation speed (RPM) 
(X2). These factors were, therefore, selected for additional 
systematic investigation. Four dependent variables were 
evaluated for each of the thirteen batches of agglomerates and 
IRB, including shape factor, circularity factor, aspect ratio, 
irregularity factor, drug content, yield, particle size, and crushing 
strength. These variables included Hausner's ratio, Carr's index, 
and Kawakita and Kuno analyses. This analysis revealed that X1 
and X2 had a major impact on these answers (Table 2). 
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Table 2: a) Evaluation of experimental design batches* 
Batch aa baa kb AoRc(o) PSd(µm) CIe (%) HRf 

IRB  0.191 ± 0.015 0.156 ± 0.001 0.071 ± 0.005 44.23 ± 1.216 49 ± 18.48 29.12 ± 2.325 1.609 ± 0.04 

CCD1  0.038 ± 0.003 0.197 ± 0.003 0.131 ± 0.001 23.26 ± 0.819 666 ± 27.5 19.15 ± 1.711 1.402 ± 0.04 

CCD2  0.029 ± 0.012 0.303 ± 0.005 0.164 ± 0.002 20.45 ± 0.74 772 ± 63.91 15.7 ± 1.812 1.197 ± 0.017 

CCD3 0.057 ± 0.003 0.309 ± 0.004 0.176 ± 0.001 25.34 ± 0.868 317 ± 22.01 19.37 ± 1.909 1.24 ± 0.017 

CCD4 0.051 ± 0.002 0.286 ± 0.007 0.186 ± 0.001 23.5 ± 0.745 437 ± 18.91 16.99 ± 1.799 1.207 ± 0.018 

CCD5 0.041 ± 0.004 0.197 ± 0.002 0.122 ± 0.001 26.01 ± 1.048 508 ± 13.1 20.99 ± 1.878 1.434 ± 0.018 

CCD6 0.033 ± 0.006 0.196 ± 0.003 0.189 ± 0.001 20.01 ± 1.86 751 ± 10.18 13.99 ± 1.986 1.221 ± 0.014 

CCD7 0.055 ± 0.003 0.263 ± 0.002 0.121 ± 0.002 20.04 ± 0.841 873 ± 29.99 17.66 ± 1.802 1.626 ± 0.022 

CCD8 0.053 ± 0.008 0.212 ± 0.007 0.202 ± 0.002 23.17 ± 0.737 230 ± 13.29 18.99 ± 1.451 1.263 ± 0.02 

CCD9 0.032 ± 0.01 0.199 ± 0.009 0.177 ± 0.002 23.13 ± 0.726 429 ± 19.89 18.66 ± 1.571 1.231 ± 0.014 

CCD10 0.033 ± 0.109 0.211 ± 0.008 0.179 ± 0.002 23.23 ± 0.725 442 ± 20.19 18.66 ± 1.57 1.23 ± 0.014 

CCD11 0.03 ± 0.011 0.201 ± 0.01 0.177 ± 0.001 22.98 ± 0.715 445 ± 23.23 18.67 ± 1.569 1.22 ± 0.013 

CCD12 0.032 ± 0.009  0.199 ± 0.011 0.181 ± 0.003 23.23 ± 0.712 417 ± 18.33 18.56 ± 1.569 1.21 ± 0.014 

CCD13 0.039 ± 0.01 0.282 ± 0.008 0.176 ± 0.003 23.03 ± 0.726 427 ± 19.33 18.67 ± 1.574 1.2 ± 0.012 

a, aa=Kawakita constant; b=Kuno constant; c=angle of repose; d=particle size; e= carr’s index;  
f= hausner’s ratio *= All observations are shown in mean ±SD (n=3) 
 
Table 2: b) Evaluation of experimental design batches* 

Batch CFg IFh YLDi (%) CSj ARk SFl DCm (%) 

IRB  0.387 ± 0.0009 0.573 ± 0.012 100 - 7.98 ± 0.375 0.352 ± 0.016 100 ± 1.027 

CCD1  0.999 ± -0.008 1.825 ± 0.105 80.35 ± 2.55 25.07 ± 0.085 1.071 ± 0.058 0.926 ± 0.001 96.82 ± 0.89 

CCD2  1.069 ± 0.057 1.187 ± 0.056 88.8 ± 2.95 25.57 ± 0.034 1.067 ± 0.107 0.998 ± 0.031 98.68 ± 1.212 

CCD3 1.162 ± 0.168 1.331 ± 0.194 89.89 ± 2.75 24.27 ± 0.088 1.126 ± 0.079 0.946 ± 0.074 93.18 ± 1.064 

CCD4 1.136 ± 0.01 1.066 ± 0.125 81.78 ± 1.75 25.07 ± 0.019 1.077 ± 0.076 0.952 ± 0.008 97.93 ± 1.128 

CCD5 1.845 ± 0.301 2.017 ± 0.305 90.69 ± 2.06 24.77 ± 0.053 1.145 ± 0.064 0.748 ± 0.063 96.18 ± 1.176 

CCD6 1.045 ± 0.105 1.154 ± 0.083 92.49 ± 2.09 25.17 ± 0.074 1.034 ± 0.039 0.997 ± 0.055 96.43 ± 1.114 

CCD7 1.271 ± 0.05 1.802 ± 0.194 89.25 ± 2.11 25.27 ± 0.115 1.168 ± 0.085 0.886 ± 0.002 98.43 ± 1.624 

CCD8 1.137 ± 0.233 1.546 ± 0.222 88.61 ± 2.07 24.77 ± 0.019 1.16 ± 0.155 0.961 ± 0.105 97.18 ± 1.113 

CCD9 1.105 ± 0.058 1.743 ± 0.167 88.42 ± 2.68 24.97 ± 0.057 1.085 ± 0.044 0.967 ± 0.03 96.68 ± 1.36 

CCD10 1.101 ± 0.051 1.746 ± 0.161 88.22 ± 2.66 24.95 ± 0.054 1.068 ± 0.044 0.961 ± 0.031 97.08 ± 1.364 

CCD11 1.111 ± 0.053 1.696 ± 0.168 88.18 ± 2.65 25.07 ± 0.049 1.088 ± 0.046 0.971 ± 0.032 96.13 ± 1.371 

CCD12 1.091 ± 0.055 1.646 ± 0.166 88.6 ± 2.67 25.42 ± 0.048 1.058 ± 0.044 0.961 ± 0.03 97.17 ± 1.369 

CCD13 1.101 ± 0.051 1.846 ± 0.164 87.77 ± 2.66 25.12 ± 0.047 1.078 ± 0.045 0.961 ± 0.029 96.03 ± 1.361 

g=circularity factor; h=irregularity factor; i=yield; j=crushing strength; k=Aspect ratio; l=shape factor; m=drug content. *= All 
observations are shown in mean ±SD (n=3) 
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PRINCIPAL COMPONENT ANALYSIS 
First, we used Principal Component Analysis (PCA) to 
investigate the key factors affecting the characteristics of the 
agglomerates. PCA, which breaks down results into latent 
variables or principal components that explain the main variance 
in the dataset, is well-known for its usefulness in revealing 
correlations among many variables [35]. Our first PCA 
examined the relationship between all characteristics obtained 
from spherical agglomeration studies and untreated IRB 
crystals. The first principal component (PC1) explained 100% of 
the variance in the dataset, as seen in Figure 2. PC1 showing 
100% variation implies that all variables can be expressed as a 
linear transformation of a single variable, indicating an extreme 
case of linear dependence among the variables. Additionally, it 
might be from highly correlated data or a specific data structure 
where one component dominates [36]. Interestingly, the score 
plot showed that IRB was an outlier clearly defined outside the 
elliptical zone and isolated from the agglomerates of all 13 trials. 

 
Figure 2: PCA Score Plot Comparing Prisitne and 
Agglomerated IRB Samples 
The PCA score plot in Figures 3 and 4 shows the distribution of 
all 13 batches from the central composite design. The score plot 
shows that the batches are evenly distributed over the four 
quartiles and that the first principal component (PC1), which is 
100%, accounts for all the dataset variability [37]. To evaluate 
the similarities and differences across the 13 trials, AHCA also 
divides them into discrete groups. Group I (C3 and C8), Group 
II (C4, C5, C9, C10, C11, C12, and C13), Group III (C1, C2, and 
C6), and Group IV (C7) are the groups of formulas shown in 
Figure 5. Interestingly, these groupings show a great deal of 
separation and dissimilarity. 

 
Figure 3: 2D Score Plot Agglomerated IRB Analysis Using 
PCA 

 
Figure 4: 3D Score Plot Agglomerated IRB Analysis Using 
PCA 

 
Figure 5: Agglomerated IRB Dendrogram: Unveiling 
Hierarchical Clustering Patterns 
The loading plot representation for the first two primary 
components is shown in Figures 6 and 7. In loading plots, 
variables that are close to one another are typically viewed as 
positively correlated, whereas variables that are on opposite 
sides of the origin are interpreted as negatively linked [38]. 
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Figure 6: Innovative Visualization 2D Loading Plot from 
PCA Analysis of Agglomerated IRB 

 
Figure 7: Innovative Visualization: 3D Loading Plot from 
PCA Analysis of Agglomerated IRB 
A loading plot was created to determine the important factors for 
further optimization. Figure 6 shows the correlation loading plot, 
which shows the four most important variables as a circle 
surrounded by two ellipses [5,39]. After the study, it was 
determined that the variables AoR, PS, and YLD were important 
in forming spherical agglomerates. As a result, they were 
selected for additional optimization. 
 
REGRESSION ANALYSIS 
All 13 batches showed a significant variation in the dependent 
variables (AoR, PS, and YLD), which ranged from 20.01 to 
26.01°, 230 µm to 873 µm, and 80.35% to 92.49%, respectively. 
This variation highlights how much X1 and X2 have an impact 
on these answers. Effective conclusions can be reached by 

looking at the polynomial equations and taking into account the 
magnitude and mathematical sign of the coefficients (whether 
positive or negative). Specifically, for AoR and PS, b12, b11, 
and b22 were excluded from the whole model since their p-
values were more than 0.05, indicating that they were not 
significant. Likewise, b11 and b22 were removed for YLD for 
the same reason. The logic for excluding these unimportant 
factors is supported by the ANOVA findings shown in Table 3. 
AoR, PS, and YLD high correlation coefficients signify a good 
model fit. The AoR, PS, and YLD critical F values at α = 0.05 
were found to be 4.34 (df = 3, 7), 4.34 (df = 3, 7), and 4.74 (df = 
2, 7), in that order. Additionally, it was discovered that the 
computed F values (0.434 for PS, 0.258 for YLD, and 4.084 for 
AoR) were less than the critical levels, suggesting that there was 
no discernible difference between the full and reduced models 
(Table 4). 
 
Table 3: Irbesartan Spherical Crystals: Unveiling Insights 
through Regression Analysis 

Coefficients 
AoR (Y1) YLD (Y2) PS (Y3) 

FM a RM b FM RM FM RM 

b0 23.09 22.88 89.20 89.20 488.43 516.46 

b1
 c -1.64 -1.64 0.36 0.36 71.21 71.21 

b2
d 1.19 1.19 0.20 0.20 -199.17 -199.17 

b12
c, e 0.24 - -4.14 -4.14 3.50 - 

b11
c, e 0.84 - -7.85 - 87.61 - 

b22
c, e -0.79 - 3.86 - -28.04 - 

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

 
The coefficients in Table 3 show the effects of factors (FM and 
RM) on response variables (AoR, YLD, and PS). The intercept 
(b0) demonstrates that FM has a somewhat higher baseline for 
AoR and PS than RM, although both start equally with YLD. 
FM had a negative effect on AoR (b1 = -1.64) but a good effect 
on YLD (b1 = 0.36) and PS (b1 = 71.21). In contrast, RM has an 
advantageous impact on AoR (b2 = 1.19) and YLD (b2 = 0.20) 
but a negative influence on PS (b2 = -199.17). Interaction effects 
(b12) have a synergistic effect on AoR (b12 = 0.24) and PS (b12 
= 3.50) when FM and RM are both high. Nonlinear relationships 
are indicated by quadratic terms (b11 and b22): FM's squared 
effect positively influences AoR (b11 = 0.84) and PS (b11 = 
87.61), but negatively affects YLD (b11 = -7.85), whereas RM's 
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squared effect negatively affects AoR (b22 = -0.79) and PS (b22 
= -28.04). These coefficients shed light on how differences in 
FM and RM affect outcomes, revealing their practical relevance 
for optimizing procedures in the study. Using Design Expert 
software version 13, interpolated values were obtained from the 
data collected across 13 batches. The analysis showed that while 
YLD was higher, the ideal concentrations of X1 and X2 were 
linked to lower AoR and PS values. Further evidence of negative 
coefficients (b1) for AoR was provided by multiple linear 
regression analysis (see Table 3), which suggested that an 
increase in talc content would decrease the angle of repose. On 
the other hand, higher talc concentration results in larger 
agglomerates and higher yields, as indicated by positive 
coefficients (b1) for PS and YLD. Reduced agitation speed also 
increases PS and flowability but decreases YLD, according to 
negative coefficients (b2) for PS and positive coefficients for 
AoR and YLD. 
 
Table 4: Calculation of testing the models in portions 

Model df c SS d MS e R2 
Angle of Repose (Y1) 

Regression 
FMa 5 37.039 7.408 0.9495 
RMb 2 32.983 16.491 0.8455 

Residual Fcal = 4.084 
Fcritical = 4.35 

df = (3, 7) 
FM 7 1.970 0.281 
RM 10 6.026 0.603 

Yield (Y2) 
Regression 

FM 5 112.842 22.568 0.8591 
RM 3 111.475 37.158 0.8487 

Residual Fcal = 0.258 
Fcritical = 4.74 

df = (2, 7) 
FM 7 18.513 2.645 
RM 9 19.879 2.209 

Particle Size (Y3) 
Regression 

FM 5 369888.351 73977.670 0.852 
RM 2 357904.335 178952.167 0.824 

Residual Fcal = 0.434 
Fcritical = 4.35 

df = (3, 7) 
FM 7 64328.880 9189.840 
RM 10 76312.896 7631.290 

aFM, Full model; bRM, Reduced model; c df, Degree of freedom; 
d SS, Sum of squares; e MS, Mean of squares 

As the amount of talc increases, the X2 coefficient (1.19) on 
AoR shows a positive effect, demonstrating a direct association. 
Agglomerate fracture caused by faster speeds lessens sphericity 
and flow characteristics. Figure 8's contour and response surface 
plots as well as Figure 9a's perturbation plot make this link clear. 
The following is the polynomial equation that was obtained via 
regression analysis: 
AoR = 23.09 - 1.64X1 + 1.19X2 + 0.84X1

2 – 0.79X2
2 + 0.24X1X2 

(Eq. 12) 
 

 
 

 
Figure 8: Analyzing AoR variations with talc amount and 
agitation speed via contour and response surface plot 
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(a) (b)  

(c)  
Figure 9 Perturbation plot: Impact on a) AoR, b) YLD, and c) PS 

 
Influence of variables on YLD 
When YLD was examined in relation to variable X1 (talc 
percentage), it was found that YLD varied between 80.35% and 
92.49% for each of the 13 formulations. In CCD1, the lowest 
YLD was noticeable. Variable X1 has a positive coefficient 
(0.36), indicating that it has a positive impact on YLD. The 
perturbation analysis of YLD indicates that factor X2 deviates 
from X1 at different levels, suggesting that X2 has less of an 
impact on YLD. Contour and response surface graphs showing 
YLD against talc %, agitation speed, and perturbation (Figure 
10; Figure 9b) corroborate this observation. Additionally, the 
following polynomial equation was created using regression 
analysis:  
YLD = 89.20 +0.36X1 + 0.20X2 – 7.85X1

2 + 3.86X2
2 – 4.14X1X2 

 (Eq. 13)  
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Figure 10: Analyzing yield variations with talc amount and 
agitation speed via contour and response surface plot 
 
Influence of variables on PS 
The distribution of particle size (PS) is broad, and these factors 
notably impact the agglomeration size. The variable X1's 
positive coefficient (71.21) suggests a significant relationship 
between PS and the amount of talc. This may be explained by 
the talc's ability to absorb crystals, increasing the agglomerates' 
deformable structure and size. On the other hand, the negative 
coefficient (-199.17) for X2 indicates that PS falls with 
increasing agitation speed. Increased agitation speeds cause 
agglomerates to become disrupted, reducing particle size and 
increasing fine production. Contour and response surface plots 
showing PS against talc quantity and agitation speed (Figure 11) 
corroborate these conclusions. The Perturbation plot of PS 
(Figure 9c) offers additional corroboration, supporting the 
previously stated findings. Furthermore, the following 
polynomial equation is provided, which was obtained by 
regression analysis:  
PS=488.43+71.21X1–199.17X2+87.61X1

2–28.04X2
2+3.50X1X2 

(Eq. 14) 

 

 
Figure 11: Analyzing Particle Size variations with talc 
amount and agitation speed via contour and response 
surface plot 
 
OPTIMIZATION OF AGGLOMERATES 
The following standards were used to choose the best 
formulation: I. Reaching the lowest Angle of Repose (AoR) 
value, II. Ensure that the particle size (PS) value is within the 
designated range and III. Reaching the maximum Yield (YLD) 
value. The CCD procedure yielded the optimized formulation, 
whose composition and expected response results are in Table 5. 
In Figure 12, the matching overlay plot is shown. The optimized 
batch of spherical agglomerates was made by the software's 
suggested factor levels to validate the design. Table 5 compares 
the experimental and projected values, showing minimal percent 
relative errors and verifying the model's goodness of fit [13]. 

 
Figure 12: Visualization of Checkpoint batch: Overlay Plot 
Analysis 
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Table 5. Performance evaluation of optimized irbesartan 
spherical crystals 

Response Predicted 
Value 

Experimental Value 
[Mean ± SD (n=3)] 

% Relative 
Error 

AoR (°) 20.35 21.24 ± 1.03 -4.19% 
YLD (%) 91.35 88.71 ± 2.55 2.98% 
PS (μm) 778.84 752.41 ± 24.73 3.51% 

 
EVALUATION OF EXPERIMENTAL DESIGN BATCH 
Drug content 
Table 2 shows the data for the drug content analysis of spherical 
agglomerate. All the prepared agglomerate batches contained 
IRB within the limit as per USP. Using these values, the amount 
of SC containing IRB equivalent to 100 mg was calculated and 
probed for the drug release study. 
 
Kawakita and Kuno analysis 
All experimental design batches were found to have good 
flowability and densification, with values of "a" smaller than 
"b." Figure 13 displays the Kawakita analysis plot. Table 2 lists 
the values of the Kawakita constants "a" and "b." The value of 
"a" was substantially lower than the value of IRB for every 
design batch, showing superior agglomeration flowability [40]. 
The larger value of "b" has been observed to contribute to the 
higher compressibility of agglomerates. Because the 
agglomerates had superior flow and packability, they were 
packed more densely even without tapping, as seen by the 
apparent packing velocity achieved by tapping (represented by 
parameter b) for the agglomerates compared to the IRB [41]. 

 
Figure 13: Kawakita analyses of design batches 

These results were validated by the greater "k" of Kuno analysis 
obtained for the agglomerates. A linear decrease in the volume 
of the solid bed with the tappings confirmed the poor packability 
of IRB [42], whereas packability was comparatively poor for 
agglomerates (b = 0.025 ± 0.0008). The rate of change of n/C 
due to tapings was found to be 4.97 ± 0.312 for IRB, which is 
quite less than agglomerates. A higher packing process rate is 
associated with a larger value of "k" in the Kuno analysis for 
spherical agglomerates (Figure 14). 

 
Figure 14: Kuno analyses of design batches 
 
Surface topography and sphericity determination 
For the surface topography and sphericity determination SF, CF, 
IF and AR was calculated. Results obtained from this were 
shown in Table 2. The microscopic images of IRB agglomerates 
are given in Figure 15. The SF results show that all the design 
batches have good SF value which is near to 1. As perfect round 
shape has SF value 1 all the batches has value closest to 1 [5]. 
IRB has SF value 0.352, interpret that it is totally irregular in 
shape. The CF value also near to one shows good sphericity. It 
also referred as roundness value. The aspect ratio is ratio of 
maximum dimeter of particle to the diameter measured right 
angle to it. As the aspect ratio is 1 for spherical shaped particles, 
perfect elliptical particles have AR 0 [14]. The results obtained 
were in 1.034 to 1.168 which shows that are particles are more 
spherical in shape rather than elliptical. Elongation causes the 
value of IF to decrease, whereas irregularities cause an increase 
in this value [43].  
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Figure 15: Microscopic images of optimized agglomerates 
 
Flow properties of agglomerates 
For design batches, PS, AoR, HR, and CI were computed; the 
results are displayed in Table 2. The PS for each batch was 
determined to be between 230 and 873 µm, and the AoR falls 
between 20.01 and 26.01. A low value of AoR indicates good 
agglomeration flow. Poor powder flow was indicated by the 
AoR score of 44.23 for the IRB [44]. AoR results corroborate 
the sphericity determination result since spherical shapes have 
good flowability [45]. The ranges of HR and CI, respectively, 
were found to be 1.197 to 1.626 and 13.991 to 20.986%. 
Agglomerates have higher HR and CI values than IRB, which 
suggests good flowability. These data support the conclusions of 
AoR and sphericity determination. 
 
EVALUATION OF OPTIMIZED AGGLOMERATES 
Three dependent variables were assessed for the checkpoint 
batch (i.e., AoR, PS, and YLD). Table 5 displays the outcome 
and the deviation from the expected value. The following are 
additional optimized batch evaluations: 
 
Heckel analysis 
To determine the compression characteristics of the 
agglomerated crystals, Heckel’s equation was used to analyze 
the compression behavior of agglomerated crystals. The slope of 
Heckel plot ‘K’ indicates the plastic behavior of the material. 
The larger the value of ‘K,’ the greater the plasticity in the 
material [45]. The linearity in the graph (Figure 16) was an 
indication of plastic deformation. Moreover, the ‘A’ value of 
prepared agglomerates was less than that of pure drugs. This 
finding suggested that low compression pressure was required to 
obtain the closest packing of the spherical agglomerates, 
fracturing its texture and densifying the fractured particle [46]. 
The low value of yield strength was again an indication of low 
resistance to pressure, good densification, and easy compaction 
[23]. Thus, the Heckel plot suggested that agglomerated crystals 
showed an ease of fracture. This created new crystal surfaces 
that might have made plastic deformation during compression 
easier [47]. 

 
Figure 16: Heckel plot of IRB and optimized agglomerates 
(IRBOA) 
 
Elastic recovery 
Reduced elastic recoveries of spherical agglomerates compared 
to pure drugs indicated the possibility of agglomerates breaking 
easily, and the creation of additional surfaces may have 
encouraged plastic deformation under compression [48]. 
 
Fourier transform infrared (FTIR) spectroscopy 
Compatibility studies were performed using an FT-IR 
spectrophotometer. The IR spectrum of pure drug and prepared 
spherical agglomerates by making a KBr disc. The characteristic 
absorption peaks of IRB were obtained at different wave 
numbers. The peaks obtained in the prepared spherical 
agglomerates' spectra correlate with the drug spectrum's peaks. 
This indicates that the drug is compatible with the formulation 
components [49]. The spectra for pure drug and optimized 
formulations are shown in Figure 17. Pure IRB spectra showed 
sharp characteristic peaks at 3390.69 cm−1, 2968.97 cm−1, 
1739.86 cm−1, 1676.57 cm−1, and 1623.91 cm−1. FTIR-spectra of 
IRB and its physical mixtures with excipients are the same, and 
there is no significant shift of peaks or disappearance of principle 
peaks or modification of the principle peaks, indicating no 
interaction between the drug and excipients [50].  
 
Differential Scanning Calorimetry (DSC) 
Dependable information about the physicochemical state of the 
spherical agglomerates and potential interactions between the 
drug and polymer can be obtained using differential scanning 
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calorimetry. DSC validated the homogeneity of the crystalline 
structure in the optimized batch, demonstrating that the drug's 
melting point was unaffected by the use of HPMC K4M, PVP 
K30, and talc in the crystallization of IRB. Every sample had a 
sharp melting point and a flat baseline, indicating that hydration, 
salvation, and polymorphic transitions had not happened during 
the particle's crystallization [46]. A distinctive, prominent 
exothermic peak indicates the drug's crystalline nature at 182°C 
on the IRB DSC thermogram (Figure 18). This peak is linked to 
the drug's melting point. 

 
Figure 17 FTIR spectra of (a) Pure drug IRB; (b) optimized 
IRB agglomerates 

 
Figure 18 DSC thermogram of pure IRB and optimized 
agglomerates (IRBOA) 

X-Ray Powder Diffraction (XPRD) 
As seen in Figure 19, the X-ray diffraction pattern of IRB 
showed strong, intense, and less diffused peaks confirming the 
drug's crystalline structure. At 2θ degrees, it was evident that 
there are diffraction peaks at 12.9, 14.7, 16.4, 17.9, 21.3, and 
21.9. However, the IRB and its agglomerate x-ray diffraction 
patterns were the superimposition of each component about the 
IRB peaks; only the relative intensity at the 2θ angle of these 
peaks stayed essentially the same.  Measurements of the 
crystallinity index were made to assess the crystal character loss 
[51]. The crystallinity index is the greatest peak height in the 
formulation's XRD divided by the maximum peak height in pure 
IRB [11]. It has the symbol Ci. Agglomerates were discovered 
by Ci at 0.223. It shows that 74% of pure IRB still has its 
crystalline behavior. It implies that the substance underwent 
amorphization [52]. X-ray diffractometry validates the notion 
supported by IR and DSC tests. 

 
Figure 19 X-Ray diffraction spectra of (a) pure IRB; (b) 
optimized IRB agglomerates. 
 
Scanning Electron Microscopy (SEM) 
Figure 20 shows a scanning electron micrograph of a produced 
spherical crystal and a pure drug. Whereas IRB agglomerates 
were spherical, pure IRB displayed a rod-shaped crystal habit. 
The picture graph demonstrated that the agglomerates formed 
were spherical and had a rough surface due to the IRB crystal 
cluster that formed them. 
 

(a) 

(b) 

(a) 

(b) 
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(a)  

(b)  
Figure 20: Scanning electron microscopic image of Pure IRB 
(a) and Optimized IRB agglomerates (b) 
 
Gas chromatography (GC) 
A DMF and toluene GC analysis of the agglomeration was 
carried out to determine the residual solvents. The amount of 
DMF and toluene per 150 mg agglomerates was calculated by 
the following formula: 

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷×𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
1000

  (Eq. 15) 

Agglomerates contained 16.27 ppm of DMF and 11.41 ppm of 
toluene, respectively. Toluene and DMF have respective limits 
of 880 ppm and 820 ppm. This demonstrates that the formulation 
exceeded the organic volatile impurity limitations and may not 
harm humans [53,54]. Figure 21 displays the formulation's GC 
spectra. 
 
STABILITY STUDY OF AGGLOMERATES  
Agglomerates were subjected to a further evaluation of stability 
after a month. Table 6 displays the AoR, CS, and PS results. The 
results confirm the formulation's stability, indicating that the 
formulations held together during the stability testing.  

(a) 

(b) 

Figure 21: GC spectra of formulation (a) sample run; (b) 
standard run 
 
Table 6: Stability parameters of optimized agglomerates of 
IRB  

Parameters Before stability After stability 
AoR (°) 21.24 ± 1.03 21.56 ± 0.94 
PS (μm) 752.41 ± 24.73 742.59 ± 19.42 
CS (gm) 34.67 ± 3.31 36.21 ± 4.07 

 
CONCLUSION 
This study demonstrates the effective application of spherical 
crystallization for optimizing the micromeritic properties of 
irbesartan. By integrating crystallization and agglomeration 
techniques, spherical agglomerates were successfully produced 
without additional granulation steps. Key parameters such as 
stirring rate, bridging liquid quantity, and polymer concentration 
were meticulously adjusted to enhance particle size distribution 
and mechanical properties. Principal component analysis and 
central composite design facilitated identifying and optimizing 
critical parameters affecting product quality. Optimized 
agglomerates were found with an amount of talc at 4.38 %w/w 
and an agitation speed of 616 rpm. SEM analysis confirmed the 
agglomerates' desired sphericity (shape factor near to 1), while 
GC analysis ensured appropriate solvent levels were maintained. 
PXRD data indicated no polymorphic changes, and DSC/FTIR 
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analyses validated compatibility between excipients and the 
active pharmaceutical ingredient. The improved mechanical 
strength and compression characteristics underscore the efficacy 
of spherical crystallization as a promising method for enhancing 
the micromeritic attributes of irbesartan, offering novel insights 
and potential applications in pharmaceutical formulation. 
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