
pharmaceuticals

Article

Formulation Study of a Co-Processed, Rice Starch-Based,
All-in-One Excipient for Direct Compression Using the
SeDeM-ODT Expert System

Karnkamol Trisopon 1, Nisit Kittipongpatana 1,2, Phanphen Wattanaarsakit 3

and Ornanong Suwannapakul Kittipongpatana 1,2,*

����������
�������

Citation: Trisopon, K.;

Kittipongpatana, N.; Wattanaarsakit,

P.; Kittipongpatana, O.S. Formulation

Study of a Co-Processed, Rice

Starch-Based, All-in-One Excipient

for Direct Compression Using the

SeDeM-ODT Expert System.

Pharmaceuticals 2021, 14, 1047.

https://doi.org/10.3390/

ph14101047

Academic Editor: María Ángeles

Peña Fernández

Received: 25 September 2021

Accepted: 12 October 2021

Published: 14 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Pharmaceutical Sciences, Faculty of Pharmacy, Chiang Mai University,
Chiang Mai 50200, Thailand; mickey_imm@hotmail.com (K.T.); nisit.k@cmu.ac.th (N.K.)

2 Research Center for Development of Local Lanna Rice and Rice Products, Chiang Mai University,
Chiang Mai 50200, Thailand

3 Department of Pharmaceutics and Industrial Pharmacy, Faculty of Pharmaceutical Science,
Chulalongkorn University, Bangkok 10330, Thailand; phanphen.a@chula.ac.th

* Correspondence: ornanong.kit@cmu.ac.th; Tel.: +66-53-944397

Abstract: A co-processed, rice starch-based excipient (CS), previously developed and shown to exhibit
good pharmaceutical properties, is investigated as an all-in-one excipient for direct compression (DC).
An SeDeM-ODT expert system is applied to evaluate the formulation containing CS, in comparison
with those containing the physical mixture and the commercial DC excipients. The results revealed
that CS showed acceptable values in all six incidence factors of the SeDeM-ODT diagram. In addition,
the comprehensive indices (IGC and IGCB) were higher than 5.0, which indicated that CS could be
compressed with DC technique without additional blending with a disintegrant in tablet formulation.
The formulation study suggested that CS can be diluted up to 60% in the formulation to compensate
for unsatisfactory properties of paracetamol. At this percentage, CS-containing tablets exhibited
narrow weight variation (1.5%), low friability (0.43%), acceptable drug content (98%), and rapid
disintegration (10 s). The dissolution profile of CS displayed that more than 80% of the drug content
was released within 2 min. The functionality of CS was comparable to that of high functionality
excipient composite (HFEC), whereas other excipients were unsuccessful in formulating the tablets.
These results indicated that CS was a suitable all-in-one excipient for application in DC of tablets.

Keywords: direct compression; co-process; rice starch; spray drying; all-in-one excipient; SeDeM-ODT
expert system

1. Introduction

Nowadays, tablet remains the most commonly used dosage form on the pharmaceuti-
cal market. In recent years, at least half of the drugs approved by the U.S. Food and Drug
Administration’s Center for Drug Evaluation and Research (CDER) have been in solid
dosage form (54% in 2019, 53% in 2018, and 50% in 2017) [1–3]. Among the general tablet
manufacturing methods, direct compression (DC) stands the most prominent due to the
cost-effectiveness, simplicity, and high stability it offers to the drug products [4]. However,
manufacturing without a granulation process and recent advancement in pharmaceutical
tableting, such as continuous manufacturing and high-speed tableting machines, could
limit this production method with the conventional excipients [5,6]. Simultaneously, it
encourages the development of a new excipient to support tablet manufacturing under
specific production conditions.

In the past few decades, the concept of a co-processed excipient has gained a lot
of attention, as it is the simplest and fastest way to develop a new excipient without
the requirement to study toxicity for regulatory approval [7]. In general, a co-processed
excipient outperforms the physical mixtures in terms of pharmaceutical properties because
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it synergizes the good properties of each excipient [8,9]. Moreover, a previous study has
reported that the co-processed excipient improved content uniformity of dosage unit since
the excipients were intimately combined, thus reducing the segregation problem [8]. For
these reasons, the co-processed excipient, which plays multiple roles in the formulation,
could support tablet manufacturing with the DC technique.

In the previous study, we reported the ability of a novel rice starch-based, co-processed
excipient (CS), prepared using a spray drying technique, as a multifunctional excipient
for DC [9]. Native rice starch (RS) is commonly used as a pharmaceutical excipient, but
its application in DC is limited due to the poor flowability and the low disintegration
property [10]. Upon co-processing with cross-linked carboxymethyl starch (CCMS) and
silicon dioxide, the functionality was improved. The CSs showed agglomerate spherical
particles, thus improving the flowability of the material. The co-processing with CCMS,
a superdisintegrant, provided rapid disintegration time of the co-processed tablet, while
still preserving an adequate compressibility profile [11]. Nevertheless, CS needed more
investigation to be applied in DC formulation.

In the past, pharmaceutical formulation development depended mostly on experi-
ments and research experience, which were time-consuming and costly processes. The
SeDeM expert system developed by Carreras et al. [12] could improve this process based
on the concept of pharmaceutical quality by design (QbD), which is a systematic approach
to create a new pharmaceutical product based on a quality risk management and sound,
logical science [13]. This is a new galenic method that is used in tablet pre-formulation
and formulation studies, particularly for the DC method. The powder characteristics of
active pharmaceutical ingredients (APIs) and excipients are evaluated through the SeDeM
diagram to determine whether the materials are suitable for DC manufacturing or need
additional excipients for tableting. Recently, a SeDeM-ODT expert system has been devel-
oped to include disgregability factor, making it more advantageous than the old SeDeM
method in the assessment of excipient properties [14].

In this work, the SeDeM-ODT expert system is applied for the formulation study of CS,
in comparison with the physical mixture and commercial excipients, as a multifunctional
excipient for DC technique. Paracetamol is used as a model drug due to the unsatisfactory
powder characteristics, which contribute to the difficulty in DC production. The powder
characteristics of the excipients and the API are determined, and the paracetamol tablets
are then produced based on the calculated percentage of a corrective excipient obtained
from the SeDeM-ODT expert system.

2. Results and Discussion
2.1. Optimization of Excipients and APIs Powder Using SeDeM-ODT Expert System

The API was evaluated using a SeDeM diagram, which provided the characteristics
of excipient powder in 5 factors derived from 12 parameters. In contrast, excipients were
determined with a SeDeM-ODT diagram that included the three disgregability param-
eters (Figure 1 and Table 1). These factors indicated the suitability of the excipient for
DC formulation.

2.1.1. Dimension Factor

The dimension radius value of starch-based excipients (CS, PMSS, PGS, and ALM)
were in the acceptable range (>5). ALM showed the highest dimension value as it exhibited
the highest density profile (Tables 1 and 2). On the other hand, the microcrystalline
cellulose (MCC)-based excipients, SMCC and HFEC, showed low bulk and tapped densities,
resulting in low dimension value. The dimension values of starch-based excipients lied
between the two MCC values. Paracetamol had a dimension value lower than 5, suggesting
that it might need a densification process before tableting [15]. These parameters related
to flowability and compressibility as they were used for calculation of some parameters,
including inter-particular porosity, Carr index, and Hausner ratio. A low powder density
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facilitated tablet compressibility, as there was more space to deform during compaction [16],
while high powder density promoted a die-filling process of tableting [17].

Figure 1. SeDeM-ODT diagrams of CS, PMSS, PGS, and commercial DC excipients, and a SeDeM diagram of paracetamol.

Table 1. Parameter radius values of paracetamol and excipients.

Samples Da Dc Ie Ic (%) ICD IH α t” HR
(%) H (%) Pf (%) Iθ DE DCD DSD

CS 4.62 e 6.14 d 4.48 b 4.96 c 7.83 e 8.35 b 4.27 d 7.02 b 4.37 b 6.09 a 1.65 a 8.82 d 7.97 d 9.34 f 9.07 e

PMSS 4.31 d 6.10 d 5.75 d 5.95 d 4.78 c 7.88 a 3.00 b 7.23 b 4.58 bc 6.25 a 4.21 b 9.40 d 0.00 a 1.08 b 0.00 a

PGS 5.42 f 7.09 e 3.62 a 4.71 bc 5.67 d 8.46 bc 3.45 c 6.96 b 3.83 a 6.88 b 7.83 d 2.18 ab 4.95 b 4.98 c 5.33 b

SMCC 3.20 a 4.14 a 5.90 d 4.53 ab 10.00 f 8.53 c 4.22 d 7.39 bc 5.03 cd 7.92 c 6.66 cd 3.86 bc 0.00 a 0.00 a 0.00 a

HFEC 3.75 c 4.80 b 4.90 c 4.40 a 10.00 f 8.59 c 4.88 e 8.12 c 5.26 d 8.63 d 5.77 bc 3.05 ab 8.46 e 8.38 e 8.12 c

ALM 5.55 f 7.37 f 3.72 a 4.95 c 1.26 b 8.35 b 4.08 d 6.76 b 9.47 e 9.99 e 8.13 d 1.84 a 7.47 c 7.92 d 8.58 d

Paracetamol 3.59 b 5.07 c 6.76 e 5.83 d 0.57 a 7.94 a 0.00 a 0.00 a 9.50 e 9.99 e 4.04 b 5.07 c N/A N/A N/A

A common letter (a–f) shows that the value is not significantly different within group by Tukey HSD test at a 5% level of significance
(p < 0.05).

Table 2. Incidence factor and parametric index values of paracetamol and excipients.

Samples
Incidence Factors SeDeM Diagram SeDeM-ODT Diagram

Dimension Compressibility Flowability Stability Dosage Disgregability IP IPP IGC IP IPP IGCB

CS 5.38 e 5.75 c 6.54 cd 5.23 a 5.23 ab 8.79 f 0.58 5.72 5.44 0.67 6.33 6.15
PMSS 5.22 d 5.49 c 6.04 b 5.42 a 6.80 b 0.36 b 0.58 5.79 5.51 0.47 4.70 4.57
PGS 6.25 f 4.67 b 6.29 bc 5.35 a 5.00 ab 5.08 c 0.58 5.51 5.24 0.53 5.42 5.27

SMCC 3.67 a 6.81 e 6.71 d 6.48 b 5.26 ab 0.00 a 0.58 5.95 5.66 0.47 4.76 4.62
HFEC 4.27 b 6.43 d 7.20 e 6.95 c 4.41 a 8.32 e 0.50 6.01 5.72 0.60 6.47 6.29
ALM 6.46 g 3.31 a 6.40 c 9.73 d 4.99 ab 7.99 d 0.67 5.96 5.67 0.73 6.36 6.18

Paracetamol 4.33 c 4.39 b 2.65 a 9.74 d 4.56 a N/A 0.50 4.86 4.63 N/A N/A N/A

A common letter (a–g) shows that the value is not significantly different within group by Tukey HSD test at the 5% level of significance
(p < 0.05).

2.1.2. Compressibility

The compressibility was determined based on the inter-particular porosity, inter-
particular interaction, and cohesiveness of the powder. All excipients showed compressibil-
ity values higher than 5, except PGS and ALM. The brittle characteristic of ALM provided
low strength tablets [18] (Tables 1 and 2), while the high plasticity of MCC-based excipients
(SMCC and HFEC) improved their compressibility profile [19]. SMCC showed the highest
compressibility value, while the lowered compressibility of HFEC was due to the hy-
drophobicity of the incorporated lubricant, which limited particle bond formation [20]. For
starch-based excipients, CS and PMSS showed no significant difference in compressibility
factor values. However, the cohesive index of CS was 1.6 times greater than that of PMSS.
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This was possibly due to the presence of the amorphous CCMS and sodium silicate in the
co-processed CS particles. The increase in amorphous content enhances material plasticity
and, thus, improves compressibility [21]. PGS exhibited unacceptable compressibility inci-
dence. The high density of PGS (Da of 5.42 and Dc of 7.09) indicated low particular porosity,
which limited particle deformation [16]. Furthermore, PGS required a long dwell time to
form a sufficient bond between the particles, resulting in low compressibility [10]. On the
other hand, a very high elastic material such as paracetamol exhibited a low compressibility
value (4.39), implying that it needed a filler-binder to compensate for compressibility [22].

2.1.3. Flowability

All excipients showed good flowability (>6) suitable for the DC method (Tables 1 and 2).
HFEC exhibited the greatest flowability as a result of having a lubricant in the composite,
while SMCC flowability was reportedly enhanced by silicification. The flowability of
the spray-dried products (CS and ALM) was adequate, and no significant difference was
observed between them. The spray dry technique produced agglomerate particles, which in
turn promoted material flowability [23]. In contrast, PMSS was inferior to other excipients
owing to the small particle size of RS, the main component. For PGS, the modification
increased the particle size and yielded better flowability than PMSS (Table 1). Due to its
very fine powder, paracetamol could not flow through the orifice of the funnel; thus, the
angle of repose and powder flow could not be determined. The flow incidence value of
paracetamol (2.65) indicated that DC was not the possible option for tablet production and
other techniques, such as dry or wet granulations, should be employed [24]. Naturally,
the angle of repose and the powder flow showed a good correlation in Pearson analysis
(Supplementary Material), as both were consistent with the flow appearance of the powders.
A positive correlation was also observed between angle of repose and Hausner ratio. On
the other hand, the angle of repose had a significant negative correlation with the Carr
index. This parameter demonstrated the particles interaction, which was inversely related
to flowability.

2.1.4. Stability

The stability factors of all excipients were above 5, indicating good future stability
(Tables 1 and 2). The hygroscopicity of the materials was influenced by powder charac-
teristics, such as surface area, porosity, hydrophilic functional group, and crystallinity
structure [21]. As all studied excipients were glucose-based materials, the difference in
the bond formation between glucose units impacted the crystallinity of polymer, which
in turn affected the moisture sorption property [25]. The crystalline solid absorbed water
mostly on the particle surface, while the less dense, amorphous solid allowed water vapor
molecules to penetrate the surface and formed bonds with those in the bulk phase. Thus,
amorphous solid absorbed water more than the crystalline counterpart [26]. This explained
why ALM, which possessed a crystalline structure, exhibited the lowest hygroscopicity
(defined as slightly hygroscopic, with mass increase between 0.2–2% w/w). In contrast,
the MCC-based and starch-based excipients (polysaccharides) were graded as moderately
hygroscopic (mass increase of 2–15% w/w) [27]. The result showed that hygroscopicity
corresponded with loss on drying (%), which represented the moisture content in materials.
All excipient showed a loss on drying percentage within the USP specifications [28–30],
while paracetamol showed a slight hygroscopicity due to the crystalline nature of the
material [31]. The presence of moisture in materials promoted powder compressibility,
which was confirmed by a significant Pearson correlation between the loss on drying and
cohesive index (Supplementary Material).

2.1.5. Dosage

This factor relates to the uniformity of the powder and the dosage of the finished
product. Most excipients showed an acceptable value of dosage factor (equal or higher than
5), with the exception of HFEC (Tables 1 and 2). CS and PMSS possessed high Iθ values,
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suggesting low particle size distribution, thus promoting powder uniformity and reducing
powder segregation during tablet production [32]. Conversely, ALM-, PGS-, and MCC-
based excipients showed low Iθ values, which may increase the risk of powder segregation.
The Pearson analysis revealed that the size distribution inversely correlated with the %Pf.
This value represents the percentage of powder that passes through the 50 µm sieve.
Therefore, excipients with low %Pf commonly exhibited narrow size distribution (high Iθ
values). The suitable particle size for DC production should be between 100–200 µm in
order to promote flowability and compressibility. Particles of smaller sizes than that range
could inhibit the material flowability [33]. A higher %Pf value indicated a higher number
of small particles, which negatively affected flowability. This effect can be observed in
PMSS that exhibited unacceptable %Pf value, and showed the worst flowability compared
to other excipients. Moreover, the irregular shape of RS particles could limit the free
flowability among the PMSS particles. Low %Pf was also observed in CS, but did not
negatively affect the flowability. This was because the spherical shape of CS agglomerates
and the presence of silicon dioxide reduced the cohesive force between the particles, thus
promoting the flowability. For paracetamol, it exhibited an adequate Iθ value, while %Pf
was lower than the acceptable value. This result indicated a narrow size distribution of
paracetamol and that the particle size was low, as API is usually produced as a fine powder.

2.1.6. Disgregability

The disgregability factor represents the ability of the excipient to undergo
self-disintegration. The result revealed that CS, PGS, HFEC, and ALM showed desirable
disgregability values (Tables 1 and 2). As expected, the DE values showed a high correlation
with DSD and DCD values, as these parameters corresponded with disintegration ability
of excipients. This result implied that these excipients could provide fast-disintegrating
tablets, which was appropriate for the formulation of orally disintegrating tablets (ODT).
Among all excipients, CS showed the best disgregability factor, followed by HFEC, as they
contained a disintegrant. PGS was partially gelatinized, causing swelling of starch granules,
whereas ALM was a high-water soluble excipient, promoting disintegration [34,35]. On
the other hand, PMSS and SMCC did not pass the acceptable value. The physical mixing
with a high percentage of super-disintegrant (CCMS) limited tablet disintegration, as it
created a viscous gel that inhibited water penetration into a tablet. Low disgregability was
also observed in SMCC due to a strong bond formation, thus limiting disintegration of
the tablet.

2.2. The Determination of the Indices Using the SeDeM-ODT Diagram

The suitability of API and excipients for the application in DC formulation was deter-
mined with the comprehensive indices that were calculated based on SeDeM and SeDeM-
ODT diagrams, respectively (Table 2). According to the SeDeM diagram of paracetamol,
most incidence factors were below 5, except the stability factor (9.74). The comprehensive
indices showed unsatisfactory values, namely that the IPP (4.86) and IGC (4.63) values were
in the range of 3–5. This result implied that it was not suitable for manufacturing with the
DC method and required the additional excipient to improve the powder characteristics.

The comprehensive indices of excipients were calculated based on the SeDeM-ODT
diagram. The results revealed that all excipients showed a comprehensive index (IP,
IPP, and IGC values) higher than 5, indicating that they were suitable for DC of tablets.
However, CS, PGS, ALM, and HFEC had IGCB values that surpassed 5 (6.15, 5.27, 6.18,
and 6.29, respectively). This result implied that these excipients can be produced by the
DC technique without the requirement of a disintegrant to formulate tablets and they can
also be applied in ODT formulation. Moreover, CS was the only excipient that exhibited
acceptable characteristics in all incidence factors (higher than 5). On the other hand, the
IGCB values of SMCC (4.62) and PMSS (4.57) were lower than 5, suggesting that they
required a disintegrant to formulate DC tablets [36].



Pharmaceuticals 2021, 14, 1047 6 of 20

2.3. The Correction of API Characteristics for DC Formulation

The SeDeM diagram of API was generally evaluated based on five factors. Among
these, however, compressibility and flowability were considered the two most important
factors which highly affected the success of tablet production. Therefore, the correction of
paracetamol powder was focused on these factors. The amount of excipients required to
adjust paracetamol compressibility and flowability (CP, %) were calculated, where the mean
incidence radius value required to be corrected (R) was set to 5 to achieve an acceptable
characteristic (Table 3). Once the values are obtained, the factor which requires a higher
percentage of excipients (shows higher %CP) between the two is chosen.

Table 3. Percentage of excipients required to correct paracetamol characteristics in tablet formulations.

Excipients
Compressibility Flowability

CS PMSS SMCC HFEC CS PMSS SMCC HFEC ALM PGS

RE 5.75 5.49 6.81 6.43 6.54 6.04 6.71 7.20 6.40 6.29
RP 4.39 4.39 4.39 4.39 2.65 2.65 2.65 2.65 2.65 2.65
R 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

% excipient (CP) 44.86 55.45 25.31 29.98 60.38 69.43 57.88 51.72 62.72 64.59

RE = the average radius value of the corrective excipient; RP = the average radius value of the API to be corrected; CP (%) = the percentage
of a corrective excipient; R = the required average radius value.

To correct paracetamol compressibility, SMCC showed the best dilution potential.
It required 25% of SMCC to compensate for paracetamol compressibility, followed by
HFEC (30%), CS (45%), and PMSS (55%) (Table 3). PGS and ALM were not selected to
adjust for paracetamol compressibility, as both showed unacceptable compressibility values.
However, the DC formulation also required a suitable flowability for tableting. The result
suggested that paracetamol required 52% of HFEC to correct flowability, while SMCC, CS,
ALM, and PGS were required at 58%, 60%, 63%, and 65% in the formulation, respectively
(Table 3). PMSS, which showed the worst flowability, was required at 70% addition. From
the data, the %CP to correct paracetamol characteristics was selected based primarily on
the flowability, as a higher number of excipients was required compared to compressibility.

Using the calculated CP value for characteristic compensation, the paracetamol for-
mulations, prepared as powder blends, were analyzed using the SeDeM-ODT diagram
(Figure 2). All formulations showed acceptable IP (0.58–0.75), IPP (5.43–5.92), and IGC
(5.17–5.64) values, indicating their suitability for DC manufacturing. Most formulations
showed compressibility factors higher than 5, with the exception of PGS and ALM for-
mulations (Table 4), which were hard to consolidate. The flowability result revealed that
all formulations showed an improvement in flowability. CS, PGS, SMCC, and ALM for-
mulations showed no significant difference in flowability, while the HFEC formulation
exhibited the lowest flow value, as it was rather diluted with paracetamol. However, the
result revealed that the flowability value of all formulations was lower than the acceptable
radius value (2.97–4.55 of flowability). The SeDeM-ODT diagrams revealed that the CS,
PGS, SMCC, and HFEC showed satisfactory IPP and IGCB values, implying that these for-
mulations possessed the ability to be compressed by the DC method without the addition
of disintegrant.

As this expert system estimated powder behavior of materials based on the linearity
assumption, the flowability values of formulation should be close to the estimated R value
(5.00). However, all formulations showed flow values lower than the estimated R value,
indicating that the characteristics of powder mixture may not follow a linear system [37].
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Figure 2. SeDeM-ODT diagrams of paracetamol formulations containing different types and ratios of directly compressed
excipients.

Table 4. Incidence factor and parametric index values of paracetamol tablets formulated with various types and ratios
of excipients.

Formulations Excipient (%) Paracetamol (%)
Incidence Factor SeDeM SeDeM-ODT

Dimension Compressibility Flowability Stability Dosage Disgregability IP IPP IGC IP IPP IGCB

CS 60 40 4.97 f 5.68 d 4.55 ef 6.81 b 8.26 e 8.78 h 0.67 5.90 5.62 0.67 6.48 6.29
CS 55 45 4.75 de 5.48 d 4.45 def 6.78 b 5.96 ab 8.33 g 0.58 5.40 5.14 0.67 5.99 5.81

PMSS 69 31 4.82 e 5.78 de 3.94 bc 6.07 a 8.17 de 1.25 b 0.58 5.60 5.33 0.47 4.73 4.60
PMSS 64 36 4.73 cde 6.04 ef 3.88 b 6.18 a 8.10 cde 1.46 c 0.58 5.65 5.38 0.47 4.81 4.67

PGS 65 35 6.52 gh 3.90 a 4.55 ef 6.95 bc 6.45 abcd 8.28 g 0.58 5.43 5.17 0.67 6.00 5.13
PGS 70 30 6.60 h 3.82 a 4.96 g 6.75 b 5.33 a 7.97 f 0.58 5.31 5.05 0.67 5.84 5.25

SMCC 58 42 4.38 a 7.05 i 4.41 de 7.25 cd 6.71 abcde 5.17 d 0.75 5.92 5.64 0.67 5.77 5.60
SMCC 53 47 4.53 b 6.26 fg 4.25 cde 7.35 d 7.33 bcde 6.43 e 0.75 5.83 5.55 0.73 5.95 5.78

HFEC 52 48 4.63 bc 6.84 hi 2.97 a 7.94 e 6.57 abcde 9.49 i 0.58 5.64 5.37 0.67 6.41 6.23
HFEC 57 43 4.71 cd 6.54 gh 4.18 bcd 8.11 e 6.41 abc 9.38 i 0.58 5.89 5.60 0.67 6.58 6.39

ALM 63 37 6.61 h 4.36 b 4.38 de 9.63 f 6.08 ab 0.00 a 0.67 5.91 5.62 0.53 4.72 4.59
ALM 68 32 6.50 g 4.91 c 4.73 fg 9.68 f 6.07 ab 0.00 a 0.75 6.12 5.83 0.60 4.90 4.75

A common letter (a–i) is not significantly different within group by Tukey HSD test at the 5% level of significance (p < 0.05). IP = index
parameter; IPP = index profile parameter; IGC = index of good compressibility; IGCB = index of good compressibility and bucodispersibility.

2.4. Formulation Study

The formulations were prepared using the ratios obtained from the CP values. At these
percentages, CS, PMSS, and SMCC were successful in producing paracetamol formulations.
These formulations showed satisfactory tablet properties (Table 5). They showed low
weight variation within the acceptance value. The friability was lower than 1.0%, at
which the drug content was within the acceptable range (95–105%). Among the successful
formulations, CS showed the best disintegration property, namely seven times faster
than PMSS and SMCC formulations. On the other hand, PGS, HFEC, and ALM failed to
produce paracetamol tablets. High tablet friability was observed in these formulations.
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Moreover, PGS and ALM formulations showed a high weight variation and low drug
content, indicating that the number of excipients was not sufficient to achieve tablet
requirements. However, most formulations, except those contained PGS and ALM, had
adequate flowability, which represented a low weight variation, even though the flowability
value from the SeDeM diagram was lower than 5. This result suggested that the calculated
CP (%) value may not be precise due to the non-linearity of the powder blend.

Table 5. Properties of paracetamol tablets formulated with various types and ratios of excipients.

Formulations Excipient (%) Paracetamol (%) Tablet Weight
(mg)

Breaking Force
(Kp) Friability (%) Disintegration

Time (s) Drug Content (%) Verdict Reason for
Failure

CS 60 40 299.57 ± 6.02 8.4 ± 1.7 0.69 ± 0.13 11.00 ± 1.10 102.02 ± 1.48 Success
CS 55 45 295.91 ± 7.00 5.0 ± 1.0 1.44 ± 0.51 11.83 ± 1.60 100.94 ± 2.61 Failure Friability

PMSS 69 31 294.41 ± 8.08 6.9 ± 1.9 0.51 ± 0.11 74.33 ± 3.50 98.45 ± 0.57 Success

PMSS 64 36 300.09 ± 22.24 6.1 ± 0.7 0.38 ± 0.11 74.17 ± 3.31 104.87 ± 1.93 Failure High weigh
variation

PGS 65 35 271.49 ± 17.51 2.4 ± 0.5 34.37 ± 4.28 44.00 ± 6.48 93.40 ± 3.38 Failure

Friability, high
weight variation,

and low drug
content

PGS 70 30 290.56 ± 7.59 3.4 ± 0.9 18.95 ± 3.00 33.83 ± 6.11 103.60 ± 5.61 Failure Friability

SMCC 58 42 295.22 ± 2.48 11.5 ± 0.8 0.38 ± 0.03 86.17 ± 9.17 103.63 ± 0.76 Success

SMCC 53 47 278.10 ± 16.33 7.0 ± 1.1 0.28 ± 0.03 42.67 ± 9.00 99.31 ± 4.22 Failure High weigh
variation

HFEC 52 48 289.36 ± 11.93 4.3 ± 0.5 1.86 ± 0.77 5.67 ± 1.03 96.60 ± 0.47 Failure Friability
HFEC 57 43 297.30 ± 5.64 6.9 ± 1.4 0.48 ± 0.10 8.67 ± 1.51 101.34 ± 1.31 Success

ALM 63 37 294.82 ± 33.18 1.8 ± 0.2 47.95 ± 1.96 899.83 ± 55 91.46 ± 2.02 Failure
Friability, high

weight variation,
low drug content

ALM 68 32 289.30 ± 7.64 1.9 ± 0.3 33.63 ± 3.00 618.67 ± 14.85 98.77 ± 1.70 Failure Friability

As the SeDeM expert system was studied based on 12 parameters, the reliability factor
was 0.952. Thus, the variation of calculated CP (%) should be 5%. Therefore, the excipient
percentage was varied by 5% from the CP value to produce paracetamol formulations. For
successful formulations (CS, PMSS, and SMCC), the number of excipients was decreased
by 5% to formulate tablets. The results showed that all formulations failed to produce
tablets. CS formulation exhibited high tablet friability, while PMSS and SMCC formulations
showed high weight variation, implying insufficient flowability. In contrast, the failed
formulations (PGS, HFEC, and ALM) were increased by 5% to produce the tablets. At
this percentage, HFEC provided an acceptable tablet property. However, PGS and ALM
formulations still exhibited high tablet friability, owing to the low compressibility profile
(value <5). These findings confirmed that the properties of the powder mixture could
demonstrate non-linearity. As a result, the prediction of CP value may not be accurate in
some formulations [38]. In this case, the failure was found in the formulations in which the
excipients exhibited undesirable compressibility (PGS and ALM). Thus, these excipients
were not suitable for DC production. However, most formulations showed an acceptable
tablet property within 5% variation from the CP value based on the reliability factor of the
SeDeM diagram (f = 0.952), which was considered as an insignificant difference [39].

Paracetamol was primarily absorbed in the proximal portion of the small intestine,
with negligible absorption in the stomach [40]. In this work, the dissolution study was
initially conducted in two different mediums, i.e., hydrochloric acid pH 1.2 (gastric fluid)
and phosphate buffer pH 5.8 (intestinal fluid). The dissolution profile of successful formu-
lations revealed that CS, PMSS, PGS, and HFEC formulations showed cumulative drug
release of greater than 80% after 30 min in both mediums (Figure 3A,B), which met the
USP requirement [41]. To characterize the behavior of CS along all the gastrointestinal tract,
additional dissolution tests in pH 4.5 and pH 6.8 mediums were carried out. The result
showed that the difference in the pH of dissolution mediums did not significantly affect
the drug release profile of CS formulation (Figure 3C). For the intestinal fluid condition, the
excipients which were co-processed with a disintegrant (i.e., CS and HFEC) yielded faster
drug release than others. The CS formulation exhibited the fastest and the greatest drug
release (>80% within 5 min). The lubricant co-process of HFEC limited water penetration
into HFEC tablets, thus causing slight prolongation of HFEC dissolution. A fast dissolu-
tion profile was also observed for the PGS formulation but could be due to the effect of
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low tensile strength [42]. On the other hand, the dissolution profile of SMCC and ALM
formulations failed to meet the requirement. This result suggested that the strong bonding
of SMCC tablets limited the tablet dissolution [43], while low disintegration inhibited
the dissolution of ALM tablets. The difference in the pH of dissolution mediums did not
significantly affect the drug release profile of CS, SMCC, and ALM formulations, while the
low pH condition slightly improved drug release from the PMSS and PGS formulations. In
contrast, the HFEC formulation showed a slower drug release in acidic medium condition
due to the decrease in swellability of MCC in acidic medium [44].

Figure 3. Drug release profiles of paracetamol tablets formulated using various excipients at pH 1.2 (A) and 5.8 (B), and
compiled release profiles of paracetamol-CS formulation at four different pH values along the GI tract (C).

2.5. Validation of CS Functionality

To validate the functionality and capability of CS, ibuprofen was selected as an ad-
ditional model drug. Ibuprofen generally exhibits poor flow and poor compressibility,
as a result of its high powder cohesiveness and viscoelasticity [45]. The SeDeM diagram
of ibuprofen revealed that the flowability and the compressibility were lower than the
acceptable value, suggesting that it was not suitable for DC (Table 6). To compensate for
the undesirable properties of ibuprofen, 12% and 40% of CS were required in the mixture
to adjust the compressibility and the flowability, respectively. The higher value, 40%, was
selected for the formulation. A mixture of ibuprofen (60%) and CS (40%) was prepared
according to the calculated CP value. The SeDeM-ODT diagram showed that the mix-
ture could be produced with DC as the IPP and IGC values were higher than 5 (Table 6).
Moreover, the IGCB values surpassed the acceptable value, indicating that this formulation
did not require an additional disintegrant. However, the below-optimum compressibility
parameter of the mixture (2.58) did suggest a potential defect upon tableting. Indeed, the
tablets fabricated from the mixture failed the friability test (Table 7), likely caused by poor
compressibility, despite having all other tablet properties (weight variation, disintegration,
and drug content) in compliance with the specifications [46]. According to the reliability
factor of the SeDeM expert system, the concentration of CS was increased by 5% at a time
from the calculated CP value until the tablet properties met the requirements. In this case,
the CS concentration was increased to 50% (formulation 2), to obtain ibuprofen tablets with
acceptable friability, while it maintained the weight variation and drug content within the
specifications. This tablet formulation also exhibited good disintegration, resulting in a
desirable dissolution profile. More than 80% of the ibuprofen was released within 60 min,
which complied with the specification [46].
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Table 6. Incidence factor and parametric index values of the ibuprofen powder and mixture.

Samples
Incidence Factor SeDeM SeDeM-ODT

Dimension Compressibility Flowability Stability Dosage Disgregability IP IPP IGC IP IPP IGCB

Powder 4.90 4.89 3.95 9.68 9.98 N/A 0.67 6.30 6.00 N/A N/A N/A
Mixture 5.52 2.58 6.93 7.76 7.95 7.16 0.67 5.92 5.63 0.67 6.16 5.99

IP = index parameter; IPP = index profile parameter; IGC = index of good compressibility; IGCB = index of good compressibility and
bucodispersibility.

Table 7. Properties of ibuprofen tablets formulated with different percentages of CS.

Formulations CS (%) Ibuprofen
(%)

Tablet Weight
(mg)

Breaking
Force (Kp)

Friability
(%)

Disintegration
Time (s)

Drug Content
(%) Verdict Reason for

Failure

1 40 60 299.42 ± 5.27 3.2 ± 0.5 2.27 ± 0.32 21.33 ± 2.34 97.75 ± 2.57 Failure High
friability

2 50 50 301.96 ± 3.13 4.5 ± 0.3 0.90 ± 0.09 34.17 ± 2.32 102.45 ± 1.92 Success

2.6. Stability Study

The successful CS formulation was employed in the stability study under accelerated
conditions at 40 ± 2 ◦C and 75 ± 5% RH for 45 days. The samples were collected at 0, 30,
and 45 days to analyze tablet characteristics. The results revealed that no significant change
was observed in the sample from each sampling time (Table 8). The weight variation,
friability, and drug content were complied with the USP specifications for paracetamol
tablets. The dissolution profile showed that the cumulative drug release was higher than
80% for all samples. In addition, the difference factor (f1) and similarity factor (f2) were
within the specifications (0–15 for f1 factor and 50–100 for f2 factor), which indicated the
sameness of the dissolution profile after 30 and 45 days of storage [47].

Table 8. Properties of paracetamol tablets formulated with CS at different days.

Tests
CS Formulation

Day 0 Day 30 Day 45

Tablet weight (mg) 299.57 ± 6.02 295.58 ± 2.80 301.81 ± 5.26
Breaking force (Kp) 8.4 ± 1.7 8.2 ± 2.2 8.2 ± 0.9

Friability (%) 0.69 ± 0.13 0.64 ± 0.01 0.60 ± 0.12
Disintegration time (s) 11.00 ± 1.10 16.33 ± 2.94 17.00 ± 3.35

Drug content (%) 102.02 ± 1.48 101.27 ± 1.10 101.94 ± 2.00
Cumulative drug release (%) >80% >80% >80%

Difference factor (f1) N/A 3.24 1.85
Similarity factor (f2) N/A 71.02 72.54

Verdict Success Success Success

3. Materials and Methods
3.1. Materials

Native rice starch (RS) (Lot no. 709161) was purchased from Thai Flour Industry
Co., Ltd. (Bangkok, Thailand). Monochloroacetic acid (MCA, CAS No. 79-11-8, Product
Code 8004121000) and sodium silicate (CAS No. 1344-09-8, Product Code 1056212500)
were purchased from Merck (Hohenbrunn, Germany). Epichlorohydrin (ECH, CAS No.
106-89-8, Product Code E1055) was supplied by Sigma-Aldrich (Steinhiem, Germany).
Agglomerated lactose monohydrate (ALM, Tablettose® 80) (Product code: L104314615A552)
was the product of Meggle pharma (Wasserburg, Germany). Silicified microcrystalline
cellulose (SMCC 90, Prosolv®) (Product code: P9D8L19) and high-functionality excipient
composite (HFEC, Prosolv EasyTab® SP) (Product code: 6809074049) were from JRS Pharma,
Rosenberg, Germany). Paracetamol (Lot no. 01610131) was purchased from Vittayasom
Sriracha Co., Ltd. (Chonburi, Thailand). Carboxymethyl rice starch cross-linked with
ECH (CCMS) was produced using the method and conditions described in the previous
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study [11]. The reaction time ratio of etherification and cross-linking was selected based on
the disintegration property at 1:0.67.

CS was prepared as reported in the previous study [9]. In brief, CCMS (10 g) was
dispersed in distilled water, and stirred continuously until completely swelled. Then, RS
(100 g) and sodium silicate solution (11 mL) were added and the mixture was homogenized.
The co-processed particle was produced by spray drying of the mixture, using a B-290 mini
spray dryer (Buchi, Flawil, Switzerland) with a 2.0 mm nozzle tip. The spray dry conditions
were set at 190 ◦C, 95% of the aspirator, and 18% of the pump. A physical mixture (PMSS)
was prepared by blending RS (88.5%), CCMS (8.9%), and spray dried sodium silicate (2.6%)
in a plastic bag for 15 min. Pregelatinized rice starch (PGS) was produced by dispersing RS
in distilled water (40% w/v). Starch slurry was heated at 60 ◦C for 10 min and dried in a
hot air oven at 55 ◦C for 24 h.

3.2. Optimization of Excipients and APIs Powder Using SeDeM Expert System

The SeDeM-ODT Expert System evaluated six factors, which were derived from
15 parameters pertinent to the physical characteristics and pharmaceutical functionality
of the materials in order to investigate powder characteristics for DC manufacturing
(Table 9). These parameters were determined for excipients and API using the following
methodologies, which were repeated at least in triplicate.

Table 9. Evaluated parameters and conversion of parameter values to radius values.

Incidence factor Parameter Unit Limit Value (v) Radius (r)

Dimension
Bulk density (Da) g/mL 0–1 10v
Tapped density (Dc) g/mL 0–1 10v

Compressibility
Inter-particle porosity (Ie) - 0–1.2 10v/1.2
Carr Index (IC) % 0–50 v/5
Cohesive Index (Icd) N 0–200 v/20

Flowability
Hausner ratio (IH) - 1–3 (30–10v)/2
Angle of repose (α) ◦ 0–50 10–(v/5)
Powder flow (t”) S 0–20 10–(v/2)

Stability Loss on drying (%HR) % 0–10 10–v
Hygroscopicity (%H) % 0–20 10–(v/2)

Dosage Particle < 50 (%Pf) % 0–50 10–(v/5)
Homogeneity index (Iθ) - 0.2 × 10−2 500v

Disgregability
Effervescence (DE) min 0–5 (5-v)2

Disintegration time with disk (DCD) min 0–3 (3-v)3.33
Disintegration time without disk (DSD) min 0–3 (3-v)3.33

3.2.1. Dimension

• Bulk density (Da)

Bulk density is defined as the powder mass divided by the loosely packed powder
volume. It was measured according to European Pharmacopeia (2.9.34). A known mass
(g) of powder was poured into a 100 mL graduated cylinder (readable to 1 mL) [48].
The appearance of bulk volume was read, and then bulk density was calculated using
Equation (1):

Da = M/Va (1)

where Da is the bulk density, M is the powder mass (g), and Va is the bulk volume (mL).

• Tapped density (Dc)

Tapped density is the powder mass divided by the powder volume after continuous
tapping to a constant value. It was measured according to European Pharmacopeia (2.9.34)
by mechanical tapping using a Jolting volumeter (Stav 2003, Erweka, Langen, Germany)
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of a 100 mL graduated cylinder (readable to 1 mL) containing the sample powder [48].
The sample powder was continuously tapped and the volume was read after 10, 500, and
1250 taps. When the difference between V500 and V1250 was less than 2 mL, the tapped
volume was read as V1250. Then, tapped density was calculated using Equation (2):

Dc = M/Vc (2)

where Dc is tapped density, M is powder mass (g), and Vc is tapped volume (mL).

3.2.2. Compressibility

• Interparticle porosity (Ie)

The interparticle porosity represents the pore space between the particles. It was
calculated from the bulk and tapped density values using Equation (3):

Ie = (Dc − Da)/(Dc × Da) (3)

• Carr index (% IC)

The Carr index is determined by the difference between the bulk and tapped densi-
ties. It measures the ability of powder to interact with other particles and resist powder
flow. Thus, it indicates powder compressibility. The Carr index was calculated using
Equation (4):

% IC = (Dc − Da/Dc) × 100 (4)

• Cohesion index (ICD)

The cohesive index represents the compressibility of materials. The powder (500 mg)
was compressed into a tablet with a 11.0-mm flat-face punch using a hydraulic press
machine (C, Carver, Wabash, IN, USA) at 1.0 ton of compression force. In the case of
uncompressible powder, 3.50% of standard lubricant was added, which included talc
2.36%, colloidal silicon dioxide 0.14%, and magnesium stearate 1.00%, and mixed for
2 min before compression. The tablet crushing strength (N) was determined using a tablet
hardness tester (PTB-311, Pharmatest, Hainburg, Germany). This value indicated the
maximum compressive stress that can be tolerated in the tablet without fracture.

3.2.3. Flowability

• Hausner ratio (IH)

The Hausner ratio indirectly indicates powder flowability. It represents powder
resistance against flow due to the particle interaction, which is based on powder density,
size and shape, moisture content, and powder cohesiveness. It is calculated using bulk and
tapped densities values using Equation (5):

IH = Dc/Da (5)

• Angle of repose (α)

The angle of repose is related to interparticular friction that limited particle movement.
It is determined by a drained angle of repose method according to European Pharmacopeia
(2.9.36) [49]. The powder was poured through a funnel that was fixed with a stand and
set 10 cm above the table surface [24]. The height and the radius of the base of the powder
bulk were measured, and then the angle of repose was calculated using Equation (6):

Ө = tan−1 (h/r) (6)

where Ө is the angle of repose (◦), h is the height of the sample cone, and r is the radius of
the base of the sample bulk.
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• Powder flow (t”)

This factor determines the rate of powder flow through an orifice, which varies
depending on particle morphology or process. Powder flow was conducted according to
European Pharmacopeia (2.9.16) using a typical apparatus, where a funnel was fixed to
a stand and set at 10 cm above the table surface [50]. The powder was poured steadily
through a funnel. Powder flow was expressed in second related to 100 g of sample powder.

3.2.4. Stability

• Loss on drying (%HR)

This factor determines the percentage of powder which can be volatilized under
tested conditions. It was measured using a moisture analyzer (MX-50, A&D, Tokyo, Japan).
Approximately one gram of powder was accurately weighed into the sample pan. Then,
the sample was heated at 105 ◦C to constant weight and the percentage of weight loss
was measured.

• Hygroscopicity (%H)

Hygroscopicity represents the ability of the powder to adsorb or absorb water from the
environment. This parameter was determined at 76 ± 2% relative humidity (RH) at room
temperature for 24 h. Powder (250 mg) was weighed into a 2.5 cm diameter, pre-weighed
cup. The cups were placed in the tight containers which housed saturated salt solutions
at the studied RH. After 24 h, the cups were re-weighed and the percentage of the weight
gained was calculated.

3.2.5. Dosage

• Particle size (%Pf)

This parameter represents the percentage of particles that passed through a 50 um
sieve. The test was conducted using a sieve vibrator (AS 200 control, Retsch, Haan,
Germany) at 1.0 g for 10 min.

• Homogeneity Index (Iθ)

The Iθ value indicates the homogeneity of the particle size distribution of powder.
This parameter was measured using a sieve vibrator with four different sieve sizes (45, 106,
212, and 355 µm). The powder sample (20 g) was determined with agitation at 1.0 g for 10
min. The Iθ value was calculated using Equation (7):

Iθ = Fm/[100 + (dm − dm − 1)Fm − 1 + (dm + 1 − dm)Fm + 1 + (dm − dm −
2)Fm − 2 + (dm + 2-dm) Fm + 2 . . . + (dm − dm − n)Fm − n+ (dm + n − dm)Fm

+ n]
(7)

where Iθ is the relative homogeneity index, Fm, Fm + 1, and Fm− 1 are particle percentages
remaining in the majority range, above the majority range, and below the majority range,
respectively, dm, dm + 1, and dm − 1 are the mean diameter of particle in the majority
range, above the majority range, and below the majority range, respectively, and n is the
order number of the fraction studied under a series, relating to the major fraction.

3.2.6. Disgregability

The tablets were prepared by compression of the excipient powder (500 mg) with a
11.0-mm flat-face punch using a hydraulic press machine (C, Carver, Wabash, IN, USA)
at 1.0 ton of compression force. The surface of punch and die were pre-lubricated with
magnesium stearate solution (5% w/v) before compression.
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• Effervescence test (DE)

This test determines the possibility of a tablet to be bucodispersible. The tablet (500 mg)
was placed in a beaker containing an excess amount of distilled water at room temperature.
At the point which the tablet completely disaggregated, the time was recorded (min).

• Disintegration time with disk (DCD)

This test imitates the mechanical movement inside the mount during the taking of
a tablet, which promoted tablet disintegration. The test was conducted according to the
standard USP method [51]. The medium temperature was controlled at 37 ± 0.5 ◦C. The
tablets (500 mg) were placed in a basket and covered with a disk, then tablet disintegration
time was observed and recorded after the tablet completely disintegrated. Six tablets were
determined simultaneously.

• Disintegration time without disk (DSD)

This test is specific for investigation of bucodispersible tablets. The test was conducted
according to the standard USP method described for measuring DCD, except the disk was
removed from the test. The tablet disintegration time was observed and recorded after the
tablet disintegrated completely. Six tablets were determined simultaneously.

3.3. Conversion of Parameter Values to Radius Values of the SeDeM-ODT Diagram

The values of the parameters (v) obtained from topic 2.2 were calculated to convert
into the radius values (r) of the SeDeM-ODT diagram (Table 9). The SeDeM-ODT diagram,
which consisted of 15 polygons of each parameter, was then plotted. The radius scale
ranged from 0–10; a value of 5 was considered the minimum acceptable value of each pa-
rameter. The parameters were integrated into six incidence factors according to Table 1. The
incidence factor values were calculated as a mean of their respective integrated parameters.

3.4. The Determination of the Index Using SeDeM-ODT Diagram

The index parameter (IP), index profile parameter (IPP), index of good compressibility
(IGC), and index of good compressibility and bucodispersibility (IGCB) were calculated
to evaluate the suitability of powder for applying in DC manufacturing using the follow-
ing equations:

IP = n◦ P > 5/n◦ Pt (8)

where n◦ P > 5 is the number of parameters which radius values > 5, while n◦ Pt is the
number of total studied parameters. The acceptability limit of IP index should correspond
to >0.5.

IPP = Average radius values of all parameters (9)

IGC or IGCB = IPP × f (10)

f = Polygonal area/circle area (11)

The IGC was calculated based on 12 parameters, excluding the disgregability fac-
tors. The IGCB was obtained based on 15 parameters, including the three disgregability
parameters. The acceptability limit of IPP, IGC, and IGCB should correspond to 5 or higher.

3.5. Calculation of the Number of Excipients Required to Adjust API Characteristics for
DC Formulation

The flowability and compressibility of the API were corrected by combining it with
a suitable excipient. The number of excipients required to adjust API characteristics was
calculated using Equation (12), based on the SeDeM-ODT diagram. All factors can be
adjusted using Equation (12). However, compressibility and flowability were given priority,
as they represented the major important factors for DC production:

CP = 100 − [((RE − R)/(RE − RP)) × 100] (12)
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where CP is the percentage of a corrective excipient, RE is the average radius value of
the corrective excipient, RP is the average radius value of the API to be corrected, and R
represents the required average radius value of the mixture of excipient and API; thus, 5 is
the minimum value allowed to correct API characteristics.

3.6. Formulation Study
3.6.1. Tablet Preparation

Tablets were prepared using a direct compression method. Paracetamol powder was
homogenously blended with excipients using a geometric dilution technique for 15 min.
After that, magnesium stearate (1%) was added and mixed for 2 min. The powder mixture
(100 g) was compressed into tablets using a single punch tableting machine (CMT 12,
Charatchai, Bangkok, Thailand), housed with a 10.3 mm round, flat-face punch, at a
tableting speed of 2640 tab/h. The target weight of a tablet was set at 300 mg.

3.6.2. Evaluation of Tablet Properties

Weight variation was determined, according to the USP method [52], by weighing and
recording the weight of 30 individual tablets. Tablet hardness was measured using a tablet
hardness tester and conducted on 10 tablets. The friability test was conducted according
to the USP method. Approximately 6.5 g of the tablets was sampled and dedusted before
the test [53]. The tablets were accurately weighed and placed in a friability tester. The test
was conducted on the rotation at 25 rpm for 4 min. The tested tablets were dedusted and
re-weighed. Tablet friability was calculated from the weight difference. The acceptable
friability of tablets should be less than 1.0%. The disintegration test was determined in at
least six tablets using a basket apparatus according to the USP method [51]. Each tablet
was placed in a basket tube and covered with a disc. The test was carried out in a distilled
water medium, maintained at a temperature of 37 ± 0.5 ◦C throughout the test. The
disintegration time was recorded after the entire tablet completely disintegrated. The
drug content percentage (DCP) of paracetamol tablet was determined according to the BP
method, which should be in the range of 95.0–105.0% of the stated amount [54].

3.6.3. Tablet Criteria

Tablet formulation was determined as a successful formulation based on three param-
eters, including weight variation, friability (%), and drug content (%). These parameters
reflected the ability of the powder blend to fill the dies during tablet compression and
provided a suitable tablet strength during the production and throughout its shelf life. DCP
represented the uniformity of the powder blend. To be classified as a successful formulation,
a tablet formulation must meet all the requirements. After that, the excipient percentage in
the formulation was increased by 5% for the failed formulations or decreased by 5% for the
successful formulations based on the reliability factor of SeDeM diagram (f = 0.952). The
paracetamol tablets were formulated, and the tablet properties were evaluated using the
procedure described above.

3.6.4. Dissolution Study

The successful formulations were selected and subjected to dissolution tests using
a paddle apparatus according to the standard USP method [55]. For PGS and ALM
formulations, the one that contained a higher number of excipients was selected to enter the
test. The test was carried out for 30 min, using different dissolution mediums (hydrochloric
acid pH 1.2 and phosphate buffer pH 5.8), at a controlled temperature of 37 ± 0.5 ◦C
throughout the test, where the paddle speed was set at 50 rpm. CS formulation was also
conducted with additional dissolution mediums (acetate buffer pH 4.5 and phosphate
buffer pH 6.8) to evaluate CS dissolution behavior along the gastrointestinal tract. Five
ml of sample was taken from the vessel at 2, 5, 10, 15, 20, and 30 min, with equal volume
replacement of fresh medium for each sampling. The samples were analyzed using a
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UV-Vis 2450 spectrophotometer (Shimadzu, Japan) at 243 nm. The cumulative drug release
percentage was then calculated. The test was repeated at least in triplicate.

3.7. Validation of CS Functionality

The characteristics of ibuprofen powder (model drug) were investigated using the
SeDeM expert system, and the poor characteristics (flowability and/or compressibility)
were corrected with CS. The number of excipients required to compensate for ibuprofen
characteristics (CP, %) was calculated. The ibuprofen formulation was prepared according
to the CP value by DC technique; then, the SeDeM-ODT expert system was applied to
determine formulation characteristics. Ibuprofen tablets (300 mg/tablet) were produced
using a single punch tableting machine with a 10.3 mm round, flat-face punch. The tablet
properties were evaluated as described earlier. After that, CS concentration was varied by
a 5% increase from the calculated CP value until the tablet properties met the requirements.
The dissolution property of the successful formulation was determined according to the
standard USP method.

3.8. Stability Study

The successful CS formulation was subjected to stability study under accelerated
condition(s) according to the International Conference on Harmonization (ICH) guidelines.
The tablets were stored at 40 ± 2 ◦C and 75 ± 5% RH for 45 days. Stability samples were
taken at 0, 30, and 45 days to determine tablet characteristics, which included weight
variation, breaking force, friability, disintegration time, drug content, and dissolution study.
A difference factor (f1) and similarity factor (f2) were applied to determine the sameness of
the dissolution profile [47]:

f1 = (
n

∑
t=1
| Rt − Tt | /

n

∑
t=1

Rt)× 100 (13)

f2 = 50× log10[100/

√√√√1 +

(
n

∑
t=1

(Rt − Tt

)2

/n] (14)

where n is the number of sampling time point, Rt is the average of cumulative drug release
of day 0 tablets at time t, and Tt represents the average of cumulative drug release of day
30 or day 45 tablets at that similar time point.

3.9. Statistics

All tests were conducted at least in triplicate and the data are presented as average
values. Statistical analysis was performed using a one-way analysis of variance (ANOVA)
in SPSS (version 19.0). Significance tests were analyzed using Tukey’s honestly significant
difference (HSD) multiple range test at a 95% confidence level (p < 0.05).

4. Conclusions

The formulation study of a co-processed, rice starch-based excipient (CS) was evalu-
ated using the SeDeM expert system for application in direct compression (DC) formulation.
CS exhibited acceptable powder characteristics based on the values of six incidence factors.
The comprehensive indices (IGC and IGCB) of CS surpassed the acceptable values, suggest-
ing that CS was suitable for DC manufacturing without the addition of a disintegrant to the
tablet formulation. The CP value of the excipient required to compensate for the property
of the model drug paracetamol was selected based on flowability. The formulation study
revealed that CS can be diluted up to 60% with an API of poor flow and compressibility in
the paracetamol formulation. At this percentage, CS tablets showed narrow tablet weight
variation, low friability, suitable drug content, and fast disintegration time. The dissolution
study showed that CS can release more than 80% of the drug content in less than 5 min at
all tested pH conditions, which was superior to other excipients. CS was comparable to
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HFEC, and can be used to compensate the inadequate flow and compressibility of APIs.
Other excipients, such as SMCC, required the addition of a disintegrant, while PGS and
ALM may not be suitable for poorly compressible APIs. PMSS, a simple, physical mixture
of various excipients, could not significantly improve the API properties and, thus, it was
not considered as a multifunctional excipient. The CS formulated with 50% of ibuprofen
showed satisfactory tablet properties, which implied the wide range of CS functionality to
formulate with various APIs. The stability study of the CS tablets showed no significant
change after 45 days storage. Overall, CS exhibited properties and characteristics as a
multifunctional excipient for direct compression of pharmaceutical tablets.
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Abbreviations

α Angle of repose
ALM Agglomerated lactose monohydrate
CCMS Cross-linked carboxymethyl starch
CS Co-processed, rice starch-based excipient
CP Percentage of a corrective excipient
Da Bulk density
DC Direct compression
Dc Tapped density
DCD Disintegration time with disk
DCP Drug content percentage
DE Effervescence
DSD Disintegration time without disk
HFEC High functionality excipient composite
H Hygroscopicity
HR Loss on drying
Iθ Homogeneity Index
IC Carr index
ICD Cohesion index
IGC Index of good compressibility
IGCB Index of good compressibility and bucodispersibility
Ie Interparticle porosity
IH Hausner ratio
IP Index parameter
IPP Index profile parameter
MCC Microcrystalline cellulose
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Pf Particle size that passed through a 50 um sieve
PGS Pregelatinized rice starch
PMSS Physical mixture
R Required average radius value of the mixture of excipient and API
RE Average radius value of the corrective excipient
RP Average radius value of the API to be corrected
RS Native rice starch
SMCC Silicified microcrystalline cellulose
t” Powder flow

References
1. U.S. Food and Drug Administration. FDA Report. Advance Health through Innovation New Drug Therapy Approvals; FDA: Silver

Spring, MD, USA, 2019.
2. U.S. Food and Drug Administration. FDA Report. Advance Health through Innovation New Drug Therapy Approvals; FDA: Silver

Spring, MD, USA, 2018.
3. U.S. Food and Drug Administration. FDA Report. Advance Health through Innovation New Drug Therapy Approvals; FDA: Silver

Spring, MD, USA, 2017.
4. Bolhuis, G.K.; Armstrong, N.A. Excipients for direct compaction: An update. Pharm. Dev. Technol. 2006, 11, 111–124. [CrossRef]

[PubMed]
5. Mirani, A.G.; Patankar, S.P.; Borole, V.S.; Pawar, A.S.; Kadam, V.J. Direct compression high functionality excipient using

coprocessing technique: A brief review. Curr. Drug Deliv. 2011, 8, 426–435. [CrossRef] [PubMed]
6. Ervasti, T.; Niinikoski, H.; Mäki-Lohiluoma, E.; Leppinen, H.; Ketolainen, J.; Korhonen, O.; Lakio, S. The comparison of

two challenging low dose APIs in a continuous direct compression process. Pharmaceutics 2020, 12, 279. [CrossRef] [PubMed]
7. Saha, S.; Shahiwala, A.F. Multifunctional coprocessed excipients for improved tabletting performance. Expert Opin. Drug Deliv.

2009, 6, 197–208. [CrossRef] [PubMed]
8. Tian, J.L.; Tian, C.; Ke, X. Comparative evaluation of a co-processed self-lubricating excipient LubriTose SD as a direct compression

vehicle. J. Drug Deliv. Sci. Technol. 2012, 22, 562–567. [CrossRef]
9. Trisopon, K.; Kittipongpatana, N.; Kittipongpatana, O.S. A spray-Dried, co-processed rice starch as a multifunctional excipient

for direct compression. Pharmaceutics 2020, 12, 518. [CrossRef] [PubMed]
10. Rashid, I.; Al-Omari, M.M.H.; Badwan, A.A. From native to multifunctional starch-based excipients designed for direct compres-

sion formulation. Starch Stärke 2013, 65, 552–571. [CrossRef]
11. Trisopon, K.; Kittipongpatana, O.S. Development of a direct compression excipient from epichlorohydrin-crosslinked car-

boxymethyl rice starch with sodium silicate using a coprocessing technique. Starch Stärke 2019, 71, 1800220. [CrossRef]
12. Pérez, C.H.; Carmona, M.M.; Grau, J.R.T.; Carreras, M.R.; Montoya, E.G.; Roura, R.R.; Lozano, P.P.; Suñé-Negre, J.M.; García,

R.F. Nueva metodología de preformulación galénica para la caracterización de sustancias en relación a su viabilidad para la
compresión diagrama SeDeM. Cienc. Tecnol. Pharm. 2005, 15, 125–136.

13. Yu, L.X.; Amidon, G.; Khan, M.A.; Hoag, S.W.; Polli, J.; Raju, G.K.; Woodcock, J. Understanding pharmaceutical quality by design.
AAPS J. 2014, 16, 771–783. [CrossRef]

14. Aguilar-Diaz, J.E.; Garcia-Montoya, E.; Sune-Negre, J.M.; Perez-Lozano, P.; Minarro, M.; Tico, J.R. Predicting orally disintegrating
tablets formulations of ibuprophen tablets: An application of the new SeDeM-ODT expert system. Eur. J. Pharm. Biopharm. 2012,
80, 638–648. [CrossRef]

15. Hancock, B.C.; Colvin, J.T.; Mullarney, M.P.; Zinchuk, A.V. The relative densities of pharmaceutical powders, blends, dry
granulations, and immediate-release tablets. Pharm. Technol. 2003, 27, 64–80.

16. Ban, S.V.D.; Goodwin, D.J. The impact of granule density on tabletting and pharmaceutical product performance. Pharm. Res.
2017, 34, 1002–1011. [PubMed]

17. Abu, D.F.; Al-Hmoud, L.; Rashid, I.; Chowdhry, B.Z.; Badwan, A. Understanding the performance of a novel direct compression
excipient comprising roller compacted chitin. Mar. Drugs 2020, 18, 115. [CrossRef]

18. Lamesic, D.; Planinsek, O.; Ilic, I.G. Modified equation for particle bonding area and strength with inclusion of powder
fragmentation propensity. Eur. J. Pharm. Sci. 2018, 121, 218–227. [CrossRef] [PubMed]

19. Al-Ibraheemi, Z.A.M.; Anuar, M.S.; Taip, F.S.; Amin, M.C.I.; Tahir, S.M.; Mahdi, A.B. Deformation and mechanical characteristics
of compacted binary mixtures of plastic (microcrystalline cellulose), elastic (sodium starch glycolate), and brittle (lactose
monohydrate) pharmaceutical excipients. Part. Sci. Technol. 2013, 31, 561–567. [CrossRef]

20. Valadez, J.A.R.; Robles, L.V. Compactibility assessment of direct compression excipients: Prosolv easytab. Int. J. Pharm. Pharm.
Sci. 2014, 6, 258–264.

21. Byrn, S.R.; Zografi, G.; Chen, X. Mechanical properties of pharmaceutical materials. In Solid-State Properties of Pharmaceutical
Materials; JohnWiley & Sons, Inc.: New Delhi, India, 2017; pp. 231–248.

22. Persson, A.S.; Ahmed, H.; Velaga, S.; Alderborn, G. Powder compression properties of paracetamol, paracetamol hydrochloride,
and paracetamol cocrystals and coformers. J. Pharm. Sci. 2018, 107, 1920–1927. [CrossRef]

http://doi.org/10.1080/10837450500464255
http://www.ncbi.nlm.nih.gov/pubmed/16544915
http://doi.org/10.2174/156720111795767960
http://www.ncbi.nlm.nih.gov/pubmed/21235470
http://doi.org/10.3390/pharmaceutics12030279
http://www.ncbi.nlm.nih.gov/pubmed/32244950
http://doi.org/10.1517/17425240802708978
http://www.ncbi.nlm.nih.gov/pubmed/19239391
http://doi.org/10.1016/S1773-2247(12)50097-3
http://doi.org/10.3390/pharmaceutics12060518
http://www.ncbi.nlm.nih.gov/pubmed/32517241
http://doi.org/10.1002/star.201200297
http://doi.org/10.1002/star.201800220
http://doi.org/10.1208/s12248-014-9598-3
http://doi.org/10.1016/j.ejpb.2011.12.012
http://www.ncbi.nlm.nih.gov/pubmed/28188541
http://doi.org/10.3390/md18020115
http://doi.org/10.1016/j.ejps.2018.05.028
http://www.ncbi.nlm.nih.gov/pubmed/29857044
http://doi.org/10.1080/02726351.2013.785451
http://doi.org/10.1016/j.xphs.2018.03.020


Pharmaceuticals 2021, 14, 1047 19 of 20

23. Sollohub, K.; Cal, K. Spray drying technique: II. Current applications in pharmaceutical technology. J. Pharm. Sci. 2010, 99,
587–597. [CrossRef]

24. Negre, J.; Montoya, E.; Lozano, P.; Aguilar Díaz, J.; Carreras, M.; García, R.; Carmona, M.M.; Ticó Grau, J.R. SeDeM diagram: A
new expert system for the formulation of drugs in solid form, expert systems for human, materials and automation. In Expert
Systems for Human Materials and Automation; Vizureanu, P., Ed.; IntechOpen: London, UK, 2011; pp. 17–34.

25. Young, P.; Edge, S.; Staniforth, J.; Steele, D.F.; Price, R. Dynamic vapor sorption properties of sodium starch glycolate disintegrants.
Pharm. Dev. Technol. 2005, 10, 249–259. [CrossRef]

26. Newman, A.; Zografi, G. An Examination of water vapor sorption by multicomponent Crystalline and amorphous solids and its
effects on their solid-state properties. J. Pharm. Sci. 2019, 108, 1061–1080. [CrossRef]

27. Niazi, S.K. Solid-state properties. In Handbook of Preformulation: Chemical, Biological, and Botanical Drugs; Taylor & Francis Group:
Boca Raton, FL, USA, 2006; pp. 197–240.

28. United State Pharmacopeia, USP 42. Rice Starch; United States Pharmacopeia Convention: Rockville, MD, USA, 2019;
pp. 6002–6004.

29. United State Pharmacopeia, USP 42. Silicified Microcrystalline Cellulose; United States Pharmacopeia Convention: Rockville, MD,
USA, 2019; pp. 5652–5654.

30. United State Pharmacopeia, USP 42. Lactose Monohydrate; United States Pharmacopeia Convention: Rockville, MD, USA, 2019;
p. 5796.

31. Kachrimanis, K.; Fucke, K.; Noisternig, M.; Siebenhaar, B.; Griesser, U.J. Effects of moisture and residual solvent on the phase
stability of orthorhombic paracetamol. Pharm. Res. 2008, 25, 1440–1449. [CrossRef] [PubMed]

32. Jain, A.; Metzger, M.J.; Glasser, B.J. Effect of particle size distribution on segregation in vibrated systems. Powder Technol. 2013,
237, 543–553. [CrossRef]

33. Shekunov, B.Y.; Chattopadhyay, P.; Tong, H.H.; Chow, A.H. Particle size analysis in pharmaceutics: Principles, methods and
applications. Pharm. Res. 2007, 24, 203–227. [CrossRef] [PubMed]

34. Kamp, H.V.V.; Bolhuis, G.K.; Kussendrager, K.D.; Lerk, C.F. Studies on tableting properties of lactose. IV. Dissolution and
disintegration. Int. J. Pharma 1986, 28, 229–238.

35. Ruangchayajatuporn, J.; Amornsakchai, T.; Sinchaipanid, N.; Mitrevej, A. Compaction behavior and optimization of spray-dried
lactose with various amorphous content. J. Drug Deliv. Sci. Technol. 2011, 21, 175–181. [CrossRef]

36. Aguilar, J.E.; Montoya, E.G.; Lozano, P.P.; Negre, J.M.S.; Carmona, M.M.; Grau, J.R.T. New SeDeM-ODT expert system: An
expert system for formulation of orodispersible tablets obtained by direct compression. In Formulation Tools for Pharmaceutical
Development; Woodhead Publishing: Cambridge, UK, 2013; pp. 137–154.

37. Dai, S.; Xu, B.; Shi, G.; Liu, J.; Zhang, Z.; Shi, X.; Yanjiang, Q. SeDeM expert system for directly compressed tablet formulation: A
review and new perspectives. Powder Technol. 2019, 342, 517–527. [CrossRef]

38. Galdon, E.; Casas, M.; Gayango, M.; Caraballo, I. First study of the evolution of the SeDeM expert system parameters based on
percolation theory: Monitoring of their critical behavior. Eur. J. Pharm. Biopharm. 2016, 109, 158–164. [CrossRef]

39. Scholtz, J.C.; Steenekamp, J.H.; Hamman, J.H.; Tiedt, L.R. The SeDeM expert diagram system: Its performance and predictability
in direct compressible formulations containing novel excipients and different types of active ingredients. Powder Technol. 2017,
312, 222–236. [CrossRef]

40. Raffa, R.B.; Pergolizzi, J.V.; Taylor, R., Jr.; Decker, J.F.; Patrick, J.T. Acetaminophen (paracetamol) oral absorption and clinical
influences. Pain Pract. 2014, 14, 668–677. [CrossRef]

41. United State Pharmacopeia, USP 42. Acetaminophen; United States Pharmacopeia Convention: Rockville, MD, USA, 2019;
pp. 45–47.

42. Markl, D.; Sauerwein, J.; Goodwin, D.J.; Van den Ban, S.; Zeitler, J.A. Non-destructive determination of disintegration time and
dissolution in immediate release tablets by terahertz transmission measurements. Pharm. Res. 2017, 34, 1012–1022. [CrossRef]

43. Rojas, J.; Kumar, V. Comparative evaluation of silicified microcrystalline cellulose II as a direct compression vehicle. Int. J. Pharm.
2011, 416, 120–128. [CrossRef]

44. Kundu, D.; Banerjee, T. Development of microcrystalline cellulose based hydrogels for the in vitro delivery of Cephalexin. Heliyon
2020, 6, e03027. [CrossRef] [PubMed]

45. Nokhodchi, A.; Homayouni, A.; Araya, R.; Kaialy, W.; Obeidat, W.; Asare-Addo, K. Crystal engineering of ibuprofen using starch
derivatives in crystallization medium to produce promising ibuprofen with improved pharmaceutical performance. RSC Adv.
2015, 5, 46119–46131. [CrossRef]

46. United State Pharmacopeia, USP 43. Ibuprofen Tablets; United States Pharmacopeia Convention: Rockville, MD, USA, 2020;
pp. 2285–2286.

47. Diaz, D.A.; Colgan, S.T.; Langer, C.S.; Bandi, N.T.; Likar, M.D.; Van Alstine, L. Dissolution similarity requirements: How similar
or dissimilar are the global regulatory expectations. AAPS J. 2016, 18, 15–22. [CrossRef] [PubMed]

48. European Pharmacopoeia. Bulk Density and Tapped Density of Powders; European Directorate for the Quality of Medicines &
HealthCare (EDQM): Strasbourg, France, 2016; pp. 359–361.

49. European Pharmacopoeia. Powder Flow; European Directorate for the Quality of Medicines & HealthCare (EDQM): Strasbourg,
France, 2016; pp. 362–365.

http://doi.org/10.1002/jps.21963
http://doi.org/10.1081/PDT-54448
http://doi.org/10.1016/j.xphs.2018.10.038
http://doi.org/10.1007/s11095-007-9529-4
http://www.ncbi.nlm.nih.gov/pubmed/18183475
http://doi.org/10.1016/j.powtec.2012.12.044
http://doi.org/10.1007/s11095-006-9146-7
http://www.ncbi.nlm.nih.gov/pubmed/17191094
http://doi.org/10.1016/S1773-2247(11)50019-X
http://doi.org/10.1016/j.powtec.2018.10.027
http://doi.org/10.1016/j.ejpb.2016.10.004
http://doi.org/10.1016/j.powtec.2017.02.019
http://doi.org/10.1111/papr.12130
http://doi.org/10.1007/s11095-017-2108-4
http://doi.org/10.1016/j.ijpharm.2011.06.017
http://doi.org/10.1016/j.heliyon.2019.e03027
http://www.ncbi.nlm.nih.gov/pubmed/31909241
http://doi.org/10.1039/C5RA06183K
http://doi.org/10.1208/s12248-015-9830-9
http://www.ncbi.nlm.nih.gov/pubmed/26428517


Pharmaceuticals 2021, 14, 1047 20 of 20

50. European Pharmacopoeia. Flowability; European Directorate for the Quality of Medicines & HealthCare (EDQM): Strasbourg,
France, 2016; pp. 321–322.

51. United State Pharmacopeia, USP 43. Disinetgration; United States Pharmacopeia Convention: Rockville, MD, USA, 2020;
pp. 6940–6945.

52. United State Pharmacopeia, USP 43. Uniformity of Dosage Unit; United States Pharmacopeia Convention: Rockville, MD, USA,
2020; pp. 7183–7186.

53. United State Pharmacopeia, USP 43. Tablet Breaking Force; United States Pharmacopeia Convention: Rockville, MD, USA, 2020;
pp. 8138–8141.

54. British Pharmacopoeia. Paracetamol Tablets; The Medicines and Healthcare Products Regulatory Agency (MHRA): London, UK,
2018; pp. 1038–1039.

55. United State Pharmacopeia, USP 43. Dissolution; United States Pharmacopeia Convention: Rockville, MD, USA, 2020;
pp. 6945–6955.


	Introduction 
	Results and Discussion 
	Optimization of Excipients and APIs Powder Using SeDeM-ODT Expert System 
	Dimension Factor 
	Compressibility 
	Flowability 
	Stability 
	Dosage 
	Disgregability 

	The Determination of the Indices Using the SeDeM-ODT Diagram 
	The Correction of API Characteristics for DC Formulation 
	Formulation Study 
	Validation of CS Functionality 
	Stability Study 

	Materials and Methods 
	Materials 
	Optimization of Excipients and APIs Powder Using SeDeM Expert System 
	Dimension 
	Compressibility 
	Flowability 
	Stability 
	Dosage 
	Disgregability 

	Conversion of Parameter Values to Radius Values of the SeDeM-ODT Diagram 
	The Determination of the Index Using SeDeM-ODT Diagram 
	Calculation of the Number of Excipients Required to Adjust API Characteristics for DC Formulation 
	Formulation Study 
	Tablet Preparation 
	Evaluation of Tablet Properties 
	Tablet Criteria 
	Dissolution Study 

	Validation of CS Functionality 
	Stability Study 
	Statistics 

	Conclusions 
	References

