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Abstract

Background: Computer-aided formulation design is gaining fantastic attention in chemical engineering of high
functionality pharmaceutical materials for dosage form manufacture. To accelerate development of novel
formulations in a quality-by-design perspective, SeDeM Expert System preformulation algorithm was developed as a
tool for the design of solid drug delivery systems and for prediction of direct compression manufacturability of
solid formulations. This research aims to integrate SeDeM Expert System into particle engineering design space of
co-processing of solid excipients to develop novel composites with optimum direct compression propensity, using
corn starch and microcrystalline cellulose powders as model primary excipients.

Result: The data and information generated from the expert system have elucidated the bulk-level characteristics
of the primary excipients, enabled computation of the optimum co-processing ratio of the ingredients, and
validated the impact of co-processing on material functionality. The experimental flowability (7.78±0.17),
compressibility functions (5.16±0.14), parameter profile (0.92), and parametric profile index (6.72±0.27) of the
engineered composites, were within the acceptable thresholds. With a reliability constant of 0.961, the net direct
compression propensity of the composites expressed as Good Compression Index (6.46±0.26) was superior to that
of the primary excipients, but comparable to reference co-processed materials, StarLac® (6.44±0.14) and
MicroceLac®100 (6.58±0.03).
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Conclusion: Application of SeDeM Expert System in particle engineering via co-processing has provided an
accelerated upstream proactive mechanism for designing directly compressible co-processed excipients in a quality-
by-design fashion. A four-stage systematic methodology of co-processing of solid excipients was postulated. Stage I
entails the characterization of CMAs of both defective and corrective excipients, and elucidation of their
physicomechanical limitations using SeDeM diagrams. Stage II involves computation of loading capacity of the
corrective excipient using dilution potential equation. Stage III entails the selection of co-processing technique
based on desired Critical Material Attributes as revealed by the information obtained from Stage I. Stage IV evaluates
the impact of co-processing by monitoring the critical behavior of the engineered composites with a decision on
either to accept or reject the product.

Keywords: Particle engineering, Co-processing, Computer-aided formulation design, SeDeM Expert System, Direct
compression, Quality-by-design, Starch, Microcrystalline cellulose

Background
The quest to develop novel excipients is increasing
partly due to the inefficiency of existing pharmaceutical
materials to satisfactorily address the critical functional-
ity requirements of modern manufacturing machines
and/or peculiarities of advanced drug delivery systems to
obtain products with acceptable target quality product
profiles (QTPPs) [1, 2]. Moreover, the vision of the
pharmaceutical industry in adoption of the principles of
lean manufacturing geared towards improving produc-
tion efficiency, reduction of time to market of formu-
lated products, and ensuring sustainable and affordable
supply of high-quality medicines has dramatically chan-
ged the way pharmaceutical products are designed, de-
veloped, and manufactured [3–5]. This is very true when
direct compression (DC) method of tablet production is
considered. DC is an economic tablet manufacturing
process that allows tableting via fewer unit operations,
thus devoid of complex process validation procedures
typical in tableting by roller compaction or wet granula-
tion [6, 7]. However, because DC has stringent require-
ments for materials with efficient physicomechanical
functionality, significant number of single-component
excipients (SCEs) and active pharmaceutical ingredients
have inherent rheological deficiencies limiting optimal
utilization of direct compression for tableting [8, 9].
Consequently, to produce tablets of acceptable QTPPs,
the utilization of direct compression technology is lim-
ited to a fraction of pharmaceutical excipients [9–11].
To fully maximize the manufacturing potentials of

tableting by direct compression, novel high functionality
excipients are needed to mitigate the short falls of exist-
ing SCEs [12]. Unfortunately, because novel excipients
are considered by the regulatory bodies as new chemical
entities (NCEs), and that there is no independent regula-
tory route for their development, similar level of scrutiny
as novel drug molecules for safety evaluation in humans
applies [1]. Given the complex scientific, economic, and
regulatory uncertainties surrounding development of

NCEs [13], this route is commercially non-rewarding for
excipient development.
A more plausible pathway to develop new tableting ex-

cipients involves functional modification of existing
SCEs with established regulatory safety profiles, tagged
Generally Regarded as Safe (GRAS) [14]. Particle engin-
eering technologies such as co-processing are explored
to create novel co-processed excipients, a combination
of two or more GRAS listed excipients, to create novel
functionality for expanded application in tablet manufac-
ture [15, 16]. Consequently, development of co-processed
excipients enjoys a regulatory leverage over synthesis of
entirely new chemical entities. Co-processed excipients
have been reported to have superior advantage in terms of
critical tableting properties than the corresponding SCEs
[11, 16, 17]. Despite their availability, co-processed excipi-
ents are still scanty, and because they exist in a fixed com-
bination, their versatility in direct compression is limited
[18, 19]. Consequently, there is need to develop newer
tableting materials to bridge this gap.
Given the urgent need to develop cost-realistic high

functionality novel co-processed excipients with proven
superiority over traditional excipients pursuant to the
objectives of the International Council for
Harmonization of technical requirement for registration
of medicines for human use (ICH), there is need for
process engineers and formulation scientists to deploy e-
resources in accelerating research and development and
reduction of time to market while concurrently striking
a balance between quality and regulatory requirement.
Fortunately, as a result of digital revolution, computer-
aided formulation development tools are gaining fantas-
tic attention in chemical engineering of high-quality
pharmaceutical materials for dosage form manufacture
[20–22]. Formulation development tools are sets of e-
development algorithms based on special or conven-
tional computer programming languages that assist for-
mulators to design products in a simple, reliable, and
systematic manner [21–24].
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To accelerate solid formulations development in a
Quality-by-Design (QbD) perspective, SeDeM Expert
System was invented to serve as a preformulation algo-
rithm for prediction of direct compression suitability of
powder systems based on computation of critical direct
compression variables [24–26]. The expert system was
equally applied in monitoring the critical behavior and
percolation threshold of powder systems [27], and as
optimization tool has aided in the quantitative estima-
tion of optimum amounts of high functionality excipi-
ents required to fabricate poorly compressible active
drugs into tablets by direct compression technology [28].
Because co-processing requires critical understanding of
the complex interactions of solid bulk-level properties
and how their physical modifications affect tableting
properties [29], it is inferential that integration of
SeDeM Expert System could be of significant merit in
product design and optimization of novel co-processed
excipients. Therefore, the goal of this research was
aimed at accelerating development and optimization of
novel co-processed excipients by the application of
SeDeM Expert System in co-processing technology. For
the first time, the suitability of the expert system for sys-
tematic development of novel co-processed excipient
using corn starch (a poorly compactible) and microcrys-
talline cellulose (a highly compressible) powders as
model primary excipients powders was investigated.

Methods
Materials
A predominantly plastic deforming excipient—micro-
crystalline cellulose powder (Avicel PH101, FMC Cor-
poration, UK) and a fairly elastic deforming excipient—
corn starch powder (CDH Chemicals, India), were used

as model primary excipients. Polyvinylpyrrolidone (CDH
Chemicals, India) was used as a binding agent during
co-dispersion. Magnesium stearate, colloidal silicon di-
oxide, talc (Merck, Sigma-Aldrich) functioned as lubri-
cating and flow enhancing agents for compaction of
corn starch only. Two commercially available directly
compressible co-processed excipients, MicroceLac®100
(75% lactose monohydrate + 25% microcrystalline cellu-
lose) and StarLac® (85% lactose monohydrate + 15%
white native maize starch) graciously donated by Meggle
Wasserburg GmbH & Co. KG, Germany, were used as
reference standards for comparison.

Characterization of the SeDeM parameters of the primary
excipients
A total of thirteen parameters were included in the study
(Table 1). These comprise of the CMAs of the excipients
characterized using pharmacopoeial methods and stand-
ard procedures reported in the relevant literatures. Trip-
licate determinations were conducted, except otherwise
specified.

Densities
Bulk density (ρb) and tap density (ρt) were determined
according to the procedure (measurement in a graduated
cylinder) described in the United States Pharmacopoeia
with modifications [30, 31]. Thus, (ρb) was determined
by dividing the weight (w) of the sample material by its
loose volume (vb) occupied in a 250 (±2) mL measuring
cylinder. Tapped density (ρt) was determined by subject-
ing the cylinder to 250–500 taps on a hard-flat surface
until a constant volume (vt) was attained. The tap dens-
ity value was obtained as the ratio of w to (vt).

Table 1 Studied parameters and their theoretical specification limits [28]

Incidence Symbol Parameter name Symbol Unit LSL USL

Dimension D Bulk density ρb g/mL 0 1

Tapped density ρt g/mL 0 1

Compressibility ѱc Carr's index Carr % 0 50

Interparticle porosity Ie - 0 1.2

Cohesion index Icd N 0 200
aFriability Fr % 1 0

Flowability ѱf Hausner’s ratio HR - 3 1

Powder flow t" Sec 0 10

Angle of repose ϴr ° 50 0

Lubricity/stability Cs Loss on drying %H % 0 10

Hygroscopicity %RH % 20 0

Lubricity/dosage ϕp Particle size <75μm %Pf % 50 0

Homogeneity index Iϴ - 0 0.02

LSL theoretical lower specification limit of parameter, USL theoretical upper specification limit of parameter
aThe parameter was not included in the original system
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ρb ¼ w�
vb ð1Þ

ρt ¼ w�
vt ð2Þ

Hausner’s ratio, Carr’s index, and interparticle porosity
The Hausner’s ratio (HR) and Carr’s index (IC) were cal-
culated from the bulk and tapped densities using Eqs. 3
and 4, respectively [31].

HR ¼ ρt
�
ρb

ð3Þ

IC ¼ 100
ρt−ρb
ρt

� �
ð4Þ

The interparticle porosity Ie was determined as:

Ie ¼ ρt−ρb
ρt :ρb

� �
ð5Þ

Angle of repose
To determine the angle of repose (ϴr), 10 g of powder
sample was placed into a cotton-plugged glass funnel
suspended vertically on a retort stand such that its tip
was 7-cm away from the base of an A4-sized plane sheet.
After unblocking the funnel, a powder heap with a
height (h) and a diameter (d) was formed on the sheet.
ϴr is thus the angle made by the inclined plane of the
cone to the base and was derived from Eq. 6 [30].

ϴr ¼ tan−1
h

0

d
0
0:5

 !
ð6Þ

where h’ and d’ are respectively the means of triplicate
measurements of the heights and diameters of the cone
measured along different axes.

Powder flow
Powder flow (t’’) was measured using flowmeter (Erweka,
Type GDT, Germany) as the rate at which sample
weight (m) is discharged from the funnel compartment
[32].

t ’’ ¼ m�
t ð7Þ

where t is the time for powder discharge.

Loss on drying (H)
Powder sample (wi) was evenly spread on weighed
aluminum foil and dried to a constant weight (wf) in hot
air oven (LabTech, India) at 105 ±2°C for 3 h. The mois-
ture content (%H) was calculated as the percentage loss
in weight.

%H ¼ 100
wi−w f

wi

� �
ð8Þ

where wi is the initial weight of sample and wf is the
final weight of sample after drying, respectively.

Hygroscopicity (%RH)
%RH was determined gravimetrically by placing weighed
powder sample in the upper compartment of a desicca-
tor containing saturated solution of sodium chloride
(RH: 75.5%) in the lower compartment. The moisture
was allowed to equilibrate in the chamber for 24 h, and
hygroscopicity calculated as the % weight of moisture
adsorbed by the sample [32–34].

%RH ¼ 100
S2−S1
S1

� �
ð9Þ

where S1 and S2 are initial and final weights of the
sample, respectively.

Cohesion index
To determine cohesion index (Icd), powder sample
weighing 100±3mg was compressed using single-punch
tableting machine (Model SSP-12, Shakti Pharmatech
PVT. LTD, India) equipped with elongated convex-faced
punches (8mm x 4mm) having upper punch scoring.
Compression force of 10 KN was applied to form com-
pacts at a production speed of ~100 tablets/min. To
avoid ejection defects and damages to the punches and
die cavity by the poorly compressible corn starch, it was
blended with standardized formula of lubricants (0.5%
magnesium stearate, 0.14% colloidal silicone dioxide,
and 2% talc) just prior compression [25]. The tablets
were stored in moisture-proof desiccator to prevent soft-
ening of tablets due to effects of extraneous factors such
as humidity. Cohesion index (Icd) was recorded for six
compacts as the force required to trigger fracture along
the short tablet axis and parallel to the scoring using
digital tablet hardness tester (Model THT-2 Biobase,
India). To allow for elastic recovery and thus prevent
false hardness values, measurements were conducted 24
h post production [35].

Friability
Friability (Fr) value was determined according to United
States Pharmacopoeia. Because the unit weight of the
tablets was 100 mg, the sample corresponding to 6.5 g
was used in the test. The tablets were placed in the cy-
linder of a friabilator (Model TFT-3, Biobase Biodustry
Co. Ltd, Shandong, China) and set at 25 rpm for 4 min.
Fr was calculated according to Eq. 10 [36].
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Fr ¼ 100
w1−w2

w1

� �
ð10Þ

where w1 is the initial tablet weight, while w2 is the
final weight of unfragmented tablets after tumbling.
Samples that have shown broken compacts were consid-
ered to have failed the test.

Particle size <75μm (%Pf) and homogeneity index (Iϴ)
These parameters were obtained by setting 100 g (±2 g)
of powder sample into 10 min vibration in a sieve shaker
(Ro-Tap® Model E, W.S Tyler, Ohio USA). The nest of
sieves was arranged in descending order as 420 μm, 300
μm, 250 μm, 180 μm, 150 μm, 125 μm, 90 μm, and 75
μm on a collecting pan. The fraction of powder
expressed in percentage that passed through the 75-μm
sieve was recorded as the %Pf. Homogeneity index, Iϴ
was calculated from Eq. 11 [37].

Iϴ ¼ Fm
100þ dm−dm−1ð ÞFm−1 þ dmþ1−dmð ÞFmþ1 þ dm−dm−2ð ÞFm−2 þ dmþ2−dmð ÞFmþ2þ

…:þ dm−dm−nð ÞFm−n þ dmþn−dmð ÞFmþn

ð11Þ

where
Fm: Percentage of particles in the majority range
Fm − 1: Percentage of particles in the range immediately

below the majority range
Fm + 1: Percentage of particles in the range immediately

above the majority range
dm: Mean diameter of the particles in the majority

fraction
dm − 1: Mean diameter of the particles in the fraction of

the range immediately below the majority range
dm + 1: Mean diameter of the particles in the fraction of

the range immediately above the majority range

Setting of parameter limits, transformation of experimental
parameter values into radius limits, and construction of
SeDeM diagrams
A specified in the literature [28], the acceptable range
for each parameter comprises of a lower specification
limit (LSL) and an upper specification limit (USL) (Table
1). Equation 12 was used to transform the obtained ex-
perimental parameter value (ӯ) in the range [LSL, USL]
into polygon radius value (r) within the range [LRL,
URL]. For ӯ>USL and ӯ<LSL, values were respectively
rounded up to the corresponding USL and LSL prior to
transformation. Thus, the transformation function for
obtaining the polygon radius value for each parameter
was given in Eq. 12. The SeDeM diagrams of individual
materials were constructed from the transformed r
values of the 13 studied parameters using Microsoft
Excel Worksheet.

r ¼ ð�y−LSLÞðURL−LRLÞ
USL−LSL

þ LRL ð12Þ

where
r: Transformed radius value of the parameter
ӯ: Parameter value
LSL: Theoretical lower specification limit of the

parameter
USL: Theoretical upper specification limit of the

parameter
LRL: Lower radius limit= 0
URL: Upper radius limit=10

Calculation of flowability and compressibility functions,
lubricity/dosage, and composite stability
The flowability function, ѱf of the excipients was
expressed as the arithmetic mean of radii values of Haus-
ner’s ratio (IH) angle of repose (θr), and powder flow
(t " ). The compressibility function, ѱc was measured as
the arithmetic mean of radii values of interparticle porosity
(Ie), Carr’s index (IC), cohesion index (Icd), and friability
(Fr) [25, 37].

ѱ f ¼ IH þ θr þ t}ð Þ.
3

ð13Þ

ѱc ¼ Ieþ IC þ Icd þ Frð Þ.
4

ð14Þ

Lubricity/dosage (ϕp) was derived as the mean radii of
homogeneity index (Iϴ) and particle size <75μm (%Pf).
Composite stability was calculated as the mean radii of
hygroscopicity (%RH) and loss on drying (%H) [25].

ϕp ¼ Iϴþ%Pfð Þ.
2

ð15Þ

∁s ¼ %Hþ%RHð Þ.
2

ð16Þ

Calculation of parameter index, parametric profile index,
and good compression index (IGC)
Parameter index (IP) was computed by counting the
number of parameters (with radii r≥5) and dividing by
13. Parametric profile index (IPP) was obtained as the
arithmetic mean of all radii values. Good compression
index (IGC) was computed according to Eq. 17 [37, 38].

IGC ¼ IPP
A13

Ac

� �
ð17Þ

where A13 and Ac are the area of a 13-sided regular
polygon and area of a circle, respectively.

Salim et al. Future Journal of Pharmaceutical Sciences           (2021) 7:135 Page 5 of 12



A13

Ac
¼

r2n sin
360
n

� �

2

0
BB@

1
CCA

πr2
ð18Þ

where A13
Ac
, r and n are the reliability constant, circum-

radius, and number of sides of the polygon, respectively.

Mathematical computation of the amount of corrective
excipient (MCC) required to remedy the deficient excipient
(corn starch)
Since corn starch was considered to contribute minimal
compressive properties compared to microcrystalline
cellulose, the latter was termed as the “corrective” ex-
cipient while the former was regarded as the “deficient”
excipient. Using the equation proposed by the SeDeM
system, in calculation of dilution potential, the amount
of MCC required to compensate for low compressibility
of corn starch was predicted as [38].

CE ¼ 100−
ѱc−R
ѱc−ѱcd

� �
X100

� �
ð19Þ

where
CE: % of the corrective excipient
ѱc: Mean compressibility radius value of the corrective

excipient
R: Target mean compressibility value = 5
ѱcd: Mean compressibility radius value of the deficient

excipient

Preparation of Starch-MCC composites by co-dispersion
The calculated amounts of the primary excipients from
“Preparation of Starch-MCC composites by co-
dispersion” section were triturated in 500 ml deionized
water followed by addition of 2.5% (w/v) aqueous solu-
tion of polyvinylpyrrolidone to strengthen interparticle
bonding. Controlled heating was maintained over digital
hot plate with internal temperature of the system con-
trolled at 60°C for 15 min. The co-dispersed slurry was
convectively dried in hot air oven chamber (LabTech,
India) for 2 h. The damp mass was screened through
500-μm mesh and further dried for 20 h under same
condition. The resulting Starch-MCC composite was
size reduced by impact and attrition phenomenon using
horizontally mounted ball mill operated at 130 revolu-
tion per minute for 20 min on All Purpose Equipment
(AP-01 Plus, Orchid Scientific, India). The resulting co-
processed powder was screened through 250-μm sieve
size and the product stored in air tight polyvinyl chloride
plastic containers until further use [39].

Evaluation of the impact of co-processing on the
resulting Starch-MCC composites
The CMAs of the Starch-MCC composites were charac-
terized using the SeDeM methodology. The propensity
for direct compaction manufacture of the engineered
Starch-microcrystalline cellulose composites in relation
to that of commercially available reference co-processed
excipients (MicroceLac® 100 and StarLac®) was evaluated
using Flowability Functions, Compressibility Functions,
Lubricity/dosage, Composite stability, and Index of
Good Compression as previously described.

Results
Interpretation of SeDeM diagrams and bulk level solid
properties of the materials
The SeDeM diagram is a polygonal diagrammatic repre-
sentation of the multivariate bulk level parameters influ-
encing direct compression manufacturability (Figs. 1, 2,
and 3). Each diagram consists of 13-radii interconnect-
ing the center (where r=0) to the vertices (where r=10)
of the polygon. Thus, the experimentally determined
parameter radii values (Table 2) formed a characteristic
polygonal shape when presented in the diagram [37],
from which formulators could easily understand the
weight and hence the desirability of each parameter by
the point it occupied along the radius length. The de-
sired minimum acceptable value (MAV) for each param-
eter is r≥5.0. The magnitude of the shaded area formed
by the radii values when all points were interconnected
provided a quantitative description of direct compres-
sion functionality of the studied materials.
Co-processing entails screening and optimization of

bulk level properties of the parent excipients to obtain
composites with enhanced properties [16, 17]. By using
the parameter limits of the SeDeM Expert System (Table
1), screening procedures of variables with suboptimal
values is straight-forward and require no complex statis-
tical computation.
Referring to the SeDeM diagrams of the primary

excipients (Fig. 1), a sharp contrast in terms of the
material characteristics exists. Corn starch, the poorly
compactible excipient, had suboptimal radii values of
Carr’s index, interparticle porosity (Ie), cohesion index
(Icd), friability (Fr), powder flow (t’’), angle of repose
(ϴr), and percentage of particles less than 75μm (%Pf).
Microcrystalline cellulose displayed suboptimal values
with respect to bulk and tap densities, Ie, ϴr, and %Pf.
Therefore, the SeDeM diagram was employed as semi-
qualitative preformulation tool to screen parameters of
the primary excipients that require modification to the
desired acceptable thresholds using appropriate co-
processing technique.
The SeDeM diagram of the engineered starch-MCC

composites indicated better material characteristics than
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either of the primary excipients. The functional deficien-
cies of corn starch were masked by microcrystalline cel-
lulose, and the recombinant composite displayed better
material characteristics.

Flowability and compressibility functions, parametric
profile index, and good compression index
Flowability (ѱf) and compressibility (ѱc) functions were
measures of fluidity and volume reduction propensities and
their MAV is 5.0, each [25, 37]. These functions constitute
critical predictors of direct compression appropriateness of
materials [37]. Thus, considering Table 3, corn starch pow-
der was a poor candidate for direct compression. The cor-
rective excipient, microcrystalline cellulose demonstrated
better values of the functions.

The parameter profile (IP) summarized the number of pa-
rameters whose polygon radii values were equal to or above
the minimum acceptable threshold of 0.5. This theoretical
point requires that up to 50% of the studied parameters to at-
tain acceptable polygon radii values. Based on our findings,
corn starch powder had only 6 (46.15%) acceptable parameter
values compared to MCC with 8 (61.55%). The engineered
starch-MCC composite had up to 12 (92.31%) acceptable pa-
rameters which was equivalent to the values for StarLac®.
The parametric profile index (IPP) is the average of all

the mean radii values and has minimum acceptable value
of 5.0. The multiplicative output of the IPP and the reliabil-
ity constant (A13/A0) in Eq. 17 quantitatively described the
IGC which predicted the overall direct compression per-
formance of the materials. It suffices to note that the reli-
ability of SeDeM Expert System and hence its robustness in
predicting direct compression suitability depends on the re-
liability constant, whose numerator expressed the area of
an n-sided regular polygon (n studied parameters) relative
to the area of a circle (infinite parameters) [26, 37]. An ideal
reliability has a value of unity but is seldom attained due to
limited number of parameters studied. In our research, thir-
teen parameters were studied and a reliability constant of
0.961 was obtained indicating better predictive power.
The MAV for the IGC is 5.0, while the optimal theoretical

value is 8.23 [37]. Prior to co-processing, corn starch had
IGC of only 3.87. After co-processing with MCC, the value
increased to 6.46 which was comparable to the experimental
compression profiles of StarLac® and MicroceLac® 100.

Discussion
Postulating a systematic approach to co-processing of
solid directly compressible co-processed excipients using
SeDeM Expert System approach
Application of SeDeM Expert System in particle en-
gineering design space of novel co-processed

Fig. 1 SeDeM diagrams of corn starch (a) and microcrystalline cellulose (b)

Fig. 2 Superimposed SeDeM diagrams of MCC (dotted lines) and
corn starch (shaded area)
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composites provided an upstream proactive mechanism
for designing materials with direct compaction propensity
in a QbD fashion. The preformulation information gath-
ered from SeDeM diagrams, IP, IPP, IGC, ѱf, and ѱf func-
tions provided an avenue for critical understanding of the
functionality of the primary excipients useful for systematic
design of co-processed excipients. This study therefore pos-
tulates a four-stage systematic product design of novel co-
processed excipients as schematically outlined in Fig. 4 and
critically discussed below.

Stage I: SeDeM characterization of both defective and
corrective materials using SeDeM methodology
Since co-processing requires critical understanding of
bulk-level characteristics of parent excipients enlisted in
Table 1 and how their interactions affect the down-
stream processing as well as quality and functionality of

the resulting co-processed composites [29, 30], this stage
utilized SeDeM Expert System for preformulation ana-
lysis to identify the physicomechanical pros and cons of
the primary excipients and elucidate the potential of the
corrective excipient to remedy the deficiencies of the de-
fective excipient.
The SeDeM diagram of corn starch indicated gross

physicomechanical inadequacies revealed by the subopti-
mal polygon radii values Carr, Ie, Icd, Fr, t’’, ϴr, and %Pf
(Fig. 1). This predicted that corn starch powder had
poor volume reduction propensity, minimal interparticle
low mechanical strength, and high percentage of fine
particles which are reported rheological limitations of
starch in direct compression tableting [40, 41]. Because
powder fluidity and compressibility are desired critical
functionality requirement for direct compression, [7, 9]
the lower values of flowability (ѱf) and compressibility

Fig. 3 SeDeM diagrams of engineered Starch-MCC composite (a), StarLac® (b), and MicroceLac®100 (c)

Table 2 Mean polygon radii values of the various studied parameters

Parameter Symbol Corn starch Microcrystalline cellulose Starch-MCC composites StarLac® MicroceLac®100

Bulk density ρb 5.22 3.81 5.62 5.39 4.69

Tapped density ρt 8.40 4.42 6.93 6.77 5.72

Carr's index Carr 2.43 7.27 6.21 5.91 6.41

Interparticle porosity Ie 1.65 0.43 0.88 0.92 0.70
aCohesion index Icd 0.00 9.74 7.09 6.36 7.15
bFriability Fr 0.00 9.69 6.44 6.73 8.60

Hausner's ratio HR 6.95 9.21 8.82 8.71 8.90

Powder flow t" 4.39 6.52 7.91 7.72 8.59

Angle of repose ϴr 2.11 4.01 6.61 6.43 6.94

Loss on drying %H 10.00 7.17 7.26 9.20 5.57

Hygroscopicity %RH 5.35 5.59 6.06 7.36 8.88

Particle size <75μm %Pf 0.01 0.00 7.47 7.85 8.54

Homogeneity index Iϴ 5.87 5.57 10.00 7.73 8.30
aCohesion index value was mean of six determinations. bFriability was determined once. For all other parameters, determinations were conducted in triplicate
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functions (ѱc) presented in Table 3, predicted the non-
suitability of the corn starch powder in imparting the
requisite die filling capacity and the desired tensile
strength to furnish tablets of acceptable QTPPs. Based
on IP values, only six out of the thirteen parameters of
corn starch have passed the MAV. The IGC value fur-
ther predicted gross physicomechanical inadequacies of
corn starch as excipient for direct compression.
Conversely, the SeDeM diagram of MCC powder indi-

cated acceptable values of Carr, Icd, Fr, HR, and t’’ (Fig. 1b),
suggesting better volume reduction propensity, excellent
dry binding ability, high mechanical strength, and moderate
flowability than corn starch powder. This is true of intrinsic
properties of MCC because its molecular structure has nu-
merous hydrogen groups on the surface of the cellulose

moieties [42], whose spatial proximities conferred a unique
ease of formation of numerous hydrogen bonding interac-
tions during compression cycle, even at low compaction
pressures making the tablets mechanically stronger [9, 42].
Despite its compressional advantages over corn starch,
MCC was characterized by higher percentages of fine parti-
cles <75μm that explained the low values of ϴr and inferior
lubricity/dosage (ϕp). However, ѱf was equally acceptable
because both the HR and t’’ were within the acceptable
threshold. IP values of 0.62 suggested that up to eight of all
the parameters studied had acceptable polygon radii values.
An IGC of 5.43 indicated overall suitability for direct com-
pression. MCC was therefore selected as a suitable candi-
date to function as a corrective excipient to improve the
compressional deficiencies of corn starch.

Table 3 Incidence values of the studied excipients

Incidence Symbol Corn starch MCC Starch-MCC composites StarLac® MicroceLac®100

Compressibility function ѱc 1.02a ±0.01b 6.78 ±0.03 5.16 ±0.14 4.98±0.03 5.72±0.11

Flowability function ѱf 4.48±0.06 6.58±0.34 7.78±0.17 7.62±0.29 8.14±0.09

Powder stability Cs 7.68 ±1.25 6.38±0.22 6.66±0.85 8.28±1.30 7.23±2.34

Lubricity/dosage ϕp 2.94±0.33 2.78±0.22 8.74±0.17 7.79±0.02 8.42±0.86

Parameter profile IP 0.46 0.62 0.92 0.92 0.85

Parametric profile index IPP 4.03±0.23 5.65±0.08 6.72±0.27 6.70±0.15 6.85±0.03

Good compression index IGC 3.87±0.23 5.43±0.08 6.46±0.26 6.44±0.14 6.58±0.03

For all parameters a and b are mean and standard deviations of triplicate determinations, respectively

Fig. 4 Application of SeDeM Expert System in particle engineering design space of co-processed excipients. Stage I involves the characterization
of Critical Material Attributes (CMAs) of both defective and corrective materials using SeDeM methodology [a]. Stage II: Computing the loading
capacity of the corrective excipient using dilution potential equation proposed by the SeDeM Expert System [b]. Stage III: Selection of co-
processing technique based on intrinsic material property and desired CMAs [c]. Stage IV: Evaluating the impact of co-processing by monitoring
the critical behavior of the engineered composite with the decision on either to accept or reject the product [d]. Upon failing to meet up with
the critical specifications or acceptance criteria, the process conditions in Stage III can be revalidated or modified. IPP: Parametric Profile Index,
IGC: Good Compression Index, ψc: Compressibility function, ѱf: Flowability function

Salim et al. Future Journal of Pharmaceutical Sciences           (2021) 7:135 Page 9 of 12



Stage II: Computation of the loading capacity of the
corrective excipient using dilution potential equation
proposed by the SeDeM Expert System
As an optimization tool, the SeDeM Expert System con-
cept was applied in the determination of the optimum
amount of corrective excipient (MCC) required to pro-
duce composites of acceptable compression indices in
the co-processing stage. This was analogous to the stud-
ies on the application of the original system in comput-
ing the amount of diluent required to remedy the
deficiencies of poorly compactible active ingredients [26,
28, 43]. The superimposed SeDeM diagrams have eluci-
dated the potentials of MCC (dotted lines) to compen-
sate for the lower compressibility indices of corn starch
(shaded area) along the Carr, Ie, Icd, and Fr radii sec-
tions (Fig. 2). Based on the difference between the com-
pressibility function of MCC (ѱc) and that of corn starch
(ѱcd) optimum co-processing ratio was established accord-
ing to Eq. 19. Because an optimum percolation threshold
is desired to form compacts of acceptable tensile strength
[27, 44, 45], computation of the optimum co-processing
ratio forms a critical preformulation study to be conducted
in the design of co-processed composite. Accordingly, 69
% (~70%) and 30% amounts of MCC and corn starch
powders, respectively, were calculated as the optimum co-
processing ratio.
A practical advantage of this computation approach

was that it ruled out the need for conducting series of
unnecessary experiments at gradient combination levels
of the primary excipient’s mixture before optimal com-
bination was obtained; therefore, it was cost-effective
and time saving in formulation development of novel
excipients.

Stage III: Selection of co-processing technique based on
intrinsic material property and the desired CMAs revealed
by the information obtained from Stage I
This stage selects the co-processing technique based on
information obtained from Stage I and the desired
QTPPs. The sub-optimal radii values of for Carr, Ie, Icd,
Fr, t’’, ϴr, and %Pf for corn starch predicted in Stage I
suggested that a co-processing technique that would im-
prove the lubricity dosage, compressibility, and fluidity
functions would favorably improve the CMAs of the
resulting co-processed composite. A modified co-drying
technique involving the sub-stages dispersion, controlled
pregelatinization, convective drying, milling, and screen-
ing, was employed to achieve this requirement. Con-
trolled pregelatinization was employed to improve
compressibility component, while size enlargement
aimed to enhance the fluidity function. This was sup-
ported by earlier evidence that have shown the impact of
pregelatinization on improving material and tableting
properties of starches [40, 41].

Stage IV: Analysis of the impact of co-processing by
monitoring the critical behavior of the engineered Starch-
MCC composites
This stage applied SeDeM Expert System as a quality
control tool to monitor the impact of co-processing con-
ducted in Stage III. It requires SeDeM characterization
of the resulting co-processed product as described for
the primary excipients followed by critical evaluation of
direct compression propensity using the ѱf, ѱ, and IGC
functions.
After sub-particulate modification of the primary ex-

cipients, the SeDeM profile of the engineered Starch-
MCC composite indicated larger shaded area of the
polygon radii values relative to corn starch and MCC
powders, implying augmentation of material functional-
ity as a result of co-processing (Fig. 3a).
The lubricity/dosage (ϕp) consisting of the parameters

%Pf and Iϴ was included in the SeDeM classification to
predict the uniformity of dose in the tablet matrix. Ag-
glomeration of starch granules with MCC particles con-
solidated by polyvinylpyrrolidone (PVP) solid bridges
was responsible for particle size enlargement and sub-
stantial reduction of percentage of fine particles in
Starch-MCC co-processing [39], and hence, the in-
creased proportion of particles whose dimensions were
larger than 75μm. Because size enlargement is inversely
related to interparticulate friction [29, 30, 33], the en-
larged Starch-MCC composites had reduced interparti-
culate cohesive and adhesive forces resulting in
increased ϴr and t’’ radii values (Fig. 3a) accounting for
the better ѱf than the corresponding primary excipients
(Table 3). On this basis, the powder flow efficiency of the
co-processed excipients appeared as MicroceLac®100>
Starch-MCC composites>StarLac®. Moreover, the impact
of co-processing on improving the homogeneity of the
compacts was predicted by comparing the ϕp values of
corn starch (2.94) and MCC (2.78) to that of Starch-MCC
composites (8.74).
Since MCC undergoes extensive plastic deformation

even at low compression pressures [39–41], the presence
of high percentage of MCC (70%w/w) in the Starch-MCC
composite structure outweighed the elastic deformation
tendencies due to corn starch (30%w/w) resulting in
mechanically stronger compacts with acceptable Icd and
Fr. Additionally, the co-processing conditions, mixing
temperature of 55°C and mechanical agitation for 15 min,
were sufficient enough to trigger partial pregelatinization
of starch granules which has been reported to improve
compressibility of starch [39–41].
Based on the incidence values of Table 3 and the cri-

teria for acceptance of direct compression manufactur-
ability, we can observe that the highest ѱc was exhibited
by the pure MCC followed by MicroceLac®, Starch-MCC
composites, StarLac®, and Corn starch, respectively.
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Starch-MCC composite had IP value of 0.92 in compari-
son to 0.46 and 0.62 for corn starch and MCC, respect-
ively. Based on the IGC values, the suitability of the
materials as candidates for direct compression manufac-
ture appeared as MicroceLac®100> Starch-MCC com-
posites> StarLac® >MCC. This implied that the process
conditions in the co-processing stage favorably produced
composites within the desired parameter ranges and
therefore SeDeM Expert System could be regarded as a
process control tool for monitoring the impact of co-
processing on material functionality.

Potential limitations
This study was limited to co-processing of binary pow-
der system of fairly divergent compression physics—elas-
tic deformation for corn starch and plastic deformation
for MCC. Because pharmaceutical filler-binders have dif-
ferent physicomechanical functionalities, and that several
co-processed excipients comprise of more than two pri-
mary excipients, future studies should validate the uni-
versality of SeDeM Expert System in co-processing of
wide range of raw materials.

Conclusion
Application of SeDeM Expert System in particle engin-
eering design space of novel co-processed composites
provided an upstream proactive mechanism for design-
ing directly compressible co-processed excipients in a
QbD fashion. In principle, the system assisted in under-
standing the critical functionality of the primary excipi-
ents enabling a robust science-based approach in the
creation of novel excipient via co-processing. It is infer-
ential that integration of computer-based formulation
development tools such as SeDeM Expert System could
be of significant merit in particle design and
optimization of novel directly compressible co-processed
excipients.
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