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Abstract
Effects of four process and formulation parameters (spraying rate of ethanol solution, drying and tablet hardness and

hydroxypropyl methyl cellulose (HPMC) content) were evaluated in terms of initial quality of tablets using factorial de-

sign approach. For determination of stability of final drug product, the tablets were exposed to stress testing conditions

and the three most significant factors were investigated (spraying rate of ethanol solution, drying and HPMC content).

Considering the chemical stability of Sirolimus, the following responses were found to be most important: total sum of

degradation products, levels of impurity I and assay of isomer C. Investigated factors and their interactions most sig-

nificantly affected the assay of isomer C in initial and in stressed stability testing samples.

The factorial design approach is a very economic way of obtaining the maximum amount of information in a short pe-

riod of time, which is especially important in studies that include a variety of different factors and their interactions.
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1. Introduction

Traditionally, quality of pharmaceutical products
was established with control of predefined parameters of
final drug products. The specification limits of chosen pa-
rameters were usually set on the basis of regulatory requi-
rements or guidelines. Sometimes additional studies (toxi-
cological studies etc.) were performed, but their aim was
to justify the quality of already developed drug product.
Such approach that was established by FDA (Food and
Drug Administration) and named quality by testing ap-
proach (QbT), lead to less flexible manufacturing proces-
ses with fixed process and formulation parameters and
included tight specifications and testing results of raw ma-
terials, in-process materials and final drug products.1

In order to optimize the quality of drug products
(and reduce the number of recalls from the market), in
2002 FDA started with a new initiative. This initiative was
based on quality by design (QbD), risk management and
quality systems. QbD presents a systematic approach to

pharmaceutical development and requires understanding
of how formulation and process parameters influence pro-
duct quality. QbD leads to a quality, that is built into the
product and is not established only by testing the final
drug product.1,2,3,4

Today, QbD has become a regulatory (FDA) requi-
rement. In the part of registration documentation descri-
bing the pharmaceutical development, an enhanced know-
ledge of product performance over a range of formulation
parameters and manufacturing process parameters should
be demonstrated by the applicant. This understanding can
be gained by application of formal experimental de-
signs.1,2,5 Experimental design, also called design of expe-
riments (DoE), is a concept for planning and execution of
informative experiments. It is a structured, organized met-
hod for determining relationship between factors affecting
a process and the output of that process.5,6,7

DoE helps in identification and classification of for-
mulation and process parameters affecting the drug pro-
duct quality. The first selection of factors and responses to
constitute a platform for experimental design can be done
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by reviewing the data from previous experiments, consi-
dering the equipment capacities, analytical methods etc.
Using factorial designs, which form a basis for all experi-
mental designs, it is further possible to distinguish bet-
ween critical and non-critical parameters. Critical quality
parameters are properties that need to be controlled as
they impact either product efficacy or patient safety.1,2,5

Factorial designs are one of the groups of experi-
mental designs. They are commonly adopted in pharma-
ceutical research that is concerned with the effects of for-
mulation and process parameters and their interactions on
different responses, because it yields the most information
from the fewest experiments. A full factorial design is one
in which all possible combinations of the factors at all le-
vels involved in the experiments are utilized.8,9

Two important reasons for using a factorial design in
experiments which test whether the response depends on
factor level, are (a) the factorial experiment detects and
estimates any interaction, which one factor at a time expe-
riment cannot do, and (b) if the effects of the factors are
additive, then the factorial design needs fewer measure-
ments than the one factor at a time experiment in order to
give the same precision.10

The efficient use of experimental design in prefor-
mulation compatibility studies has already been confir-
med.11 So was the use of this approach in development,
optimization and validation of analytical methods.12,13,14,15

However, with the presented study we show that experi-
mental design, namely the factorial design can also be
used for determination of those process and formulation
parameters that are critical in terms of initial quality as
well as further stability of drug product. 

Considering the stability study presented in the ar-
ticle, together with the application of experimental design,
another optimization of pharmaceutical development is
emphasized. Namely, application of more severe storage
conditions in stability studies, which gives the results in
days instead of in months can lead to reduction of time
and costs. Most stability studies in development phase are
performed as stress testing experiments at elevated tempe-
rature and sometimes also different humidity with a short
time exposure.16 Especially for stability studies it is very
important to precisely define all the experiments and ex-
perimental conditions at the beginning, otherwise a lot of
time can be spent before the optimal stability is achieved
and determined. 

In the present work, full factorial designs were used
for systematic study of different factors. The objective of
our work was to emphasize the benefits of experimental
design approach in comparison to one factor at a time ex-
periments in light of gaining more information from fewer
experiments. Nevertheless, our experiments show a good
example how in one experimental design both process and
formulation parameters can be included, leading to opti-
mization of formulation, technological process and final
manipulation of drug product.

2. Experimental

2. 1. Materials
The tablets containing 2 mg of sirolimus (rapamy-

cin) were produced. The active substance was obtained
from Biocon (India). Besides the active substance also the
following excipients were used: Hydroxypropyl cellulose
(Klucel EF, Hercules, USA), starch pregelatinized (Color-
con, USA), hydroxypropyl methyl cellulose (DOW,
USA), glyceryl behenate (Gattefosse, France), low substi-
tuted hydroxypropyl cellulose (JRS Pharma, Germany),
silicified microcrystalline cellulose (ShinEtsu, Japan) and
Ethanol 96% (Sasol solvents, Germany).

For the analyses of the samples, formic acid and
methanol were obtained from Merck (Darmstadt, Ger-
many), acetonitrile from J. T. Baker (Philipsburg, NJ,
USA) and purified water for chromatography from a Mil-
li-Q purification unit (Millipore, Milford, MA, USA).
Volumetric flasks (10, 20, 50, 200 and 1000 ml) were pro-
vided by Brand (Wertheim, Germany). The samples used
for stability evaluation were stored in glass vials (Nuova
Ompi, Padova, Italy).

2. 2. Instrumentation 

Granulate, comprising active substance and exci-
pients, was prepared in fluid bed apparatus (Glatt GPCG
3, Glatt, Germany). The apparatus was assembled in top
spray setup with the 1.2 mm nozzle (Düsen-Schlick, Ger-
many) in the upper position. Tablets were compressed
from the final mixture on a rotary tablet press (Kilian LX
10, Kilian, Germany) and dried in a hot air tray dryer
(Kambi~, Slovenia). 

For evaluation of stability, the samples were stored
in closed glass vials for seven days in thermostatic cham-
ber (Sutjeska, former Yugoslavia) at 60 °C. 

For related substances and degradation products de-
termination, AcquityTM Ultra Performance Liquid Chro-
matogprahy (UPLC) system (Waters, Milford, Massachu-
setts, USA) was used. The analyses were performed using
chromatographic column Zorbax Eclipse XBD-C18, 1.8
μm, 100 × 4.6 mm (Agilent Technologies, California, US).
For the preparation of sample solution analytical (Mettler
Toledo XP 205; Greifense, Switzerland) and micro balance
(Mettler Toledo MX5/M; Greifense, Switzerland) were
used together with ultrasonic bath (Branson 8510, Dan-
bury, USA). Statistical evaluation of factorial design was
performed with computer program EFFECTS.18

2. 3. Methods 

2. 3. 1. Tablets Preparation
All samples were prepared from the same active sub-

stance according to the procedure described below. Only
variations between samples were those originating from
the experimental design. First, the active substance and
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hydroxypropyl cellulose (HPC) were mixed in ethanol on
a magnetic stirrer until dissolved. Hydroxypropyl methyl
cellulose (HPMC) was mixed in water on a magnetic stir-
rer until dissolved. Pregelatinized starch was sieved and
transferred to a fluid bed apparatus and heated to 30 °C
with the inlet air. The temperature and the velocity of the
inlet air were 42 °C and 1.5 m/s, respectively, and were
constant throughout the experiment. The apparatus was as-
sembled in top spray setup with the 1.2 mm nozzle in the
upper position. The ethanol solution of the active substan-
ce was sprayed onto the fluidized starch at a spraying rate
defined in the experimental design (12 or 23 g/min). Next
the product in the chamber was allowed to dry until the
product temperature reached 30 °C. The HPMC solution
was sprayed onto the fluidized product at 15 g/min to ac-
hieve a composition according to the experimental design
(14 or 24 mg per tablet). Finally the product was allowed
to dry until the product temperature reached 40 °C. The
product was sieved through a 0.5 mm sieve to obtain a ho-
mogeneous granulate. This granulate was mixed with glyc-
eryl behenate, low substituted HPC and silicified micro-
crystalline cellulose. Round tablets weighting 360 mg with
diameter of 10 mm and concavity of 10 (R) were compres-
sed from the final mixture on a rotary tablet press to obtain
the tablets of desired tablet hardness (55 or 70 N). Accor-
ding to the experimental design selected tablets were dried
in a hot air tray dryer at 35 °C for 2 hours. 

2. 3. 2. The Related Substances, Degradation
Products Determination

The levels of related substances and degradation
products were determined using in-house developed gra-

dient UPLC method. For the evaluation of changes during
the manufacturing process and for the evaluation of stabi-
lity of drug product three different responses were analy-
sed: the total sum of degradation products, the levels of
impurity I and the assay of isomer C.

Impurity I is the main degradation product, which is
together with other individual impurities included in the
total sum of related substances and degradation products.
Isomer C is one of the isomeric forms of sirolimus, which
is not included in the total sum of related substances and
degradation products, but is observed alone considering
its individual specification limits.

2. 3. 3. Experimental Design

A full two-level four-factorial design17 was applied,
where sixteen experiments were performed. After the
analysis of all sixteen initial samples, a full two-level
three-factorial design was applied to the stressed samples,
since one of the tested factors did not show significant ef-
fects on any of the observed parameters. Therefore, for the
second part only eight samples were analyzed. The sche-
me of experiments is presented in Table 1, where the ex-
periments (y) in bold are the ones included in three-facto-
rial design.

2. 3. 4. Calculation of the Effects of Factors and
Their Interactions 

The effect of each factor i (Di) was calculated as
the difference between the average of the experiment
responses on the upper (+) and the lower (–) level, res-
pectively:

Table 1: Presentation of sixteen experiments, y1 to y16, for the resolution of two-level four-factorial design17. Experiments y1, y3, y5, y7, y9, y11, y13,

y15 where included in three-factorial design.

Experiment X1 X2 X3 X4 X1 X1 X1 X2 X2 X3 X1 X1 X1 X2 X1

X2 X3 X4 X3 X4 X4 X2 X2 X3 X3 X2

X3 X4 X4 X4 X3

X4

y1 – – – – + + + + + + – – – – +
y2 – – – + + + – + – – – + + + –

y3 – – + – + – + – + – + – + + –
y4 – – + + + – – – – + + + – – +

y5 – + – – – + + – – + + + – + –
y6 – + – + – + – – + – + – + – +

y7 – + + – – – + + – – – + + – +
y8 – + + + – – – + + + – – – + –

y9 + – – – – – – + + + + + + – –
y10 + – – + – – + + – – + – – + +

y11 + – + – – + – – + – – + – + +
y12 + – + + – + + – – + – – + – –

y13 + + – – + – – – – + – – + + +
y14 + + – + + – + – + – – + – – –

y15 + + + – + + – + – – + – – – –
y16 + + + + + + + + + + + + + + +
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(1)

The experimental error can be calculated from re-
peated measurements, dummy factor effects or interaction
effects.17,18,19 When the full factorial design with more
than three factors is used, the most convenient way for the
calculation of experimental error is the use of high-order
interaction effects. Assuming that there are no interactions
between three or more factors, the effects of such interac-
tions would be equal to zero. If they are not zero (what is
usually the case), such effects can be regarded as a measu-
re of the lack of experimental precision, any analytical er-
ror in measuring the response and all other possible varia-
bility that can affect the final results.20 Therefore, the ex-
perimental error, sE, can be expressed as follows:

(2)

where Di was the effect of the i-th interaction and nd was
the number of high-order interactions.

The critical effect, |Di|, was calculated as:

(3)

where t is the tabulated value for the Student distribution
at 95% confidence and at (nd-1) degrees of freedom of
two-tailed t-test. For the classification of effects, a para-
meter Ri was used. Ri is calculated as the ratio of the abso-
lute effect |Di| of factor i and the critical effect |Di|crit.:

(4)

When the ration Ri is less than 1, the i-th effect was
not statistically significant at 95% confidence.17,18,19

3. Results and Discussion

3. 1. Results on the Basis of DoE
The factors chosen and the range over which they

were examined are presented in Table 2. Three of the se-
lected factors were quantitative, whereas the fourth factor
(drying or no drying) was qualitative. Low levels of fac-
tors were also the lowest values of the factors (the spra-
ying rate of ethanol solution 12 g/min, the HPMC content
14 mg/tablet, the tablet hardness 50 N).

Water content was controlled with inclusion/exclusion
of final tablet drying in technological procedure. Factor on
low level presented dried tablets and therefore lower water
content, whereas factor on high level presented the samples
with higher water content since the tablets were not dried.

With preliminary experiments (results not presented
in the article) it was determined that only the levels of

HPMC could be varied. All other components were fixed,
whereas the HPMC content could be adjusted in order to
achieve optimal characteristics of the formulation. In order
to keep the tablet mass constant, also the quantity of silici-
fied microcrystalline cellulose was varied. Both silicified
microcrystalline cellulose and starch had a role of filler in
tablet, presenting together more than 80% of tablet mass.
The variation of ± 10 mg of silicified microcrystalline cel-
lulose was therefore negligible in terms of the effect that it
might had on the results of presented factorial design.

Preliminary testing also confirmed that the operating
parameters are achievable. It was established that the spra-
ying rate of ethanol solution, the final drying of tablets and
tablet hardness are critical process parameters which can
affect the initial quality as well as the stability of tablets.
The levels of spraying rate of ethanol solution were set on
the basis of capacity of the fluid bed apparatus. The effect
of water content in tablets was evaluated with inclusion of
final drying into the technological process. The levels of
tablet hardness were determined considering minimal
hardness enabling the production of tablets and maximal
hardness, limited by the rotary tablet press capacity.

The responses were selected in accordance with pre-
liminary stability testing performed on different tablet
samples and based on the preformulation studies. The to-
tal sum, the levels of impurity I and the assay of isomer C
were chosen as the relevant responses, which indicated
the stability of the final dosage form.

The analytical results for all tested samples and all
three parameters are presented in Table 3. The levels of
degradation products were determined for all initial sam-
ples, whereas for the stressed stability testing samples on-
ly half of the samples were analyzed as explained later on.

3. 2. Determination of Critical and 
Significant Effects
All effects presented in Table 4 are calculated on the

basis of equation 1. The positive sign of the effect indica-
tes that the factor is synergistic and a negative sign of the
effect indicates the antagonistic effect on the response.21

The critical effect for each response was determined
on the basis of equations 2 and 3 in which the four three-
factor interaction effects, determined for each response
separately, were used. For example, for determination of
critical effect of isomer C the effects of X1X2X3 (–0.04),
X1X2X4 (0.01), X1X3X4 (–0.01) and X2X3X4 (–0.00) were

Table 2: Factors and factor levels investigated in full four-factorial

design

Label Factor Low level (–) High level (+)
X1 spraying rate (g/min) 12 23

X2 HPMC content (mg/tab.) 14 24

X3 water content Drying YES Drying NO

X4 tablet hardness (N) 50 70



160 Acta Chim. Slov. 2012, 59, 156–162

Petelin et al.:  Use of Factorial Design for Evaluation of Factors ...

used, giving the critical effect of 0.07. In Table 4 presen-
ted R value (calculated according to eq. 4) is the ratio of
the absolute effect of each factor or its interaction with ot-
her factors and the calculated critical effect.

The effects of factors and their interactions on the
total sum of degradation products and isomer C were cal-
culated considering the difference in levels of all degrada-
tion products or assay of isomer C determined in initial
and in stressed samples (Table 5). In the difference two
variables are included each with its own analytical varia-
bility. Therefore, the critical effect was multiplied by two.
This simplification was possible due to the fact that the sa-
me samples were stored at stress testing conditions and

Table 3: The content of degradation products and isomer C in initial samples (after manufacturing) and in samples stored at stressed testing condi-

tions

Experiment Total sum (%) Impurity I (%) Isomer C (%)
Initial 60 °C, Differ- Initial 60 °C, Differ- Initial 60 °C, Differ-

7 days ence 7 days ence 7 days ence
y1 0.75 1.20 0.45 0.36 0.38 0.02 2.95 3.16 0.21

y2 0.63 / / 0.32 / / 2.97 / /

y3 0.47 0.90 0.43 0.29 0.39 0.10 3.09 3.73 0.64

y4 0.55 / / 0.32 / / 3.08 / /

y5 0.69 1.05 0.36 0.36 0.42 0.06 3.21 3.54 0.33

y6 0.58 / / 0.31 / / 3.20 / /

y7 0.38 0.86 0.48 0.23 0.39 0.16 3.31 4.63 1.32

y8 0.43 / / 0.28 / / 3.27 / /

y9 0.62 1.13 0.51 0.34 0.40 0.06 3.23 3.58 0.35

y10 0.54 / / 0.31 / / 3.26 / /

y11 0.42 0.83 0.41 0.28 0.36 0.08 3.42 4.70 1.28

y12 0.44 / / 0.29 / / 3.39 / /

y13 0.48 0.90 0.42 0.28 0.31 0.03 3.33 3.72 0.39

y14 0.42 / / 0.24 / / 3.37 / /

y15 0.44 0.61 0.17 0.35 0.18 – 0.17 3.34 4.91 1.57

y16 0.45 / / 0.35 / / 3.32 / /

Table 4: Statistical evaluation of the effects on responses for initial samples. Critical effects were calculated on the basis of three-factor interaction

effects (shaded rows).

Factors and their Calculated effects
interactions Total sum Impurity I Isomer C

X1 –0.08 –0.00 0.20 → R = 2.9

X2 –0.07 –0.01 0.12 → R = 1.7

X3 –0.14 → R = 1.6 –0.02 0.09 → R = 1.3

X4 –0.03 –0.01 –0.00

X1 X2 0.01 0.01 –0.11 → R = 1.6

X1 X3 0.06 0.04 –0.02

X1 X4 –0.00 –0.01 0.01

X2 X3 0.02 0.02 –0.06

X2 X4 –0.00 –0.00 –0.01

X3 X4 0.07 0.03 –0.02

X1 X2 X3 0.05 0.04 –0.04
X1 X2 X4 0.00 –0.00 0.01
X1 X3 X4 –0.02 –0.01 –0.01
X2 X3 X4 –0.01 0.00 –0.00

X1 X2 X3 X4 0.00 –0.00 0.00

Critical effect 0.09 0.07 0.07

Table 5: Statistical evaluation of the effects on stability of the sam-

ples

Factors and Calculated effects
their interactions Total sum Isomer C

X1 –0.05 0.27 → R = 1.9

X2 –0.09 0.28 → R = 2.0

X3 –0.06 0.88 → R = 6.3

X1 X2 –0.07 –0.12

X1 X3 –0.11 0.17 → R = 1.2

X2 X3 –0.00 0.20 → R = 1.4

X1 X2 X3 –0.07 –0.08

Critical effect 0.09 × 2 = 0.18 0.07 × 2 = 0.14
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the same analytical method was used for the determina-
tion of responses for stressed samples. In the first part of
experiments, the high-order interaction effects were the
measure of experimental precision and analytical error. In
the second part the experimental error, in addition to the
experimental precision and analytical error, included also
variability of stress testing conditions and analytical error
of analysis of stressed samples.

3. 3. Evaluation of the Factor Effects 
on Three Responses
Sixteen experiments were performed for the two-le-

vel four-factorial design in order to evaluate the effects of
three process parameters and one formulation parameter
(HPMC content) on quality of drug product after manu-
facturing, and eight experiments were performed for the
two-level three-factorial design in order to evaluate the sa-
me effects on stability of final dosage form (Table 1). 

From the obtained results for initial samples it was
concluded that three factors, i.e. the spraying rate of etha-
nol solution (factor X1), the HPMC content (factor X2),
and the final drying of tablets (factor X3) had significant
effect on isomer C, whereas non of the factors had signifi-
cant effect on levels of impurity I. Regarding the total sum,
only the final water content, i.e. the inclusion of tablet dr-
ying in technological procedure had significant effect. The
results also indicated that the fourth factor (factor X4, tablet
hardness) had no effect on any of the observed responses. 

Considering the effects of the interactions between
the two factors, significant effect was observed only for
the interaction between spraying rate of ethanol solution
and the HPMC content. This interaction significantly af-
fected the initial assay of isomer C.

On the basis of the results gained with the first group
of experiments, which were performed to evaluate the ini-
tial quality of tablets the following observations were
found to be important:
– Tablet hardness is not a critical process parameter, since

no significant effect was determined on any of the ob-
served responses. The specification limits can be set
with no limitations, except for the visual compliance
and the equipment capacity.

– In order to assure lower levels of the total sum of degra-
dation products, all three factors (spraying rate of etha-
nol solution, HPMC content and final drying of tablets)
have to be at their highest levels, but the effects of the
first two factors are not significant (Table 4). 

– In order to achieve the lowest assay of isomer C in tab-
lets after the manufacturing, all three factors should be
on the low level. Spraying rate of ethanol solution sho-
wed the most significant effect and should be therefore
considered as the most critical.

On the basis of the results of the initial samples, it
was decided to include only the first three factors in furt-
her experiments for the stressed stability testing samples

since tablet hardness did not show any significant effect.
Further, for the stressed stability testing samples only the
total sum and isomer C were monitored, since no effect on
impurity I was determined in the initial samples. 

From the results determined for stressed stability
testing samples it was evident that practically none of the
observed factors had significant effect on the total sum of
degradation products. Nevertheless, the results of statisti-
cal evaluation of effects indicated that all three factors to-
gether with two factor interactions had significant effect
on assay of isomer C at stress testing condition (Table 5).

In general, altering the levels for qualitative factor
from “+” to “–” (inclusion of final drying of tablets in
technological procedure) and for quantitative factors
(spraying rate of ethanol solution, HPMC content) from
high to low, would decrease the assay of isomer C.

On the basis of detailed evaluation of stability te-
sting results the following could be concluded:

Final drying of tablets has the most significant effect
(three times higher effect compared to X1 and X2) and should
be included in technological procedure in order to prevent in-
creases in isomer C during stability testing. The possibility of
drying the tablets with desiccant in final packaging could al-
so be considered and evaluated in the future, since drying can
increase the length and costs of technological procedure.

The effect of factor X1 (spraying rate) and X2 (HPMC
content) on the assay of isomer C is also significant (R > 1),
while two-factor interactions are less important. The lower
assay of isomer C is achieved, if factor X1 and X2 are at the
low level. Therefore, the spraying rate and HPMC content
should also be optimized, since the current limits (12 to 23
g/min or 14 to 24 mg/tab., respectively) are too wide. 

4. Conclusion

With the presented experiments effects of four fac-
tors were evaluated in terms of the initial quality of drug
product, whereas for stability characteristics of drug pro-
duct the effects of three factors were evaluated. 

Using experimental design three different process
parameters together with one formulation parameter were
evaluated. The effects of the four factors including the in-
teractions between the two factors were evaluated with
preparation of only four different granulates, prepared
with variations in spraying rate of ethanol solutions and
HPMC content. All granulates were further processed on
four different ways (with or without final drying and com-
pressed to low or high tablet hardness). Together with the
first three factors (spraying rate of ethanol solution,
HPMC content and final drying), some of the factor inte-
ractions also showed significant effects. 

Our study presented an optimization of pharmaceu-
tical development since in one design both formulation
and process parameters were examined at the same time.
Three important steps were evaluated: formulation itself
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(with variation of one of the excipients), manufacturing
process (with variation of spraying rate and the tablet
hardness) and the final drug product manipulation (eva-
luation of the effects of drying of tablets). Interactions
between factors that effect different steps are not signifi-
cant, specially three factor interactions. Therefore, for es-
timation of experimental error and evaluation of signifi-
cance of main effects and two factor interactions, these
high order interactions were used. This way our study was
additionally optimized since our experiments were perfor-
med in one replicate and the evaluation of results was do-
ne using simple calculations.

The comparison has shown that with the use of the
one factor at a time experiments, thirty two experiments
would be needed in order to evaluate the effects of indivi-
dual factors and their interactions, as they were evaluated
with only sixteen experiments using factorial design.

With the presented study it is also shown that with
proactive work and simultaneous evaluation of the results
of one part of testing the number of further experiments
can be efficiently reduced. With evaluation of results for
the initial samples the number of factors and responses for
stressed stability testing samples was decreased presen-
ting additional optimization of our work by factor three.

Quality by design became an essential part of the mo-
dern approach to pharmaceutical quality. This study de-
monstrated the usefulness of the quality by design ap-
proach, comprising the multi factor data analysis to gain a
comprehensive understanding of the preparation and pro-
cessing of investigated tablets. It was confirmed that experi-
mental design methodology, namely factorial design could
efficiently be applied also for characterization of critical
process and formulation parameters. There can be no doubt
that factorial design is a very economic way for extracting
the maximum amount of information in a very short time
period and with the fewest number of experiments.
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Povzetek
Z uporabo faktorske analize smo ovrednotili vpliv {tirih tehnolo{kih parametrov (hitrost razpr{evanja etanolne raztopi-

ne, su{enje tablet, trdnost tablet in vsebnost HPMC) na kakovost tablet po izdelavi. Z namenom dolo~itve stabilnosti

kon~nega izdelka, smo tablete izpostavili stresnim pogojem shranjevanja in spremljali tri faktorje s signifikantnim vpli-

vom (hitrost razpr{evanja etanolne raztopine, su{enje tablet, in vsebnost HPMC). Odgovori, s katerimi smo ovrednotili

stabilnost Sirolimusa, so bili vsota razkrojnih produktov, nivoji ne~istote I ter vsebnost izomere C. Raziskava je pokaza-

la, da prou~evani faktorji ter njihove interakcije najbolj vplivajo na vsebnost izomere C tako v za~etnih kot v vzorcih iz-

postavljenih stresnim pogojem shranjevanja.

Faktorska analiza se je izkazala kot zelo ekonomi~en pristop, s katerim pridobimo maksimalno koli~ino informacij v

kratkem ~asu. To je posebej pomembno pri {tudijah, ki vklju~ujejo veliko razli~nih faktorjev ter njihovih medsebojnih

interakcij.
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Three different approaches of statistical analysis are
presented. With all the same effects of factors are determi-
ned. The only difference is in the determination of critical
effects (via experimental error).

1. Comparison of factors' effects and their 
significance between results presented in the
article and the results gained with computer
software MODDE 9.0 (Umetrics AB, Umea,
Sweden) for initial samples

Comparing the calculated effects of factors and their
interactions it can be seen that both with computer softwa-

APPENDIX

re MODDE 9.0 and with the program EFFECTS approxi-
mately the same values are gained since they are in both
cases calculated according to equation 1. However, it can
be seen that there are some differences in determination of
significance of the effects.

With computer program EFFECTS the significance
of the effects was evaluated on the basis of determination
of experimental error using high order interactions (accor-
ding to equation 2 presented in the article). This way the
effects in bold presented in Table 1 were determined as
significant.

With the calculation with program EFFECTS, the
following factors and/or interactions were determined as
significant (listed descending according to the size of the
effect):

– Total sum: factor X3 (final drying);
– Impurity I: none of the factors;
– Isomer C: factors X1 (spraying rate), X2 (HPMC

content), interaction X1 X2 (interaction between
spraying rate and HPMC content), X3 (final dr-
ying).

The results gained with computer software MODDE
9.0 are graphically presented below in Graph 1. The ef-
fects of the factors are graphically presented in a bar chart.
On each bar, the corresponding 95% confidence interval is
superimposed. The confidence interval indicates the un-
certainty of each effect and the size depends on the size of
noise.

Graph 1: Effect plot for all three responses for initial samples

Table 1: Factor effects for initial samples calculated with program

EFFECTS and presented in the article. The significant effects are

printed in bold.

Factors and Calculated effects
their interactions Total sum Impurity I Isomer C
X1 –0.08 –0.00 0.20
X2 –0.07 –0.01 0.12
X3 –0.14 –0.02 0.09
X4 –0.03 –0.01 –0.00

X1 X2 0.01 0.01 –0.11
X1 X3 0.06 0.04 –0.02

X1 X4 –0.00 –0.01 0.01

X2 X3 0.02 0.02 –0.06

X2 X4 –0.00 –0.00 –0.01

X3 X4 0.07 0.03 –0.02
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The results calculated with MODDE indicate that
the following effects and interactions are significant (li-
sted descending according to the size of the effect):

– Total sum: factors X3 (final drying), X1 (spraying
rate), X2 (HPMC content), interaction X3X4 (inte-
raction between final drying and tablet hardness),
interaction X1X3 (interaction between spraying ra-
te and final drying);

– Impurity I: interaction X1X3 (interaction between
spraying rate and final drying);

– Isomer C: factors X1 (spraying rate), X2 (HPMC
content), interaction X1X2 (interaction between
spraying rate and HPMC content), X3 (final dr-
ying), interaction X2X3 (interaction between
HPMC content and final drying).

Comparison of the significance of the effects, which
was determined in two different ways (program EF-
FECTS: significance determined on the basis of experi-
mental error, which was estimated based on the high order
interactions; program MODDE: significance determined
on the basis of experimental error, which was estimated
based on the least square analysis, the outcome of which
is a regression model consisting of coefficients reflecting
the influence of the factors) has shown, that in both cases
none of the factors had a significant effect on initial levels
of impurity I. Although, one of the interactions (interac-
tion X1X3) could be evaluated as significant using
MODDE, the model itself has a calculated value Q2 (the
goodness of prediction, meaning it estimates the predicti-
ve power of the model) less than 0, which indicates that
the model is not good and can therefore not be used.

Considering the initial assay of isomer C, both with
MODDE and EFFECTS the first three factors were eva-
luated as significant (X1, X2, X3). Additionally, both pro-
grams determined interaction X1 X2 (interaction between
spraying rate and HPMC content) as significant. With
MODDE however one additional interaction was evalua-
ted as significant, which was not detected as such with
program EFFECT. That is the X2X3 (interaction between
HPMC content and final drying). This interaction indica-
tes that in order to achieve lower initial assay of isomer C,
this interaction should be positive. To achieve a positive
interaction, both X2 and X3 factors should be at their high
or both at their low level. Since both individual factors X2

and X3 had larger effects than their interaction, they were
used in final conclusion, i.e. both factors should be at their
low level.

The main difference between the results gained with
EFFECTS and the ones calculated with MODDE is for to-
tal sum of degradation products. Namely, with EFFECTS
only one factor was designated as significant (factor X3,
i.e. final drying), while with MODDE three factors (X1,
X2, and X3) were calculated as significant together with
two interactions (X3X4, X1X3). It has to be pointed out that
all these effects were on the borderline of significance al-
so when calculating with EFFECTS. However since the

critical value was set higher they were not designated as
significant.

Considering the technological procedure and the pa-
rameters we were evaluating the conclusions remain the
same. Namely, all three factors, which had according to
the MODDE significant effect on total sum, had also a
significant effect on isomer C (for which the predictive
power of the model was the greatest). This was calculated
with EFFECTS and with MODDE. Therefore, the techno-
logical procedure would be performed in a way that all
three factors would be at their low level. Consequently, lo-
west assay of isomer C would be achieved together with
lowest levels of total sum of degradation products.

2. Comparison of factors' effects and their 
significance between results presented in the
article and the results gained with computer
software MODDE 9.0 for stressed samples

As described above for the initial samples, the same
way the factors' effects and their significance were evalua-
ted with program EFFECTS and MODDE. The results are
presented below in Table 2 for EFFECTS and in Graph 2
for MODDE.

Table 2: Factor' effects for stressed samples calculated with pro-

gram EFFECTS and presented in the article. The significant effects

are printed in bold.

Factors and Calculated effects
their interactions Total sum Isomer C
X1 –0.05 0.27
X2 –0.09 0.28
X3 –0.06 0.88
X1 X2 –0.07 –0.12

X1 X3 –0.11 0.17
X2 X3 –0.00 0.20

With the calculation with program EFFECTS, the
following factors and/or interactions were determined as
significant (listed descending according to the size of the
effect):

– Total sum: none of the factors;
– Impurity I: none of the factors;
– Isomer C: factors X3 (final drying), X2 (HPMC

content), X1 (spraying rate), interaction X2 X3 (in-
teraction between HPMC content and final dr-
ying), interaction X1X3 (interaction between spra-
ying rate and final drying).

The results calculated with MODDE indicate that
the following effects and interactions are significant (li-
sted descending according to the size of the effect):

– Total sum: none of the factors;
– Impurity I: none of the factors;
– Isomer C: factor X3 (final drying).
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The comparison of the results showed that both with
EFFECTS and with MODDE none of the investigated fac-
tors had a significant effect on total sum or impurity I (af-
ter evaluation of initial samples impurity I was already
excluded from the study as presented in the article). Howe-
ver, there is a difference between the results for isomer C.
While MODDE designated only factor X3 as significant,
the evaluation of results with EFFECTS showed that all
three factors are significant. Additionally, also interaction
between spraying rate and final drying X1X3 is significant.

Our study presented a screening study of technolo-
gical parameters. This means that we determined those
parameters which could have significant effect on the cho-
sen responses and should therefore be further investiga-
ted. With designation of more than just one significant ef-
fect (for isomer C) we therefore minimized the risk that
some significant factor would be overlooked and hence
not included in further investigation.

3. Comparison of factors' effects and their 
significance between results presented in the
article and the results obtained by calculation
given in ref. no. 12 for initial samples

According to ref no. 12, the experimental error, spooled,
for each response is expressed as:

where s2
(+) and s2

(–) were calculated for each factor and for
each group of experiments taking into account the level of
factor at certain experiment. Therefore, for analysis of ini-

tial responses eight experiments are in group – and eight
in group +. For example, expression s2

(+) means variances
of responses at level + of the factor.

The effect is significant if fulfilled the condition:

where t is the tabulated value for the Student’s one-sided 
t-test (with α = 0.05) at (2n–2) degrees of freedom (n is a
number of experiments with factor at the same level; it is
eight for four-factor two-level full factorial design and
four for three-factor two-level full factorial design).

The results are presented below in Table 3 where cri-
tical effects are added to each calculated effect for all res-
ponses for initial analysis.

The significant effects obtained with methodology
described in our article using program EFFECTS are printed
italic while those obtained by methodology given in ref. no.
12 are printed bold. There is no difference in determination
of significant effects for total sum and impurity I but a huge
difference for isomer C: four significant effects were obtai-
ned with EFFECTS and only one with methodology given
in ref. no. 12. The reason is in very high critical effects.

4. Comparison of factors' effects and their 
significance between results presented in the
article and the results obtained by calculation
given in ref. no. 12 for stressed samples

As described above for initial samples, the same
comparison was done also for stressed samples, presented
in Table 4.

Graph 2: Effect plot for all three responses for stressed stability samples
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Table 4: Factor effects for stressed samples calculated according to

ref no. 12.

Factors and  Total sum Isomer C
their Calculated Critical Calculated Critical
interactions effects effect effects effect
X1 –0.05 0.23 0.27 1.18

X2 –0.09 0.21 0.28 1.18

X3 –0.06 0.23 0.88 0.60

X1 X2 –0.07 0.22 –0.12 1.22

X1 X3 –0.11 0.19 0.17 1.21

X2 X3 –0.00 0.24 0.20 1.20

X1 X2 X3 –0.07 0.22 –0.08 1.22

There is no difference in determination of signifi-
cant effects for total sum but a huge difference for isomer

C: five significant effects obtained with EFFECTS and
only one with methodology given in ref. no. 12. The rea-
son is in very high critical effects.

5. Overall comparison of factors' effects and 
critical effects for all three approaches

Different methodologies for critical effects’ determi-
nations gave different results. We compared critical ef-
fects obtained with (1) high-order interaction effects (pro-
gram EFFECTS), (2) program MODDE and (3) methodo-
logy described in ref. no. 12. All three methodologies dif-
fer in the determination of critical effects only.

In Table 5 presented critical effects that are lower
than calculated effects are printed bold (Table 5).

Table 3: Factor effects for initial samples calculated according to ref no. 12.

Factors and their Total sum Impurity I Isomer C
interactions Calculated Critical Calculated Critical Calculated Critical 

effects effects effects effect effects effect
X1 –0.08 0.13 –0.00 0.05 0.20 0.13

X2 –0.07 0.13 –0.01 0.05 0.12 0.17

X3 –0.14 0.11 –0.02 0.05 0.09 0.18

X4 –0.03 0.14 –0.01 0.05 –0.00 0.19

X1 X2 0.01 0.14 0.01 0.05 –0.11 0.17

X1 X3 0.06 0.13 0.04 0.04 –0.02 0.19

X1 X4 –0.00 0.14 –0.01 0.05 0.01 0.19

X2 X3 0.02 0.14 0.02 0.05 –0.06 0.18

X2 X4 –0.00 0.14 –0.00 0.05 –0.01 0.19

X3 X4 0.07 0.13 0.03 0.05 –0.02 0.19

X1 X2 X3 0.05 0.14 0.04 0.04 –0.04 0.19

X1 X2 X4 0.00 0.14 –0.00 0.05 0.01 0.19

X1 X3 X4 –0.02 0.14 –0.01 0.05 –0.01 0.19

X2 X3 X4 –0.01 0.18 0.00 0.07 –0.00 0.23

X1 X2 X3 X4 0.00 0.14 –0.00 0.05 0.00 0.19

Table 5: Critical effects for initial samples obtained on three different ways

Factors and their
interactions Total sum Impurity II somer C

effect 1 2 3 effect 1 2 3 effect 1 2 3
X1 –0.08 0.09 0.05 0.13 –0.00 0.07 0.04 0.05 0.20 0.07 0.03 0.13
X2 –0.07 0.09 0.05 0.13 –0.01 0.07 0.04 0.05 0.12 0.07 0.03 0.17

X3 –0.14 0.09 0.05 0.11 –0.02 0.07 0.04 0.05 0.09 0.07 0.03 0.18

X4 –0.03 0.09 0.05 0.14 –0.01 0.07 0.04 0.05 –0.00 0.07 0.03 0.19

X1 X2 0.01 0.09 0.05 0.14 0.01 0.07 0.04 0.05 –0.11 0.07 0.03 0.17

X1 X3 0.06 0.09 0.05 0.13 0.04 0.07 0.04 0.04 –0.02 0.07 0.03 0.19

X1 X4 –0.00 0.09 0.05 0.14 –0.01 0.07 0.04 0.05 0.01 0.07 0.03 0.19

X2 X3 0.02 0.09 0.05 0.14 0.02 0.07 0.04 0.05 –0.06 0.07 0.03 0.18

X2 X4 –0.00 0.09 0.05 0.14 –0.00 0.07 0.04 0.05 –0.01 0.07 0.03 0.19

X3 X4 0.07 0.09 0.05 0.13 0.03 0.07 0.04 0.05 –0.02 0.07 0.03 0.19

X1 X2 X3 0.05 0.09 0.05 0.14 0.04 0.07 0.04 0.04 –0.04 0.07 0.03 0.19

X1 X2 X4 0.00 0.09 0.05 0.14 –0.00 0.07 0.04 0.05 0.01 0.07 0.03 0.19

X1 X3 X4 –0.02 0.09 0.05 0.14 –0.01 0.07 0.04 0.05 –0.01 0.07 0.03 0.19

X2 X3 X4 –0.01 0.09 0.05 0.18 0.00 0.07 0.04 0.07 –0.00 0.07 0.03 0.23

X1 X2 X3 X4 0.00 0.09 0.05 0.14 –0.00 0.07 0.04 0.05 0.00 0.07 0.03 0.19
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Below is given the explanation of differences be-
tween results obtained with different approaches.

– Total sum:
When considering the directives of regulatory agen-

cies for pharmaceutical industry regarding the reporting
thresholds of impurities (about 0.10% ), the approach pre-
sented in our article fulfils the requirements for the descri-
bed example. Critical effects determined by MODDE and
those determined according to the ref. no. 12 are conside-
ring above explanation too low.

– Isomer C:
Although the effects of two-factor interactions on

isomer C are significant (being –0.11 and –0.06 for X1X2

and X2X3, respectively) they are lower compared to the ef-
fects of main factors (being 0.20, 0.12 and 0.09 for factors

X1, X2 and X3, respectively) that form certain interaction.
Because of that only factors are taken into account as sig-
nificant. With both methods (1 and 2) the same factors are
determined as significant.

With program MODDE and methodology in ref. no.
12 the critical effect for stressed samples (Table 6) espe-
cially for isomer C was again set to high, that is more than
0.4% and 0.6% in MODDE and ref. no. 12, respectively.
Namely, according to the previous knowledge of the inve-
stigated system (sirolimus tablets) much lower changes in
assay of isomer C are important and give information
about the quality of presented drug product.

Table 6: Critical effects for stressed samples obtained on three different ways

Factors and Total sum Isomer C
their interactions effect 1 2 3 effect 1 2 3
X1 –0.05 0.18 0.22 0.23 0.27 0.14 0.43 1.18

X2 –0.09 0.18 0.22 0.21 0.28 0.14 0.43 1.18

X3 –0.06 0.18 0.22 0.23 0.88 0.14 0.43 0.60
X1 X2 –0.07 0.18 0.22 0.22 –0.12 0.14 0.43 1.22

X1 X3 –0.11 0.18 0.22 0.19 0.17 0.14 0.43 1.21

X2 X3 –0.00 0.18 0.22 0.24 0.20 0.14 0.43 1.20

X1 X2 X3 –0.07 0.18 0.22 0.22 –0.08 0.14 0.43 1.22


