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Abstract

A systematic analysis of the influence of different proportions of excipients on the stability of a solid dosage form was carried out. In particular,
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d-optimal mixture experimental design was applied for the evaluation of glibenclamide compatibility in tablet formulations, consistin
lassic excipients (natrosol as binding agent, stearic acid as lubricant, sorbitol as diluent and cross-linked polyvinylpyrrolidone as disant).
he goal was to find the mixture component proportions which correspond to the optimal drug melting parameters, i.e. its maximum
sing differential scanning calorimetry (DSC) to quickly obtain information about possible interactions among the formulation com
he absolute value of the difference between the melting peak temperature of pure drug endotherm and that in each analysed

he absolute value of the difference between the enthalpy of the pure glibenclamide melting peak and that of its melting peak in th
nalyzed mixtures, were chosen as indexes of the drug–excipient interaction degree.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Careful selection of the excipients, integral components of
ll pharmaceutical products, is essential for the development
f stable and effective dosage forms. Preformulation studies,
imed at the assessment of drug–excipient compatibility and

dentification of suitable dosage form composition, are rec-
gnized as an essential phase of the development process.
xcipients are often regarded as “inert”, although it is known

hat they can interact with drugs, giving rise to changes in their
tability, solubility, dissolution rate and bioavailability[1–3].
herefore, in order to accelerate drug development, it would
e very useful to obtain knowledge rapidly about potential
hysical and chemical interactions between drugs and ex-
ipients. However, despite the importance of drug–excipient
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compatibility testing, no generally accepted method is a
able for this purpose.

Differential scanning calorimetry (DSC) has shown to
an important tool at the outset of any solid dosage f
preformulation study to quickly obtain information ab
possible interactions among the formulation component
cording to appearance, shift or disappearance of endoth
or exothermic peaks and/or variations in the correspon
enthalpy values in thermal curves of drug–excipient mixt
[4–7]. Moreover, DSC technique offers significant adv
tages over the conventional techniques of isothermal s
testing, in terms of the absence of long-term storage of
ples, requirement of minimal amounts of compounds, r
measurement and relative experimental simplicity. Howe
at present, DSC compatibility studies are generally ca
out by comparing the thermal curves of the pure drug
examined excipients with those of the corresponding
(w/w) binary mixtures. In real formulations, instead, all

731-7085/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2004.09.047



66 P. Mura et al. / Journal of Pharmaceutical and Biomedical Analysis 37 (2005) 65–71

components and the drug are present together at the same
time in complex heterogeneous mixtures and in ratios very
different from 1:1 (w/w). Thus, the information obtained by
classic DSC studies may be misleading, and have a limited
predictive value, since it does not reflect the actual situation.
It should be considered that the effect of an excipient may
be strongly dependent on its relevant amount in the mixture
and that the compatibility assessed in binary mixtures cannot
allow for possible interactions which might occur in multi-
component mixtures, also as a consequence of mechanical
treatments (such as grinding or tableting) undergone during
the manufacturing process[8].

For an efficient development of stable formulations, a
two-step procedure should therefore be recommended. First,
classic rapid excipient compatibility screening on binary mix-
tures should be performed using the DSC technique; then, fur-
ther studies on complete model formulation with the selected
excipients, each at a realistic level, should be conducted to
verify the actual stability of the drug in the final dosage form
and identify the most suitable mixture composition in order
to maximize drug stability. However, the second step of the
proposed procedure might appear difficult to correctly and
efficiently realized due to the large number of test mixtures
to be prepared and analysed in order to cover, as much as
possible, the different possible combinations. A favourable
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d-optimal mixture design. The goal was to find the mixture
component proportions corresponding to the optimal drug
melting parameters, i.e. its maximum stability. The responses,
selected as indicative of the presence of drug–excipient in-
teractions, were the peak temperature of drug melting en-
dotherm and the relative enthalpy per unit of mass. Finally,
the calculated empirical models were plotted as contour dia-
grams for revealing the optimal formulation.

2. Materials and methods

2.1. Materials

The active ingredient glibenclamide (GLI) was kindly of-
fered by Guidotti Laboratori S.p.A. (Pisa, Italy). The ex-
cipients were as follows: hydroxyethylcellulose (Natrosol,
Eigenmann & Veronelli, Milano, Italy); sorbitol (Carlo Erba,
Milano, Italy); stearic acid (Fluka AG, Buchs, Switzer-
land); cross-linked polyvinylpyrrolidone (PVPXL) (Merck-
Schuchardt, Munich, Germany).

2.2. Software

NEMROD-W software package[17] was used for gener-
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olution is to set up experiments according to statistica
erimental design[9–11]. If the planned strategy is ideal,

s possible to obtain the desired results as quickly as p
le, avoid carrying out unnecessary experiments, ensur

he results are as precise as possible, and provide a
nd optimisation of the phenomena studied[9]. In particular
hen the measured response is assumed to depend o

he proportions of the ingredients present in the mixture
ossible to use experimental mixture design[12]. A mixture
xperiment is a special type of response surface exper

n which the factors are the components of a mixture an
esponse is a function of the proportions of each ingred
he mixture components cannot range in an independen
ince their sum has to be equal to 100% and specific ex
ental matrices and mathematic models have to be used
pproach is suitable for pharmaceutical blending problem

owing investigation, with the least number of experime
f the effects of changes in mixture composition and se

ion of the optimal composition for achieving the prefix
arget[12–16].

In the present study, a 20-rund-optimal mixture desig
as applied to the evaluation of compatibility of glib
lamide (selected as model drug) in a complete table
ulation. After a preliminary screening, carried out
SC analysis on 1:1 (w/w) drug–excipient binary mixtu

our classic tablet excipients (natrosol as binding ag
tearic acid as lubricant, sorbitol as diluent and cross-li
olyvinylpyrrolidone as disintegrant) were evaluated, ea
dequate concentration ranges, in view of their different
ific functions in tablet production. The mixtures of active
redient and excipients were prepared according to the 2
l

tion of the experimental design and statistical evaluatio
xperimental data.

.3. Preparation of samples

Each material was sieved and the respective 75–15�m
ranulometric fraction was selected. Physical mixture
LI and the various excipients were prepared by 20
lending in a turbula mixer. The total amount of the mixt
as kept constant, and the relative amounts of the diffe
xcipients varied according to the experimental plan o
ixture design provided for by the NEMROD-W softwa

ablets were produced by direct compression of mixtu
niformity of blending was verified by DSC measureme
f three samples taken from a same mixture. For each co
ation, tablets of a constant weight (160 mg) were prep
sing a laboratory hydraulic press for IR spectroscopy

orce of about 3 t for 2 min. The compacts obtained were
roken up and sieved, the 75–150�m granulometric fractio
eing collected.

.4. Differential scanning calorimetry

Samples of individual substances, as well as mixed
ems of GLI and excipients, were weighed (Mettler
icrobalance) directly in pierced Al pans (5–10 mg)

canned between 30 and 200◦C with a heating rate o
0 K min−1 under static air, using a Mettler TA4000 ap
atus equipped with a DSC 25 cell. The instrument was
rated using Indium as a standard (melting point, 156.6◦C;
nthalpy of fusion, 28.71 J g−1).
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3. Results and discussion

3.1. Planning of mixture design

The peculiar characteristic of a mixture design is that the
single components cannot be changed independently of one
another since their sum must add up to 100%. This means
that mixture factors are expressed as the fraction of the to-
tal amount and their experimental ranges lie between 0 and
100% [11,12,18]. In the present case, where the excipient
mixture composition had to be optimised, the experimental
range lay between 0 and 93.75% (w/w) since 160 mg tablets
were prepared with a constant drug content of 10 mg, cor-
responding to 6.25% (w/w) of the tablet weight. Moreover,
constraints were applied to the proportions of the mixture
constituents, in order to comply with the relevant amounts of
them actually utilised in commercial pharmaceutical formu-
lations.Table 1shows the restrictions imposed on the mixture
component proportions. These restrictions delimited, inside
to the tetrahedron defined by the four components, an exper-
imental region represented by an irregular polyhedron with
eight vertices, twelve edges and six faces.

The responses selected as representative of drug stability
and compatibility in the complete formulation were:

Y1: the absolute value of the difference between the melting
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response, 14 coefficients had to be calculated and the mixture
design in this case foresaw 35 experiments, that is, 35 differ-
ent mixtures. In order to reduce the number of mixtures to be
prepared, ad-optimal strategy was applied[11,12]. This strat-
egy, given the set of candidate experiments, and having de-
fined the maximum numbernof experiments to be performed,
allows the subset (with the best compromise between quality
of information and number of experiments to be performed)
to be selected. The design found is calledd-optimal design.
In this case, given the set of 35-candidate experiments, a 20-
rund-optimal design resulted to be the best subset according
to the information matrix determinant maximisation criterion
[11,12]. Table 2reports the corresponding 20-run experimen-
tal plan in which the mixture component proportions (% w/w)
are indicated. According to this experimental plan, the test
mixtures were prepared and analysed by DSC for assessing
drug compatibility.

3.2. DSC analysis

The thermal profiles of pure drug and excipients and their
1:1 (w/w) blends are presented inFig. 1. The DSC curve
of GLI indicated its crystalline anhydrous state, showing a
single sharp endothermic peak corresponding to its melt-
ing point, with a peak temperature of 175.7± 0.4◦C and
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peak temperature of pure GLI endotherm and that in
analysed mixture,◦C (�Tfus).
Y2: the absolute value of the difference between the enth
of pure GLI melting endotherm and that in each analy
mixture, J g−1 (��H).

The experimental plan was obtained according to the
ulated model which, for an optimisation problem such
his, had to be predictive in order to simulate the behav
f the studied properties inside the experimental doma

nterest. In particular, it was hypothesised that the follow
cheff́e special cubic model[12] correlated the compositio
f the mixture with the characteristics of the final produc

= β1x1 + β2x2 + β3x3 + β4x4 + β12x1x2 + β13x1x3

+ β23x2x3 + β14x1x4 + β24x2x4 + β34x3x4

+ β123x1x2x3 + β124x1x2x4 + β134x1x3x4

+ β234x2x3x4 + ε

here:Y represents the response; the variablex1 represent
he binder (natrosol),x2 the diluent (sorbitol),x3 the lubri-
ant (stearic acid) andx4 the disintegrant (PVPXL). For ea

able 1
estrictions of component proportions

omponent Proportion restriction (% w/

1 Binder (natrosol) 42.19≤ x1 ≥ 46.87

2 Diluent (sorbitol) 36.57≤ x2 ≥ 46.87

3 Lubricant (stearic acid) 0.94≤ x3 ≥ 2.81

4 Disintegrant (PVPXL) 3.75≤ x4 ≥ 7.50
n apparent heat of fusion of 98.6± 1.4 J g−1 (average o
our runs). The thermal curves of natrosol and PVPXL w
haracterised by a shallow, broad endothermic band i
0–140◦C range, due to water evaporation. In contrast

hermal profiles of stearic acid and sorbitol exhibited a s
ndothermic effect, peaked at 69.1 and 98.1◦C, respectively
ue to the excipient melting process. The 1:1 (w/w) phys

able 2
0-rund-optimal experimental plan

xperiment no. Mixture component proportions (% w/w)

Binder Diluent Lubricant Disintegra

1 42.19 46.87 0.94 3.75
2 42.19 45.00 2.81 3.75
3 42.19 43.12 0.94 7.50
4 42.19 41.25 2.81 7.50
5 46.87 42.19 0.94 3.75
6 46.87 40.32 2.81 3.75
7 46.87 38.44 0.94 7.50
8 46.87 36.57 2.81 7.50
9 42.19 45.94 1.88 3.75
0 42.19 44.99 0.94 5.62
1 44.53 44.53 0.94 3.75
2 42.19 43.13 2.81 5.62
3 44.53 42.66 2.81 3.75
4 42.19 42.19 1.88 7.50
5 44.53 40.78 0.94 7.50
6 44.53 38.91 2.81 7.50
8 46.87 40.31 0.94 5.62
9 46.87 38.45 2.81 5.62
0 46.87 37.51 1.88 7.50
7 44.53 41.72 1.88 5.62

he number of experiments is referred to the original mixture design.
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Fig. 1. DSC curves of pure components and their 1:1 (w/w) physical mix-
tures. Key: (a) glibenclamide; (b) stearic acid; (c) natrosol; (d) PVPXL; (e)
sorbitol.

mixtures of GLI with each of these excipients, substantially
reflected the characteristic features of the respective individ-
ual components. The slight lowering and/or broadening of
drug melting endotherm may be attributed to the mixing pro-
cess, which lowers the purity of each component in the mix-
ture[19,20]. No problem of compatibility could therefore be
detected.

Fig. 2. Typical DSC curve of a complete mixture. Sample no. 11. For the
mixture composition, seeTable 2.

In order to also evaluate a possible effect of the mechani-
cal treatment which, increasing drug–excipient contact, could
favour possible interactions[5,7,8], mixtures prepared ac-
cording to the 20-run experimental plan provided by thed-
optimal design strategy and always containing 6.25% (w/w)
of drug, were subjected to direct compression. The obtained
tablets (160 mg) were then broken up and the powders sieved
(75–150�m) and analysed by DSC in a randomised order.

An example of the typical thermal curves obtained from
such multicomponent mixtures is shown inFig. 2. They were
all characterized by the presence of the drug melting en-
dotherm, preceded by an intense, broadened and “structured”
endothermic band. This was essentially due to the superimpo-
sition of natrosol and PVPXL dehydration bands, which par-
tially covered the stearic acid (≈68◦C) and sorbitol (≈98◦C)
melting endotherms.

As for the GLI melting endotherm, it appeared strongly
reduced in intensity and rather broadened due to the low drug
content in the multicomponent mixture (6.25%). The melting
peak temperature of GLI was scarcely influenced by changes
in the relative proportions of the different excipients in the
mixture, whereas important variations in the related fusion
enthalpy were observed (Table 3).

Table 3
Experimental matrix in pseudo-components and obtained responses

Experiment no. x′
1 x′

2 x′
3

1 −0.0002 0.9996 −0.0002
2 −0.0002 0.8184 0.1818
3 −0.0002 0.6355 −0.0002
4 −0.0002 0.4544 0.1818
5 0.4539 0.5454 −0.0002
6 0.4539 0.3643 0.1818
7 0.4539 0.1813 −0.0002
8 0.4539 0.0002 0.1818
9 −0.0002 0.9095 0.0908

10 −0.0002 0.8175 −0.0002
11 0.2273 0.7729 −0.0002
12 −0.0002 0.6364 0.1818
13 0.2273 0.5909 0.1818
14 −0.0002 0.5454 0.0908
15 0.2273 0.4089 −0.0002
16 0.2273 0.2268 0.1818
18 0.4539 0.3633 −0.0002
1 0.1818
2 0.0908
2 0.0908
9 0.4539 0.1822
0 0.4539 0.0912
7 0.2273 0.4999
x′
4 �Tfus (◦C) ��H (J g−1)

0.0000 165.7 39.98
0.0000 164.0 75.20
0.3641 167.3 56.49
0.3641 164.3 69.48
0.0000 166.3 66.15
0.0000 165.7 61.69
0.3641 167.3 85.00
0.3641 166.7 54.54
0.0000 167.3 63.15
0.1820 167.7 51.89
0.0000 166.7 39.21
0.1820 164.6 90.15
0.0000 166.3 60.50
0.3641 166.7 78.63
0.3641 167.0 63.51
0.3641 168.3 46.50
0.1820 168.7 79.42
0.1820 167.7 67.48
0.3641 168.3 79.63
0.1820 166.7 65.51
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3.3. Analysis of mixture data

Before carrying out the statistical treatment of the obtained
responses, the coordinates of the original tetrahedron defined
by the four components (xi) were redefined in terms of pseudo
components (x′

i). Pseudo components are combinations of the
original components and one of the advantages of their use
is that the fitting of models is more accurate and easier when
done in pseudo component system than when done in the
original component system. This transformation is similar to
introducing coded variables into the place of original vari-
ables in a standard independent factor design[12]. Table 3
reports the experimental matrix in pseudo components and
the obtained responses for each tested formulation.

The treatment of the obtained responses led to a significant
and valid model for the response��H, while the assumed re-
gression model did not explain the variation of the response
�Tfus. Consequently, the study of this response was omit-
ted. In particular, the significance of the model was assessed
through by means of the analysis of variance while the va-
lidity of the proposed model for the response��H was con-
firmed by means of residual analysis using the three-point
test[11]. By means of residual analysis[11], a measurement
of the closeness of the mixture surface predicted, by the ob-
served values of the response at the design points, was also
o onse
� n be-
t
T onse
�

T
C culated
m

E

Y2 = 208.918x′
1 + 38.746x′

2 − 269.761x′
3 + 32.180x′

4

− 202.912x′
1x

′
2 − 27.966x′

1x
′
3 + 636.567x′

2x
′
3

− 71.986x′
1x

′
4 + 96.713x′

2x
′
4 + 456.983x′

3x
′
4

− 137.852x′
1x

′
2x

′
3 − 141.964x′

1x
′
2x

′
4

+ 1317.580x′
1x

′
3x

′
4 + 1742.358x′

2x
′
3x

′
4

At this point, the use of this model in a predictive way
was easy.Fig. 3shows the relative tri-dimensional response
surface in which the disintegrant is fixed at 4.0% with re-
spect to the 93.75% of excipients. From this figure, which
covers the complete mixture space, it is possible to state that
we have two possibilities for the response minimization. It is
possible to use a high percentage of diluent and a low per-
centage of binder and lubricant, or it is possible to use a low
percentage of diluent and a higher but equal percentage of
binder and lubricant. However, for mixture design the use of
the isoresponse curves allows a much easier interpretation
of the results. For example,Fig. 4 shows the lines of equal
response in the restrained region in function of the binder,
diluent and lubricant percentages, having fixed the content
of disintegrant. By comparingFig. 4a and b, in which the
value of disintegrant is fixed at the low and high level, re-
s onse
i l. In
a xi-
m er
a

f the
f used
[ s in

F or the
r cant
a ect to
t

btained, showing that the proposed model for the resp
�H was correct and could be accepted. The compariso

ween observed and predicted responses is shown inTable 4.
he calculated model in pseudo components for the resp
�H is reported:

able 4
omparison between observed and predicted responses by the cal
odel

xperiment no. Yobserved Ycalculated

1 39.980 38.264
2 75.200 77.243
3 56.490 59.011
4 69.480 71.050
5 66.150 65.490
6 61.690 61.921
7 85.000 86.932
8 54.540 52.634
9 63.150 63.421

10 51.890 52.008
11 39.210 41.754
12 90.150 88.013
13 60.500 57.770
14 78.630 75.962
15 63.510 60.507
16 46.500 47.662
18 79.420 77.685
19 67.480 69.247
20 79.630 80.003
27 65.510 67.534
– – –

17a 57.455 56.532
21a 60.447 64.596
22a 63.328 63.862

a Test point.
pectively, we can say that in order to minimize the resp
t is important that this component is fixed at the low leve
ddition,Fig. 4a points out that it is important for the ma
um stability of the formulation to use a low level of bind
nd lubricant and a high level of diluent.

In order to better evaluate the contribution of each o
our components, the response trace method was also
12]. The response trace is a plot in which the change

ig. 3. Response surface predicted from the special cubic model f
esponse��H. In the graph the response is a function of diluent, lubri
nd binder, having fixed the disintegrant to a value of 4.0% with resp

he total 93.75% of excipients.
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Fig. 4. Contour line plot of��H in the restrained region, as function
of diluent, lubricant and binder, having fixed the disintegrant. The num-
bers reported correspond to the response value. (a) Disintegrant equal
to a value of 3.75% with respect to the 93.75% of excipients. (b)
Disintegrant equal to a value of 7.5% with respect to the 93.75% of
excipients.

the estimated response due to the change of the proportion
of a single component, keeping the other components at a
fixed value, is shown. Once a reference mixture has been cho-
sen (normally the centroid of the experimental region), the
plot shows the variation of the estimated response moving,
along the component axes, away from the reference mixture.
The response trace plot reported inFig. 5 illustrates the ef-
fects of the component proportion change on the response
��H using as reference mixture the centroid. Keeping in
mind that a response minimization is required in order to
have a maximum stability of the formulation, it is possible
to state that diluent has a strong effect on the response and
high percentages of this excipient are required. On the other
hand for lubricant and disintegrant, it is important to move

Fig. 5. Response trace plot for the response��H using as reference mixture
the centroid of the constrained domain (binder 44.53%; diluent 41.72%;
lubricant 1.88%; disintegrant 5.62%).

towards lower levels with respect to the centroid in order to
have a decrease of the response. Finally, for the binder the
percentages around the centroid are suitable for a response
minimization and thus for a maximum formulation stabil-
ity. In particular, a desirable value of the response��H
equal to 40.99 J g−1 was predicted from the model found
using the following percentages of the components: binder
42.5%, diluent 46.5%, lubricant 1.00% and disintegrant
3.75%.

The value of the measured,��H-optimised gliben-
clamide tablet was not different in a statistically significant
way from the predicted values, when thet-test at a probability
level of 95%[21,22]was carried out.

4. Conclusion

In developing a new drug solid dosage form, it is impor-
tant to rapidly identify the best component composition al-
lowing optimisation of drug stability. The obtained results
underline the utility of the use of DSC technique combined
with experimental mixture design strategy in the final stage
of a preformulation compatibility study. The proposed ap-
proach enabled investigation of complete tablet formulations
in order to evaluate compatibility among the components
a por-
t fore
m of
e d the
o the
e rug
s

nd was successful in finding the best component pro
ions corresponding to minimum interaction and there
aximum drug stability. In fact, with a limited number

xperiments the quaternary mixtures were modelled an
btained contour plots were extremely useful in studying
ffects of the different component proportions on the d
tability.
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