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a b s t r a c t

A new experimental design methodology was developed by integrating the response surface methodol-
ogy and the time series modeling. The major purposes were to identify significant factors in determining
swelling and release rate from matrix tablets and their relative factor levels for optimizing the exper-
imental responses. Properties of tablet swelling and drug release were assessed with ten factors and
two default factors, a hydrophilic model drug (terazosin) and magnesium stearate, and compared with
target values. The selected input control factors were arranged in a mixture simplex lattice design with
21 experimental runs. The obtained optimal settings for gelation were PEO, LH-11, Syloid, and Pharma-
coat with weight ratios of 215.33 (88.50%), 5.68 (2.33%), 19.27 (7.92%), and 3.04 (1.25%), respectively. The
esponse surface methodology
rug releases

welling

optimal settings for drug release were PEO and citric acid with weight ratios of 191.99 (78.91%) and 51.32
(21.09%), respectively. Based on the results of matrix swelling and drug release, the optimal solutions,
target values, and validation experiment results over time were similar and showed consistent patterns
with very small biases. The experimental design methodology could be a very promising experimental
design method to obtain maximum information with limited time and resources. It could also be very
useful in formulation studies by providing a systematic and reliable screening method to characterize
significant factors in the sustained release matrix tablet.
. Introduction

Formulation development for a drug delivery system may seem
imple and straightforward, because a large number of experi-
ental designs are routinely assessed by changing the levels of

ne component or a factor at a time while keeping other compo-
ents constant. However, this strategy usually ignores interactions
mong the factors and results in many unnecessary runs, mak-
ng this strategy inefficient. Moreover, it does not define the
ptimum condition. It can give marginal effects of specific fac-
ors on the selected response and lead to a local optimum for
he system (Kincl et al., 2005); however, this often depends on
he experience and knowledge of the investigators. In reality,

odern pharma-experimentation requires many disciplines and

ystematic ways to identify formulation variables, to character-
ze the drug release process, and to optimize the procedure.
educing the number of experiments and the cost is beneficial
nd important for the development and optimization of pharma-
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ceutical formulations (Bloomfield and Butler, 2000; Kincl et al.,
2005).

Drug products are composed of many ingredients that may
induce mixture issues by their nature. These issues need to be taken
into account when selecting specific ingredients and their amounts
as well as their proportions within the mixture. The ingredients in
the formulations are inherently dependent on each other, which
may exclude implementing design of experiment methodologies
commonly used in optimization studies. Instead, a special type of
experimental design is needed to conduct what is referred to as the
‘mixture experiment’. In such an experiment, the factors in question
can be the ingredients of a mixture and the quality characteristic or
response is based on the proportionality of each ingredient. Mixture
experiments are of great interest to pharmaceutical industries that
want to optimize and accelerate the product development process.

Matrix tablets are the most popular method of oral drug
administration, and polymeric swellable materials have been used

broadly in matrix formulations to modify and modulate drug
release rate (Alderman, 1984; Ford et al., 1991; Juarez et al., 2001;
Rao et al., 1990). The main goal of the system is to extend drug
release profiles to maintain a constant in vivo plasma drug concen-
tration and a consistent pharmacological effect (Ebube and Jones,
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Technologies, Waldbronn, Germany) column was used and main-
tained at about 30 ◦C. The mobile phase was a mixture of aqueous
4 S. Shin et al. / International Journ

004; Madhusudan Rao et al., 2001; Neau et al., 1999; Nerurkar
t al., 2005). A large number of formulation factors, including the
hysicochemical properties of the materials, their composition and
atio in the formulations, and manufacturing process parameters,
an influence the drug release behavior from the final drug prod-
ct (Mitchell et al., 1993; Gao et al., 1996; Campos-Aldrete and
illafuerte-Robles, 1997). Therefore, high resource-consuming for-
ulation studies may be inevitable in order to develop a final

roduct with the required quality properties. However, the con-
entional ‘one-at-a-time’ approximation may not yield the optimal
ormulation, because it cannot characterize possible interactions
mong the variables.

In order to conduct an efficient experimental design and its
ssociated result analysis, robust design (RD) is an alternative
ethodology for determining the optimal matrix formulations.

he RD methodology can be specified by three main procedures:
xperimental design, parameter estimation, and optimization to
btain the optimal factor settings (Shin and Cho, 2009). By exploit-
ng the information about the relationships between input control
actors and output responses from an experimental design, RD

ethods can reveal robust solutions that are less sensitive to
nput variations. Given this, one of the main challenges is the
ptimal design of pharmaceutical formulations to identify better
pproaches for various unmet pharmaceutical development needs.
raditional design methods have often been applied to situations in
hich the primary characteristics of interest are time-insensitive.
owever, in pharmaceutical processes, the main characteristics are
ften represented by time–response patterns, such as drug release
nd gelation kinetics. To this end, a new RD optimization model
as developed in this study by integrating the well-established

esponse surface methodology (RSM) and the time series model-
ng. RSM is often considered a superior alternative for modeling
rocess relationships as it separately estimates the response func-
ions of the mean and variance associated with drug release and
elation kinetics measured over time (Park et al., 2010; Shin and
ho, 2005; Vining and Myers, 1990). In this situation, both parame-
ers (i.e., mean and variance) of the two responses (i.e., drug release
nd gelation kinetics) are collected over time as a matrix. The tenta-
ive relationships between these responses and control factors over
ime can be analyzed in both vertical and horizontal directions. The
pecific relationships between those responses and control factors
an be identified in analyses of the vertical direction. Meanwhile,
he relationships between those responses and time can be inves-
igated in analyses of the horizontal direction.

. Materials and methods

.1. Materials

The model drug, terazosin HCl dihydrate, was purchased from
anseo Chemical (Seoul, Korea). Magnesium stearate was pur-
hased from Faci Asia (Jurong Island, Singapore). Polyox WSR
water soluble resin) N-10 (average molecular weight 1 × 105)
nd Polyox WSR-303 (PEO, average molecular weight 7 × 106,
ean particle size 150 �m) were obtained from Dow Chemical

Midland, MI, USA). Pharmacoat 603 (hypromellose USP, mean
article size 60 �m) and LH-11 (Low-substituted hydroxypropyl
ellulose, NF, mean particle size 55 �m) were obtained from Shin-
tsu (Tokyo, Japan). Ac-Di-Sol (croscarmellose sodium, NF, mean
article size 65 �m) was obtained from FMC BioPolymer (Philadel-

hia, PA, USA). Syloid (Syloid® Silica C 1007, mean particle size
�m) and HEC 250L (hydroxyethyl cellulose, mean particle size
75 �m) were purchased from GRACE (Baltimore, MD, USA) and
shland Inc. (Wilmington, DE, USA), respectively. Sodium CMC

carboxymethylcellulose sodium, mean particle size 58 �m) was
harmaceutics 407 (2011) 53–62

purchased from Akzo Nobel (Amersfoort, Netherlands). Sodium
phosphate, monobasic (NaH2PO4

•2H2O) and citric acid monohy-
drate (C6H8O7

•H2O) were purchased from Sigma–Aldrich (St. Louis,
MO, USA). They were milled with a mortar and pestle and sieved
with US standard sieve #200. All other reagents were of analytical
or HPLC grade and used as received.

2.2. Preparation of matrix tablets

The formulations of each tablet are shown in Table 1. All mate-
rials were passed through a sieve (#40 mesh) to remove any
aggregates before mixing. The model drug (terazosin HCl dihy-
drate) was mixed manually with excipients of each formulation
in a mortar and then blended with magnesium stearate for 5 min.
The resultant mixture was compressed on a single punch Carver
Laboratory Press (Carver Inc., Wabash, IN, USA) at 30 MPa using
plane-face punches with a diameter of 9.0 mm. The total weight
of each tablet was around 243 mg. The dimensions were measured
with a digital slide caliper (Mitutoyo Corp., Kawasaki, Japan).

2.3. Evaluation of tablet gelation

The gelation index is a useful tool to represent the portion of a
tablet that has undergone gelation in time. Each tablet was inserted
between two transparent polyacrylate plates (5 cm × 5 cm) and
held tight with a rubber band. The tablet and polyacrylate plates
were immersed in 900 mL of dissolution medium (pH 6.8, 37 ◦C)
and stirred with a magnetic bar (300 rpm/min). Test tablets were
removed from the medium at predetermined time intervals (30,
60, 90, 120, 150, 180, 240, and 300 min) and the diameters of the
gelated tablets were measured with a caliper. After the gel layer
was carefully peeled off, the diameter of the non-gelated core was
also measured (Dobs). The gelation index was calculated using the
following equation (Sako et al., 1996).

Gelation Index (G, %) =
{

1 − (Dobs)3

(Dini)
3

}
× 100

where Dobs: diameter of the portion not gelled after the test; Dini:
diameter of the tablet before the test.

2.4. Drug release test

Drug release tests were conducted according to USP 27 Appara-
tus 2 guidelines (paddle method) (Varian 705 DS, Varian, Cary, NC,
USA) with 900 mL of dissolution medium maintained at 37 ± 0.5 ◦C
and mixed at 100 rpm. Each tablet was enclosed in a dissolution
sinker (20 mm long × 12 mm in diameter) to prevent the tablet
from floating on the surface of the buffer solution or sticking to the
inner surface of dissolution vessels (n = 4). The dissolution medium
used in this study was simulated intestinal fluid (SIF) (pH = 6.8,
50 mM phosphate buffer) without any enzymes. Samples were
withdrawn at predetermined time intervals and analyzed for drug
content using an HPLC system (Agilent 1100 Series, Agilent Tech-
nologies, Santa Clara, CA, USA) at a wavelength of 254 nm. Samples
were collected in Eppendorf tubes and centrifuged for 1 min; 10 �L
of each sample’s supernatant was then injected onto the HPLC.
An Agilent Eclipse® XDB-C18 3.5 �m (4.6 mm × 50 mm) (Agilent
buffer (pH 3.2 20 mM citrate buffer) and acetonitrile in a volume
ratio of 85:15, respectively. The flow rate was 1.0 mL/min. The
cumulative % drug released was calculated for the formulations
and the results are presented as the mean value of at least four
tablets.
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Table 1
Experimental format for gelation and drug release tests.

Std
order

Run
order

API Input factors

Terazosin Mg.St x1 x2 x3 x4 x5 x6 x7 x8 x9 x10

PEO LH-11 Syloid Ac-Di-Sol Na-CMC HEC NaH2 PO4 Citric acid Pharma
coat
603

Polyox
N10

8 1 5.93 2.76 93.71 0 0 0 0 0 0 140.6 0 0
19 2 5.93 2.76 100.74 7.03 7.03 7.03 7.03 7.03 7.03 77.33 7.03 7.03

3 3 5.93 2.76 93.71 0 140.6 0 0 0 0 0 0 0
15 4 5.93 2.76 100.74 7.03 7.03 77.33 7.03 7.03 7.03 7.03 7.03 7.03

6 5 5.93 2.76 93.71 0 0 0 0 140.6 0 0 0 0
10 6 5.93 2.76 93.71 0 0 0 0 0 0 0 0 140.6
17 7 5.93 2.76 100.74 7.03 7.03 7.03 7.03 77.33 7.03 7.03 7.03 7.03
14 8 5.93 2.76 100.74 7.03 77.33 7.03 7.03 7.03 7.03 7.03 7.03 7.03
11 9 5.93 2.76 107.77 14.06 14.06 14.06 14.06 14.06 14.06 14.06 14.06 14.06
16 10 5.93 2.76 100.74 7.03 7.03 7.03 77.33 7.03 7.03 7.03 7.03 7.03
18 11 5.93 2.76 100.74 7.03 7.03 7.03 7.03 7.03 77.33 7.03 7.03 7.03

4 12 5.93 2.76 93.71 0 0 140.6 0 0 0 0 0 0
20 13 5.93 2.76 100.74 7.03 7.03 7.03 7.03 7.03 7.03 7.03 77.33 7.03

9 14 5.93 2.76 93.71 0 0 0 0 0 0 0 140.6 0
12 15 5.93 2.76 171.04 7.03 7.03 7.03 7.03 7.03 7.03 7.03 7.03 7.03

2 16 5.93 2.76 93.71 140.6 0 0 0 0 0 0 0 0
13 17 5.93 2.76 100.74 77.33 7.03 7.03 7.03 7.03 7.03 7.03 7.03 7.03

1 18 5.93 2.76 234.31 0 0 0 0 0 0 0 0 0
0
7.03
0
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7 19 5.93 2.76 93.71 0 0
21 20 5.93 2.76 100.74 7.03 7.03

5 21 5.93 2.76 93.71 0 0

. Robust design model development

.1. Experimental framework and response surface methodology
RSM)

In the pharmaceutical industry as well as in many other science
nd engineering fields, the sampled responses must be handled
s time series data, which is called “time-oriented response” in
his study. The standard experimental format for time-oriented
esponses is given in Table 2. To each time-oriented response ti,
specified standard experimental format is identified in Table 3. In

his table, x, y, s2, and t represent the vector of control factors, mean,
ariance, and time of data sampling, respectively. At each time ti,
ean responses yi, and variance responses s2

i
can be determined

ccording to Table 3.
In pharmaceutical studies, mixture experiments are often

equired. In such an experiment, the factors in question are the
ngredients of a mixture and the quality characteristic or response
s based on the proportionality of each of those ingredients;
ence, the quality of the pharmaceutical product is influenced by
uch designs in the early stages of drug development. As such,
ixture experiments are of great interest to pharmaceutical com-

anies that want to optimize and accelerate the movement of
drug from the R&D stages towards its introduction into the
arketplace.
Scheffé first introduced his theory on the prediction of the

esponses of mixtures based on their proportion (Scheffé, 1958).
he theory defines xi as the proportion of ingredient i in the mix-
ure. Furthermore, the proportionality idea of this theory provides
he experiment with a property in which the proportions of the k
ngredients within the mixture must equal 100%, as illustrated by
he equation

∑k
i=1xi = x1 + x2 + · · · + xk = 1, where xi ≥ 0 ∀ i = 1, 2,

. ., k. He employed a simplex lattice design to represent the design
oints of the feasible experimental region of the ingredients. The

implex lattice design is defined by the notation {k, m}, where m + 1
efines the number of equally spaced proportion values from 0 to
for each experiment and those proportions are determined by

he equation xi = 0, 1/m, 2/m, . . ., 1. All possible combinations of
he proportions are used to determine the design points within the
0 0 140.6 0 0 0
7.03 7.03 7.03 7.03 7.03 77.33

140.6 0 0 0 0 0

simplex lattice design. In general, the number of design points in a
{k, m} simplex lattice design is defined as follows:

n = (k + m − 1)!
m!(k − 1)!

In drug development studies, the relationships between interested
output responses and a number of candidate input control factors
have been surveyed. When prior information is not available or is
unreliable, the screening experiment is a suitable choice. To screen
for significant factors among a large number of control factors, step-
wise regression is regarded as an effective method. The stepwise
regression method based on a correlation model can select step by
step the significant control factors affecting to the output responses.
To be more specific, this method adds and removes factors from
the regression model for the purpose of identifying a useful subset
of predictors. The criterion for this selection procedure is identi-
fied by the p-value in the model compared to the significant level
alpha. Based on the stepwise regression results, RSM is conducted
to establish the estimated response functions of the time-oriented
responses.

3.2. The proposed time-oriented RD methodology based on RSM

The proposed RD procedure consists of three stages: model
building, robust design model selection, and optimization. When
responses are available at only a given time, also considered
as static responses, RSM is utilized in the model building step
to estimate the relationship between responses and control fac-
tors (Vining and Myers, 1990). In this study, the time-oriented
responses available in multi-factors mixture designed experiment
need to be handled and the empirical models need to be developed.
Because of the nature of pharmaceutical formulation problems,
time series data at all treatments are collected. In the model
building step, an empirical relationship between the time-oriented

responses and the control factors must be established.

In pharmaceutical experiments, the responses (i.e., the mean
and variance of drug release and gelation kinetics) represent exper-
imental results associated with a number of designed combinations
of mixture input ingredients based on observed times. Hence, it
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Table 2
Experimental format with time-oriented responses.

Runs Input factors x t1 t2 . . . ti . . . tm

y1 s2
1 y2 s2

2 . . . . . . yi s2
i

. . . . . . ym s2
m

1

Control factor settings (X)

y11 s2
11 y21 s2

21 . . . . . . yi1 s2
i1

. . . . . . ym1 s2
m1

2 y12 s2
12 y22 s2

22 . . . . . . yi2 s2
i2

. . . . . . ym2 s2
m2

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
u y1u s2

1u
y2u s2

2u
. . . . . . yiu s2

iu
. . . . . . ymu s2
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n y1n s2

1n
y2n s2

2n

Targets Tt1 Tt2

s reasonable to assume that the response is a function of input
ontrol factors and time. Based on this idea, the proposed anal-
sis combines two directional approaches: vertical approaches
or control factors and horizontal approaches for time, and the
entative relationship can be analyzed by both directions. In the
ertical direction approach, letting D = [D1v D2v . . . Dmv] as the
atrix of the responses, in which D1v, D2v, . . . , and Dmv denote
ean column vectors of ȳ1, ȳ2, . . ., ȳm or variance column vectors

f s2
1, s2

2, . . . , s2
m in Table 3, the estimated response matrix D̂ can be

function of design matrix X as follows:

ˆ = [ 1 x1 x2 · · · ] × (XT X)
−1

XT D (1)

hile vertical analysis can express the relationship between
esponses D and input control factors x represented by design
atrix X, horizontal analysis is proposed to build the relation-

hip between responses D and time t. In the horizontal direction
pproach, the response matrix can be analyzed horizontally
= [D1h; D2h; . . .; Dnh] where D1h, D2h, . . . and Dnh represent row

ectors of mean responses or row vectors of variance responses in
able 3. For the response matrix D representing entire rows, the
eneral horizontal form of the relationship can be expressed by a
unction of t as follows:

ˆ = Ph × [ 1 t · · · ]T (2)

here Ph = [P1h, P2h, . . ., Pnh]T is the transposed matrix of parame-
ers for horizontal analysis. The vector of model parameters puh for
olumn i response can be estimated as

uh = (XT X)
−1

XT Duh (3)

sing Eqs. (1) and (2), the two directional approaches can be com-
ined into the following general relationship of response D as a
unction of x and t given that

ˆ (x, t) = [ 1 x1 x2 · · · ] × (XT X)
−1

XT Ph × [ 1 t · · · ]T (4)
rom Eq. (4), the empirical relationships between mean, variance
nd input control factors over time then can be developed in similar
ays. The functional form of mean model can be obtained as

ˆ (x, t) = [ 1 x1 x2 · · · ] × (XT X)
−1

XT Ph mean[ 1 t · · · ]T (5)

able 3
xperimental frame for each time ti .

Runs Input factors x y (Rep

1
2
.
.
.
u

.

.

.
n

Control factor settings (X)

y11

y21

.

.

.
yu1

.

.

.
yn1
. . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . yin s2
in

. . . . . . ymn s2
mn

Tti Ttn

For the variance responses, the functional form of the empirical
relationship between the variance and the control factors can be
identified as

V̂(x, t) = [ 1 x1 x2 · · · ] × (XT X)
−1

XT Ph var[ 1 t · · · ]T (6)

Based on the general functional relationships of mean and variance,
the next step of the RD procedure focuses on RD model develop-
ment in order to find the robust optimal solutions (i.e., the optimal
factor settings, x*). The proposed RD optimization model based on
mean squares error (MSE) concepts can be formulated as follows:

Minimize
m∑

i=1

{M̂(x, ti) − Tti}
2 +

m∑
i=1

V̂(x, ti)

Subject to x ∈ ˝

(7)

where Tti and ˝ denotes the target value of responses (i.e., drug
release rate and gelation) and the feasible region of control factors,
respectively.

4. Results and discussion

When administered, the surface of the matrix tablets is hydrated
as exposed to the GI fluid, forming a viscous-gel layer that may
hinder water penetration. PEO is a gel-forming agent and the other
excipients tested in this study are gel-enhancing agents that may or
may not facilitate water absorption into the tablets. If the amount
of PEO is too high, the swelling rate might be slow and part of
the tablet might not be fully wetted or hydrated, resulting in a
‘dry core’ and incomplete drug release. If the amount of PEO is too
low, the mechanical strength of the viscous-gel layer might not be
strong enough to maintain its integrity and release rate. If too weak,
most of the gel would disintegrate quickly without any significant
sustained release effect. Therefore, maximum and minimum con-
centrations of the PEO were chosen and the extremes were ruled
out to achieve better results as shown in Table 1.

Evaluations of tablet gelation and drug release tests are con-

ducted with ten factors from x1 to x10 and two other default factors,
terazosin and magnesium stearate. The selected control factors are
arranged in a mixture simplex lattice design with 21 experimen-
tal runs as displayed in Table 1. Experimental design methodology
is used to evaluate the effect of various excipients and their ratios

lications) yi s2
i
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Table 4
Experimental results for the gelation study based on the experimental design format with target values.

Runs 0.5 h 1 h 1.5 h 2 h 2.5 h 3 h 4 h 5 h

ȳ1 s2
1 ȳ2 s2

2 ȳ3 s2
3 ȳ4 s2

4 ȳ5 s2
5 ȳ6 s2

6 ȳ7 s2
7 ȳ8 s2

8

1 49.61 2.67 62.06 1.14 77.19 1.19 84.62 1.14 87.72 1.13 91.64 1.28 94.73 0.53 96.09 0.11
2 48.46 1.86 66.35 0.62 77.24 1.67 82.12 0.57 86.14 1.64 87.40 1.45 93.57 0.63 94.97 1.09
3 14.56 1.17 22.00 4.24 27.63 4.57 31.32 4.78 36.50 1.81 37.25 0.83 54.48 1.86 64.74 1.36
4 33.41 3.53 19.33 2.59 49.04 4.13 62.12 4.26 65.84 2.93 60.27 2.02 59.69 1.75 59.85 2.44
5 33.50 2.38 53.13 1.80 61.85 0.67 70.57 1.45 74.24 1.62 83.18 0.67 89.47 1.18 95.40 0.48
6 41.13 1.34 56.48 1.23 66.64 2.08 77.61 0.41 81.04 0.82 85.02 1.04 91.67 0.83 95.67 0.68
7 40.83 1.98 56.56 2.04 69.34 1.51 78.12 1.84 81.09 0.90 87.71 1.01 94.87 0.81 97.94 1.03
8 10.04 2.91 8.90 4.89 41.43 0.97 40.94 4.52 46.97 5.86 56.43 3.01 59.99 3.47 68.16 3.98
9 37.11 2.22 55.18 0.64 63.17 7.66 77.97 1.86 82.88 1.35 90.11 1.76 96.48 0.40 98.61 0.25
10 37.45 3.48 54.34 3.20 68.03 2.83 74.78 2.86 83.35 1.53 86.90 0.40 94.80 0.58 96.24 0.88
11 34.05 3.16 47.94 3.24 58.73 1.52 64.07 1.15 73.24 0.11 77.73 0.47 85.64 1.31 92.99 0.96
12 22.82 2.18 35.46 1.46 50.78 1.92 61.46 2.38 70.03 1.01 79.11 2.75 86.35 1.29 97.16 0.25
13 34.74 3.18 45.80 1.81 58.03 1.82 66.09 1.49 75.26 1.69 83.93 0.78 90.95 0.86 96.43 0.74
14 22.82 2.01 37.16 2.77 48.81 2.86 53.43 1.95 65.32 3.58 75.69 1.50 82.78 2.60 91.85 1.59
15 41.84 0.6 58.87 0.9 66.38 0.6 76.01 0.8 81.03 0.7 84.58 1.1 92.78 0.4 96.90 0.3
16 14.99 2.47 25.57 3.12 40.31 1.58 47.40 0.72 55.51 1.15 63.77 1.65 67.70 0.61 80.32 2.07
17 35.96 0.82 48.02 2.68 55.70 3.33 70.98 2.55 78.17 1.94 83.29 1.19 93.38 1.18 94.85 0.44
18 37.42 1.79 52.18 0.90 59.83 1.31 68.09 0.64 75.22 0.57 81.01 0.67 87.58 1.11 93.10 0.46
19 43.33 1.40 58.05 2.75 65.47 2.99 71.65 1.92 81.72 2.39 88.40 1.24 91.15 1.77 92.73 2.48
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P

20 42.28 2.09 56.91 0.73 64.41 1.26 72.38
21 37.13 1.00 56.06 2.80 64.24 4.56 76.47

Targets 37.75 47.61 56.71 65.54

n both swelling and drug release from matrix tablets. The main
urposes are to identify the most significant factors in determin-

ng swelling and release rate and their relative levels to optimize
he experimental responses. One of the basic principles of experi-

ental design is randomization that involves randomly allocating
he experimental runs across the treatments. By performing ran-
omization, the bias can be reduced because of factors equalization
hat has not been accounted for in the experimental design. The
andomized experiments provide great reliability and validity of
tatistical estimations of treatment effects (Montgomery, 2001).
he amount of model drug and magnesium stearate was fixed as
hown in the table since the amount of the drug would not be
hanged due to its pharmacological effect. Moreover, hydrophobic
agnesium stearate is one of the most commonly used excipients

or tablet manufacturing and was therefore not considered as a
ontrol factor in this study.

In pharmaceutical experiments, RD can be an alternative tech-
ique for improving the output quality, especially with the trend of
lobal competition. The concept of building quality into a design is
ncreasingly popular in the pharmaceutical industry because of its
racticality. The first basic step of the RD technique is experimental
esign to decide how to exploit the mean and variance informa-
ion of responses. There have been many attempts to integrate
aguchi’s excellent RD techniques with well-established statistical
echniques in order to model the response directly as a function of
ontrol factors (Vining and Myers, 1990); this is known as response
urface methodology (RSM).

Due to the nature of drug products, pharmaceutical formula-
ions are related to experimental mixtures and their issues. These
roblems take into account not only the amounts of the ingredi-
nts, but the proportions within the mixture; thus, the ingredients
n such formulations are inherently dependent upon one another,
xcluding the implementation of experimental methodologies
ommonly used in optimization studies (Cho et al., 2009). Instead,
or mixture problems, a special kind of experimental design is used
o conduct what is referred to as a mixture experiment.
.1. Effects of various excipients on the gelation of matrix tablets

To evaluate the effects of various excipients on the gelation of
EO matrix tablets, the diameters of the gelated and non-gelated
81.62 1.22 84.53 1.02 91.53 0.36 97.11 0.79
81.72 0.50 87.04 1.04 95.17 0.96 98.55 0.47

69.32 77.55 88.42 88.81

parts of tablets were measured with various excipients while
changing their ratios in the formulations. The gelation index was
then calculated using the equation and compared with a target
value (Table 4). The target profiles were selected as suggested in the
previous study (Park et al., 2010). However, target profiles can be
modified, if necessary, depending on the intended use and kinetics.
The gelation index is the percentage of the tablet that has under-
gone gelation after immersion. Upon contact with the dissolution
medium, the matrix tablet hydrated and swelled, causing a thick
gel layer to form and expanding the tablet’s surface. However, the
effective swelling was limited only to the horizontal side of the
tablet due to the application of polyacrylate plates in this study.

The gelation study was conducted for 5 h, and 4 replications
were performed for all the experimental runs. Solid dosage forms
usually stay in the upper GI tract for about 5 h after administra-
tion, where the amount of GI fluid is sufficient to cause gelation
(Davis et al., 1986). Therefore, the 5-h time point should be suf-
ficient to differentiate the formulations. Table 4 shows the mean
and variance data for the gelation study and shows various types of
gelation kinetics; the gelation at the end of 5 h ranged from 59.85%
(Run order 4) to 98.61% (Run order 9). The gelling process was rapid
after the first 30 min of contact with the dissolution medium (Fig. 1).
However, after the fast initial swelling of 1–2 h, subsequent gelling
kinetics was not fast enough for the tablets to gel completely. One
plausible reason for this was that the media penetration rate was
faster at the beginning since the fluid was in direct contact with the
hydrophilic solid polymer. However, once a viscous gel layer had
formed on the tablet surface, it could serve as a barrier to media
penetration, decreasing the rate of diffusion of fluid into the matrix.

Run order 18 was composed of PEO only with the drug and mag-
nesium stearate, and it was used as a reference to compare the
gelation kinetics. Gelation properties can be divided into three cat-
egories: fast, medium, and slow. Large amounts of water-soluble
ingredients, such as citric acid and NaH2PO4, caused fast swelling
as shown in the Run order of 1, 2, and 19. When incorporated into
a tablet, water-soluble salts might dissolve out quick, facilitating

penetration of the medium into the inner matrix and causing most
of the tablet to become a gel. Water-soluble and less viscous Polyox
WSR N-10 also showed fast swelling (Run order 6). However, LH-11
and hydrophobic Syloid showed slow swelling kinetics (Run order
3 and 16) and large amounts of Ac-Di-Sol and Pharmacoat 603
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Fig. 1. Graphical representation of gelation/swelling profiles showing the gelation
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ndices (%) against time for the various matrix tablet formulations (n = 4). Experi-
ental runs were selected from the simplex lattice design as shown in Table 1. Due

o the large number of runs, the key was not included in the figure.

aused slow swelling (Run order 12, 14). Na-CMC and HEC showed
oderate swelling kinetics (Run order 5, 21).
Although it is not easy to generalize the properties, hydrophilic

xcipients in the tablet may absorb medium or dissolve quickly
efore a tight gel layer can form on the surface, allowing medium
o penetrate into the inner matrix of the tablet and thus causing

ost of the matrix to become a gel. Moreover, the viscosity of
he gel might be important to consider due to its barrier proper-
ies for media penetration (El-Malah and Nazzal, 2006; Siepmann
t al., 2002). The drug release rate might be also dependent on the
welling properties because of increased diffusion resistance with
onger distance.

Gel thickness increased significantly moving inward as the
ydration progressed, so the dimensions of the solid core
ecreased. However, due to the limited area of actual swelling, a
ouple of the tablets were not completely hydrated or gelled (less
han 80%), even after 5 h. Due to the limited unidirectional contact
f the dissolution medium, the gelation kinetics seemed to be very
low compared to those in previous studies (Sako et al., 1996; Conti
t al., 2007). However, this method might be useful to differentiate
arious formulations and design better ones.

From the obtained data of the gelation study with 21 experimen-
al runs based on ten control factors over seven observed times from
.5 to 5.0 h, vertical and horizontal analyses were applied. In order
o conduct the factor screening procedure, stepwise regression was
tilized for ten control factors from x1 to x10 and for each point
f time ti corresponding to yi. By integrating both forward selec-
ions and backward eliminations using Minitab software package
ased on significant level alpha (˛ = 0.15), six significant factors for
oth mean and variance functions were selected, such as PEO (x1),
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oat 603 (x9). The first-order model for all factors was selected in
he vertical analysis and the second-order for time t was selected
n the horizontal analysis. By implementing Eqs. (5) and (6), the

ean and variance models of RSM with six selected control factors
ver time were obtained. Finally, as demonstrated in Table 5, the
ptimal solutions of four control factors were obtained by using

he proposed RD optimization methodology as identified in Eq.
7). Table 5 also provides target values and validation experiment
esults for the gelation study. The graphical representation of gela-
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release (Run order 6). It facilitated formation of channels through
polymer matrix, enhancing water penetration and drug release
(Khan and Jiabi, 1998). LH-11 and hydrophobic excipient, Syloid,
showed slower drug release kinetics (Run order 3 and 16). These
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ig. 2. Swelling profiles showing the gelation indices (%) against time for the matrix
ablets with optimal solutions, target values, and validation experiment results
n = 4). The three profiles are similar and have consistent patterns with small devi-
tion.

arget values, and the validation experiment results) are illustrated
n Figs. 1 and 2, respectively.

The optimal settings of the excipients were PEO, LH-11, Syloid,
nd Pharmacoat with weight ratios of 215.33 (88.50%), 5.68 (2.33%),
9.27 (7.92%), and 3.04 (1.25%), respectively. At these optimal set-
ings, optimal gelation rates can be estimated by utilizing the
roposed model from 0.5 h to 5.0 h compared with the target val-
es. Fig. 2 clearly illustrates that the optimal solutions had similar
alues compared to the target values. Table 5 also provides biases
nd their associated percentages between the optimal solutions
nd the target values. For validation of the optimal setting, matrix
ablets of the setting were prepared and the gelation was evalu-
ted as shown in the Table 5. Absolute (validated values – optimal
alues) and percent biases were less than 3%, supporting the valid-
ty of the optimal settings. Based on these results, three results
i.e., optimal solutions, target values, validation experiment results)
ver time were similar and had consistent patterns with small
iases.

.2. In vitro drug release from matrix tablets

Fig. 3 shows the drug release profiles of the matrix tablets with
ifferent excipients at various ratios in the formulations. The per-
ent released at the end of 24 h ranged from 78% (Run order 16)
o 100%. The excipients can significantly influence the dissolution
ate of the system. The mixture of the excipients, used as a mechan-
cal support and release modulator, enables easy modification of
he system depending on the target release profiles. Interactions
mong the excipients result in gel formation on the surface of the
ablet, which can reduce the burst effect seen with typical matrix
ablets. In this strategy, a combination of excipients can deliver the
ctive ingredient at a nearly constant rate.

In the drug release tests, the output responses were measured
rom 0.5 h to 24 h and four replications were performed at all
xperimental runs so that mean and variance data could be calcu-
ated. Tables 6 and 7 provide the results of drug release kinetics
or mean and variance, respectively. Run order 18 is composed

f PEO only with API and magnesium stearate and showed slow
rug release. Upon contact with the medium, the matrix tablet
ydrated slowly and swelled, causing a thick viscous gel layer.
he gel thickness increased moving inward as the hydration pro-
Fig. 3. Graphical representation of drug release profiles against time for the various
matrix tablet formulations (n = 4). Experimental runs were selected from the simplex
lattice design as shown in Table 1. Due to the large number of runs, the key was not
included in the figure.

gressed. The viscous gel layer could be a diffusion barrier for
the medium and the drug inside the matrix, causing slower drug
release.

Similar to the gelation study, large amounts of water-soluble
salts, such as citric acid and NaH2PO4, caused faster drug release
as shown in the Run order of 1, 2, and 19. These salts can be used
to modulate the micro-environmental pH with positive expecta-
tion on polymer swelling and drug release. The salts might dissolve
easily due to their high water-solubility and thus have the abil-
ity to form channels within the polymer matrix and facilitate
the penetration of release medium into the tablet inducing faster
drug release (El-Malah and Nazzal, 2006). Large amounts of water-
soluble and less viscous Polyox WSR N-10 resulted in faster drug
Time (h)

Fig. 4. Drug release profiles of the matrix tablets with optimal solutions, target
values, and validation experiment results (n = 4). The three profiles are similar and
have consistent patterns with small deviation.
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Table 6
Experimental results for the drug release kinetics (mean) based on the experimental design format with target values.

Runs 0.5 h 1 h 1.5 h 2 h 3 h 4 h 6 h 8 h 10 h 12 h 24 h
ȳ1 ȳ2 ȳ3 ȳ4 ȳ5 ȳ6 ȳ7 ȳ8 ȳ9 ȳ10 ȳ11

1 13.03 21.21 28.48 35.44 48.45 60.99 77.59 88.05 92.53 95.64 103.83
2 7.17 12.64 18.03 23.71 32.00 41.55 54.44 64.51 72.90 80.77 105.02
3 7.46 11.61 15.05 18.31 25.25 32.53 45.99 58.31 68.67 76.88 98.76
4 5.91 9.40 14.88 17.88 23.79 32.02 47.36 61.09 73.40 83.80 104.44
5 3.94 8.12 8.12 9.66 13.70 19.31 28.23 38.34 49.98 60.68 107.48
6 5.60 9.22 12.72 16.10 22.52 30.04 45.16 61.78 73.55 86.49 107.75
7 4.64 7.94 9.99 12.91 17.98 23.37 34.94 46.90 58.87 71.02 102.57
8 7.21 10.08 13.10 16.08 21.60 27.13 38.24 48.99 59.60 68.66 100.60
9 4.79 7.58 10.11 13.00 18.73 25.17 35.68 47.34 55.17 66.19 104.56
10 3.66 6.40 8.60 10.98 15.73 21.54 31.44 42.56 52.67 62.40 96.91
11 4.91 8.31 11.68 13.88 19.99 25.84 35.66 45.60 54.79 64.26 99.63
12 7.29 9.26 10.55 11.84 15.75 20.11 28.22 37.55 47.21 56.98 90.32
13 4.29 7.06 9.35 12.00 16.86 22.20 32.49 43.19 53.64 63.61 99.34
14 4.05 6.98 9.52 12.29 17.48 23.49 33.83 44.33 54.69 63.62 92.62
15 3.63 6.54 8.16 10.28 14.36 19.25 27.91 36.59 44.49 52.24 88.97
16 5.09 8.48 12.13 15.30 20.99 26.65 35.58 44.03 51.03 56.94 78.26
17 4.87 7.55 10.83 13.40 18.31 22.87 31.70 40.24 48.50 55.85 95.00
18 3.29 5.32 7.62 9.58 14.16 19.39 28.15 36.70 44.10 50.38 76.89
19 6.04 10.73 15.66 21.49 31.09 38.66 50.89 62.28 70.66 76.23 100.14

m
(

w
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T
E

20 4.92 7.71 10.55 13.06 18.74
21 2.92 4.82 6.34 8.81 13.35

Targets 6.00 11.00 12.80 16.10 22.60

ay reduce the matrix erosion process and hinder drug diffusion
Furlanetto et al., 2006).

Similar to the gelation study, the stepwise regression approach
as also applied to drug release study. Based on the stepwise

egression results, five significant factors, PEO (x1), Syloid (x3),
aH2PO4 (x7), citric acid (x8), and Polyox WSR N-10 (x10), for both
ean and variance functions were selected. Moreover, the first-

rder model for all factors was selected in the vertical analysis
nd second-order for time t was selected in horizontal analysis.
fter utilizing the MSE-based RD optimization model, two con-

rol factors x1 and x8 were chosen as the optimal settings. The
ptimal settings of the excipients were PEO and citric acid with
eight ratios of 191.99 (78.91%), and 51.32 (21.09%), respectively.
t these optimal settings, the optimal drug release rates were esti-

ated by utilizing the proposed model compared to the target

alues. Fig. 4 clearly illustrates that the optimal solutions had sim-
lar values compared to the target values, as well as the validation
xperiment results. Table 8 also provides biases and their asso-

able 7
xperimental results for the drug release kinetics (variance) based on the experimental d

Runs 0.5 h 1 h 1.5 h 2 h 3 h
s1

2 s2
2 s3

2 s4
2 s5

2

1 0.90 1.69 1.90 2.53 4.06
2 0.79 1.74 2.57 3.49 4.17
3 0.80 0.65 1.62 1.35 1.57
4 1.01 1.35 1.83 1.90 2.21
5 0.41 1.00 1.00 1.18 1.15
6 0.93 1.02 1.42 1.38 2.37
7 0.27 0.64 0.83 0.50 1.48
8 0.50 0.89 1.21 1.54 2.04
9 0.33 0.54 0.52 0.18 1.12

10 0.47 0.25 1.08 0.79 1.35
11 0.32 0.76 0.14 0.14 1.22
12 0.56 0.39 0.27 0.34 0.68
13 0.39 0.79 0.55 0.74 0.96
14 0.48 0.55 0.67 1.10 2.12
15 0.10 0.30 0.40 0.30 0.30
16 0.83 0.77 0.56 0.99 0.90
17 0.21 0.36 0.70 0.53 1.08
18 0.45 0.42 0.70 1.02 1.22
19 0.74 1.29 1.51 2.31 3.12
20 0.36 0.97 1.08 1.99 2.93
21 0.63 1.12 1.04 1.16 1.90
24.57 37.11 49.48 61.34 70.60 105.72
18.06 28.15 39.49 49.59 60.48 100.15

29.80 43.50 51.40 60.30 68.50 82.30

ciated percentages between the optimal solutions and the target
values. For validation of the optimal setting, matrix tablets were
prepared and the drug release profiles were evaluated. As shown
in Table 8 and Fig. 4, the optimal solutions, target values, and valida-
tion experiment results for the drug release study are similar and
have consistent patterns with small biases. The low biases prove
the high prognostic ability of the method.

With the hydrophilic matrix, the absorption of dissolution
medium occurs in the matrix and initiates dissolution of the drug
from the inner layer. The dissolution rate is counter-balanced by
gel formation in the matrix, which takes place simultaneously. The
balance between the swelling and the gelling characteristics of the
matrix system is critical in maintaining the desired drug release rate
(Chopra et al., 2007; Pham and Lee, 1994). As dissolution proceeds,

the gradual swelling of the outer layer provides new diffusion areas.
Moreover, water-soluble drugs are released mainly by diffusion of
dissolved drug molecules across the swollen gel layer. However,
poorly soluble drugs are usually released by erosion (Skpoug et al.,

esign format.

4 h 6 h 8 h 10 h 12 h 24 h
s6

2 s7
2 s8

2 s9
2 s10

2 s11
2

5.18 6.95 6.43 6.67 6.65 6.85
5.14 6.79 7.40 7.88 8.83 3.95
2.69 2.95 3.83 5.12 4.87 3.40
2.26 2.77 4.49 5.44 5.49 0.72
1.80 2.09 2.69 4.03 4.45 4.99
2.85 5.08 9.07 8.80 10.41 0.57
1.85 2.99 5.63 7.17 8.72 3.98
3.11 5.34 7.55 8.90 9.81 3.04
1.03 2.30 3.82 2.01 4.55 0.99
2.46 4.05 5.57 6.78 8.05 4.61
1.48 2.05 3.13 3.67 4.13 1.88
0.54 1.22 2.15 3.40 4.92 4.73
1.96 2.92 4.42 6.09 7.20 3.03
3.07 5.04 6.88 8.61 8.84 5.06
0.80 1.20 1.50 1.70 1.80 1.40
1.63 1.44 1.85 1.85 1.63 1.81
1.22 1.98 2.59 3.94 4.35 5.89
2.29 3.18 3.38 4.80 4.57 7.31
4.58 6.80 8.22 8.77 8.97 10.82
4.10 7.38 11.76 14.20 15.90 2.01
3.50 6.15 8.38 10.61 12.34 9.91
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1991). Therefore, the hydrophilic property of an API needs to be
considered when evaluating the drug release profiles.

Further work is planned to find a specific formulation satisfying
both gelling properties and drug release profiles compared to spe-
cific targets. Moreover, conventional prioritization and weighting
methods will be integrated and customized based on in vivo results
in order to optimize the gelation and drug release at the same time.

5. Conclusions

A new experimental design strategy was developed by inte-
grating the well-established response surface methodology (RSM)
and the time series modeling. It proved very useful in formulation
studies aimed at the development of SR matrix tablet allowing a
systematic and reliable screening method to characterize signifi-
cant factors influencing drug release. Some formulation variables
are expected to have significant effects on the amount and kinet-
ics of swelling and drug release. By exploiting the relationships
between control factors and output responses from an experimen-
tal design, RD methods could reveal robust solutions that are less
sensitive to input variations. Based on the results of matrix gelation
and drug release, optimal solutions, target values, and validation
experiment results over time were similar and showed consistent
patterns with small biases. The experimental design methodology
could be a very economic way to obtain maximum information,
which can save a significant amount of time. Moreover, it can
reduce the materials used for analyses and the personal costs as
well.
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Appendix A.

In this study, the gelation experiment was conducted for 5 h
compared to 24 h of the drug release profiles. In most cases the
gelation index was greater than 90% within 5 h. However, there
were a few cases that the index was less than 90% even about 60%
after 5 h. In such a low gelation situation, especially for the samples
(Runs) of 3, 8, and 16, prolonged gelation study might be necessary
and was conducted to investigate if there are any internal relation-
ships between the gelation vs. release kinetics. The sampling points
were 6 h, 12 h, and 24 h (n = 4).

The gelation index showed that the samples did not gel com-
pletely even after 24 h (Table A.1). After 5 h the index did not
increase significantly. One reason was that the samples contained
relatively hydrophobic excipients, especially Syloid and LH-11 and

they may not wet easily causing the data collection difficult. The
indices could be obtained by measuring the diameters of the por-
tions that gelled after immersion in the medium. As already shown
previously (Park et al., 2010), tablets with hydrophilic excipients
could give clear swelling front and also consistent data.

Table A.1
Additional experimental results of the prolonged gelation study for the samples of
low gelation index (n = 4).

Runs 6 h 12 h 24 h

Gelation (%) S.D. Gelation (%) S.D. Gelation (%) S.D.

3 67.46 0.50 75.10 5.67 80.51 1.69
8 72.19 6.18 75.34 4.18 76.68 3.77

16 80.71 1.57 80.78 1.05 81.09 0.55
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For the hydrophobic excipients, initial measurements were
retty reasonable showing relatively clear swelling front. How-
ver, as the immersion time increased, the swelling front was not
lear and not circular either, which made the measurement and
he calculation of the index difficult. Even after 24 h of gelation,
here were dry spots in the center, which were considered to be
ot swollen due to the hydrophobic excipients. Aqueous medium
ight bypass the hydrophobic area and wet hydrophilic portion

nside the tablet matrix. It is believed that the spots may not affect
ignificantly on the drug release because tablets are swollen mostly
nd the model drug is hydrophilic. Hydrophobic drugs may behave
ifferently.

The gelation study applied in here was designed to differentiate
he formulations focusing on the initial gelation to mimic in vivo
nvironment. If the gelation study can represent in vivo and also be
ntegrated with drug release, it would be the optimum. More work
s ongoing how to integrate the release profiles and the gelation
tudy. Moreover, one more reason why not comparing the 12 h or
ven 24 h gelation was that for the experimental design method,
ll the data need to be arranged horizontally and also vertically
n a table. If there are any data missing or erroneous in the table,
he developed design method may not be applicable in that time
ausing the interpretation inconsistent. Since many formulations
welled mostly in less than 5 h, the design model was applied in
hat time scale.
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