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Design of experiments (DoE) can accelerate the optimization of drug formulations, especially complexed formu-
las such as those of drugs, using delivery systems. Administration of FK506 encapsulated in liposomes (FK506 li-
posomes) is an effective approach to treat acute stroke in animal studies. To provide FK506 liposomes as a brain
protective agent, it is necessary to manufacture these liposomes with good reproducibility. The objective of this
study was to confirm the usefulness of DoE for the process-optimization study of FK506 liposomes. The Box-
Behnken design was used to evaluate the effect of the process parameters on the properties of FK506 liposomes.
The results of multiple regression analysis showed that there was interaction between the hydration temperature
and the freeze-thaw cycle on both the particle size and encapsulation efficiency. An increase in the PBS hydration
volume resulted in an increase in encapsulation efficiency. Process parameters had no effect on the ¢-potential.
The multiple regression equation showed good predictability of the particle size and the encapsulation efficiency.
These results indicated that manufacturing conditions must be taken into consideration to prepare liposomes
with desirable properties. DoE would thus be promising approach to optimize the conditions for the manufactur-
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ing of liposomes.
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1. Introduction

Liposomes are biodegradable vesicular structures composed of a
lipid bilayer and are used as a drug delivery system (Bangham and
Horne, 1964; Gregoriadis and Florence, 1993). Liposomes have
been used to improve therapeutic efficiency and to decrease the
adverse side effects of drugs. These effects are manifested because
liposomalization changes the pharmacokinetics of drugs (Samad et al.,
2007). Polyethylene glycol (PEG) modification and conjugation of
targeting ligands to the surface of liposomes are used for further im-
provement of therapeutic efficacy (Blume and Cevc, 1990; Blume et
al,, 1993).

FK506 is an immunosuppressant and mainly used to prevent rejec-
tion of organ transplants. FK506 binds to FK506-binding protein, and
this complex interacts with calcineurin to inhibit the production of
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DoE, design of experiments; DPPC, dipalmitoylphosphatidylcholine; DSPE,
distearoylphosphatidylethanolamine; FK506 liposomes, polyethylene glycol-modified
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regression; PEG, polyethylene glycol; PLSR, partial least square regression; s.e.m,
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inflammatory cytokines (Liu et al., 1991). It was reported that treatment
with FK506 has positive effect on acute stroke in animal studies. Even
though a high dose of FK506 induces adverse side effects, polyethylene
glycol-modified liposomes encapsulating FK506 (FK506 liposomes)
show therapeutic efficacy at a lower dose compared with free FK506
(Ishii et al., 2013).

The thin-film method is used for manufacturing FK506 liposomes.
This method consists of the following processes: dissolution, evapora-
tion, hydration, and extrusion (Samad et al., 2007). The International
Conference on Harmonization Q8 guideline has recommended gaining
information and knowledge of drug products from pharmaceutical de-
velopment studies to support manufacturing controls (International
Conference on Harmonization of Technical Requirements for
Registration of Pharmaceuticals for Human Use, 2009). One of the disad-
vantages of the usage of liposomes is the batch-to-batch variation
(Muthu et al,, 2014). In order to manufacture FK506 liposomes with de-
sirable properties, it is necessary to confirm the relationship between
manufacturing conditions and drug product quality and then establish
the optimal manufacturing conditions.

In order to optimize manufacturing conditions, design of experi-
ments (DoE) is used in many areas (Singh et al., 2005b). In DoE, at
first a study design is prepared to collect appropriate data and then
the data obtained from the experiments is analyzed by using a statistical
method to extract the maximum amount of information (Singh et al.,
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Table 1
Experimental design and observed results of the optimization study.

Hydration process

Particle . Percent
No. PBS Hydration Number of size ¢-potential entrapped
volume temperature freeze-thaw  (pm) (mV) FK506 (%)
(ml) (°Q) cycles

1 1 45 3 107.1 —432 44.2
2 1 55 3 102.9 —4.04 45.3
3 5 45 3 104.7 —4.26 57.8
4 5 55 3 107.9 —3.20 55.7
5 1 50 1 113.1 —3.86 41.1
6 1 50 5 102.0 —7.46 36.0
7 5 50 1 107.9 —4.51 53.6
8 5 50 5 108.0 —4.48 51.9
9 3 45 1 100.1 —6.29 534
10 3 45 5 106.1 —3.89 55.0
11 3 55 1 1133 —3.04 583
12 3 55 5 101.0 —4.58 50.7
13 3 50 3 104.3 —3.40 57.0
14 3 50 3 112.0 —3.17 56.7
15 3 50 3 104.1 —4.23 54.5

2005a). The most common experimental design is the full-factorial de-
sign. In this design, all combinations of variables are examined. When a
two-level full-factorial design is selected, the number of runs is given by
2% where k is the number of the variables. This full-factorial design is
not useful when the number of the variables is increased because the
number of runs goes on increasing exponentially (Adenso-Diaz and
Laguna, 2006). Instead of the full-factorial design, the fractional-factori-
al design or Box-Behnken design is used in DoE. The fractional-factorial
design is able to examine the effects of a large number of variables with
relatively few experimental runs by ignoring interaction effects (Gunst
and Mason, 2009), whereas the Box-Behnken design is used for optimi-
zation studies. This design is suitable to create a quadratic model. A
three-factor Box-Behnken design is almost rotatable, which means
that all design points are at the same distance from the center of the de-
sign. This property is preferable to create a response surface plot, be-
cause the prediction error is the same for all design points (Box and
Behnken, 1960). The number of runs required for this Box-Behnken
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design is given by 2k(k-1) + Co, where k is the number of variables
and C is the number of center points. This design is more efficient com-
pared with the three-level full-factorial design (Ferreira et al., 2007).
Even though DoE is a useful tool for process optimization, few studies
using DoE have been reported regarding process optimization for lipo-
somes (Curi¢ et al., 2013; Singh et al., 2005b).

In this present study, DoE was used to confirm the relationship be-
tween the process parameters of the preparation process and the prop-
erties of FK506 liposomes. Prediction models for the properties of FK506
liposomes were generated by DoE and were validated to confirm the
usefulness of DoE. This study should help to establish optimal condi-
tions for the manufacturing of liposomes.

2. Materials and methods
2.1. Materials

Dipalmitoylphosphatidylcholine (DPPC) and distearoylphos-
phatidylethanolamine (DSPE)-PEG (molecular weight of PEG: 2000)
were gifts from Nippon Fine Chemical Co., Ltd. (Hyogo, Japan). FK506
was obtained from Astellas Pharma Inc. (Tokyo, Japan). Chloroform,
methanol, and tert-butanol were purchased from Kanto Chemical Co.,
Inc. (Tokyo, Japan).

2.2. Design of experiment

The three-factor Box-Behnken design was used to generate a qua-
dratic model. In this design, all factors have 3 levels: low, center, and
high. Three center samples were included in this design and used as a
source for error estimation. The quadratic model is calculated by using
multiple regression analysis, and the model is described by the follow-
ing formula:

Y =ap + a1 X + Xy + a3Xs + agX 1 Xy + asX 1 X3 + agXo X3 + a7X%
+ agX§ + a9X§

where Y is the response, X is a variable, and a is a regression coefficient.
Analysis of variance (ANOVA) was conducted to identify the statistically
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Fig. 1. Factorial effects on the particle size of FK506 liposomes. (A) Effects of the PBS volume at 1 ml (n = 4), 3 ml (n = 3) and 5 ml (n = 4). (B) Effects of the hydration temperature at 45 °C
(n=4),50°C (n=3),and 55 °C (n = 4). (C) Effects of the number of freeze-thaw cycles at 1 cycle (n = 4), 3 cycles (n = 3), and 5 cycles (n = 4). Each plot shows the average value +

s.e.m.
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