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Abstract

Pravastatin (PRAV) is a hydrophilic statin which has been reported to have antiangiogenic and pro-apoptotic effects.
However, the beneficial effects of statins on tumour growth are obtained at high doses, the systemic administration of those
doses being associated with severe toxicity. Thus, site-specific delivery with liposomal systems may be a novel approach in
order to enrich its therapeutic effects, while reducing the overall doses required. The objective of this study was to optimize
the formulation of PRAV-loaded long circulating liposomes (LCL-PRAV) by using a D-optimal experimental design. The
influence of seven formulation and process factors i.e. phospholipids molar concentration (mM), the molar ratio of
phospholipids to cholesterol, the PRAV molar concentration (mM), the hydration temperature (°C), the extrusion temperature
(°C), the rotation speed at the formation of the lipid film (rot/min) and the rotation speed at the hydration of the film (rot/min)
was studied on PRAV liposomal concentration, the encapsulation efficiency (EE %), liposomal size and the Polydispersity
Index (PDI). The desired characteristics of LCL-PRAV are the relatively high drug encapsulation efficiency (> 45%), the low
and predictable variation in the drug encapsulation efficiency, the particle size range of 180 - 200 nm and the low PDI value
(< 0.100). The optimized formulation had liposomal PRAV concentration of 6128 + 237 pug/mL, an encapsulation efficiency
of 47 + 13%, 192.3 + 5 nm size and a PDI of 0,098 £+ 0.006. The overall results showed that PRAV can be successfully
incorporated into long-circulating liposomes.

Rezumat

Pravastatina (PRAV) este o statind hidrofila, cu efecte proapoptotice si antiangiogenice. Cu toate acestea, efectele benefice
ale statinelor asupra cresterii tumorale sunt obtinute la doze mari, administrarea sistemica a acestora fiind asociatd cu
toxicitate severd. Astfel, utilizarea unui sistem lipozomal pentru transportul si eliberarea la tintd poate constitui o noud
abordare in scopul diversificarii efectelor terapeutice si minimizarii, in acelasi timp, a dozele necesare.

Acest studiu a urmarit optimizarea formularii PRAV 1in lipozomi cu durata lunga de circulatie (LCL-PRAV), utilizdnd un
design experimental de tip D-optimal. A fost studiatd influenta a sapte factori de formulare, respectiv de proces: concentratia
molard a fosfolipidelor (mM), raportul molar fosfolipide:colesterol, concentratia molara a solutiei de PRAV (mM),
temperatura de hidratare (°C), temperatura de extrudere (°C), viteza de rotatie la formarea filmului lipidic (rot/min) si viteza
de rotatie la hidratarea filmului lipidic (rot/min), asupra concentratiei lipozomale de PRAV, a eficientei de incapsulare (EE %), a
marimii lipozomilor si a indicelui de polidispersie (PDI). Caracteristicile dorite ale LCL-PRAV au fost: eficienta relativ
ridicata a incapsularii PRAV (> 45%), variatie scazuta si previzibila in eficienta incapsularii, marime medie a lipozomilor
intre 180 si 200 nm si valoare scazutd a PDI (< 0,100). Formularea optimizatd a lipozomilor a fost caracterizata printr-0
concentratie de 6.128 + 237 pg/mL, o eficientd de incapsulare de 47 + 13%, o méarime de 192,3 + 5 nm si o valoare a PDI de
0,098 + 0,006. Rezultatele obtinute au aratat ca PRAV poate fi incorporata cu succes in lipozomi cu duraté lunga de circulatie.
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Introduction Besides these effects, studies have proved that
statins have pleiotropic actions, including cancer
prevention [6]. The carcinoma-preventive effect of
statins can be explained by several mechanisms,
such as induction of cancer cells' apoptosis and
angiogenesis restraint, inhibition of malignant cell
proliferation and expression of an inhibitory effect
on chronic bowel inflammation [2]. The effect is
mainly dependent on the statin potency, but also a
biphasic dose-dependent effect has been described.

The use of statins as cholesterol-lowering agents for
the primary and secondary prevention of coronary
heart disease has been firmly established in current
medical practice [2, 10, 13]. Statins have been designed
as competitive inhibitors of 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase, the rate-limiting
enzyme in the mevalonate pathway leading to de
novo cholesterol synthesis [23].
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Thus, at high doses, statins have antiangiogenic and
pro-apoptotic effects, whereas at low doses can
favour angiogenesis [7]. The doses for the cancer
prevention and treatment have been proved to be
100 to 500 fold higher than those needed for cholesterol
lowering activity, the systemic administration of
those doses being associated with severe toxicity,
including rhabdomyolysis or even death [20]. As
the beneficial effects of statins on tumour growth
are obtained at high doses, site-specific delivery with
liposomal systems may be an interesting approach
to intensifying therapeutic effects, while reducing
the overall doses required. Also, controlling the
tissue distribution of statins with such drug delivery
systems is important to promote the desired activity
and to limit the adverse effects [1, 4]. Due to non-
specific drug distribution, the parenteral administration
of a pravastatin solution leads to a quick
distribution of the drug in the blood stream to every
major organ, contrarily to pravastatin loaded long-
circulating liposomes which are preferentially
targeted to the tumour tissue and macrophage rich
regions [4].

Polyethylene glycol (PEG) has been shown to
protect liposomes from recognition and rapid
removal from the circulation by the mononuclear
phagocyte system (MPS), enabling the liposomes to
stay in the circulation for a prolonged period of
time and allowing them to substantially accumulate
in tumours, and hence giving the liposomes long-
circulating properties [1, 4, 12].

Hydrophilic drug encapsulation in nanoparticles
can provide a better pharmacokinetic profile and
bioavailability, enhance the anticancer effect and
reduce toxicity compared with drug administration
without a carrier [8].

In the past few decades, liposomes have become
very promising drug-delivery systems, due to their
unique biological and physicochemical properties.
Due to the structural similarity of liposome bilayers
to cellular membrane, liposomes have been used as
drug-carriers to deliver therapeutics to specific
regions of the body since the early 1970s [14].
However, despite their multiple advantages,
relatively few therapeutic products are available on
the market. Several factors may be responsible for
that, including the time consuming and complex
nature of the preparation method, the difficulty to
scale-up [15], high manufacturing costs due to low
reproducibility, low entrapment of therapeutic agents
and difficulties associated with the identification
and control of the critical formulation and process
design factors [30].

Hydrophilic drugs, such as pravastatin, are more
challenging to encapsulate into liposomes, the high
water solubility making it difficult to achieve a high
degree of drug entrapped [15]. Furthermore,
manufacturing variability can be the result of a lack of
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understanding of the preparation process, meaning
that utilizing a design of experiments to assist
formulation and process design is a promising way to
find an optimum and robust method to successfully
incorporate PRAV into long-circulating liposomes [29].
The desired characteristics of the long-circulating
PRAV loaded liposomes are the relatively high
drug encapsulation efficiency (> 45%), the low and
predictable variation in the drug encapsulation
efficiency, the particle size range of 180 - 200 nm and
the low Polydispersity Index (PDI) value (< 0.100).
To obtain the above target profile, a D-optimal
experimental design (DoE) was successfully used.
A D-optimal experimental design with seven
factors and two levels was employed in order to
optimize the formulation of long-circulating PRAV
loaded liposomes. The influence of seven
formulation and process factors i.e. phospholipids
molar concentration (mM), the molar ratio of
phospholipids to cholesterol, the PRAV molar
concentration (mM), the hydration temperature
(°C), the extrusion temperature (°C), the rotation
speed at the formation of the lipid film (rot/min)
and the rotation speed at the hydration of the film
(rot/min) was studied on PRAV liposomal concentration,
the encapsulation efficiency (EE %), the liposomal
size and PDI. The formulation was consequently
optimized using Modde 10 software, in order to obtain
the desired quality attributes of the final product.
The traditional process optimization is based on
analysing one factor at time (OFAT), while keeping
the other factors constant, allowing the detection of
some factor effects without detection of interactions
between the factors [17]. Contrarily to OFAT, DoE
allows varying multiple factors at different levels
simultaneously, making it possible this way to detect
both the main effects and interactions between factors,
and thus providing valuable information with
minimal number of runs and without sacrificing the
quality of the results [5, 11].

Materials and Methods

Materials

Pravastatin sodium salt was purchased from Biocon
Limited (India). The phospholipids used for liposome
preparation: 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC) and N-(carbonyl methoxypoly-
ethylenglycol-2000)-1,2-distearoylsn-glycero-3-
phosphoethanolamine (Na'-salt; MPEG-2000-DSPE)
were purchased from Lipoid GmbH (Germany).
Cholesterol (CHO) from sheep wool was provided
by Sigma-Aldrich (Germany). All the other reagents
used were of analytic grade purity, commercially
available.
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Methods
Liposome preparation
Pravastatin-loaded long-circulating liposomes (LCL-
PRAV) were prepared using the film hydration
method, as described by Schiffelers et al. [22].
Briefly, phospholipids (DPPC and MPEG-2000-
DSPE in a molar ratio of 19:1) and cholesterol were
dissolved in an appropriate amount of ethanol, in a
round-bottomed flask. The solvent was evaporated
under reduced pressure, at temperatures ranging
from 40°C to 60°C in a rotary evaporator, leading
to the formation of a thin film at the bottom of the
flask. The remaining residual solvent was removed
by maintaining the flask under a stream of nitrogen
for 1 hour. Liposomes were formed by hydrating
the film with 5 mL solution of phosphate buffered
saline (PBS, pH = 7.4), in which the water soluble
pravastatin sodium salt was dissolved, for 20
minutes at variable temperatures (40 - 60°C).
Liposomal dispersion was subsequently extruded
under high pressure three times through a 0.8 pm
polycarbonate membrane and five times through a
0.2 pm polycarbonate membrane using LiposoFast
LF-50 equipment (Avestin Europe GmbH,
Germany). Unencapsulated drug was removed by
dialysis in a Slide-A-Lyzer cassette, with a
molecular weight cut-off of 10 kDa at 4°C, with
repeated changes of buffer, over a period of 24
hours. Liposomes were stored at a temperature of
4°C, until analysis.
Measurement of liposomal size
Liposomal size and PDI value were determined by
dynamic light scattering method, using Zetasizer
Nano ZS analyser (Malvern Instruments Co.,
Malvern, UK). The measurement was performed at
25°C with a scattering angle of 90°. The dynamic
light scattering data was collected using a helium
laser source and mean results were provided by
photon correlation spectroscopy (PCS).
Determination of PRAV content and encapsulation-
efficiency
The pravastatin content of the liposomes was
determined through an HPLC/UV method, after
complete dissolution of liposomes in methanol [3,
24, 25]. Analyses were performed on a Agilent
1100 HPLC system (Agilent Technologies, Santa
Clara, CA), equipped with an ultraviolet (UV)
detector. Cromatographic separation was carried out
using a Gemini C18 column (50 x 2 mm, internal
diameter 3 um) from Phenomenex (Phenomenex,
Torrance, CA). The mobile phase was 25%
acetonitrile and 75% 0.1 % phosphoric acid solution.
Cromatographic conditions set for the method were:
flow rate 1 mL/min, column temperature 30°C, UV
detection at 237 nm and injection volume 5 pL [28].
The retention time for PRAV was 1.6 min.
Liposomal PRAV was expressed both as
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concentration (pg/mL) and encapsulation efficiency
(%). The EE was calculated using the following
equation, and represents the percentage of
entrapped drug:

EE (%) = (Entrapped PRAV/ Total PRAV) x 100 (1)

Optimization of the liposomal formulation

A D-optimal experimental design with seven
factors and two levels was employed to study the
influence of formulation and process parameters on
the preparation of LCL-PRAYV, as seen in Table I.
The design of the study was developed using
Modde 10 software (Umetrics, Sweden).
Considering the costs for a single experiment,
minimizing the amount of performed experiments,
while choosing the most informative combination of
factors, is always an aim [9]. Traditional experimental
designs (Full Factorial Designs, Fractional Factorial
Designs and Response Surface Designs) would
require, in our case, too many runs (2') for the
amount of resources and time allocated for the
experiment. However, by employing a D-optimal
design we could address this limitation. Given the
total number of treatment runs for an experiment
and a specified model, the D-optimal algorithm
chooses the optimal set of design runs from
a candidate set of possible design treatment runs.
This candidate set of treatment runs consists of all
possible combinations of various factor levels used
in the experiment [19]. The optimal set of design
runs is generated by an iterative search algorithm
with the purpose of minimizing the covariance of
the parameter estimates for the specified model. This
is equivalent to maximizing the determinant D = [X"X|,
where X represents the design matrix of model
terms (the columns) evaluated at specific treatments
in the design space (the rows). Three centre point
runs were added with the purpose of providing a
measure of process stability and inherent variability
[9, 19].

The matrix of the experimental design, obtained by
applying this algorithm in MODDE software and
comprising 19 formulations, is presented in Table II.
The parameters considered to have significant
effect on liposomal properties have been selected as
independent variables to be investigated. They can
be divided into two categories: the formulation
parameters- phospholipids molar concentration
(X1), the molar ratio of phospholipids to cholesterol
(X,) and PRAV molar concentration (X3) and the
process parameters-temperature used at the formation/
hydration of the lipid film (X,), the temperature
used in the extrusion step (Xs), the rotation speed at
the formation of the lipid film (Xs) and the rotation
speed at the hydration of the film (X;). Three
responses (dependent variables) evaluated were: the
liposomal concentration of SIM (Y3), EE (Y,), the
liposomal size after extrusion (Y3) and PDI (Y).
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The preparation method was previously tested
during preliminary experiments, in order to
establish if the method is adequate for PRAV

encapsulation. The levels of independent variables,
shown in Table I, were established within the range
suggested in literature.

Table |
Independent and dependent variables of the experimental design used for the preparation of PRAV liposomes
Level used
Low (-1) High (+1)
Variable
Independent variables
X; = Phospholipids molar concentration (mM) 20 80
X, = Molar ratio of phospholipids to cholesterol 5 10
X3 = PRAV molar concentration (mM) 10 25
X, = Hydration temperature (°C) 40 60
Xs = Extrusion temperature (°C) 40 60
Xs = Rotation speed at the formation of the lipid film (rot/min) 40 120
X7 = Rotation speed at the hydration of the lipid film (rot/min) 60 180
Dependent variables
Y, = Liposomal concentration of PRAV (mM)
Y, = Encapsulation efficiency (%)
Y5 = Liposomal size (nm)
Y, = Polydispersity Index
Table 11
The matrix of the experimental design
Formulation Run X1 X, X3 X4 Xs X X7
code order (mM)) (mM) (°C) (°C) (rot/min) | (rot/min)
N1 18 20 5 10 40 40 40 60
N2 7 80 5 10 40 60 40 180
N3 6 20 10 10 40 60 120 60
N4 3 80 10 10 40 40 120 180
N5 2 20 5 25 40 60 120 180
N6 11 80 5 25 40 40 120 60
N7 1 20 10 25 40 40 40 180
N8 4 80 10 25 40 60 40 60
N9 8 20 5 10 60 40 120 180
N10 19 80 5 10 60 60 120 60
N11 15 20 10 10 60 60 40 180
N12 14 80 10 10 60 40 40 60
N13 9 20 5 25 60 60 40 60
N14 17 80 5 25 60 40 40 180
N15 16 20 10 25 60 40 120 60
N16 10 80 10 25 60 60 120 180
N17 5 50 75 17,5 50 50 80 120
N18 13 50 7,5 17,5 50 50 80 120
N19 12 50 7,5 17,5 50 50 80 120

Xy: the phospholipids molar concentration (mM), X.: the molar ratio of phospholipids to cholesterol, Xs: the PRAV molar concentration
(mM), X4: the hydration temperature (°C), Xs: the extrusion temperature (°C), Xs: the rotation speed at the formation of the lipid film
(rot/min), X7: the rotation speed at the hydration of the film (rot/min).

In order to fit the experimental data with the chosen
experimental design and to calculate the statistical
parameters, the statistical module from Modde 10
software (Umetrics, Sweden) was used. Partial least
squares (PLS) method was employed for data fitting
and for calculation of the statistical parameters.

The regression coefficients of each investigated factor

were determined using the following equation:
Yn = bo"‘Zbi Xj"‘Zbinin (2),

where Y, is the dependent variable; by is the model
constant; b; are the linear coefficients; by are the

interaction coefficients; and X; X; are the coded
levels of independent variables.

R?, which represents the explained variation and
Q?, representing the fraction of the variation of the
response that can be predicted, were determined.
The validity of the experimental design was
determined by performing the analysis of variance
(ANOVA) test [21]. Finally, the model was
expressed graphically, in terms of response surface
model.

The optimization step was performed using the
desirability function, f(ds), that searches for the best
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possible combination of factor settings, that predicts
a result inside the response specifications and as
close as possible to the targets [9]. The optimizer is
used to find an experimental set point that fulfils all the
required criteria (high PRAV liposomal concentration,
good encapsulation efficiency, desired size of the
liposomes and low PDI). The optimum formulation
of PRAV-loaded long-circulating liposomes (LCL-
PRAV-OPT) was selected based on the criteria of
maximizing liposomal SIM concentration with an
EE% of 50 + 10%, for vesicles size of 180 + 20 nm
and a PDI < 0.100.

Results and Discussion

For long-circulating liposomes, drug concentration,
encapsulation efficiency, liposomal size and PDI
are the main properties affecting their therapeutic
potential and targeting ability, making the
formulation qualities critical. Achieving a higher
percentage of encapsulation, especially for water-

soluble active principle ingredients like pravastatin,
represents an advantage for both manufacturers and
patients. A higher percentage of encapsulated drug
can increase drug concentration in the final product
allowing greater flexibility in dosing, increased
dosing intervals and hence improved patient
compliance [30]. Based on this knowledge, the
current study’s aim was to use a DoE in order to
optimize the formulation of long circulating PRAV
liposomes in terms of drug content, EE, size and PDI.

We studied the influence of seven high risk factors,
three of them being formulation factors (phosphor-
lipids molar concentration, the molar ratio of
phospholipids to cholesterol and PRAV molar
concentration) and the other four were process
related factors (the hydration temperature, the
extrusion temperature, the number of rotations/
minute at the formation of the lipid film and the
number of rotations/minute at the hydration of the
film). The results are presented in Table I11.

Formulation code Run order Y1 (ng/mL)
N1 18 336.6
N2 7 514.4
N3 6 980.2
N4 3 1203.7
N5 2 2845.8
N6 11 3624.3
N7 1 1683.6
N8 4 1943.6
N9 8 14911
N10 19 1433.4
N11 15 507.3
N12 14 900.8
N13 9 3419.8
N14 17 3675.6
N15 16 6777.8
N16 10 6224.4
N17 5 3370.6
N18 13 4239.8
N19 12 2909.1

Table 11
The experimental results of D-optimal design

Y, (%) Y3(nm) Yy

7.54 209.4 0.226
11.52 174.1 0.197
21.95 177.1 0.109
26.95 210.5 0.233
25.49 160.9 0.102
32.46 202.9 0.206
15.08 201.5 0.201
17.41 162.4 0.089
33.39 207.3 0.219
32.10 176.5 0.110
11.36 188.9 0.121
20.17 209.2 0.208
30.63 155.7 0.101
32.92 170.2 0.205
60.72 203.1 0.199
55.75 174.3 0.078
43.13 191.1 0.147
54.26 182.5 0.118
37.23 199.2 0.177

The influence of various factors on liposomal PRAV
concentration

As shown in Table IlIl, liposomal PRAV
concentration varied from 336.6 to 6777.8 pug/mL
for the various factor combinations. The most
significant factors that influenced liposomal PRAV
concentration were: the PRAV molar concentration

(X3; p < 0.02), the hydration temperature (X4; p <
0.001) and the number of rotations/minute at the
formation of the lipid film (Xs; p < 0.001), as can
be seen from the equation describing the influence
of formulation and process parameters on liposomal
PRAYV concentration:

Y1 =2530.65 + 1426.69 X3 + 706.118 X, + 724.913 X¢ + 543.895 XX, (3).

A positive value of the regression coefficient means
a positive influence on the response, meaning that
increasing the values of all the significant factors
(X3, X4, Xg) leads to an increase in the liposomal
PRAV concentration.

PRAV molar concentration had the highest impact
on the evaluated response. Liposomal concentration

of PRAV was positively influenced by the PRAV
molar concentration, which can be explained by the
fact that more PRAV is available to be incorporated
into the liposomes.

The hydration process is a vital step in the
preparation of liposomes, the temperature used at
the hydration of the lipid film and the rotation
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speed at the formation, respectively hydration of
the lipid film, being critical factors.

The hydration temperature had a positive effect on
PRAV liposomal concentration. Also, an interaction
between PRAV concentration and hydration
temperature had been evidenced (p < 0.005),
therefore the increase in liposomal PRAV
concentration with a PRAV molar concentration
(X3) increase proved more significant, when the
hydration temperature was higher (X3) (Figure 1).
Since hydrations only occurs at temperatures above
the T,, (liquid crystal transition temperature) of the
lipid, an increase in the hydration temperature leads
to an increase in lipid bilayer fluidity and hence
permeability, leading to better incorporation of the
drug [16].

According to our findings, using a higher rotation
speed at the formation of the lipid film had a
positive effect on PRAV liposomal concentration.
A possible explanation might be that a higher
intake of mechanical energy may lead to the
formation of a thinner, more homogenous film
which is easier to hydrate.

The prediction confidence level of the model was
95% and the statistical analysis showed a good
fitting of the model proposed (R = 0.910 and

Q? = 0.842). The results of the ANOVA test,
presented in Table IV, showed a significant
influence of variables on the response (liposomal
PRAV concentration) (p < 0.01) and that the model
did not present a significant lack of fit (p = 0.598).

Y1

Figure 1.

Response surface for predicting liposomal PRAV
concentration (Y1) with respect to X3 (the PRAV
molar concentration) and X, (the hydration
temperature)

Table IV

Analysis of variance for liposomal PRAV concentration

Source Degrees of freedom Sum of squares Mean square F value p value
Total corrected 18 61987400 3443740
Regression 6 56379900 9396640 20.1086 0.002
Residual 12 5607530 467294
Lack of fit 10 4694320 469432 1.02809 0.589
Pure error 2 913207 456604

The influence of various factors on encapsulation
efficiency (EE %)

According to the data presented in Table Ill, EE %
varied from 7.54 to 60.72 % for the various factor
combinations. The equation describing the influence
of formulation and process parameters on EE % is
the following:

Y, =1.416 + 0.110 X3 + 0.117 X, + 0.157 X5 (4).

The most significant factors that influenced EE %
were, according to the equation (4), the PRAV
molar concentration (Xs; p < 0.01), the hydration
temperature (Xg4; p < 0.01) and the rotation speed at
the formation of the lipid film (Xs; p < 0.001).

The equation shows a positive influence of
formulation factor X3 and of the process parameters
X4 and Xg on the studied response, EE %. This can
also be observed from the response surface
diagrams in Figure 2.

An increase in PRAV molar concentration leads to
higher encapsulation efficiency, which can be due
to a higher amount of PRAV available to be
incorporated into the liposomes and also
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considering the interactions between drug and
phospholipids, a small portion of the free drug
associates with the liposome surfaces, causing an
increase in EE. This additional increase is
dependent on the free drug concentration in the
medium, hence a higher concentration of PRAV
can lead to an increase in EE. At very high drug
concentrations, any additional increase in drug
concentration does not make a significant
difference in drug encapsulation, due to the fact that
the surface attached drug percentage becomes
negligible [30].

As mentioned earlier, the method of preparation
can influence significantly the characteristics of the
liposomes. Drug entrapment can be enhanced by
hydrating a thinner film of dry lipids, at
temperatures above the T, (liquid crystal transition
temperature) of the lipids. This could be the
explanation for the increase in EE with the increase
of hydration temperature and rotation speed at the
formation of the lipid film, since a higher rotation
speed leads to the formation of a thinner, more
homogenous and easier to hydrate lipid film [27].



FARMACIA, 2016, Vol. 64, 3

Figure 2.
Response surface for predicting EE (Y,) with respect to:
a) Xz(the PRAV molar concentration) and X (the rotation speed at the formation of the lipid film);
b) X, (the hydration temperature) and X (the rotation speed at the formation of the lipid film).

Furthermore, statistical analysis was applied,
showing a good fit of the model, based on R? = 0.749
and Q® = 0.590 values and a prediction confidence
level of 95%.

The ANOVA test results, illustrated in Table V,
showed a significant influence of variables on
PRAV encapsulation efficiency (p < 0.001). The
value of p = 0.240 shows that the proposed model
did not present a significant lack of fit.

Table V
The analysis of variance for encapsulation efficiency
Source Degrees of freedom Sum of squares Mean square F value p value
Total corrected 18 1.11257 0.0618093
Regression 5 0.833760 0.1667521 7.77518 0.001
Residual 13 0.278807 0.0214467
Lack of fit 11 0.265212 0.0241102 3.54693 0.240
Pure error 2 0.013595 0.0067974

The influence of various factors on liposomal size
and PDI

The size of the liposomes ranged from 155.7 to
210.5, as seen in Table Ill. The equation showing
the influence of formulation and process parameters
on liposomal size is the following:

Y3=187.2+4.375 X, - 7.625 X3 - 15.262 X5 (5).

The molar ratio of phospholipids to cholesterol (X,;
p < 0.02), the PRAV molar concentration (Xs;
p < 0.001), and the extrusion temperature (Xs; p < 0.05)
were the most significant factors that influenced the
liposomal size. Out of these studied factors, X,- the
molar ratio of phospholipids to cholesterol had a
positive impact on liposomal size, while Xs- the
PRAV molar concentration and Xs- the extrusion
temperature had a negative significant influence.
Thus, the increase of phospholipids concentration
and the decrease of cholesterol content will result in

455

a greater size of the liposomes, while increasing PRAV
molar concentration and extrusion temperature
result in a decrease in the size, as seen in Figure 3.
According to the data presented in Table Ill, the
PDI varied between 0.078 and 0.233. Out of all
studied factors only the PRAV molar concentration
(X3; p < 0.02) and the extrusion temperature (Xs; p
< 0.001) had a significant influence on PDI, as it is
illustrated in the equation describing the influence
of formulation and process parameters on the
liposomal PRAV concentration:

Y. =0.160 - 0.015 X - 0.049 X5 (6).

Both factors had a negative impact on PDI,
meaning that an increase in both PRAV molar
concentration and extrusion temperature leads to a
decrease in PDI, which can also be observed in the
response surface diagrams in Figure 4.
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Figure 3.
Response surface for predicting size of liposomes (Y 3) with respect to:
a) X, (the molar ratio of phospholipids to cholesterol) and Xs (the extrusion temperature);
b) Xs (the PRAV molar concentration) and Xs (the extrusion temperature).

Figure 4.
Response surface for predicting PDI (Y,) with
respect to X; (the PRAV molar concentration) and
Xs (the extrusion temperature)

Lipids concentration and the presence of
cholesterol in the liposome formulation have been
recognized to contribute to the long-circulating
properties of liposomal carriers [12]. Cholesterol is
a membrane constituent, widely found in biological
systems which serve the purpose of modulating
membrane fluidity, elasticity, and permeability
[26]. Incorporation of cholesterol into liposomes can
increase their stability and reduce membrane fluidity
and permeability [18]. A higher concentration of
cholesterol, respectively a lower molar ratio between
phospholipids and cholesterol, has been previously
reported to have a positive effect on the liposomal
size, due to an increased stability of the vesicles to
disruption in the homogenization step of the
preparation process [20]. The possible explanation
for our contrary finding, that a decrease of
cholesterol content will result in a greater size of
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the liposomes, could be due to interactions between
cholesterol and the active ingredient, PRAV.

The PRAV molar concentration had a significant
negative impact on liposomal size, meaning that at
higher concentrations of PRAV a decrease in the
size of the liposomes was observed. This could be
explained by the interactions between PRAV and
the phospholipids from the lipid bilayer which may
lead to a smaller internal-to-external volume ratio
of the liposomes.

A negative impact of PRAV molar concentration
has been noticed on PDI, as well. PDI, or
heterogeneity index, is a measure of the
heterogeneity of sizes of molecules or particles in a
mixture. A possible explanation for our finding is
that, at higher PRAV molar concentrations, the
population of obtained liposomes is more
homogenous, leading to a lower PDI, considering
that the number of passages through the
polycarbonate membrane during the extrusion step
was kept constant.

The extrusion temperature had a negative influence
on both size and PDI of liposomes, meaning that a
higher extrusion temperature led to a final product
with  smaller size and more homogenous
distribution (lower PDI). For constant pressure and
membrane pore size, the increase in temperature in
the extrusion step led to an increase in lipid bilayer
fluidity, the liposomes being more susceptible to
the conversion from multi-lamellar vesicles (MLV),
which were obtained using the method of
preparation described, to large uni-lamellar vesicles
(LUV), leading to a reduction of the final size of
liposomes and a lower PDI.

A good fit of the models was proved by statistical
analysis, based on R? = 0.930 and Q? = 0.770
values for liposomal size and R? = 0.866 and Q° =
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0.728 for PDI, respectively. The ANOVA test
results, illustrated in Tables VI and VII, showed a
significant influence of variables on the liposomal

size (p < 0.001). The values of p = 0.350,
respectively 0.407, showed that the proposed
models did not present a significant lack of fit.

Table VI
Analysis of variance for liposomal size
Source Degrees of freedom Sum of squares Mean square F value p value
Total corrected 19 671787 35357.2
Regression 8 5538.70 692.338 16.662 0,001
Residual 10 415.520 415519
Lack of fit 8 276.030 34.5041 0.4947 0.350
Pure error 2 139.487 69.7374
Table VII
Analysis of variance for Polydispersity Index (PDI)
Source Degrees of freedom Sum of squares Mean square F value p value
Total corrected 19 0.53995 0.02841
Regression 5 0.04473 0.00894 16.662 0,001
Residual 13 0.00690 0.00053
Lack of fit 11 0.00516 0.00046 0.5390 0.407
Pure error 2 0.00174 0.00087

Out of the seven risk factors that were taken into
account for this experiment, the phospholipids
molar concentration (mM)- X; and the rotation
speed at the hydration of the film (rot/min)- X; did
not have a significant influence on the studied
responses. Lipid concentration has been previously
reported to have a positive effect on drug
encapsulation, due to the larger population of
vesicles in the system and consequently, larger
internal volume for the drug encapsulation [20, 31].
The possible explanation for our finding is that at
relatively low lipid concentrations, an increase in
the lipid concentration causes a proportional
increase in the encapsulation efficiency, but as the
concentration continues to increase, a plateau is
reached, which might be the case for our
formulations.

Assay of the optimum formulation

The goal of this design was to obtain the maximum
PRAV concentration in liposomes having the size
of 190 £ 10 nm, with EE (%) greater than 45% and
low PDI (< 0.100). Based on this goal, the optimum
conditions for the preparation of liposomes were
determined. The formulation with the following
composition: phospholipids molar concentration
(X1) = 55 mM, the molar ratio of phospholipids to
cholesterol (X,) = 6, the PRAV molar concentration
(X3) =25 mM and the following process parameters:
hydration temperature (X;) = 60°C, extrusion
temperature (Xs) = 60°C, the rotation speed at the
formation of the lipid film (Xg) = 120 rot/min and
the rotation speed at the hydration of the film
(X7) = 78 rot/min fulfilled the conditions of an
optimal formulation.

The optimum formulation was prepared in triplicate
and its characteristics were compared with the
predicted values. The formulation had a liposomal
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PRAV concentration of 6,128 + 237 pg/mL, an
encapsulation efficiency of 47 + 13%, 192.3 £ 5 nm
size and a PDI of 0.098 + 0.006. The measured
responses were not significantly different from the
calculated ones (p < 0.01) and the percentage error
between the observed and predicted responses was
lower that 6%, in all cases.

Conclusions

The results of this study showed that pravastatin
can be successfully encapsulated into long
circulating liposomes. The use of a design of
experiments in order to gain a comprehensive
understanding of formulation and process parameters
affecting liposome formulation proved to be the
best approach in this case. Using DoE software, the
analysis of more than one response was possible.
The PRAV liposomal concentration, EE, the size
and PDI could be analysed together. Compared to
the traditional process optimization, DoE was able
to detect both the main effects and the interaction
between factors, providing a better understanding
of the process [5]. An overview of factorial analysis
revealed that the liposomal properties were highly
influenced by both formulations and process
parameters, identification of these risk factors and
the attempt to find the optimal levels of these
factors leading to a final product with optimum
properties.
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