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ABSTRACT

Solid lipid nanoparticle (SLN) is a very well tolerated carrier systems for dermal application due to the
employment physiological and/or biodegradable lipids. The effects of five factors, two categorical and
three quantitative factors, were studied on the mean diameter and entrapment efficiency of the pro-
duced SLNs using response surface method (RSM), D-optimal design. Two methods of microemulsion
and solvent diffusion and two types of lipid, cetyl palmitate and stearic acid, were examined compara-
tively. The quantitative variables were studied in three levels; amount of original Paromomycin (60, 90
and 120 mg), fraction of surfactant (0.5, 0.75 and 1 w/v %) and drug to lipid ratio (2, 4 and 6). Mean particle
size and entrapment efficiency of the loaded Paromomycin were modeled statistically and the optimal
condition was determined to approach to the maximum entrapment efficiency. The drug release profile
of the optimal formulated material was examined in aqueous media and 64% of the Paromomycin loaded
in SLNs was gradually released during 24 h, which reveals efficient prolonged release of the drug.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Paromomycin, as a highly polar organic molecule, has a very
low lipophilicity. It has a broad spectrum of activity against bac-
teria, cestodes, and protozoa, such as Leishmania sp. and has been
prevalently used for the treatment of cutaneous leishmaniasis (CL).
Leishmaniasis, which has diverse clinical manifestations, is caused
by different species of Leishmania and is endemic in many coun-
tries (WHO, 2004). Although CL s a self-healing disease, but healing
takes a long time, and healing times of even up to 2 years have been
reported (Murray et al., 2005). The conventional topical dosage
forms of Paromomycin have been tested in clinical trials for their
activities against CL and showed promising results, but accept-
able efficiency was not always seen (Asilian et al., 2003; Armijos
etal., 2004). The formidable barrier nature of the Stratum Corneum
(SC) of the skin does not allow the penetration of drugs with high
hydrophilicities and molecular weights, like Paromomycin, which
is observed in Fig. 1 (Ferreira et al., 2004). Furthermore, drugs top-
ically applied for the treatment of CL must be able to target the
Leishmania parasites within the phagolysosome of the infected
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macrophages in the deep dermal layer of the skin (Mauel, 1990;
Asilian et al., 2003).

Solid lipid nanoparticles (SLNs) are colloidal carrier systems
composed of a high melting point lipid/s as a solid core coated by
surfactants. A clear advantage of SLNs is the fact that the lipid matrix
is made from physiological lipids which decreases the danger of
acute and chronic toxicity (Mandawgade and Patravale, 2008). SLNs
have emerged as an alternative to other novel delivery approaches
due to various advantages such as feasibility of incorporation of
lipophilic and hydrophilic drugs, improved physical stability, low
cost compared to liposomes and ease of scale-up and manufactur-
ing (Mehnert and Mader, 2001). Moreover, the potential of SLNs in
epidermal targeting, controlled release, negligible skin irritation,
and protection of active compounds has been well established (Liu
etal., 2007). In addition, the small particle sizes of SLNs ensure that
the nanoparticles are in close contact with the SC, thus promoting
the amount of the encapsulated agent which penetrates into the
skin (Mei et al., 2003).

Loading of Paromomycin into SLNs can be problematic owing
to its high hydrophilicity. Therefore, the objective of the present
study is to evaluate the different variables affecting the entrapment
efficiency of Paromomycin and particle size of SLN to achieve the
maximum entrapment efficiency and the smallest particle size as
possible.

Statistical design is the methodology of this research to project,
select or establish the smaller number of experiments in such a
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Fig. 1. Paromomycin chemical structure, molecular weight (base): 615.628 g/mole.

way that the required information is obtained from the most effec-
tive and precise way, carrying out the necessary experimentation
(Lewis et al., 1999).

D-optimal design is one of the techniques in response sur-
face method (RSM) which decreases the number of experiments
when there are some categorical factors. D-optimal design has
been adopted to optimize the liposomal formulation (Smistad et al.,
2007) and self-emulsifying drug delivery systems (Basalious et al.,
2010). Those studies demonstrated the advantage of D-optimal
design in formulation and optimization of delivery systems.

In this study, two categorical factors such as SLNs preparation
method and the type of lipid are studied for approaching to the best
formulation; therefore D-optimal design is employed to have min-
imum number of experiments. D-optimal design of experiments
allowed us to realize interactions among experimental variables
within the studied range of variables, leading to better process con-
ditions in addition to reducing the research time and cost (Box and
Hunter, 1976).

2. Materials and methods
2.1. Materials

Paromomycin sulfate was purchased from Shenzhen Haorui,
China. Tween 80, Span 85, stearic acid (SA), cetyl palmitate
(CP), sodium sulfate, acetic acid, potassium hydroxide, boric acid,
2-mercaptoethanol, O-phthalaldehyde and sulfuric acid were pur-
chased from Merck Co. Sodium 1-heptanesulfonate was purchased
from Acros organic.

2.2. Preparation of Paromomycin loaded SLNs

2.2.1. Microemulsion technique

Lipid (stearic acid or cetyl palmitate) was heated to 85 °C. Surfac-
tant was dispersed in the melted lipid until the dispersion appeared
clear. The aqueous phase containing Paromomycin was heated
to 85°C and was added to the melted lipid under stirring. The
resulted emulsion was subjected to high shear homogenizer (IKA
Ultra-Turrax, T25, Germany) at 18,000 rpm for 20 min. The resulted
nanoemulsion was immediately dispersed in cold double distilled
water (2-5°C) followed by stirring to solidify the nanoparticles
(Mei et al., 2003).

2.2.2. Solvent diffusion technique

The desired amount of lipid was dissolved in 6 ml acetone in a
water bath at 85°C. An aqueous phase containing surfactant and
Paromomycin was heated up to 85°C and rapidly added into the
stirred organic phase with agitation rate of 3000 rpm. The obtained

Table 1
Levels of the factors in experimental design for preparation of Paromomycin loaded
SLNS.

Levels
Numerical
Parameters name -1 0 1
Categorical
0 1
X; - lipid/drug ratio (L/D) 2 4 6
X, - surfactant percent (S) 0.5 075 1
(w/v%)
X3 — amount of drug (D), 60 90 120
mg
X4 - lipid type (LT) Stearic acid - Cetyl palmitate

Xs — method (M) Microemulsion - Solvent diffusion

emulsion was homogenized at 18,000 rpm for 20 min using high
speed shear homogenizer. The resultant nanoemulsion was quickly
added to stirring double distilled water at 2-5 °C and the nanopar-
ticles were prepared (Hu et al., 2005).

2.3. Statistical experimental design

A two-level fractional factorial design was performed and fol-
lowed by D-optimal design to reduce the number of experiments
and derive a proper quadratic model for the responses.

2.3.1. Fractional factorial design

Based on preliminary experiments the influential parameters
such as; lipid/drug ratio (Xy), surfactant percent (X,), amount of
drug (X3), type of lipid (X4), stearic acid or cetyl palmitate, and
method of SLNs preparation (Xs), microemulsion or solvent dif-
fusion, were chosen as the variables to be studied (Table 1). Other
parameters, i.e., homogenizing rate, homogenizing time and total
volume of dispersion were set at fixed levels.

A two level half fractional factorial (2°-1) design with two center
points at each categorical factor was employed to identify the sig-
nificant formulation and process variables affected on entrapment
efficiency and mean particle size of SLNs. Detection of the curva-
ture effect in the model was facilitated by adding center points and
they were replicated to ensure the proper estimation of the pure
experimental error.

This analysis is based on the assumption of a linear response of
the standard factors, as given in following equation:

5 5 5
Y=Bo+ ) BXi+) > BiXiX; (1)
i=1

i=1 j=i+1

Finally, an experimental plan with 24 experiments was made.
Table 2 shows the standard order and the observed responses for
five factors and 24 experiments. The experiments were performed
in a random manner in order to avoid any systematic bias in the
outcomes. The responses were obtained after each experimental
run and they are observed in Table 2.

2.3.2. D-optimal design

The factorial design was augmented to D-optimal experimental
design in the studied region of variables to derive the curvature
effects of influential parameters. In this work, six experimental
runs were generated and combined with fractional factorial design
experiments (Table 2) to determine the quadratic relation of the
effective parameters (Table 3).

The method of D-optimal design consisted of (i) defining levels,
(ii) selection of the model that fits, and (iii) choosing design points,
h, from the set of n candidate points generated according to the
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Table 2
Half fractional factorial (2°-1) design for preparation of Paromomycin loaded SLNs.

Run Numeric factors Categorical factors Responses
X Xz X3 X4 Xs Y1 (%) Y2 (nm)

Ri 2 0.5 60 SA SD 22.29 234.8
Ry 6 0.5 60 SA ME 28.45 331.1
Rs 2 1 60 SA ME 23.81 245.2
R4 6 1 60 SA SD 28.99 268.4
Rs 2 0.5 120 SA ME 28.26 349.2
Re 6 0.5 120 SA SD 29.47 398.6
Ry 2 1 120 SA SD 36.24 269.3
Rs 6 1 120 SA ME 30.82 769.0
Rg 2 0.5 60 CcP ME 25.06 703.4
Rio 6 0.5 60 CcP SD 26.44 498.4
Ry 2 1 60 CcpP SD 24.23 128.9
Ri2 6 1 60 CcP ME 31.26 139.9
Ri3 2 0.5 120 CcP SD 24.31 148.9
Risg 6 0.5 120 CcP ME 31.96 219.5
Ris 2 1 120 cP ME 28.89 124.3
Rie 6 1 120 CcP SD 27.88 276.2
Ri7 4 0.75 90 SA ME 39.08 463.7
Ris 4 0.75 90 Ccp ME 25.42 349.7
Rio 4 0.75 90 SA SD 31.80 286.1
Rao 4 0.75 90 CcP SD 27.54 139.6
Ry 4 0.75 90 SA ME 38.12 4189
Ra2 4 0.75 90 CcP ME 27.85 3454
Ras3 4 0.75 90 SA SD 30.74 290.1
R4 4 0.75 90 CcpP SD 29.20 131.6

Lipid/drug ratio (X;); surfactant percent (%w/v) (X2); drug amount (mg) (X3); lipid
type (X4); method (Xs); entrapment efficiency (%) (Y1); particle size (nm) (Y>); sol-
vent diffusion (SD); microemulsion (ME); stearic acid (SA); cetyl palmitate (CP).

selected model. D-optimal design, as a technique, demands selec-
tion of the model at the beginning. In this particular case, there
was some allusion about the model and a quadratic model was
introduced as following:

Yn = bg +b1X1 +byXo + b3 X3+ ...
+ b12X1 Xy + b13X1 X3+ ...+ b11x12 + b22X22 + b33X§ (2)

where b, is the coefficient associated with each nth factor, and
the variables, X1, X5, X3, X4, and X5 represent the factors of the
model. Combination of factors (such as X;-X,) represents binary
interactions between the individual factors.

The proposed model was evaluated for each response and the
experimental data were analyzed statistically applying by the anal-
ysis of variance (ANOVA) using Design-Expert 6.0.6, a DOE software
tool from Stat-Ease, Inc. The adequacy of the final model was veri-
fied by graphical and numerical analysis.

2.3.3. Optimization procedure

The simultaneous optimization technique popularized by Der-
ringer and Suich was chosen for optimization of the responses
(Derringer and Suich, 1980). This method is based on the utiliza-
tion of desirability functions. Each response is converted into an

Table 3
Runs to augment the fractional factorial design to a D-optimal design.

Run Numerical factors Categorical factors Responses
Xi X2 X3 X4 Xs Y1 (%) Y2 (nm)

Ras 4 0.5 60 cp SD 31.26 446.1
Ras 4 1 120 CcP SD 36.34 298.7
R27 6 0.75 60 CcP ME 31.01 398.7
Ras 6 1 90 SA SD 34.10 433.6
Rag 2 0.5 90 SA SD 32.03 320.8
Rso 2 0.75 120 CcP ME 31.23 314.6

Lipid/drug ratio (X;); surfactant percent (%w/v) (X3 ); drug amount (mg) (X3); lipid
type (X4); method (Xs); entrapment efficiency (%) (Y;); particle size (nm) (Y2); sol-
vent diffusion (SD); microemulsion (ME); stearic acid (SA); cetyl palmitate (CP).

individual desirability function d; that can be varied over the range
0<d;<1. The design variables are then selected to maximize the
overall desirability, Eq. (3):

D =(didyds . ..dm)""™ (3)

where D is the overall desirability, d; is the individual desirabil-
ity and m is the number of responses(Montgomery, 2001). The
target was improvement of formulation conditions to maximize
the entrapment efficiency of hydrophilic drug, Paromomycin in
SLNs and minimize the particle size. The lipid/drug ratio, surfac-
tant percent, drug amount, lipid type and method were limited to
the examined range of the experiments.

2.4. Characterization of SLNs

2.4.1. Particles size measurement

The intensity weighted mean hydrodynamic size (called z-
average) and the polydispersity index of the particles were
measured by photon correlation spectroscopy (Zetasizer Nano
Series, Malvern, UK) at 25°C. Samples were diluted with double
distilled water to a suitable concentration before the analysis of
particle size.

2.4.2. Entrapment efficiency measurement

The supernatant was separated by centrifuging the SLNs disper-
sion at 26,000 rpm at —4°C. The drug entrapment efficiency (EE)
was calculated by Eq. (4):

Wi - W,
1

EE = x 100 (4)
where W; is amount of drug added in the formulation and W, is
the amount of drug in supernatant.

2.4.3. HPLC analysis of Paromomycin

Paromomycin was analyzed using Waters series HPLC
(Waters, USA). The column was Teknokroma, LICHROSPHER
100 RP8, C8 (150 mm x 46 mm) with 5 wm particles. The mobile
phase consisted of aqueous 0.2M Na;SO4, 1.2mM sodium 1-
heptanesulfonate and 0.1% acetic acid. The derivatization agent
was prepared by O-phthalaldehyde and 2-mercaptoethanol in
the methanol. The derivatization agent was introduced through a
post-column tee at a flow rate of 1.0 ml min~! with a Jusco PU-2086
plus pump. The combined derivatizing agent and column effluent
proceeded into a stainless-steel reaction coil, wrapped in 3-5-cm
coils. A fluorescence detector was connected to the effluent end of
the coil: the xenon lamp pulsed at 20Hz, and the excitation and
emission monochromators, each with a 20-nm bandwidth, were
set to wavelengths of 340 and 440 nm, respectively. Peak area data
was collected with Chrom& Spec 1.5 software (Pick et al., 1997).

2.4.4. Drug release measurement

After prediction of the optimal conditions of Paromomycin
loaded SLNs, drug release profile of the optimal formulation, with
the highest entrapment efficiency, was studied by the dialysis bag
method. Phosphate buffer (PBS, pH 7.4) was used as dissolution
medium. The dialysis bag (molecular weight cutoff 12,000 Da) was
soaked in DI water for 12 h before use. 5 ml of the prepared Paro-
momycin loaded SLNs dispersion was poured into the bag with the
two ends fixed by clamps. The bags were placed in a conical flask
and 50 ml dissolution media was added. The conical flasks were
placed into a thermostatic shaker bath at 37 °C at a rate of 60 times
per min. An aliquot of 0.5 ml dissolution medium was removed at
a series of various points (0.5, 1, 2, 4, 8, 12 and 24 h) and the same
volume of fresh dissolution medium was added accordingly. The
drug content of the samples was analyzed by the HPLC method as
described before.
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Fig. 2. The comparison between model and experimental value of entrapment efficiency.

Table 4 Table 5
Analysis of variance: fractional factorial design. ANOVA for the D-optimal design reduced quadratic model: entrapment efficiency.
Source Responses Source p-value Source p-value
Y;-entrapment efficiency Y,-particle size Model <0.0001 X1-Xs <0.0001
X1 0.0002 X2-X3 0.052
p-value X, <0.0001 X2-Xa 0.0016
Model <0.0001 <0.0001 Xs 0.0068 X2 Xs <0.0001
Lack of fit 03561 0.171 Xa <0.0001 XaXe <0.0001
Curvature 0.0049 0.5082 Xs <0.0001 Xa-Xs <0.0001
R value 0.9968 0.9607 X1:-X; 0.0002 X2 0.0004
Xi1-Xa 0.0008 R? 0.9610

2.4.5. Differential scanning calorimetry measurement

Thermal behavior of raw materials and the optimum formu-
lation of SLNs were studied quantitatively and qualitatively by
differential scanning calorimetry (DSC 204 F1, Netzsch, Germany).
The samples (7-12mg) were accurately weighed into standard
aluminum pans and sealed. Thermograms were recorded during
heating and cooling runs at a scan rate of 10°C min~! between 25
and 400°C.

3. Results and discussion

Thirty experimental runs were conducted using D-optimal
design and two responses were determined as shown in
Tables 2 and 3. The results of analysis of variance (ANOVA) are based
on Fischer tests and calculated probability values (p-value) shown
in Tables 4-7 for entrapment efficiency and particle size with 95%
confident level. Since each of the independent variables exhibited

Table 6
Model equations in actual terms for each observed response.

Lipid type: stearic acid; method: microemulsion

EE% =19.29+3.98 x L/D +53.29 x S — 0.09 x D —3.33 x L/D x S — 0.09 x S x D — 0.57 x (L/D)*
PS=1285.83 - 120.22 x L/D —1199.11 xS —8.76 x D+ 84.32 x LD xS+0.88 x L/D x D +10.90 x S x D
Lipid type: cetyl palmitate; method: microemulsion

EE% =9.57 +5.36 x L/D +43.36 x S —0.09 x D — 3.33 x L/D x S — 0.09 x S x D — 0.57 x (L/D)*

PS =2307.88 — 160.23 x L/D — 1768.65 x S — 14.62 x D + 84.32 x LD x S+ 0.88 x L/D x D + 10.90 x S x D
Lipid type: stearic acid; method: solvent diffusion

EE% = -3.93+6.65 x L/D +33.13 xS+ 0.14xD-3.33 x LID xS —0.09 x S x D — 0.57 x (L/D)2

PS =1014.55-81.33 x L/D —1199.11 x S —8.76 x D+ 84.32 x L/D x S+ 0.88 x L/[D x D+ 10.90 x S x D
Lipid type: cetyl palmitate; method: solvent diffusion

EE% = —5.12+8.03 x L/[D +23.2 xS+ 0.14 x D—3.33 x L/D x S — 0.09 x S x D — 0.57 x (L/D)*

PS =2036.60 — 121.33 x L/D — 1768.65 x S — 14.62 x D+ 84.32 x L/D x S+ 0.88 x L/D x D+ 10.90 x S x D

EE%: entrapment efficiency; PS: particle size; L/D: lipid/drug ratio; S: surfactant percent; D: drug amount.
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Table 7
ANOVA for the fractional factorial design: particle size.

Source p-value Source p-value
Model <0.0001 X1-X3 0.0027
X1 0.0087 X1-Xa 0.0137
X5 0.0114 X1-Xs 0.0158
X3 0.9821 X2:X3 0.0001
X4 0.0017 X2-X4 0.0003
Xs 0.0004 X3-Xy <0.0001
X1-X2 0.0104

a significant effect on the responses, and entrapment efficiency
revealed significant curvature effect, a higher order model was pur-
sued. The following discussion centers on significant main factor
effects and those of binary interactions on dependent variables as
discovered by statistical analysis of the responses.

3.1. Entrapment efficiency

As described before, the entrapment efficiency of the
hydrophilic drugs into SLNs is low; therefore one of the objec-
tives was to evaluate the influenced parameters on entrapment
efficiency. The statistical analysis of the data suggested that the
fit of the model to the data was significant (p-value<0.05) and
resulted a good coefficient of determination (R%=99.68%). Lack
of fit was not significant (p-value > 0.05), indicating that the data
can be described adequately by the introduced regression model
(Table 4). Residuals were randomly distributed, ensuring absence
of systematic error. As shown in Table 4, the curvature is signifi-
cant in entrapment efficiency, which means there is at least one
parameter with quadratic effect.

Firstly, a complete quadratic model containing the main vari-
ables, binary interactions and quadratic relations were proposed
for entrapment efficiency, thereafter the nonsignificant terms were
detected by ANOVA and ignored from the model, transforming the
complete quadratic model to the reduced one. The resulted modi-
fied model of entrapment efficiency is described in Eq. (5):

Y1 = bo + b1X1 + b2Xa + b3X3 + BaXs + BsXs + b12X1.X2 + b23Xa. X3
+ B14X1.X4 + B15X1.X5 + B2aX2 Xg + B25X2. X5
+ B35X3.Xs5 + PBasXs.X5 + b11 X} (5)

where B;; represents coefficients of categorical factors or their
interactions with numerical factors.

For the present model the p-values of the coefficients are deter-
mined by the Fischer test in ANOVA and the results are presented
in Table 5. The p-values less than 0.05 imply that each term is sig-
nificant. The reduced obtained model suggests the fit is well and
about 96% of the experiments can be well fitted to the selected
model (R2=96%). A comparison between the model and experi-
mental value of entrapment efficiency as a function of significant
parameters for each thirty test runs can be observed in Fig. 2.

The residual analysis was employed to study the random behav-
ior of the residuals, and normal probability plot was prepared for
residual error of entrapment efficiency, as shown in Fig. 3. The plot
of this figure is normally distributed and resembles a straight line.
There is no severe indication of non-normality and neither any
evidence pointing to possible outliers.

The second order polynomial regression equation of the entrap-
ment efficiency in terms of coded factors is determined and
presented in Eq. (6):

EE% = 34.337 — 2.187X; + 4.166X, — 1.378X3 — 3.693X4
—1.508X5 — 1.663X7.Xo + 1.379X;.X4 + 2.664X;.X

o 99—
= 1
F 95 -
© 90 -
Ko
o 80
a 70
B 5
[v]
£ 30
5 20
Z 10 =

5 -

] [=}
1 -
T T T T T T
2.00 -1.00 0.00 1.00 2.00 3.00

Studentized Residuals

Fig. 3. Normal probability plot of residuals for Y, entrapment efficiency.

+2.302X7

Coded equation is useful for identifying the relative significance
of the factors by comparing the factor coefficients. Generally, in
coded equation (Eq. (6)), positive coefficients indicate that a higher
value is favorable for increasing the response, whereas the negative
coefficients indicate that a lower level (lower amount) is desired.
The magnitudes of the coefficients indicate the relative contribu-
tions of the factors into the response.

Because the effects from a number of two-factor interactions
are statistically supported, the influence of the main effects on the
entrapment efficiency cannot be considered, independently.

The effect of the formulation and process variables on a response
can be evaluated by studying the response plots. From Fig. 4a-d,
the response plots of entrapment efficiency as a function of drug
amount and lipid/drug ratio, it can be seen that the effects of the
parameters on the entrapment efficiency vary in different lipids and
method types. As shown in Fig. 4a-d, lipid/drug ratio has quadratic
effect and there is an optimum value with maximum entrapment
efficiency. Increasing the lipid/drug ratio can afford more space to
encapsulate drug under the condition of given surfactant concen-
tration in the aqueous phase (Lv et al., 2009).

High concentration of Tween 80 results increasing the thick-
ness of hydrophilic coating, and then more dispersion of drug in
it (Lv et al., 2009). As shown in Eq. (6), lipid type and method
have negative coefficients, indicating that the SLNs produced by
microemulsion method have higher entrapment efficiency than the
samples produced by solvent diffusion method and this result can
be seen in Fig. 4a and b or Fig. 4c and d, comparatively. On the
other hand, the entrapment efficiency of the cetyl palmitate SLNs
is lower than stearic acid SLNs. Stearic acid is a self-emulsifying lipid
and can entrap more hydrophilic drug in the particles. The lower
entrapment efficiency of the cetyl palmitate may be due to its high
crystalline structure (Lv et al., 2009) and the high crystalline order
of nanoparticles could prevent incorporation of high amounts of
drug molecules.

As shown in Eq. (6), the amount of drug coefficient is negative;
it means that drug entrapment efficiency decreased with increas-
ing the drug amount. But as described before, the amount of drug
shows significant interactions with other factors, so it is concluded
that the effect of drug amount is affected differently by the lipid
type and the methods. As shown in Fig. 4a and b, increasing the
drug amount causes decreasing the entrapment efficiency although
in Fig. 4b and d the drug amount shows an inverse effect. You et al.
(2007) have reported that the entrapment efficiency of vinorel-
binebitartrate loaded SLNs was decreased by increasing the drug

—5-0.689X5.X3 — 1.241X5.X4 — 2.520X5.X5 + 3.400X5.X5 + 2.130X4 Afnount. Also, as shown in Fig. 4a and c, the trend of entrapment

(6)
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a) Lipid: Stearic acid
Method: Microemulsion

Entrapment Efficiency (%)

¢) Lipid: Cetyl palmitate
Method: Microemulsion

Entrapment Efficiency (%)

4
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gy 1206 *

b) Lipid: Stearic acid
Method: Solvent diffusion

Entrapment Efficiency (%)

d) Lipid: Cetyl palmitate
Method: Solvent diffusion

Entrapment Efficiency (%)

Fig. 4. Graphical interpretations of the entrapment efficiency models obtained for the (a) lipid: stearic acid, method: microemulsion; (b) lipid: stearic acid, method: solvent
diffusion; (c) lipid: cetyl palmitate, method: microemulsion; (d) lipid: cetyl palmitate, method: solvent diffusion.

efficiency change for SLNs produced by microemulsion is identi-
cal in both lipid type, and also it is the same for SLNs produced
by solvent diffusion (Fig. 4b and d). However the entrapment effi-
ciency for SLNs produced by solvent diffusion method is less than
microemulsion method.

Final response surface predictive models given in actual terms
regarding response Y7 (actual; entrapment efficiency — EE%) for dif-
ferent lipids types and different methods are stated in Table 6. Since
each combination of categorical levels has an equation that predicts
the response, four equations are presented for each response.

3.2. Particle size of SLNs

Small diameters of SLNs containing the Paromomycin could
be a helpful factor in penetration of the Paromomycin into
SC. The particle sizes obtained from the conducted experiments
were determined in the range of 124-770 nm, indicating signifi-
cant influence of formulation type and process variables on this
response. The statistical analysis of the screened design data sug-
gested that the proposed model was significant (p<0.05) and
resulted a pretty high coefficient of determination (R? =96.07%).
Lack of fit was not significant (p>0.05), indicating that the higher
order interactions of the variables are not important (Table 4).
Residuals were randomly distributed, ensuring the appropriateness
of the mathematical model. As it has been shown in Table 4, the cur-
vature was non-significant in the case of particle size. It means that
none of quadratic effect of the variables is important in particle size
of the SLNs. Comparison between the model and experimental par-
ticle size can be observed in Fig. 5, in which fairly agreement can
be seen between model and experiments.

Fig. 6 presents a normal probability plot of residuals for the
response, Y. There is no severe indication of non-normality and

neither any evidence pointing to possible outliers. Normal proba-
bility plot presented in Fig. 6 resembles a straight line which shows
normal distributed residuals.

As shown in Table 7, all of the variables except drug amount
exhibit a statistically significant influence (p-value <0.05) on the
size of SLNs. Although the third factor, drug amount, was not
statistically significant, it is retained in the model equation for
hierarchical reasons. However, the amount of drug was involved
in significant binary interactions with lipid/drug ratio, surfactant
percent and lipid type. The effect of formulation type and process
variables on particle size can be evaluated by observing Fig. 7a-d.
The regression equation for the particle size in terms of coded fac-
tors is derived as Eq. (7):

PS =319.070 + 43.570X; — 41.416X; + 0.308X3 — 46.607X,
—57.848X5 +42.158X7.X2 + 52.883X1.X3 — 40.004X7.X4
+38.895X X5 + 81.745X5.X3 — 71.191X5.X4
—X5.X5 — 88.016X5.X4 (7)

As shown in Eq. (7), particle size has been increased by increas-
ing the lipid/drug ratio and drug amount, but the effect of the
drug amount is non-significant (p-value >0.05). By increasing the
lipid amount, the dispersion becomes more viscose and the exerted
shear would not be enough for size reduction, therefore, the par-
ticles size tends to increase (Araujo et al., 2010). Increasing the
particle size as a result of higher lipid amount may be occurred
due to the lack of enough surfactant for covering the surface of
the particles. This result confirms presence of interaction between
lipid/drug ratio and surfactant concentration, in which the effect of
the surfactant is dependent on the level of lipid/drug ratio.
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Fig. 5. The comparison between model and experimental value of mean particle size.

As can be seen in Eq. (7), surfactant has shown negative effect aqueous phase and causes reduction of particle size (Triplett and
on particle size and by increasing the surfactant percent the parti- Rathman, 2009).
cle size has been decreased (Fig. 7a-d). In fact, surfactant reduces The results of statistical analysis revealed smaller particles pro-
interfacial tension and the lipid can become more homogenized in duced by solvent diffusion compared to microemulsion method. In
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Fig. 6. Normal probability plot of residuals for Y, particle size.
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solvent diffusion method, the lipid was dissolved in acetone and
very small drops of the emulsion were formed after removing the
acetone from dispersion phase. Therefore, the produced particles
could have smaller diameters compared to the particles produced
by microemulsion method (Yuan et al., 2007).

As can be seen in Eq. (7), the amount of drug has a positive
coefficient which means raising the amount of drug enhances the
particle size. It may be according to the incorporation of drug inside
the particles and resulting incremental particle size (Liu and Wu,
2010), although this effect has not shown a significant effect in our
analysis (p-value > 0.05).

As presented in Fig. 7a and b, by increasing the lipid amount and
surfactant concentration in SLNs produced by stearic acid, particles
size has been increased, that may be occurred due to hydrophobic
attraction between particles whereas there is not enough surfactant
in the dispersion to cover the surfaces of particles (Helgason et al.,
2009).

On the contrary, in SLNs produced by cetyl palmitate, increasing
surfactant concentration reduced particle size that it might occur
due to the existence of mixed surfactants. In the SLNs produced
by cetyl palmitate (HLB=10), the mixture of Tween 80 (HLB=15)
and Span 85 (HLB=1.8) was used in order to balance the HLB val-
ues of the aqueous and oily phases (Tween 80: Span 85, 7:3), on
the other hand, Span 85 has smaller hydrophobic head compared
to Tween 80, therefore the surface of the particles could be cov-
ered better by surfactants and aggregation of the particles might be
prevented.

Mixed surfactant often can reduce interfacial tensions more
than a single surfactant, particularly if the co-surfactant head
group is significantly smaller than the surfactant head group. This
phenomenon is largely due to an increased surfactant concentra-
tion at the interface, or surface excess which is made possible by

minimization of repulsion forces by closely packed molecules, like
surfactant (Fundaro et al., 2000).

A final response surface model given with actual units of the
response Y, (actual particle size - PS) for different lipid types and
different methods are stated in Table 6.

3.3. Optimal formulation

After generating the polynomial equations interpreting the
dependent and independent variables, the formulation was opti-
mized for the two responses: entrapment efficiency and particle
size. The optimal values of the variables were obtained by the direct
search method and numerical analyses based on the criterion of
desirability functions. The optimized factor values were derived by
minimizing particle size and maximizing entrapment efficiency.
The optimal formulation was predicted in the level of lipid/drug
ratio: 4, surfactant percent: 0.75%, amount of drug: 90 mg, using
stearic acid and microemulsion method. To confirm the reliability
of the response surface model, the SLNs with the optimized fac-
tor levels were prepared and evaluated. The experimental results
were in a good agreement with the predicted values, as shown in
Fig. 8, which confirmed the predictability and validity of the model.
Finally, the drug release and thermal behavior of the optimum for-
mulation was investigated for drug delivery, in a buffer solution.

3.4. Invitro drug release

Akey issue investigated in this study was the feasibility of using
lipid nanoparticles to deliver Paromomycin. The ability of nanopar-
ticles to deliver Paromomycin was examined by determining the
drug release, as shown in Fig. 9. The amount of Paromomycin
released from the SLNs was plotted as a function of time. The release
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Fig. 9. In vitro release kinetics of Paromomycin loaded SLNs, as determined by
dialysis method.

profile indicated that SLNs dispersion showed a retarded release of
the hydrophilic drug in which 64% of Paromomycin was released
after 24 h.

Release kinetic from the optimum formulation of SLNs was mod-
eled using the Korsmeyer-Peppas law (Eq. (8)) (Peppas, 1985):
M n
M. = kt (8)
where M;/M,, is the fractional release of drug after time t, k is a con-
stant that incorporates the geometric characteristics of the release
device and n is the release exponent. The value of n is a parameter
that is descriptive for the shape of the curve. It has been inter-
preted as drug release by Fickian diffusion (n=0.5), Case Il (n=1) or
a mechanism in which both diffusion and erosion play significant
roles (n=0.5<n<1.0) (Peppas, 1985). In fact, drug release is more
complex than this simple model although significant changes of
this parameter can change the curve shape which would indicate a
significant shift in the drug release mechanism.

The value of n was obtained 0.59 and the profile of the drug
release from SLNs would be the mixture of diffusion and erosion.
The other information of the model is presented in Table 8. You

Table 8
Kinetic parameters of Korsmeyer-Peppas law for in vitro drug release of optimal
formulation of SLNs.

M pyn R22 0913
~ k 0.184
n 059
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Fig. 10. DSC thermograms of pure Paromomycin sulfate, stearic acid and Paro-
momycin loaded SLNs.

et al. (2007) reported that the corrosion of lipid materials could be
one of the mechanisms of drug release.

3.5. Results of DSC

DSC analysis of stearic acid, Paromomycin sulfate and optimum
formulation of Paromomycin loaded SLNs are presented in Fig. 10.
Endothermic peak of melting point of pure stearic acid was detected
at 67°C. By entrapping the Paromomycin into stearic acid SLNs,
the melting point of the mixture was shifted to 72°C; it is due
to stearic acid alteration to 3 crystal state with the lowest energy
configuration. At 251°C and 290°C, two endotherms indicate the
Paromomycin sulfate decomposition in optimum formulation and
pure Paromomycin (Arcamone et al., 1977; Wahlig et al., 1986)
which are related to the existence of two types of Paromomycin
(type I and type II). A peak was detected at 98°C that could be
related to evaporation of water entrapped in the formulation.

4. Conclusions

Formulation and preparation of Paromomycin loaded SLNs have
been done and statistical design, analysis and modeling have been
applied to predict the entrapment efficiency and particle size for
two types of lipids, stearic acid and cetyl palmitate, two kinds of
methods, microemulsion and solvent diffusion. The effect of three
numerical variables, lipid/drug ratio, surfactant fraction and drug
amount with their interactions have been evaluated and modeled.

The best local maximum of entrapment efficiency (41.65%) was
found atlipid/drugratio: 4, surfactant percent: 0.75%, drug amount:
90 mg, lipid type: stearic acid and microemulsion method. The
release profile of the produced SLN was investigated in aqueous
media and it showed prolonged release during 24 h, up to 64%
release.
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