
International Journal of Pharmaceutics 243 (2002) 135–146

Formulation parameters determining the physicochemical
characteristics of solid lipid nanoparticles loaded with

all-trans retinoic acid

Soo-Jeong Lim 1, Chong-Kook Kim *
National Research Lab for Drug and Gene Deli�ery, College of Pharmacy, Researche Institute of Pharmaceutical Sciences,

Seoul National Uni�ersity, San 56-1, Shinlim-Dong, Kwanak-Gu, Seoul 151-742, South Korea

Received 2 August 2001; received in revised form 1 May 2002; accepted 9 May 2002

Abstract

Solid lipid nanoparticles (SLNs) have gained attention as a colloidal drug carrier, particularly for drugs with limited
solubility. The poor aqueous solubility of all-trans retinoic acid (ATRA) has been a limiting factor in its clinical use.
This study was undertaken to overcome the solubility limitation of ATRA by loading in SLNs. The physicochemical
characteristics of ATRA-loaded SLNs were investigated by particle size analysis, zeta potential measurement, thermal
analysis and HPLC determination of ATRA content. The mean particle size of ATRA-loaded SLNs could be reduced
(1) by mixing EggPC and Tween 80 as a surfactant and (2) by increasing the total surfactant amount. The smallest
mean particle size of SLNs was obtained with 50 mg/g surfactant mixture composed of 54:46% (w/w) EggPC:Tween
80 (154.9 nm). The zeta potential of SLNs could be increased by mixing EggPC, Tween 80 and DSPE-PEG in the
surfactant mixture. The zeta potential of SLNs prepared with 50 mg/g surfactant mixture composed of 48:6:46%
(w/w) of EggPC:DSPE-PEG:Tween 80 was −38.18 mV. ATRA could be loaded at 2.4% (percentage of lipid matrix)
on these SLNs without impairing their physical stability. After freeze-drying, the mean particle size and polydispersity
index of ATRA-loaded SLNs were only slightly increased (181.8 vs. 265.2 nm, 0.173 vs. 0.200). Furthermore, no
significant change was observed in the SLN-loaded concentration of ATRA and the zeta potential of SLNs after
freeze-drying. Taken together, SLN formulation of ATRA with similar characteristics to those of parenteral
emulsions could be obtained even after freeze-drying. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recently, solid lipid nanoparticles (SLNs) have
gained increasing attention as a promising col-
loidal carrier system, particularly for lipophilic
drugs (Chen et al., 2001). SLNs are composed of
a high melting point lipid as a solid core coated
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by surfactants such as lecithin. Thus, lipophilic
drugs can be highly efficiently incorporated in the
lipid core of SLNs. The solid core of SLNs,
instead of fluid core of liposomes and emulsions,
allows the prolonged and controlled release of
drugs and may protect the incorporated drugs
against chemical degradation. SLNs are less cyto-
toxic than polymeric nanoparticles. In fact, the
toxicological acceptability of SLNs is similar to
that of fat emulsions that have been proven to be
non-toxic from parenteral nutrition studies. The
production of SLNs is easier to scale up (Gohla
and Dingler, 2001), compared with polymeric
nanoparticles and liposomes. Thus, SLNs possess
the combined advantages of polymeric nanoparti-
cles, fat emulsions and liposomes (Muller et al.,
2000; Schwarz and Mehnert, 1999). The addi-
tional advantage of SLNs may be the possibility
of freeze-drying. Freeze-drying can be a promising
way to increase chemical and physical stability of
drugs and drug carriers over extended periods of
time.

Several advantages of SLNs have driven nu-
merous studies for the application of SLNs as
dosage forms for topical (Wissing and Muller,
2001), peroral (Runge et al., 1996) and particu-
larly for parenteral administrations (Yang et al.,
1999). Studies have shown that the physicochemi-
cal characteristics and stability of drug-loaded
SLNs are quite different from unloaded SLNs,
but dependent on the properties of drugs. In this
regard, the effect of formulation parameters on
the physicochemical characteristics of drug-loaded
SLNs should be investigated for each drug to get
a SLN formulation optimal for that drug.

All-trans retinoic acid (ATRA) has been shown
to exert anticancer activities in a variety types of
cancer (Tallman et al., 1997). For the clinical use
of ATRA in cancer treatment, the poor aqueous
solubility of ATRA should be improved (Lin et
al., 2000). The principal aim of this study was to
prepare SLN formulation loaded with ATRA as a
means to improve its aqueous solubility. The im-
pacts of surfactant composition, drug loading and
freeze-drying on the physicochemical characteris-
tics of SLNs were investigated to get optimized
formulation of ATRA.

2. Materials and methods

2.1. Materials

ATRA, tricaprin (TC) and MTT (3-(4,5-
dimethylthazol-2-yl)-2,5-diphenyl tetra-zolium
bromide) were obtained from Sigma Chemical
Co. (St. Louis, MO, USA). Egg phosphatidyl-
choline (EggPC) and distearoylphosphatidyl-
ethanolamine-N-poly(ethylene glycol) 2000
(DSPE-PEG) were provided by Avanti Polar
Lipids (Alabasster, AL, USA). Tween 80 was
purchased from ICI Americas (Wilmington, DE,
USA). All other chemicals were of reagent grade
and used without further purification.

2.2. Preparation of SLN

SLNs were prepared by melt homogenization
method with slight modification (Heiati et al.,
1997). Briefly, 200 mg of TC, varying amount of
ATRA, EggPC, Tween 80 and DSPE-PEG were
mixed and dissolved in approximately 4 ml of
tertiary butyl alcohol. After rapid freezing in liq-
uid nitrogen tank, mixtures were dried in Ultra
35EL freezer dryer (Virtis, USA). Finely-dispersed
cakes were obtained after overnight drying and
then cakes were put in water bath at 50 °C. After
a few minutes of incubation, lipid melts contain-
ing ATRA, TC and surfactants were obtained.
Preheated (50 °C) water for injection was slowly
added to the melts (2 g of final total weight) and
sonicated in bath type sonicator for 30 min at
50 °C until crude and milky emulsions were ob-
tained. These crude emulsions were homogenized
for seven cycles at 60–70 °C and 100 MPa using
a high pressure homogenizer (Emulsiflex EF-B3,
Avestin Inc., Canada) wired with heating tape
(Thermolyne, Barnstead International, USA).
SLNs were produced by subsequent cooling of
homogenized emulsions in liquid nitrogen. SLNs
were then thawed at room temperature and stored
at 4 °C.

When required, SLNs were further subjected to
lyophilization. Our preliminary studies revealed
that the reconstitution of freeze-dried SLNs was
impossible when they were freeze-dried without
addition of cryoprotectants. Therefore, for the
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freeze-drying of SLNs, sucrose was added as a
cryoprotectant to prevent the aggregation of
SLNs (Joshi and Misra, 2001). After 1:1 dilution
with 5% of sucrose as a cryoprotectant, SLNs
were rapidly frozen in liquid nitrogen tank and
then lyophilized in Ultra 35EL freezer dryer.
Lyophilized SLNs were stored at 4 °C. Just prior
to use, distilled water was added to the vial and
the SLNs were redispersed by vortexing for 2–3 s.

2.3. Measurement of particle size and zeta
potential

The mean particle size and polydispersity index
(P.I.) of ATRA-loaded SLNs were determined by
dynamic light scattering method using elec-
trophoretic light scattering spectrophotometer
(ELS-8000, OTSUKA Electronics Co. Ltd.,
Japan) at a fixed angle of 90 °C and at room
temperature. Prior to measurement, SLN disper-
sions were diluted with filtered water. The system
was used in the auto-measuring mode. The parti-
cle size analysis data was evaluated using volume
distribution to detect even a few large particles.
The P.I. is a measure of the distribution of
nanoparticle population (Koppel, 1972).

The electrophoretic mobility of SLNs were de-
termined using electrophoretic light scattering
spectrophotometer (ELS-8000, OTSUKA Elec-
tronics Co. Ltd., Japan). The electrophoretic mo-
bility was measured after dilution of samples with
PBS buffer (pH 7.4) at room temperature (n=3).
The measured electophoretic mobility data was
converted into zeta potential by using
Helmholtz–Smoluchowski equation. The process-
ing was done by the software included within the
system.

2.4. Differential scanning calorimetry

Differential scanning calorimetry (DSC) analy-
sis was performed using VP-DSC Micro
Calorimeter (Microcal TM Incorporated.,
Northampton, MA, USA). For DSC measure-
ment, 80 �l of SLNs stored for 2 weeks at 4 °C
were diluted with 1 ml of distilled water. A scan
rate of 1 °C/min was employed in the 15–65 °C
temperature range. The base line was adjusted by
using distilled water as a reference.

2.5. Determination of concentration of ATRA
loaded in SLNs

After homogenization, the hot ATRA-contain-
ing SLNs were immediately filtered through a 0.45
�m membrane filter to remove precipitated
ATRA. The SLN fraction was dissolved in
methanol and the amount of ATRA was directly
determined by HPLC method (Wyss, 1990; Lin et
al., 2000). The HPLC system consisted of mobile
phase delivery pump (LC-10AS, Shimadzu,
Japan), UV detector (SPD-10A, Shimadzu,
Japan) and Chromatopac integrator (CR6-A).
The C18 reverse phase column (Phenomenex Luna
5u C18 (25 cm×4.6 mm 5u), Germany) was used.
The eluent was 50.6: 24.4: 25.6 (v/v) mixture of
acetonitrile: methanol: 2.5% aqueous ammonium
acetate, and detected at 340 nm. The injection
volume was 20 �l and the flow rate was 1.0
ml/min. Under these conditions, the linear cali-
bration curve of ATRA was obtained in the range
of 0.1–5 �g/ml (r2�0.999).

3. Results and discussion

For the preparation of ATRA-loaded SLNs,
TC was selected as a solid lipid component that
will constitute the core of SLNs. Tween 80 and
EggPC were chosen as components of surfactant
mixture to stabilize SLNs because they are accept-
able surfactants even in parenteral administration.
DSPE-PEG was included as a steric stabilizer
(Blume and Cevc, 1993).

Our preliminary thermal analysis to confirm the
solidification of the lipid core in SLNs after cool-
ing revealed that the cooling and crystallization of
homogenized emulsions in liquid nitrogen was
required to assure the solidification of cores of
SLN. No melting peak was observed with SLNs
after cooling at 4 °C even for a week. Previous
studies, which reported the possibility of existence
of supercooled melts depending on the prepara-
tion and storage condition, may explain our data
(Westesen and Bunjes, 1995).

The mean particle size, P.I. and zeta potential
of colloidal carriers are important characteristics
of SLNs from which the stability of drug-loaded
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SLNs can be predicted. We investigated the
changes in those parameters by varying surfactant
composition and drug loading to get stable SLN
formulation of ATRA applicable for both par-
enteral and oral administration. We evaluated our
data based on the reported values of fat emulsions
for parenteral nutrition (200–400 nm of mean
particle size, 0.050–0.125 of polydispersity index,
−30 to −60 mV of zeta potential) (Muller and
Heinemann, 1992).

Freeze-drying may increase the SLN stability
by prevention of Ostwald ripening and hydrolysis
reactions (Mehnert and Mader, 2001). Freeze-dry-
ing also offers possibilities for SLN incorporation
into pellets, tablets or capsules. However, it is
critical to prevent structural and functional dam-
ages of SLN in order to ensure the quality of
freeze-dried product. Since only a few studies are
currently available in the area of freeze-drying of
SLNs, we first attempted to optimize the freeze-
drying process in our preliminary study and then
speculated the impact of freeze-drying on the
physicochemical characteristics of SLNs with
varying surfactant composition.

3.1. Effect of content of EggPC in the surfactant
mixture

Since SLNs prepared with combination of sur-

factants generally tend to have smaller particle
size and higher storage stability by preventing
particle agglomeration more efficiently (Siekmann
and Westesen, 1992; Olbrich and Muller, 1999),
we prepared ATRA-loaded SLNs with surfactant
mixture composed of varying ratio of Tween 80
and EggPC and investigated the effect of surfac-
tant composition on the size and zeta potential of
resultant SLNs. Indeed, the combination of
Tween 80 and EggPC resulted in the reduction in
the particle size of SLNs (Table 1). The mean
particle sizes of SLNs prepared with 100% EggPC
or 100% Tween 80 were 397.1 and 487.7 nm.
Mixing of EggPC and Tween 80 reduced the
particle size, resulting in 227.2 nm in SLNs with
46:54 weight ratio of Tween 80 and EggPC. The
P.I. of SLNs were similarly low (0.180–0.208),
suggesting the narrow size distribution in all the
formulations.

The zeta potentials of SLNs were also affected
by the combination ratio of EggPC and Tween 80
(Table 1). The zeta potential of SLNs prepared
with 100% Tween 80 was very close to zero (−1
mV), corresponding to the region of limited floc-
culation. According to the increase in the content
of EggPC, the negative value of zeta potential of
SLNs linearly increased, reaching −22 mV in
SLNs prepared with 100% Tween 80. A zeta

Table 1
Effect of content of Tween 80 in the surfactant mixture composed of EggPC and Tween 80 on the mean particle size, polydispersity
index and zeta potential of resultant SLNs loaded with ATRA

SLN without freeze-drying � potentialTween 80 in the surfactant mixture SLN after freeze-drying
(%) (mV)

PolydispersityMean diameterPolydispersityMean diameter
index(nm) (nm) index

397.1 0.184 440.30 0.183 −22
364.6 0.19620 452.1 0.123 −25

0.208 463.2 0.241 −2333 317.2
0.193 329.5 0.215 −1846 227.2

−190.386381.160 0.180233.6
0.18080 477.6301.9 0.346 −5

1459.7100 0.182 −10.542487.7

SLNs were prepared with 2 mg/g of ATRA and 30 mg/g of surfactant mixture composed of varying ratio of EggPC and Tween 80.
Freeze-drying was performed in the presence of sucrose as described in the material and methods section. Numbers are the mean
of three independent determinations.
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potential range of −20 to −11 mV corre-
sponds to the threshold of agglomeration in dis-
persions, according to the definition of Riddick
(1968). Thus, the range of zeta potential ob-
tained was not high enough for a sufficient elec-
trostatic stabilization. However, since Tween 80
can provide additional steric stabilization of par-
ticles, we can still expect combined electrostatic
and steric stabilization of our SLN formula-
tions.

The combination of Tween 80 and EggPC
also contributed to the reduction in the size of
freeze-dried SLNs: The mean sizes of SLNs pre-
pared with 54:46, 100:0 or 0:100 weight ratio of
EggPC:Tween 80 were 329.5, 440.3 and 1459.7
nm, respectively. In SLNs prepared with 54:46
of EggPC:Tween 80, the mean particle size was
only 1.1-fold increased by freeze-drying.

The P.I. of freeze-dried SLNs prepared with
EggPC more than 54% were similar or slightly
decreased compared with those without freeze-
drying. However, the P.I. of SLNs after freeze-
drying tended to increase when they were
prepared with more than 46% of Tween 80. The
P.I. of SLNs prepared with 100% Tween 80 was
3.0-fold increased (from 0.182 to 0.542), suggest-
ing the heterogeneous distribution of freeze-
dried particles. The structure of surface layer of
SLNs is inevitably dependent on the composi-
tion of surfactants. The presence of bilayer, in-
stead of monolayer, was observed in SLNs
where phospholipids were used as surfactants
(Heiati et al., 1996). In our study, the presence
of EggPC may favourably alter the surface ar-
rangement of surfactants not to be impaired by
the freeze-drying process.

Taken together, (1) The smallest mean particle
size of SLNs could be obtained by mixing
EggPC and Tween 80 at the ratio of 54:46. (2)
The zeta potential of SLNs increased according
to the increase in the content of EggPC. (3) The
P.I. of SLNs could be maintained low after
freeze-drying when SLNs were prepared with
more than 54% EggPC. From these results, the
ratio of EggPC:Tween 80 was fixed at 54:46 in
the subsequent studies.

Fig. 1. Effect of surfactant amount on the mean particle size
and zeta potential of ATRA-loaded SLNs before and after
freeze-drying. SLNs were prepared with 30, 40 or 50 mg/g
surfactant mixture composed of 54:46% (w/w) of
EggPC:Tween 80. The particle size and zeta potential of
non-freeze-dried SLNs (�) and freeze-dried SLNs (�) were
also compared.

3.2. Effect of amount of surfactant mixture

The increase in the surfactant amount in col-
loidal dispersions may contribute to the reduc-
tion of mean particle size because of the
surface-active properties of surfactants (Park et
al., 1999). We examined whether the surfactant
amount influenced those parameters in our SLN
formulation.

The increase in the total amount of surfactant
mixture from 30 to 50 mg/g reduced the mean
particle size of SLNs (Fig. 1). The mean particle
size of SLNs prepared with 50 surfactant mix-
ture was 154.9�15.5 nm, while that of SLNs
with 30 mg/g surfactant mixture was 234�24.9
nm. After freeze-drying, the impact of surfactant
amount on the mean particle size was more evi-
dent. The mean particle size of SLN with 30, 40
and 50 mg/g surfactant mixture was 322, 297
and 203 nm, respectively.

The zeta potentials of SLNs were not much
affected by the total amount of surfactant (−16
to −23 mV) (Fig. 1).
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3.3. Effect of loading concentration of ATRA

We also investigated the impact of ATRA load-
ing on the mean particle size, P.I. and zeta poten-
tial of SLNs before and after freeze-drying. The
results were summarized in Table 2.

The loading concentration of ATRA linearly
increased according to the increase in the initial
concentration of ATRA from 1 to 3 mg/g (1–3%
of lipid core). Regardless of the loading concen-
tration of ATRA, the mean particle sizes of SLNs
were similar and they were in the range of 145.1
and 167.2 nm (Table 2). Although the P.I. of
SLNs increased with the increase in the loading
concentration of ATRA, they were still below
0.150 at 2.84 mg/ml of ATRA loading concentra-
tion, indicating narrow particle distribution. The
loading of ATRA also had little effect on the zeta
potential of SLNs, suggesting that it did not
impede the electrostatic repulsion among SLN
particles.

After freeze-drying, the particle size of SLNs
was slightly increased but similar regardless of
loading concentration of ATRA (Table 2). More-
over, the P.I. of freeze-dried SLNs were similarly
low, regardless of ATRA loading (0.168 and 0.189
in freeze-dried SLNs with 0 and 2.84 mg/ml
ATRA). In many cases, drug loading in SLNs
have shown to impair the stability of SLNs, par-
ticularly after freeze-drying (Schwarz and Meh-
nert, 1997). However, our data suggests that
ATRA loading did not impair the stability of
SLNs after freeze-drying. Taken together, these
data demonstrate that ATRA loading in SLN
formulations could be achieved with little adverse
effect on the particle size and zeta potential.

3.4. Effect of inclusion of DSPE-PEG

We further investigated whether the inclusion
of DSPE-PEG, which is known as a steric stabi-
lizer, may affect the particle size and zeta poten-
tial of SLNs (Table 3). Inclusion of DSPE-PEG
tended to increase the particle size (149.1, 168.0,
181.3 and 364.2 nm in case of SLNs prepared
with 0, 6, 12 and 18% DSPE-PEG). The increase
in the mean particle size of SLNs was approxi-
mately 2-fold by inclusion of 18% DSPE-PEG.

Presumably it is due to the repulsion among
hydrophilic polymers on the surface of SLNs.

The P.I. of SLNs also slightly increased accord-
ing to the increased percent of DSPE-PEG, but
were still below 0.2 even at the 18% of DSPE-
PEG.

The negative values of zeta potential of SLNs
were greatly increased by inclusion of DSPE-
PEG. By inclusion of 6% DSPE-PEG, it was
increased by 2-fold (from −17 to −35 mV).
Higher inclusion of DSPE-PEG at above 6% fur-
ther increased the zeta potential (−35, −39 and
−46 mV by the inclusion of 6, 12 and 18%
DSPE-PEG). These data indicate that the DSPE-
PEG could also serve as an electrostatic stabilizer
in our SLN formulation. This is in accordance
with previous studies showing that PEG-PE con-
tributes to the negative surface charge of PEG-
grafted liposomes (Woodl et al., 1992).

After freeze-drying, the mean particle size and
P.I. increased in every formulation. However, ex-
cept SLNs prepared with 18% DSPE-PEG, the
mean particle size of freeze-dried SLNs were still
below 400 nm. The zeta potential of SLNs was
not affected by freeze-drying, regardless of the
percent of DSPE-PEG. Our data indicate that the
inclusion of DSPE-PEG may be desirable in get-
ting stable SLN formulation of ATRA even after
freeze-drying. Considering the size and zeta po-
tential of parenteral emulsions, inclusion of 6%
DSPE-PEG is enough for that purpose.

3.5. Effect of surfactant composition on the
ATRA loading capacity

Table 4 shows that the amount and composi-
tion of surfactant mixture affected the ATRA
loading capacity of SLNs. The increased amount
of surfactant mixture linearly increased the maxi-
mum loading concentration of ATRA: 2.09�
0.072, 2.25�0.494 and 3.25�0.353 mg/ml of
ATRA could be loaded in SLNs prepared with
30, 40 and 50 mg/g of surfactant mixture
(EggPC:Tween 80=54:46). The increased loading
of ATRA by surfactant increase suggests that
ATRA may be embedded in the surfactant layer
rather than being incorporated in the innermost
solid lipid core as shown in other drug-incorpo-



S.-J. Lim, C.-K. Kim / International Journal of Pharmaceutics 243 (2002) 135–146 141

T
ab

le
2

E
ff

ec
t

of
lo

ad
in

g
co

nc
en

tr
at

io
n

of
A

T
R

A
on

th
e

pa
rt

ic
le

si
ze

,
po

ly
di

sp
er

si
ty

in
de

x
an

d
ze

ta
po

te
nt

ia
l

of
re

su
lt

an
t

SL
N

s
w

it
h

or
w

it
ho

ut
fr

ee
ze

-d
ry

in
g

SL
N

s
w

it
ho

ut
fr

ee
ze

-d
ry

in
g

In
it

ia
l

co
nc

en
tr

at
io

n
of

L
oa

de
d

co
nc

en
tr

at
io

n
of

SL
N

s
af

te
r

fr
ee

ze
-d

ry
in

g
A

T
R

A
(m

g/
g)

A
T

R
A

(m
g/

m
l)

M
ea

n
di

am
et

er
�

po
te

nt
ia

l
P

ol
yd

is
pe

rs
it

y
�

po
te

nt
ia

l
M

ea
n

di
am

et
er

P
ol

yd
is

pe
rs

it
y

(n
m

)
(n

m
)

(m
V

)
in

de
x

in
de

x
(m

V
)

–
16

7.
2

0.
05

4
0

−
15

20
9.

7
0.

16
8

−
17

1
0.

90
2

�
0.

03
4

15
8.

2
0.

10
1

−
23

21
2.

9
0.

18
4

−
21

2
2.

10
8

�
0.

05
8

14
5.

1
0.

11
6

−
22

20
1.

5
0.

20
0

−
21

2.
83

8
�

0.
12

1
16

3.
1

0.
14

4
−

17
21

1.
9

3
0.

18
9

−
17

SL
N

s
w

er
e

ob
ta

in
ed

w
it

h
va

ry
in

g
am

ou
nt

of
A

T
R

A
an

d
50

m
g/

g
of

su
rf

ac
ta

nt
s

co
m

po
se

d
of

54
:4

6
w

/w
%

of
E

gg
P

C
:T

w
ee

n
80

.
N

um
be

rs
ar

e
th

e
m

ea
n

of
th

re
e

in
de

pe
nd

en
t

de
te

rm
in

at
io

ns
.



S.-J. Lim, C.-K. Kim / International Journal of Pharmaceutics 243 (2002) 135–146142

T
ab

le
3

T
he

m
ea

n
pa

rt
ic

le
si

ze
,

po
ly

di
sp

er
si

ty
in

de
x

an
d

ze
ta

po
te

nt
ia

l
of

SL
N

lo
ad

ed
w

it
h

A
T

R
A

as
a

fu
nc

ti
on

of
D

SP
E

-P
E

G
co

nt
en

t
in

th
e

su
rf

ac
ta

nt
m

ix
tu

re

D
SP

E
-P

E
G

in
th

e
su

rf
ac

ta
nt

m
ix

tu
re

SL
N

af
te

r
fr

ee
ze

-d
ry

in
g

SL
N

w
it

ho
ut

fr
ee

ze
-d

ry
in

g
(%

)

M
ea

n
di

am
et

er
P

ol
yd

is
pe

rs
it

y
�

po
te

nt
ia

l
(m

V
)

�
po

te
nt

ia
l

P
ol

yd
is

pe
rs

it
y

M
ea

n
di

am
et

er
in

de
x

(m
V

)
(n

m
)

in
de

x
(n

m
)

0
14

9.
1

0.
14

4
−

17
21

1.
9

0.
18

9
−

17
16

8.
0

0.
18

7
−

35
6

22
9.

0
0.

20
7

−
36

18
1.

3
0.

19
1

−
39

31
1.

2
12

0.
22

3
−

39
36

4.
2

0.
19

3
−

46
43

2.
7

18
0.

24
9

−
44

SL
N

s
w

er
e

pr
ep

ar
ed

w
it

h
2.

5
m

g/
g

A
T

R
A

an
d

50
m

g/
g

su
rf

ac
ta

nt
m

ix
tu

re
(E

gg
P

C
/D

SP
E

-P
E

G
/T

w
ee

n
80

).
T

he
w

ei
gh

t
ra

ti
os

of
ph

os
ph

ol
ip

id
(E

gg
P

C
an

d
D

SP
E

-P
E

G
)

an
d

T
w

ee
n

80
w

er
e

fix
ed

at
54

:4
6

w
/w

%
in

al
l

fo
rm

ul
at

io
ns

.
N

um
be

rs
ar

e
th

e
m

ea
n

of
th

re
e

in
de

pe
nd

en
t

de
te

rm
in

at
io

ns
.



S.-J. Lim, C.-K. Kim / International Journal of Pharmaceutics 243 (2002) 135–146 143

rated SLNs (Heiati et al., 1997; Jenning and
Gohla, 2001). However, the loading concentration
of ATRA also slightly increased according to the
increase in the TC amount (data not shown),
suggesting that probably ATRA was partly incor-
porated in the solid lipid core and partly in the
surfactant layer.

When the total amount of surfactants was
fixed, the ATRA loading capacity was influenced
by the composition of surfactant mixture. The
loading capacity of SLNs prepared with 100%
Tween 80 as surfactants was the lowest and it was
only 0.809�0.297 mg/ml. In contrast, the loading
capacity of SLNs prepared with 54:46% of
EggPC:Tween 80 increased up to 2.09�0.072
mg/ml.

Although the inclusion of 6% DSPE-PEG to
stabilize the SLNs decreased the ATRA loading
capacity of SLNs, it was not critical (from 2.09 to
1.40 mg/ml in SLNs prepared with 30 mg/g of
surfactants and from 3.25 to 2.66 mg/ml in SLNs
prepared with 50 mg/g of surfactants). The de-
crease in the loading concentration of ATRA by
inclusion of DSPE-PEG may be due to that the
portions of ATRA embedded in the surfactant
layers were expelled out by the inclusion of
DSPE-PEG.

3.6. Characteristics of optimised SLN formulation
of ATRA

From the optimization studies discussed above,
SLN formulation of ATRA was prepared with 50
mg/g surfactant mixture composed of 48:46:6%
(w/w) mixture of EggPC:Tween 80:DSPE-PEG
and 3 mg/g of ATRA. For the comparison,
ATRA-free SLNs were separately prepared and
freeze-dried. As shown in Fig. 2, by optimization
of formulation parameters, ATRA-free and
ATRA-loaded SLNs could be produced with
mean particle size similar to that of parenteral
emulsions (200–400 nm) even after freeze-drying.
The increase in the mean particle size of ATRA-
free and -loaded SLNs by freeze-drying was only
approximately 1.5-fold (165.9�3.15 vs. 250.5�
68.77 nm in ATRA-free SLNs and 181.8�21.5
vs. 265�36.2 nm in ATRA-loaded SLNs). The
P.I. also only slightly increased after freeze-drying
(1.9- and 1.1-fold in ATRA-free and ATRA-
loaded SLNs). Thus, the P.I. of freeze-dried SLN
formulation of ATRA (0.200) were only slightly
higher than the P.I. range of parenteral emulsions
(0.050–0.125). The sizes of 95% of particles
present in SLN dispersions was below 198.4 nm
(ATRA-free) and 292.4 nm (ATRA-loaded) with-
out freeze-drying and 539.1 nm (ATRA-free) and
566.1 (ATRA-loaded) after freeze-drying, far
from the size limit that might block the capillaries
(4–6 �m). The zeta potential value of SLNs
loaded with ATRA was more than −30 mV,
indicating the electrostatic repulsions among par-
ticles are enough for good stability. No significant
change in the zeta potential values by freeze-dry-
ing process also demonstrates that the stability of
SLNs was not impaired by the processing (−38
vs. −36 mV).

The loading concentration of ATRA was
2.36�0.0464 mg/ml in SLNs prepared with 3
mg/g ATRA. The calculated loading efficacy is
78.7�1.55%. When ATRA-loaded SLN disper-
sions were dialyzed or ultrafiltrated to separate
the portion of ATRA dissolved in the outer
aqueous medium, no ATRA was detected in the
aqueous medium. It indicates that more than
�99% of ATRA was incorporated in the SLNs,
rather than being dissolved in outer phase. It is

Table 4
Effect of amount and composition of surfactant mixture on
the ATRA-loading capacity of SLNs

Composition of surfactant Concentration of ATRA
loaded in SLNs (mg/ml)mixture (EggPC:Tween

80:DSPE-PEG) (% (w/w))

30 mg of surfactant mixture
1.93�0.228100:0:0

0:100:0 0.809�0.297
54:46:0 2.09�0.0720
48:46:6 1.40�0.0700

40 mg of surfactant mixture
2.25�0.49454:46:0

50 mg of surfactant mixture
3.25�0.35354:46:0

48:46:6 2.66�0.0304

SLNs were prepared with excess amount of ATRA (5 mg/g of
ATRA) and surfactant mixture with varying composition (n=
3)
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Fig. 2. The physicochemical characteristics of optimised SLN formulation. SLNs were prepared with 50 mg/g surfactant mixture
composed of 48:6:46% (w/w) of EggPC:DSPE-PEG:Tween 80 with or without 3 mg/g of ATRA, and then freeze-dried as described
in the material and method section. (A) Effect of ATRA loading and freeze-drying on the mean particle size, polydispersity index,
zeta potential and ATRA-loading concentration of SLNs (B) DSC curves of SLNs prepared with or without ATRA. ATRA-free or
ATRA-loaded SLNs were further subjected to freeze-drying (ATRA−SLN(FD) and ATRA+SLN(FD)) and then compared with
the DSC curves of those without freeze- drying (ATRA−SLN(NFD) and ATRA+SLN(NFD)).

expected because the aqueous solubility of
ATRA is nil (80 ng/ml) (Szuts and Harosi,
1991). After freeze-drying, the ATRA concentra-
tion incorporated in SLNs was 96.2% of that in

SLNs before freeze-drying (2.36�0.0464 vs.
2.27�0.0560 mg/ml), suggesting that ATRA
could be stably retained in the SLNs during
lyophilization process.
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In other studies, the mean particle size and the
number of particles greater than four to six were
substantially increased by freeze-drying, rendering
the freeze-dried SLNs not suitable for intravenous
administration (Cavalli et al., 1997; Schwarz and
Mehnert, 1997). i.v.-injectable SLN formulation
could be obtained in one study but additional
heating and cooling step was required during
lyophilization process (Zimmermann et al., 2000).
In our study, ATRA-loaded SLNs could be
freeze-dried without tedious heating and cooling
step, and it was still i.v.-injectable with regard to
the particle size after reconstitution. More
promising results obtained in our study may be
attributed to the molecular property of ATRA.
One possible mechanism responsible for the sub-
stantial increase in the size of freeze-dried SLNs is
the presence of free drugs dissolved in the disper-
sion medium, causing the reduction of zeta poten-
tial during the freezing process (Schwarz and
Mehnert, 1997). The good quality of freeze-dried
SLNs loaded with ATRA may be the relative
absence of free ATRA in the dispersion medium,
due to the nil solubility of ATRA in the aqueous
medium and/or the strong interaction between
ATRA and phospholipids such as EggPC
(Parthasarathy et al., 1994).

Thermal analysis was performed to investigate
the degree of crystallinity and the recrystalization
behavior of SLNs (Siekmann and Westesen,
1992). Generally, the melting peak of lipid core in
SLNs is observed at lower temperature than that
of bulk lipid due to the nanocrystaline size of
lipids in SLNs (Westesen and Bunjes, 1995). In
our study, the melting peak of SLNs was also
observed at a temperature 4–5 °C lower than the
bulk TC (27 vs. 31 °C). The incorporation of
ATRA did not greatly change the melting point
(26.9 vs. 27.2 °C). After freeze-drying, the melting
point of ATRA-free SLNs was 1oC higher than
that before freeze-drying (from 26.9 to 27.9 °C),
while that of ATRA-loaded SLNs was 0.4 °C
increased by freeze-drying (from 27.2 to 27.6 °C).
It may be caused by that some components such
as surfactants were expelled out from SLNs dur-
ing freeze-drying process. However, the height
and sharpness of melting peaks were not signifi-
cantly changed by freeze-drying, suggesting that

the physical state of SLNs was not greatly af-
fected by the freeze-drying process.

No change was observed in the mean particle
size and P.I. of ATRA-loaded SLNs during stor-
age at 4 °C for 90 days. On the other hand, the
P.I. of freeze-dried SLNs was slightly but gradu-
ally increased during 4 weeks of storage without
significant change in the mean particle size (data
not shown). The changes in the packing material
or storage condition may further improve the
stability of freeze-dried SLNs (Freitas and Muller,
1999).

4. Conclusion

In this study, ATRA-loaded SLNs with desir-
able mean particle size, P.I. and zeta potential,
similar to those of parenteral emulsions, could be
obtained even after freeze-drying. The combina-
tion of nonionic surfactant, Tween 80, and lipid
surfactants, EggPC and DSPE-PEG, contributed
to the preparation of stable SLN formulation.
The ATRA loading capacity of our optimised
SLN formulation was 2.4% of lipid matrix and it
was much higher than the value obtained in other
study (less than 1%, Jenning and Gohla, 2001).
ATRA-loaded SLNs may enhance the therapeutic
efficacy of ATRA after oral or parenteral admin-
istration. SLN formulation in this study may also
have a potential as a dosage form of various
retinoid analogues as well as ATRA.
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