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bstract

The aim of this study was to investigate the cellular uptake of solid lipid nanoparticles (SLN) and cytotoxicity of its paclitaxel delivery system.
he conjugate of octadecylamine–fluorescein isothiocyanate (ODA–FITC) was synthesized, and used as a marker to prepare fluorescent SLN. The
ellular uptakes of fluorescent SLN with different lipid material were evaluated by fluorescence microscopy and the measurement of fluorescence
ntensity. The order of cellular uptake ability was glycerol tristearate SLN > monostearin SLN > stearic acid SLN > Compritol 888 ATO SLN
ATO888 SLN). The cellular cytotoxicities of paclitaxel were highly enhanced by the encapsulation of lipid matrix. Due to the lower drug
ntrapment efficiency of glycerol tristearate SLN, monostearin SLN was considered as the best lipid material to improve the cytotoxicity of drug.

he polyethylene glycol monostearate (PEG–SA) and the synthesized conjugate of folic acid–stearic acid (FA–SA) were further introduced into
onostearin SLN, respectively. The PEG and folate modified SLN could enhance the cellular uptake of SLN and the cellular cytotoxicity of drug

y the membrane disturb ability of PEG chains on the SLN surface and the improved endocytosis mediated by folate receptor.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Solid lipid nanoparticles (SLN) made from biodegradable
olid lipids exist in the submicron size range have attracted
ncreasing attention in recent years. The advantages of SLN are
s follows: possibility of controlled drug release and drug tar-
eting, protection of incorporated compound against chemical
egradation, no biotoxicity of the carrier, and no problems with
espect to large scale production (Marengo et al., 2000; Mehnert
nd Mäder, 2001; Müller et al., 2000).

Paclitaxel is an effective anti-cancer drug against a wide
pectrum of solid tumors, which promotes polymerization of
ubulin dimers to form microtubules and stabilizes microtubules
y preventing depolymerization (Mo and Lim, 2005). Though
aclitaxel has shown high potential as an anti-cancer drug, its

ractical use is limited due to its poor aqueous solubility. To
vercome the problems, nanoparticles (NPs) delivery systems
ere selectively and efficiently transport paclitaxel to the target

∗ Corresponding author. Tel.: +86 571 88208441; fax: +86 571 88206742.
E-mail address: hufq@zju.edu.cn (F.-Q. Hu).
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rgan/cells, and increase the bioavailability (Serpe et al., 2004;
ong and Feng, 2005).
SLN formulations encapsulating paclitaxel have been stud-

ed by several groups (Müller et al., 2000; Serpe et al., 2004).
owever, most SLN studies are either focusing on formulation
reparation and characterization or in vivo biodistribution of
LN. Currently, relatively few studies were devoted to the effi-
acy aspect of SLN formulations at cellular level. Only Stevens
t al. and Wong et al. have provided a series of in-depth stud-
es (Stevens et al., 2004; Wong et al., 2006a,b). However, their
orks were related with paclitaxel-prodrug or doxorubicin. In
ur knowledge, few detail works were conducted to investi-
ate the effect of SLN composition on the cellular uptake and
ytotoxicity of paclitaxel loaded SLN.

Fluorescence techniques is a widely used method for
nvestigating cellular uptake and in vivo distribution of NPs. It
an be visualized by either confocal or fluorescence microscopy
r quantified by analyzing the extracted fluorescent dye (Zauner

t al., 2001). As showed in our group’s previous research
Yuan et al., 2007), the ODA–FITC labeled lipid nanoparticles
ndicated above 97% ODA–FITC incorporation efficiency, and
he leakage of ODA–FITC from lipid nanoparticles was lower

mailto:hufq@zju.edu.cn
dx.doi.org/10.1016/j.ijpharm.2007.07.012
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han 7% in vivo transport. Due to this reason, the ODA–FITC
abeled SLN was used to investigate the in vivo transport of
LN, but not used for the cellular uptake evaluation of SLN.

In this study, the chemical conjugate of ODA–FITC was syn-
hesized to incorporate into SLN for evaluating cellular uptake
f SLN composed of different lipid materials. Paclitaxel was
hen chosen as the model drug, and A549 cancer cells were cho-
en as the model cells, to investigate the cellular cytotoxicities of
rug loaded SLN. The physicochemical properties of nanopar-
icles, such as particle size, zeta potential, drug entrapment
fficiency, drug loading, and in vitro drug release profiles were
lso researched. Furthermore, the polyethylene glycol monos-
earate (PEG–SA) and folic acid–stearic acid (FA–SA) were
ncorporated into SLN to reach the higher cellular uptake and
ytotoxicity by the enhanced endocytosis.

. Materials and methods

.1. Materials

Monostearin, stearic acid (SA) and glycerol tristearate (GT)
as supplied by Shanghai Chemical Reagent Co. Ltd., China.
ompritol 888 ATO (ATO888) was purchased from Gattefossé,
rance. Polyethylene glycol monostearate (PEG–SA, the poly-
erization degree of ethylene glycol is 40) was purchased from
okyo Kasei Kogyo Co. Ltd., Japan. The surfactant, polox-
mer 188, was provided by Shenyang Pharmaceutical University
iqi Co. Ltd., China. Octadecylamine (ODA) was purchased
rom Fluka, USA. Fluorescein isothiocyanate (FITC) and folic
cid (FA) was purchased from Acros Organic, USA. Paclitaxel
as purchased from Zhanwang Biochemical Co. Ltd., China.
-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and
-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
MTT) were purchased from Sigma (St. Louis, MO, USA).
rypsin and RPMI Medium 1640 were purchased from Gibco
RL (Gaithersberg, MD, USA). Fetal bovine serum (FBS) was
urchased from Sijiqing Biologic Co. Ltd., Zhejiang, China. All
ther solvents were analytical or chromatographic grade.

.2. Synthesis of ODA–FITC and FA–SA

The conjugate of ODA–FITC was synthesized by the reaction
etween amino group of ODA and isothiocyanate group of FITC
s the previous report (Yuan et al., 2007). To obtain the con-
ugate, 60 ml N,N-dimethylformamide (DMF) dissolved 7 mg
DA completely by sonicate treatment (Sonic Purger CQ250,
cademy of Shanghai Shipping Electric Instrument). Mean-
hile, 5 ml DMF dissolved 20 mg FITC. The two kinds of DMF

olution were mixed and then in 50 ◦C water bath, shaked (HZ-
812S, Hualida Co. Ltd.) for 48 h. The gained reaction mixture
as cooled to room temperature, and then the ODA–FITC to
e precipitated by adding 20 ml of distilled water. Collecting
he precipitate by filtration with 0.45 �m millipore filter, using

0 ml distilled water to wash twice. The obtained conjugate
ODA–FITC) was lyophilized and stored in dark.

Referred to the literature (Benns et al., 2002), the conjugate of
A–SA was prepared. Firstly, 5 ml DMF dissolved 20 mg stearic

(
(
t
w
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cid (SA), and then at room temperature, 20 mg EDC was added
nto the stearic acid DMF solution and reacted 1 h. Secondly,
0 mg folic acid and 0.5 ml pyridine was added to the stearic acid
MF solution, and further reaction overnight. To precipitate the
A–SA, 20 ml distilled water was added into reaction mixture.
o remove unreacted folic acid, EDC and water soluble side
roduct, the dispersion was dialysised against distilled water for
days by using cellulose membrane (8000 molecular weight cut-
ff). Finally, after collecting by filtration with 0.45 �m millipore
lter, the precipitate was lyophilized.

1H NMR spectrum was used to analysis of synthesized
DA–FITC and FA–SA. The samples were measured at 298 K
ith about 5 wt.% CDCl3 or (CD3)2SO solution using a NMR
pectrometer (AC-80, Bruker Biospin, Germany).

.3. Preparation of SLN

The blank SLN and drug loaded SLN were prepared by sol-
ent diffusion method in an aqueous system referred to our
revious study (Hu et al., 2005). Briefly, 6 ml ethanol completely
issolved 60 mg lipid materials with or without 3 mg paclitaxel
n 70 ◦C water bath. Then the obtained organic solution was
uickly dispersed into 60 ml distilled water under mechanical
gitate (DC-40, Hangzhou Electrical Engineering Instruments,
hina) with 400 rpm in 70 ◦C water bath for 5 min. The resul-

ant pre-emulsion (melted lipid droplet) was cooled to room
emperature to obtain the SLN dispersion.

To prepare the fluorescent SLN, PEG modified SLN and
A modified SLN, 9 mg ODA–FITC, 6 mg PEG–SA and 6 mg
A–SA was used instead of the same amount of lipid materials,
espectively.

The pH value of the above obtained SLN dispersion was
djusted to 1.20 by addition of 0.1 M hydrochloric acid to form
he NPs aggregation. The aggregate of NPs was received by
entrifugation (20,000 rpm for 15 min, 3K30, Sigma, Germany).
he collected SLN precipitate was then re-suspended in 3 ml
istilled water containing 0.1% poloxamer 188 by probe-type
ltrasonic treatment with 20 times (200 W, active every 2 s for a
s duration) (JY92-�, Scientz Biotechnology Co. Ltd., China),
nd used for further in vitro cellular uptake and cytotoxicity
ests.

.4. Characterization of SLN

The blank or drug loaded SLN in dispersion were diluted 20
imes with distilled water, of which the volume average diame-
er and zeta potential were determined with Zetasizer (3000HS,

alvern Instruments, UK).

.5. Drug entrapment efficiency determination

After the SLN was received by the centrifugation, the drug
ontent in the supernatant was determined in triplicate by HPLC

Agilent 1100 series, USA). The column was DiamohsilTM C18
250 mm × 4.6 mm) with 5 �m particles. A mixture of acetoni-
rile and water (50:50 v/v) was used as the mobile phase, and
as delivered at a flow rate of 1.0 ml/min. The column effluent
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as detected at 227 nm with a variable wavelength detector
G1314A, JP11615541, UV detector, USA). The column tem-
erature was maintained at 35 ◦C. Injected volume of the sample
as 20 �l (Hu et al., 2006). The calibration curve for the quantifi-

ation of paclitaxel was linear over the range of standard concen-
ration of paclitaxel at 0.5–120 �g ml−1 with a correlation coef-
cient of R2 = 0.9994. The limit of detection was 0.01 �g ml−1.

The separated drug loaded SLN were re-dispersed using
00 ml of PBS (pH 7.4) with 2 M sodium salicylate and surged
y vortexing (XW-80A, Instruments Factory of Shanghai Med-
cal University, China) for 3 min to dissolve the adsorbed
rugs on the surface of SLN. Then the dispersions were cen-
rifuged at 20,000 rpm for 15 min (3K30, Sigma, Germany).
he drug content in the obtained supernatant was measured
y HPLC as described above. The drug entrapment efficiency
EE) and drug loading (DL) of SLN were calculated from Eqs.
1) and (2)

E = Wa − Ws1 − Ws2

Wa
× 100% (1)

L = Wa − Ws1 − Ws2

Wa − Ws1 − Ws2 + WL
× 100% (2)

here Wa is the weight of drug added in system, Ws1 the ana-
yzed weight of drug in supernatant after the first centrifugation,

s2 the analyzed weight of drug in supernatant after the second
entrifugation, and WL is the weight of lipid added in system.

.6. In vitro release study

The precipitate of drug loaded nanoparticles were dispersed
n 100 ml of PBS (pH 7.4) containing 2 M sodium salicy-
ate and surged by vortexing (XW-80A, Instruments Factory
f Shanghai Medical University) for 3 min, and then shaken
orizontally (SHELLAB1227-2E, SHELLAB, USA) at 37 ◦C
nd 60 strokes/min. One millilitre of the dispersion was with-
rawn from the system at definite time interval and filtrated with
.22 �m filter. The filtrate was determined by HPLC method as
escribed above.

.7. Cellular uptake of fluorescent blank SLN

In a 24-well plate, A549 cells were seeded at a density of
0,000 cells per well in 1 ml of growth medium and incubated
or 24 h to attach. Cells were then incubated with ODA–FITC
oaded SLN suspension (the concentration were 50, 100 and
00 �g ml−1, respectively) in growth medium for different time.
ells were washed twice with PBS (pH 7.4) and directly
bserved under a fluorescence microscope (OLYMPUS Amer-
ca, Melville, NY).

To assay cellular uptake quantitatively, after washing the cells
ith PBS, 40 �l trypsin PBS solution (2.5 mg/ml) was added.
fter incubated for 5 min, the cells were harvested by adding

ml PBS, and then treated by probe-type ultrasonication for
times (4 ◦C, 200 W, active every 5 s for a 60 s duration) to

btain the cell lysate. Finally, the cell lysate was centrifuged
t 10,000 rpm for 10 min, and the supernatant was supplied

w
f
d
i
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o fluorescence assay by using fluorometer (F-4000, HITACHI
o., Japan) (excitation: 490 nm; emission: 528 nm). The cellular
ptake percentage of fluorescent SLN was calculated from Eq.
3)

cellular uptake percentage of fluorescent SLN (%)

= I

I0
× 100% (3)

here I is the fluorescence intensity in different time and I0 is the
nitial fluorescence intensity of the fluorescent nanoparticles.

.8. Cytotoxicity

In a 96-well plate, A549 cells were seeded at a density of
0,000 cells per well in 0.2 ml of RPMI1640 with 10% FBS
nd antibiotics, and then cultured at 37 ◦C for 24 h. After cul-
ure, the growth medium was removed and growth medium
ontaining paclitaxel solution (a 50:50 mixture of Cremophor
L and ethanol) with different concentration, blank SLN with
ifferent concentration and paclitaxel loaded SLN with differ-
nt drug concentration was added, respectively. The cells were
urther incubated for 48 h or 72 h. Then 100 �l of fresh growth
edium containing 50 mg MTT was added to each well and cells
ere incubated for 4 h. After removing the unreduced MTT and
edium, each well was washed with 100 �l of PBS and 180 �l

f DMSO were then added to each well to dissolve the MTT for-
azan crystals. Finally, the plates were shaken for 20 min and

he absorbance of formazan product was measured at 570 nm in
microplate reader (BioRad, Model 680, USA). Survival per-

entage was calculated as compared to mock-treated cells (100%
urvival). All the experiments were performed in triplicate.

.9. Cellular uptake of paclitaxel

A549 cells were seeded in a 24-well plate at a seeding density
f 10,000 cells per well in 1 ml of growth medium and allowed
o attach for 24 h. Cells were then incubated with paclitaxel
oaded monostearin SLN, paclitaxel loaded monostearin SLN
ith 10 wt.% PEG–SA (PEGylated SLN), paclitaxel loaded
onostearin SLN with 10 wt.% FA–SA (folated SLN) (drug

oncentration: 2 �g ml−1) in growth medium for 1, 2, 4, 12, 24,
nd 48 h. After the cells were washed with PBS, 100 �l trypsin
BS solution (2.5 �g ml−1) was added. The cells were further

ncubated for 5 min. The cells were then harvested by adding
00 �l methanol. The cell lysate was centrifuged at 10,000 rpm
or 10 min. The drug content in the supernatant after centrifuga-
ion was measured by HPLC method. The protein content in the
ell lysate was measured using the Micro BCA protein assay kit.
he uptake percentages of drug were calculated from Eq. (4)

rug uptake percentage (%) = C/M

C /M
× 100% (4)
here C is the intracellular concentration of paclitaxel in dif-
erent time, M the unit weight (milligram) of cellular protein in
ifferent time, C0 the initial concentration of paclitaxel, and M0
s the initial unit weight (milligram) of cellular protein.
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Table 2
Drug entrapment efficiency (EE) and drug loading (DL) of paclitaxel loaded
SLN (n = 3)

Material EE (%) DL (%)

Monostearin 61.83 ± 1.70 2.92 ± 0.15
Stearic acid 76.29 ± 0.81 3.85 ± 0.04
Glycerol tristearate 36.20 ± 2.52 2.01 ± 0.14
ATO888 77.41 ± 1.05 3.96 ± 0.05
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.10. Statistical analysis

Data were expressed as means of three separate experiments,
nd were compared by analysis of variance (ANOVA). A P-
alue < 0.05 was considered statistically significant in all cases.

. Results and discussion

.1. Preparation of SLN

The fluorescent blank SLN and paclitaxel loaded SLN were
repared by solvent diffusion method in an aqueous system.
he properties such as zeta potential, volume average diame-

ers and its polydispersity indexes of resulted fluorescent blank
nd drug loaded SLN composed of different lipid materials are
isted in Table 1. Due to the SLN used in the in vitro cellu-
ar uptake and cytotoxicity tests were the SLN redispersions in
.1% poloxamer 188 solutions. The results were the data of SLN
edispersions.

From Table 1, it is obvious that the volume average diameter
f drug loaded SLN were higher than that of fluorescent SLN
ith the same lipid matrix. The bigger size of drug loaded SLN

aused from two reasons. The one is the incorporation of drug
nto SLN increased the amounts of solid phase. The other is the
ncorporated paclitaxel and ODA–FITC had different proper-
ies. The paclitaxel is hydrophobic, and the FITC fragment of
DA–FITC is hydrophilic. The incorporation of ODA–FITC

nto SLN could enhance the hydrophilicity of SLN surface,
nd formed steric hindrance to stable SLN. As a result, the
izes of fluorescent SLN were smaller than that of drug loaded
LN. Among glycerol tristearate, monostearin, stearic acid and
TO888 SLN, the glycerol tristearate SLN had smallest particle
ize, and no clear difference was found in other SLN. Com-
aring FA–SA and PEG–SA modified monostearin SLN with
onostearin SLN, the FA–SA and PEG–SA modified monos-

earin SLN had smaller particle. There may also be caused by the
nhanced hydrophilicity of SLN surface due to the incorporation
f FA–SA and PEG–SA.

Zeta potential is a key factor to evaluate the stability of col-
oidal dispersion. In general, particles could be dispersed stably
hen absolute value of zeta potential was above 30 mV due to
he electric repulsion between particles (Müller et al., 2001).
s shown in Table 1, all of the absolute value of zeta poten-

ial for fluorescent SLN and drug loaded SLN were higher than
0 mV, and no obvious difference was found between fluores-

n
m
t
l

able 1
roperties of resulted fluorescent blank SLN and paclitaxel loaded SLN (n = 3)

aterial Fluorescent SLN

dv (nm) PI (–)

onostearin 272.7 ± 43.6 0.101 ± 0.015
tearic acid 233.8 ± 52.4 0.243 ± .0.028
lycerol tristearate 159.8 ± 37.2 0.235 ± 0.039
TO888 248.3 ± 68.0 0.171 ± 0.032
onostearin with 10 wt.% PEG–SA 255.9 ± 36.9 0.480 ± 0.061
onostearin with 10 wt.% FA–SA 263.4 ± 43.6 0.538 ± 0.075

v, PI and ζ indicate the volume average diameter, polydispersity index and zeta pote
onostearin with 10 wt.% PEG–SA 60.83 ± 2.57 2.90 ± 0.16
onostearin with 10 wt.% FA–SA 59.34 ± 1.34 2.69 ± 0.06

ent SLN and drug loaded SLN. This demonstrated that the SLN
edispersions obtained by present method were physically stable
ystems.

.2. Drug entrapment efficiency and loading capacity

The data of drug entrapment efficiency (EE) and drug loading
DL) for drug loaded SLN prepared by solvent diffusion method
re given in Table 2. It is seen from Table 2 that excepting glyc-
rol tristearate SLN, the EE of other kinds of SLN was mostly
bout 60–70%, while the DL was about 3–4%. Some researchers
ave reported that the particle size related with the drug load-
ng, the higher drug loading had bigger particle size (Maschke
t al., 2007). In present research, glycerol tristearate SLN with
mallest particle size indicated the lowest EE and DL. In addi-
ion, the PEG–SA and FA–SA modified monostearin SLN were
o obvious change in EE and DL comparing with monostearin
LN.

.3. In vitro release study

The drug release profiles from the SLN prepared by the sol-
ent diffusion method at 70 ◦C were shown in Fig. 1. Stearic
cid SLN showed complete release in 12 h, however, about 40%
urst drug release was found in the initial 1 h. Glycerol tris-
earate SLN released nearly 75% of drug in 48 h with a burst drug
elease nearly 30% of drug within the initial 1 h. ATO888 SLN
nly released 32.39% of drug even after 48 h. Monostearin SLN
early 50% of drug in 48 h. When adding 10 wt.% PEG–SA,
onostearin SLN showed a relative burst drug release at the ini-

ial 2 h, while adding 10 wt.% FA–SA, the release character had
ittle change.

Paclitaxel loaded SLN

ζ (mV) dv (nm) PI (–) ζ (mV)

36.4 ± 2.1 437.3 ± 68.2 0.436 ± 0.068 41.2 ± 5.2
30.6 ± 6.8 391.9 ± 59.7 0.239 ± 0.031 39.5 ± 5.4
32.6 ± 3.2 185.0 ± 40.8 0.187 ± 0.019 31.7 ± 3.8
33.6 ± 3.4 401.8 ± 63.4 0.352 ± 0.035 38.7 ± 4.7
31.1 ± 2.0 374.3 ± 54.9 0.358 ± 0.037 32.9 ± 3.6
34.3 ± 3.3 369.3 ± 49.3 0.465 ± 0.055 32.2 ± 2.9

ntial, respectively.
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ig. 1. In vitro paclitaxel release profiles of paclitaxel loaded SLN composed
f different lipid materials. Mean ± S.D., n = 3.

.4. Cellular uptake of SLN with different lipid materials

The cellular uptakes of SLN composed of different lipid mate-
ials were qualitatively and quantitatively evaluated by using
DA–FITC incorporated SLN and employing fluorescence
icroscopy and the measurement of fluorescence intensity.
sing A549 as model cells, at first, the cells were incubated
ith 200 �g ml−1 fluorescent SLN composed of different lipid
aterials for different time. The cellular uptakes of fluorescent
LN were viewed by fluorescence microscopy. Fig. 2 shows the
uorescence image when the cells was incubated with fluores-
ent SLN composed of different lipid materials for 1, 2, 4, 12,
nd 24 h, respectively. As a control, there was no fluorescence
nside A549 cells were observed after the cells were incubated
ith FITC solution for 24 h.
As shown in Fig. 2, there was no significant fluorescence

nside A549 cells after the cells were incubated with fluores-
ent monostearin SLN, stearic acid SLN, glycerol tristearate
LN and ATO888 SLN in 2 h. After 2 h, the obvious fluores-
ence images were observed, and the fluorescence intensity were
nhanced with the incubation time. It means the cellular uptakes
f SLN were time-dependent. Nanoparticles are generally inter-
alized into cells via fluid phase endocytosis (Schoepf et al.,
998), receptor-mediated endocytosis (Moore et al., 1998) or
hagocytosis (Weissleder et al., 1997). For the past decades,
ignificant effort has been devoted to surface modification of
arious drug carriers with PEG to improve their internalization
fficiency. It has been demonstrated that particles with PEG-
odified surfaces cross-cell membranes was enhanced. The

ossible mechanism for this uptake is that PEG can dissolve in

oth polar and nonpolar solvents and have high solubility in cell
embranes (Storm et al., 1995). However, the cellular uptake of
EG modified nanoparticles is a non-specific cellular uptake.
ne strategy to realize efficient and specific cellular uptake

r
d
a
2
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f nanoparticles is to modify the nanoparticle surface with a
igand that is efficiently taken up by target cells via receptor-

ediated endocytosis (Lowry et al., 1998). It was reported that
he intracellular accumulation may be further optimized through
eceptor-mediated endocytosis of the paclitaxel-loaded NPs (Mo
nd Lim, 2005). Cancerous cells divide rapidly and need folic
cid for DNA synthesis, thus the amount and activity of folic
cid receptor in the membrane of cancer cells was higher than
ormal cells. Folic acid has been linked to drugs, proteins, lipo-
omes, and cationic polymers for enhanced uptake by cancerous
ells (Zhou et al., 2002). In this study, the conjugate of FA–SA
as incorporated into monostearin SLN to increase the cellu-

ar uptake mediated by folate receptor. From Fig. 2, it is clear
hat the obvious fluorescence images were found when the cells
ere incubated with PEG–SA and FA–SA modified monos-

earin SLN in 1 h. The cellular uptakes of SLN were highly
nhanced by the incorporation of PEG–SA and FA–SA into
LN. Moreover, it is also obvious that the fluorescent SLN
ccumulated in the cytoplasm in all cases. This result was con-
istent with the literature (Benis et al., 1994). Since the action
arget of paclitaxel is microtubules in the cytoplasm, SLN are
uitable carriers to deliver paclitaxel into cells for the targeting
herapy.

For further quantitatively evaluate the cellular uptake of SLN
ith different lipid materials, the measurement of fluorescence

ntensity was carried out after the cells were incubated with flu-
rescent SLN composed of different lipid materials for different
ime. Fig. 3 shows the cellular uptake percentage of fluorescent
LN composed of different lipid materials against incubation

ime. It can be seen that the order of cellular uptake ability for
LN was glycerol tristearate SLN > monostearin SLN > stearic
cid SLN > ATO888 SLN, and the cellular uptake percentage
f fluorescent SLN increased with the incubation time. It was
eported that the affinity between fatty acid and cell membrane
as related with the melting point of fatty acid, and the length

nd saturation degree of the carbon chain (Tranchant et al.,
997). The melting point of monostearin, stearic acid, glycerol
ristearate and ATO888 is 55–60, 67–69, 71–73 and 68 ◦C. As
ells prefer uptaking substance with lower melting point, the
ptake of monostearin SLN was higher than stearic acid SLN
nd ATO888 SLN. According to above reason, the glycerol tris-
earate SLN should show the lowest cellular uptake. However,
he cellular uptake of glycerol tristearate SLN was fastest. The
astest cellular uptake of glycerol tristearate SLN may be due to
he smallest particle size (Table 1). Because the difference length
f the carbon chain between stearic acid and ATO888, the cel-
ular uptake of stearic acid SLN was faster than that of ATO888
LN. Although glycerol tristearate SLN showed the best cellular
ptake ability, owing to the superior EE and DL of monostearin,
t was chosen over glycerol tristearate as lipid material to pre-
are the PEGylated and folated SLN. The quantitative results
lso indicated that the introduction of PEG–SA and FA–SA into
LN could highly enhance the cellular uptake of SLN. It was

eported that the surface of monostearin SLN showed a great
eal of roughness after modifying with PEG2000, and could
ccelerate the endocytosis of SLN by A549 cells (Ding et al.,
004).
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Fig. 2. Fluorescence image after the cells were incubated with the fluorescent SLN
SLN; (C) glycerol tristearate SLN; (D) ATO888 SLN; (E) monostearin SLN with 10
(the lipid concentrations of SLN were 200 �g ml−1).

Fig. 3. The cellular uptake percentage of fluorescent SLN composed of different
lipid materials in A549 cells. The lipid concentrations of SLN were 200 �g ml−1,
mean ± S.D., n = 3.
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composed of different lipid materials: (A) monostearin SLN; (B) stearic acid
wt.% PEG–SA; (F) paclitaxel loaded monostearin SLN with 10 wt.% FA–SA

Figs. 4 and 5 show the cellular fluorescence image and cel-
ular uptake percentage of fluorescent SLN after the cells was
ncubated with monostearin SLN having different concentration
or 24 h. From Figs. 4 and 5, it is obvious the fluorescence inten-
ity inside cells and the cellular uptake percentage of fluorescent
LN was increased with the incubation concentration of SLN at

he same incubation time. These results mean the cellular uptake
ercentage of fluorescent SLN was concentration dependent.

.5. Cytotoxicity

The cytotoxicities of blank SLN are shown in Table 3.
he 50% growth inhibition (IC50) values of cell for four
iocompatible solid lipid materials were 300–500 �g ml−1,

hich were less cytotoxicity. It means these lipid materials
ere suitable to prepare SLN for the use of drug carriers.
fter adding 15 wt.% ODA–FITC, 10 wt.% FA–SA or 10 wt.%
EG–SA, the IC50 of SLN were still upper than 300 �g ml−1.
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Fig. 4. Fluorescence image after the cells were incubated with the fluorescent monostearin SLN for 24 h: (A) the lipid concentrations of SLN was 50 �g ml−1; (B)
the lipid concentrations of SLN was 100 �g ml−1; (C) the lipid concentrations of SLN was 200 �g ml−1.
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Table 4
The cytotoxicities after 48 and 72 h exposure of A549 cells to paclitaxel solution
and paclitaxel loaded SLN (n = 3)

Formulation IC50 (�g ml−1)

48 h 72 h

Paclitaxel solution 2.36 ± 0.13 1.82 ± 0.04
Paclitaxel loaded monostearin

SLN
0.75 ± 0.03 a, b, c 0.54 ± 0.03 d, e, f

Paclitaxel loaded stearic acid
SLN

1.06 ± 0.07 a, g 0.82 ± 0.02 d, h

Paclitaxel loaded glycerol
tristearate SLN

0.92 ± 0.04 b, g 0.72 ± 0.03 e, h

Paclitaxel loaded ATO888 SLN 1.45 ± 0.12 c 1.14 ± 0.05 f
Paclitaxel loaded monostearin

SLN with 10 wt.% PEG–SA
1.86 ± 0.13 1.49 ± 0.03 f

Paclitaxel loaded monostearin 0.21 ± 0.02 0.17 ± 0.01 g, h

a
d

s
a
c
other lipid materials (P < 0.05). Although the cellular uptake
of glycerol tristearate SLN was faster than that of monostearin
SLN, the cytotoxicity was lower than that of monostearin SLN
(P < 0.05). It possibly due to the burst drug release behavior of
ig. 5. The cellular uptake percentage of fluorescent monostearin SLN in A549
ells for 24 h at different lipid concentration. Mean ± S.D., n = 3.

he PEG–SA, synthesized ODA–FITC and FA–SA were safe
aterials for the modifications of drug carriers.
Table 4 reports 50% growth inhibition (IC50) values for pacli-

axel solution and paclitaxel loaded SLN composed of different
ipid materials on the A549 cells for 48 and 72 h. Figs. 6 and 7
how the cell survival curves of A549 cells after exposure to
aclitaxel solution and paclitaxel loaded SLN composed of
ifferent lipid materials for 48 and 72 h, respectively. From
able 4, Figs. 6 and 7, it was found that higher cytotoxicities
as observed at 72 h than at 48 h, however, the change tendency
f the cytotoxicities was coincidence. All of the IC value of
50
rug loaded SLN composed of different materials were lower
han that of the formulation for drug solution. This means the
rug internalization into cell could be enhanced by the encap-

able 3
ytotoxicities of blank SLN composed of different lipid materials

aterials IC50 (�g ml−1)

onostearin 396.82 ± 33.19
tearic acid 331.12 ± 34.12
lycerol tristearate 401.49 ± 27.68
TO888 471.48 ± 30.91
onostearin with 15 wt.% ODA–FITC 362.88 ± 37.24
onostearin with 10 wt.% PEG–SA 347.89 ± 42.40
onostearin with 10 wt.% FA–SA 308.72 ± 41.89

F
t
c

SLN with 10 wt.% FA–SA

, b, c, d, e, f indicate significant difference (P < 0.05). g, h: indicate no significant
ifference (P > 0.05).

ulation of SLN matrix and the endocytosis of SLN (Serpe et
l., 2004). Drug loaded monostearin SLN showed the lowest
ytotoxicity comparing to drug loaded SLN composed of the
ig. 6. Cell survival curves of A549 cells against drug concentration after
he cells were incubation with paclitaxel solution and paclitaxel loaded SLN
omposed of different lipid materials at 48 h.
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Fig. 8. The drug uptake percentage against incubation time after the cells were
i
t
1

T
t
u
m
s
l
S
c

4

t
e
c
d
c
n
p
S
b
w
A
t
d
a
t

R

B

Benns, J.M., Mahato, R.I., Kim, S.W., 2002. Optimization of factors influencing
ig. 7. Cell survival curves of A549 cells against drug concentration after
he cells were incubation with paclitaxel solution and paclitaxel loaded SLN
omposed of different lipid materials at 72 h.

rug loaded glycerol tristearate SLN at the initial stage, which
ed to the lower drug concentration internalized into cells. After
he monostearin SLN modified with PEG–SA, the cytotoxicity
f drug delivery did not increase comparing with that of drug
oaded monostearin SLN. The possible reason is the PEG–SA

odified monostearin SLN had a relative burst drug release at
he initial stage (Hu et al., 2007), considerable amount of drug
as released from PEG modified SLN before the cellular uptake.
n the other hand, after the drug loaded monostearin SLN mod-

fied with FA–SA, the cytotoxicity was enhanced significantly
ompared to that of paclitaxel solution and drug loaded monos-
earin SLN. The enhanced cytotoxicity of FA–SA modified drug
oaded monostearin SLN could be contributed to the faster cellu-
ar uptake, which caused by the enhanced endocytosis mediated
y the folate receptor.

.6. Cellular uptake of paclitaxel

To clear the relationship between the cytotoxicity and the drug
oncentration in cell, the cellular uptakes of paclitaxel measure-
ent were conducted. After the physical mixture of drug loaded
LN and A549 cells was treated with methanol at 70 ◦C, the
xtraction efficiency of drug could reach up to 94.3%.

Fig. 8 shows the cellular uptakes of paclitaxel delivered
y monostearin SLN, folated monostearin SLN and PEGy-
ated monostearin SLN, respectively. Incubating cells with drug
oaded monostearin SLN within 24 h, the intracellular drug con-
entration increased with incubation time prolonged. However,
he highest drug uptake percentage was only 14.3% (24 h), and
hen decreased. The reduction of drug uptake percentage in the
ater incubation stage may be caused by the drug metabolism

n cells. On the other hand, the drug uptake percentages were
igher than that of drug loaded monostearin SLN, when the cells
ere incubated with drug loaded folated monostearin SLN. The
ighest drug uptake percentage could reach up to 31.1% (24 h).

D

ncubation with paclitaxel loaded monostearin SLN, paclitaxel loaded monos-
earin SLN with 10 wt.% PEG–SA, paclitaxel loaded monostearin SLN with
0 wt.% FA–SA. Mean ± S.D., n = 3.

he enhanced intracellular drug concentration could contribute
o the drug transport mediated by the folate receptor. The drug
ptake percentages were even lower than that of drug loaded
onostearin SLN due to the burst drug release in the initial

tage, when the cells were incubated with drug loaded PEGy-
ated monostearin SLN. This is the reason why PEG enhances
LN uptake more than folate but the latter formulation enhances
ytotoxicity much more.

. Conclusion

Herein, the chemical conjugate of ODA–FITC was syn-
hesized to prepare fluorescent SLN for the cellular uptake
valuation of SLN composed of different lipid materials. The
ellular uptake of SLN indicated time and concentration depen-
ent, and related with melting point of lipid material, length of
arbon chain for lipid and the particle size. Due to the inter-
alized SLN were accumulated in the cellular cytoplasm, the
aclitaxel was used as model drug to evaluate the cytotoxicity of
LN drug delivery systems. The cytotoxicity could be enhanced
y the encapsulation of SLN matrix, and the cytotoxicity related
ith the ability of cellular uptake and the drug loading of SLN.
lthough the incorporation of PEG–SA into SLN could enhance

he cellular uptake, it did not increase the cytotoxicity. The intro-
uction of FA–SA into SLN could enhance the cellular uptake
nd cytotoxicity, which revealed a potential application for the
argeting therapy of tumor.
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ehnert, W., Mäder, K., 2001. Solid lipid nanoparticles: production, character-
ization and applications. Adv. Drug Deliv. Rev. 47, 165–196.

o, Y., Lim, L.Y., 2005. Preparation and in vitro anticancer activity of wheat
germ agglutinin (WGA)-conjugated PLGA nanoparticles loaded with pacli-
taxel and isopropyl myristate. J. Control. Release 107, 30–42.

oore, A., Basilion, J.P., Chiocca, E.A., Weissleder, R., 1998. Measuring trans-
ferrin receptor gene expression by NMR imaging. Biochim. Biophys. Acta
1402, 239–249.
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