
1094 ©2008 CPS and SIMM

Acta Pharmacol Sin  2008 Sep; 29 (9): 1094–1102

Full-length article

Development and evaluation of lipid nanoparticles for camptothecin de-
livery: a comparison of solid lipid nanoparticles, nanostructured lipid car-
riers, and lipid emulsion
Zih-rou HUANG1, Shu-chiou HUA1, Yueh-lung YANG2,3, Jia-you FANG1,4

1Pharmaceutics Laboratory, Chang Gung University, Taoyuan, Taiwan, China; 2Department of Traditional Chinese Medicine, Chang Gung Memorial 
Hospital, Keelung, Taiwan, China; 3Graduate Institute of Traditional Chinese Medicine, Chang Gung University, Taoyuan, Taiwan, China

Abstract
Aim: Camptothecin is an anticancer drug that acts against a broad spectrum of 
tumors.  The clinical application of camptothecin is limited by its insolubility, 
instability, and toxicity problems.  The aim of this study was to develop and 
characterize lipid nanoparticles with different lipid cores which can circumvent 
these problems.  Methods: Lipid nanoparticles made of Precirol (solid lipid 
nanoparticles; SLN-P), Compritol (SLN-C), Precirol+squalene (nanostructured 
lipid carriers; NLC), and squalene (a lipid emulsion; LE) as the lipid core ma-
terial were prepared.  These systems were assessed and compared by evaluat-
ing the mean diameter, surface charge, molecular environment, camptothecin 
release, and cell viability against a melanoma.  The safety and storage stability 
of these systems were also preliminarily examined.  Results: The particle size 
ranged from 190 to 310 nm, with the NLC and LE showing the smallest and 
largest sizes, respectively.  The in vitro drug release occurred in a sustained 
manner in decreasing order as follows: LE>NLC>SLN-P>SLN-C.  It was found 
that varying the type of inner phase had profound effects on cell viability.  The 
SLN-P generally showed higher cytotoxicity than the free control.  The treat-
ment of melanomas with the camptothecin-loaded SLN-C and NLC yielded 
cytotoxicity comparable to that of the free form.  The percentage of erythrocyte 
hemolysis by all nanoparticles was ≤5%, suggesting a good tolerance to lipid 
nanoparticles.  Conclusion: The results collectively suggest that the SLN-P may 
have the potential to serve as a delivery system for parenteral camptothecin ad-
ministration because of the sustained drug release, strong cytotoxicity, limited 
hemolysis, and good storage stability.
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Introduction
Camptothecin is a potent antitumoral agent, first isolated 

from extracts of Camptotheca acuminate (“Xi Shu” in Chi-
nese or “tree of joy”), and is a deciduous tree native to 
China[1].  Its insolubility in most biocompatible solvents has 
made camptothecin very difficult to deliver into the body 
through conventional routes, including orally or by an in-
travenous or intramuscular injection[2].  A number of camp-
tothecin analogs are currently used for clinical treatment.  
However, none of these analogs surpasses camptothecin in 

potency of action[3].  The synthesis of these semisynthetic 
derivatives is also time consuming and expensive.  Camp-
tothecin thus appears to be a promising drug if the barriers 
against its clinical use can be resolved.

In the pharmaceutical field, several advantages of 
drug delivery systems in a nanosize range have been 
shown, including increasing solubility, reducing side-
effects, prolonging pharmacological effects, and improv-
ing bioavailability[4,5].  Solid lipid nanoparticles (SLN) 
are a new generation of nanoparticulate active-substance 
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vehicles, and are attracting major attention as novel col-
loidal drug carriers for parenteral use.  SLN are particles 
made from crystalline solid lipids with a mean diameter 
of 50~1000 nm[6].  The distinct advantages of SLN are the 
solid state of their particle matrix, the ability to protect 
chemically-labile ingredients against chemical decomposi-
tion, and the possibility of modulating drug release.  Nano-
structured lipid carriers (NLC), composed of a solid lipid 
matrix with a certain content of a liquid lipid phase, are an-
other generation of SLN[7].  SLN and NLC may overcome 
the problems of membrane stability and drug leaching as-
sociated with liposomes and conventional emulsions[8].

The development of lipid nanoparticles has received 
considerable attention in the field of cancer therapy[2].  Due 
to the lipophilic nature of their matrices, lipid nanopar-
ticles are considered particularly useful for administering 
lipophilic drugs, such as camptothecin.  They may protect 
camptothecin from rapid hydrolysis of its lactone ring 
in plasma to the essentially inactive carboxylate form[9].  
Moreover, camptothecin requires a prolonged schedule of 
administration and drug targeting to expand its efficacy[10].  
Some investigations have focused on using certain nano-
particles as carriers for camptothecin[2,11].  However, rela-
tively little work has completely and comprehensively 
compared various types of nanoparticles with each other.  
The aim of this study was to compare physicochemical 
properties and cytotoxicity against cancer cells of SLN, 
NLC, and a lipid emulsion (LE).  The feasibility of using 
camptothecin-loaded nanoparticle systems as a parenteral 
formulation was demonstrated through extensive charac-
terization of the size, charge, molecular environment, drug 
release, cytotoxicity, safety, and stability.

Materials and methods
Materials  Camptothecin, squalene, pluronic F68 

(PF68), and Nile red were purchased from Sigma (St Louis, 
MO, USA).  Precirol ATO5 and Compritol 888 ATO were 
obtained from Gattefossé (Gennevilliers, France).  Myverol 
18-04K was supplied by Quest (Naarden, the Netherlands).  
The cellulose membranes (Cellu-Sep T3, with a molecular 
weight cut-off of 3500) were supplied by Membrane Filtra-
tion Products (Seguin, TX, USA).  The melanoma cell line 
(B16-F0) was purchased from American Type Culture Col-
lection (Rockville, MD, USA).

Preparation of lipid nanoparticles  The lipid and 
aqueous phases were separately prepared in glass vials.  
The lipid phase consisted of solid or liquid lipids, a lipo-
philic emulsifier (Myverol), and camptothecin, while the 
aqueous phase consisted of double-distilled water and a 
hydrophilic emulsifier (PF68).  The 2 phases were sepa-
rately heated to 85 °C for 15 min.  The aqueous phase was 
added to the lipid phase and then mixed using a high-shear 
homogenizer (Pro 250; Pro Scientific, Monroe, CT, USA) 
for 5 min.  The mixture was further treated using a probe-
type sonicator (VCX600; Sonics and Materials, Newtown, 
CT, USA) for 10 min at 25-35 W.  The whole systems 
consisted of the water phase, the lipid phase, and the lipid/
water interphase.  The compositions of the SLN, NLC, and 
LE are given in Table 1.

Determination of the mean diameter and surface 
charge  The mean particle size (z-average) and zeta poten-
tial of the SLN, NLC, and LE were measured by photon 
correlation spectroscopy (Nano ZS90; Malvern, Worces-
tershire, UK) using a helium-neon laser with a wavelength 
of 633 nm.  Photon correlations of spectroscopic measure-
ments were carried out at a scattering angle of 90°.  A 
1:100 dilution of the formulations was made using double-
distilled water before the measurement.  The stability of the 
drug delivery systems was determined by monitoring the 
size and zeta potential at 37 °C for 28 d.

Table 1.  The compositions and their percentages (%, w/v) of lipid nanoparticles.

   Code Camptothecin Water Precirol Compritol Squalene Myverol  PF68a

 SLN-Pb 0.3 87.1 10   0.2 2.4
 SLN-Cc 0.3 87.1  10  0.2 2.4
 NLCd 0.3 87.1 5  5 0.2 2.4
 LEe 0.3 87.1   10 0.2 2.4

 
aPF68, Pluronic F68
bSLN-P, solid lipid nanoparticles with Precirol as the inner phase
cSLN-C, solid lipid nanoparticles with Compritol as the inner phase
dNLC, nanostructured lipid carriers
eLE, lipid emulsion
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Molecular environment of lipid nanoparticles  The 
lipophilic fluorescent marker, Nile red, was used as the 
model solute, and the molecular environment (polarity) 
was elucidated by fluorometric spectroscopy based on the 
solvatochromism of Nile red.  The lipid nanoparticles with 
1 ppm Nile red were prepared as described earlier.  Emis-
sion fluorescence spectra were determined with a Hitachi 
F-2500 fluorescence spectrophotometer (Tokyo, Japan).  
The spectra of the drug carrier systems with Nile red were 
recorded at room temperature with both slit widths set to 
10 nm.  The excitation wavelength was fixed at 546 nm, 
and the emission spectra were recorded from 550 to 700 
nm at a scanning speed of 300 nm/min.

Camptothecin release from lipid nanoparticles  
Camptothecin release from the drug carrier systems was 
measured using a Franz diffusion cell.  A cellulose mem-
brane was mounted between the donor and receptor com-
partments.  The donor medium consisted of 1 mL vehicle 
containing camptothecin.  The receptor medium consisted 
of 10 mL of 30% ethanol in pH 7.4 buffer in order to main-
tain sink conditions during the experiments.  The available 
diffusion area between cells was 1.767 cm2.  The stirring 
rate and temperature were kept at 600 r/min and 37 °C, 
respectively.  At appropriate intervals, 300 µL aliquots of 
the receptor medium were withdrawn and immediately re-
placed with an equal volume of fresh buffer.  The amount 
of drug released was determined by HPLC.  Camptothecin 
in solution was used as the control by dissolving camptoth-
ecin (3 mg) in a 10 mL mixture of polyethylene glycol 400, 
propylene glycol, and Tween 80 (40:58:2)[11].

HPLC analysis of camptothecin  The HPLC system 
for camptothecin included a Hitachi L-7110 pump (Tokyo, 
Japan), a Hitachi L-7200 sample processor, and a Hitachi 
L-7485 fluorescence detector.  A 25 cm-long, 4 mm inner 
diameter stainless steel RP-18 column (Merck, Darmstadt, 
Germany) was used.  The mobile phase was an acetonitrile, 
a pH 4 aqueous solution adjusted by acetic acid (35: 65) 
at a flow rate of 1 mL/min.  The wavelengths of excitation 
and emission were set to 360 and 440 nm, respectively.

Cytotoxicity assay  Melanoma cells were seeded 
at an initial concentration of 1×104 cells/well in a 24-
well plate, and incubated in 1 mL medium (10% fe-
tal bovine serum, 89% Dulbecco’s modified Eagle’s 
medium, and 1% penic i l l in–s t reptomycin) .  Ten 
micro l i t e r s o f l ip id nanopar t ic les wi th or wi th-
out camptothecin diluted with medium was added at  
24 h postinoculation, and the plates were incubated in a 5% 
CO2 atmosphere at 37 ºC for 12 and 24 h.  The final con-
centration of camptothecin in the medium was 8.6 µmol/L.  

After washing with phosphate-buffered saline, the cells 
were incubated with 5 mg/mL 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) in RPMI-1640 
for 2 h at 37 °C.  Formazan crystals resulting from MTT 
reduction were dissolved by adding 200 µL DMSO with 
gentle agitation for 30 min.  The absorbance of the super-
natant was then measured spectrophotometrically in an 
ELISA reader at 550 nm.  Cell viability was calculated as 
the percentage of the control.

Erythrocyte hemolysis  Blood samples were obtained 
from a healthy donor by venipuncture and collected into 
test tubes containing 124 mmol/L sodium citrate (1 vol-
ume of sodium citrate solution+9 volumes of blood).  The 
erythrocytes were immediately separated by centrifugation 
at 2000×g for 5 min and washed 3 times with 4 volumes 
of a normal saline solution.  Erythrocytes collected from 1 
mL blood were resuspended in 10 mL normal saline.  Im-
mediately thereafter, 2.5 mL of 2% (w/v) dispersions of the 
formulations and mixtures in saline were incubated with 
0.1 mL of the erythrocyte suspension.  Incubations were 
carried out at 37 °C with gentle shaking of the test tubes.  
After 1 h of incubation, the samples were centrifuged for 
5 min at 2000×g.  The absorbance of the supernatant was 
measured at 415 nm to determine the percentage of cells 
undergoing hemolysis.  Hemolysis induced with double-
distilled water was taken as 100%.

Statistical analysis  Statistical analysis of differences 
between different treatments was performed using unpaired 
Student’s t-test.  A 0.05 level of probability was taken as 
the level of significance.  An ANOVA test was also used.

Results
Mean diameter and zeta potential of lipid nano-

particles  SLN made of Precirol (SLN-P) or Compritol 
(SLN-C) as the core material were stabilized with PF68 
and Myverol.  Precirol is a glycerol palmitostearate with a 
melting point of 58 °C.  Compritol is a glycerol behenate 
consisting of mono-, di-, and triglycerides[12].  Squalene 
was used as the liquid matrix in the NLC and LE formu-
lations.  Squalene is an all-trans isoprenoid containing 6 
isoprene units, which has been used without evidence of 
safety concerns according to the World Health Organiza-
tion Weekly Epidemiological Record (14 July 2006).  The 
lipid nanoparticle systems were developed by hot homoge-
nization followed by ultrasonication.  In the camptothecin-
loaded mixtures, we observed no distinct, undissolved 
crystals.  Even though the exact solubility of camptothecin 
in the inner phase could not be measured, it appeared that 
most of input drug was solubilized.
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Values of the particle size and surface charge of the 
developed SLN, NLC, and LE are shown in Table 2.  After 
production, the mean diameters of the particles were in 
the range of 190~310 nm, depending on the lipid loading.  
The characterization of the particle size revealed that the 
average diameter of the SLN-P was considerably smaller 
(P<0.05) than that of the SLN-C.  The average diameter 
of the LE was comparable (P>0.05) to that of the SLN-P.  
NLC exhibited the smallest size (P<0.05) among the for-
mulations tested.  As depicted in Table 2, the zeta poten-
tials of the lipid nanoparticles were negative.  There was no 
significant difference (P>0.05) among the zeta potentials of 
the SLN and NLC formulations.  The LE showed a surface 
charge of –12.6 mV, which was lower (P<0.05) than those 
of the systems with solid lipids (approximately -35 mV).

Molecular environment of lipid nanoparticles  Nile 
red is a dye whose absorption bands vary in shape, posi-
tion, and intensity with the nature of the environment.  The 
emission spectra of Nile red in the nanoparticulate systems 
are shown in Figure 1.  Nile red is very soluble in organic 
solvents, such as acetone, and strongly fluorescent in a 
lipophilic environment[13].  Corresponding to high lipo-
philicity, such as with acetone and squalene, the emission 
maxima were found to be near 600 nm.  When incorporated 
into the nanoparticle systems, the increased re-orientation 
probability of the surrounding water molecules led to emis-
sion shifts to longer wavelengths.  A reduction in the fluo-
rescence intensity was observed for lipid nanoparticles as 
well.  The results indicated a decreasing trend of intensity: 
LE<SLN-C<NLC<SLN-P.

Camptothecin release from lipid nanoparticles  A 
key issue investigated in this study was the feasibility of 
using lipid nanoparticles to deliver camptothecin.  The abil-
ity of nanoparticles to deliver camptothecin was examined 
by determining the drug release, as shown in Figure 2.  The 

amount of camptothecin released from each formulation 
was plotted as a function of time.  The free control showed 
a quick release of camptothecin.  The inclusion of the drug 
in lipid nanoparticles significantly reduced the release.  The 
release kinetics from nanoparticles could be fitted with 
a zero-order model.  It was found that the release rate of 
the drug greatly depended on the inner phases in the lipid 
nanoparticles.  Both SLN systems showed the most sus-
tained release (P<0.05), with ~45% of total drug amount 
released within 30 h.  A more rapid release of camptothecin 
from the NLC and LE was observed, with ~65% and ~75% 
of camptothecin being released within 30 h, respectively.

Cytotoxicity assay  To assess the cytotoxicity of 
camptothecin-loaded formulations, their tumor-killing 
activity was determined against a melanoma cell line 
by MTT assay.  The effects of lipid nanoparticles on 
the viability (%) of melanomas studied after incuba-
tion periods of 12 and 24 h are presented in Figure 3.  A 
stronger inhibition of cell proliferation was observed 

Figure 1.  Fluorescence emission spectra of Nile red (1 ppm) in acetone, 
squalene, and lipid nanoparticle systems.

Figure 2.  In vitro release percentage (%)-time profiles of camptothecin 
(0.3% w/v) across a cellulose membrane from lipid nanoparticle systems.  
Each value represents the mean±SD.  n=4.

Table 2.  The characterization of lipid nanoparticles by mean diameter 
and zeta potential.  Each value represents the mean±SD. n=3.

   Code Mean diameter (nm) Zeta potential (mV)

 SLN-Pa 247.7±7.5 -36.1±3.6 
 SLN-Cb 309.9±2.1 -34.7±6.9 
 NLCc 192.3±10.2 -36.8±2.8 
 LEd 252.7±0.9 -12.6±3.4 

aSLN-P, solid lipid nanoparticles with Precirol as the inner phase
bSLN-C, solid lipid nanoparticles with Compritol as the inner phase
cNLC, nanostructured lipid carriers
dLE, lipid emulsion
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with 24 h rather than 12 h of incubation.  No statisti-
cally significant difference (P>0.05) in cell viability was 
found between free camptothecin and the drug-loaded 
SLN systems in the 12 h incubation experiment.  Camp-
tothecin loaded in the NLC and LE showed lower in 
vitro cytotoxic activities (P<0.05) than the free drug at  
12 h.  Camptothecin showed different cytotoxicity be-
haviors between the 12 and 24 h incubations.  At 24 h, 
the SLN-C and NLC showed similar activities as the free 
control.  It is surprising that camptothecin loaded in the 
SLN-P could almost completely inhibit the proliferation of 
melanoma cells.  Empty nanoparticles without camptoth-
ecin were also tested, and it was found that the particles 
themselves had no effect on cytotoxicity.  This indicates 
that the cytotoxicity toward the melanomas was mainly a 
consequence of the camptothecin molecules.

Erythrocyte hemolysis  The use of lipid nanoparticles 
for parenteral administration is subject to rigorous demands 
to determine the non-toxicity of the formulation.  To evalu-
ate the safety of the nanoparticles themselves, the hemo-
lytic activity was determined.  As shown in Table 3, the 
hemolysis percentages of the SLN-P, SLN-C, NLC, and LE 
were 5.34%, 0.24%, 2.59%, and 1.85%, respectively.  Thus 
all systems showed tolerable hemolysis of erythrocytes.

Storage stability  After 28 d of storage at 37 °C, 
the mean diameter of the SLN-C had increased from 
310 to 1157 nm, as observed in Figure 4.  This sug-
gests the instability of this system.  The particle sizes of 
the SLN-P, NLC, and LE were maintained during the 
28 d period (P>0.05).  Concerning the zeta potentials 
of lipid nanoparticles in Figure 5, the surface charge 
of the SLN-P was almost unchanged (P>0.05) over  
28 d.  The zeta potential of the SLN-C decreased (P<0.05) 

during storage at 37 °C.  Contrary to the case of the 
SLN-C, the addition of squalene to the lipid phase (with 
the NLC and LE) resulted in a slight but significant (P<0.05) 

Figure 3.  Viability of melanoma cells (B16-F0) following treatment with 
camptothecin in an aqueous solution (free drug) and lipid nanoparticle 
systems after incubation for 12 and 24 h.  Concentration of camptothecin 
in the medium was 8.6 µmol/L.  Each value represents the mean±SD.  
n=4.

Table 3.  Hemolysis percentage (%) after 1 h of incubation at 37 °C with 
lipid nanoparticles.  Each value represents the mean±SD. n=4.

  Code  Hemolysis (%) 

SLN-Pa 5.34±0.91 
SLN-Cb 0.24±0.69 
NLCc 2.59±1.44 
LEd 1.85±0.57 

aSLN-P, solid lipid nanoparticles with Precirol as the inner phase
bSLN-C, solid lipid nanoparticles with Compritol as the inner phase
cNLC, nanostructured lipid carriers
dLE, lipid emulsion

Figure 4.  Mean diameter change of lipid nanoparticle systems after 28 d 
of storage at 37 °C.  Each value represents the mean±SD. n=4.  bP<0.05 
significantly different as compared to the data at d 0.

Figure 5.  Zeta potential change of lipid nanoparticle systems after 28 d 
of storage at 37 °C.  Each value represents the mean±SD. n=4.  bP<0.05 
significantly different  compared to the data at d 0.
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increase in the zeta potential after storage.

Discussion
We are attempting to develop an approach which will 

permit the utilization of camptothecin, which is not cur-
rently used in clinical practice due to the lack of a suitable 
drug carrier system.  Thus the use of drug delivery tech-
nologies, such as SLN and NLC, should permit effective 
formulations and utilization of this potent agent in cancer 
therapy.  In this report we demonstrate that camptothecin 
can be effectively delivered using lipid nanoparticles, and 
that camptothecin-loaded nanoparticles displayed activ-
ity against melanomas, especially with SLN.  Nano- or 
submicron-sized particles were obtained with the prepared 
formulations.  The drug-containing nanoparticles remained 
within the injectable range for intravenous administra-
tion and were similar in size or smaller than fat emulsions 
presently being used for parenteral nutrition (200-400 nm)
[14].  The difference of lipid types in the inner phase greatly 
influenced the physicochemical characteristics of the lipid 
nanoparticles.

It was observed that glycerides with longer alkyl chains 
(Compritol) produced larger particles compared to those 
with shorter chains (Precirol).  The crystalline lipid core 
(of the SLN) produced larger diameter particles compared 
to that with the amorphous core (of the NLC).  Below 70 
°C, the viscosities of Precirol and Compritol increased 
rapidly[15].  In those case, the addition of a low viscosity 
oil might reduce the size distribution[16].  However, that 
was not the case for the LE, since squalene was the sole 
lipid present in the inner phase.  The composition of the 
nanoparticle shell significantly affects the physicochemi-
cal properties and drug release profiles[16].  The particulate 
systems were stabilized with the surfactants PF68 [with a 
hydrophile–lipophile balance (HLB) of 29] and Myverol 
(with an HLB of 7).  We found that the polarity of these 
systems particularly differed according to the molecular 
environment test.  The surfactant system with a determined 
HLB may well stabilize NLC, which had a moderate po-
larity, but not the LE, which showed the highest polarity 
among all systems.

Surface potentials should play an important role in 
nanoparticle stability due to electrostatic repulsion.  The 
LE exhibited a lower charge than either the SLN or NLC.  
Since PF68 is a non-ionic species, Myverol (palmitinic acid 
monoglycerides) and lipid cores may be responsible for the 
negative surface charges.  The negative charge was likely 
caused by the slightly ionized fatty acids from glycerides 
including Precirol, Compritol, and Myverol[18].  This may 

explain the additional negative charges introduced by the 
SLN and NLC.

The lipophilic fluorescent marker, Nile red, was used as 
a model molecule, and the molecular environment was elu-
cidated with a fluorescence spectrophotometer by utilizing 
the solvatochromism of Nile red.  The emission spectrum 
of Nile red shifts to longer wavelengths with increasing 
environment polarity.  The fluorescence is also quenched 
in a more-hydrophilic environment[19].  As shown in Fig-
ure 1, the SLN-P exhibited a more lipophilic environment 
than the others.  The pronounced lipophilic character of 
Precirol expressed by a low HLB of 2 may have contrib-
uted to this result.  The lipophilicity decreased following 
an increase in the squalene content in the formulations 
(LE>NLC>SLN-P).  It should be noted that the SLN-C 
showed a lower intensity compared to the SLN-P and NLC.  
The nanoparticles exhibited high fluorescence intensity 
when the majority of the Nile red molecules were dis-
solved in the inner phase.  A possible cause of the reduced 
intensity is the aggregation of Nile red and its relocation to 
a more polar environment[19].  Crystallization of lipids in 
the inner phase reduces the capacity to accommodate for-
eign molecules and caused the expulsion and aggregation 
of Nile red.  Lipids which form highly crystalline particles 
with a perfect lattice, such as Compritol, may lead to stron-
ger drug expulsion than Precirol.  The incorporation of 
liquid lipids to solid lipids can lead to massive crystal order 
disturbances, and the resulting matrix of lipid particles ex-
hibits great imperfections in the crystal lattice, thus leaving 
enough space to accommodate other molecules[7,20].

A zero-order release was suitable to fit the curve of all 
lipid nanoparticles during 30 h of administration (Figure 
2), indicating the sustained release of the drug.  Camptoth-
ecin shows a high octanol/water partitioning (logP=1.74)
[21].  The water solubility of camptothecin is also low (1.34 
µg/mL)[22].  It can be expected that most camptothecin 
molecules were included in the inner phase of lipid nano-
particles.  The drug is stably retained in the lipid cores for 
a determined duration, followed by its slow release into the 
external phase.  The release from the inner phase supple-
ments the depletion of the drug from the external phase, 
supplying sustained and controlled delivery of the drug[23].  
The zero-order fashion may also imply a membrane-con-
trolled mechanism.  The composition of emulsifiers in the 
interface was the same for all systems.  This may suggest 
that the lipid phase could alter the characteristics of the in-
terface, thus modulating the drug delivery.  As demonstrat-
ed in Figure 2, it is possible to modify the release profiles 
as a function of the lipid matrix.  SLN showed the slowest 
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release rate.  Drug mobility is drastically reduced in solidi-
fied or crystallized nanoparticles, which is a prerequisite 
for slow drug release[24,25].

The incorporation of liquid lipids into the solid lipid 
matrix caused the NLC to become more imperfect and 
allowed easier release of the loaded drug[7], thus increas-
ing the camptothecin release rate when liquid lipids were 
included in the NLC matrix.  Another possibility is that the 
smaller size of the NLC particles should increase the total 
surface area.  An increasing release rate would therefore 
be expected.  According to the Kelvin and Ostwald–Freun-
dlich equation, for small particles, especially in the nano-
meter range, the saturation solubility would significantly 
increase.  Both the increase in the saturation solubility and 
the enlargement of the surface area contribute to the en-
hancement of dissolution velocity according to the Noyes–
Whitney equation[26].  However, that was not the case for 
the LE with a larger mean diameter, but a higher camp-
tothecin release rate.  This can be explained by traditional 
oil-in-water emulsions not being suited for slow release 
because of the low viscosity and rigidity of the dispersed 
liquid phase which causes rapid drug diffusion out of the 
lipid phase[24].  Lundberg[27] prepared emulsions to deliver 
camptothecin derivatives.  He indicated that most drugs in-
tercalated in the shell of the emulsion droplets.  Hence the 
easier release of camptothecin from the shell monolayer 
may have contributed to the rapid drug release from the 
LE, although there were some differences in ingredients 
and preparation procedures between the emulsions devel-
oped by Lundberg and our laboratory.

Camptothecin is considered to be a potent drug against 
melanomas[28,29].  Camptothecin possesses a mechanism of 
action involving the inhibition of DNA relaxation by DNA 
topoisomerase I, and more specifically, the stabilization of 
a covalent binary complex formed between topoisomerase 
I and DNA[3].  The result of the in vitro cytotoxicity assay 
against melanomas indicated that the camptothecin-loaded 
SLN-P showed stronger inhibition of cell proliferation, 
followed by the SLN-C, NLC, and LE.  The SLN-P even 
exhibited higher cytotoxicity than the free drug after a 24 
h incubation.  The cytotoxicities of the SLN-C and NLC 
were comparable to that of the free control.  Camptothecin 
was slowly released from lipid nanoparticles.  Hence the 
activity against melanomas might not have predominantly 
been due to the direct penetration of free camptothecin into 
the cytoplasm.  Nanoparticles need to enter cells and dif-
fuse through the viscous cytosol to access the particular 
cytoplasmic targets where the sites of action are located[30].  
Cellular uptake of the drug can possibly occur by an en-

docytotic pathway of particles or by fusion of the particle 
surfaces with the cell membrane, leading to increased in-
ternalization of the nanoparticles and drug release inside 
the tumor[2,14].  Previous studies also show that SLN can 
enhance DNA transfection into the cells by an endocytosis 
process[31,32].  The SLN-P may exhibit excellent endocytotic 
activity to induce high cytotoxicity.  Additional work is re-
quired to confirm this hypothesis.

There may be other molecular mechanisms involved in 
the increased cell uptake of the drug by the nanoparticles 
besides the influence of endocytosis or fusion.  In the case 
of camptothecin, the pH of the microenvironment around 
tumor cells was found to affect drug uptake[33].  The acidic 
extracellular environment leads to a pH gradient unique to 
tumor cells.  This gradient favors the uptake and retention 
of camptothecin and its analogs[9].  The lipid nanoparticles 
tested showed a pH range of 4.3-5.1, as measured by a 
pH meter.  Moreover, as the protons in the systems are at-
tracted to the negatively-charged particles, the pH of the 
microenvironment around the particles will be lower than 
the bulk pH[34].  This may also explain the low cytotoxicity 
of the LE, since it showed a lower negative surface charge 
compared to the SLN and NLC.  The high cytotoxicity of 
the SLN-P is especially important for melanomas, since 
this tumor is highly resistant to chemotherapy and radiation 
therapy, and therapies for melanomas have generally been 
ineffective at best and have rarely resulted in sustained 
responses[35].

The hemolytic potential of the injectable forms has 
generally been found to correlate with the severity of 
lesions[36].  Any hemolytic effect is expected to be medi-
ated by direct contact between the lipid/water interface and 
erythrocytes[23,37].  The overall results of the hemolysis study 
indicated that treatment with the developed nanoparticle 
systems was less toxic, suggesting the potential for thera-
peutic applications.

Besides the issue of safety, the physical stability of a 
nanoparticle system is one of the most important desired 
product characteristics.  Lipid nanoparticles are heteroge-
neous systems and thermodynamically unstable, and there-
fore, may have a significant tendency to lose physical sta-
bility during storage.  Measuring the zeta potential indicates 
the storage stability of colloidal dispersions[6].  In general, 
the zeta potential decreased to -20 to -30 mV, which is not 
enough for sufficient electrostatic stabilization[38].  Howev-
er, the LE, which possessed a surface charge of -12.6 mV, 
showed good stability over 28 d of storage according to the 
size determination.  A great proportion of the SLN-C ag-
gregated to larger particles, although its surface charge was 
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more negative than -30 mV.  This may have been due to the 
crystallinity of Compritol.  Freitas and Müller[12] indicated 
that the particle diameter of SLN composed of Compritol 
increased from 0.77 µm to 23.34 µm during a 3 d storage.  
The continuous recrystallization in the inner phase may 
have caused particle collisions and partial destruction of the 
lipid/water interface.  The destruction of the particle shell 
may also have resulted in a reduction of surface charges of 
the SLN-C during storage.

In this study, we attempted to evaluate the feasibility of 
using lipid nanoparticles for camptothecin delivery.  Nano- 
to submicron-sized particles were achieved with the lipid 
nanoparticles developed in this investigation, and the NLCs 
showed the smallest mean diameter.  The controlled adjust-
ment of camptothecin release could be attained by modify-
ing the lipid matrix, with SLN showing the most sustained 
delivery followed by the NLC and LE.  Camptothecin 
incorporated into the SLN-P showed a higher in vitro cy-
totoxicity against melanomas compared to the free drug 
form.  However, the cytotoxicity of the LE was relatively 
lower than that of the free drug.  All nanoparticle systems 
were shown to be well tolerated according to the erythro-
cyte hemolysis test.  The experimental results indicated 
that the SLN-P obtained in this study could potentially be 
exploited as a novel camptothecin carrier with respect to 
its sustained drug release, high cytotoxicity to melanomas, 
low hemolysis, and good stability.  The lipid nanoparticle 
approach can thus enhance the utilization of camptothecin 
as a potential tool for cancer therapy.
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