
JPP 2008, 60: 1077–1087
© 2008 The Authors
Received December 2, 2007
Accepted April 22, 2008
DOI 10.1211/jpp.60.8.0014
ISSN 0022-3573

1077

PEGylated nanostructured lipid carriers loaded 
with 10-hydroxycamptothecin: an efficient 
carrier with enhanced anti-tumour effects 
against lung cancer 

Xinxin Zhang, Yong Gan, Li Gan, Shufang Nie and Weisan Pan 

Abstract 

Most drugs do not have the pharmacokinetic features required for optimal pulmonary delivery. In
this study, we developed PEGylated nanostructured lipid carriers (PEG-NLCs) to improve the delivery
of anti-tumour agents to lung tumours. PEG-40 NLCs modified with PEG-40 stearate (molecular
weight 2000 Da), PEG-100 NLCs modified with PEG-100 stearate (molecular weight 5000 Da) and
NLCs without PEG modification were prepared by melt-emulsification and homogenization, and
were loaded with 10-hydroxycamptothecin (HCPT). They were investigated in terms of physiological
characteristics, biodistribution, cellular uptake, and anti-tumour effect in-vivo. PEG-NLCs exhibited
regular morphology, with a spherical shape. The particle size (measured by laser diffraction)
was approximately 100 nm. Encapsulation in PEG-NLCs protected the active lactone form of HCPT
compared with HCPT solution after incubation with plasma. In biodistribution studies, PEG-NLCs,
especially PEG-40 NLCs, had longer circulation time and decreased uptake by the reticuloendothelial
system (RES) compared with unmodified NLCs. PEG-NLCs accumulated in the lungs after i.v. injection
in mice. PEG-NLCs showed enhanced cellular uptake by human lung adenocarcinoma epithelial
A549 cells. In-vivo experiments indicated that PEG-NLCs loaded with HCPT have superior efficacy
against A549 lung cancer compared with HCPT solution and NLCs. These results suggest that PEG-NLCs is
a promising delivery system for HCPT in the treatment of lung cancer. 

Camptothecin (CPT) and its analogues are promising anti-tumour agents. They inhibit
nuclear enzyme topoisomerase I (Jaxel et al 1989), which blocks DNA replication and thus
selectively affects cancer cells. Studies in animal and human subjects have shown that
10-hydroxycamptothecin (HCPT) is more potent and less toxic than the parent compound
CPT. HCPT has strong anti-tumour activity against a wide range of tumours (Zhou et al
1991), including hepatoma, gastric carcinoma, leukaemia, and head and neck tumours.
However, there are obstacles to the wide clinical application of HCPT. First, because of the
poor solubility in water and physiologically acceptable organic solvents, the development of
HCPT dosage forms is limited. Moreover, the lactone form of HCPT exists in a pH-dependent
equilibrium with an open carboxylate form (Figure 1). The lactone is the biologically active
form whereas the carboxylate form may render the drug much less active and highly toxic
(Igor et al 1998; O’Leary & Muggia 1998). The lactone opens rapidly to the carboxylate
form even in human plasma. In addition, the anti-tumour activity of CPT is time dependent,
and prolonged supply improves efficacy (Inaba 1994). The short half-life (t1/2; about
30 min) of HCPT means that frequent administration is required, and intensifies the side-
effects of the drug. 

HCPT currently approved for clinical use is a sodium salt solution of the carboxylate
form, which has a t1/2 of only about 30 min. It has minimal anticancer activity and unpre-
dictable side-effects such as myelosuppression, haemorrhagic cystitis, diarrhoea, nausea,
vomiting and dermatitis (Wani et al 1980). 

Attempts have been made to develop novel delivery systems to stabilize the lactone-
formed CPTs or prolong plasma t1/2 of HCPT. Polymeric nanoparticles (Leyang et al 2007),
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liposomes (Cortesi et al 1997) and micelles (Zerrin et al 2006)
have been explored with some success. A problem common
to these new formulas is rapid uptake by the reticuloendothelial
system (RES) and subsequent accumulation in the liver and
spleen. This phenomenon reduces the effectiveness of HCPT
for treating tumours and increases the toxicity to the RES. In
addition, degradation of polymeric materials may cause
potential toxicity on systemic administration (Alexander
2006). Thus, a new drug delivery system that avoids RES
uptake and increases tumour/tissue targeting would be very
useful to obtain a higher anti-tumour efficacy and decrease
the side-effects of HCPT. 

Nanostructured lipid carriers (NLCs) are an improved
generation of lipid nanoparticles (Müller et al 2002) developed
from solid lipid nanoparticles (SLNs). NLCs consist of solid
lipid matrices with spatially incompatible liquid lipids. They
retain many advantages of SLNs (e.g. controlled drug release,
biocompatibility and the possibility of production on a large
industrial scale) whilst also minimizing certain problems
associated with SLNs (drug leakage during storage and limited
drug loading capacity). 

PEGylated nanoparticles have been reported to be less
susceptible to uptake by the RES, with increased half-life in
the circulation (Moghimi et al 2001). Furthermore, PEG can
prolong exposure of tumour cells to nanoparticles loaded with
an anti-tumour drug and enhance permeability and retention
(EPR) effects (Maeda et al 2000). 

In the present study, PEGylated NLCs (PEG-NLCs) were
prepared as carriers to stabilize the lactone-form of HCPT,
prolonging the circulation time of the drug and increasing its
anti-tumour activity against lung cancer. PEG-NLCs were
investigated in terms of physiological characteristics, stability
of the HCPT lactone form in plasma, in-vitro release, biodis-
tribution, cellular uptake and in-vivo anti-tumour effect. In
this work, we found a novel lung-targeting effect of PEG-
NLCs after i.v. injection in mice. PEG-NLCs showed
increased uptake by human lung adenocarcinoma epithelial
A549 cells, and produced a superior anti-tumour efficacy
against the A549 lung cancer. 

Materials 

HCPT was from the Shanghai Junjie Biotechnology Co., Ltd
(China). Monostearin (Rikevita Co. Ltd, Tokyo, Japan) was

chosen as the solid lipid matrix of NLCs and purified soybean
oil 788 (Lipoid GmbH, Ludwigshafen, Germany) was used as
the liquid lipid for NLCs. Lecithin was from Lipoid Co.
Pluronic F68 was a gift from BASF Co., Ltd (Ludwigshafen,
Germany). Pyrene and polyethylene glycol stearates with
polymerization degrees of 40 and 100 (PEG-40 stearate and
PEG-100 stearate, respectively) were from Sigma-Aldrich
(New York, USA). Other reagents were of analytical grade
or higher. 

Animals and cell culture 

Female KM mice and BALB/cA nu/nu mice (20 ± 2 g, 4–5
weeks of age) were bred at the Shanghai Institute of Materia
Medica (Shanghai, China). Mice were housed in sterile cages
within laminar airflow hoods in a specific pathogen-free
room with a 12 h light–dark schedule. Food and water were
autoclaved. All experiments were carried out according to
institutional ethical guidelines on animal care and use. The
human lung adenocarcinoma epithelial cell line A549 was
from the Shanghai Institute of Materia Medica. Cells were
cultured in F-12K medium (Gibco, New York, USA) supple-
mented with 10% fetal bovine serum (Gibco), 100 UmL−1

penicillin and 100 UmL−1 streptomycin. Cultures were main-
tained at 37°C, 5% CO2 and 100% humidity. 

Preparation of HCPT-loaded PEG-NLCs and NLCs 
without PEG modification 

Compositions of the formulations used in this work, including
HCPT-loaded PEG-NLCs and NLCs without PEG modification,
are given in Table 1. PEG-NLCs were prepared using melt
emulsification followed by high-pressure homogenization.
Briefly, HCPT was dissolved in lecithin. Monostearin and
soybean oil were then added and the mixture was melted at
80°C. The hot oil phase was dispersed in an aqueous solution
containing PEG stearate of the same temperature, and a
coarse emulsion was formed using an Ultra Turrax (IKA,
Guangzhou, China) at 6500 revmin−1 for 10 min. The hot
coarse emulsion was then homogenized under 800 bar at
60°C with a high-pressure homogenizer (NS1001L, GEA,
Sala Baganza, PR, Italy) for eight cycles. The dispersions
were subsequently allowed to recrystallize at room tempera-
ture. PEG-NLCs prepared using PEG-40 stearate and PEG-
100 stearate (PEG molecular weights: 2000 and 5000 Da) are
designated as PEG-40 NLCs and PEG-100 NLCs, respec-
tively. HCPT-loaded NLCs (without PEG modification) were

Material and Methods 

Figure 1 The structure of hydroxycamptothecin (HCPT) and equilibrium reaction between the active form and inactive form. 
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prepared in the same manner as PEG-NLCs, but PEG stearate
was replaced by Pluronic F68. 

Characterization 

Particle size, zeta potential and morphology 
Particle size, size distribution and zeta potential of PEG-
NLCs and NLCs were determined using a laser diffrac-
tion particle size analyser (Nicomp 380 ZLS zeta poten-
tial/particle sizer, Santa Barbara, CA, USA). Samples
were diluted with double-distilled water to an adequate
scattering intensity prior to the measurement. Morphol-
ogy of PEG-NLCs was examined using a JEM-1230
transmission electron microscope (TEM; JEOL, Tokyo,
Japan). PEG40-NLCs and PEG100-NLCs were dispersed
in distilled water and stained with 2% phosphotungstic
acid, and then placed on copper grids with film for
viewing. 

Drug entrapment efficiency determination 
Free HCPT (not incorporated in the carriers) was separated
using an ultrafiltration–centrifugation technique (Michalowski
et al 2004). A 500 mL sample of HCPT-loaded PEG-NLCs/
NLCs was placed into Microcon YM-10 filter units
(10000 MW, Millipore, CT, USA) and centrifuged at
4000 revmin−1 for 10 min. The total HCPT concentration in
PEG-NLCs / NLCs was measured using HPLC after dissolv-
ing the samples in methanol. Free HCPT not incorporated
into the PEG-NLCs/NLCs was measured in the separated
ultrafiltrate. The % entrapment efficiency (EE) was calcu-
lated according to the following equation: EE = ([WT − WF]/
WT) × 100%, where WT is the weight of total drug in PEG-
NLCs/NLCs and WF is the weight of free drug in the ultrafil-
trate after centrifugation. 

Determination of fixed aqueous layer thickness 
(FALT) and PEG density 
FALT of PEG-40 NLCs and PEG-100 NLCs was calculated
using the Gouy–Chapmann theory (Yasuyuki et al 2002).
According to this theory, zeta potential y (L) as the electro-
static potential at the position of the slipping plane L (nm) is
expressed as: ln y (L) = ln A − kL = √C/0.3 L, where A is a
constant,k is the Debye–Hückel parameter (i.e. √C/0.3) and C
is the molarity of electrolytes for univalent salt. If zeta poten-
tials are measured in various concentrations of NaCl and plot-
ted against k, the slope L gives the position of the slipping
plane or thickness of the fixed aqueous layer in nm (Shimada
et al 1995; Sadzuka & Hirota 1997). 

PEG concentration was measured using a colorimetric
method (Sims & Snape 1980). Practically, standards (PEG
0–20 mgmL−1) or PEG-NLCs samples were added to 10 mL
water and mixed with 250 mL of a reagent consisting of I2
(10 gL−1) and KI (20 gL−1). Absorbance was measured at
525 nm. The surface density of the PEG chains (1/S) was cal-
culated according to the following equation (Peracchia et al
1997): 1/S = NPEG /Snp = N d a r/3MWPEG, where NPEG is the
total number of PEG chains, a is the PEG content at the sur-
face of the NLCs (% of the PEG-NLCs weight), Snp is the
surface area of the nanoparticles, and N, d, r, MWPEG repre-
sent Avogadro’s number, density of PEG-NLCs, particle size
and PEG molecular weight, respectively. 

The average distance D between two neighbouring PEG
chains was derived from the surface density of PEG chains:
D = √S 

In-vitro release study 

Release of HCPT from PEG-NLCs was examined in phos-
phate buffered saline (pH 7.4; PBS) using a dialysis method.

Table 1 Composition, particle size, polydispersity index, entrapment efficiency and zeta potential of the developed HCPT-loaded PEG-NLCs and
NLCs (without PEG modification). PEG-40 NLCs 2 were used for all subsequent experiments 

aPEG-40 NLCs 1–4 had solid:liquid lipid ratios of 9:1, 8:2, 7:3 and 6:4, respectively. 
Data are mean ± s.d. (n = 3). 
*P < 0.05. 

 PEG-40 NLCsa PEG-100 
NLCs 

NLCs 

 1 2 3 4   

Composition (% w/w)       
HCPT 0.05 0.05 0.05 0.05 0.05 0.05 
Monostearin 4.5 4.0 3.5 3.0 4.0 4.0 
Soybean oil 0.5 1.0 1.5 2.0 1.0 1.0 
Lecithin 1.5 1.5 1.5 1.5 1.5 1.5 
PEG-40 stearate 1.8 1.8 1.8 1.8 – – 
PEG-100 stearate – – – – 1.8 – 
Pluronic F68 – – – – – 1.0 
Water q.s. 100 100 100 100 100 100 

Characteristic       
Particle size (nm) 102.9 ± 7.1 88.6 ± 2.5 90.9 ± 2.8 85.3 ± 4.3 101.5 ± 3.2 91.5 ± 4.5 
Polydispersity index 0.186 ± 0.025 0.065 ± 0.021* 0.174 ± 0.029 0.304 ± 0.033 0.106 ± 0.018 0.114 ± 0.020
Entrapment efficiency (%) 88.8 ± 1.1 92.2 ± 1.8* 85.7 ± 0.9 81.6 ± 2.5 90.8 ± 1.2 88.6 ± 2.3 
Zeta potential (mV) −10.29 ± 0.31 -10.62 ± 0.65 −10.97 ± 0.28 −11.51 ± 0.47 −10.71 ± 0.52 −32.53 ± 0.43 
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A 6 mL sample of PEG-NLCs was placed in the dialysis bag
with a cut-off molecular weight of 12–14 kDa. The bags were
immersed in 500 mL PBS at 37°C. The paddle rotation speed
was 50 revmin−1. At selected time intervals, 8 mL dialysis
buffer was taken out for analysis and replaced with the same
volume of fresh medium. Samples were acidified with glacial
acetic acid (50 mL) prior to analysis by HPLC. 

Stability of HCPT lactone form in plasma 

One millilitre samples of HCPT-loaded PEG-40 NLCs, PEG-
100 NLCs and HCPT solution (sodium salt) were added to
10 mL plasma, and stirred with a magnetic bar at 37°C. Sam-
ples (200mL) of the mixture were then taken at selected time
intervals and transferred to polypropylene vials containing
200mL ice-cold methanol, vortex mixed (5min) and centrifuged
(10000rpm for 10min). The concentration of the HCPT lactone
form in the methanol extract was determined using HPLC. 

Pharmacokinetics and biodistribution in mice 

KM mice (20 ± 2 g) were used for biodistribution studies.
Mice were fasted overnight but had free access to water.
Preparations were injected i.v. via the tail vein. For each
preparation and each sampling time point, three mice were
treated with a single dose of HCPT of 2.5 mgkg−1 given as
HPCT solution (sodium salt), HCPT-loaded NLCs, PEG-40
NLCs or PEG-100 NLCs. 

Blood samples were collected at predetermined times into
heparinized test tubes from the ocular artery after eyeball
removal, and centrifuged immediately to obtain plasma. Organs
were then removed and samples were weighed, homogenized
with saline and acidified to pH 3.0 with phosphoric acid. 

HPLC analysis of HCPT 

The internal standard (100 mL CPT) and 3 mL ethyl acetate
were added to 0.5 mL plasma/tissue sample and extracted for
5 min. The mixture was centrifuged at 5000revmin−1 for
10 min, then 2.5 mL of the supernatant was dried under nitro-
gen and dissolved in 200 mL mobile phase. The solution was
centrifuged at 8000 revmin−1 for 15 min before HPLC analysis. 

The concentration of the HCPT lactone form was meas-
ured using reverse-phase HPLC with an LC-20A system
(Shimadzu, Kyoto, Japan). Analysis was done using a Zorbax
SB-C18 5 mm, 150 × 4.6 mm column (Agilent, CA, USA).
The mobile phase consisted of a 50:50 mixture of aqueous
triethylamine-acetate buffer (pH 6.0) and methanol, and
was delivered at a flow rate of 1.0 mLmin−1. HCPT was
monitored at 382 nm. 

Uptake by A549 cells 

A549 cells were seeded into 24-well plates at a density of
10000 cells per well and cultured in 1 mL F-12K at 37°C.
PEG-NLCs (50 mL) or NLCs labelled with 0.02% pyrene was
added to each well. After predefined periods of incubation,
the supernatants were removed. Cells were washed three
times with PBS and examined using an inverted fluorescence
microscope (IX71, Olympus, Tokyo, Japan). The amount of

label associated with the cells was assayed by dissolving cells
in DMF and analysed by fluorospectrophotometry (l excita-
tion 375 nm, l emission 402 nm). The number of cells that
had taken up the fluorescence marker was counted. 

Anti-tumour effects in mice bearing A549 lung 
cancer 

A549 cells (5 × 106 cells per mouse) were inoculated subcuta-
neously into the axillary region of BALB/cA nu/nu mice
(20 ± 2 g). When the tumours reached an average volume of
100–200 mm3, mice were randomly grouped (six per group)
to receive an injection (2.5 mgkg−1) of HCPT solution
(sodium salt), HCPT-loaded NLCs, PEG-40 NLCs, PEG-100
NLCs or saline via the tail vein twice a week for 3 weeks.
Tumours were measured twice a week using microcallipers.
The tumour volume (V) was calculated as follows:
V = (length × width2)/2. The relative tumour volume (RTV)
was used as an index of anti-tumour activity, and calculated
as follows: RTV = Vt/Vo, where Vt and Vo are the volumes
before and after treatment, respectively. 

Statistical analysis 

Statistical analysis of the effect of lipid matrix composi-
tions (ratios between solid lipid and liquid lipid 9:1, 8:2,
7:3 and 6:4) on the particle size distribution and entrap-
ment efficiency of PEG-40 NLCs was performed using
one-way analysis of variance. The effect of formulation on
the stability of the HCPT lactone form, pharmacokinetics,
biodistrubution and in-vivo anti-tumour effects was evaluated
by the Student’s t-test. Data are presented as mean ± s.d.
Differences were considered significant when P was less
than 0.05. 

Characteristics of PEG-NLCs and NLCs 

Table 1 showed the particle size, size distribution, zeta poten-
tial and entrapment efficiency of HCPT-loaded PEG-NLCs
and NLCs (without PEG modification). The particles of the
developed formulations, including HCPT-loaded PEG-NLCs
and NLCs, were about 100 nm diameter, and polydispersity
index (PI) values for all formulations were relatively low
(<0.3). The entrapment efficiency of HCPT in PEG-NLCs
and NLCs was more than 80%. The particle size distribution
and entrapment efficiency of PEG-NLCs were related to the
ratio of solid lipid to liquid lipid. To investigate the influence
of lipid-phase composition, PEG-NLCs composed of 5%
lipid phase at different ratios of solid lipid to liquid lipid were
prepared (i.e. 9:1, 8:2, 7:3 and 6:4; Table 1). For instance,
PEG-40 NLCs had similar particle size (~100 nm) when
prepared with different ratios of solid lipid to liquid lipid.
PEG-40 NLCs 2 (ratio of 8:2) showed significantly narrow
distribution (PI = 0.065) and high entrapment efficiency
(92.2%) compared with other formulations of PEG-40 NLCs
(P < 0.05). When the content of liquid lipid (soybean oil) was
below or exceeded 20%, PEG-40 NLCs had a broader

Results and Discussion
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distribution and lower entrapment efficiencies. A similar
trend was seen with PEG-100 NLCs (data not shown). 

The influence of lipid-phase composition on PI and
entrapment efficiency could be explained as follows: when
the proportion of liquid lipid in the lipid matrix was less than
20% (PEG-40 NLCs 1), this was insufficient to embed every
nanoparticle formed by solid lipids. A few nanoparticle crys-
tals composed of solid lipids without embedded liquid lipids
will therefore emerge in the system. This high-ordered crystal
induces drug expulsion and reduces entrapment efficiency
(Müller et al 2002). The different crystal forms of the nano-
particles lead to large PI. Liquid lipid in excess of 20% (PEG-
40 NLCs 3 and 4), was too high to be loaded within the solid
lipid matrix of NLCs. Separate oil droplets would therefore
exist in the system, and lead to a relative wide distribution
and low entrapment efficiency. Based on the experiments
above, we chose PEG-40 NLCs 2 (20% soybean oil in lipid
matrix) for further studies. 

Surface charge is important in nanoparticle systems. In
general, higher surface charge of the nanoparticles leads to
stronger repulsion interactions among nanoparitcles in disper-
sion, and hence higher stability. The zeta potential of PEG-40
NLCs and PEG-100 NLCs was about −10 mV. NLCs without
PEG surface coating had a more negative zeta potential
(about −33 mV; Table 1). These findings are consistent with a
previous report showing that the PEG outer-shell reduces the
surface charge (Hawley et al 1997). Despite reduced charge,
PEG-NLCs were stable, probably because of stereospecific
blockade between nanoparticles. 

The TEM images in Figure 2 show that PEG-40 NLCs and
PEG-100 NLCs were spherical, with a particle size of
approximately 100 nm. 

Interaction of the PEG polymer with the surrounding
water molecules results in a fixed aqueous layer around the
NLCs. This water-gathered surface prevents the attachment
of opsonins (Yasuyuki et al 2002). The approaching protein
compresses the PEG chains and induces steric repulsion
(Peracchia et al 1997). Thus, it was critical to determine the

FALT, in order to predict the long-circulation t1/2 of nanopar-
ticles. In this study, FALT was proportional to the molecular
weight of PEG stearate (Table 2). However, larger FALT or
longer PEG chains do not necessarily lead to greater reduc-
tions in RES uptake. The ability to avoid uptake also depends
on the PEG density and on the distance between adjacent
PEG chains of PEG-NLCs. According to a model for the
repulsion of protein from solid surfaces of MePEG2000-PLA
nanoparticles (Jeon et al 1991; Jeon & Andrade 1991), phago-
cytosis occurs if the density of PEG chains is beyond the
range of 1.5–2 nm2 per PEG molecule (corresponding to a
distance of 1.2–1.4 nm between two grafted PEG chains)
(Bazile et al 1995). As Table 2 shows, the PEG density of
PEG-40 NLCs was 0.61 nm2 per PEG, compatible with a
carrier with a long circulation t1/2 according to Jeon’s model.
The grafting density of PEG-100 NLCs was 2.68 nm2 per
PEG (distance between two PEG chains of 1.64 nm), which
would result in phagocytosis according to the model. 

In-vitro release study 

In order to evaluate the controlled release of the formulations,
HCPT release from PEG-NLCs in-vitro over 48 h was investi-
gated. Release curves, shown in Figure 3, indicate that release
of HCPT from PEG-40 NLCs and PEG-100 NLCs was sus-
tained, without an initial burst release. With the same particle
size, the release rate of HCPT from PEG-NLCs depended on
the molecular weight of PEG stearate. Longer PEG chains
resulted in slower release of HCPT (56.5% and 43.3% at 24 h
for PEG-40 NLCs and PEG-100 NLCs, respectively). This is
probably because the releasing mechanism of PEG-NLCs
combines the effects of bulk erosion and diffusion. With
increasing PEG molecular weight, FALT becomes larger,
thus increasing the thickness of the diffusion layer. The
results also suggest that encapsulation of HCPT in PEG-
NLCs changed the drug release behaviour, and subsequently
the carrier would affect the biodistribution in-vivo compared
with free HCPT. The study of drug release in-vitro was

Figure 2 Transmission electron microscope images of PEG-40 NLCs (A) and PEG-100 NLCs (B).

A200 nm 200 nm B
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performed without plasma or protein. The data only stands
for the processes of HCPT dissolution and PEG-NLCs
erosion in artificial body fluid. PEG-NLCs uptake and physi-
ological disposition are more complicated in-vivo because of
the effects of the immune system. Therefore, PEG molecular
weight cannot be considered to be the most essential influenc-
ing factor in the behaviour of PEG-NLCs in-vivo; it needs
to be characterized from a variety of PEG chain characters
(e.g. PEG density and distance between PEG chains). The
long-circulation t1/2 of the carrier should be demonstrated by
pharmacokinetic and biodistribution studies. 

Stability of the HCPT lactone form in plasma 

To check whether PEG-NLCs can protect the lactone form of
HCPT, PEG-NLCs and HCPT solution were added to plasma
to simulate physiological condition in-vivo. Consistent with
the results obtained from clinical trials (Wani et al 1980), only
about 10% of the lactone form of HCPT existed in plasma
with the HCPT solution, regardless of the sampling time
(Figure 4). This low proportion of the lactone form leads to
poor therapeutic effect and systemic toxicity. Figure 4 shows
that PEG-NLCs stabilized the HCPT lactone form. The con-
centration of the HCPT lactone form in plasma samples con-
taining PEG-NLCs was significantly higher than in plasma
samples containing the same amount of HCPT solution

(P < 0.01). Approximately 50% HCPT remained in lactone
form in PEG-NLCs after 3 h incubation in plasma. Thus,
encapsulation of HCPT in the lipid core of PEG-NLCs
protected the lactone form from the effects of environmental
pH. Similar effects were reported in lipidic nanoparticles for
CPTs (Williams et al 2003). The percentage of lactone HCPT
in PEG-40 NLCs and PEG-100 NLCs decreased rapidly
within 1 h. We believe this is because some drug was dis-
solved in the emulsifier interfacial film and was more readily
influenced by environmental pH due to plasma proteins.
Because of the high binding of HCPT to plasma proteins
(65–99%) and preferential binding of the carboxylate form
(Mi & Burke 1994), plasma protein binding of the carboxy-
late will shift the equilibrium from the closed lactone form to
the open carboxylate form (Figure 1). In comparison with
PEG-40 NLCs, the larger distances between the PEG chains
of PEG-100 NLCs (1.64 nm) cannot effectively prevent the
approach of proteins (small plasma proteins can pass though
the gap between PEG chains and touch the lipid core of
NLCs) (Peracchia et al 1997). Therefore, the lactone ring of
HCPT opens more quickly in PEG-100 NLCs than in PEG-40
NLCs, resulting in lower percentage of the lactone form. 

Pharmacokinetics and biodistribution in mice 

Plasma levels of the different formulations were studied to
determine the drug release profile in-vivo. The plasma
HCPT concentration profiles after single i.v. injections of
NLCs, PEG-40 NLCs, PEG-100 NLCs or HCPT solution at
a dose of 2.5 mg kg−1 are shown in Figure 5. Following
injection, HPCT disappeared from circulation within 2 h, a
reflection of its short t1/2. By contrast, HCPT-loaded NLCs
(without PEG modification) and PEG-NLCs showed a
longer circulation time than the HCPT solution. The plasma
HCPT concentration was much higher with PEG-NLCs than
with HCPT solution or NLCs at each sampling time
(P < 0.01 versus NLCs). 

Table 2 Fixed aqueous layer thickness (FALT), PEG density (surface
area occupied by each PEG chain; S) and distance between two neigh-
bouring PEG chains (D) of PEG-40 and PEG-100 NLCs

Data are mean ± s.d. (n = 3). 

Sample FALT (nm) S (nm2 per PEG) D (nm) 

PEG-40 NLCs 2.01 ± 0.07 0.61 ± 0.01 0.78 ± 0.02
PEG-100 NLCs 4.81 ± 0.11 2.68 ± 0.05 1.64 ± 0.03 

Figure 3 Release profile of HCPT from PEG-40 NLCs and PEG-100
NLCs. Data are mean ± s.d. (n = 3). 
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Pharmacokinetic parameters are summarized in Table 3.
PEG-NLCs significantly increased the t1/2 (6.83 and 7.35 h)
and resulted in larger areas under the plasma–concentration
time curves (AUC0–24 h 20.94 and 25.85 mghmL−1) for HCPT
compared with NLCs (t1/2: 3.32; AUC0-24 h: 5.17) and HCPT
solution (t1/2: 0.47; AUC0-24 h: 1.23). It is logical that HCPT
encapsulated in NLCs is released slowly and therefore shows
sustained release after i.v injection (Hu et al 2005). PEG-
NLCs undergo minimal phagocytosis by the RES and thus
remain in the circulation for a longer period of time than
HCPT solution or NLCs. 

To evaluate the distribution of PEG-NLCs in-vivo, HCPT
concentrations in the tissues were measured after i.v. injec-
tion of HCPT solution, HCPT-loaded NLCs and PEG-NLCs.
The distribution of HCPT in the liver, spleen, lungs, heart and
kidneys is shown in Figure 6. It can be clearly seen that the
biodistribution of HCPT was notably different in the groups

treated with NLCs or PEG-NLCs compared with HCPT
solution. As expected, NLCs were distributed mainly to the
RES organs (liver and spleen), with the majority accumulat-
ing in the liver. HCPT concentrations in the liver and spleen
were significantly lower with PEG-NLCs than with NLCs
(Figure 6A,C; P < 0.01). PEG modification reduced uptake of
nanoparticles by the RES. Significantly, the HCPT concentra-
tion in the liver and spleen was higher at most sampling times
with PEG-100 NLCs than with PEG-40 NLCs. This distinc-
tion could be attributed to less optimal PEG density of PEG-
100 NLCs (Table 2). The larger distance (1.64 nm) between
PEG chains in PEG-100 NLCs facilitates protein access to the
nanoparticles and initiates phagocytosis (Peracchia et al
1997). As shown in Figure 6D, the HCPT concentration in the
kidneys was significantly lower with PEG-NLCs than with
HCPT solution. Since renal toxicity is dose-limiting for
CPTs (O’Reilly et al 1996), frequent administration of HCPT
solution will intensify kidney injury. The results therefore
indicate that PEG-NLCs are valuable for decreasing the renal
toxicity of HCPT. 

PEG-NLCs, and PEG-40 NLCs in particular, greatly
increased the HCPT concentration in the lung (Figure 7E).
The maximum concentration (Cmax) of HCPT in the lung was
40-fold higher with PEG-40 NLCs than with HCPT solution:
AUC0-24 h was 14.51-fold greater and t1/2 increased by 4.55
fold (Table 3). NLCs and PEG-100 NLCs also resulted in
higher HCPT concentration in the lung for a longer period
of time. However, because of uptake by the RES, HCPT
concentration in lung was significantly lower than with PEG-
40 NLCs (P < 0.01). 

HCPT does not have the pharmacokinetic features
required for optimal pulmonary delivery following i.v. injec-
tion. Cmax in the lung for HCPT solution is only 0.99 mgg−1

tissue. Nanocarriers can optimize the pharmacokinetic prop-
erties of HCPT and improve drug delivery to the lung. Carrier
size is one of the factors that affect drug distribution, circula-
tion and cellular localization. Microspheres larger than 10 mm
will embolize in the pulmonary capillary bed and create a
high local concentration of drug. However, this aggregate
of carrier will result in ischaemic vascular pockets, losing
contact with the blood flow and nutrient exchange (Dziubla &
Muzukantov 2006). Particles of 0.5–1 mm are capable of
circulating in pulmonary capillaries, but they are unlikely to

Figure 5 Plasma concentration–time curves of HCPT after a single i.v.
2.5 mgkg−1 injection of HCPT solution, HCPT-loaded NLCs and PEG-
NLCs to mice. Data are mean ± s.d. (n = 3). **P < 0.01. Pharmacokinetic
parameters of HCPT in plasma and lung after i.v. injection of HCPT
solution, HCPT-loaded NLCs, PEG-40 NLCs and PEG-100 NLCs are
listed in Table 3. 
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Table 3 Pharmacokinetic parameters of HCPT following single i.v. injection of HCPT (25 mgkg−1) or nanoparticles to mice 

AUC, area under the plasma–concentration time curve; MRT, mean residence time; t1/2, plasma half-life; CL, clearance. 

AUC0–24 h 
(mgh mL-1) 

MRT (h) t1/2 (h) CL 
(mLh-1) 

F 

Plasma 
HCPT solution 1.23 ± 0.11 0.42 ± 0.04 0.47 ± 0.08 2.04 ± 0.18 – 
NLCs 5.17 ± 0.63 2.96 ± 0.36 3.32 ± 0.09 0.45 ± 0.06 4.20 ± 0.14 
PEG-40 NLCs 25.85 ± 2.07 18.81 ± 1.51 7.35 ± 0.11 0.09 ± 0.01 21.03 ± 0.20 
PEG-100 NLCs 20.94 ± 2.10 20.56 ± 0.18 6.83 ± 0.12 0.13 ± 0.01 17.01 ± 0.19

Lung      
HCPT solution 3.06 ± 0.21 3.30 ± 0.23 4.92 ± 0.09 0.36 ± 0.02 –– 
NLCs 14.17 ± 1.32 5.74 ± 0.53 20.68 ± 0.34 0.07 ± 0.01 4.63 ± 0.11 
PEG-40 NLCs 44.40 ± 3.29 7.14 ± 0.53 22.38 ± 0.27 0.04 ± 0.01 14.51 ± 0.08 
PEG-100 NLCs 26.49 ± 2.87 5.28 ± 0.57 19.42 ± 0.38 0.09 ± 0.01 8.64 ± 0.35 
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leave the vascular lumen, and show inferior capacity to target
the lungs. Nanocarriers about 100 nm in diameter are able to
pass through the vascular endothelium and reach pulmonary
alveoli. Therefore, PEG-NLCs of about 100 nm diameter
show most potential for targeting the lungs. The pulmonary

targeting effect is also related to the physiological structure
and function of the lungs. In order to cope with periods
of high cardiac output and satisfy oxygen demands, blood
pressure and the rate of perfusion in the lungs are signifi-
cantly lower than in the systemic vasculature (Dziubla &

Figure 6 Tissue distribution of HCPT to heart (A), liver (B), spleen (C), kidney (D) and lung (E) after a single 2.5 mgkg−1 i.v. injection of HPCT
solution, HCPT-loaded NLCs and PEG-NLCs to mice. Data are mean ± s.d. (n = 3 mice). *P < 0.05; **P < 0.01; ***P < 0.001. Pharmacokinetic
parameters of HCPT in plasma and lung after i.v. injection of HCPT solution, HCPT-loaded NLCs, PEG-40 NLCs and PEG-100 NLCs are listed in
Table 3. 
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Muzukantov 2006). This lays the foundation for the lung to
receive high doses of injected drugs. Another mechanism that
has been found to increase lung delivery is the EPR effect
(Maeda et al 2003). The EPR effect was originally described
when long-circulating stealth nanoparticles were shown to
accumulate in vascularized solid tumours, a reflection of the
erratic and highly permeable nature of the tumour vasculature.
The vasculature of the lungs is also highly permeable, since
the vascular bed receives the entire venous blood flow. It is
plausible that EPR-related accumulation in the lung might
occur. Indeed, reports have indicated that the pulmonary
accumulation of nanoparticles is caused by the selective
absorption by pneumocytes (Qingyu et al 2007). The alveolar
epithelium is formed by type I and type II pneumocytes. The
phospholipids and other pulmonary surfactants are synthe-
sized and secreted by type II pneumocytes to degrade alveolar
surface tension. The surfactant can be transported and suffers
pinocytosis by type I pneumocytes (Serrano & Perez-Gil
2006). The addition of surface activity substances in PEG-NLCs,
such as PEG stearate and phospholipid, could stimulate the
adsorption of type I pneumocytes, and target PEG-NLCs to

the lungs. This enhanced lung uptake effect of PEG-NLCs
shows promise for improving the therapeutic effect of HCPT
in the treatment of lung cancer. 

Uptake by A549 lung carcinoma cells 

It is clear that the efficiency of cellular uptake of drug-loaded
nanoparticles affects the therapeutic effects of the drug. Particles
labelled with fluorescent dyes are frequently used to study
cellular uptake. Some researchers had demonstrated that less
than 0.6% of the incorporated dye could leach out from the
nanoparticles over 48 h under in-vitro sink conditions (Desai
et al 1997). Pyrene is a suitable marker for studying the cellular
uptake of nanoparticles (Evangelos et al 2007). Pyrene was
incorporated into PEG-NLCs and NLCs, and the efficiency
of cellular uptake monitored by fluorescence microscopy.
Figures 7A–C show the microscopic images of A549 cells
after 24 h incubation with pyrene-labelled NLCs, PEG-40
NLCs and PEG-100 NLCs, respectively. It is evident that
more PEG-NLCs were engulfed by A549 cells than NLCs
after 24 h incubation. It can be seen that pyrene-labelled

Figure 7 Fluorescence microscopy images of the uptake of pyrene-labelled PEG-NLCs and NLCs by A549 cells. Cells were incubated for 24 h with
NLCs (A), PEG-40 NLCs (B) or PEG-100 NLCs (C). Magnification ×400. The uptake efficiencies for different nanoparticles by the A549 cells are
shown in (D). Data are mean ± s.d. (n = 3).
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NLCs and PEG-NLCs (blue) have been taken up by the cells,
but they cannot enter the nuclei. Figure 7D shows the cellular
uptake for all the samples during 36 h incubation. Obviously,
more nanoparticles were taken up by A549 cells because of
the extended exposure time. Cellular uptake was highest with
PEG-40 NLCs and lowest with NLCs. 

According to the literature, cellular uptake of particles can
be affected by many factors, including particle size (Zauner
et al 2001), the composition of particles, surface properties
(modification, charge, etc.), cell lineage and cell density
(Jung et al 2000). In these experiments, PEG modification
was considered to be the key character that determines the
efficiency of cellular uptake. As reported by Evangelos et al
(2007), PEG modification enhanced the cellular uptake of
nanoparticles, and increasing the PEG content of nanoparticles
resulted in decreased cellular uptake. More PEG-40 NLCs
were taken up by A549 cells compared with PEG-100 NLCs.
Attachment of the particles to the cell membrane (the first
step of the particle uptake process) is greatly affected by the
surface charge of the particles (Lorenze et al 2006).
In general, the negatively charged cell membrane has a
tendency to absorb positively charged or neutral nanoparti-
cles. The zeta potential of PEG-NLCs is close to zero
(about −10 mV). In contrast, the zeta potential of NLCs is
−32.53 ± 0.43 mV, indicating a negative surface charge. The
electronic repulsion between NLCs and A549 cells reduced
absorption of NLCs to A549 cells. 

Anti-tumour effects in nude mice bearing A549 
lung cancer 

The anti-tumour effects of HCPT-loaded NLCs and PEG-
NLCs were evaluated in-vivo using A549-bearing nude mice.
Figure 8 shows the RTV in mice with time. Tumour growth
was significantly inhibited in all groups except the negative
control group (P < 0.05). PEG-NLCs, especially PEG-40

NLCs, had a notably enhanced anti-tumour efficacy com-
pared with HCPT solution (P<0.01). This could be for several
reasons. First, the HCPT injection solution used was a solu-
tion of HCPT carboxylate, whereas the HCPT encapsulated
in PEG-NLCs was the active lactone form; it is therefore
reasonable that better anti-tumour effect could be accom-
plished. Second, the sustained-release characteristic of PEG-
NLCs may prolong the exposure of tumour cells to the effects
of the anti-tumour drug, which is essential for S-phase-
specific drugs like HCPT. Third, PEG-40 NLCs avoid uptake
by the RES, and thus increase the HCPT concentration in
non-RES tissues. Meanwhile, PEG-NLCs loaded with HPCT
could accumulate in tumours because of the EPR effect. 

Conclusion 

NLCs loaded with HCPT have been successfully modified
with PEG stearate of different molecular weights. This for-
mulation protected the active lactone form of HCPT. Both the
length and the grafting density of the PEG chains influenced
the in-vivo behaviour of the PEG-NLCs. PEG-NLCs, espe-
cially PEG-40 NLCs, had a longer circulation time and
showed less uptake by the RES than unmodified NLCs. Inter-
estingly, PEG-NLCs resulted in significantly enhanced
uptake by the lungs after i.v. injection in mice. Cellular
uptake by A549 cells was also high with PEG-NLCs. In-vivo
anti-tumour experiments indicated that HCPT-loaded PEG-
NLCs, especially PEG-40 NLCs, have superior efficacy
against the A549 tumour. These results demonstrate that
PEG-NLCs are a promising delivery system for HCPT in the
treatment of lung cancer. 
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