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a b s t r a c t

Lipid nanoparticles of the cancer drug Chlorambucil (CLB) were prepared by ultrasonication, using stearic
acid as the core lipid. Four types of lipid nanoparticle formulations were studied: (i) stearic acid solid
lipid nanoparticles (SLN); (ii) sterically stabilized SLN with pegylated phospholipids as stabilizer; (iii)
nanostructured lipid complexes with oleic acid as adjunct lipid; (iv) lipid nanocomplexes with dimethyl
dioctadecyl ammonium bromide (DDAB) as surface modifier (LN). Lipid nanoparticles were characterized
for particle size, assay and encapsulation efficiency, particle morphology and physico-chemical stability
over 90 days. All of the formulations were physically stable, with an average particle size of 147 (±10) nm.
The drug encapsulation efficiency (DEE) of all the formulations except LN decreased significantly over
time (p < 0.05), probably due to the expulsion of CLB upon crystallization. This indicated that the presence
ipid nanoparticles
imethyl dioctadecyl ammonium bromide
harmacokinetics
tability

of DDAB in stearic acid nanoparticles increases DEE, preventing CLB degradation in the aqueous disperse
phase. Pharmacokinetic studies of the intravenous LN formulation revealed plasma clearance kinetics
were comparable to that of CLB solution (p > 0.01), indicating electrostatic charge mediated clearance,
as reported earlier. In tissue and tumor distribution studies, lower AUC values of CLB were observed
for LN compared to CLB solution in liver, kidneys, heart and lungs. However, higher AUC values of LN
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. Introduction

Nanotechnology-based drug delivery systems (NBDDS) for anti-
ancer therapy are designed to alter the unfavorable properties of
free’ drug molecules (anticancer agents), such as poor specificity
nd high toxicity. Over the past decade solid lipid nanoparticles
SLN) have emerged as potential NBDDS for delivery of anticancer
rugs. The advantages offered by SLN include ease of scale up,
roduction without organic solvents, use of GRAS listed excipi-
nts and a wide spectrum of application (dermal, oral, intravenous)
Mehnert and Mader, 2001; Muller and Keck, 2004; Muller et al.,
000, 2002b). Moreover, most of the anticancer drugs are lipophilic
nd SLN can be used to deliver such drugs more effectively. To
nhance the selectivity of anticancer agents, newer generation SLN

uch as polymer–lipid hybrid nanoparticles, nanolipid complexes
nd long circulating SLN have been developed (Wong et al., 2007).
here are many published reports where SLN have been utilized for
ncapsulation of anticancer drugs such as camptothecin (Yang et al.,
999), doxorubicin (Fundaro et al., 2000), etoposide (Harivardhan
eddy et al., 2005) and paclitaxel (Lee et al., 2007; Yuan et al., 2008).

∗ Corresponding author. Tel.: +64 9 373 7599x82836; fax: +64 9 367 7192.
E-mail address: s.garg@auckland.ac.nz (S. Garg).
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solution (p < 0.01) in tumors suggested that the presence of DDAB on the
reater accumulation of the drug in tumors.

© 2008 Elsevier B.V. All rights reserved.

SLN made from solid lipids show drug expulsion after long term
torage, resulting in low drug encapsulation efficiency (Jores et al.,
004). Drug expulsion occurs due to the tendency of the lipid to
orm perfect crystals on re-crystallization (Muller et al., 2002a).
se of either complex lipids (with less ordered structure such as
ompritol 888 ATO) or a mixture of solid lipid and oil (nanolipid
omplexes) has been suggested to overcome the drug expulsion and
rug loading problems of SLN. The idea behind these approaches is
hat complex lipids have inbuilt imperfections (being a triglyceride
ith different fatty acids) in their lattice structure, and inclusion

f oil with a solid lipid can create separation in the fatty acid chain
acking, making more room for the drug (Saupe et al., 2005).

The aim of the present study was to determine the efficiency of
olid lipid nanoparticles to encapsulate a poorly water soluble drug,
hlorambucil (CLB) (4-[bis(2-chlorethyl)amino]benzenebutanoic
cid), which is a nitrogen mustard derivative and a quite widely
sed antineoplastic drug (Fig. 1). CLB is a DNA alkylating agent, with
low melting point (64–66 ◦C) and high solubility in lipids (The

erck Index, 2006). Despite its low solubility in water, it undergoes

ydrolysis in aqueous media (Bosanquet and Clarke, 1986; Owen
nd Stewart, 1979). This hydrolysis is affected by several factors
ncluding pH and the ionic species present in the vicinity of the CLB

olecule (Chatterji et al., 1982; Ehrsson et al., 1980).

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:s.garg@auckland.ac.nz
dx.doi.org/10.1016/j.ijpharm.2008.09.032
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ig. 1. Structure of Chlorambucil (4-[bis(2chlorethyl)amino]benzenebutanoic acid).

The chemical instability of CLB is a major limitation in achiev-
ng the optimum therapeutic performance (Salmaso et al., 2007).
ue to these reasons, encapsulating CLB in a solid lipid based for-
ulation has the potential to enhance both its stability and tumor

pecificity. In the current study, selection of the core lipid for prepa-
ation of solid lipid nanoparticles was based on the solubility of
LB in the different lipids available (discussed later). Developed

ipid nanoparticles were evaluated for physico-chemical proper-
ies, physical and chemical stability and their pharmacokinetics and
iodistribution after intravenous administration in mice. The phar-
acokinetics and biodistribution of the stable lipid nanoparticle

ormulation were compared to that of CLB solution (CLB-Sol).

. Materials

Chlorambucil (CLB), praziquantel (internal standard, I.S.), stearic
cid, Tween 60, tyloxapol and oleic acid were purchased from Sigma
hemicals (USA). Distearoyl phosphatidyl ethanolamine polyethy-

ene glycol 2000, poloxamer F 68, sodium glycocholate, precirol
TO 5, compritol ATO 888, dynasan 114, glyceryl monostearate were
eceived as gift samples from Lipoid GmbH (Germany), BASF (USA),
ew Zealand Pharmaceuticals Limited (New Zealand), Gattefossé

France) and Sasol (Germany), respectively. All the reagents used in
obile phase preparation for HPLC were of AR grade and solvents
ere of HPLC grade. Water used in the preparation of formula-

ion and buffers was obtained by reverse osmosis (MilliQ unit) of
emineralized water.

. Methods
.1. Selection of lipid

Lipid selection was based on the solubility of CLB to give a visu-
lly clear solution in lipid melt under normal light when seen with
he naked eye Shah et al., 2007. The lipids used for this study were

p
2
m
l
2

able 1
omposition of different lipid formulations.

ype SLN NLCa

ipid/adjunct lipid SA (5%) SA/OA (5%)
urfactant Poloxamer (2%) Tyloxapol (
osurfactant SGC (1%) SGC (1%)
unctional excipient – –

A: stearic acid; OA: oleic acid; SGC: sodium glycocholate; PEG2000DSPE: Distearoylphospha
romide.
a 20% (w/w) (with respect to lipid amount) of OA was used in SA + OA mix.
harmaceutics 367 (2009) 187–194

ompritol 888 ATO, precirol ATO 5, dynasan 114, glyceryl monos-
earate and stearic acid. CLB (10 mg) and varying quantities of
elected lipids in 10 ml glass vials were heated 5 ◦C above the melt-
ng point of the lipid in a controlled temperature water bath (Water
irculator, Julabo, GmbH, Germany). After melting, the solubility of
he CLB was observed visually in the melt.

.2. Preparative technique

Lipid nanoparticles were prepared by the controlled tempera-
ure probe sonication technique. An accurately weighed amount of
ipid (5.0 g)/CLB (0.010 g) mixture was placed in a standard 20 ml
lass vial, in a stainless steel cylindrical jacketed (in house) assem-
ly whose temperature was controlled by a circulating water bath
Water Circulator, Julabo, GmbH, Germany) at 75 ◦C. When the
ipid/CLB mixture was melted to give a clear solution, a hot (75 ◦C)
urfactant solution (5 ml) as the aqueous phase was added under
ltrahigh sonication, using a probe sonicator (Ultrasonic Proces-
or, Hielscher, Germany). The resulting hot emulsion was always
ltered through 0.2 �m filter and then cooled much below the
rystallization temperature of the lipid (up to 20 ◦C) to give lipid
anoparticles. Immediately after preparation there was always an

ncrease in the volume (5.2 ml) of the formulation (due to the pres-
nce of melted oil droplets and high temperature). However, after
ltration, cooling and keeping the formulation for 1 h at 25 ◦C, the
olume of the formulation was always 5 (±0.1) ml. The amplitude
nd time of ultrasonication was optimized based on the particle size
equired and the gel formation propensity of the final formulation.

Four types of nanoparticles were prepared; solid lipid nanopar-
icles or SLN, pegylated solid lipid nanoparticles or PEG-SLN
using Distearoylphosphatidylethanolamine Polyethylene Glycol
000 (PEG2000DSPE with a stearic acid domain)], nanolipid com-
lexes or NLC (using oleic acid as adjunct lipid) and lipid nanoplexes
r LN [using dimethyl distearyl ammonium bromide (DDAB)]. The
ipid concentration (stearic acid) was kept constant at 5% (w/v) in a
ml batch size. In LN formulations, 1% composition of the lipid was
lso tested. In all formulations, CLB was mixed with the lipid phase.
n case of PEG-SLN, PEG2000DSPE was added to the lipid phase.
ompositions of SLN, PEG-SLN, NLC and LN are shown in Table 1.
ifferent concentrations and mix of lipids, surfactant/cosurfactant
nd CLB were studied for their effect on particle size and the
hysical nature of the final formulation. Only final composition of

ndividual formulation is mentioned in Table 1.

.3. Analytical techniques

.3.1. Evaluation of particle size and zeta potential
The particle size analysis of lipid nanoparticle formulations was
erformed by dynamic light scattering using a Malvern Hydro
000SM particle size analyzer (Malvern Instruments, UK). The for-
ulations were added dropwise to the sample dispersion unit. The

aser obscuration range was always maintained between 10% and
0%. As it is difficult to obtain the absolute refractive index of indi-

PEG-SLN LN

SA (5%) SA (1 and 5%)
2%) Poloxamer (2%) Poloxamer (2%)

SGC (1%) Tween 60 (1%)
PEG2000DSPE (0.2%) DDAB (0.0006%)

tidylethanolamine Polyethylene Glycol 2000; DDAB: dimethyl distearyl ammonium
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idual formulations, a refractive index value of 1.5 was used for
article size analysis. The analysis was performed in triplicate and
he average values of volume distribution were used for analysis.
he average particle size is expressed as d (0.5) (50% of the par-
icle volume below this value). A d (0.9) values indicate the 90%
f particle volume below a particular size. For the zeta potential,
amples were diluted with double-distilled water and placed in the
lectrophoretic cell of the Zetasizer (Malvern Instruments, Malvern,
K).

.3.2. Evaluation of drug entrapment efficiency and high pressure
iquid chromatography (HPLC) method

Two methods were used for estimation of drug entrapment effi-
iency (DEE) viz. ultrafiltration and direct solubilization.

.3.2.1. Ultrafiltration method. In ultrafiltration method, a formula-
ion is membrane filtered by applying hydrostatic pressure (against
he membrane) resulting in the separation of particles (depending
pon the size of the filter) and clear fluid. In the present study,
ltrafiltration was performed using Centrisart tubes (Sartorius, AG,
ermany), which consists of a filter membrane (molecular weight
ut-off 20,000 Da) at the base of the sample recovery chamber.
bout 1 ml of undiluted sample of CLB loaded formulation was
laced in the outer chamber and the sample recovery chamber
laced on top of the sample. The unit was centrifuged at 3500 rpm
or 15 min. The lipid nanoparticles along with encapsulated drug
emained in the outer chamber while the aqueous phase moved
nto the sample recovery chamber through the filter membrane.
he concentration of the CLB in the aqueous phase was estimated
sing HPLC. The DEE (%) was estimated using the formula

EE(%) =
(

Winitial − Wobtained

Winitial

)
× 100

here “Wobtained” is the amount of drug in the aqueous phase calcu-
ated from HPLC and “Winitial” is the amount of drug present initially
n the formulation.

.3.2.2. Direct solubilization. The DEE of the drug was determined
y measuring the concentration of CLB remaining (undegraded) in
he formulation. To determine (DEE), a definite volume of formu-
ation was taken (in triplicate) and diluted with methanol to give

final concentration of 10 �g/ml (theoretically) and analyzed by
PLC. DEE was calculated as follows:

EE(%) =
(

Wobtained

Winitial

)
× 100

here “Wobtained” is the amount of drug calculated from HPLC and
Winitial” is the amount of drug present initially in the formula-
ion. CLB and the excipients used in the study were soluble in

ethanol. Because CLB is unstable in aqueous surfactant solution,
ny decrease in the DEE is indicative of loss of drug from the lipid
anoparticles.

A validated reverse phase HPLC method was used for the anal-
sis of CLB in sample. An Agilent® series 1100 LC comprising of a
uaternary pump, a thermostatted column compartment, online
egasser, an autosampler, and an electrochemical PDA detector
ere used for the analysis of the drug. For instrument control,
ata acquisition and processing, the chromatographic system was

nterfaced to Agilent Chemstation® LC/MS software (Agilent Tech-
ologies, Germany). Chromatographic separation was performed

sing a Gemini analytical column (250 mm × 4.6 mm, particle size
�m) from Phenomenox, USA and a C18 precolumn of the same
acking (12.5 mm × 4.6 mm). Mobile phase comprising of acetoni-
rile and 0.2% dilute acetic acid solution was used in a composition
f 65:35 (v/v) at an isocratic flow rate of 1 ml/min. Before use,

l
a
G
p
T
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he mobile phase was always filtered through 0.45 �m nylon fil-
ers (Millipore, USA). The volume of samples injected was 50 �l
nd analysis was carried out at a wavelength of 258 nm. Auto sam-
ler temperature was maintained at 10 ◦C. The HPLC method was
alidated for linearity (from 0.1 to 30 �g/ml), specificity (by peak
urity and resolution), accuracy (at 0.1, 15 and 30 �g/ml) and pre-
ision. The HPLC method was found to be linear in the range of
.1–30 �g/ml (R2 > 0.999). Intraday variability of quality control
tandard at 0.1, 15 and 30 �g/ml was 2.2%, 0.7% and 1.3% RSD,
espectively. The interday variability at the above concentration
as 4.5%, 1.9% and 1.3% RSD, respectively. The accuracy values at
.1, 15 and 30 �g/ml were 5%, 1.3% and 1.0% (for intraday) and 10%,
.6% and 1.7% (for interday) of the true values.

HPLC method used for CLB determination was stability indi-
ating with respect to CLB peak as determined by Agilent
hemstation® software.

.4. Physical and chemical stability

Stability studies of lipid formulations (SLN, PEG-SLN, NLC and
N) were performed for 90 days. All the stability samples were pre-
ared in triplicate and were kept at 4–8 ◦C (Stability Chamber, WTC,
inder, Germany). Evaluation parameters for the stability study
ere selected depending upon the study objective. Particle sizing
as performed for the evaluation of the physical stability of the

ormulation. For establishing the stability of the drug in the lipid
anoparticle formulation, DEE was evaluated using HPLC analysis.
t each stability time point, samples were evaluated for particle
ize and DEE.

.5. Osmolality and pH measurement

Measurement of osmolality was based on the freezing-point
ethod as described in the user’s manual (Advanced Instru-
ents). Briefly, after calibration of the osmometer (Model 3D3,

dvanced Instruments, Inc., USA) with reference standards (100
nd 290 mOsm/kg, Advanced Instruments), the osmolality was
ecorded with 0.20 ml of sample. The osmolality of the formulation
as adjusted to 300.6 ± 2.3 mOsm/kg with mannitol before intra-

enous administration. The pH was measured using a calibrated
ettler Toledo pH meter (Mettler-Toledo GmbH, Switzerland).

.6. Pharmacokinetics and tissue distribution

Male mice (C57 BL/6) weighing 25–30 g were obtained from Ver-
on Jansen Unit, The University of Auckland, New Zealand. The
nimals were acclimatized for at least 1–2 weeks before experi-
entation, fed with standard diet and allowed for water ad libitum.
ll animal experiments were evaluated and approved by the Animal
thics Committee, The University of Auckland, New Zealand.

A dose of 10 mg/kg of each formulation was administered via
ail vein (5 ml/kg) with a 1 cm3 Tuberculin syringe (Terumo Syringe,
aguna, Philippines) fitted with a 26 gauge needle. Control groups
eceived the appropriate vehicles. At predetermined time points (5,
5, 30, 60 and 90 min); three mice were anaesthetized with isoflu-
ane. Blood was collected from retro-orbital sinus into eppendorf
ubes containing 7.5% sodium ethylenediamine tetraacetate solu-
ion, and centrifuged at 4500 rpm for 15 min for the isolation of the
lasma.

The mice were then euthanized by cervical dislocation, and the

iver, kidney, heart, and lungs were collected, washed, weighed
nd homogenized (Ultra-Turrax Homogenizer (IKS T10), IKA Werke
mbH & Co., Germany) in 1 ml of PBS (pH 7.4). After collection, both
lasma and tissue samples were stored at −20 ◦C until analysis.
umors were also collected when carrying out the pharmacoki-



1 al of P

n
a

3

r
a
t
t
b
l
B
d

3

0
c
f
t
4
w
c
m
H
a
T
i
w
A
(
p
c
c
a
d
(
t
p

3
m

g
c
v
1
w
p
w

3

n
T
w
p
t
h
w
t
p
d
T

S
s

4

4

m
e
l
s
t
r
F
1
C
(
f

4

d
t
f
(
g
i
s
c
o
o
f
t

h
a
t
w
(

LN formulation. In LN formulations without CLB, zeta poten-
tial values increased (towards positive scale) from −38 ± 1.7 to
−31.29 ± 3.41 mV as the concentration of DDAB was increased from
1 to 100 �M. In LN formulations with CLB, a zeta potential value of
−7.04 ± 3.5 mV was observed.
90 P. Sharma et al. / International Journ

etic study in tumor bearing mice and processed as mentioned
bove.

.6.1. Preparation of CLB solution
CLB solution (CLB-Sol) was prepared according to the method

eported by (Lee et al., 1986). CLB (20 mg) was dissolved in 1 ml of
cidified ethanol (4.8 ml of concentrated hydrochloric acid added
o 95% (v/v) ethyl alcohol in a volume of 100 ml) and diluted
o 10 ml with propylene glycol/dipotassium hydrogen phosphate
uffer (20 g of dipotassium hydrogen phosphate plus 450 ml propy-

ene glycol diluting to 1 l with water for injection), final pH 7.4.
ecause of the poor stability of CLB solution, it was injected imme-
iately by the i.v. route in a volume of 5 ml/kg body weight.

.6.2. Plasma and tissue sample analysis
To determine CLB content, 5 �l of I.S. (5 �g/ml) was added to

.1 ml of plasma or tissue homogenate. Protein precipitation was
arried out by addition of 1 ml chilled acetonitrile. After vortexing
or 1 min with the VX100 Labnet vortex mixer (Labnet Int., NJ, US),
he samples were kept on ice for 30 min and then centrifuged at
500 rpm for 15 min to precipitate the proteins. The supernatant
as then removed to a clean test tube and vacuum dried (Lab-

onco Corporation, Kansas, US). Residues were reconstituted with
obile phase, and 50 �l injected into the HPLC for analysis. The
PLC method previously reported (Ganta et al., 2008) was used
nd validated for the estimation of CLB in plasma and tissue matrix.
he lowest standard (i.e., 0.1 �g/ml) on the calibration curve was
dentified as the lower limit of quantification as the analyte peak
as identifiable and reproducible with a precision of less than 20%.
calibration curve was prepared using six calibration standards

0.1–20 �g/ml, 5 �g/ml I.S.). Intraday and interday accuracy and
recision were determined by analysis of the 0.1, 10 and 20 �g/ml
oncentrations. The precision and accuracy of the method at each
oncentration was calculated as the percent relative standard devi-
tion (% RSD). CLB extraction efficiency from plasma and tissues was
etermined by comparing the concentration of extracted samples
0.1, 10 and 20 �g/ml) with the unextracted standards containing
he same amount of the analyte. In all the cases five replicate sam-
les were analyzed.

.6.3. Pharmacokinetics and tissue distribution in tumor bearing
ice

Pharmacokinetics and tissue distribution of CLB were investi-
ated in mice (C57 BL/6, male) subcutaneously inoculated with
olon-38 tumor fragments from the donor mice. After the tumor
olume reached 50 mm3, mice were administered an initial
0 mg/kg dose of CLB-Sol or LN via the tail vein. The control group
as treated with vehicle (without any drug). The balance of the
rocedure (for plasma, tissue and tumor extraction and analysis)
as as described above.

.6.4. Pharmacokinetic and statistical analysis
CLB pharmacokinetic parameters in mice were estimated using

on-compartmental analysis (NCA) with WinNonlin version 5.0.
he data were fitted to NCA using a weighed least square algorithm
ith uniform weighing. The area under the concentration–time
rofiles (AUC), the mean residence time (MRT), the volume of dis-
ribution at steady state (Vss), total body clearance (CL) and plasma
alf-lives for the distribution (t1/2˛) and elimination phase (t1/2ˇ)

ere calculated by the log-linear trapezoidal rule with extrapola-

ion of the terminal slope to infinity by log-linear regression. The
harmacokinetic results were analyzed statistically using the Stu-
ent’s independent sample t-test and expressed as one-way p value.
he statistical differences between the groups were evaluated by

F
1
m
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igmaStat 3.5. In all analysis, a p value < 0.01 or 0.05 was considered
tatistically significant.

. Results and discussion

.1. Solubility study for selection of core lipid

For SLN formulation, solubility of drug in the lipid is a deter-
inant of the encapsulation efficiency of lipid nanoparticles. It is

xpected that high lipid solubility would result in high encapsu-
ation efficiency of the final formulation (Muller et al., 2000). To
tudy the lipid solubility of CLB, a range of lipids (fatty acids and
riglycerides) was selected. For lipids with melting point more than
oom temperature, solubility has to be determined in the lipid melt.
ig. 2 shows the amounts of different lipids required to solubilize
0 mg of CLB. Stearic acid had the highest potential to solubilize
LB, and has been used previously for intravenous SLN formulation
Fundaro et al., 2000). Due to these reasons, stearic acid was used
or further studies.

.2. Preparation of lipid nanoparticles and their characterization

Controlled temperature probe sonication technique involves
ispersing melted lipid:drug oil globules in the hot surfactant solu-
ion by ultrahigh sonication for an optimized time, resulting in the
ormation of a hot oil-in-water nanoemulsion. This is then cooled
below re-crystallization temperature of the lipid) to form SLN. A
eneral disadvantage of SLN prepared using lipids with high melt-
ng point (melting point above room temperature) is poor physical
tability or gel formation/formation of macroscopic particles upon
ooling (Heurtault et al., 2003). In the present study, compositions
f each of the lipid nanoparticles (SLN, PEG-SLN, NLC and LN) were
ptimized to give good physical stability. For preparation of final
ormulations an optimized ultrasonication frequency (60% ampli-
ude ∼120 W energy output) was used for 4 min.

When observed after 90 days, all the formulations except LN
ad separated into two layers; a clear top layer (surfactant in
queous phase) and a white bottom layer (lipid phase). Despite
his phase separation, an average particle size of 146.8 (±10.1) nm
as obtained for all the formulations, upon particle sizing

Fig. 3).
Zeta potentials were measured for different compositions of
ig. 2. Solubility of CLB in different solid lipids (SA, stearic acid; D114, Dynasan
14; PATO, Precirol ATO; CATO, Compritol ATO; GMS, glceryl monosterate). Data are
ean ± SD, n = 3.
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.2.1. Physical stability

The physical stability of lipid nanoparticles was determined by

easuring particle size of the formulations at 0, 15 and 90 days
Fig. 3). Statistically significant differences were obtained between
article sizes (d = 0.9) of different lipid nanoparticle formulations
t each time point. The average particle size (d = 0.5) of the LN
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Fig. 4. Hypothetical structures of different lipid nanoparticles wit
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ormulation was lower compared to other formulations. Despite
he statistical difference, particle sizes in all the formulations were
elow 300 nm. Moreover, when individual formulations were com-
ared, no significant difference was obtained between average
article sizes (two-way ANOVA, 95%CI) up to 90 days.

.3. Drug encapsulation efficiency and chemical stability

As mentioned above, there is a tendency for SLN to expel encap-
ulated drug molecules with time, due to the re-crystallization of
he lipid. During re-crystallization, the fatty acid chains of the lipid
ome close together (this process takes time) resulting in the forma-
ion of highly ordered state. Because the drug is present in between
he fatty acid chains, the formation of a perfect crystal forces the
rug molecule out of the lipid matrix resulting in less drug loading
Muller et al., 2000).

In the current study, to create separation between the fatty acid
hains of stearic acid, three different excipients DDAB, PEG2000DSPE
nd oleic acid were used. DDAB and PEG2000DSPE have stearic
cid group in their molecule. The hypothesis was that incorpora-
ion of DDAB and PEG2000DSPE in stearic acid nanoparticles should

ncrease the loading capacity by increasing the gaps between the
atty acid chains (Fig. 4A and B), thus making the stearic acid
ess crystalline. Oleic acid (cis-9-octadecenoic acid) is a mono-
nsaturated fatty acid form of stearic acid. As shown in the Fig. 4C,
he ‘kink’ present in the oleic acid structure may also create

h stearic acid as core lipid (A) LN, (B) PEG-SLN and (C) NLC.
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ig. 5. Drug encapsulation efficiency (%) of CLB in lipid nanoparticles (SLN, NLC,
EG-SLN and LN). Here 0 time represent % assay content of CLB as determined by
PLC after 12 h of formulation preparation.

eparation in the fatty acid chain of stearic acid, when mixed
ogether.

The DEE values of the formulations were evaluated (using direct
olubilization method) to determine the physical stability of the
ormulations with CLB (Fig. 5). The DEE of all the formulations
xcept LN decreased significantly over time (p < 0.05). SLN, PEG-
LN and NLC showed a decrease of ∼50% in CLB encapsulation
ithin 7 days. This shows that CLB was expelled from the stearic

cid core on re-crystallization, and then hydrolyzed in the outer
queous environment. It should be noted that the ultrafiltration
ethod showed >97% DEE, even after 90 days in all formulations,
hich is not acceptable. The formula used for the calculation of DEE

fter ultrafiltration utilizes the amount of drug present in the aque-
us phase (Wobtained) in numerator. As CLB is not stable in aqueous
edium, Wobtained was always significantly less than Winitial, result-

ng in a higher DEE. Therefore, direct solubilization was utilized for
stimation of DEE.

For PEG-SLN and NLC, the DEE did not improve upon addition of
EG2000DSPE and oleic acid. This implies that either there is no sep-
ration (or an insufficient one) of the fatty acid chains of stearic acid
n addition of PEG2000DSPE and oleic acid, so that the latter remain
eparate from the stearic acid nanoparticles in aqueous surfactant
olution.

There was no significant decrease (p > 0.05) in DEE
99.13 ± 1.88%) for LN for up to 15 days. For the same compo-
ition of the LN, removal of DDAB resulted in a significant decrease
n DEE (49.5 ± 2.67%) after 15 days. Therefore, it appears that the
resence of DDAB has a significant effect on the stabilization of
LB.
It should be noted that the methodology used to calculate DEE in
he current study (direct solubilization) is based on the fact that CLB
s a labile molecule and highly susceptible to hydrolysis in aqueous

edium. As a result, CLB which is expelled out of the solid lipid

t
p
∼
t

ig. 6. Chlorambucil (CLB) has a pKa of 2.3 and its stability is dependent upon pH. In the p
s mediated through the formation of aziridinium ion (II). At low pH (below 3), CLB exists
harmaceutics 367 (2009) 187–194

nd is present on the surface of the particles gets hydrolyzed by the
urrounding aqueous medium in the absence of DDAB.

The pH of LN formulation is 3.6 ± 0.2. In addition, the LN for-
ulation also contains 1% (w/v) Tween 60 in the aqueous phase
hich is a micelle forming surfactant. As the methodology used

o calculate DEE does not differentiate between the drug that is
ncapsulated (by lipid) and the drug that is not encapsulated but
ot degraded in the aqueous medium (due to the low pH, micelliza-
ion and complexation with DDAB), it is necessary to consider the
ffect of these factors on the rate of hydrolysis of CLB when present
n the aqueous medium.

There are many studies where CLB stability has been systemat-
cally investigated as a function of pH, micellization, temperature
nd presence of macromolecules (Cullis et al., 1995; Ehrsson et al.,
980; Hopwood and Stock, 1971). These studies indicate that the
ate of hydrolysis of CLB is dependent upon the presence of neu-
ral aryl amino (I) group (Fig. 6). The hydrolysis proceeds through
he formation of aziridinium ion (II), which has been reported to
e the rate limiting step in hydrolysis. The pKa (dissociation con-
tant) of CLB is 2.3 and in the pH range 8–3.5 the rate of hydrolysis
s independent of pH. However, below pH 3.5 the rate drops due
o the formation of protonated amine group (III) which inhibits the
ydrolysis (Cullis et al., 1995). In addition, the rate of hydrolysis
as also been reported to reduce with decrease in temperature
nd micelle formation (Cullis et al., 1995; Hopwood and Stock,
971). As mentioned above, the LN formulation prepared without
DAB showed a decrease in DEE indicating that the increase in DEE
pon addition of DDAB could be due to the formation of a stearic
cid–CLB–DDAB complex such that the aryl amino group (present at
H 3.6) is protected from hydrolysis. This also rules out the possibil-

ty that stabilization of CLB in LN is mainly due to low temperature,
H and micellization.

DDAB is a synthetic cationic lipid that solubilizes in water above
0 ◦C and forms bilayer vesicles/bilayer fragments after sonica-
ion (Pacheco and Carmona-Ribeiro, 2003). This ‘bilayer formation’
haracteristic of DDAB has been used to solubilize Amphotericin B
nd Miconazole, poorly water-soluble drugs (Lincopan et al., 2003;
acheco and Carmona-Ribeiro, 2003). Being a cationic lipid, con-
entrations of more than 0.006% (w/v; ∼100 �M) of DDAB have
een shown to exert a cytotoxic effect on normal mammalian cells
Carmona-Ribeiro, 2003). Therefore in our study, the concentration
f DDAB was kept at 0.0006% (w/v; ∼10 �M). A stability study of LN
s. SLN indicated that addition of DDAB significantly increased the
EE. This shows that stearic acid–CLB nanoparticles are actually
overed with the hydrophobic side chains of DDAB, with quater-
he surface of lipid nanoparticles containing CLB increased the zeta
otential of LN to −7.04 ± 3.5 mV. In the previous studies, 1% (w/v;
15.8 mM) of DDAB (bilayer fragments produced with tip sonica-

ion) was used to solubilize 50 mg of Amphotericin B (Lincopan et

H range 3.5–8, CLB exists as neutral form (I) and is susceptible to hydrolysis which
in protonated form (III) which inhibits hydrolysis.
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Table 3
Comparison of normal tissue AUC of chlorambucil after i.v. administration of CLB-Sol
and LN at a dose of 10 mg/kg of chlorambucil.

Tissues AUC0−∞ (�g g−1 h−1)

CLB-Sol LN

Liver 8.2 ± 0.2 4.6 ± 0.52
Kidney 11.1 ± 0.1 4.9 ± 0.45
Heart 10.8 ± 0.1 1.3 ± 0.13
Lungs 12.7 ± 0.2 2.2 ± 0.02
Tumor 0.49 ± 0.03 1.42 ± 0.46

Data are shown as mean ± SD, n = 3.
Statistically significant when AUC of LN compared with CLB-Sol in corresponding
tissue at p < 0.01.
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ig. 7. Plasma log concentration–time curves for chlorambucil solution (CLB-Sol)
�) and chlorambucil loaded lipid nanocomplexes (LN) (�) after 10 mg/kg chloram-
ucil i.v. in mice. Data are mean ± SD, n = 3 mice.

l., 2003). However in the current study, 0.0006% (w/v; ∼10 �M)
DAB together with 5% (w/v) stearic acid was sufficient to stabilize
0 mg CLB.

The slow increase in zeta potential values for the LN formula-
ions without CLB indicates that there is an adsorption of DDAB onto
he surface of stearic acid nanoparticles. However, in the presence
f CLB, the increase in zeta potential is more pronounced. This could
e due to complexation of CLB (present on the outer surface of the
articles) with DDAB side chains (solubilization effect as observed
or Amphotericin B and Miconazole), such that the aryl amino group
s protected from hydrolysis.

.4. Pharmacokinetics and tissue distribution

Results of the validation showed that the HPLC method is linear
n the range 0.1–20 �g/ml (R2 > 0.99) with limit of quantification
t 0.1 �g/ml (precision of 6.3% RSD). The CLB relative recovery val-
es in plasma and tissues (liver, kidney, lungs, heart and tumor)
ere 102.39% and 84.2–97.7%, respectively, which are within the

cceptable limits for biological samples.
The plasma pharmacokinetics profile of 10 mg/kg of CLB-Sol and

N containing CLB is shown in Fig. 7. Pharmacokinetic parameters
s obtained from Winnonlin software are presented in Table 2.
s shown in Fig. 7 and Table 2, plasma clearance kinetics are
omparable for both CLB-Sol and LN. Also, the AUC value for
N is lower than that for CLB-Sol. This shows that LN is rapidly

leared from the plasma. This is in accordance with previous find-
ngs, where liposomes prepared from DDAB showed rapid plasma
learance as compared to free doxorubicin (Wu et al., 2007).
he presence of DDAB in LN imparts electrostatic charge to the

able 2
harmacokinetic parameters after i.v. administration of CLB-Sol and LN at a dose of
0 mg/kg of chlorambucil.

CLB-Sol LN

UC0−∞ (�g ml−1 h−1) 16.9 ± 0.1 15.8 ± 0.1
RT (h) 0.3 ± 0.01 0.29 ± 0.01

1/2˛ (h) 0.1 ± 0.03 0.13 ± 0.003
1/2ˇ (h) 0.3 ± 0.02 0.37 ± 0.05
l (ml h− kg−1) 591 ± 3.5 634.2 ± 2.33
ss (ml/kg) 179.7 ± 7.1 181.42 ± 3.55

he values are shown as mean ± SD, n = 3.

c
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ig. 8. Mean tumor concentration for chlorambucil solution (CLB-Sol) and chloram-
ucil loaded lipid nanocomplexes (LN) after 10 mg/kg chlorambucil i.v. in mice. Data
re mean ± SD, n = 3 mice.

urface of particles (due to the presence of quaternary ammo-
ium groups). This electrostatic charge plays a vital role in the

nteraction with plasma and tissue proteins, and it has been sug-
ested to be exploitable for vascular targeting (Dass, 2003; Dass
nd Choong, 2006). Cationic liposomes [based on DDAB and 1,2-
ioleoyl-3-trimethylammoniumpropane (DOTAP)] have previously
een shown to accumulate selectively in activated tumor endothe-

ium (Thurston et al., 1998; Wu et al., 2007). This feature of cationic
iposomes makes them an attractive candidate for antivascular and
ntiangiogenic therapy.

The CLB concentration in different tissues and tumor was deter-
ined to assess the distribution of CLB when administered as

LB-Sol (free CLB) and LN. Table 3 indicated that post administra-
ion LN was primarily accumulated in liver and kidney, similar to
ree CLB. However, normal tissue AUC values of LN were signifi-
antly (p < 0.01) reduced as compared to CLB-Sol in all the tissues.
f particular interest was the accumulation of LN in tumor (Fig. 8).
fter 15 min, no CLB was detected when administered as CLB-Sol.
owever, when administered as LN, CLB was detected up to 60 min.
oreover, AUC values for LN in tumor were significantly (p < 0.01)

igher than CLB-Sol. This indicates a possible enhanced therapeu-
ic activity of CLB when administered as LN formulation; however,
his aspect needs further investigation.

. Conclusion
Stearic acid–CLB–DDAB nanocomplexes (LN) showed enhanced
tability (and encapsulation) over other formulations. The reason
or stabilization appears to be the complexation of CLB with DDAB.
his complexation is specific for some drugs (such as Ampho-
ericin B, Miconazole and CLB) and is not applicable generally to
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ll drugs. Earlier studies showed that solubilization of poorly water
oluble drugs such as Amphotericin B and Miconazole requires
igh amount of DDAB. In comparison, DDAB–CLB–stearic acid LN
equires significantly less quantity of DDAB. This is probably due to
he fact that some amount of CLB is already present in the stearic
cid nanoparticle matrix and therefore the quantity of CLB requir-
ng stabilization is less. Low drug encapsulation efficiency for SLN,
EG-SLN and NLC signifies the disadvantage of lipid nanoparti-
les based on solid lipids. The adsorption (and complexation) of
DAB on stearic acid–CLB nanoparticles also altered the pharma-
okinetics and biodistribution of CLB, as indicated by rapid plasma
learance, low tissue toxicity and greater tumor accumulation of
N as compared to CLB solution.
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