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a b s t r a c t

A capillary electrophoresis-based method to characterize a PEGylated liposomal drug formulation of the
anti-cancer agent oxaliplatin was developed. Pharmaceutical characterization in terms of determination
of the free and total oxaliplatin concentrations in the liposomal formulation was successfully performed
allowing calculation of the percentage of encapsulated drug and encapsulation efficiency. The trapping
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efficiency was likewise calculated. The capillary electrophoresis method allowed liposome characteriza-
tion in the intended formulation media (sucrose solution with low electrolyte concentration), and the
attained results were consistent with inductively coupled plasma mass spectrometry measurements.
Accelerated drug leakage studies were initiated by the sonication of the PEGylated formulation, using
an ultrasound probe, subsequently the drug leakage was determined by capillary electrophoresis. The

PEGy
ion of
xaliplatin
EGylated liposomes

results obtained with the
tool for the characterizat

. Introduction

Oxaliplatin is an anti-cancer agent used for the treatment of
dvanced colorectal cancer and was first marketed under the
ame Eloxatin® by Sanofi-Aventis [1]. Oxaliplatin (Fig. 1) belongs
o the third generation of anti-cancer platinum compounds and
hows a better safety profile than cisplatin (first generation) and
arboplatin (second generation) [2]. However, the use of oxali-
latin is still associated with a range of side-effects. In order to

mprove the efficacy and reduce the side effects of anti-cancer drugs
including platinum-based), different approaches using nanopar-
iculate delivery systems have been taken including liposomes,
lbumin-based particles, dendrimers, different inorganic particles,
nd polymeric micelles [3–5].

Nanoparticulate systems in form of liposomes have been stud-
ed extensively, which have resulted in several marketed liposomal
roducts [6–9]. Main advantages associated with the encapsula-
ion of a drug substance within a liposomal drug delivery vehicle

nclude the possibility of decreasing the toxicity of the dosed drug,
rolongation of the plasma half-life of the drug, targeting to spe-
ific molecules or structures in the body or having a triggered drug
elease induced by acid, light, heat or enzymes [8–10].

∗ Corresponding author. Fax: +45 35336030.
E-mail address: joe@farma.ku.dk (J. Østergaard).

1 Present address: DermaVeris ApS, Soetoftevej 30, DK-4100 Ringsted, Denmark.

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2010.12.037
lated liposomes demonstrate that capillary electrophoresis may be a useful
liposomal drug formulations.

© 2011 Elsevier B.V. All rights reserved.

The application of nanoparticles as drug delivery systems
requires a thorough characterization of the delivery system in order
to ensure a reproducible effect of the drug. A model drug for-
mulation of the anti-cancer agent oxaliplatin, based on PEGylated
liposomes where polyethylene glycol (PEG) has been covalently
attached to one of the constituting phospholipids (Fig. 1), was
investigated in this study. Such PEGylated liposomes have been
widely used in order to increase plasma half-lives of drugs by
preventing the liposomes from being taken up by the reticuloen-
dothelial system (RES) [8,9,11,12]. The efficacy of the liposomal
drug formulation subject to study is based on a triggered release
of oxaliplatin by secretory phospholipase A2 (sPLA2) [13–16]. A
frequently occurring challenge, related to nanoparticulate formula-
tion development activities, is the limited availability of liposomal
test formulations (small batch sizes). This leaves only sparse
amounts of material for the characterization of the formulations,
in order to preserve material for investigating their performance.
Accordingly, capillary-based techniques should potentially be of
interest for characterizing liposomal drug delivery systems in for-
mulation development, as CE has low sample consumption and
provides rapid analysis. Albeit, the characterization and analysis
of liposomes by capillary electrophoretic methods have attracted

recent attention [17–21], only a few studies have utilized CE
to characterize liposomal drug delivery systems. These studies
focused on determining drug encapsulation [22–24], stability of
the drug formulation [23,25] or binding affinity between the drug
substance and the delivery system [26–28]. Different approaches

dx.doi.org/10.1016/j.jpba.2010.12.037
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:joe@farma.ku.dk
dx.doi.org/10.1016/j.jpba.2010.12.037
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ig. 1. Structure of oxaliplatin and the phospholipids constituting the liposomes. DSP
hospho-(1′-rac-glycerol) monosodium salt, DSPE-PEG2000, 1,2-distearoyl-sn-glyc

ave been taken in order to separate the free drug from the encap-
ulated, e.g., ultracentrifugation, size exclusion chromatography,
ltration or dialysis [19]. This separation is typically followed by
disruption of the lipid bilayer, typically induced by the use of

urfactants or organic solvents, in order to determine the total
rug concentration in the formulation [29]. In this study, the
eparation step was performed by CE. Free (non-encapsulated)
xaliplatin was removed upon preparation of the liposomes by
ialysis [30]. However, a small amount of free drug substance
ill often remain present in the drug formulation. Depending

n the stability of the liposomal formulation, the propensity
f drug leakage can be followed by measuring the amount of
ree and encapsulated drug over time. Consequently, analyti-
al methods to determine the free and encapsulated drug are
eeded.

The aim of the study was to develop a rapid CE method for
he characterization of an anionic model PEGylated liposomal
ormulation of the anti-cancer agent oxaliplatin for use in formu-
ation development. A CE method for the determination of the
ntrapment and leakage of oxaliplatin from the drug formulation
as developed. To assess whether CE could be a useful tool for

tudying drug leakage from a PEGylated liposomal formulation,
ccelerated drug leakage studies (oxaliplatin leakage) were per-
ormed. This was done by stressing the liposomal drug formulation

y ultrasound followed by CE analysis. Results obtained by the
E method, for the determination of total oxaliplatin content in
he liposomal drug formulation, were compared to measurements
onducted using inductively coupled plasma mass spectrometry
ICP-MS).
-distearoyl-sn-glycero-3-phosphocholine; DSPG, 1,2-dioctadecanoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] monosodium salt.

2. Materials and methods

2.1. Chemicals

Calcium gluconate, paracetamol, sucrose, and Triton X-100
were all purchased from Sigma–Aldrich (St. Louis, MO, USA).
Oxaliplatin was obtained from Yingxuan Chempharm (Shanghai,
China). 1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC),
1,2-dioctadecanoyl-sn-glycero-3-phospho-(1′-rac-glycerol)
monosodium salt (DSPG), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]
monosodium salt (DSPE-PEG2000) were obtained from Lipoid
GmbH (Ludwigshafen, Germany). Nitric acid 65% (w/w), p.a. was
obtained from Merck (Darmstadt, Germany). All other chemicals
and reagents were of at least analytical grade. All chemicals
were used as received. Purified water prepared from a Milli-
Q deionization unit (Millipore, Bedford, MA, USA) was used
throughout.

2.2. Preparation and characterization of liposomes

Two types of liposomal preparations were produced. Empty
liposomes, without oxaliplatin, and active liposomes in which
oxaliplatin was encapsulated into the liposomal structures. The

liposomes were composed of DSPC, DSPG and DSPE-PEG2000
(DSPC/DSPG/DSPE-PEG2000 70/25/5, mol%). The preparation of
liposomes was performed as described previously [30]. Briefly,
the liposomes were prepared by the lipid film method [31] fol-
lowed by hydration with a 10% (w/v) sucrose solution containing
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mM calcium gluconate. The hydration solution for the preparation
f active liposomes additionally contained 17 mg/mL oxaliplatin.
ollowing hydration, the liposomes were extruded through a poly-
arbonate filter with a pore size of 100 nm (Whatman International,
aidstone, UK). Upon extrusion, free oxaliplatin was removed

y dialysis against the hydration solution (without oxaliplatin).
basic characterization of liposomal preparations encompassed

etermination of lipid content by phosphorous analysis [32], main
ransition temperature by differential scanning calorimetry using
MicroCal MC-2 calorimeter (Northampton, MA, USA), and zeta

otential by laser Doppler electrophoresis using a Zetasizer Nano ZS
Malvern Instruments Ltd, Malvern, Worcestershire, UK). Calcula-
ion of size and size distribution based on light scattering intensity,
ssuming spherical particles, was performed using a Zetasizer Nano
S.

.3. Determination of oxaliplatin solubility

Excess oxaliplatin was added to at solution consisting of 10%
w/v) sucrose and 1 mM calcium gluconate (1 mL) and incubated in
Problot L12 hybridization oven (Labnet International Inc., Wood-
ridge, NJ, USA) at 25 ± 0.5 ◦C and at 65 ± 0.5 ◦C. Samples were
ithdrawn and filtered upon 24 and 48 h of incubation, to ensure

quilibrium, using pre-heated 0.22 �m Millex-HV PVDF filters (Mil-
ipore, Bedford, MA, USA) before diluting samples with the 10%
w/v) sucrose and 1 mM calcium gluconate solution. The resulting
amples were subjected to CE analysis.

.4. Liposome analysis

.4.1. CE instrumentation
CE experiments were conducted using a HP 3DCE instrument

Agilent Technologies, Waldbronn, Germany) equipped with a
iode array detector. Fused silica capillaries with an extended

ight path (∼150 �m), and an effective length of 40 cm and an
nner diameter of 50 �m were used in all experiments (Agilent
echnologies). All standards and samples were introduced hydro-
ynamically (50 mbar for 5 s) and the applied voltage was +30 kV
∼1.6 �A). UV detection was performed at 200, 214 and 254 nm
nd the temperature of the capillary cassette was set to 25 ◦C.
ll standards and samples were analyzed in triplicate. A solution
ontaining 10% (w/v) sucrose and 1 mM calcium gluconate was
sed as the background electrolyte (BGE) for all CE experiments.
etween runs, the capillary was flushed with 1% (w/v) SDS solu-
ion, 0.1 M NaOH, and background electrolyte for 2 min each [33].
aily, the capillary was flushed with 1 M NaOH, a 1% (w/v) SDS

olution, and background electrolyte for 5 min each before starting
xperiments. New capillaries were conditioned by flushing with
M NaOH, 0.1 M NaOH, and the background electrolyte for 30 min
ach.

.4.2. ICP-MS instrumentation
A PerkinElmerSciex DRC-e ICP mass spectrometer (Perkin Elmer,

CIEX, Norwalk, CT, USA) equipped with a Micromist nebulizer
.2 mL/min and a programmable temperature unit IsoMist Module
OL with standard spray chamber V2 (Glass Expansion, Melbourne,
ustralia) was used for platinum determination. The instrument
as run and controlled by Elan Software Version 3.4 (Perkin

lmer). Pure xenon gas (Air Liquide Deutschland GmbH, Düssel-
orf, Germany) was used as a collision gas. The nebulizer gas

ow rate, plasma RF power, lens voltage as well as all dynamic
eaction cell (DRC) parameters were optimized on a Pt standard
olution. The 195Pt+ isotope was monitored using DRC mode with
well time of 250 ms, 20 sweeps, 1 reading, and 5 replicates per
un.
d Biomedical Analysis 55 (2011) 16–22

2.4.3. Determination of free oxaliplatin concentration by
capillary electrophoresis

The background electrolyte and diluted liposomal dispersions
were filtered through a 0.45 �m nylon filter (SMI-Labhut Ltd,
Gloucestershire, UK) before their introduction into the CE instru-
ment. Liposomal samples, for the determination of the free
oxaliplatin concentration, were diluted by a factor of 5 with BGE and
analyzed without further sample preparation. A linear relationship
(r2 > 0.995) between normalized peak areas (area/migration time)
and the concentration of oxaliplatin standards dissolved in the BGE
was observed in the concentration range (0.05–0.50 mg/mL) using
five different oxaliplatin concentrations. For oxaliplatin standards
and liposome containing samples the RSD of normalized peak areas
was generally ≤5% (n = 3). The limit of detection was determined to
0.014 mg/mL, calculated as 3.3 standard deviations of the response
of the blank and divided by the slope of the calibration curve. The
limit of quantification was 0.041 mg/mL, calculated as 10 standard
deviations of the response of the blank and divided by the slope of
the calibration curve.

2.4.4. Determination of total oxaliplatin concentration by
capillary electrophoresis

250 �L of diluted liposomal samples (1:5 dilution in BGE),
247 �L of BGE and 3 �l of Triton X-100 (155 mM) were mixed, to
provide a total concentration of Triton X-100 of 0.93 mM, before
transferring samples into 0.5 mL Amicon Ultra centrifugal filters
(cut-off 30 kDa, Millipore Corporation, Billerica, MA, USA) followed
by centrifugation for 30 min (14,000 rcf) using a tabletop centrifuge
(MiniSpin plus, Eppendorf, Hamburg, Germany). The oxaliplatin
concentration in the filtrate of the samples was determined by both
CE and ICP-MS (cf. Section 2.4.5). The calibration curve used for the
total determination of oxaliplatin was prepared in the same way
as the samples by mixing an oxaliplatin standard in a given con-
centration, Triton X-100 to a concentration of 0.93 mM, and empty
liposomes with a similar lipid composition and concentration as
the drug loaded liposomes followed by centrifugation and anal-
ysis of the filtrate as described above. This was done in order to
avoid matrix effects. A linear relationship (r2 > 0.998) between nor-
malized peak areas (area/migration time) and the concentration
of oxaliplatin was observed in the relevant concentration range
(0.05–1.0 mg/mL) using five different oxaliplatin concentrations.
The limit of detection was determined to 0.023 mg/mL, calculated
as 3.3 standard deviations of the response of the blank and divided
by the slope of the calibration curve. The limit of quantification was
0.068 mg/mL, calculated as 10 standard deviations of the response
of the blank and divided by the slope of the calibration curve. The
RSD was ≤8% for the standards (n = 3).

2.4.5. Determination of total oxaliplatin content by ICP-MS
The total oxaliplatin concentration was determined directly in

liposomal samples diluted 10 times in BGE and containing 0.93 mM
Triton X-100. A CEM MDS-81D microwave digestion system (CEM
Corporation, NC, USA) with 3 mL CEM Teflon vials was used for
sample digestion. An aliquot of 100 �L liposome sample diluted
10 times was pipetted into 3 mL CEM vials together with 700 �L of
sub-boiled 65% (w/w) nitric acid. For sample digestion, a two-step
microwave program was modified according to the manufacturer’s
instructions. After digestion and cooling the solution, deionized
water was added to a final volume of 20 mL. For the quantifica-
tion of platinum by ICP-MS, a calibration curve with five calibration
points was made in the range of 20–500 ng/mL of oxaliplatin in

1.3% HNO3. The squared correlation coefficient (r2) was found to
be 0.9999 for the 195Pt+ isotope. The detection limit of oxaliplatin
was 0.05 ng/mL and the quantitation limit was 0.19 ng/mL calcu-
lated as stated above (cf. Sections 2.4.3 and 2.4.4). Repeatability
was ≤2.2% for the standards (n = 8). The oxaliplatin concentration
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Fig. 2. Electropherogram of a PEGylated liposomal drug formulation containing
oxaliplatin diluted 5 times (12.5 mg lipid/mL) for the determination of the free
U. Franzen et al. / Journal of Pharmaceut

as furthermore determined in the filtrate after sample prepa-
ation as described above (cf. Section 2.4.4) to compare the two
ethodologies ICP-MS and CE.

.4.6. Determination of trapping efficiency by capillary
lectrophoresis

The trapping efficiency (drug loading) was calculated according
o:

rapping efficiency = Ctot − Cfree

Chydration
(1)

here Ctot is the total oxaliplatin concentration as determined
rom the concentration determined by CE taking the recovery into
ccount. Cfree is the free oxaliplatin concentration as determined by
E, and Chydration is the oxaliplatin concentration in the hydration
olution (17 mg/mL). An aliquot from the liposomal preparation
as withdrawn after the hydration step, but before the dialysis

tep, which separated the free and liposome encapsulated oxali-
latin (cf. Section 2.2) in order to determine the trapping efficiency.
he free and total drug concentrations were determined by CE as
utlined above. Liposomal samples for the determination of the
ree drug concentration were diluted 20 times with BGE and sam-
les for total oxaliplatin determination were diluted 40 times with
GE before CE analysis.

.4.7. Determination of encapsulation degree and encapsulation
fficiency in final formulation

From the determination of free and total oxaliplatin concentra-
ions in the model drug formulation the percentage of encapsulated
rug was calculated according to [34]:

encapsulated drug = Ctot − Cfree

Ctot
× 100 (2)

The encapsulation efficiency in the final formulation was calcu-
ated as mol drug incorporated/mol lipid [35].

.4.8. Accelerated drug leakage studies
Accelerated drug leakage studies were performed by the son-

cation of the oxaliplatin-containing liposomal formulation using
2 mm probe connected to a VCX 130 ultrasonic processor (Vibra
ell, Sonics and Materials Inc., Newton, CT, USA). Samples were
ade by diluting the stock liposomal dispersion 10 times with a

olution containing 10% (w/v) sucrose and 1 mM calcium gluconate.
eparate samples of 1 mL were sonicated in 1.5 mL glass vials for
, 15, 30, 60, 120, 240, 360 and 600 s, respectively, with on/off-
ycles of sonication of 5 s/2 s at an effect of 71.5 W. The drug leakage
as followed by determining the free oxaliplatin concentration in

onicated samples by CE. Furthermore, the total oxaliplatin con-
entration in the unsonicated drug formulation was determined by
E. Size measurements of the sonicated liposomal samples were
erformed by DLS.

. Results and discussion

.1. Liposome characteristics

PEGylated liposomes consisting of DSPC, DSPG and DSPE-
EG2000 lipids have been proposed as delivery systems for
nti-cancer agents [30]. Liposomal dispersions containing oxali-
latin and 70/25/5 (mol%) DSPC/DSPG/DSPE-PEG2000 in a 10%
w/v) sucrose solution were selected as a model formulation for

he present study among several investigated formulations. The
otal lipid concentrations in the liposomal drug formulations were
2.5 mg/mL and 61.7 mg/mL in empty and drug loaded liposomes,
espectively, assuming similar incorporation efficiencies of the
hree phospholipids, DSPC, DSPG and DSPE-PEG2000, on a molar
oxaliplatin concentration. CE conditions: BGE, 10% (w/v) sucrose containing 1 mM
calcium gluconate; uncoated fused silica capillary (48.5 cm × 50 �m id, 40 cm effec-
tive length); voltage, +30 kV; capillary cassette temperature, 25 ◦C; hydrodynamic
injection (50 mbar) for 5 s; detection at 254 nm.

basis as determined by phosphorus analysis. The liposomal size
distributions were monomodal with average sizes (Z-average)
of 123.9 ± 0.5 nm and 137.9 ± 0.7 nm for empty and drug loaded
liposomes, respectively, and polydispersities of 0.15 and 0.12,
respectively. The liposomes were net negatively charged as the zeta
potentials determined in a 10% (w/v) sucrose solution containing
1 mM calcium gluconate were −3.4 ± 0.7 mV and −5.1 ± 0.4 mV for
empty and drug loaded liposomes, respectively. The main transi-
tion temperatures, as determined by DSC, were 61.5 ◦C and 61.8 ◦C
for empty and drug loaded liposomes, respectively.

3.2. Determination of free oxaliplatin by capillary electrophoresis

A key objective was to develop a fast CE method facilitating
liposome characterization during development by the separation
of free (non-encapsulated) oxaliplatin from the liposome encapsu-
lated drug substance. A representative electropherogram, for the
determination of the free drug concentration upon 5 fold dilu-
tion of the liposomal sample in BGE, is depicted in Fig. 2. The
free, uncharged oxaliplatin was fully separated from the negatively
charged liposomes (negative zeta potentials), as seen in Fig. 2. The
signal of the liposomes at 254 nm is almost exclusively due to oxali-
platin as it has a much higher response factor at this wavelength
compared to the empty liposomes. The liposomal dispersions were
prepared in 10% (w/v) sucrose containing 1 mM calcium gluconate.
Somewhat surprisingly, this uncommon background electrolyte
worked well, providing constantly stable peak appearance times
(RSD < 0.5%, n = 3) and, apparently, little capillary wall absorption
of the PEGylated liposome. An additional advantage of the BGE
is the minimal sample pretreatment required, as the PEGylated
liposomes were analyzed in a solution which might be useful for
freeze-drying and subsequent reconstitution. With a run time of
6 min (Fig. 2), the CE method was considered useful for the cur-
rent purpose. Control experiments involving liposomes without
oxaliplatin indicated that potential neutral impurities or degrada-
tion products originating from the lipids did not absorb at 254 nm.

The free oxaliplatin concentration in the drug formulation con-
taining 62.5 mg lipid/mL was determined to 0.082 ± 0.004 mg/mL
(n = 3).

An obvious drawback of the CE method is the lack of separation
of the uncharged oxaliplatin and any neutral degradation products.
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Table 1
Total oxaliplatin concentrations in model liposomal drug formulation as determined
by CE and ICP-MS (n = 3).

Method (sample) Oxaliplatin concentration
(mg/mL ± SD)
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Table 2
Apparent oxaliplatin solubility in a 10% (w/v) sucrose solution containing 1 mM
calcium gluconate at different temperatures (n = 3).

Temperature Solubility ± SD (mg/mL)

25 ◦C 8.0 ± 0.6
65 ◦C 16 ± 1.3

2.0 4.0 6.0 8.0 10.0

0.0

20.0

40.0

60.0

Time (s)
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m
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Fig. 3. Electropherograms of sonicated samples of PEGylated liposomal drug for-
mulation (see text for details). Sonication times were between 0 and 600 s. CE
CE (filtrate) 1.58 ± 0.22
ICP-MS (filtrate) 1.57 ± 0.02
ICP-MS (total) 1.82 ± 0.11

hus, the method is limited to formulation development work, and
s not likely to be suitable for samples with biological content.

.3. Determination of total oxaliplatin concentration,
ncapsulation degree and encapsulation efficiency

An essential parameter pertaining to the quality and perfor-
ance of nanoparticulate drug delivery systems is the degree of

rug encapsulated in the formulation. The total oxaliplatin content
n the drug formulation was determined by inducing leakage of the
ncapsulated oxaliplatin by the addition of the non-ionic detergent
riton X-100. The non-ionic detergent Triton X-100 was selected as
t has previously been found useful for inducing drug release from
iposomes [22,23]. Preliminary studies showed that the induced
rug release from the drug formulation by adding Triton X-100

n the concentration range between 0.93 mM and 12.4 mM was
imilar (data not shown). The recovery in the filtration step used
n the developed CE method was determined from a determina-
ion of the total oxaliplatin concentration by ICP-MS. The results
rom the total oxaliplatin determinations are outlined in Table 1. A
ood agreement between average measured values of oxaliplatin in
he filtrate after centrifugation for the two analytical methodolo-
ies was observed, although the variation was larger using CE as
ompared to ICP-MS. The recovery of oxaliplatin from the determi-
ations using Triton X-100 for inducing drug leakage was calculated
o 86.5% from the ICP-MS measurements (Table 1). The percentage
f encapsulated drug in the model drug formulation was calculated
o 96% from Eq. (2) using the determined free (0.082 mg/mL) and
otal (1.82 mg/mL) concentrations of oxaliplatin. The encapsulation
fficiency was calculated to 0.066 ± 0.009 mol oxaliplatin/mol lipid.
hus, the percentage of encapsulated drug attained is comparable
o what has been reported other liposomal formulations. The dox-
rubicin hydrochloride concentration in Doxil has been reported to
.0 mg/mL and the encapsulation efficiency to be above 90% [36].
he encapsulation efficiency of cisplatin in PEGylated liposomes
n the now abandoned SPI-77 from SEQUUS Pharmaceuticals was
eported to be above 95% (1.0 mg cisplatin/mL) [37].

.4. Determination of trapping efficiency

The trapping efficiency was determined by comparing the initial
xaliplatin concentration in the hydration media (17 mg/mL) dur-
ng preparation of the liposomal formulation and the encapsulated
oncentration in the final drug formulation, which was 1.74 mg/mL
1.82–0.082 mg/mL). Consequently, the trapping efficiency was cal-
ulated to 10%. A sample was furthermore withdrawn from the
ydrated liposomal dispersion after extrusion, in which the total
xaliplatin concentration was determined to 8.77 ± 0.42 mg/mL
n = 4) by CE assuming a recovery of 86.5%. Solubility studies of
xaliplatin were performed in order to evaluate whether the rela-
ively large difference between the total oxaliplatin concentrations

n the hydration solution (17 mg/mL) and in the hydrated liposo-

al dispersion was caused by differences in oxaliplatin solubility, at
he hydration temperature (65 ◦C) and at room temperature. Sol-
bility data are shown in Table 2 indicating that the differences

n oxaliplatin concentration, before and after hydration, might be
conditions: BGE, 10% (w/v) sucrose containing 1 mM calcium gluconate; uncoated
fused silica capillary (48.5 cm × 50 �m id, 40 cm effective length); voltage, +30 kV;
capillary cassette temperature, 25 ◦C; hydrodynamic injection (50 mbar) for 5 s;
detection at 254 nm.

explained by differences in solubility at different temperatures.
Additionally, the solubility studies indicate that all the oxaliplatin
determinations have been performed well within the solubility
range of oxaliplatin. The solubility of oxaliplatin in water at 37 ◦C
has been reported to 7.9 mg/mL [38] strongly indicating that the
solubility determinations are consistent with previous studies. In
this context, fast and simple CE methods may be useful for pin-
pointing critical steps in the formulation design process.

3.5. Accelerated drug leakage studies investigated by capillary
electrophoresis

Another important aspect of liposomal drug formulations is
their propensity to leak the encapsulated cargo (drug) during stor-
age. Upon storage for 3 months at 5 ◦C it was not possible to detect
an increase in the free oxaliplatin concentration in the liposomal
formulation by the CE method. In order to evaluate whether CE
could be a feasible method for studying oxaliplatin leakage from
the liposomes, sonication of the model formulation was under-
taken to accelerate drug leakage. Electropherograms of liposomal
samples sonicated between 0 s and 600 s are shown in Fig. 3. The
decrease in the peak area of the liposome peak, and the increase in
the area of the free oxaliplatin peak indicate a release of oxaliplatin
from the PEGylated liposomes. The disappearance of the liposome
peak does not inevitably indicate the decomposition of the lipo-
somes, possibly, rather a release of the encapsulated oxaliplatin.
The effect of sonication on oxaliplatin leakage from the liposomes
is shown in Fig. 4. As seen from Fig. 4A, a complete oxaliplatin

release is obtained after 4 min of sonication (5 s/2 s on/off-cycles).
Parallel DLS measurements showed that the average liposome size
decreases and the polydispersity increases with an increasing soni-
cation time (Fig. 4B). The size distribution was monomodal in all the
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Fig. 4. (A) Oxaliplatin leakage from the PEGylated liposomal drug formulation as a
function of sonication time. (B) Effect of sonication on the average size (Z-average)
and polydispersity of liposomal formulation. (C) Sample temperature at various son-
ication times. Dotted line indicates the main transition temperature (Tm) of the
liposomal formulation. Error bars correspond to ±SD of triplicate experiments.
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sizing experiments indicating that intact vesicles are present even
after 10 min of sonication. In order to evaluate whether mechan-
ical and/or thermal effects were responsible for the drug leakage
during sonication, the temperature was measured in the dilution
media consisting of 10% (w/v) sucrose and 1 mM calcium glu-
conate at different sonication times (Fig. 4C). Sonication caused
the temperature to rise to 70 ◦C after 4 min of sonication, which
is above the main transition temperature (61.8 ◦C) indicating that
the oxaliplatin release may also be caused by thermal effects most
likely involving a phase transition of the liposomes. The average
free oxaliplatin concentration taken as an average of all the mea-
surements of the three last time points (4, 6 and 10 min) was
1.90 ± 0.04 mg/mL indicating that the oxaliplatin release was com-
plete already after 4 min of sonication. The results may suggest that
sonication could be used as a simple sample preparation procedure
in order to determine the total amount of encapsulated drug in the
PEGylated liposomes. This, obviously, requires that the propensity
of the encapsulated drug compound (or any products generated by
the sonication procedure) to bind to the intact liposomes, is low.
Using affinity CE in the form of capillary electrophoresis frontal
analysis and electrokinetic chromatography it was not possible to
detect any interaction between oxaliplatin and the PEGylated lipo-
somal membrane (to be reported elsewhere).

4. Conclusion

In this work CE was used to characterize a PEGylated liposo-
mal formulation of the anti-cancer agent oxaliplatin. A simple CE
method to determine free and total oxaliplatin concentrations was
developed, in order to calculate drug encapsulation, encapsulation
efficiency and trapping efficiency. The accuracy of determination
of the total drug concentration in the model formulation was
confirmed by ICP-MS. Accelerated drug leakage could also be mon-
itored by CE. In conclusion, CE was successfully applied for the
characterization of the PEGylated liposomal drug formulation and
may be considered a useful tool in a drug formulation development.
In addition to the well-known characteristics, low sample and back-
ground electrolyte consumption, simple sample preparation, a high
degree of automation, and relatively short analysis times, the abil-
ity to analyze intact liposomes in the intended formulation media
with minimal sample preparation was demonstrated.
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