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bstract

The purpose of this work was to study the effect of pH on the liposomal encapsulation of a model camptothecin anti-tumor agent, DB-67,
y considering the state of ionization and bilayer membrane/water partitioning of the drug as a function of pH. A novel fluorescence method
as developed to monitor intravesicular pH in liposomal formulations containing entrapped DB-67 by using the drug itself as a pH indicator.
luorescence spectra were recorded in aqueous buffers and liposomes and used to estimate the ionization constant of the A-ring phenol of DB-67
pKa2 ) and shifts in ionization constants (pKa1 and pKa2 ) due to membrane binding. Bilayer/water partitioning studies by equilibrium dialysis
ere employed to show that DB-67 is highly membrane bound over the entire pH range examined though binding decreases with an increase

n pH. The observed ionization constants of membrane-bound DB-67 obtained from the equilibrium dialysis experiments were consistent with

bservations from fluorescence measurements and previous permeability results. The pH dependence of DB-67 loading using a passive loading
echnique was found to reflect the pH dependence of membrane binding of the drug. This results in poor encapsulation efficiency of DB-67 at high
H, necessitating further development of formulation strategies to improve loading efficiency.

2007 Elsevier B.V. All rights reserved.

ipid b

f
s
r
a
t
a

(
c

eywords: Liposomes; Nanoparticles; Intraliposomal pH; Membrane binding; L

. Introduction

Liposomal encapsulation of anti-tumor agents may enhance
nti-tumor efficacy by exploiting the passive tumor accumu-
ation of liposomal nanoparticles (Gabizon, 2001). Efficient
echniques for loading drug into liposomes are required to
chieve therapeutic drug concentrations in vivo and prolonged
iposomal drug retention is necessary to avoid potential side-
ffects due to premature leakage. Drug efflux from the liposomes

ust occur following the accumulation of liposomes in solid

umors. Since liposomes do not permeate deep into tumor tissue,
he drug must diffuse through the tumor interstitium to reach dis-
ant tumor cells (Yuan et al., 1994). Thus, the release rate of drug
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rom liposomes should be optimized such that most of the lipo-
omally entrapped drug is retained in circulating liposomes but
eleased at the tumor site at a controllable rate following tumor
ccumulation. The development of such liposomal delivery sys-
ems requires an understanding of the lipid bilayer permeability
nd partitioning behavior of the encapsulated drug.

Silatecan 7-t-butyldimethylsilyl-10-hydroxycamptothecin
DB-67, Scheme 1) is a novel, highly potent, lipophilic
amptothecin with enhanced blood stability and promising
nti-tumor activity both in vitro and in vivo (Bom et al., 2000;
opez-Barcons et al., 2004) that has been recently approved by

he FDA for phase I clinical studies. Camptothecins, includ-
ng DB-67, undergo a pH dependent hydrolysis in solution
Fassberg and Stella, 1992; Xiang and Anderson, 2002). Four
ifferent DB-67 species may exist in solution with the fraction

f each species depending on solution pH. Scheme 1 shows
he equilibria for ring opening of DB-67 lactone (I) and its
ubsequent ionization. At physiological pH, the ring-opened
onized carboxylate form (III) predominates.

mailto:bande2@email.uky.edu
dx.doi.org/10.1016/j.ijpharm.2007.10.003
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Scheme 1. Equilibria between DB-67 lactone (I), DB-67 carboxyli

Previously, liposomal formulation strategies for neutral
amptothecins have focused on the benefits of membrane
inding of the lactone to improve the stability of camptothecins
oward hydrolysis (Burke et al., 1993; Peikov et al., 2005; Zhang
t al., 2004). We have recently investigated the potential of a
ovel pH gradient strategy for improving the liposomal reten-
ion of neutral camptothecins such as DB-67 by encapsulating
he drug in rigid gel phase liposomes at high pH (Joguparthi and
nderson, 2007; Joguparthi et al., 2007). This strategy relies on

ntrapping the ring opened, ionized carboxylate in liposomes
o prolong retention while the species released from liposomes
s still the neutral lactone. Since membrane binding facilitates
rug loading into liposomes, and because drug ionization was
xpected to reduce membrane binding, we investigated the
iposomal drug loading efficiency of DB-67 as a function of pH.

The success of the pH gradient strategy for prolonging drug
etention was previously found to be partially diminished by the
oss of trans-membrane pH gradients under physiological con-
itions, resulting in a faster drug release from liposomes than
esired (Joguparthi and Anderson, 2007). This loss of pH gra-
ient was attributed to the rapid equilibration of CO2/H2CO3
etween the intravesicular and extravesicular compartments due
o the high concentration of carbonate in physiological fluids
Joguparthi and Anderson, 2007). In order to directly confirm
he loss of pH gradients and to monitor the pH in liposomes, we
eveloped a fluorimetric method to monitor the intraliposomal
H in DB-67 liposomal formulations above pH 7.4. Commer-
ially available fluorescence-based pH probes that are often
sed to monitor intracellular and intraliposomal pH (e.g., flu-
rescein (pKa = 6.4), SNARF-1 (pKa = 7.5), HPTS (pKa = 7.3),
CECF (pKa = 6.5), etc.) exhibit spectral properties that are
ighly sensitive to pH and local microenvironment (i.e., aqueous
s. interfacial regions) in the physiological pH range (pH 7–8)
Valeur, 2002). However, none of these are useful probes for lipo-
omes containing entrapped DB-67 at a higher pH. Additionally,
he chosen probe should be stable under liposomal formulation
onditions and should not interfere with liposome loading or per-
eation of DB-67. To avoid the additional complexities involved

n finding such an optimal probe, we chose to investigate the
otential of DB-67 as a self-probe to monitor intraliposomal
H. The pKa of the A-ring phenol group of DB-67 in aqueous
olution is 8.67 ± 0.20 (Xiang and Anderson, 2002), within the
H region of interest (7.4–10) for studies of liposomal formula-

ions of DB-67 involving anionic entrapment and release. The
H dependence of the fluorescence emission and excitation spec-
ra of DB-67 in aqueous solution or at lipid bilayer membrane
nterfaces has not been previously characterized.

7
c
(
w

(II) and the DB-67 carboxylate monoanion (III) and dianion (IV).

. Materials and methods

.1. Materials

DB-67 was provided by the Novartis Pharmaceuticals
orporation (East Hanover, NJ). Pre-cut dialysis membrane
iscs (MWCO: 12,000–14,000) were obtained from Spec-
rum Laboratories (Rancho Dominguez, CA). Phospholipids
,2-distearoyl-sn-glycero-3-phosphatidylcholine (DSPC, >99%
urity) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
-[polyethylene glycol 2000] (m-PEG DSPE, MW = 2806,
99% purity) were purchased as powders from Avanti
olar Lipids (Alabaster, AL). Sephadex® G-25M pre-packed
ize-exclusion columns were obtained from GE Healthcare Bio-
ciences Corporation (Piscataway, NJ). All other reagents were
urchased from Fisher Scientific (Florence, KY).

.2. Fluorescence measurements of DB-67 in aqueous
uffers

Aqueous drug solutions for fluorescence measurements were
repared by diluting an ethanolic stock solution of DB-67
3 mM) into various buffers (70 mM Na phosphate (pH 7.3–7.7);
00 mM Na borate (pH 8.4–9.5); and 80 mM Na carbonate (pH
0.1)) to obtain a target concentration of 1 �M. Following drug
ddition, the solutions were incubated overnight at 37 ◦C to
llow the reversible lactone ring-opening reaction to reach equi-
ibrium. For concentration quenching studies, DB-67 solutions
t various concentrations (0.0002–20 mM) were prepared in
0 mM Na carbonate buffer (pH 10.1). DB-67 solutions at 37 ◦C
nd at varying pH were scanned (FluoroMax-3, Jobin Yvon Inc.,
dison, NJ) by fixing the excitation and emission wavelengths
t 380 and 560 nm to obtain fluorescence emission and excita-
ion spectra. Potential photobleaching and photodegradation of
B-67 during fluorescence measurements were tested by con-

inuous measurement of the excitation and emission spectra of
B-67 solutions.

.3. Preparation of liposomes for fluorimetric, equilibrium
ialysis and drug loading measurements

DB-67 solutions were prepared in 85 mM Na acetate (pH
), 80 mM Na citrate (pH 6.1–6.8), 70 mM Na phosphate (pH

.3–7.7), 100 mM Na borate (pH 8.4–9.5) and 70–80 mM Na
arbonate (pH 9.0–10.1) buffers at 1 �M (pH 4–7.3), 5 �M
pH 7.7) and 10 �M (pH 8.4–10.1) as described earlier. Pre-
eighed DSPC and m-PEG DSPE (95:5 mol%) were dissolved
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n chloroform, evaporated under N2 and dried in a vacuum oven
vernight. The dried lipid films were hydrated with 2 ml of drug
olution in a 60 ◦C water bath and extruded 10 times through two
tacked 200 nm pore size polycarbonate membranes (Nuclepore,
leasanton, CA) using an extrusion device (LiposoFast, Avestin,
ttawa, Canada) to prepare drug loaded unilamellar vesicles.
lank liposomes for equilibrium dialysis measurements were
repared similarly to the drug loaded liposomes at various pH
alues using the same buffers used for preparing drug loaded
esicles. Following their preparation both blank and drug loaded
esicles were allowed to cool to room temperature for 3 h and
tored at 5 ◦C prior to their use in fluorescence and equilib-
ium dialysis measurements. Particle size of the vesicles was
etermined by dynamic light scattering (DLS) using a Malvern
etasizer 3000 (Malvern Instruments Ltd., Malvern, UK). The
H, particle size and lipid (DSPC) concentration of all liposome
uspensions were monitored to ensure no aggregation or lipid
egradation during storage.

.4. Fluorescence measurements in liposomes

Liposome entrapped drug was separated from unentrapped
rug by loading 0.5 ml of the liposome suspensions prepared at
arying pH (7.7–10.1) on a Sephadex® G-25 size-exclusion col-
mn and eluting with 5 ml of the corresponding buffer. The first
ml of the eluent suspension was collected and its fluorescence
xcitation (250–400 nm) and emission (400–600 nm) spectra
ere immediately recorded. Light scattering from liposome par-

icles was reduced by a long pass filter (400 nm cut off) in the
mission pathway. Excitation and emission spectra were further
orrected for scattering effects by subtracting the excitation and
mission spectra of corresponding blank vesicles. Following the
uorescence measurements, 100 �l of each liposome suspension
as immediately diluted into 100 �l of acidified (0.01% conc.
Cl) methanol for drug analysis and another 100 �l of the sus-
ension was transferred into a test tube, dried under a stream of
2 and stored at −25 ◦C for later lipid analysis.
Liposomes prepared with 70 mM Na carbonate buffer (pH

.0) were used to measure the change in intraliposomal pH
f vesicles when the extravesicular buffer was exchanged
Joguparthi and Anderson, 2007) with phosphate buffered saline
PBS, pH 7.4) or “carbonated” PBS. Phosphate buffer was
carbonated” by adding sodium bicarbonate to obtain a physio-
ogical (Laiken and Fanestil, 1989) concentration of carbonate
24 mM) with the pH and total solute concentration maintained
t physiologically relevant levels. The extravesicular carbonate
uffer was exchanged for PBS or C-PBS by passing vesicles
0.5 ml) through Sephadex® columns. The eluent suspensions
5 ml) were collected and fluorescence emission spectra were
mmediately recorded as detailed earlier.

.5. Determination of DB-67 loading efficiency
Aliquots (0.25 ml) of drug loaded liposome suspension at
arying pH (4–9.5) were loaded onto a Sephadex® G-25 size-
xclusion column pre-equilibrated with the same buffer used in
reparing the liposomes and eluted with 5 ml of additional buffer.
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he eluent suspension from 2 to 5 ml was collected, and 100 �l
f the collected suspension was immediately transferred to an
PLC autosampler vial for DB-67 analysis. The pipette tip used

or the transfer was washed with 100 �l of acidified methanol
o recover adsorbed drug and this solution was transferred into
he same vial. A 100 �l aliquot of the Sephadex® column eluent
iposome suspension was transferred into a test tube and dried
nder a stream of N2 for lipid analysis. A 100 �l aliquot of the
riginal drug liposome suspension was also collected for lipid
nd drug analysis and treated similarly to the Sephadex® column
luent suspension. Samples collected for drug and lipid analysis
ere stored at −25 ◦C prior to their analysis by HPLC.

.6. Determination of bilayer membrane/water partition
oefficients

Bilayer membrane/water partition coefficients for DB-67
ere determined by equilibrium dialysis (1 ml Teflon® cells,
quilibrium Dialyzer, Spectrum Laboratories). One milliliter of
lank liposome suspension (0.08–16 mg/ml) prepared in buffers
t varying pH (4–9.5) were loaded into the receiver compartment
nd dialyzed at 37 ◦C against 1 ml of DB-67 (0.05–5 �M) solu-
ion in the same buffer in the donor compartment. Equilibration
imes varied from 12 to 120 h depending on pH. From pH 4 to 8,
quilibrium was attained with respect to both the inner and outer
eaflets of the liposome bilayer. Previous studies of liposome
elease kinetics of DB-67 at varying pH suggested that the half-
ife for liposome release was on the order of several days above
H 8.5 (Joguparthi and Anderson, 2007). Therefore, above pH
.5, liposomes were allowed to equilibrate only for 12 h and the
rug was assumed to be at equilibrium only with respect to the
uter bilayer leaflet. After equilibrium was established, 100 �l
f liposome suspension and drug solution from the donor and
eceiver compartments were withdrawn using a 1 ml syringe and
ransferred to an HPLC auto sampler vial followed by a wash of
he syringe with 200 �l of acidified methanol to recover adsorbed
rug and samples for drug analysis were stored at −25 ◦C prior
o their analysis by HPLC. A 100 �l sample was collected from
he receiver compartment (liposomes), dried under a stream of

2 gas, and stored at −25 ◦C for later lipid analysis.

.7. HPLC analyses

Samples collected in equilibrium dialysis, drug loading and
uorescence experiments were analyzed for DB-67 lactone and
arboxylate concentrations using a previously developed iso-
ratic HPLC method with fluorescence detection (Joguparthi
t al., 2007). Lipid (DSPC) analysis was performed by HPLC
oupled to an evaporative light scattering detector (ELSD) as
escribed previously (Joguparthi et al., 2007).

. Data analyses
.1. Analysis of membrane partitioning data

Four different DB-67 species may exist in solution depend-
ng on solution pH as shown in Scheme 1. The fraction of the
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Scheme 2. The ionization and binding equilibra considered in the data anal-
yses. I, III and IV refer to the DB-67 lactone, DB-67 carboxylate monoanion
and dianion, respectively. Their corresponding membrane/water partition coeffi-
cients are represented by KI, KIII and KIV. Ka is the effective ionization constant
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or lactone ring opening and ionization of the E-ring carboxylic acid group and

a2 refers to the ionization of the A-ring hydroxyl group. The subscripts and
uperscripts m and w refer to membrane and aqueous phases, respectively.

ing-opened unionized species (II) has been shown to be neg-
igible in solution for various camptothecins, including DB-67
Fassberg and Stella, 1992; Xiang and Anderson, 2002), and
as been assumed to be negligible in the current treatment. The
arious partitioning and ionization equilibria in the liposome
embrane and in the aqueous core are depicted in Scheme 2.
embrane partitioning of DB-67 at each pH was determined by

quilibrium dialysis. At equilibrium the total drug concentration
n the receiver chamber can be related to the concentration in the
ilayer membrane and accessible aqueous phase as follows:

rVr = CwVw + CmVm (1a)

here Cr and Vr are the drug concentration and total volume in
he receiver compartment, Cm is the molar solute concentration
n the liposome membrane, Cw is the molar solute concentration
n the aqueous phase and, Vm and Vw as the respective volumes
f the membrane and aqueous phases. The apparent volume par-
ition coefficient, Kapp

p at each pH (4–9.5) was determined using
he following relation:

app
p = Cm

Cw
= CrVr − CwVw

CwVm

∼= CrVr − CdVw

CdVm
(1b)

here Cd is the equilibrium donor solution concentration of DB-
7. The apparent partition coefficient obtained at each pH value
an be related to the concentrations of species I, III and IV in
he membrane and aqueous phases as follows:

app
p = Im + IIIm + IVm

Iw + IIIw + IVw
(1c)

r

app
p = Im[1 + (Km

a /H+) + (Km
a Km

a2
/(H+)2)]

Iw[1 + (Kw
a /H+) + (Kw

a Kw
a2

/(H+)2)]
(1d)

here the superscripts m and w refer to the membrane and aque-

us phases, Ka is the effective ionization constant for lactone ring
pening and ionization of the E-ring carboxylic acid group, and
a2 is the ionization constant for the 10-hydroxyl group on the
ring. The intrinsic partition coefficients of the three species

3

i
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re:

I = Im

Iw
(1e)

III = IIIm

IIIw
= KIK

m
a

Kw
a

(1f)

IV = IVm

IVw
= KIK

m
a Km

a2

Kw
a Kw

a2

(1g)

here KI, KIII and KIV are the intrinsic partition coefficients of
B-67 lactone (I), monoanion (III) and dianion (IV). The pH

t the interface was assumed to be equal to that of the aqueous
hase in the current treatment. Further, due to the low concentra-
ion of drug used in these studies (10−8 to 10−6 M), deviations
n activity coefficients due to possible self-association could be
eglected. The values of Ka and pKa2 in solution have been previ-
usly found to be (3.4 ± 0.3) × 10−7 and 8.67 ± 0.20 (Xiang and
nderson, 2002). The apparent partition coefficients obtained at

ach pH (4–9.5) were fit to Eq. (1d) using the non-linear least-
quares regression software Scientist® ((Micromath Scientific
oftware, St. Louis, MO) and solving for KI, Km

a and Km
a2

.

.2. Analysis of fluorescence spectra in aqueous solutions

Fluorescence excitation spectra of DB-67 solutions at varying
H (7.7–10) were used to estimate the value of pKa2 in aqueous
uffers. In this pH region, DB-67 exists predominantly as the
onoanion (III) and dianion (IV) (Xiang and Anderson, 2002).
ssuming that the intensity at each wavelength results from the

ndependent contributions of each species, the total intensity
ormalized by total concentration, S′

t (λ), can be expressed as:

′
t (λ) = St(λ)

C
= f W

III SIII(λ) + f W
IVSIV(λ) (2a)

W
III = H+

H+ + Kw
a2

(2b)

W
IV = Kw

a2

H+ + Kw
a2

(2c)

here C is the total concentration of DB-67 in solution, λ is
he wavelength, SIII(λ) and SIV(λ) are the intrinsic intensities
f species III and IV as a function of wavelength (λ) and f W

III
nd f W

VI are the fractions of species III and IV, respectively, in
queous buffers.

The fluorescence excitation spectra of DB-67 in aqueous
olution at each pH (7.7–10.1) normalized by the concentration
f DB-67 also determined at each pH were fit by least-squares
egression analysis (see Appendix A) to Eq. (2a) to obtain an
stimate of Kw

a2
and the intrinsic excitation spectra of species III

nd IV.
.3. Analysis of fluorescence spectra in liposomes

Fluorescence spectra for liposome suspensions were obtained
mmediately after unentrapped drug was separated from the
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firmed by the reproducible emission intensity, indicating that
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iposomes containing entrapped drug by size-exclusion chro-
atography. Previous studies have shown that the half-life for

ipid bilayer transport of DB-67 ranged from approximately 3 h
t pH 4–70 h at pH 9.5 (Joguparthi and Anderson, 2007). Since
ize-exclusion chromatography and fluorescence measurement
or each sample were typically completed within 5 min, the
ntire fluorescence signal was assumed to reflect the intralipo-
omal microenvironment at any pH studied. The fluorescence
mission spectra of DB-67 at various pH values (7.7–10.1)
ere used to estimate the value of pK′

a2
for entrapped DB-

7. Membrane partitioning studies suggested that in this pH
egion (7.7–10.1), the membrane binding of DB-67 decreases
ith increasing pH. Therefore, pK′

a2
obtained here is assumed be

he effective ionization constant of DB-67 in the intraliposomal
icroenvironment. Assuming that the drug exists predominantly

s two species (mono- and dianion) in this pH region, the total
ntensity from the liposome suspensions corrected for the effects
f liposome light scattering and normalized for drug concentra-
ion can be expressed as:

′
t (λ) = St(λ) − [L]SL(λ)

Ci
= f L

IIISIII(λ) + f L
IVSIV(λ) (3a)

L
III = H+

i

H+
i + K′

a2

(3b)

L
IV = K′

a2

H+
i + K′

a2

(3c)

i ∼= xC

(
x = Vo

Vi

)
(3d)

here [L] is the lipid concentration in the suspension, Ci is the
ntraliposomal concentration of DB-67, St(λ) is the total inten-
ity of DB-67 in the vesicles, SIII(λ) and SIV(λ) are the intrinsic
ntensities of species III and IV in the intraliposomal microenvi-
onment, SL(λ) is the scattering intensity of the blank liposome
articles, and f L

III and f L
IV are the fractions of species III and IV

n the intraliposomal microenvironment. C is the total drug con-
entration in the liposome suspension, Vi and Vo are the total
olumes of the intra- and extravesicular compartments in the
iposome suspension, and x is the ratio of the extravesicular to
ntravesicular volume. H+

i is the intravesicular proton concentra-
ion and K′

a2
is the effective intraliposomal ionization constant

f the A-ring phenol.
The effective ionization constant can be expressed as:

′
a2

= IViHi
+

IIIi
(3e)

IIi = IIIw
i

a
+ IIIm

i

b

(
a = Vi

nV w
i

; b = Vi

nV m
i

)
(3f)

Vi = IVw
i

a
+ IVm

i

b
(3g)
here IIIi and IVi are the intraliposomal concentrations of
pecies III and IV, IIIw

i and IIIm
i are the concentrations of species

II in the vesicle aqueous core and inner monolayer, IVw
i and IVm

i
re the concentrations of species IV in the vesicle aqueous core

D
a
c
(

of Pharmaceutics 352 (2008) 17–28 21

nd inner monolayer, a (=1.07) and b (=15.67) are the ratios of
otal entrapped volume to the volumes of the entrapped aque-
us core (V w

i ) and inner monolayer (V m
i ), respectively, and n is

he number of vesicles (Joguparthi et al., 2007). Eqs. (3e)–(3g)
an be simplified to relate the effective ionization constant to
he ionization constants of DB-67 in the aqueous and membrane
hases as follows:

′
a2

= bKw
a Kw

a2
+ aKIK

m
a Km

a2

bKw
a + aKIKm

a
(3h)

he fluorescence emission spectra of the liposome suspensions
t each pH (7.7–10.1) were fit to Eq. (3a) by least-squares regres-
ion analysis (Appendix A) to obtain a value of K′

a2
and the

ntrinsic emission spectra of species III and IV in the liposome
icroenvironment. The ionization constant (Km

a2
) of the A-ring

henol group on the bilayer membrane was estimated from the
ffective ionization constant in the intraliposomal microenvi-
onment using Eq. (3h) and compared to the value obtained by
quilibrium dialysis.

The intraliposomal pH in liposomes prepared with pH 9 Na
arbonate buffer was measured after exchanging the extrav-
sicular carbonate buffer with PBS or C-PBS and measuring
he corresponding fluorescence emission spectra. These spectra
ere used to estimate (Appendix A) the fractions of species III

nd IV in the intraliposomal microenvironment. The intraliposo-
al pH was then calculated from the fractions of the two species

nd the effective intraliposomal ionization constant (K′
a2

) using
he Henderson–Hasselbalch equation.

. Results

.1. Validation of fluorescence methods

One of the objectives of the present work was to develop and
alidate a fluorescence method for monitoring intraliposomal
H in the region between pH 7–10. The fluorescence method
as first validated in aqueous solution by estimating the ion-

zation constant of the A-ring phenol group (pKa2 ) of DB-67
n aqueous buffers. The concentration quenching of DB-67 was
nvestigated to select a concentration region devoid of quenching
ffects for fluorescence measurements in solution. Above a con-
entration of 20 �M, the fluorescence intensity of DB-67 was
ound to decrease with increasing drug concentration. A 1 �M
oncentration of DB-67 was therefore employed for fluores-
ence measurements. During fluorescence studies of liposomal
uspensions, the vesicles were diluted (by size-exclusion chro-
atography on Sephadex® columns) such that the suspension

rug concentration was ∼1 �M. The photostability of DB-67
uring spectral measurements was investigated by intermittent
xcitation of the drug in aqueous buffers or unilamellar vesicles,
very 10 s. There was no evidence of photodegradation as con-
B-67 was photostable during the measurement of excitation
nd emission spectra. Further, each spectral measurement was
ompleted within a minute by the use of a short integration time
0.1 s) and a wavelength step size of 1 nm.
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ig. 1. Concentration of DSPC measured as a function of time during equilib-
ium membrane/water partitioning studies at pH 8.

The particle sizes of liposome suspensions employed in
he experiments here were typically 195 ± 50 nm. The lipid
oncentration of the vesicle suspensions (after size-exclusion
hromatography) was typically 0.5–2 mg/ml. Fluorescence
pectra of blank vesicles at a similar lipid concentration were
sed to correct the overall fluorescence signal from liposomes
ontaining drug for the light scattering contribution.

.2. Membrane partitioning of DB-67

The DSPC/m-PEG DSPE bilayer/water partitioning of DB-
7 was investigated over a lipid concentration range of
.08–16 mg/ml and a drug concentration range of 0.05–5 �M.
t pH < 8, the drug concentration range was only varied from
.05 to 0.5 �M due to the low solubility of DB-67 (Xiang and
nderson, 2002). Fig. 1 shows a representative lipid concentra-

ion versus time profile observed during dialysis measurements
t pH 8 where the equilibration time was the longest. The lipid
oncentration was found to be stable throughout the equilibrium
ialysis measurements at all the pH values (4–9.5) explored. All
he buffers employed in the dialysis measurements were anionic
nd the buffer concentrations were typically at least 1000-fold
reater than the drug concentration. Therefore, it was assumed

hat no pH gradients were generated due to drug transport across
he bilayer during equilibration.

Shown in Fig. 2 are representative partition coefficient (Kp)
alues observed as a function of lipid concentration at three dif-

ig. 2. Values of Kp, the membrane/water partition coefficients for DB-67,
bserved as a function of lipid concentration at pH 4.11 (�), 6.76 (�) and
.95 (©). The error bars shown are the standard deviations of the experimental
easurements.
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ig. 3. Plot of Kp vs. pH for DB-67 obtained by fitting the observed partition
oefficients (�) at varying pH (4–9.5) to Eq. (1d) by considering (solid line) or
gnoring (dashed line) partitioning of the dianion species.

erent pH settings (4.11, 6.76, 8.95). Within the concentration
ange employed in these studies, the partition coefficient of DB-
7 was found to be independent of drug and lipid concentration
ver the entire pH range examined (4–9.5). The partition coeffi-
ients obtained using different lipid and drug concentrations at
ach pH were fit to Eq. (1d) to obtain values of Km

a and Km
a2

.
isplayed in Fig. 3 are the observed (symbols) and model fit-

ed (solid line) values of Kp for DB-67 as a function of pH.
he Kp values ranged from 2443 ± 230 at pH 4.1 to 57 ± 5 at
H 9.5. These values correspond to a percentage of total drug
hat is membrane bound inside the vesicles of approximately
9 and 76% at pH 4.1 and 9.5, respectively. The ionization
onstants Km

a and Km
a2

were found to be 1.95 ± 0.32 × 10−8

nd 1.1 ± 0.6 × 10−9, respectively, which are similar to the val-
es determined previously (Joguparthi and Anderson, 2007)
rom permeability measurements (Km

a = 1.08 ± 0.17 × 10−8,
m
a2

= 1.53 ± 0.64 × 10−9). Table 1 summarizes the ionization
onstants on the membrane measured by various methods. These
Ka values correspond to shifts of the pKa values in aqueous
uffers by 1.2 and 0.3 units upon membrane binding. Ignoring
he membrane binding of the carboxylate dianion (IV) resulted
n a poor fit of the partition coefficients in the pH region 8.5–9.5.
he dashed line in Fig. 3 shows the fitted pH-partitioning pro-
le if the binding constant for species IV was considered to be
egligible. The ionization constants for DB-67 in the membrane
nd aqueous phases were used to estimate the intrinsic parti-
ion coefficients of the various species depicted in Scheme 2.
he intrinsic partition coefficients of the neutral lactone (KI),
onoanion (KIII) and dianion (KIV) were found to be 2443 ± 230

Joguparthi et al., 2007), 141 ± 23 and 73 ± 37, respectively.

.3. Fluorescence measurements of DB-67 in aqueous
uffers

Shown in Fig. 4 are the excitation (panel A) and emission
panel B) spectra of DB-67 at 37 ◦C in aqueous buffers varying
n pH but having the same drug concentration (1 �M). The emis-

ion spectrum exhibited an intensity maximum at 550–560 nm.
he emission intensity was observed to increase with an increase

n pH but no shifts were observed in the emission maxima. The
xcitation spectrum showed pH dependent shifts in intensity as
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Table 1

Experimental method Km
a (pKm

a ) Km
a2

(pKm
a2

)

Membrane permeability studies 1.08 ± 0.17 × 10−8 (7.97 ± 0.16) 1.53 ± 0.64 × 10−9 (8.81 ± 0.42)
Membrane partitioning studies 1.95 ± 0.32 × 10−8 (7.71 ± 0.16) 1.1 ± 0.6 × 10−9 (8.95 ± 0.54)
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the drug loaded vesicles and used as a control to correct for
scattering.

Shown in Fig. 6 are the excitation (panel A) and emission
(panel B) spectra of DB-67 entrapped in vesicles at varying
luorescence spectroscopic studies N/A

onization constants (mean ± S.D.) of DB-67 when bound to the gel phase (DS

ell as in the excitation maximum. At pH < 8.5, the excitation
aximum was 380 nm. At pH > 8.5, the excitation maximum
as found undergo a red shift to 420 nm. The excitation spectra
ere fit to Eqs. (2a)–(2c) and solved for Kw

a2
and the intrinsic

pectra for species III and IV by least-squares regression analysis
Appendix A). The deconvoluted individual spectra of species
II and IV are shown in Fig. 5. The value of pKw

a2
was found to

e 8.57, not significantly different from the pKa2 of 8.67 ± 0.20
bserved in these laboratories previously from solubility studies
f DB-67 (Xiang and Anderson, 2002).

.4. Fluorescence measurements of DB-67 in unilamellar
esicles

Fluorescence excitation and emission spectra were measured
n liposomes containing entrapped DB-67 as a function of pH.
ince the entrapment efficiency of the drug was pH dependent

see results on drug loading), the concentration of DB-67 in each
iposome suspension was measured and the spectra were normal-
zed for any differences in drug concentration. Blank liposome
uspensions prepared at the same lipid concentration (16 mg/ml)

ig. 4. Fluorescence excitation (panel A) and emission (panel B) spectra of DB-
7 aqueous buffers of varying pH (7.7–10.1). The arrows show the direction of
ncreasing pH. pH values of the solutions for which the spectra are displayed
re 8, 8.5, 9, 9.6 and 10.1, respectively.
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5.8 ± 1.1 × 10 (9.23 ± 0.19)

ilayer, measured using various methods.

s that in the drug loaded vesicles were treated the same as
ig. 5. Deconvoluted (using Eq. (2a)) excitation spectra of the DB-67 monoan-
on (- -) and dianion (—) in aqueous buffers.

ig. 6. Normalized fluorescence excitation (panel A) and emission (panel B)
pectra of DB-67 in liposomes of varying pH (7.8–10.1). The arrows show the
irection of increasing pH. Values for pH in the vesicles for which the spectra
re displayed are 7.8, 8.4, 9, 9.5 and 10.1, respectively.
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at pH 9.5. The drug loading profile as a function of pH in
Fig. 9 follows the same pattern as the pH-partitioning profile
shown in Fig. 3. The high entrapment efficiency of DB-67 at
pH < 8 is likely due to the greater membrane binding in this pH
region.
ig. 7. Deconvoluted emission spectra (using Eq. (3a))of the DB-67 monoanion
- -) and dianion (—) in liposomes.

H. The excitation maximum was 397 nm and pH indepen-
ent. The total fluorescence intensity decreased with increasing
ntraliposomal pH. The emission spectra showed a pH depen-
ent red-shift in the emission maximum. In addition to the
mission peak at 560 nm observed in aqueous solution, an addi-
ional peak was observed at 445 nm. The emission intensity
t 445 nm decreased with increasing pH, while the intensity
t 560 nm was relatively insensitive to a change in pH. The
mission spectra were used to estimate the effective ionization
onstant of liposomally entrapped DB-67 (K′

a2
). The emis-

ion spectra were fit to Eqs. (3a)–(3c) (after correcting for
ight scattering and normalizing for differences in intraliposo-

al drug concentration) and solved (by least-squares regression
nalysis, Appendix A) for K′

a2
and the individual spectra of

pecies III and IV in the intraliposomal microenvironment.
he deconvoluted spectra are shown in Fig. 7. The value of
′
a2

was estimated to be 7.2 ± 0.4 × 10−10. The value of Km
a2

as estimated from the value of K′
a2

(using Eq. (3h)) to be
.8 ± 1.1 × 10−10, close to that observed in our previous per-
eability studies as well as membrane partitioning studies

ere.
Previous liposomal release studies suggested that the faster

han desired release rate under physiological conditions from
iposomes encapsulated with DB-67 carboxylate is due to the
nstantaneous loss of trans-bilayer pH gradients due to the rapid
quilibration of CO2 (Joguparthi and Anderson, 2007). A mathe-
atical model to predict changes in intravesicular pH due to flux

f CO2 was also developed (Joguparthi and Anderson, 2007).
o confirm the experimental observations and model predic-

ions in the release studies, the fluorescence emission spectra
f liposomes containing entrapped DB-67 were obtained after
xchanging (by passing through a Sephadex® gel column) the
xtravesicular buffer with PBS or C-PBS. The fluorescence

mission spectra were used to calculate (Appendix A) the pH
nside the vesicles. Fig. 8 shows the observed fluorescence emis-
ion spectra in PBS or C-PBS buffer. The pH inside the vesicles
as measured to be 7.4 ± 0.2 in C-PBS buffer and 10.3 ± 0.2

F
p

te liposomes measured immediately after exchanging the extravesicular buffer
ith PBS (—) or C-PBS (- -).

n PBS buffer. Previous model calculations (Joguparthi and
nderson, 2007) estimated an intravesicular pH decline to 7.8

n C-PBS and an increase to 10.2 in PBS buffer. The experimen-
al values here are close to the calculated values confirming the

odel predictions.

.5. Determination of drug loading efficiency

The loading efficiency of DB-67 into vesicles was investi-
ated as a function of intravesicular pH. Encapsulation efficiency
as calculated as the percent of total drug retained in the lipo-

ome fraction after size exclusion. Shown in Fig. 9 is the percent
f DB-67 encapsulated in vesicles as a function of pH. Encap-
ulation efficiency varied from 75% at pH 4 to about 15%
ig. 9. Percent of initial DB-67 encapsulated in vesicles when liposomes were
repared by hydration-extrusion procedure as a function of varying pH.
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. Discussion

.1. Fluorescence method for measurement of
ntraliposomal pH using DB-67

Liposomal formulations of drug candidates requiring pro-
onged blood circulation time in vivo rely on trans-membrane
H gradients to retain the drug inside the vesicles during circula-
ion (Maurer-Spurej et al., 1999). Trans-membrane pH gradients
re also used for the purpose of drug loading into vesicles dur-
ng their formulation (Dos Santos et al., 2004; Madden et al.,
990). The maintenance of established pH gradients both in vitro
nd in vivo may be critical to ensure efficient drug loading and
etention.

Recent formulation studies in these laboratories have been
imed at developing a sustained release liposomal formulation
f a novel camptothecin, DB-67, by various methods, including
he use of a trans-bilayer pH gradient (Joguparthi and Anderson,
007; Joguparthi et al., 2007). A more rapid rate of release of
B-67 under physiological conditions (i.e., in the presence of
O2 at physiological concentrations) than in buffers at the same
H but lacking CO2 was attributed to a drop in intravesicular
H caused by the influx of CO2. In the present work, the use of
ntrapped DB-67 as a self-probe of intraliposomal pH has been
xplored as a means of monitoring the pH during release studies.
o assess the feasibility of using DB-67 to monitor intralipo-
omal pH, the pH dependent fluorescence properties of DB-67
ere examined. Initial method development and validation stud-

es were conducted using 1 �M DB-67 solutions at varying pH
7.7–10.1). The pH dependent changes in the excitation spectra
panel A in Fig. 4) were used to estimate a value for the pKa2

f DB-67 of 8.57, similar to that reported previously for DB-67
Xiang and Anderson, 2002) and similar to the value reported
or other 10-hydroxy containing camptothecins (Fassberg and
tella, 1992).

Spectral measurements were also performed in liposomes
ontaining entrapped DB-67 at varying intravesicular pH. In
ontrast to the studies in aqueous buffers, the excitation spectra
panel A in Fig. 6) exhibited no change in excitation maxi-
um with pH, but the total fluorescence intensity was found

o decrease with increasing pH. A new peak at 445 nm was
bserved in the emission spectra in addition to the peak at
560 nm observed in solution (panel B in Fig. 6). In addition

o the blue shift in the emission maximum to 445 nm from the
60 nm observed in solution, the ratio of the intensities at 445
nd 560 nm (I445/I560) decreased with increasing pH.

Spectral properties of fluorescent dyes are sensitive to both
he probe environment as well as the prototropic equilibria.
herefore, the nature of the probe environment has to be care-

ully considered in the interpretation of pH effects on the
bserved spectra (Klonis et al., 1998; Klonis and Sawyer, 2000).
ecent fluorescence studies of DB-67 in organic solvents of
arying polarity revealed that the emission maximum lies in the

avelength region of 400–450 nm and increases with increas-

ng solvent polarity (Xiang et al., 2006). In water, the emission
aximum has been observed to undergo a large red shift to

60 nm compared to that in organic solvents. In spectral mea-

q
s
s
r

isplayed spectra in the figure are 100, 97.5, 95, 90, 50, 25 and 0%, respectively.
he decrease in the percent of ethanol is characterized by the decrease in the
mission intensity at 430 nm and increase in the intensity at 560 nm.

urements in liposomes, two peaks were observed at 440 and
60 nm, respectively, with the ratio of the two peaks dependent
n pH, indicating either a change in the probe microenvi-
onment, a change in the fraction of the various species, or
oth. To confirm the effect of solvent polarity, the emission
pectra of DB-67 were measured in water–ethanol mixtures
s depicted in Fig. 10. In 100% ethanol, an emission max-
mum was observed at 430 nm, shifting to 560 nm in 90%
thanol. Increasing the percentage of water beyond 10% in the
ater–ethanol mixtures produced further decreases in the inten-

ity of the emission at 430 nm confirming that the ratio of the
wo peaks was strongly dependent on solvent polarity. Thus, the
hange in the ratio of the two peaks at 445 and 560 nm observed
n liposomes as a function of pH clearly suggests a poten-
ial change in the probe microenvironment (i.e. change in drug
ocation).

Membrane partitioning studies indicated that both the
onoanion and dianion are highly membrane bound in the

ntraliposomal microenvironment. The estimated partition coef-
cients for these two species correspond to percentages of
embrane bound intravesicular drug of 90 and 82% for the
onoanion and the dianion, respectively. Since the fractions of

pecies bound do not differ dramatically at the high lipid/water
olume ratios found inside vesicles, the increase in the emission
aximum of DB-67 in the vesicles with increasing pH may be

ue predominantly to changes in the fractions of monoanion and
ianion rather than to differences in the microenvironment in
hich drug is located. One of the pH values (pH 7.8) employed

n the liposome experiments was close to the effective pKa (=7.7)
or the E-ring lactone ring opening/ionization in membrane-
ound DB-67. However, ignoring the spectrum at this pH did
ot significantly change the estimated value of the effective
Ka2 of DB-67 in the intraliposomal microenvironment. This
s likely due to the fact that the E-ring is far away from the

uinoline nucleus that is responsible for the major fluorescence
ignal. This is also corroborated by the observation that emis-
ion spectra in liposomes were pH independent in the pH 4–7
egion (data not shown). The pH dependence of the emission
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pectra of DB-67 in liposomes in the pH region 7.8–10.1 was
sed to estimate the effective pKa2 of DB-67 in the intralipo-
omal microenvironment. The value of the ionization constant
n the membrane (Km

a2
) was estimated from the effective pKa2

nd found to be similar (see Table 1) to the value obtained from
revious permeability measurements and the membrane parti-
ioning studies described herein. These results confirm that the
H dependent spectral properties of DB-67 can be exploited to
robe the intravesicular pH.

The fluorescence method developed was used to confirm
he previous experimental observations and model predictions
Joguparthi and Anderson, 2007) that when starting with a high
ntravesicular pH, the established pH gradients are instanta-
eously lost due to the rapid trans-bilayer CO2 equilibration.
hen liposomes having an initial internal pH of 9.0 were dia-

yzed against C-PBS, a strong blue shift in the spectra was seen
n the case of C-PBS suggesting that the predominant species
as changed from that of the dianion to the monoanion. The
easured pH (7.4 ± 0.2) in the case of C-PBS was close to that

redicted (7.8) confirming the loss of pH gradients. The small
ifference between the predicted and observed is likely due to
he relative insensitivity of the method in this pH region, which
s ∼1.5 pKa units away from the apparent pKa2 (9.14 ± 0.23)
n the intraliposomal microenvironment. When liposomes hav-
ng an initial internal pH of 9.0 were dialyzed against PBS,
he pH was predicted to rise due to the efflux of CO2 from
he intraliposomal carbonate buffer. This was confirmed by the
H measurements. The measured pH in PBS (10.3 ± 0.2) was
ot different from that predicted (10.2) since this pH region is
lose to the apparent pKa2 in the intraliposomal microenviron-
ent.

.2. Membrane partitioning and liposomal loading of
B-67

The membrane partitioning of DB-67 was investigated to
btain independent estimates of the ionization constants for
he E-ring lactone ring opening/ionization and A-ring phenol
roup on the bilayer membrane. The ionization constants Km

a
nd Km

a2
were found to be 1.95 ± 0.32 × 10−8 (pKm

a = 7.71)
nd 1.1 ± 0.6 × 10−9 (pKm

a2
= 8.96), respectively. The intrinsic

artition coefficients of species I, III and IV were found to be
443 ± 230, 141 ± 23 and 73 ± 37, respectively. These values
uggest that DB-67 is highly membrane bound even at pH 9.5.
he values of the ionization constants obtained in this study are
onsistent with previously estimated values from permeability
easurements.
The shifts in the ionization constants of DB-67 upon binding

o the inner leaflet of the liposomal bilayer are consistent with
microenvironment having reduced water exposure. Recent
olecular dynamics studies in these laboratories have shown

hat DB-67 lactone resides at the membrane–water interface
ith both the E-ring lactone and A-ring phenol group resid-
ng in regions of reduced water exposure (Xiang et al., 2006).
hese simulations also suggested that the 10-hydroxyl group on

he A-ring is farther away from the lipid/water interface (and
loser to the chain region) than the E-ring lactone probably due

d
e
t
e

of Pharmaceutics 352 (2008) 17–28

o the presence of two hydrogen bonding groups in the lactone
ing. We have ignored the neutral ring-opened carboxylic acid
species II) in the treatment of our data here based on previ-
us (Fassberg and Stella, 1992; Xiang and Anderson, 2002)
bservations that this species is negligible in solution at any
H. This assumption should also be valid for membrane-bound
B-67 because membrane binding should further favor the lac-

one over the ring-opened species (II). The observed shift in
he ionization constants also indicates that, unlike in solution,
he carboxylate/lactone equilibrium is shifted towards DB-67
actone at physiological pH in the intraliposomal microenvi-
onment. A consequence of this is that a higher intraliposomal
H is necessary than would be expected in the absence of mem-
rane binding to significantly prolong the release of DB-67 from
iposomes.

Liposomal loading of DB-67 was investigated as a function
f pH to explore the potential of passive liposomal loading to
repare liposomes at high intravesicular pH. The liposomal load-
ng profile shown in Fig. 9 appears to be very similar to the
H-partitioning profile of DB-67. The high encapsulation effi-
iency in the pH region 4–7 is likely due to DB-67 lactone
eing the predominant species in this region. The decrease in
ncapsulation efficiency with increasing pH suggests that the
oading of DB-67 occurs primarily through membrane binding
s opposed to aqueous core loading which would be expected
o be pH independent. This indicates that a high drug concen-
ration is required for formulation of liposomes (when using a
igh intravesicular pH) by passive loading approaches in order
o achieve a high entrapped concentration. Alternative strategies
re therefore needed to improve the encapsulation efficiency of
B-67 at a high intraliposomal pH.

. Conclusions

The pH dependent fluorescence properties of DB-67 have
een examined to explore its use as a probe of intravesicu-
ar pH. The emission spectra of DB-67 in the intraliposomal

icroenvironment exhibit a pH dependent shift in the emission
axima in the pH region of interest (7–10) that enables the

se of DB-67 as an intravesicular pH probe. Previous predic-
ions for the changes in intravesicular pH under physiological
onditions (Joguparthi and Anderson, 2007) were confirmed
sing this method. The membrane partitioning of DB-67 as a
unction of pH was consistent with observations from fluores-
ence measurements. DB-67 was found to be highly membrane
ound in the intraliposomal microenvironment which results
n a decrease in the ionization constants of the E-ring lactone
nd A-ring phenol. The observed ionization constants of DB-67
n its membrane-bound state are consistent with observations
rom fluorescence measurements here and previous permeabil-
ty measurements. The pH dependence of DB-67 loading using
ence of membrane binding of the drug. This results in poor
ncapsulation efficiency of DB-67 at high pH, necessitating fur-
her development of formulation strategies to improve loading
fficiency.
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ppendix A

.1. Spectral deconvolution by least-squares regression
nalysis

The total fluorescence intensity at each wavelength in exper-
ments in aqueous buffers can be expressed as a sum of intrinsic
ntensities of species III and IV as:

′
t (λ) = f W

III SIII(λ) + f W
IVSIV(λ) (1)

ince spectra were obtained at varying pH, the total intensity
an be expressed as:

′
t,i(λ) = f W

III,iSIII(λ) + f W
IV,iSIV(λ) (i = 1 − n) (2)

here i refers to the ith pH value and n is the total number of pH
alues where the spectra were measured. The best fit value for
he ionization constant (Kw

a2
)was obtained by minimization of

he following objective function defined to represent the sum of
quares of deviations of the observed from the predicted intensity
alues.

n∑
i=1

[S′
t,i,expr. − S′

t,i,calc.]
2

≡
n∑

i=1

[S′
t,i,expr. − (f W

III,iSIII(λ) + f W
IV,iSIV(λ))]

2
(3)

here the subscripts expr and calc represent the experimentally
bserved and calculated spectra. At the minima of the above
bjective function, the first derivative with respect to SIII(λ) or
IV(λ) is zero:

∂

∂SIII(λ)

n∑
i=1

[S′
t,i,expr.(λ) − (f W

III,iSIII(λ) + f W
IV,iSIV(λ))]

2

= −2
n∑

i=1

f W
III,i[S

′
t,i,expr.(λ) − (f W

III,iSIII(λ) + f W
IV,iSIV(λ))] = 0

(4a)

∂

∂SIV(λ)

n∑
i=1

[S′
t,i,expr.(λ) − (f W

III,iSIII(λ) + f W
IV,iSIV(λ))]

2

= −2
n∑

i=1

f W
IV,i[S

′
t,i,expr.(λ) − (f W

III,iSIII(λ) + f W
IV,iSIV(λ))] = 0

(4b)

K

L
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qs. (4a) and (4b) are a system of linear equations with two
nknowns, SIII(λ) and SIV(λ), having the following solutions:

III(λ) =

∣∣∣∣∣
∑n

i=1S
′
t,i,expr.(λ)f W

III,i
∑n

i=1f
W
III,if

W
IV,i∑n

i=1S
′
t,i,expr.(λ)f W

IV,i

∑n
i=1(f W

IV,i)
2

∣∣∣∣∣∣∣∣∣∣
∑n

i=1(f W
III,i)

2 ∑n
i=1f

W
III,if

W
IV,i∑n

i=1f
W
III,if

W
IV,i

∑n
i=1(f W

III,i)
2

∣∣∣∣∣
(5a)

IV(λ) =

∣∣∣∣∣
∑n

i=1(f W
III,i)

2 ∑n
i=1S

′
t,i,expr.(λ)f W

III,i∑n
i=1f

W
III,if

W
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∑n
i=1S

′
t,i,expr.(λ)f W
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∣∣∣∣∣∣∣∣∣∣
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i=1(f W
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III,if

W
IV,i∑n

i=1f
W
III,if

W
IV,i

∑n
i=1(f W
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2
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(5b)

he solutions (5a) and (5b) can be substituted into the objective
unction (Eq. (3)) to find the optimal value of Kw

a2
at which the

ifference between the experimental and calculated spectra is
inimized. The spectra obtained from liposomes was similarly

olved (after correcting for liposome scattering and normalizing
or drug concentration) to find the value of K′

a2
for ionization of

he A-ring phenol in the intraliposomal microenvironment.
The measured K′

a2
was used to predict the pH values in vesi-

les by least-squares analysis. In order to predict the pH, the
bjective function (Eq. (3)) was derivatized with respect to fIII,i
nd fIV,i to obtain two linear equations (similar to Eqs. (4a) and
4b) shown above) with fIII,i and fIV,i as the unknowns. These
quations can be solved to obtain the fractions of the two species.
rom the values of the fractions of various species (fIII,i and fIV,i)
nd the apparent ionization constant in the vesicle (K′

a2
), the

H inside the vesicles can be calculated using the well known
enderson–Hasselbalch equation.

eferences

om, D., et al., 2000. The novel silatecan 7-tert-butyldimethylsilyl-10-
hydroxycamptothecin displays high lipophilicity, improved human blood
stability, and potent anticancer activity. J. Med. Chem. 43, 3970–3980.

urke, T.G., et al., 1993. Lipid bilayer partitioning and stability of camptothecin
drugs. Biochemistry 32, 5352–5364.

os Santos, N., et al., 2004. pH gradient loading of anthracyclines into
cholesterol-free liposomes: enhancing drug loading rates through use of
ethanol. Biochim. Biophys. Acta 1661, 47–60.

assberg, J., Stella, V.J., 1992. A kinetic and mechanistic study of the hydrolysis
of camptothecin and some analogues. J. Pharm. Sci. 81, 676–684.

abizon, A.A., 2001. Stealth liposomes and tumor targeting: one step further in
the quest for the magic bullet. Clin. Cancer Res. 7, 223–225.

oguparthi, V., Anderson, B.D., 2007. Liposomal delivery of hydrophobic weak
acids: enhancement of drug retention using a high intraliposomal pH. J.
Pharm. Sci. 97, 433–454.

oguparthi, V., et al., 2007. Liposome transport of hydrophobic drugs: Gel phase
lipid bilayer permeability and partitioning of the lactone form a hydrophobic
camptothecin, DB-67. J. Pharm. Sci. 97, 400–420.

lonis, N., et al., 1998. Spectral properties of fluorescein in solvent-water
mixtures: applications as a probe of hydrogen bonding environments in
biological systems. Photochem. Photobiol. 67, 500–510.
lonis, N., Sawyer, W.H., 2000. Effect of solvent-water mixtures on the pro-
totropic equilibria of fluorescein and on the spectral properties of the
monoanion. Photochem. Photobiol. 72, 179–185.

aiken, N.D., Fanestil, D.D., 1989. Body fluids and renal function: physiology
of body fluids. In: West, J.B. (Ed.), Best and Taylor’s physiological Basis



2 urnal

L

M

M

P

V

X

X

8 V. Joguparthi et al. / International Jo

of Medical Practice, 12th ed. William & Wilkins Publishing Co., Baltimore,
pp. 406–418.

opez-Barcons, L.A., et al., 2004. The novel highly lipophilic topoisomerase
I inhibitor DB67 is effective in the treatment of liver metastases of murine
CT-26 colon carcinoma. Neoplasia 6, 457–467.

adden, T.D., et al., 1990. The accumulation of drugs within large unilamellar
vesicles exhibiting a proton gradient: a survey. Chem. Phys. Lipids 53, 37–46.

aurer-Spurej, E., et al., 1999. Factors influencing uptake and retention of

amino-containing drugs in large unilamellar vesicles exhibiting transmem-
brane pH gradients. Biochim. Biophys. Acta 1416, 1–10.

eikov, V., et al., 2005. pH-dependent association of SN-38 with lipid bilayers
of a novel liposomal formulation. Int. J. Pharm. 299, 92–99.

aleur, B. (Ed.), 2002. Molecular Fluorescence. Wiley VCH, Germany.

Y

Z

of Pharmaceutics 352 (2008) 17–28

iang, T.X., Anderson, B.D., 2002. Stable supersaturated aqueous solutions of
silatecan 7-t-butyldimethylsilyl-10-hydroxycamptothecin via chemical con-
version in the presence of a chemically modified beta-cyclodextrin. Pharm.
Res. 19, 1215–1222.

iang, T.X., et al., 2006. Molecular dynamics simulations and exper-
imental studies of binding and mobility of 7-tert-butyldimethylsilyl-
10-hydroxycamptothecin and its 20(S)-4-aminobutyrate ester in DMPC
membranes. Mol. Pharm. 3, 589–600.
uan, F., et al., 1994. Microvascular permeability and interstitial penetration of
sterically stabilized (stealth) liposomes in a human tumor xenograft. Cancer
Res. 54, 3352–3356.

hang, J.A., et al., 2004. Development and characterization of a novel liposome-
based formulation of SN-38. Int. J. Pharm. 270, 93–107.


	Determination of intraliposomal pH and its effect on membrane partitioning and passive loading of a hydrophobic camptothecin, DB-67
	Introduction
	Materials and methods
	Materials
	Fluorescence measurements of DB-67 in aqueous buffers
	Preparation of liposomes for fluorimetric, equilibrium dialysis and drug loading measurements
	Fluorescence measurements in liposomes
	Determination of DB-67 loading efficiency
	Determination of bilayer membrane/water partition coefficients
	HPLC analyses

	Data analyses
	Analysis of membrane partitioning data
	Analysis of fluorescence spectra in aqueous solutions
	Analysis of fluorescence spectra in liposomes

	Results
	Validation of fluorescence methods
	Membrane partitioning of DB-67
	Fluorescence measurements of DB-67 in aqueous buffers
	Fluorescence measurements of DB-67 in unilamellar vesicles
	Determination of drug loading efficiency

	Discussion
	Fluorescence method for measurement of intraliposomal pH using DB-67
	Membrane partitioning and liposomal loading of DB-67

	Conclusions
	Acknowledgements
	Appendix A
	Spectral deconvolution by least-squares regression analysis

	References


