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Abstract
We propose a mathematical model for the release of carboxyfluorescein from liposomes whose membrane
permeability is modified by the binding of different bile salts to the leaflets of the lipid bilayer. We find that the
permeability of the liposomal bilayer depends on the difference in the concentrations of bile salt in the inner and
outer leaflets and is only minimally influenced by the total concentration of bile salt in the bilayer. Deoxycholate
and cholate are found to behave similarly in enhancing permeability for limited times, whereas the novel bile salt,
12-monoketocholate, flips from the outer to inner leaflet slowly, thereby enhancing membrane permeability for a
prolonged time.
Keywords: Liposomes, bile salts

Introduction

of liposomes in the presence of bile salts may provide
insights into the behavior and stabilization of liposomes
in the intestine and also suggest mechanisms by which
bile salts enhance membrane permeability.
Three natural bile salts, cholate (C), deoxycholate
(DC), and taurocholate (TC) and a semisynthetic bile
salt, monoketocholate (MKC), have been studied as
permeability enhancers to increase drug transport across
the blood–brain barrier (BBB) (Yang et al., 2011). It was
shown that these bile salts behave differently in terms of
their penetration into membranes and the effects they
have on membranes (Yang et al., 2009). The interaction
between bile salts and phospholipid bilayers entails the
partitioning of bile salts molecules into the outer leaflet of
the bilayer and subsequent flipping (i.e., flip-flop) of bile
salt molecules from the outer to the inner leaflet. The rate
of this flip-flop process is dependent on temperature, size
(i.e. curvature) and chemical composition of liposomes,
the chemical structure of bile salts, and concentration
of bile salts (Donovan and Jackson, 1997; Cabral et al.,
1987). It has been postulated that the partitioning of bile

Liposomes have been studied extensively for drug delivery purposes (Torchilin, 2005; Enden and Schroeder,
2009) and have been used as a model for biological membranes (Weissig, 2010). The permeability of the phospholipid bilayer membranes of liposomes is influenced by
factors such as lipid composition (Scarpa and De Gier,
1971; De Gier et al., 1968), temperature (Papahadjopoulos
et al., 1973), and the presence of chemicals in medium
(Xia and Onyuksel, 2000) in which they are dispersed.
One such group of chemicals that challenge the oral use
of liposomes, and which have been used as permeability
enhancers, are the bile salts.
Bile salts are endogenous surfactants involved in the
digestion of dietary fats in the intestine. Destabilization
of liposomes by bile salts in the gastrointestinal tract is
a significant challenge to the development of liposomes
for oral drug delivery (Kokkona et al., 2000). On the other
hand, bile salts have been used to enhance drug transport
across biological barriers (Mrestani et al., 2003; Fricker
et al., 1996). Thus, investigations into the permeability

Address for Correspondence: Peter Hinow, Department of Mathematical Sciences, University of Wisconsin–Milwaukee, P.O. Box 413,
Milwaukee, WI 53201-0413, USA; Fax: 414-229-4907; E-mail: hinow@uwm.edu
(Received 20 December 2011; revised 06 March 2012; accepted 09 March 2012)

237

Journal of Liposome Research Downloaded from informahealthcare.com by GlaxoSmithKline on 05/23/13
For personal use only.

238

P. Hinow et al.

salt into the outer leaflet only is insufficient to enhance
membrane permeability, especially of polar compounds
(Donovan and Jackson, 1997). However, we hypothesize
that the permeabilization of bilayers by bile salts is timedependent and is associated with the distribution process
of bile salts (i.e., flip-flop) in the membrane. This timedependent permeabilization has been studied using the
release of carboxyfluorescein (CF) from liposomes.
When CF is encapsulated inside liposomes at high
concentration (normally 50–200 mM), its fluorescence
intensity is quenched (self-quenching) as a result of the
formation of nonfluorescent dimers (Chen and Knutson,
1988). Once CF is released from the internal liposomal
aqueous compartment to the aqueous dispersion compartment, it is diluted significantly, resulting in a relief
of self-quenching. Because the fluorescence intensity is
approximately proportional to the amount of CF released
into the dispersion medium, liposome membrane permeability can be studied by monitoring the fluorescence
intensity of CF in real time. Because it has been estimated
that the concentration of CF in the membrane is negligible (Harrigan et al., 1990), being far less than typical
levels of fluorescent labels used to study membrane
behavior (0.01 mM of CF versus 1-mM fluorescent probes
Larsen et al., 2011), we neglect any effect CF might have
on membrane permeability.
An earlier study by Annesini et al. (2000) recognized the
value of mathematical modeling to help better understand
the change of membrane permeability in the presence of
surfactants. They proposed an ordinary differential equation where the flux of the encapsulated drug through the
membrane is proportional to the concentration difference
between the interior and exterior compartments, with
a time-dependent membrane permeability P(t). Taking
the fluorescence signal resulting from the released drug
calcein as the output, Annesini et al. concluded that P(t)
reaches a peak soon after the introduction of the surfactant and then decays until it reaches zero again. Here, we
used the same idea of Fick’s law to model the release of the
drug from the liposomes (see Equation below). In addition, we also model (1) the binding of the surfactants to
the inner and outer leaflets of the lipid bilayer membrane
and (2) an explicit dependence of membrane permeability
on surfactant concentration in each of the two leaflets.
The aim is to gain a deeper understanding of how
bile salts enhance membrane permeability and this has
implications for their use as permeation enhancers.

The mathematical model
To describe bile salt binding to the lipid bilayer, we use a
compartmental model (see Figure 1 for a diagram). Here,
w(t), x(t), y(t), and z(t) are, respectively, the concentrations at time t of bile salt (in mM) in the combined interior
liposome volume, the combined inner leaflet volume,
the combined outer leaflet volume, and the exterior volume. Throughout, we assume well-mixed conditions, in
other words, that spatial gradients disappear rapidly. The
inner leaflet can release bile salt into the lumen of the


Figure 1. Schematic representation of the exchange processes
taking place at a single liposome. Small disks indicate quenched
molecules of CF inside the liposome, whereas large discs indicate
fluorescent CF outside the liposome. Circles indicate bile salt
molcules in any of the compartments. Initially, all bile salt
molecules are outside of the liposome.

liposome. We denote, by Vi, Vs, and Vo, the total volumes
of the combined liposome interiors, the inner and outer
leaflets (separately, but equal) and the exterior volume,
respectively. We have the following four linear ordinary
differential equations (Equations 1–4) for the exchange
reactions between neighboring compartments:
Vi w ′ (t ) = k−1 x − k1w ,

Vs x ′ (t ) = k1w + k2 y − (k−1 + k−2 ) x ,

(1)

Vs y ′ (t ) = k−2 x + k1 z − (k−1 + k2 ) y ,
Vo z ′ (t ) = k−1 y − k1 z .

Note that every rate constant has the unit mm3h−1. The
total amount of bile salt is conserved, and because all of it
is initially dissolved in the exterior volume, we have:
Vi w(t ) + Vs ( x (t ) + y (t )) + Vo z (t ) = Vo z (0).

(2)

If the “flipping” between the inner and outer leaflet
occurs at equal rates in both directions, then k2 = k−2, but
we do not make this assumption a priori. It would, in
principle, be also possible to let the binding and release
rates, k1 and k−1, differ for the outer convex and the inner
concave surface of the liposome. Following the theory of
model parsimony, we choose to increase the number of
free parameters (that will be determined by curve fitting)
by one instead of by two, allowing k−2 to differ from k2, but
keeping the same values for k1 and k−1 for the outer and
inner surfaces.
With the conservation law (Equation 2), the system (Equation 1) has the steady states for the leaflet
concentrations:
x=

Vo z (0)
 k 
k−1
k k
Vi + −1 −2 Vo +  1 + −2  Vs
k1
k1 k2
k2 


, y=

k−2
x
k2

(3)

Thus, the steady states depend linearly on the initial
bile salt concentration in the exterior volume. If the
flipping rates satisfy k2 = k−2, it follows that x = y . We
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Figure 2. The difference between terminal and initial fluorescence signal is roughly proportional to a power of the initial exterior bile salt
concentration, at least up to medium-high concentrations. We suspect that in the highest concentration cases, at least a partial lysis of
liposomes occurs.

assume that the concentration of the drug in the interior of every liposome is the same at all times. Thus, let
ci and co be the concentrations (in M) of the drug in the
interiors of the liposomes and in the common exterior
space, respectively. The drug is assumed to pass the
liposome membrane quickly, without accumulation in
the inner and outer leaflets. The total amount of drug is
conserved, and because all of it is initially contained in
the liposomes, we have:
Vi ci (t ) + Vo co (t ) = Vi ci (0).

(4)

The flux of drug dm/dt across the combined liposome
membrane area A is derived from Fick’s law, as shown in
Equation 5:
dm
= − PA (co − ci ).
dt

(5)

Here P denotes the membrane permeability and
has the dimension mm h−1. We assume that a single flat
© 2012 Informa Healthcare USA, Inc.

membrane separates the interior and exterior spaces. The
dependence of P on the amount of bile salt in the outer and
inner leaflet compartments is the focus of this research
(the drug itself does not affect the membrane permeability). As a working hypothesis, we take (Equation 6):

P ( x , y ) = p1 y − x

a1

+ p 2 ( x + y )a2 ,

(6)

where p1, p2, a1, and a2 are constants to be determined
from the experimental data. The permeability may be
different for drug molecules of different sizes, shapes,
or molecular weights. The membrane without bile salts
(x = y = 0) is impermeable, and the difference y − x enters
with its absolute value to ensure positivity. With the convention that the flux is from the interior to the exterior,
we obtain for the rates of change of the drug concentrations (Equation 7):
Vi

dci
dc
dm
dm
=−
, and Vo o =
.
dt
dt
dt
dt

(7)

Journal of Liposome Research Downloaded from informahealthcare.com by GlaxoSmithKline on 05/23/13
For personal use only.

240

P. Hinow et al.

Figure 3. Optimal least-square fit of the release curves for the respective bile salts. The dotted experimental and solid fitted curves of the same
color belong together. Each dot represents a fluorecence measurement.

Fick’s law (Equation 5) and the conservation of drug
(Equation 4) imply immediately that if the equilibrium
permeability is positive, that is, P ( x , y ) > 0, then the
equilibrium solution of system (Equation 7) is as shown
in Equation 8:
Vi
c o = ci =
ci (0).
Vi + Vo

8

Again, this is a linear dependence, this time in the
initial drug concentration inside the liposomes.
The measured fluorescence signal is proportional to
the drug concentration in the exterior volume co at low
concentrations (it may saturate at higher concentrations). Thus, we calculate from our solution the fluorescence output shown in Equation 9:
F (t ) = F0 + Kco (t ),

9

where Fo is the background fluorescence level and K the
proportionality constant. We are aware of the fact that Fo


may not be uniform across experiments with different
bile salts and at different concentrations.

Methods
For the preparation of CF-loaded liposomes, CF (0.1882
g) was dissolved in 1 M of NaOH, and the solution was
adjusted to pH 7.2 and to an osmolarity of 290 mOsm/L
using Milli-Q water (Millipore, Billerica, Massachusetts,
USA). Soybean phosphatidylcholine (SPC) lipids were
dissolved in 5 mL of chloroform-methanol (3:1, v/v)
in a round-bottomed flask. The organic solvent was
removed by rotary evaporation (Ro-tavapor R110;
Büchi Labortechnik AG, Flawil, Switzerland) at 35°C for
30 minutes, and the residue was kept under a vacuum
overnight to remove traces of organic solvent. The SPC
lipid membrane was hydrated with 50 mM of CF in 5
mL of Ringer’s buffer, sonicated, and then subjected to
six freeze-thaw cycles using liquid nitrogen and warm
water to increase encapsulation efficiency (Chapman
Journal of Liposome Research
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Figure 4. Membrane permeability resulting from differences of bile salt concentration in the inner and outer leaflets.

et al., 1990). Liposomes were then extruded through
a unidirectional extruder (LIPEX™; Northern Lipids
Inc., Vancouver, British Columbia, Canada) 10 times
sequentially through 200-, 100-, and 50-nm nucleopore Track-Etch membranes. Unencapsulated CF was
removed by gel filtration through a Sephadex G100 column (1.5 cm in diameter and 40 cm long) using Ringer’s
buffer. The Z-average size of liposomes was determined
in Ringer’s buffer at 25°C by dynamic light scattering
(DLS) using a Zetasizer (ZS90; Malvern Instruments,
Malvern, UK). Values of viscosity and refractive index
of the dispersion medium were taken as 1.02 cP and
1.330, respectively.
For the CF release assay, an aliquot (200 µL) of bile salt
solution in Ringer’s buffer at a final concentration in the
range of 0–20 mM was added into each well of a 96-well
black microplate, followed by 10-µL aliquots of liposome
suspension (1 mM). After mixing for 10 seconds, the fluorescence intensity of each well was monitored over 12
hours at excitation and emission wavelengths of 485 and
520 nm, respectively. Maximum fluorescence (100%) was
© 2012 Informa Healthcare USA, Inc.

established by lysing the vesicles with 0.1% (w/v) Triton
X-100. The experiment was conducted in quadruplicate.
A total of 44 fluorescence measurements were taken in
each case, more closely spaced at the beginning of the
observation time.
We have implemented the model described above
using the open-source package scilab (Digiteo Foun
dation, INRIA, SCILAB: www.scilab.org). The raw data
and the codes are available from the corresponding
author upon request. Assuming unilamellar spherical
liposomes of uniform diameter (from DLS) and the mass
of lipids used, the number of liposomes (N) and the total
volume of the combined inner aqueous compartments of
liposomes were calculated. The number of liposomes (N)
N=

ClipV N A A1
2π d 2

,

where Clip is the lipid molar concentration, V the volume
of the sample, Na Avogadro’s constant, A1 = 0.5 nm2 the
liposome surface area occupied by a single phospholipid
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molecule, and finally, d the liposome diameter. With
these assumptions, the number of liposomes is N = 1.3 ×
1011 and their total area is A = 1.5 × 103 mm2. The volume
of each leaflet compartment is calculated using the following equation
Vs = π d 2 hN lip ,
where h = 2.5 nm is the thickness of each leaflet. Altogether,
the volumes of the compartments in Equations 1 and 7 are:
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Vi = 1.5 × 10−2 mm, combined liposome interiors,
Vs = 3.8 × 10−3 mm, the leaflet volumes (inner and outer),
Vo = 2.1 × 102 mm, exterior volume.
The initial drug concentration inside the liposomes
is estimated to be ci(0) = 50 mM. We assume that the
highest bile salt concentration leads to complete CF
release and that the dilution is Vo/Vi = 1.4 × 104-fold. The
terminal drug concentration in the presence of the
highest bile salt concentration is therefore co,max =
ci(0)Vi/Vo = 3.6 µM. We take the background fluorescence, F0, to be the average fluorescence at time 0 (for
different concentrations). We estimate the proportionality constant K from the linear relationship with offset
(from Equation 9),
K=

Fmax − F0
,
co ,max

where F∞ is the maximal terminal fluorescence level
(for different concentrations).

Figure 5. The concentrations of DC respectively MKC in the outer
and inner leaflets as predicted by the model over an extended
period of time.


Results and discussion
We use the free parameters, namely,
k−1 , k1 , k2 , k−2 , p1 , p2 , a1 and a2 ,
to fit the output of the model to the experimental release
curves by minimizing the squared deviation, using the
Metropolis Monte-Carlo method. Briefly, one of the
parameter values is selected randomly and then changed
by a random amount. If this decreases the deviation,
then the new parameter value is kept. If it increases
the variation, then the new value is kept with a certain
probability. This heuristic algorithm is designed to avoid
getting trapped in local minima. In some cases, we omit
the release curve in the presence of the highest bile
salt concentration, because we suspect at least partial
lysis of the liposomes as a result of the high amount of
bile salt in the membranes (see Figure 2). Although our
particle-size data (PCS-data not shown) did not show a
reduction in particle size at those high bile salt concentrations, the omission seems justified because the literature reported that the conversion of liposomes to mixed
micelles does not occur abruptly, but that liposomes and
mixed micelles coexist at some bile salt/phospholipid
ratios (Weissig, 2010). The results are shown in Figure 3.
The optimal parameter values are collected in Table 1.
In Figure 4, we plot the membrane permeability arising
from the difference term P (x, y) = p1 | y − x | a1, with the
other term being negligible.
Despite some uncertainty about the initial interior drug concentration, ci(0), and the proportionality
constant, K, between exterior drug concentration and
fluorescence response, the experimental release curves,
their best fits in Figure 3, and the corresponding optimal parameter values in Table 1 result in a considerable
amount of insight. First, we consistently obtain that p1 is
much larger than p2. This implies that membrane permeability does not depend greatly on the sum of the bile salt
concentrations in the inner and outer leaflets, but rather
depends on the difference in concentration between the
inner and outer leaflets. For the bile salts, C and DC, we
have that k2 ≈ k−2 and, consequently, the equilibrium
concentrations in the inner and outer leaflets, x and y ,
are equal (see Figure 5, top panel). Because permeability
depends on the difference in concentration of bile salts in
the two leaflets, and not on the total concentration of bile
salts in the leaflets, the leakage of CF becomes negligibly
Table 1. Parameter values obtained from the optimal fits in Figure 3.
Parameter
C
DC
MKC
4.0 ∙ 10–2
3.9 ∙ 10–2
1.4 ∙ 10–3
k1 (mm3 h–1)
k–1 (mm3 h–1)
1.4 ∙ 10–1
7.1 ∙ 10–2
1.6 ∙ 10–2
3 –1
–2
–2
k2 (mm h )
2.1 ∙ 10
2.3 ∙ 10
9.7 ∙ 10–4
3 –1
–2
–2
k–2 (mm h )
1.9 ∙ 10
2.3 ∙ 10
8.3 ∙ 10–5
–1
–a
–6
–6
p1 (mmh mM 1)
1.1 ∙ 10
1.1 ∙ 10
1.7 ∙ 10–6
–1
–a
–9
–9
p2 (mmh mM 2)
9.1 ∙ 10
4.6 ∙ 10
6.5 ∙ 10–10
a1
0.57
0.32
3.15
0.4
0.29
0.086
a2
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small. Consequently, release curves for these two bile
salts reach a plateau after approximately 3–5 hours, in
spite of the fact that there are still high levels of CF still
entrapped in the liposomes.
Moreover, the exponent, a1 < 1, suggests a saturation
of the increased membrane permeability at medium to
high bile salt concentrations in the leaflets. The situation is different for the bile salt, MKC, which flips more
slowly, reaching an equilibrium after a much longer
time (see Figure 5, bottom panel). The fluorescence
release curves at the two highest concentrations of MKC
reach the same level after 12 hours, implying a complete
release of the drug cargo. We also see a pronounced
difference, k2/k−2 ≈ 10, which means a faster switching
from the outer to the inner leaflet than in the opposite
direction. This is an interesting finding which may relate
to differences in the lipid packing densities resulting
from the convex curvature of the outer leaflet and the
concave curvature of the inner leaflet. The exponent, a1
> 1, suggests a cooperative behavior of the membranebound bile salts to increase the membrane permeability. Finally, for TC, the fits of the model were poor and
we do not have a unique fully satisfying fit; hence, the
parameter estimates are not reported in Table 1. TC is
the only conjugated bile salt in the group with a pKa of
1.8, compared with approximately pKa = 5 for the other
three (Ekwall et al., 1957; Eastwood, 1975). Further, in
the membrane, the pKa is shifted higher by approximately two units. Consequently, the penetration of TC
into the membrane and subsequent flipping is likely to
be different from the unconjugated bile salts.
It has been assumed that liposomes were uniform
unilamellar liposomes to calculate liposomal numbers,
bilayer surface areas, and leaflet volumes. Given the
method of preparation of the liposomes (10 extrusions
through a 50-nm membrane) and electron micrographs
(not shown), we believe that the assumption of unilamellarity is reasonable and is supported by others (Mayer
et al., 1986). With regard to size distribution, the polydispersity index was typically 0.09, suggesting a reasonably
narrow size range, and so this assumption is unlikely to
have undermined the estimation process. It would be
inappropriate to place full confidence in mechanistic
interpretations based solely on kinetic data. However,
the model does provide some insights into how bile salts
might be enhancing permeability of bilayers in a timedependent manner and why bile salts behave differently
from one another. These insights should now be tested
with complementary spectroscopic studies.
The mathematical model comprised of Equations 1, 5,
6, 7, and 9 explains satisfactorily the CF release profiles in
the presence of the bile salts, C, DC, and MKC. It should
be stressed that the binding kinetics of the bile salts to the
lipid bilayer can be investigated only indirectly through
the release of the cargo CF whose external concentration,
in turn, is inferred from levels of fluorescence. The presently linear compartmental model (Equation 1) for the
successive passage of bile salts from the exterior volume
© 2012 Informa Healthcare USA, Inc.

into the lumen of the liposomes can certainly be adapted
to incorporate more complicated nonlinear kinetics,
especially for TC. This will be the topic of future research.
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ERRATUM
The Equation:
N=

ClipV N A A1
2 ≠ d2

,

was originally published in the earlier online version as
N=

ClipV N A A1
2π d 2

,

The correct version is now published with a π in place of the erroneous ≠ symbol.
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