
Abstract In the present study we have analyzed the ki-
netics of the initial steps (first 10 seconds) of the interac-
tion between the anthracycline daunomycin (DNM) and
artificial lipid vesicles bearing opposite surface charge.
The process can be monitored by measuring the fluores-
cence increase of the drug accompanying its association
with the lipid bilayers. The results indicated that DNM con-
sistently interacts to a larger extent with the liposomes hav-
ing negative surface charge than with those having posi-
tive surface charge, suggesting the involvement of electro-
static components in the interaction. In contrast, DNM as-
sociates with the vesicles bearing positive surface charge
2 – 3 times faster (in terms of the apparent rate constants
describing the process of interaction) than with those hav-
ing negative surface charge, an observation probably re-
lated to the more fluid physical state of the former. Regard-
ing the rate of access of DNM to the vesicles, rather than
depending on the surface charge of the vesicles, this is crit-
ically affected by the ionization state of the drug, i. e. by
the pH. Thus, the rate at which the interaction proceeds is
increased nearly 15-fold when the pH of the medium in-
creases from 7.0 to 8.3, regardless of the surface charge of
the liposomes. On this basis, and taking into account the
fact that the anthracyclines enter the cells by passive dif-
fusion, possible effects of pH on the transport of these drugs
through the membranes of tumor cells are discussed.
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Abbreviations DNM Daunomycin · PCL Positively
charged liposomes · NCL Negatively charged liposomes ·
DPH 1,6-diphenylhexa-1,3,5-triene

Introduction

The anthracyclines are lipophilic antibiotics commonly
employed in clinical anticancer protocols (Arcamone
1985). In addition to the intercalation of these drugs into
nucleic acids inhibiting DNA and nuclear RNA synthesis
(Powis 1987), it is known that the entry of the anthracy-
clines into tumor cells takes place by passive diffusion
(Siegfried et al. 1985; Willingham et al. 1986; Ruetz and
Gros 1994). Moreover, it has been suggested that the cell
membrane is a target for drugs (Powis et al. 1990; Tritton
and Hickman 1990) and that the anthracyclines can exert
their cytotoxic activity solely through interaction with 
the cell membrane (Tritton 1982). These observations
prompted several laboratories to carry out studies devoted
to describing the nature of the drug-lipid interactions in
natural membranes (Siegfried et al. 1983; Posada et al.
1989; Escriba et al. 1990). Such studies are greatly facili-
tated by the fact that there is a significant change in the
quantum yield of the intrinsic fluorescence of these drugs
(Burke and Tritton 1985) accompanying their incorpora-
tion into the hydrophobic membrane domains. This prop-
erty has been used to monitor, under equilibrium condi-
tions, the binding of the anthracyclines to membrane ves-
icles (Escriba et al. 1990; Burke and Tritton 1985) and
more recently, to describe by rapid kinetics (stopped-flow)
the early steps of the interaction between DNM and tumor
cells (Soto et al. 1992).

On the other hand, the use of artificial lipid vesicles has
contributed significantly to the present knowledge of the
drug-membrane interactions (Henry et al. 1985; Goor-
maghtigh et al. 1986; Dupou-Cezanne et al. 1989; Bañue-
los et al. 1993; Wadkins and Houghton 1993). Artificial
vesicles are good models which are simpler than the more
complex biological cell membranes. They permit a detailed
analysis of the contribution of the lipid component and that
of the dynamics of the membrane bilayer to the interaction
with the drugs.

In an attempt to gain new insights into the interaction
of anthracyclines with the membranes of tumor cells, we
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have exploited the ionizable nature of these drugs to ex-
plore the significance of the ionization state of DNM on
the kinetics of the initial steps of its incorporation into ar-
tificial lipid vesicles bearing different surface charge. The
rationale for this approach is based on the presence of a
pharmacologically relevant, ionizable amino group (pKa
~8.25 (Demant et al. 1990)) at the sugar moiety of the an-
thracyclines, which makes the biological activity of these
molecules susceptible to changes in the equilibrium
between protonated and deprotonated forms of the drug.
Thus, in cancer cells, the protonated species seemingly
bind cellular constituents with greater affinity than the de-
protonated forms while the latter appear to be more per-
meant through the membranes (Siegfried et al. 1985; Si-
mon et al. 1994).

Materials and methods

DNM hydrochloride was purchased from Sigma-Aldrich
Quimica S. A., Madrid, Spain. The concentration of the
drug in dilute solutions (below 10 µM) was estimated at
480 nm using a molar extinction coefficient of 11 500 M–1

cm–1 (Barcelo et al. 1986).
The preparation of liposomes at different pHs has been

described previously (Ferrer-Montiel et al. 1992). Briefly,
the lipid composition of the liposomes (Avanti Polar Lip-
ids, Inc., Alabama, USA) was: egg phosphatidylcholine
(63 µmol), cholesterol (9 µmol) and stearylamine
(18 µmol) for PCL, or egg phosphatidylcholine (63 µmol),
cholesterol (9 µmol) and dicetyl phosphate (18 µmol) for
NCL, respectively. The experiments at different pHs were
conducted in buffers containing 100 mM NaCl in addition
to either 10 mM HEPES (pH 7.0 and pH 7.6) or 10 mM

EPPS (pH 8.3).
Steady-state fluorescence anisotropy measurements

were done as previously described (Canaves et al. 1991),
using DPH as the fluorescent probe in a SLM-8000 C spec-
trofluorometer set in the “T format”.

The kinetic recordings were obtained in a stopped-flow
spectrophotometer (HiTech model SF-51) set up under
identical conditions to those described by Soto et al.
(1992). The spectroscopic traces were computer fitted by
a nonlinear regression method using the algorithm of Mar-
quardt to equations containing one (Eq. (1)) or the sum of
two exponential terms (Eq. (2)):

F(t) = A1[exp(–k1t)] +C (Eq. 1)

F(t) = A1[exp(–k1t)] +A2[exp(–k2t)] +C (Eq. 2)

where F(t) is the fluorescence at time t; A1, A2, and k1, k2,
represent the amplitudes and the apparent rate constants,
respectively corresponding to each of the exponential
terms included in Eqs. (1) and (2); C is the fluorescence
intensity at equilibrium.

Results and discussion

The change in the fluorescence quantum yield of the an-
thracycline DNM accompanying its incorporation into hy-
drophobic membrane domains (Burke and Tritton 1985;
Soto et al. 1992), has been exploited here to describe, by
rapid kinetics, how the ionization state of DNM and the
membrane surface charge influence the initial steps in the
interaction of the drug with the membranes. The studies
have been performed using either positively-charged
(PCL) or negatively-charged (NCL) liposomes within a
reasonably narrow pH range (from 7 to 8.3), in which the
net surface charge of each type of liposome remains fairly
unaltered, while greatly shifting the equilibrium between
protonated and deprotonated forms of the drug (pKa~8.25,
(Demant et al. 1990)). Control experiments demonstrated
that the fluorescent properties of free DNM in solution did
not change within the range of pH used. Moreover, the flu-
orescence emission of DNM (as a measure of the fluores-
cence quantum yield) undergoes an identical change upon
incorporation at equilibrium into either PCL or NCL (data
not shown).

Representative recordings of the fluorescence increase
of DNM upon interaction with NCL and PCL at the pHs
7.0, 7.6 and 8.3 are shown in Fig. 1 (panels A, B and C, re-
spectively). The estimates of the amplitudes and the appar-
ent rate constants as the kinetic parameters defining the
process, are summarized in Table 1 and were obtained by
computer fitting of the experimental traces to Eqs. (1) and
(2) described under Methods.

The influence of the vesicle’s surface charge on the ki-
netics of the process can be easily noticed by comparing
the behavior exhibited by NCL and PCL samples at any
of the pHs used in the experiments (comparison of traces
1 and 2 in each panel of Fig. 1). First, the amplitude of the
fluorescence change corresponding to the interaction of
DNM with PCL and NCL (see also Table 1) is consistently
larger in the latter, regardless of pH. This agrees with pre-
vious studies made under equilibrium conditions, in which
NCL demonstrated higher capacity to bind drug than PCL
(Ferragut et al. 1988), suggesting a possible involvement
of electrostatic components in the accommodation of
DNM into the negatively-charged lipid bilayer. Second,
the rate at which the fluorescence of DNM increases in
the presence of PCL is faster than that observed in the
presence of NCL, irrespective of the pH. This qualitative
conclusion can be substantiated by comparing the k1 and
k2 rate constant values corresponding to each type of ves-
icle in Table 1. In an attempt to explain the latter obser-
vation, we have determined the apparent fluidity of the
hydrophobic lipid matrix in NCL and PCL, since it has
been established that penetration and location of anthra-
cyclines in the bilayers can be markedly dependent on the
lipid packing (Dupou-Cezanne et al. 1989; Bañuelos et al.
1993). As illustrated in the Fig. 2, at 25° (the temperature
at which the stopped-flow experiments were run), the
membrane fluidity probe DPH displayed lower anisotropy
values when incorporated in PCL than in NCL, suggest-
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ing a more rigid physical state of the lipid bilayer in 
the latter, which presumably causes a decrease in the rate
of incorporation of DNM to NCL with respect to that in
PCL.

In spite of the above observations, the rate of interac-
tion between DNM and the liposomes appears mainly gov-
erned by the state of protonation of the drug rather than by
the surface charge of the vesicles. This can be concluded
by comparing the time courses of the interaction (fluores-
cence increase) shown in panels A, B and C of Fig. 1, cor-
responding to the assays performed at pH 7.0, 7.6 and 8.3,
respectively. The profound effect of pH on the rate of inter-
action appears most clearly illustrated at pH 8.3 (Fig. 1 C),
in which the time scale required to describe the interaction
of DNM with either NCL or PCL has been reduced to only
2 s, versus the 10 s needed for completion of the same pro-
cess at the lower pHs 7.0 or 7.6. In order to better visual-
ize the effect of pH on the kinetics of the process, scaled
traces corresponding to the interaction of DNM with NCL
and PCL at the three pHs are shown in the Fig. 1, panels
D and E, respectively. The comparison of the scaled traces
reinforces the notion that, regardless of the surface charge,
the interaction of the drug with the liposomes becomes
much faster as the pH increases. The progressive shift in
the equilibrium from protonated to deprotonated forms of
DNM on increasing the pH, which parallels the concomi-
tant increase in the rate of the interaction of DNM with the
liposomes, strongly suggests that the deprotonated DNM
(based on a pKa of ~8.25, the deprotonated species ac-
counts for a calculated 5.4, 18 and 53% of the total DNM,
at pH values of 7.0, 7.6 and 8.3, respectively), is the form
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Fig. 1 A – E Left, Stopped-flow recordings corresponding to the flu-
orescence increase of DNM observed upon mixing 0.1 ml of 10 µM

DNM with 0.1 ml of the liposome suspensions (250 µM in terms of
lipid phosphorus) of: (1): Negatively charged liposomes (NCL); (2):
Positively charged liposomes (PCL). Units on the Y axis are ex-
pressed as arbitrary fluorescence units (a. u.). A: Experiments made
at pH 7.0; B: pH 7.6 and C: pH 8.3. Note the different time scale in
panel C as compared to panels A or B. Temperature was 25°. Right,
scaled traces for a better comparison of the effect of pH on the inter-
action of DNM with NCL (Panel D) and PCL (Panel E). Recordings
at pH 7.0 (1), 7.6 (2) and 8.3 (3), respectively

Fig. 2 Representative temperature-dependent steady-state fluores-
cence anisotropy of DPH incorporated into NCL (O) or PCL (I) at
pH 7.6. The lipid concentration of the vesicles was 100 µM in terms
of lipid phosphorus and the molar ratio of DPH to the lipid was 1 : 500.
Detailed experimental conditions are given in Canaves et al. (1991)



of the drug which is largely responsible for determining
the kinetics.

The change in pH also affects the number of compo-
nents needed to fit the experimental kinetic traces. Thus,
at pH 7.0 (Fig. 1 A), the process was satisfactorily de-
scribed by a single exponential term (Eq. (1)) since fitting
of the traces to the sum of two exponentials (Eq. (2)) did
not improve the statistics of the fit, yielding S. E. values
greater than the mean in most of the calculated kinetic pa-
rameters (see Table 1). At pH 7.6 and using either NCLs
or PCLs, the traces (Fig. 1 B) had a much better fit to
Eq. (2), indicating the need for an additional exponential
component to adequately describe the interaction process.
Finally when the assays were done at pH 8.3, again only
one exponential component was required but, in contrast
to the situation at pH 7.0, it is now defined by a large ap-
parent rate constant value. In fact, fitting of data obtained
at pH 8.3 to Eq. (2) yields large S. E. values for those pa-
rameters associated with a putative second component (A2
or k2) as in the case of NCL, or even nonsensical negative
values as in the case of A2 in the PCL (Table 1).

Based on the idea that the equilibrium between neutral
and protonated forms of DNM is greatly shifted in the range
of pH employed and on the idea that the deprotonated spe-
cies interact more rapidly with the liposomes, we propose
the following interpretation for the observed pH depen-
dence of the DNM-liposome interaction. First, we assume
that the calculated fast kinetic component accounts for the
interaction of the deprotonated form of DNM with the ves-
icles. Likewise, the slow kinetic component is assigned to
the interaction of the protonated form of the drug. At pH
7.0 the relative content of the rapidly interacting, deprot-
onated form of DNM (5.4%) would be too small to con-
tribute significantly to the overall process, which would
then be defined by the contribution of the slowly interact-
ing, protonated drug form. Indeed, as indicated in Table 1,
the drug-liposome interaction at this pH can be described
by only one kinetic component characterized by a rela-
tively small apparent rate constant (k1 = 0.21 s–1 and 0.53
s–1 for NCL or PCL, respectively).

At pH 7.6, the coexistence of significant amounts of de-
protonated (18%) and protonated drug forms, would be ex-

pected to increase the complexity in the kinetics of inter-
action with the liposomes and, indeed, two exponential
terms are needed to describe the process. Interestingly, the
slow kinetic component retains apparent rate constant val-
ues fairly close to those previously determined at pH 7.0
(k2 = 0.24 s–1 and 0.97 s–1 for NCL or PCL, respectively),
which is consistent with the idea that this component re-
flects the contribution of the still predominant protonated
form of DNM at this pH. As stated above, we assume that
the fast kinetic component detected as this pH results from
the interaction of the liposomes with the deprotonated form
of DNM. Moreover, the latter drug form accounts for more
than 50% of the total DNM at pH 8.3 and under these con-
ditions, the rapid interaction of these species with the ves-
icles could mask the contribution of the slowly interact-
ing, protonated form of DNM, thus making it possible to
define the overall process by only one kinetic component.

The interaction between DNM and lipid vesicles de-
scribed here by rapid kinetic methods resembles the “ad-
sorption component” defined by Skovsgaard (1978) as an
early step involved in the uptake of anthracyclines by the
cells, which takes place during the first five seconds of ex-
posure to the drugs. The observed pH-dependent increase
in the rate of incorporation of DNM into the liposomes
would be expected to increase the local concentration of
drug in the lipid bilayers, which could, in turn, facilitate
the entrance of DNM into the vesicles, since the anthrac-
yclines are thought to enter the cells by a passive diffusion
mechanism (Siegfried et al. 1985; Willingham et al. 1986;
Ruetz and Gros 1994).

In this regard, our results consistently support the view
that while electrostatic components seem to influence the
extent to which the anthracyclines interact with the lipid
bilayers (Ferragut et al. 1988; Gallois et al. 1996), it is the
drug charge which mainly dictates the kinetics of the inter-
action. From this, it is expected that deprotonated species
of the anthracyclines, though not exclusively, represent
the more diffusable forms of the drugs (Skovsgaard and
Nissen 1986). Transport and intracellular retention of an-
thracyclines by cancer cells has been proposed to be de-
pendent on microenvironmental pH in studies with P388
murine leukemia (Alabaster et al. 1989; Soto et al. 1993),
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pH A1 k1 A2 k2 C χ2

NCL 7.0 1353±5 0.210±0.002 – – 802±5 81
1019±1764 0.25 ±0.15 480±895 0.078±0.42 662±882 80

7.6 1336±7 0.57 ±0.006 – – 830±3 389
955±75 0.877±0.046 512±66 0.243±0.036 761±13 115

8.3 1220±6 3.18 ±0.003 – – 939±2 252
1116±127 3.65 ±0.28 162±91 0.96 ±1.22 905±44 219

PCL 7.0 502±14 0.532±0.03 – – 1568±5 1534
464±74719 0.54 ±7.7 38±74721 0.54 ±77 1571±19 1552

7.6 783±9 1.97 ±0.03 – – 1344±1 158
606±29 3.41 ±0.18 266±32 0.97 ±0.07 1339±1 61

8.3 690±10 8.54 ±0.16 – – 1560±1 139
694±16 8.54 ±0.16 –2607±112871 196±1454 1560±1 140

Values expressed as the mean ±S.E. of triplicate determinations, are given as fluorescence arbitrary units
(A1, A2, C) and s–1 (k1, k2), respectively

Table 1 Kinetic parameters
corresponding to the initial
interaction of DNM with nega-
tively (NCL) or positively
(PCL) charged liposomes ob-
tained by fitting the traces ob-
tained at different pHs to
Eqs. (1) or (2) (see Methods)



human myeloid (Vasanthakumar and Ahmed 1986) and
human non-small cell lung carcinoma cells (Mülder et al.
1992).
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