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It is frequently observed in pharmaceutical practice
that entrapped substances are lost rapidly when liposomes are used as carriers to introduce substances
into cells. The reason for the loss is the interaction of
serum components with liposomes. To elucidate the
mechanism of this phenomenon the partition of mesoporphyrin (MP) was systematically studied in model
systems composed of various lipids and human serum
albumin (HSA). As surface charge is an important factor in the interaction, neutral (1,2-dimyristoyl-snglycero-3-phosphatidylcoline, DMPC) and negatively
charged (1,2-dimyristoyl-sn-glycero-3-phosphatidylcoline/1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol,
DMPC/DMPG 5 19/1 w/w) lipids were compared. The
liposome/apomyoglobin system was the negative control. The size distribution of sonicated samples was
carefully analyzed by dynamic light scattering. Constants of association of MP to the proteins and to the
liposomes were determined: K p,1 5 (2.5 6 0.7) 3 10 7 M 21,
K p,2 5 (1.0 6 0.7) 3 10 8 M 21, K L,1 5 (1.3 6 0.3) 3 10 5 M 21,
and K L,2 5 (3.2 6 0.6) 3 10 4 M 21 for HSA, apomyoglobin,
DMPC, and DMPC/DMPG liposomes, respectively.
These data were used to evaluate the partition experiments. The transfer of MP from the liposomes to the
proteins was followed by fluorescence spectroscopy.
In the case of apomyoglobin, the experimental points
could be interpreted by ruling out the protein–
liposome interaction. In the case of HSA, the efflux of
MP from the liposomes was strongly inhibited above a
critical HSA concentration range for negatively
charged vesicles. This effect was interpreted as the
result of HSA coat formation on the liposome surface.
This direct interaction is significant for small lipo-

somes. The interpretation is fully supported by differential scanning calorimetry experiments. © 2000 Academic
Press
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In living organisms porphyrins, as prosthetic groups
of enzymes and carrier proteins, are essential for several functions such as electron transport in oxidation–
reduction processes of cells, oxygen transport, and storage. Thus, extensive studies have been carried out with
respect to their endogenous synthesis, transport, and
degradation (1– 4). The observation that a class of photochemically active dyes including porphyrins selectively accumulates in tumorous cells has attracted special interest in porphyrin derivatives as candidates for
therapeutic and diagnostic applications (5–7). In some
applications, the targeted delivery of phorphyrins (or
other effector molecules) is achieved by incorporation
into liposomes (8, 9). Evidence has shown that the
metabolism and transport of porphyrins involve, at
certain points, the crossing of biological (or artificial)
membranes (10, 11). Plasma components, however,
may significantly influence these processes including
the general application of liposomes as carriers or the
lysis of lipid vesicles, as numerous data show (12–15).
In the present work, liposomes as carriers in targeted delivery and as models of biological membranes
were studied in the presence of human serum albumin
(HSA). 2 It is well known that HSA effectively binds the
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porphyrin derivatives (2, 16), but the details of porphyrin transfer from the lipid phase of the liposome or the
membrane to the protein are not fully known. We focused our attention on the question of whether direct
interaction occurs between the protein and the membrane. This question is related to the nonspecific paracellular transfer mechanism of albumin (17). There are
contradictions concerning the binding of albumin to
artificial membranes among the results of different
studies. Evidence has been published for the binding of
albumin to liposomes and it was found to be independent of surface charge (18). Other data for the distribution of deuteroporhyrin between DMPC liposomes
and serum albumin have been interpreted without
supposing an interaction between the protein and the
membrane (19). In other works, the results seemed to
provide evidence for liposome–albumin interaction, but
the authors did not consider this interpretation of the
data (4). The lack of a final conclusion regarding liposome–albumin interaction is certainly connected to the
fact that experimental conditions (lipid composition,
method of preparation of liposomes, pH, temperature,
[albumin]/[lipid] molar ratio, homogeneity and source
of albumin, etc.) have an important effect, and thus it
is hard to find fully comparable data in the literature.
In our previous studies, we revealed a difference in
the transfer of free base– and Mg–mesoporphyrin from
liposomes to HSA. The data were interpreted as the
result of protein–liposome interaction (20).
In the present work, we report results of a systematic study with the goal of obtaining experimental evidence concerning a direct interaction between human
serum albumin and liposomes of neutral (DMPC) and
negatively charged (DMPC/DMPG, 19/1 w/w) surfaces.
We show that such an interaction may influence mesoporphyrin IX (MP) transport from the lipid membrane to HSA. MP was selected for the experiments
because of its photostability and relatively high solubility in organic and aqueous solutions (21), which are
very important factors in the correct evaluation of the
data. MP is a porphyrin derivative that is naturally
metabolized only by bacteria (22). Its chemical structure does not differ too much from the free base porphyrin derivatives, more common in human metabolism and therapeutic applications; therefore, the generalization of the results is obvious. The negative
surface charge of liposomes was achieved by adding
DMPG, because it is a natural component of the mitochondrial membrane. The mitochondria are the location of porphyrin synthesis, and proved to be the bind-

phosphatidylglycerol; DMF, dimethylformamide; ApoMb, apomyoglobin; SUV, small unilamellar vesicle; LUV, large unilamellar vesicle; DSC, differential scanning calorimetry; MEM, maximum
entropy method.

ing site of photosensitizers in cells (23–25). Due to the
negative charge and hydroxyl groups of the phosphatidylglycerol headgroups, these lipids are most probably
involved in the interaction of membranes with ions and
proteins (26, 27).
MATERIALS AND METHODS
Chemicals. The samples were prepared in 10 mM sodium phosphate buffer at pH 7.4. DMPC, DMPG (racemic mixture), 13 crystallized and lyophilized HSA and horse skeletal muscle myoglobin
(Mb) were purchased from Sigma Chemical Company. All solvents
[chloroform, methanol, methyl ethyl ketone, dimethylformamide
(DMF)] were obtained from Merck and were of spectroscopic grade.
Stock solutions of MP were prepared in DMF and kept in the dark.
Solutions were obtained by dilution with buffer and used without
delay. For determination of the concentration of MP dissolved in
DMF, a value of e 399 5 141,000 M 21 cm 21 was determined by us, and
used later.
Preparation of liposomes. The lipids were used as received. Small
unilamellar vesicles (SUVs) were prepared as previously described
(20). The phospholipid content of SUVs was quantified according to
Rouser et al. (28).
Purification of HSA. In preliminary experiments it became evident that the HSA sample is not homogeneous as purchased; thus
further purification was necessary. To obtain a homogeneous preparation of this protein, column chromatography was applied using a
Pharmacia Superdex 75 column (2.6 3 50 cm) equilibrated with 50
mM phosphate buffer at pH 7.0. The molecular weight of HSA in the
fractions was determined with the Pharmacia FPLC chromatography system (HR 10/30 column calibrated by Pharmacia molecular
weight standard). Fractions of 67 kDa were lyophilized and stored at
220°C. The concentration of HSA was set using e 280 5 37,400 M 21
cm 21 in phosphate buffer (29).
Preparation of apomyoglobin (ApoMb). Horse skeletal muscle Mb
was purified by ion exchange column chromatography. The purity
was checked and the isoelectric point was determined by isoelectric
focusing (at pI 7.35). The native hemin was extracted from the
protein by acid methyl ethyl ketone (30, 31). The apoprotein was
dialyzed against phosphate buffer and used freshly. The concentration of ApoMb was determined using e 280 5 2 3 10 4 M 21 cm 21 in
phosphate buffer (32).
Spectroscopy. Absorption spectra were recorded with a Cary 4E
UV–Vis spectrophotometer. Fluorescence emission spectra were
measured with an Edinburgh Instruments CD900 luminometer
equipped with a Xe 75-W light source. Quartz cuvettes of 1-cm
optical path were used and the emission was observed at 90° to the
exciting beam. When the optical density was higher than 0.05, the
correction for inner filter effect was calculated with the formula
I corr 5 I obs 3 10 ~ODex1ODem!/ 2 ,

[1]

where I corr and I obs are the corrected and observed fluorescence intensities, and OD ex and OD em are the optical densities at the excitation and the emission wavelengths (33). The observed fluorescence
intensities were also corrected for dilution. As in the measurements
the signal/noise ratio was low; in some cases the slit widths were
broad and the spectra were smoothed before evaluation.
Determination of equilibrium constants for MP–HSA (K p,1) and
MP–ApoMb (K p,2) binding. To rule out the dimerization or aggregation of MP, a concentration range was determined where the
fluorescence intensity depended on the concentration in a linear way.
This range was limited toward the low concentration side also by the
signal/noise properties of the experiment. We found that a MP con-
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centration of 50 nM fulfills these requirements. MP concentration
was kept constant and appropriate amounts of protein solution were
added stepwise under stirring. For every step in the titration, a new
MP solution was prepared just before the measurement. In the case
of K p,1 determination, the HSA/porphyrin molar ratio was always
above 1.
The association constants were determined by a Scatchard representation (34, 35) that in our experiments corresponds to the formula
K p,i z ~n@MP# tot 2 @protein# compl! 5 @protein# compl/@protein# free,

[2]

where [MP] tot is the initial concentration of MP, [protein] free and
[protein] compl are the concentrations of added and complexed protein,
respectively, and n is the stoichiometry of the binding. According to
Eq. [2], the fitted straight line intercepts the x and y axes, yielding n
and K p,i z n, respectively (36). The concentration of free MP ([MP] free)
in each solution was determined from the fluorescence intensity at
605 nm (excitation at 399 nm) and from the known initial MP
concentration ([MP] tot). Under our experimental conditions, determination of [protein] compl was not possible. Thus we approximated this
value through the amount of MP molecules that were bound in the
complex: [protein] compl 5 [MP] bound supposing n 5 1 (which is trivial
for MP binding to ApoMb, but not in the case of HSA binding).
Determination of equilibrium constants for MP–DMPC liposome
(K L,1) and MP–DMPC/DMPG liposome (K L,2) binding. The partition
of MP between the lipid phase of vesicles and the bulk aqueous phase
was studied similarly for both lipid compositions: a set of emission
spectra were recorded while the lipid concentration was varied from
5 3 10 26 to 10 24 M and the concentration of MP was kept constant at
50 nM.
The association constants, K L,i (i 5 1, 2), were calculated according to the formula
1
1
1
1
1
5
z
,
I 2 I 0 ~I 0 2 I lip! z K L,i @lipid# I 0 2 I lip

C p~T! 5
[3]

where the fluorescence intensities were determined at the wavelength of peak emission of MP bound to liposomes (625 nm at excitation of 399 nm); I, I 0 , and I lip are emission intensities in the
presence of liposomes, in the absence of liposomes, and in the case of
full incorporation, respectively (37). This formula takes into account
the possible overlap of emission bands of free and bound MP molecules.
Observation of MP distribution between liposomes and protein
(HSA, ApoMb). Liposomes in a molar ratio corresponding to saturation were added to MP dissolved in buffer. To complete the binding, the sample was kept at 32°C and stirred for 10 min. Then,
increasing amounts of protein were added. The emission spectra of
MP excited at 399 nm were recorded while varying the concentration
of the protein.
Dynamic light scattering measurements. These measurements
were performed with a commercially available spectrometer consisting of a BI-200SM goniometer and a BI-9000AT correlator. An Ar-ion
laser (Omnichrome 543AP) operating at 488 nm was used as light
source. The autocorrelation functions were recorded in real-time
mode using a logarithmic time scale ranging from 1 to 100,000 ms.
The time autocorrelation function of the scattered intensity g 2 ( t )
was measured by the homodyne method and was converted to the
scattered electric field autocorrelation function g 1 ( t ),
g 1 ~ t ! 5 $@ g 2 ~ t ! 2 BL#/BL% 1/ 2 ,

from g 2 ( t ) using the maximum entropy method (MEM) (38). The
arithmetic mean of the data acquired in parallel experiments performed on the same sample was calculated and used for assessing
particle size.
Microcalorimetry. Microcalorimetry was performed with a VPDSC high-sensitivity differential scanning microcalorimeter (Microcal Inc.). The lipid concentration was 1 mM in each experiment. DSC
curves were recorded in the absence and in the presence of HSA.
(Control measurements were performed on the protein sample in the
temperature range where the phase transition of the liposomes is
observable.) As a reference solution, buffer or protein solution was
used, respectively. The liposomes were incubated with HSA at room
temperature for 1 h before the DSC measurements. After the sample
was cooled to ;2°C and equilibrated, the heat capacity was measured between )6 and 40°C at a heating rate of 1°C/min. As the
size-sensitive shape of the phase transition curve of SUVs (39)
changes on reheating, the results of the first heating scans were
compared. Since the phase transition curves consist of two maxima,
the main transition temperature (T m) is defined as the temperature
at which the heat capacity reaches a local maximum. The first and
second T m (corresponding to increasing temperature) of each sample
were reproducible within 60.2 and 60.1°C, respectively.
The deconvolution of phase transition curves was made according
to the “independent non-two state” model using Origin 4.1 for DSC
software package provided by Microcal. In the model a system composed of a number of structural domains A, B, . . . , is assumed. All
of them are involved independently in a transition between A and A9,
B and B9, . . . . Using the definition of van’t Hoff enthalpy change
(DH *A) from elementary thermodynamics, and from the assumptions
that the transition is not of two states and it occurs without a change
in total molar heat capacity of the system (C p), the relationship of the
temperature-dependent parameters can be given by

[4]

where BL is the experimentally determined baseline. The spectra of
the relaxation time (particle size distributions) were determined

K A~T!DH *mADH mA
1... ,
~1 1 K A~T!! 2 RT 2

[5]

where DH mA is the actual (i.e., calorimetric) molar enthalpy change,
K A(T) is the temperature-dependent equilibrium constant for the
transition that is calculated by

H

K A~T! 5 exp

2DH *mA
RT

S

12

T
T mA

DJ

,

[6]

where T mA is the main transition temperature.
Before curve fitting, the baseline approximated by cubic spline was
subtracted from the experimental data to remove DC p effects if
present (excess transition heat capacity).

RESULTS

1. MP–HSA and MP–Liposome Association
A detailed description of MP transfer from liposome
to proteins requires the measurement of association
constants, K p,i and K L,i prior to the distribution experiments.
1.1. MP–HSA association constant (K p,1). The
change in MP emission spectrum on fluorometric titration with HSA is shown in Fig. 1A (thick solid line in
the absence of HSA, dotted and thin solid lines with
increasing amount of HSA respectively). The addition
of HSA to MP resulted in the appearance of a redshifted MP fluorescence maximum: the peak emission
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centration is shown in Fig. 1B in the case of DMPC/
DMPG liposomes. Similarly to the results of MP–HSA
association experiments and in agreement with the
emission spectra of MP in organic solvents a red shift
was observed. This tendency did not depend on the
lipid composition of the liposomes (not shown).
A respective plot according to Eq. [3] is shown in the
inset to Fig. 1B in the case of DMPC/DMPG liposomes.
The K L values were (1.3 6 0.3) 3 10 5 M 21 (K L,1) and
(3.2 6 0.6) 3 10 4 M 21 (K L,2) for DMPC and DMPC/
DMPG liposomes, respectively.
2. Partition of MP between HSA and Liposomes

FIG. 1. (A) Change in MP emission spectrum (normalized to the
saturation value) on binding to HSA at excitation of 399 nm (thick
solid line in the absence of HSA, dotted and thin solid line with 9 3
10 28 and 1 3 10 26 M HSA, respectively). The arrows show the
direction of the relative fluorescence intensity changes with increasing HSA concentration. Inset: Scatchard plot for determination of the
MP–HSA association constant, K p,1. The scale of the y axis, X 5
([HSA] bound/[MP] tot)/[HSA] free (1/M). The plot leads to K p,1 5 (2.5 6
0.7) 3 10 7 M 21. (B) Change in MP emission spectrum (normalized) on
binding to DMPC/DMPG liposomes at excitation of 399 nm (thick
solid line in the absence of liposomes, dotted and thin solid line with
1.5 3 10 25 and 8 3 10 25 M liposomes, respectively). The arrows show
the direction of the relative fluorescence intensity changes with
increasing lipid concentration. Inset: Determination of MP–liposome
association constant, K L,i . According to Eq. [6], the slope of the fitted
straight line is proportional with K L,i .

of free aqueous MP is at 614 nm and that of MP bound
to HSA is at 623 nm, respectively. The Scatchard representation of the data (Eq. [2]) is seen in the inset to
Fig. 1A. The fact that the data points could be well
fitted with a straight line (the correlation coefficient is
20.94 6 0.05) confirmed the expected 1:1 stoichiometry
of the binding, and supported that the binding of MP
took place in the monomeric state, and only one kind of
(primary) binding site was involved. The plot led to
K p,1 5 (2.5 6 0.7) 3 10 7 M 21.
1.2. MP–lipid association constant (K L,1, K L,2). The
fluorescence emission of MP as a function of lipid con-

The emission spectra of MP bound to DMPC/DMPG
liposomes recorded while varying the concentration of
HSA are shown in Fig. 2D. It is obvious that MP
rebinds to HSA: the intensity at 625 nm decreases, and
a virtual spectral shift indicates that a new spectral
component with increasing intensity appears at the
shorter wavelength side. The position of the latter peak
(623 nm) corresponds to the MP spectrum when bound
to HSA. Similar spectral changes were observed in the
case of DMPC liposomes (not shown), indicating that
the transfer of MP from the liposomes to the HSA
molecules occurs independently of vesicle charge.
To study the extent of the observed transfer, the
relative fluorescence intensities were plotted as a function of relative HSA concentration. The results for
DMPC and DMPC/DMPG liposomes are shown in Figs.
2A and 2B, respectively. To interpret the partition, we
first approximated the phenomenon by supposing a
competition between the association with liposomes
and HSA and assuming the lack of interaction between
the protein and the liposomes. Such a model (in the
present work called “independent binding” model)
leads to the formula (19)
I/I lip 5

K L,i ~1 2 I prot/I lip!
1 I prot/I lip.
@protein#
K L,i 1 K p,i
@lipid#

[7]

K L,i and K p,i (i 5 1, 2) are the equilibrium constants
for binding of MP to liposomes and to protein; I, I prot,
and I lip are the fluorescence intensities of MP in the
actual step, when totally bound to the protein, and
when fully incorporated into liposomes, respectively.
According to Eq. [7], a theoretical curve could be obtained for both lipid compositions using the previously
determined association constants, K p,1 and K L,i , and
the saturation values I lip and I HSA (Figs. 2A and 2B,
solid line). The fit is rather good in the case of DMPC
liposomes, but the presence of the negatively charged
DMPG molecules causes significant deviation from the
model: at higher HSA/lipid ratios, the association of
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FIG. 2. Relative change in MP emission intensity at 625 nm on transferring from DMPC (A) or DMPC/DMPG (B) liposomes to HSA and
from DMPC/DMPG liposomes to ApoMb (C) at excitation of 399 nm. The solid line is calculated according to the “independent binding” model
(Eq. [7]). The model is invalid for the MP distribution between DMPC/DMPG liposomes and HSA. The change in MP emission spectrum on
transferring from DMPC/DMPG liposomes to HSA (D) or to ApoMb (E). The arrows show the direction of the relative fluorescence intensity
changes with increasing HSA or ApoMb concentration.

MP to HSA seems to be hindered. (The experimental
data related to DMPC liposomes also has this kind of
character, but the effect is much less pronounced.)
3. Partition of MP between apoMb and Liposomes
The partition experiment was repeated with ApoMb
in the case of DMPC/DMPG liposomes to investigate if
there is a specific interaction between the porphyrins
and the liposomes that hinders the efflux of MP and to
test the “independent binding” model (Eq. [7]). The
spectral changes in this experiment are shown in Fig.
2E. As the difference between the maximum wavelengths emitted by the liposome- and ApoMb-bound
MP (625 and 614 nm, respectively) is more significant
compared with that obtained in the experiment with
HSA, the partition effect is even more evident. The
Scatchard plot (Eq. [2]) led to K p,2 5 (1.0 6 0.7) 3 10 8
M 21 in this case. As shown in Fig. 2C, the experimental
points fit well the theoretical curve corresponding to
the independent partition model [the slope of the theoretical curve is different for HSA (Figs. 2A and 2C)
because K p is smaller). Thus, the possibility of a specific interaction between negatively charged liposomes
and MP is ruled out.
4. Verification of Interaction between HSA and
Liposomes in the Absence of Porphyrins
To elucidate liposome–HSA complex formation as a
possible reason for the difference between the experi-

mental results and the theoretical curve, discussed
above (Fig. 2B), DSC experiments were performed. As
the results were expected to be sensitive also for aggregation phenomena (39), dynamic light scattering
data, evaluated by the MEM, were used to determine
the particle size distribution functions of the samples
before and after recording the phase transition. This
type of analysis, however, has an inherent inaccuracy
that strongly affects the distribution of particles with
large radii. This is caused by the fact that while the
signal-to-noise ratio of the data points in the autocorrelation function at longer correlation times becomes
very low, the calculation is very sensitive to this part of
the function that carries the information about the
background of the curve as well. Thus, in the interpretation of the particle size distribution functions, the
parameters (position and amplitude) concerning particles of larger size must be considered with caution. In
the presentation of the light scattering results, we indicated the size range in the figures where the determination of the distribution function can be done with
acceptable precision (see dashed vertical lines in the
respective figures). Toward larger sizes, only tendencies could be concluded instead of absolute parameters.
4.1. Interaction between HSA and DMPC liposomes.
The calorimetric curve of DMPC liposome solution in
the absence of HSA is represented by the thick solid
line in Fig. 3A. The curve consists of two phase transitions at 20.7 and 24.1°C. (Control measurements
showed no phase transitions of the protein sample in
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FIG. 3. (A) Phase transition of DMPC liposome in the absence (thick solid line) and in the presence (dashed line) of HSA. Thin solid lines
represent the sum of fitted components. (B) Components resulting from the deconvolution of the phase transition curves of DMPC liposomes
in the absence (solid line) and in the presence (dashed line) of HSA. (C) Particle size (radius) distribution functions of DMPC liposomes before
(solid line) and after (dashed line) performing DSC. (D) Size distribution of DMPC liposomes in the absence of HSA (solid line) and in the
presence of HSA before (dotted line) and after (dot– dashed line) the DSC experiment. The dashed vertical line indicates the size range where
the size distribution function can be determined with acceptable precision (see Results).

the temperature range where the phase transition of
the liposomes is observable.) The particle size (radius)
distribution functions determined before and after performing DSC are shown in Fig. 3C by solid and by
dashed lines, respectively. The light scattering results
indicate two kinds of characteristic particle size and an
increase in the relative number of larger particles during the DSC measurements. As the colloidal state of
the liposome solution is changing during DSC measurement, the phase transition curve was deconvoluted
using the “independent non-two-state” model approach
(see Materials and Methods). An acceptable fit could be
obtained by two components. These components are
shown separately in Fig. 3B (solid lines) and their sum
is compared with the experimental curve in Fig. 3A
(thin solid line). Based on literature data (39) and the
results of dynamic light scattering measurements (two
populations of liposomes with different sizes), we identify the DSC component of lower melting temperature
with the phase transition curve of SUVs (diameter ,
70 nm) and the second component of higher temperature with the phase transition curve of large unilamellar vesicles (LUVs), as discussed later. Addition of HSA
significantly affected the DSC curve as shown in Fig.
3A by the dashed line. (The [HSA]/[lipid] concentration
ratio was 0.01.) The deconvolution showed that the
experimental curve cannot be fit with two components;
three were needed. The components are shown in Fig.
3B by dashed lines, and their sum is overlaid on the
original DSC curve in Fig. 3A. A new, narrower peak

develops at a temperature (18.3°C) lower than that of
the SUV population without HSA (20.7°C). The effect
involves the liposomes of lower T m values in the SUV
population. The new component remains in the same
melting range, and it has more cooperative phase transition. Based on an average enthalpy change for SUVs,
it is possible to estimate the amount of SUV particles
from the change in the respective peak area that was
affected by HSA. It was 14 6 2%. The phase transition
of the LUV population is not affected. The new component was identified with SUV–HSA complexes.
The effect of HSA on the size distribution of liposomes is shown in Fig. 3D. Three distribution curves
are presented corresponding to the conditions: liposome solution after an hour of incubation at room temperature (solid line); after identical incubation with
HSA (dotted line); after the DSC experiment on a sample containing HSA (dot– dashed line). HSA causes the
formation of larger particles even at room temperature,
and the effect becomes more significant during the
DSC measurement.
Control experiments were performed with liposomes
of different average sizes by varying the intensity of
sonication in the sample preparation procedure. The
average radius size (calculated for the whole sample
including SUVs and LUVs) could not be adjusted
smaller than that analyzed above, but populations
with larger average size could be obtained up to 450
nm as compared with 75 nm in the studied samples
(both the SUV and LUV average sizes and their ratio
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FIG. 4. (A) Phase transition of DMPC/DMPG liposomes in the absence (thick solid line) and in the presence (dashed line) of HSA. Thin solid
lines represent the sum of fitted components in both cases. (B) Components resulting from the deconvolution of the phase transition curves
of DMPC/DMPG liposomes in the absence (solid line) and in the presence (dashed line) of HSA. (C) Particle size (radius) distribution functions
of DMPC/DMPG liposomes before (solid line) and after (dashed line) performing DSC. (D) Size distribution of DMPC/DMPG liposomes in the
absence of HSA (solid line) and in the presence of HSA before (dotted line) and after (dot– dashed line) the DSC experiment. The dashed
vertical line indicates the size range where the size distribution function can be determined with acceptable precision (see Results).

were different). The DSC curve was recorded before
and after HSA addition in the case of these liposomes
also. Their complex formation abilities were found to
be similar (data not shown).
4.2. Interaction between HSA and DMPC/DMPG liposomes. The results for DMPC/DMPG liposomes are
shown in Fig. 4 arranged similarly to Fig. 3. Comparison of Figs. 3 and 4 shows that the same experimental
protocol leads to entirely different results depending on
the lipid composition:
1. The size distribution function shows that the average size of DMPC/DMPG liposomes in both populations is smaller, and the amount of SUVs is significantly larger. This is in agreement with the disparity
in the surface charge of the two lipid compositions: the
repulsion between the negative surfaces promotes the
formation of smaller liposomes (40). The average size
after cooling also remains smaller.
2. In accordance with the size distribution difference, the contribution of the SUV population to the
phase transition curve is much more significant in the
case of DMPC/DMPG liposomes.
3. HSA addition affects both the DSC curve and the
light scattering data similarly to the way it affects
DMPC liposomes, but the appearance of a new, narrow
transition peak within the original SUV transition
peak at lower temperature is much more significant
than in the previous case. The effect is estimated as
involving 27 6 2% of the SUV particles. The phase

transition identified with the LUV population was not
affected by HSA in this case either.
DISCUSSION

Binding of MP to HSA or Liposomes
In our experiments, K p,1 5 (2.5 6 0.7) 3 10 7 M 21 was
obtained for MP binding to HSA. This value fits the
reported corresponding values for hematoporphyrin
(;10 6 M 21) and deuteroporphyrin (;5 3 10 8 M 21), respectively (41), and is in accordance with the concept
that the binding strength increases with the hydrophobicity of the side chains. K L values were K L,1 5 (1.3 6
0.3) 3 10 5 M 21 and K L,2 5 (3.2 6 0.6) 3 10 4 M 21 for
DMPC and DMPC/DMPG liposomes, respectively,
which are comparable to that found for deuteroporphyrin and DMPC sonicated liposomes ;8 3 10 4 M 21 (19).
The negatively charged DMPG molecules caused a decrease in the value of the association constant. Otherwise the spectrum on binding was always red shifted,
independently of the lipid composition. This suggests
that the porphyrin core becomes buried in the hydrophobic environment of the liposomes independently of
the surface charge.
Validity of the “Independent Binding” Model for MP
Distribution in Liposome/ApoMb and Liposome/
HSA Systems
In the case of the DMPC/DMPG liposome/ApoMb
system used as a control to test the validity of the
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“independent binding” model (Eq. [7]), a good fit could
be obtained using the independently determined K p
and K L values. For liposome/HSA systems, the experimental points differed from the theoretical model depending on the surface charge of the liposomes. The
strongest deviation was found for negatively charged
liposomes in the range 0.01– 0.04 HSA/lipid. In the
case of DMPC liposomes, only a very slight difference
was observed at somewhat higher ratios. From the
comparison of these results we assumed the possibility
of a direct interaction between HSA and the liposomes.
For this, one has to rule out the difference in the
binding of MP to ApoMb and to HSA as another possible reason for the observed difference in the transfer
character. This can be achieved on the basis that (i) the
same very low MP concentration was used for liposome/HSA systems as for liposome/ApoMb, where no
MP dimerization occurs, so the existence of a dimer
MP–HSA complex is ruled out (41). (ii) The difference
between the model and the experimental points was
found at higher HSA molar concentrations where the
protein concentration was ;100 times higher than that
of MP. In this way the binding of MP to other binding
sites in HSA besides the primary porphyrin binding
site (42) could be excluded. (iii) The competition between porphyrin and other candidates for binding to
HSA in the case of MP partition may also be ruled out.
It is well known that HSA can bind to a wide spectrum
of molecules. There is evidence (43) that BSA is able to
deplete the lipid components of the red blood cell membrane. Literature data (44), however, also show that
liposomes can serve as lipid donors for the formation of
albumin–lipid complexes only in the case of an overwhelming amount of albumin ([albumin]/[lipid] . 100)
and long incubation time (some hours). Thus, taking
into account the experimental conditions in the present
work, we could exclude the possibility of this type of
interaction.
Based on these arguments we conclude that the deviation from the “independent binding” model in the
case of HSA must be connected to the fact that the two
binding partners of MP, HSA and the liposomes, are
not independent of each other.
Evidence for HSA–Liposome Interaction from DSC
and Dynamic Light Scattering
Earlier DSC experiments required a relatively high
lipid concentration, so mainly multilamellar vesicles
were examined. Today, the study of SUVs is also possible because of the significantly increased sensitivity
of modern techniques. The phase transition phenomena of the two systems, however, are not identical. In
the case of studying SUV particles, one has to consider
for example that the experimental conditions of DSC
measurements (cooling to low temperature, long exper-

imental time) have a significant effect on the original
structural features of the samples. As the thermograms of SUVs are relatively less widely known (compared with those of MLVs), we summarize below those
most important characteristics that are available from
the literature for DPPC and that we can use as a
reference when evaluating our results (39, 45– 47).
1. For SUVs, the transition temperature (T m) critically depends on the vesicle size in the diameter range
of about 35–70 nm. In this range T m increases with
increasing diameter. Above this range, the phase transition temperature becomes independent of size.
2. It was reported that on the initial cooling process
included in the DSC experiment in the “heating mode,”
the gel-phase SUVs tended to fuse into LUVs.
3. The presence of SUVs in coexistence with LUVs
results in a heat capacity curve with two phase transitions; the first one (maximum at lower temperature)
corresponds to SUVs, the second one corresponds to
LUVs.
4. The transition of SUVs takes place in a temperature range much broader than that observed for LUVs,
since the curvature of the surface is more connected to
structural order if the particles are small.
Both our DSC and dynamic light scattering results
were in agreement with the enlisted concepts, and
supported the identification of the two maxima seen in
the phase transition curve of both liposome compositions (Fig. 3A, Fig. 4A, continuous lines). The change in
DSC results on HSA addition unambiguously showed
that HSA interacts with liposomes independently of
their composition but to different extents. The mechanism was the same for both lipid compositions; HSA
interacted with liposomes in the SUV population with
lower T m values but the LUV population was not
changed. It is reasonable to suppose that some extent
of structural distortion is a prerequisite in the reaction.
In LUVs, this condition is missing and thus no interaction is observed. The phase transition of the SUV–
HSA complex is of narrow temperature range, and the
molar enthalpy change became somewhat higher with
complex formation. (The area below the new component is somewhat higher than the missing area of
SUVs.) These properties strengthen the view of a specific molecular complex formation that might even
have a certain stoichiometry.
The uncertainty of the size distribution functions in
the larger size range does not make it possible to derive
a quantitative conclusion about the extent of the contribution of large particles. It seems evident, however,
that HSA causes aggregation; the relative amount of
larger particles increases. This effect, considered together with the fact that after HSA addition the peak
of LUVs is not affected in the DSC curve, might mean
that the larger particles are formed by the attachment
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of small ones without fusion. In these aggregates of
small liposomes HSA is thought to play a connecting
role. These formations would melt at the temperature
of SUVs, and the peak of LUVs would remain unaffected.
Role of Lipid Composition in the HSA–Liposome
Interaction
Although the net charge of HSA is negative at pH
7.4, and the DMPC/DMPG liposomes are also negatively charged at this condition, complex formation was
more effective in the case of DMPC/DMPG liposomes.
Taking into account that the charged DMPG molecules
have a strong tendency to form hydrogen bonds (48),
and that the charge distribution on a protein surface is
not homogeneous, we can conclude that both electrostatic interactions (repulsive and/or attractive) and hydrogen bond formation help to realize the right geometry required for HSA–liposome complex formation.
The results show that a homogeneous, neutral surface
does not represent such a good condition for formation
of the suitable orientation required for the HSA binding. The decrease in T m on complex formation, however, was similar for both lipid compositions. This indicates that HSA causes similar reorganization of the
phospholipids in both types of liposomes. The packing
of the lipid chains is less efficient in the complex, showing that complex formation involves partial penetration of the protein and deformation of the bilayer (49,
50). It is in agreement with the conclusions of earlier
studies when interaction was found between albumin
and liposomes (18, 51, 52).
Effect of HSA–Liposome Interaction on MP
Distribution
The presence of HSA on the surface of liposomes
hinders the transfer of MP from the liposomes to the
protein. Under the condition when the surface is fully
covered by HSA, efflux of MP would be inhibited by the
HSA coating. Supposing that HSA interacts mainly
with the surface of SUVs, we estimated the [HSA]/
[lipid] concentration ratio when the HSA coat formation is complete. The average surface area of, e.g.,
liposomes 50 nm in diameter is about 8000 nm 2 supposing a globular shape. The approximate area of egg
yolk lecithin phospholipid headgroups is 0.61 nm 2 for
the inner surface and 0.74 nm 2 for outer surface (53).
Thus the average lipid content corresponds to ;25,000
lipid molecules/liposomes supposing a unilamellar
structure. The average surface area for one side of HSA
approximated as a triangle from X-ray data is about 20
nm 2 (54). If all proteins would be bound to the surface
of the liposomes, and this would mean a complete coating, the [HSA]/[lipid] concentration ratio would be
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0.015. In the case of MP transfer from DMPC/DMPG
liposomes to HSA, the strongest difference between the
theoretical curve and the experimental points was
found at somewhat higher [HSA]/[lipid] ratios (Fig.
2B). This may account for some of the albumin that
remains unbound or for approximations in the estimation. The decline in fluorescence quantum yield at
higher [HSA]/[lipid] ratios shows that there is another
process that works against the inhibition effect of HSA
and becomes dominant with increasing HSA. (It can be
interpreted, for example, by an exchange of the bound
protein molecules on the surface of liposomes). Since
the probability of complex formation is smaller in the
case of DMPC liposomes, the fully covered state would
be realized at higher [HSA]/[lipid] ratios in this case.
At high HSA concentration, however, the opposite process is more significant, so the system could not achieve
the fully covered state even if the same model is applicable. This would explain the very slight inhibition
effect of HSA binding in the case of DMPC liposomes
(Fig. 2A).
CONCLUSIONS

The porphyrin carrier function of HSA is strongly
perturbed by the presence of liposomes, since HSA
interacts with their surface. This interaction, however,
depends on the size and lipid composition of the vesicles: small, negatively charged liposomes are more favorable for the binding. As a result of the interaction,
the lipid surface can be saturated by HSA. Under these
saturating conditions, porphyrin transport becomes inhibited.
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19. Kuzelová, K., and Broult, D. (1994) Biochemistry 33, 9447–9459.
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