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Abstract The kinetics of the transfer of stearic acids

between human serum albumin (HSA) and long circulating

sterically stabilised liposomes (SSL) composed of dipalmi-

toylphosphatidylcholine (DPPC) and of submicellar content

of the polymer-lipid poly(ethylene glycol:2000)-dipalmi-

toylphosphatidylethanolamine (PEG:2000-DPPE) have been

studied by fluorescence spectroscopy. The study exploits the

fact that HSA has a single tryptophan (Trp) residue and that

the intrinsic Trp-emission intensity is quenched by the pres-

ence of doxyl spin-labelled stearic acids (SASL). Protein/

lipid dispersions are considered in which SASL molecules are

inserted either in the protein or in the SSL, and the transfer of

SASL between the protein and SSL is conveniently moni-

tored by the time variation of the inherent Trp-fluorescence

intensity of HSA. It was found that the transfer of fatty acids

between HSA and SSL depends on the type of donor and

acceptor matrix, on the temperature (i.e., on the physical state

of the lipid bilayers) and on the grafting density of the PEG-

lipids at the lipid/protein interface. In the absence of polymer-

lipids, the rate of transfer increases with temperature in both

directions of transfer, and it is higher for the passage from

DPPC bilayers to HSA. The presence of polymer-lipids

reduces the rate of transfer both in the mushroom and in the

brush regime of the polymer chains, especially at low grafting

density and for lipid membranes in the fluid phase.
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Introduction

Non-esterified fatty acids regulate a broad spectrum of

metabolic activities and are involved in many physiologi-

cal, pathological and/or pharmacological processes in liv-

ing cells. They are transported through cell compartments

and enter and leave cells rapidly. The comprehension of the

molecular aspects underlying fatty acid transport across

cell membranes has attracted the attention of multidisci-

plinary research (Spector and Fletcher 1978; Hamilton

1998; Pownall 2001).

A number of basic research studies investigate the fatty

acid transfer between model systems of donors and

acceptors and, in particular, the transfer between proteins

capable of binding fatty acids and lipid vesicles has been

investigated (Brecher et al. 1984; Storch and Kleinfeld

1986; Nichols 1988; Glatz and van der Vusse 1996;

Pownall 2001; Zucker 2001; Thomas et al. 2002; Weisiger

and Zucker 2002; Abreu et al. 2003; Estronca et al. 2005;

Falomir-Lockhart et al. 2006, 2009; Carley and Kleinfeld

2009). Appropriate and interesting protein/lipid aqueous

dispersions for studying fatty acid transfer are represented

by human serum albumin (HSA) and sterically stabilised

liposomes (SSL) of polymer-grafted lipid membranes.

Indeed, HSA, the most abundant plasma protein, shows a

strong affinity to bind reversibly and non-covalently fatty

acids, which are stored, transported through plasma com-

partments and delivered to target sites (Hamilton et al.

1984; Peters 1997; Curry et al. 1999). SSLs made of

mixtures of common conventional, saturated symmetrical

chain dipalmitoylphostatidylcholines (DPPC) and an

appropriate amount of the polymer-lipid poly(ethylene

glycol:2000)-dipalmitoylphosphatidylethanolamine (PEG:

2000-DPPE) are long-circulating liposome-based drug

carriers that evade protein adsorption and reduce the
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degradation by the immune system (Lasic 1993; Lasic and

Martin 1995; Efremova et al. 2000; Bartucci et al. 2002).

Phosphatidylcholines are the most diffuse lipids in cellular

membranes and fatty acids; on the other hand, because of

their low solubility in water and hydrophobicity, they also

associate with lipid membranes as endogenous lipids.

In previous work, the transfer and the partitioning of

spin-labelled stearic acids (SASL) between human serum

albumin and SSL made of DPPC/PEG:2000-DPPE binary

mixtures have been studied by conventional electron spin

resonance (ESR) spectroscopy (Pantusa et al. 2005, 2009).

Herein, we consider the same mixed HSA/SSL disper-

sions in which 2 mol% of SASL are inserted either in the

protein (in this case, HSA is the donor and the SSL the

acceptor matrix, respectively) or in the lipid membranes (in

this case, the SSLs are the donor and HSA the acceptor

matrix, respectively). The content of 2 mol% of SASL

(which in our samples corresponds to a protein/SASL

molar ratio of 1:2) does not induce conformational changes

in HSA and does not perturb the structural organisation of

the lipid bilayers. Exploiting the fact that HSA has a single

tryptophan residue at position 214 in domain II and that the

intrinsic Trp-fluorescence signal of HSA is quenched by

the nitroxide moiety of SASL, the kinetics of fatty acid

transfer between HSA and polymer-grafted lipid mem-

branes is studied by means of fluorescence. At the HSA/

SASL molar ratio of 1:2, we observed a considerable

quenching of inherent fluorescence, and by spin-label ESR

we detected a maximum amount of fatty acids transferred

from DPPC membranes towards the protein. It is therefore

likely that at 2 mol% of stearic acids the highest affinity

binding sites around the Trp-residue in the protein are

populated. When the stearic acids are initially in the pro-

tein, the kinetics of transfer from the protein to the lipid

membranes is followed by the time-dependent increase in

Trp-fluorescence intensity that occurs during the transfer.

When the stearic acids are initially inserted in the lipid

membranes, the kinetics of transfer from the lipid bilayers

to the protein are followed by the time-dependent decrease

in fluorescent intensity that accompanies the transfer. Data

on the kinetics of transfer of SASL between HSA and SSL

are presented and discussed as a function of the tempera-

ture and PEG:2000-lipid concentration.

Materials and methods

Chemicals

Essentially fatty acid-free and globulin-free human serum

albumin (HSA, type A-3782, purity approximately 99%),

the synthetic lipid 1,2-dipalmitoyl-sn-glycero-3-phospha-

tidylcholine (DPPC), and doxyl stearic acid spin label

2-(3-carboxytetradecyl)-4,4-dimethyl-2-ethyl-3-oxazolidi-

nyloxy (5-SASL) were from Sigma/Aldrich (St. Louis,

MO). High-purity ([99%) PEG-lipid 1,2-dipalmitoyl-sn-

glycero-3-phosphoethanolamine-N-poly(ethylene glycol)

with PEG of average molecular mass 2,000 Da

(PEG:2000-DPPE) was obtained from Avanti Polar Lipids

(Birmingham, AL). The reagent grade salts for the

10 mM phosphate buffer solution (PBS) at pH 7.2 were

from Merk (Darmstadt, Germany). All materials were

used as purchased with no further purification. Distilled

water was used throughout.

Fluorescence

Sample preparation

The protein/lipid dispersion samples were prepared by

mixing protein solutions with pre-formed SSL in which

SASL were inserted either into the protein or into the lipid

membranes. Dispersions of HSA with SASL were freshly

prepared as follows. A volume of methanol containing the

spin-labelled fatty acids was first evaporated under a flow

of nitrogen gas and any residual solvent removed under

vacuum. A buffered HSA solution (protein concentration

3.5 lM) was then added to the dried SASL. Finally, the

dispersions were heated at 45�C, periodically vortexed for

30 min and equilibrated at 4�C. Hand-shaken polymer-

grafted multibilayers were prepared by dissolving the

required amounts of DPPC and PEG:2000-DPPE together

with 2% molar concentration of SASL in chloroform

methanol. The solvent was first evaporated in a nitrogen

gas stream and then under vacuum overnight. The dried

lipid samples were fully hydrated with PBS (lipid con-

centration *100 protein concentration), by heating above

the chain-melting transition temperature of the dispersions

(i.e., 45�C), periodically vortexed for 30 min and stored

overnight at 4�C.

For fluorescence measurements, the preformed polymer-

grafted multibilayers (with or without SASL) were rapidly

mixed with the protein-buffered solution (without or with

SASL) in the cuvette, equilibrated at the measuring

temperature.

In all samples, the lipid-to-protein ratio was 1:1 w/w,

and the SASL concentration was 2% of the lipids, which

corresponded to a 2:1 molar ratio of fatty acids to protein.

Fluorescence measurements

All fluorescence data were collected on a LS 50B spec-

trofluorometer (Perkin-Elmer, Beaconsfield, UK) equipped

with a Peltier Temperature Programmer PTP-1. The exci-

tation and the emission wavelengths were 290 and 345 nm,

respectively. Both the excitation and the emission slit
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widths were set to 4 nm. The temperature was measured

directly by an YSI thermistor dipped into a 1-cm path

length quartz cuvette.

The fluorescence measurements were repeated three

times on new samples. The experiments were reproducible,

and the errors of the data points are smaller than the

symbols.

Data analysis

The kinetic curves, i.e., the time variation in the fluores-

cence intensity that occurs during the transfer, were fitted

by a single exponential function:

y tð Þ ¼ y1 þ Ae�kt ð1Þ

or by a combination of two exponential functions:

y tð Þ ¼ y1 þ A1e�k1t1 þ A2e�k2t2 ð2Þ

where y?is the fluorescence signal intensity at equilibrium,

Ai the amplitude of phase i and ki the corresponding rate

constants.

Half-times t1/2 were calculated from ki as:

t1=2 ¼ ln 2ð Þ=ki ð3Þ

Results and discussion

Transfer of stearic acids between HSA and DPPC

membranes

Typical kinetics traces at different temperatures for the

transfer of SASL from HSA to DPPC bilayers are shown in

Fig. 1.

The Trp-HSA fluorescence intensity in the measured

samples depends on the temperature. In order to compare

the kinetic behaviour and without losing information, the

plots reported in Fig. 1a (and in Fig. 2a) are shifted to the

same starting point.

From the figure it is evident that when HSA containing 2

mol% SASL is in interaction with DPPC bilayers, the

kinetic trace is almost flat at 25�C. This indicates that

the stearic acids are not transferred from the protein toward

the Lb’ gel phase of DPPC bilayers, and they remain

non-covalently bound to the protein. On increasing the

temperature, a modest increase of the fluorescence intensity

is seen in the kinetic trace at 30�C, i.e., a small amount of

stearic acids is transferred from the protein to DPPC

membranes. At 35�C, i.e., when the DPPC bilayers are in

the ripple Pb’ gel phase, the time-dependent increase of the

Trp-fluorescence is fitted by a single exponential function

(Eq. 1) with a rate constant k = 0.003 s-1. From 35�C

onwards, the kinetic curves are fitted by biexponential

functions (Eq. 2) as shown in Fig. 1 by the solid line that is

superimposed to the kinetic trace at 45�C when the DPPC

bilayers are in the liquid-crystalline La state. The plot of

the residuals in Fig. 1b shows the goodness of the fit.

Fig. 1 a Time-dependent changes at different temperatures of Trp-

fluorescence intensity of HSA in mixed HSA/DPPC dispersions in

which the stearic acids are initially in protein. The kinetic curves refer

to the transfer of stearic acids from HSA to DPPC bilayers. The solid
line that is superimposed on the experimental curve at 45�C is a

biexponential fit to the data according to Eq. 2. b Residuals of the fit

to the data

Fig. 2 a Time-dependent changes at different temperatures of Trp-

fluorescence intensity of HSA in mixed HSA/DPPC dispersions in

which the stearic acids are initially in the DPPC bilayers. The kinetic

curves refer to the transfer of stearic acids from DPPC bilayers to

HSA. The solid line that is superimposed on the experimental curve at

45�C is a biexponential fit to the data according to Eq. 2. b Residuals

of the fit to the data
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The plots of the time-dependent decrease of the Trp-

fluorescence intensity, which occurs when the protein is in

interaction with DPPC lipid membranes that contain 2

mol% SASL, are given in Fig. 2.

They indicate that the transfer of stearic acids from

DPPC multibilayers to HSA already occurs at 25�C and

persists over the whole temperature range investigated.

Moreover, at any temperature, the kinetics traces are fitted

by double-exponential functions according to Eq. 2. Also

in this case, the plot of the residuals in Fig. 2b indicates

that the fit describes the experimental results accurately.

The analysis of the kinetic curves suggests that the

transfer of SASL between HSA and DPPC multibilayers is

contributed by a population characterised by a fast rate

constant, k1, and by a population with a slow rate constant,

k2. From the fits to the kinetic data in Figs. 1 and 2, the

values of k1 and k2, rate constants have been determined

(see later Fig. 3) and used to calculate half-times, t1/2, by

means of Eq. 3. The rate of translocation, tt, of 5-SASL

across the bilayer is at least 34 s or faster (Yuann and

Morse 1999). In both directions of transfer, t1/2 values

deduced from the fast rate constant k1 are comparable to tt,

whereas t1/2 derived from the slow rate constant k2 is bigger

than tt. It is, therefore, likely that the fast population is due

to stearic acids, which spontaneously transfer between the

outer external bilayer leaflets of DPPC membranes and the

protein. The slow population, instead, represents the spin-

labelled amphiphiles that transfer between the internal

layers of DPPC multilamellar vesicles and the protein.

Fluorescence data were used for determining the parti-

tioning constant, Kp, for the partitioning of SASL between

HSA and lipid bilayers by using the equation (Massey et al.

1997; Pantusa et al. 2009):

Kp ¼
SASLinBilayers½ �

DPPC½ � � HSA½ �
SASL in HSA½ �

For any samples and at any temperature, the fraction, X, of

SASL transferred to DPPC or to HSA is evaluated as X ¼ DF
DFtot

,

where DF ¼ y1 � y0ð Þj j is obtained from the kinetic curves

in Figs. 1a and 2a, y0 is the fluorescence intensity at t = 0 s,

DFtot = Fmax(HSA) - Fmax(HSA ? 2 mol% SASL) is

calculated from fluorescence measurements carried out in

the absence of lipid membranes as the difference between the

maximum Trp-fluorescence intensity, Fmax, of HSA alone and

in the presence of 2 mol% SASL. DFtot takes into account the

efficiency of quenching the maximum amount of SASL on the

inherent fluorescence of HSA.

With the above assumptions, for the transfer from the

protein to the lipid membranes

Kp ¼
X � SASL½ �

DPPC½ � �
HSA½ �

1� Xð Þ � SASL½ � ¼
X

1� Xð Þ � 10�2;

whereas for the transfer from the lipid membranes to the

protein

Kp ¼
1� Xð Þ � SASL½ �

DPPC½ � � HSA½ �
X � SASL½ � ¼

1� Xð Þ
X

� 10�2:

For HSA ? DPPC transfer, Kp increases progressively

from 0.2 9 10-3 at 25�C to 1.7 9 10-3 at 35�C and to

4.4 9 10-3 at 45�C. For DPPC ? HSA passage, instead,

Kp decreases first rapidly from 10.6 9 10-3 to 3.5 9 10-3

on going from 25 to 35�C, and it is *4 9 10-3 at 45�C,

i.e., an increase is recorded on entering the fluid state of the

DPPC bilayers. This behaviour is similar to that observed

in samples composed of DMPC or DPPC and of albumin or

other fatty acid-binding proteins, where a decreased bind-

ing of palmitic acid to the proteins was detected for the

movement from membranes to protein at temperatures

corresponding to the known main phase transition tem-

peratures for those phospholipids (Brecher et al. 1984).

Almost the same Kp values are obtained when the par-

tition coefficient is calculated by using the tritation method

reported by Massey et al. (1997). On average, at 45�C, the

free energy for the partitioning, DGp ¼ �RT ln Kp, is

3.5 kcal/mol. All the values are similar to those obtained

previously on the same samples by spin-label ESR (Pantusa

et al. 2009). For DPPC bilayers in the fluid phase, they are

comparable with those reported for the partitioning of fatty

acids between vesicles of DMPC and BSA (Daniels et al.

1985) and between sonicated small unilamellar vesicles of

POPC and HSA (Massey et al. 1997).

On the whole, the results indicate that the transfer of

SASL between HSA and DPPC multibilayers depends on

the donor and acceptor matrix and on the temperature. The

stearic acids preferentially are bound to the protein. Indeed,

Fig. 3 Temperature dependences of the fast k1 (squares) and slow k2

(circles) rate constants for the transfer of stearic acids from HSA to

DPPC membranes (open symbols) and from DPPC membranes to

HSA (solid symbols)
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at any temperature, Kp is lower for the transfer from the

protein to the lipid bilayers than for the passage from the

DPPC to HSA.

The process of transfer can also be studied considering the

kinetic parameters deduced from the time variation of the

fluorescence intensity in the different investigated samples.

The temperature dependences of the fast k1 and slow k2

rate constants for the transfer of stearic acids between the

DPPC lipid bilayers, and the proteins are given in Fig. 3.

As can be seen, in both directions of transfer, the slow

rate constants, k2, keep a constant low value on the whole

temperature range showing only a slight increase for the

transfer from DPPC to HSA at the highest temperature

(solid and open circles in Fig. 3). In contrast, k1, for the

transfer of fatty acids from DPPC lipid bilayers to HSA

(solid squares in Fig. 3), increases considerably at tem-

peratures corresponding to the DPPC main phase transition

temperature to the fluid state. For the transfer from the

protein to the lipid bilayers (open squares in Fig. 3), k1 also

increases considerably with temperature and has lower

values relative to those corresponding to the

DPPC ? HSA passage. Indeed, k1 values (t1/2-values) for

the transfer from DPPC membranes to HSA are in the

range 0.03 7 0.05 s-1 (23 7 14 s), whereas the range of

variation of the fast rate constant (half-times) for the

transfer from HSA to DPPC multilayers is between

0.005 s-1 (96 s) and &0.03 s-1 (&23 s).

More generally, both theoretical models (Nichols 1988;

Zucker 2001; Weisiger and Zucker 2002) and experimental

studies (Brecher et al. 1984; Daniels et al. 1985; Storch and

Kleinfeld 1986; Nichols 1988; Massey et al. 1997; Zucker

2001; Thomas et al. 2002; Abreu et al. 2003; Estronca et al.

2005; Pantusa et al. 2009) have shown that the transfer of

fatty acids between fatty acid binding proteins and mem-

branes is influenced by several physicochemical parame-

ters, such as the temperature, the incubation time of the

protein/lipid mixtures, the concentration of the acceptor and

donors, the type and content of the amphiphile, the pH and

the ionic strength values of the dispersion medium, and the

structure and lamellarity of the bilayers. In particular, in

agreement with our observations, data reported in the lit-

erature show that the kinetic parameters of the transfer of

amphiphiles depend on the donor/acceptor complexes and

on the protein type and vesicular mesophase and composi-

tion (Massey et al. 1997; Zucker 2001; Thomas et al. 2002).

Transfer of stearic acids between HSA and sterically

stabilised liposomes

The transfer of stearic acids between human serum albumin

and sterically stabilised liposomes of DPPC/PEG:2000-

DPPE has also been investigated. The sub-micellar con-

centration of the polymer-lipid mixed with DPPC was

varied from 0 to 2 mol%, a content that encompasses the

mushroom ? brush transition of the polymer chains. For

gel phase DPPC bilayers and PEG:2000-lipids, this tran-

sition theoretically is predicted at 0.9 mol% and experi-

mentally was detected at &1.5 mol% of the polymer-lipid

(Bartucci et al. 2002; Marsh et al. 2003).

Increase (decrease) of the fluorescence intensity is again

obtained when HSA/SSL dispersions are measured in

which either the protein (SSL) or the SSL (HSA) are the

donor (acceptor) matrices for SASL. Even for these sam-

ples, the kinetic traces are fitted by single or double

exponential curves.

The effects of the polymer coating at the lipid/protein

interface on the spontaneous transfer of SASL between

HSA and SSL are evaluated in the plots of k1 given in

Fig. 4 as a function of PEG:2000-DPPE concentration at

30 (squares), 37 (circles) and 45�C (triangles) for mixed

HSA/SSL dispersions in which the SASLs are initially in

the protein (open symbols) or in the SSL (solid symbols).

For the transfer of SASL from the protein to the poly-

mer-grafted membranes, k1 increases with the temperature

increase (open symbols), whereas it decreases moderately

on the whole PEG-lipid concentration range, from the low

grafting density mushroom regime to the high grafting

density brush regime of the polymer chains. The process of

transfer is slightly slowed down by the polymer-lipids. This

holds both at 37 and 45�C. The partition coefficient

increases with the temperature increase at any PEG-lipid

content, especially at low concentration. On increasing the

concentration of the PEG-lipids, instead, Kp keeps a con-

stant value at 30�C (&0.55 9 10-3), and it decreases

significantly at the mushroom-brush transition of the

polymer chains at 37 and 45�C. Indeed, going on from 0 to

2 mol% PEG:2000-DPPE, it varies from 6.6 9 10-3 to

Fig. 4 Fast rate constants, k1, for the transfer of stearic acids between

HSA and sterically stabilised liposomes as a function of PEG:2000-

DPPE concentration at 30 (squares), 37 (circles) and 45�C (triangles).

Open symbols refer to the transfer from HSA to PEG:2000-grafted

DPPC membranes and solid symbols to the transfer from PEG:2000-

grafted DPPC membranes to HSA
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1.6 9 10-3 at 37�C and from 4.4 9 10-3 to 1.5 9 10-3 at

45�C. It is likely that the stearic acids are bound to the

protein, and the steric stabilisation exerted by the polymer

chains reduces both the amount of fatty acids transferred to

the SSL and the rate of transfer.

For the transfer of SASL from the PEG-grafted lipo-

somes to the protein, k1 increases with temperature from 30

to 37 to 45�C and, as a consequence of the presence of the

polymer chains at the SSL/HSA interface, k1 reduces with

the PEG:2000-DPPE concentration, especially at 45�C and

at low grafting density in the mushroom regime of the

polymer chains (solid symbols in Fig. 4). It is therefore

clear that the presence of the polymer chains slows down

the transfer of SASL towards the protein. In the same

direction of transfer, i.e., from SSL ? HSA, at any PEG-

lipid concentration, the partition coefficient Kp first

decreases and then increases on approaching temperatures

where the lipid bilayers are in the fluid phase. For instance,

at 1 mol% of PEG:2000-DPPE, Kp is 4.2 9 10-3 at 30�C,

reduces to 0.6 9 10-3 at 37�C and becomes 9.6 9 10-3 at

45�C. The behaviour of the partition coefficient as a

function of the PEG-lipid concentration is the following: at

30�C, Kp decreases from 6.6 9 10-3 to 4 9 10-3 between

0 and 0.5 mol% of PEG:2000-DPPE and then it increases

slightly up to 4.5 9 10-3 at 2 mol% of PEG-lipid; at 37�C,

Kp sensibly decreases from 2.9 9 10-3 at 0 mol% to

0.6 9 10-3 at 1 mol%, and it is 1.2 9 10-3 at 2 mol%;

finally, at 45�C, Kp increases progressively with the con-

centration of the polymer-lipids from 4 9 10-3 to

9.5 9 10-3 from 0 to 2 mol% of the polymer-lipids. This

behaviour can be rationalised by considering that at low

concentration of PEG:2000-DPPE, the lateral pressure

exerted by the PEG:2000-DPPE polymer-lipids in DPPC

bilayers results in a loosening of the lipid-packing density,

which reduces the SSL chain-melting transition tempera-

ture (Montesano et al. 2001; Pantusa et al. 2003). This

favours the transfer, i.e., the increase of the fraction of

stearic acids transferred from SSL to HSA. At high con-

centration in the brush regime, instead the polymer steric

stabilisation is predominant and inhibits the transfer.

The fluorescence results for the kinetics of the sponta-

neous transfer of stearic acids between human serum

albumin and PEG-grafted DPPC membranes have shown

that stearic acids are preferentially bound to HSA and

partition between the protein and the sterically stabilised

liposomes. The kinetics of partitioning are modulated by

the temperature and by the presence of polymeric chains at

the lipid/protein interface.

The results obtained on protein/lipid membrane model

complexes are relevant for establishing parameters that

can be varied to control the amount of fatty acids free in

the blood plasma and transported trough cell membranes,

and for establishing relations with the parameters

observed in vivo for plasma membranes covered by their

glycocalyxes.
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