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Immobilised artificial membrane chromatography coupled
with molecular probing

Mimetic system for studying lipid–calcium interactions
in nutritional mixtures
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Abstract

Immobilised artificial membrane (IAM) chromatography was utilised to study the interactions of usual membrane probes wit
phosphatidylcholine silica support, in relation to the presence of calcium ions introduced in the mobile phase as they are present in
mixtures. IAM acts as a mimetic membrane of lipid emulsion globules, a major component of nutritional mixtures. The tested pro
1,6-diphenyl-1,3,5-hexatriene (DPH), 9-diethylamino-5H-benzo[�]phenoxazine-5-one or nile red (NR) and 2-(p-toluidinyl)naphtalene-6
sulfonate (TNS). For each probe, partition coefficients and thermodynamic parameters of transfer from the mobile phase to the IAM
phase have been measured. Our results suggested that the interactions of neutral probes (i.e. DPH and NR) with phosphatidy
driven by hydrophobic forces. Addition of calcium chloride to the mobile phase slightly decreased the retention of these neutral p
dramatically increased that of anionic TNS. Moreover, an enthalpy–entropy compensation study revealed that the mechanism of
between TNS and IAM is independent of the calcium concentration. Results argued for the existence of electrostatic repulsion for
by IAM phase towards anionic TNS. Addition of calcium ions into the mobile phase led to the establishment of an ionic double la
zwitterionic stationary phase surface weakening the electrostatic barrier and increasing TNS retention. Consequently, it was de
that IAM appears as a suitable model to get a better insight on the lipid–calcium interactions taking place in nutritional mixtures.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Total parenteral nutrition (TPN) consists of formulatio
of glucose, amino acids and lipid emulsion supplemente
electrolytes, vitamins and trace elements. These mixture
up-
ion
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travenously administered provide complete nutritional s
port for patients. The destabilisation of the lipid emuls
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in the presence of electrolytes is a major problem[1]. Re-
cently, it was shown that fluorescent probes appeared to be a
useful analytical tool for the direct spectroscopic investiga-
tion of lipid–calcium ions interactions in TPN mixtures[2].
However, experimental difficulties were pointed out due to
light scattering in turbid samples like TPN mixtures. Hence,
the assessment of quantitative data, as the partition coeffi-
cients of the probes in the emulsion and the binding con-
stant of calcium ions to the lipid droplets, was hazardous. We
thought that immobilised artificial membrane (IAM) chro-
matography could be helpful to overcome these experimen-
tal difficulties. In fact, we can admit that there is a simi-
larity between the interface of lipid droplets contained in
TPN mixtures and the IAM stationary phase structures. In-
deed, lipid droplets consist of a core of triglycerides sur-
rounded by a monolayer of egg phospholipids[3]; phos-
phatidylcholine being the major component (80% (m/m)) of
the latter. Phosphatidylethanolamine, phosphatidylglycerol,
phosphatidic acid, phosphatidylinositol and phosphatidylser-
ine are minor components. Although they are present in
small amounts relative to phosphatidylcholine, some of them
have a critical function in the emulsion stability by confer-
ring negative surface potential on lipid droplets[1,4]. On
the other hand, an immobilised artificial membrane appears
as an in vitro chromatographic model of biological mem-
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Fig. 1. Schematic structure of IAM.PC.DD2 stationary phase.

choline monolayer in terms of partition coefficients and
thermodynamic parameters of transfer from the mobile
phase to the IAM stationary phase. The second objec-
tive was to study the effects of calcium ions on probes
retention and, as a result, the lipid–calcium interactions
using the extended Wyman relations[19,20] and an
enthalpy–entropy compensation study[21]. Finally, whole
IAM chromatographic results will be discussed in rela-
tion to the lipid–calcium interactions taking place in TPN
mixtures.
ranes in which synthetic phospholipid analogues are
alently linked as a monolayer to silica particles to fo
stationary phase[5]. In particular, IAM.PC.DD2 materia

onsists of diacyl double chain ester phosphatidylcholine
nds surface-bonded to an aminopropylsiloxane-bonde

ca substrate and is endcapped by mixed propionic an
anoic alkylamide groups[6]. A typical IAM.PC.DD2 struc
ure is presented inFig. 1. IAM stationary phase offers pol
ead groups of phosphatidylcholine as the first site of

act with the solute and is therefore a more realistic mod
iomembranes than octadecyl silica (ODS) reversed-p
hromatography columns. IAM is supposed to involve
ame hydrophobic, ion-pairing, Van der Waals and hydro
onding interactions exhibited by analytes in contact of

ogical membranes[5]. The grafted lipids of IAM also exhib
nterfacial motional properties similar to those of the mo
ipids in fluid liposomes, as revealed by31P-NMR studies[7].
herefore, retention on the IAM column possesses some

larities to biomembrane adsorption processes, allowing
ble correlation models to be developed for the estimati
ertain biopartioning properties[6,8–11]. IAM chromatog-
aphy had pharmacological[12,13] or pharmacokinetic ap
lications as well[7,8,14,15]. It also allowed to mimic mem
rane interactions with peptides[16], ions[17] and bile salt

18]. In the same way, we propose to use IAM chromato
hy as a model of lipid droplets contained in TPN mixture
rder to dynamically study the lipid–calcium interactions

ng the variation of retention of some well-known molecu
embrane probes.
The first objective of this study was to characte

he interaction of membrane probes with phosphat
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2. Theoretical

2.1. Determination of the probes partition coefficients

The isocratic retention times of the probe (tr) are used
to calculate the capacity factorskIAM using the following
equation:

kIAM = tr − t0

t0
(1)

wheret0 is the dwell time. A linear relationship exists be-
tween lnkIAM and the organic volume fractionϕACN, accord-
ing to:

ln kIAM = ln kW − aϕACN (2)

wherea is a constant andkW the capacity factor in the ab-
sence of organic solvent. Hence, lnkW can be determined
by linear regression analysis by varying the organic volume
fraction [22]. The capacity factorkW is proportional to the
equilibrium partition coefficientKW of the probe between the
phosphatidylcholine stationary phase and the aqueous phase
according to:

kW = ΦKW = VIAM

VM

CIAM

CW
(3)
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respectively. The knowledge ofVIAM for the IAM column
used[23] allows the determination of�S◦.

2.3. Enthalpy–entropy compensation study

Linear relations between changes in enthalpy and entropy
have been observed for a variety of processes[24]. This
behaviour is labelled enthalpy–entropy compensation. The
enthalpy–entropy compensation can be expressed by:

�H◦ = β�S◦ + �G◦
β (7)

where�Gβ
◦ is the Gibbs free energy of a physico-chemical

interaction at the compensation temperatureβ. According
to Eq. (7), the slope of the enthalpy–entropy plot,β, is
constant for processes exhibiting similar interaction mecha-
nisms. When the enthalpy–entropy compensation is observed
for a solute in a particular chemical interaction, the solute will
have the same free energy (�Gβ

◦) and the same net retention
at the compensation temperatureβ, and is essentially retained
by identical interaction mechanism, whatever the eluent com-
position.

2.4. Salt effects on probes retention

As previously described[20], the salt effect on the ap-
p a
s ns.
K then
k n,
u

l

W ffer-
e bile
p olute
w g
c
a the
o e in
t salt
b

3

3

iene
( r
n te
(
T neu-
t r flu-
o tion
s larity
hereΦ is the phase ratio of the column, withVM volume of
he mobile phase andVIAM volume of the stationary phas
IAM andCW are the concentrations of the solute in the

ionary and in the aqueous phases, respectively. The vo
f the stationary phase is known for the IAM column use
ur case[23].

.2. Thermodynamic parameters of the probe-stationar
hase interactions

The Gibbs free energy,�G◦, of solute transfer from th
obile phase to the stationary phase is related toKIAM , the
quilibrium distribution constant between the stationary
obile phases, as follows:

G◦ = −RT ln KIAM (4)

hereT is the absolute temperature in Kelvin andR the gas
aw constant.

�G◦ is also related to�H◦ and�S◦, the standard enthalp
nd entropy of transfer of the probes from the mobile p

o the stationary phase respectively:

G◦ = �H◦ − T�S◦ (5)

H◦ and�S◦ can be calculated using the following therm
ynamic relationship, derived from Eqs.(3)–(5):

n kIAM = −�H◦

RT
+ �S◦

R
+ ln Φ (6)

linear plot of lnkIAM versus 1/T is called a van’t Hof
lot. Its slope and intercept are (−�H◦/R) and (�S◦/R+ lnΦ)
arent equilibrium constant,KIAM , can be described using
implified model derived from the Wyman linkage relatio
IAM for both specific and no specific interactions, and

IAM , can be linked to the changes in salt concentratioc,
sing the following equation:

n kIAM = ln k0 + �n ln(1 + κc) (8)

here�n is the release parameter. It is related to the di
nce in the number of salt cations bound to the IAM/mo
hase interface before and after the interaction of the s
ith the stationary phase.κ is the average additive bindin
onstant of the salt andk0 is the theoreticalk-value for probe
t c= 0. In this simplified model, the direct salt effect is
nly one to be taken into account. The notion of chang

he water activity and the existence of different sites of
inding are not taken into account.

. Experimental

.1. Membrane probes selection

The probes studied were 1,6-diphenyl-1,3,5-hexatr
DPH), 9-diethylamino-5H-benzo[�]phenoxazine-5-one o
ile red (NR) and 2-(p-toluidinyl)naphtalene-6-sulfona
TNS). Their molecular structures are presented inFig. 2.
NS was an anionic probe whereas DPH and NR were

ral ones. They were formerly selected because of thei
rescent properties and use in lipid–calcium ion interac
tudies by direct fluorescent measurements. NR is a po
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Fig. 2. Molecular structures of DPH, NR and TNS.

probe whose fluorescent properties strongly depend on the
environment polarity[25]. NR was used to probe proteins
or lipids [26,27]. DPH is known as a fluidity probe[28].
The fluidity of many lipid assemblies has been monitored
with DPH [29,30]. TNS, as its parent compound 1-anilino-
8-naphtalenesulfonate (ANS), are polarity and electric po-
tential probes; they allow an estimate of electric potential at
the surface of lipid vesicles[31] or of biological membranes
[32,33].

3.2. Apparatus

Monitoring of chromatographic data was performed on
a high-performance liquid chromatography (HPLC) system
driven by the 32 Karat software version 5.0 from Beckman

Coulter (Roissy, France). The system consisted of a 125
Beckman pump, a Rheodyne injection valve model 7725 (Co-
tati, USA) fitted with a 50�L sample loop and a 168 Beckman
diode-array detector. The detection wavelengths were set at
565, 355 and 320 nm for NR, DPH and TNS, respectively. The
analytical columns were a (100 mm× 4.6 mm) IAM.PC.DD2
(Regis Technologies, Morton Grove, USA) with a particle
size of 12�m and a (150 mm× 4.6 mm) 5C8 Chromspher
with a particle size of 8�m. Both columns were supplied
by Interchim (Montluc¸on, France). The columns were ther-
mostated with a Croco-Cil temperature controller (±0.5◦C)
provided by Interchim. Unless otherwise stated, experiments
were performed at 25◦C. pH measurements were done with
a Beckman 300 pH meter.

3.3. Reagents

All reagents were of analytical grade. 2-(p-Tolui-
dinyl)naphtalene-6-sulfonic acid; potassium salt (TNS) was
purchased from Sigma–Aldrich (Saint-Quentin Fallavier,
France). 9-Diethylamino-5H-benzo[�]phenoxazine-5-one
(NR), 1,6-diphenyl-1,3,5-hexatriene (DPH) and 1-(4-trime-
thylammoniumphenyl)-6-phenyl-1,3,5-hexatriene (TMA-
DPH) were produced by Molecular Probes (Eugene, USA)
and obtained from Interchim (Montluc¸on, France). All
s cally
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olvents were of analytical grade and spectroscopi
ested before experiments. Acetonitrile was from C
rba (Val de Reuil, France), sterile water for injection fr
avoisier (Paris, France), tetrahydrofuran from Pro
Fontenay-sous-bois, France). Imidazole was purch
rom Sigma–Aldrich, chlorhydric acid from Labosi (Oulc
e Cĥateau, France) and aqueous solutions of cal
hloride 10% (m/v) or sodium chloride 20% (m/v) fro
guettant (Lyon, France).

.4. Operating methods

.4.1. General procedures
The mobile phase consisted of a mixture of different

ortions (v/v) of acetonitrile and 5 mM imidazole/HCl buf
djusted to pH 7.1 and possibly spiked with calcium
odium chloride. Unless otherwise stated, acetonitrile
ent in mobile phase was 50% (v/v) for NR and DPH; 2
v/v) for TNS. The flow rate of the mobile phase was se
ll cases at 1 mL min−1.

10−3 M stock solutions of probes were prepared. TNS
issolved in water whereas NR and DPH were both disso

n tetrahydrofuran. All stock solutions were kept at +4◦C
or 3 months. Stability of these solutions was checked
V–vis measurements. TNS stock solution was daily dil

o 5× 10−5 M in water before injection. NR and DPH sto
olutions were first diluted to 10−4 M in acetonitrile, then
o 10−5 M in acetonitrile–water (50:50 (v/v)) before inje
ion. The injected volume was 50�L in all cases. For eac
easurement, injections were performed in triplicate.VIAM ,

he volume of stationary phase for the IAM.PC.DD2 colu
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used, equals 0.125 mL[23].VM, the volume of mobile phase,
was measured by injecting a liquid mixture with a volume
composition different from that of the mobile phase. It was
equal to 1.45 mL.

3.4.2. Determination of the probes partition coefficients
The acetonitrile contents (v/v) in the mobile phase used to

determine the partition coefficient of the probes were 40, 45,
50, 55 and 60% for DPH and NR; 10, 15, 20, 25 and 30% for
TNS.

The calculated logP (C logP), theoreticaln-octanol–
water partition coefficients, were determined with the CS
ChemDraw Ultra software from CambridgeSoft (Cambridge,
USA).

3.4.3. Thermodynamic parameters of the
probe-stationary phase interactions

Probes capacity factors were determined over the temper-
ature range 25–45◦C. Experiments were performed at 25, 30,
35, 40 and 45◦C.

3.4.4. Calcium effect on the probes retention
Added calcium chloride concentrations in mobile phase

were 2.5, 5, 10, 15 and 20 mM for DPH and NR; 1, 2, 4, 6, 10,
15 and 20 mM for TNS. The calcium concentrations included
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Table 1
Partition coefficient logarithm (logKw) and calculated logP (C logP) for the
probes

[Ca2+] (mM) logKW C logP

DPH

0 4.81± 0.05 5.64
20 4.76± 0.06 /

NR
0 3.89± 0.04 4.62

20 3.80± 0.05 /

TNS
0 3.03± 0.02 2.89

20 3.58± 0.04 /

See experimental conditions in Sections3.4.2 and 3.4.4. /: not relevant.

4. Results and discussion

4.1. Determination of the probes partition coefficients

In order to determine their partition coefficients, the probes
retention was studied in relation to the solvent proportion in
the mobile phase. According to Eq.(2), linear plots were ob-
tained between lnkIAM and the acetonitrile volume fraction
ϕACN for the three probes in the absence or in the presence of
calcium ions (p< 0.05). The correlation coefficients were at
least equal to 0.996. The logarithms of extrapolated partition
coefficient (logKW) of each probe are presented inTable 1. In
the absence of calcium chloride, DPH presented the greatest
affinity to the phosphatidylcholine stationary phase, then NR
and at last TNS. The logKW values were in accordance with
the C logP estimated for the probes. C logP calculations are
recognised as a good estimation of the molecules lipophilic-
ity. They usually are well correlated to analytes retention
on the C18 or C8 stationary phases[5]. Hence, our results
suggested a probe retention mechanism on IAM stationary
phase mostly ruled by hydrophobic forces. This partitioning
mechanism implies that the solute molecule penetrates the
head-group region of phosphatidylcholine and is embedded
within the hydrocarbon region of the stationary phase[7].
Moreover, the existence of either repulsive or attractive elec-
t nium
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i van’t
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D of
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hose frequently found in paediatric TPN mixtures, lying
ween 2.5 and 7.5 mM. For the enthalpy–entropy compe
ion study of TNS, the tested temperatures were 25, 30
0 and 45◦C for each calcium concentration.

The evolution of partition coefficients and thermodyna
arameters for the probes was investigated using the e

mental conditions described in Sections3.4.2 and 3.4.3in
he presence of 20 mM calcium chloride in the mobile ph
xcepted for the TNS partition coefficient which was ev
ted with solvent proportions equal to 15, 20, 25, 30 and
v/v).

.4.5. Sodium effect on TNS retention
The sodium chloride concentrations studied were 5

0, 40 and 60 mM. As for calcium, the sodium concentrat
ook into account values found in paediatric TPN mixtu
ying between 10 and 30 mM.

.4.6. Statistical treatment
A least square regression (LSR) was used to verify

xistence of linear relationship between lnkIAM and the or
anic volume fraction (ϕACN) or the inverse of the temper

ure (1/T). A one way analysis of variance was performe
heck the significance of the slope. To assess if the inte
f LSR equation was or not significantly different from ze
Student’st-test was carried out. The level of significan
as always set atp< 0.05. Statistical treatment of data w
one using Microsoft Excel software for the linear reg
ion and Kaleidagraph (Synergy Software) for the non-li
egression. All results were expressed as mean± standard
eviation.
rostatic forces with the charged phosphate or ammo
roups of the IAM phase should be also taken into acc

or anionic TNS in addition with hydrophobic interactio
s suggested by its lower logKW value (Table 1).

.2. Thermodynamic parameters of the probe-stationar
hase interactions

The dependence of the probes retention on temper
as studied in order to assess the thermodynamic param

n the absence and in the presence of calcium ions.
off plots, according to Eq.(6), are presented inFig. 3 for
PH and NR. The van’t Hoff plots for TNS in presence
arious calcium concentrations are displayed inFig. 4. In all
ases, a linear fit was verified for the three probes wit
ithout calcium addition to the mobile phase (p< 0.05). The
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Table 2
Thermodynamic parameters�H◦, �S◦,T�S◦ and�G◦ for DPH and NR from the mobile phase to the IAM stationary phase in relation to calcium concentration

[Ca2+] (mM) �H◦ (kJ mol−1) �S◦ (J mol−1 K−1) T�S◦ (kJ mol−1) �G◦ (kJ mol−1)

DPH
0 −10.9± 0.2 −3.9± 0.1 −1.2± 0.1 −9.7± 0.2

20 −9.8± 0.2 −1.4± 0.1 −0.4± 0.0 −9.4± 0.2

NR
0 −12.0± 0.2 −9.5± 0.2 −2.8± 0.0 −9.2± 0.2

20 −11.7± 0.2 −8.9± 0.2 −2.7± 0.0 −9.0± 0.3

See experimental conditions in Sections3.4.3 and 3.4.4. Note that contribution of entropy to�G◦ is represented byT�S◦, whereT is 298 K (25◦C).

Fig. 3. Vant Hoff plots in the absence of calcium (closed symbols) and in
the presence (open symbols) of 20 mM calcium for DPH (�,©) and NR
(�,	). For operating conditions: see Section3.

correlation coefficients were in all cases superior to 0.996.
Linear van’t Hoff plots were in agreement with an unvaried
retention mechanism for the probes in the temperature range
tested.

The thermodynamic parameters obtained from van’t Hoff
plots are presented inTable 2for DPH and NR. Their de-
pendence upon various calcium concentrations is detailed in
Table 3for TNS.

The Gibbs free energy,�G◦, of solute transfer from the
mobile phase to the stationary phase was negative for all
probes with or without calcium indicating that solute transfer

Fig. 4. TNS Vant Hoff plots for different mobile phase calcium concentra-
tions. With [Ca2+] = 0 (�), 1 (©), 2 (*), 4 (�), 6 (�), 10 (♦), 15 (�), 20
(	) mM. For operating conditions: see Section3.

is a spontaneous process. The experiments showed that the
more negative the�G◦ value, the longer the retention time,
so the more efficient the probe transfer from the mobile to
the stationary phase, in accordance with Eq.(4).

For all probes, increasing the temperature caused a de-
crease in the capacity factors, leading to negative values for
�H◦. This behaviour is in agreement with the temperature
dependence of the hydrophobic effects which drive the par-
titioning in many bilayer systems[34]. Negative�H◦ values
indicated that the solute transfer is an exothermic process.
Then, it is energetically more favourable for the probes to be
in the stationary phase than in the mobile phase.

The observed negative�S◦ values proved the loss of the
degree of freedom of the probes when included in the IAM
phase. The latter is probably due to the involvement of in-
teractions between the probes and the stationary phase. The
probes could be embedded along the diacyl chains of the

Table 3
Thermodynamic parameters�H◦, �S◦, T�S◦ and�G◦ for TNS from the mobile phase to the IAM stationary phase in relation to calcium concentration

[Ca2+] (mM) �H◦ (kJ mol−1) �S◦ (J mol−1 K−1) T�S◦ (kJ mol−1) �G◦ (kJ mol−1)

0 −15.6± 0.2 −21.6± 0.4 −6.4 ± 0.1 −9.2 ± 0.3
1 −18.2± 0.2 −23.5± 0.3 −7.0 ± 0.1 −11.2± 0.2
2 −18.9± 0.2 −23.9± 0.4 −7.1 ± 0.1 −11.8± 0.2
4 −19.4± 0.3 −24.5± 0.6 −7.3 ± 0.2 −12.1± 0.4
6 −19.7± 0.3 −24.6± 0.5 −7.3 ± 0.2 −12.4± 0.3

10 −20.4± 0.4 −25.8± 0.6
15 −20.4± 0.2 −25.3± 0.3
20 −21.2± 0.3 −27.1± 0.6

See experimental conditions in Sections3.4.3 and 3.4.4. Note that contribution of
−7.7 ± 0.2 −12.7± 0.4
−7.6 ± 0.2 −12.9± 0.2
−8.1 ± 0.2 −13.1± 0.4

entropy to�G◦ is represented byT�S◦, whereT is 298 K (25◦C).
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Fig. 5. Effect of mobile phase calcium concentration on the retention of
DPH (©), NR (	) and TNS (♦) at 25◦C. For operating conditions: see
Section3.

IAM support according the partitioning mechanism previ-
ously described, particularly DPH for which the tendency to
predominantly orient parallel to the fatty acyl chains of the
membrane bilayer is reported[35]. DPH, the most hydropho-
bic probe, is supposed to exclusively establish hydrophobic
interactions with unsaturated long acyl chains of IAM. NR,
because of its hetero-atomic structure, could involve hydro-
gen bonds with IAM whereas anionic TNS could be able to
establish electrostatic forces with immobilised phosphatidyl-
choline.

When �H◦ was compared toT�S◦ in Tables 2 and 3,
the magnitude of�H◦ was always greater than the one of
T�S◦, over the temperature range studied. Hence, enthalpy
plays a greater role in the retention process than entropy does
The solute transfer from the mobile to the stationary phase
is consequently enthalpically driven (i.e. governed by hy-
drophobic effect), especially for DPH and NR. Indeed, for
TNS the entropic contribution (related to steric hindrance)
appears relatively greater than for the other probes, certainly
due to the additive repulsive/electrostatic interactions with
the polar head-groups of IAM.

4.3. The role of calcium ions on probe retention:
assumptions

ted
i NR
c reas
t est,
p

4
sult

f r on
t

rom
t DPH
a
p obe
e ropy
d

The entropy increase in IAM phase reflects a less ordered
environment of DPH and NR. Calcium ions, by interacting
with the negative phosphate groups of the stationary phase,
could form bridges between phosphate groups of two phos-
phatidylcholine molecules reducing both lipid motion free-
dom and water penetration[36]. This phenomenon could pre-
vent DPH and NR from penetrating the interfacial region
and then from being embedded within the hydrocarbon re-
gion.

The entropy decrease in mobile phase is in agreement with
a more ordered environment of DPH and NR. The entropy
decrease could result from the addition into the mobile phase
of kosmotropic ions such as Ca2+, known to bind adjacent
water molecules more strongly than water molecules between
themselves. Thus, the entropy of the system decreases due to
increased water structuring around the ion[37,38].

In order to discriminate on which phase calcium effects are
predominant, retention measurements were also performed
on a C8 stationary phase for DPH and NR in the same ex-
perimental conditions as on IAM chromatography. DPH and
NR retention decreased with 20 mM CaCl2 as shown by lnk
values, which varied from 2.55 to 2.42 and from 1.40 to 1.30
for DPH and NR, respectively (data not shown). Hence, the
common decrease in retention observed on either C8 or IAM
stationary phases is in accordance with a predominant cal-
c ible
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The role of calcium ions on probe retention is illustra
n Fig. 5. In relation to calcium concentrations, DPH and
apacity factors only exhibited a slight decrease, whe
hat of TNS increased [analysis of variance (ANOVA) t
< 0.05)].

.3.1. DPH and NR
The decrease of retention for DPH and NR may re

rom the calcium ions effect either on the mobile phase o
he stationary phase.

�S◦, the standard entropy of transfer of the probes f
he mobile phase to the stationary phase, increased for
nd NR in the presence of calcium ions (Student’st-test,
< 0.05). Higher�S◦ values observed are related to a pr
ntropy increase in the IAM phase and/or a probe ent
ecrease in the mobile phase.
.

ium effect on mobile phase, without excluding a poss
nfluence of calcium ions on IAM phase.

.3.2. TNS
Concerning TNS (Table 3), in contrast to DPH and NR

he calcium ions made�G◦ becoming more negative (St
ent’st-test,p< 0.05) indicating a more efficient partitioni
f TNS.�H◦ and�S◦ also became more negative in the p
nce of calcium (Student’st-test,p< 0.05). As the direct ion
airing between calcium ions and TNS in the mobile ph
eems highly unlikely, the TNS partition coefficient enhan
ent (Student’st-test,p< 0.05), shown inTable 1, could re-

ult from a direct interaction of Ca2+ ions with phosphat
roups of phosphatidylcholine monolayer, leading to a

tively charged stationary phase. Thus, anionic TNS w
nvolve attractive electrostatic interactions, yielding to an
rease of the retention.

Subsequently, it was assumed that there was a ne
urface charge on the zwitterionic phosphatidylcholine m
rane. Thus, we considered to determine the retention
urements of a cationic membrane probe with and w
ut calcium in the mobile phase to verify this hypothe
he probe 1-(4-trimethylammoniumphenyl)-6-phenyl-1,
exatriene, a cationic parent compound of DPH, was
ost retained among all probes in the absence of C2

ln k= 1.667) and became the less retained in the pres
f 20 mM CaCl2 (ln k= 0.136). These results confirmed
xistence of a globally negative surface charge on the
hase, despite its zwitterionic chemical structure, exe
epulsive electrostatic forces towards TNS in the absen
ations. This observation could be related to the presen
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Fig. 6. Enthalpy–entropy compensation plot�H◦ = f(�S◦) for TNS at the
different mobile phase calcium concentrations. For operating conditions: see
Section3.

negatively charged silanol groups (pKa 6.8± 0.2[39]) on the
IAM.PC.DD2 support, as previously described[23,40–42].

4.4. Enthalpy–entropy compensation study for TNS
retention in relation to calcium concentration

As TNS showed a dramatic retention increase upon
calcium addition, in contrast to DPH and NR, an
enthalpy–entropy compensation study in relation to calcium
concentrations was performed for this probe in order to get a
better insight into the interaction mechanisms involved. Ac-
cording to Eq.(7), �H◦ as a function of�S◦ determined
at the different values of calcium concentration was plot-
ted (Fig. 6). The corresponding LSR equation was charac-
terised by a slope and an intercept different from zero and
a correlation coefficient equal to 0.969, thus indicating that
the enthalpy–entropy compensation was verified. The com-
pensation temperatureβ was equal to 1026 K. This value is
greater than previous compensation temperatures calculated
for other hydrophilic/hydrophobic chromatographic systems
[19,21]. This may be related to a difference in stationary phase
bonding density which contributes very significantly to the
β value [43]. Enthalpy–entropy compensation showed that
TNS–IAM interaction mechanisms are independent of the
calcium concentration values. That means, first, that TNS
b hat-
e ssible
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i
p and
w ely
(
p in-
t
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ion
m oline,
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h

Fig. 7. Plots of lnkIAM recreated from Eq.(8) for TNS versus [CaCl2]: (A)
at 25◦C (©), 30◦C (�), 35◦C (♦), 40◦C (×), 45◦C (�) and versus [NaCl]:
(B) at 25◦C. For operating conditions: Section3.

increased according to logarithmic curves with the addition
of calcium chloride (Fig. 7A) and sodium chloride (Fig. 7B)
as well. For similar ionic strength, calcium increased TNS
retention more than sodium, indicating that the affinity of
Ca2+ to stationary phase appeared superior to that of Na+.
This feature was well correlated with the classification
following the Hofmeister series established for both cations
and anions. These series reflect the order of increasing
polarisability and the ability for cations and anions to
interact with negative and positive groups respectively[44].
For instance, cations and anions can be classified as follows:
K+ ≈Na+ < NH4+ < Li+ < Tl+ < Ag+ < Ba2+ ≈ Sr2+ < Co2+ <
Ca2+< Cu2+ < Cd2+ < Zn2+ < Ce3+ and SO4

2− <Cl− < N-
O2

− < CNO− < Br− < NO3
− < ClO3

− < I− < ClO4
− [44,45].

IAM stationary phase involves positively (ammonium)
and negatively (phosphate) charged functionalities in close
proximity to each other (Fig. 1). In the presence of CaCl2
into the mobile phase, two interactions could occur: a weak
one between Cl− and the outer ammonium group and a
strong one between Ca2+ and the inner phosphate group
probably, as predicted by the Hofmeister series. These
interactions between zwitterionic stationary phase and
mobile phase cations and anions lead to the establishment
of an ionic double layer. TNS retention on IAM is ruled by
its ability to penetrate the electrostatic field established by
t gative
inds to the same location on IAM.PC.DD2 support w
ver the calcium concentration and, second, that the po

nteraction of Ca2+ with TNS binding site on IAM suppo
s probably negligible. Assuming that Ca2+ cation and TNS
referentially interact with negative phosphate groups
ith positive ammonium groups of IAM phase respectiv

seeFig. 1), then the probable interaction of Ca2+ with phos-
hate groups will not alter the TNS–ammonium groups

eraction.

.5. Calcium and sodium effects on TNS retention

In order to get a better insight into the interact
echanisms between calcium ions and phosphatidylch
study of the calcium and sodium effects on TNS reten
as been carried out. As shown inFig. 7, the retention of TNS
 he stationary phase. In the absence of cations, the ne
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Table 4
Parameters lnk0, �n andκ for sodium chloride (Na+) and calcium chloride
(Ca2+), calculated by fitting the curves lnkIAM = f([cation]) with Eq.(8)

Temperature
(◦C)

ln k0 �n κ (M−1) r*

Na+

25 1.20± 0.01 0.25± 0.01 0.74± 0.09 0.998

Ca2+

25 1.24± 0.01 0.25± 0.00 28.20± 2.81 0.999
30 1.16± 0.01 0.24± 0.01 26.92± 3.02 0.999
35 1.05± 0.01 0.24± 0.01 27.21± 3.21 0.999
40 0.95± 0.01 0.23± 0.01 28.59± 3.43 0.999
45 0.85± 0.01 0.23± 0.00 29.80± 2.82 0.999

See experimental conditions in Sections3.4.4 and 3.4.5.
∗ Correlation coefficient for non-linear regression.

surface charge exerts a repelling effect on TNS. With CaCl2
IAM phase was positively charged, allowing TNS to greatly
interact with the stationary phase. With NaCl, the effect
was weaker than with CaCl2, as previously described. In
order to quantify this feature,κ the average additive binding
constants of cations were calculated. The Wyman simplified
model (Eq. (8)) was used to fit the experimental curves
shown onFig. 7. �n, the release parameter, andk0, the
theoreticalk-value for TNS at a salt concentration equal to
zero, were also calculated. Data are presented inTable 4.
The correlation coefficients were at least equal to 0.999
meaning that the simplified Wyman model seems to be
appropriate to fit our data. This simplified model only took
into account the direct salt effect, involving identical and
independent sites for salt binding. Thus, and as already
stated, the change in water activity or the existence of
different salt binding sites are probably negligible in our
case. As expected, the binding constant of Ca2+ for IAM
was much higher than Na+ binding constant (p< 0.05) and
appeared independent of temperature. Positive�nvalues are
in accordance with a salt fixation on IAM; TNS interaction
with IAM stationary phase leads to the neutralisation of
a positive charge, thus making easier calcium or sodium
adsorption. The very similar�n values for Na+ and Ca2+

suggest that the number and the nature of binding sites are
i
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i ell,
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w orp-

tion occurs when an ion interacts with the surface chemi-
cally as well as electrostically. This behaviour is typical of
Ca2+ cations known to be complexed by the lipid phosphate
headgroups[48]. In the case of specific adsorption, many
more ions can adsorb to the surface than is simply required
to neutralize the droplet surface charge. Then the lipid surface
charge, negative in the absence of ions, will acquire a positive
charge due to calcium ions adsorption. This process is called
charge reversal and is characteristic of the specific adsorp-
tion phenomenon. These mechanisms described for cations
in TPN mixtures are in accordance with our chromatographic
data.

5. Conclusion

The present work showed that IAM chromatography is
an adequate method to determine the partition coefficients
of membrane probes. Partition coefficients of the probes
obtained with IAM chromatography confirmed their affin-
ity for the lipid phase of the emulsion as qualitatively as-
sumed from direct fluorescence measurements. Thanks to
the versatility of chromatography, the measurement of ther-
modynamic parameters of the probes partitioning was pos-
sible with convenient precision. The existence of a sponta-
n zwit-
t own
b -
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dentical for both salts.
As IAM phase is demonstrated to interact with catio

ipid emulsions in TPN mixtures are also known to stron
nteract with cations[46]. The stability of lipid emulsion
as been explained by the DLVO (Derjaguin, Landau,
ey, Overbeek) theory of colloid stability[47]. The cation

nteract with charged colloids, and with lipid droplets as w
y two mechanisms: non-specific and specific adsorptio[1].
on-specific adsorption occurs when ions are only boun

ipid droplets by electrostatic forces. This behaviour is typ
f monovalent cations such as Na+ on phospholipid surface

48]. The surface charge of lipid droplets, negative in the
ence of ions, will increase with sodium addition until z
t high salts concentrations. Since the only force causin
orption is electrostatic, no further ion adsorption can o
hen the surface charge is nil. By contrast, specific ads
eous negative charge on the IAM surface, despite the
erionic character of phosphatidylcholine, was also sh
y the higher affinity of TMADPH for IAM phase, com
ared to that of DPH. This feature underlines the s

arity between IAM stationary phase and natural phos
ipids of lipid emulsion. This negative charge can be
ated to the presence of negatively charged silanol gr
n the IAM.PC.DD2 support, but it can be reasonable to
ume that secondary effects of free silanols on analyt
ention are probably negligible compared to specific eff
f phosphatidylcholine grafted molecules. However, in
er to study an even more realistic model of lipid em
ion, the perfusion on a reversed-phase column of an
hospholipids solution[49], whose composition is identic

o lipid emulsion phospholipids, should be considered in
uture.

IAM chromatography was also demonstrated conven
or studying calcium and sodium effects. Ion effects w
uantified in terms of Wyman parameters, allowing
inding constants of calcium and sodium on the spo
eously charged IAM surface to be determined. Lastl
as shown that chromatographic experiments were in
ordance with previous works describing the interact
etween electrolytes and lipid emulsion in TPN mixtu

1].
Eventually, IAM chromatography confirmed spectrofl

ometric measurements and moreover refined the deter
ion of quantitative data. Consequently, IAM chromatog
hy certainly appears as a suitable mimetic system for s

ng interactions in TPN mixtures and particularly to stu
ations interactions with phospholipids.
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[3] J. Féŕezou, N. Lai, C. Leray, T. Hajri, A. Frey, Y. Cabaret, J.

Courtieu, C. Lutton, A. Bach, Biochim. Biophys. Acta 1213 (1994)
149.

[4] G. Chansiri, R. Lyons, M. Patel, S. Hem, J. Pharm. Sci. 88 (1999)
454.

[5] T. Geetha, S. Singh, PSTT 3 (2000) 406.
[6] C. Lepont, C. Poole, J. Chromatogr. A 946 (2002) 107.
[7] S. Ong, H. Liu, C. Pidgeon, J. Chromatogr. A 728 (1996) 113.
[8] G. Caldwell, J. Masucci, M. Evangelisto, R. White, J. Chromatogr.

A 800 (1998) 161.
[9] S. Ong, H. Liu, X. Qiu, G. Bhat, C. Pidgeon, Anal. Chem. 67 (1995)

755.
[10] X.-Y. Liu, Q. Yang, M. Hara, C. Nakamura, J. Miyake, Mater. Sci.

Eng. C 17 (2001) 119.
[ R.

.
[ 996)

[ , M.

[ ar-

[ ogr.

[ ys.

[ , N.

[18] D. Cohen, M. Leonard, J. Lipid Res. 36 (1995) 2251.
[19] M. Haroun, C. Dufresne, E. Jourdan, A. Ravel, C. Grosset, A. Villet,

E. Peyrin, J. Chromatogr. A 977 (2002) 185.
[20] I. Slama, C. Ravelet, C. Grosset, A. Ravel, A. Villet, E. Nicolle, E.

Peyrin, Anal. Chem. 74 (2002) 282.
[21] W. Melander, D. Campbell, C. Horvath, J. Chromatogr. 158 (1978)

215.
[22] D. Reymond, G. Nghi-Chung, J. Mayer, B. Testa, J. Chromatogr.

391 (1987) 97.
[23] A. Taillardat-Bertschinger, A. Galland, P.-A. Carrupt, B. Testa, J.

Chromatogr. A 953 (2002) 39.
[24] L. Sander, L. Field, Anal. Chem. 52 (1980) 2009.
[25] J. Deye, T. Berger, Anal. Chem. 62 (1990) 615.
[26] P. Greenspan, S. Fowler, J. Lipid Res. 26 (1985) 781.
[27] D. Sackett, J. Wolff, Anal. Biochem. 167 (1987) 228.
[28] B. Lentz, Chem. Phys. Lipids 50 (1989) 171.
[29] V. Ben-Yashar, Y. Barenholz, Chem. Phys. Lipids 60 (1991) 1.
[30] B. Lentz, Chem. Phys. Lipids 64 (1993) 99.
[31] M. Eisenberg, T. Gresalfi, T. Riccio, S. McLaughlin, Biochemistry

18 (1979) 5213.
[32] M. Sugawara, M. Kurosawa, K. Sakai, M. Kobayashi, K. Iseki, K.

Miyazaki, Biochim. Biophys. Acta 1564 (2002) 149.
[33] M. Komorowska, A. Czarnoleski, Colloid Surf. B 20 (2001) 309.
[34] W. Wimley, S. White, Biochemistry 32 (1993) 6307.
[35] R. Kaiser, E. London, Biochemistry 37 (1998) 8180.
[36] D. Zubiri, A. Domecq, D. Bernik, Colloid Surf. B 13 (1999) 13.
[37] B. Hribar, N. Southall, V. Vlachy, K. Dill, J. Am. Chem. Soc. 124

(2002) 12302.
[38] J. Grigsby, H. Blanch, J. Prausnitz, Biophys. Chem. 91 (2001)

231.
[
[ 3.
[ i.

[ elv.

[
[ ) 13.
[ 022.
[
[
[
[ M.
11] M. Abraham, H. Chadha, R. Leitao, R. Mitchell, W. Lambert,
Kaliszan, A. Nasal, P. Haber, J. Chromatogr. A 766 (1997) 35

12] F. Barbato, M. La-Rotonda, F. Quaglia, Eur. J. Med. Chem. 31 (1
311.

13] L. Escuder-Gilabert, S. Sagrado, R. Villanueva-Camanas
Medina-Hernandez, J. Chromatogr. B 740 (2000) 59.

14] F. Barbato, B. Cappello, A. Miro, M. La-Rotonda, F. Quaglia, F
maco 53 (1998) 655.

15] A. Nasal, M. Sznitowska, A. Bucinski, R. Kaliszan, J. Chromat
A 692 (1995) 83.

16] H. Mozsolits, T. Lee, H. Wirth, P. Perlmutter, M. Aguilar, Bioph
J. 77 (1999) 1428.

17] W. Hu, P. Haddad, K. Hasebe, M. Mori, K. Tanaka, M. Ohno
Kamo, Biophys. J. 83 (2002) 3351.
39] P. Schindler, H. Kamber, Helv. Chim. Acta 51 (1968) 1781.
40] C. Ottiger, H. Wunderli-Allenspach, Pharm. Res. 16 (1999) 64
41] A. Mälkiä, L. Murtom̈aki, A. Urtti, K. Kontturi, Eur. J. Pharm. Sc

23 (2004) 13.
42] M. Amato, F. Barbato, P. Morrica, F. Quaglia, M. La-Rotonda, H

Chim. Acta 83 (2000) 2836.
43] L. Cole, J. Dorsey, Anal. Chem. 64 (1992) 1317.
44] H. Cook, G. Dicinoski, P. Haddad, J. Chromatogr. A 997 (2003
45] H. Cook, W. Hu, J. Fritz, P. Haddad, Anal. Chem. 73 (2001) 3
46] W. Dawes, M. Groves, Int. J. Pharm. 1 (1978) 141.
47] M. Barnett, Nutrition 5 (1989) 348.
48] C. Washington, Adv. Drug Deliv. Rev. 20 (1996) 131.
49] W. Hu, P. Haddad, K. Tanaka, M. Mori, K. Tekura, K. Hasebe,

Ohno, N. Kamo, J. Chromatogr. A 997 (2003) 237.


	Immobilised artificial membrane chromatography coupled with molecular probing
	Introduction
	Theoretical
	Determination of the probes partition coefficients
	Thermodynamic parameters of the probe-stationary phase interactions
	Enthalpy-entropy compensation study
	Salt effects on probes retention

	Experimental
	Membrane probes selection
	Apparatus
	Reagents
	Operating methods
	General procedures
	Determination of the probes partition coefficients
	Thermodynamic parameters of the probe-stationary phase interactions
	Calcium effect on the probes retention
	Sodium effect on TNS retention
	Statistical treatment


	Results and discussion
	Determination of the probes partition coefficients
	Thermodynamic parameters of the probe-stationary phase interactions
	The role of calcium ions on probe retention: assumptions
	DPH and NR
	TNS

	Enthalpy-entropy compensation study for TNS retention in relation to calcium concentration
	Calcium and sodium effects on TNS retention

	Conclusion
	Acknowledgements
	References


