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Abstract

Immobilised artificial membrane (IAM) chromatography was utilised to study the interactions of usual membrane probes with grafted
phosphatidylcholine silica support, in relation to the presence of calcium ions introduced in the mobile phase as they are present in nutritional
mixtures. |AM acts as a mimetic membrane of lipid emulsion globules, a major component of nutritional mixtures. The tested probes were
1,6-diphenyl-1,3,5-hexatriene (DPH), 9-diethylamino-5H-beajgijenoxazine-5-one or nile red (NR) and 2t6luidinyl)naphtalene-6-
sulfonate (TNS). For each probe, partition coefficients and thermodynamic parameters of transfer from the mobile phase to the IAM stationary
phase have been measured. Our results suggested that the interactions of neutral probes (i.e. DPH and NR) with phosphatidylcholine are
driven by hydrophobic forces. Addition of calcium chloride to the mobile phase slightly decreased the retention of these neutral probes and
dramatically increased that of anionic TNS. Moreover, an enthalpy—entropy compensation study revealed that the mechanism of interaction
between TNS and IAM is independent of the calcium concentration. Results argued for the existence of electrostatic repulsion forces exerted
by IAM phase towards anionic TNS. Addition of calcium ions into the mobile phase led to the establishment of an ionic double layer at the
zwitterionic stationary phase surface weakening the electrostatic barrier and increasing TNS retention. Consequently, it was demonstrated
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 formulations
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in the presence of electrolytes is a major probldi 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 mixtur§s.
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 phospholipi@$; 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 droplgis4]. On

the other hand, an immobilised artificial membrane appears
as an in vitro chromatographic model of biological mem-
branes in which synthetic phospholipid analogues are co-
valently linked as a monolayer to silica particles to form
a stationary phasg]. In particular, IAM.PC.DD2 material
consists of diacyl double chain ester phosphatidylcholine lig-
ands surface-bonded to an aminopropylsiloxane-bonded sil-
ica substrate and is endcapped by mixed propionic and de-
canoic alkylamide groud$]. A typical IAM.PC.DD2 struc-

ture is presented iRig. 1L IAM stationary phase offers polar
head groups of phosphatidylcholine as the first site of con-
tact with the solute and is therefore a more realistic model of
biomembranes than octadecyl silica (ODS) reversed-phase
chromatography columns. IAM is supposed to involve the
same hydrophobic, ion-pairing, Van der Waals and hydrogen-
bonding interactions exhibited by analytes in contact of bio-
logicalmembrang®]. The grafted lipids of IAM also exhibit
interfacial motional properties similar to those of the mobile
lipids in fluid liposomes, as revealed BYP-NMR studie$7].
Therefore, retention on the IAM column possesses some sim-
ilarities to biomembrane adsorption processes, allowing suit-
able correlation models to be developed for the estimation of
certain biopartioning propertig§,8—11] IAM chromatog-

Fig. 1. Schematic structure of IAM.PC.DD2 stationary phase.

raphy had pharmacologicfl2,13] or pharmacokinetic ap-
plications as wel[7,8,14,15] It also allowed to mimic mem-
brane interactions with peptidgks], ions[17] and bile salts

choline monolayer in terms of partition coefficients and
thermodynamic parameters of transfer from the mobile
phase to the IAM stationary phase. The second objec-

[18]. In the same way, we propose to use IAM chromatogra- tive was to study the effects of calcium ions on probes

phy as a model of lipid droplets contained in TPN mixturesin
order to dynamically study the lipid—calcium interactions us-
ing the variation of retention of some well-known molecular
membrane probes.

The first objective of this study was to characterise
the interaction of membrane probes with phosphatidyl-

retention and, as a result, the lipid—calcium interactions
using the extended Wyman relatiof49,20] and an
enthalpy—entropy compensation stu@t]. Finally, whole
IAM chromatographic results will be discussed in rela-
tion to the lipid—calcium interactions taking place in TPN
mixtures.
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2. Theoretical respectively. The knowledge &fiam for the IAM column
used[23] allows the determination cAS.
2.1. Determination of the probes partition coefficients

2.3. Enthalpy-entropy compensation study
The isocratic retention times of the proltg) @re used

to calculate the capacity factokgam using the following Linear relations between changes in enthalpy and entropy
equation: have been observed for a variety of proceg@g. This

fr —to behaviour is labelled enthalpy—entropy compensation. The
kiam = - 1) enthalpy—entropy compensation can be expressed by:
wherety is the dwell time. A linear relationship exists be- AH® = BAS® + AGy (7)
tween Inkiam and the organic volume fractiagmcn, accord-

whereAGg® is the Gibbs free energy of a physico-chemical
interaction at the compensation temperatdreAccording
In kiam = In kw — apacn 2) to Eq. (7), the slope of the enthalpy—entropy pld@, is
constant for processes exhibiting similar interaction mecha-
wherea is a constant ané the capacity factor in the ab-  njsms. When the enthalpy—entropy compensation is observed
sence of organic solvent. Hence kin can be determined  for a solute in a particular chemical interaction, the solute will
by linear regression analysis by varying the organic volume have the same free energy®z°) and the same net retention
fraction [22]. The capacity factoky is proportional to the  atthe compensation temperatgtend is essentially retained

equilibrium partition coefficieriw of the probe betweenthe  pyidentical interaction mechanism, whatever the eluent com-
phosphatidylcholine stationary phase and the aqueous phasgosition.

according to:
Viam Ciam 2.4. Salt effects on probes retention

kw = @Ky = —— 3
w W= ey 3

ing to:

) ) As previously describefP0], the salt effect on the ap-
whered is the phase ratio of the column, widy volume of parent equilibrium constani;am , can be described using a
the mobile phase andav volume of the stationary phase.  simplified model derived from the Wyman linkage relations.
Ciam andCy are the concentrations of the solute in the sta- k., for both specific and no specific interactions, and then
tionary and in the aqueous phases, respectively. The volume,,,, - can be linked to the changes in salt concentration,
of the stationary phase is known for the IAM column used in using the following equation:
our casg23].

In kiam = In kg + An In(1 + «c) (8)
2.2. Thermodynamic parameters of the probe-stationary

phase interactions WhereAn s the release parameter. It is related to the differ-

ence in the number of salt cations bound to the IAM/mobile
phase interface before and after the interaction of the solute
with the stationary phase.is the average additive binding
constant of the salt arg is the theoreticak-value for probe
atc=0. In this simplified model, the direct salt effect is the
only one to be taken into account. The notion of change in
AG° = —RT In K\am (4) the water activity and the existence of different sites of salt
binding are not taken into account.

The Gibbs free energy\G°, of solute transfer from the
mobile phase to the stationary phase is related i@ , the
equilibrium distribution constant between the stationary and
mobile phases, as follows:

whereT is the absolute temperature in Kelvin aRdhe gas
law constant.
AG’isalsorelatedtaH® andAS’, the standard enthalpy 3. Experimental
and entropy of transfer of the probes from the mobile phase
to the stationary phase respectively: 3.1. Membrane probes selection
AGT = AH"—TAS ®) The probes studied were 1,6-diphenyl-1,3,5-hexatriene
AH° andA S’ can be calculated using the following thermo- (DPH), 9-diethylamino-5H-benza]phenoxazine-5-one or

dynamic relationship, derived from Eq8)—(5) nile red (NR) and 24-toluidinyl)naphtalene-6-sulfonate
AH°  AS° (TNS). Their molecular structures are presentedrign 2
In kiam = — RT + R +Ino (6) TNS was an anionic probe whereas DPH and NR were neu-

tral ones. They were formerly selected because of their flu-
A linear plot of Inkiapm versus 1T is called a van't Hoff orescent properties and use in lipid—calcium ion interaction
plot. Its slope and interceptare AH°/R) and AS’/R+In @) studies by direct fluorescent measurements. NR is a polarity
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1,6-diphenyl-1,3,5-hexatriene (DPH)

oW

A

9-diethylamino-5H-benzo[o]phenoxazine-5-one

or nile red (NR)

7
/
0~ \_.
o

2-[p-toluidinyl]-naphtalene-6-sulfonate (TNS)

Fig. 2. Molecular structures of DPH, NR and TNS.

Coulter (Roissy, France). The system consisted of a 125
Beckman pump, a Rheodyne injection valve model 7725 (Co-
tati, USA) fitted with a 5quL sample loop and a 168 Beckman
diode-array detector. The detection wavelengths were set at
565, 355and 320 nmfor NR, DPH and TNS, respectively. The
analytical columns were a (100 mx¥.6 mm) IAM.PC.DD2
(Regis Technologies, Morton Grove, USA) with a particle
size of 12um and a (150 mnx 4.6 mm) 5@ Chromspher
with a particle size of &m. Both columns were supplied
by Interchim (Montlyon, France). The columns were ther-
mostated with a Croco-Cil temperature controll&0(5°C)
provided by Interchim. Unless otherwise stated, experiments
were performed at 28C. pH measurements were done with
a Beckman 300 pH meter.

3.3. Reagents

All reagents were of analytical grade. @-{olui-
dinyl)naphtalene-6-sulfonic acid; potassium salt (TNS) was
purchased from Sigma—Aldrich (Saint-Quentin Fallavier,
France). 9-Diethylamino-5H-benzdphenoxazine-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 (Montloa, France). All
solvents were of analytical grade and spectroscopically
tested before experiments. Acetonitrile was from Carlo
Erba (Val de Reuil, France), sterile water for injection from
Lavoisier (Paris, France), tetrahydrofuran from Prolabo
(Fontenay-sous-bois, France). Imidazole was purchased
from Sigma—Aldrich, chlorhydric acid from Labosi (Oulchy
Le Chateau, France) and aqueous solutions of calcium
chloride 10% (m/v) or sodium chloride 20% (m/v) from
Aguettant (Lyon, France).

3.4. Operating methods

3.4.1. General procedures

The mobile phase consisted of a mixture of different pro-
portions (v/v) of acetonitrile and 5 mM imidazole/HCI buffer
adjusted to pH 7.1 and possibly spiked with calcium or

probe whose fluorescent properties strongly depend on thesodium chloride. Unless otherwise stated, acetonitrile con-

environment polarityf25]. NR was used to probe proteins

or lipids [26,27] DPH is known as a fluidity probg8].

tent in mobile phase was 50% (v/v) for NR and DPH; 20%
(v/v) for TNS. The flow rate of the mobile phase was set in

The fluidity of many lipid assemblies has been monitored all cases at 1 mL mint.

with DPH[29,30] TNS, as its parent compound 1-anilino- 10-3 M stock solutions of probes were prepared. TNS was
8-naphtalenesulfonate (ANS), are polarity and electric po- dissolved in water whereas NR and DPH were both dissolved
tential probes; they allow an estimate of electric potential at in tetrahydrofuran. All stock solutions were kept at°€}
the surface of lipid vesiclgl$1] or of biological membranes  for 3 months. Stability of these solutions was checked by
[32,33] UV-vis measurements. TNS stock solution was daily diluted
to 5x 10~° M in water before injection. NR and DPH stock
solutions were first diluted to T8 M in acetonitrile, then
to 10°°M in acetonitrile—water (50:50 (v/v)) before injec-
Monitoring of chromatographic data was performed on tion. The injected volume was %0 in all cases. For each
a high-performance liquid chromatography (HPLC) system measurement, injections were performed in triplicaigm ,
driven by the 32 Karat software version 5.0 from Beckman the volume of stationary phase for the IAM.PC.DD2 column

3.2. Apparatus
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used, equals 0.125 njR3]. V\y, the volume of mobile phase, Tablel
was measured by injecting a liquid mixture with a volume Partition coefficient logarithm (o) and calculated l0g (Clog P) for the

composition different from that of the mobile phase. It was P™P®S
equal to 1.45mL. [Ca?*] (mM) log Kw ClogP
DPH

3.4.2. Determination of the probes partition coefficients 0 4.814 0.05 564
The acetonitrile contents (v/v) in the mobile phase usedto 20 4,76+ 0.06 /

determine the partition coefficient of the probes were 40, 45, \r

50, 55 and 60% for DPH and NR; 10, 15, 20, 25 and 30% for o 3.89+ 0.04 4.62

TNS. 20 3.80+ 0.05 /
The calculated lo® (ClogP), theoretical n-octanol— TNS

water partition coefficients, were determined with the CS o0 3.03+ 0.02 2.89

ChemDraw Ultra software from CambridgeSoft (Cambridge, 20 3.58+ 0.04 /

USA). See experimental conditions in Secti@4.2 and 3.4.4: not relevant.

3.4.3. Thermodynamic parameters of the 4. Results and discussion

probe-stationary phase interactions
Probes capacity factors were determined over the temper-4.1. Determination of the probes partition coefficients
ature range 25—4%C. Experiments were performed at 25, 30,

35, 40 and 45C. Inorderto determine their partition coefficients, the probes
retention was studied in relation to the solvent proportion in
3.4.4. Calcium effect on the probes retention the mobile phase. According to E@), linear plots were ob-

Added calcium chloride concentrations in mobile phase tained between lkayw and the acetonitrile volume fraction
were 2.5, 5, 10, 15 and 20 mM for DPHand NR: 1, 2, 4, 6, 10, ¢acn for the three probes in the absence or in the presence of
15 and 20 mM for TNS. The calcium concentrations included calcium ions p<0.05). The correlation coefficients were at
those frequently found in paediatric TPN mixtures, lying be- least equal to 0.996. The logarithms of extrapolated partition
tween 2.5 and 7.5 mM. For the enthalpy—entropy compensa-coefficient (logkw) of each probe are presentedable 1 In
tion study of TNS, the tested temperatures were 25, 30, 35,the absence of calcium chloride, DPH presented the greatest
40 and 45 C for each calcium concentration. affinity to the phosphatidylcholine stationary phase, then NR

The evolution of partition coefficients and thermodynamic and at last TNS. The ldgw values were in accordance with
parameters for the probes was investigated using the experthe ClogP estimated for the probes. C I&calculations are
imental conditions described in Sectiodg.2 and 3.4.3n recognised as a good estimation of the molecules lipophilic-
the presence of 20 mM calcium chloride in the mobile phase, ity. They usually are well correlated to analytes retention
excepted for the TNS partition coefficient which was evalu- on the Gg or Cg stationary phasefb]. Hence, our results
ated with solvent proportions equal to 15, 20, 25, 30 and 35% suggested a probe retention mechanism on IAM stationary

(Viv). phase mostly ruled by hydrophobic forces. This partitioning
mechanism implies that the solute molecule penetrates the
3.4.5. Sodium effect on TNS retention head-group region of phosphatidylcholine and is embedded

The sodium chloride concentrations studied were 5, 10, within the hydrocarbon region of the stationary phége
20, 40 and 60 mM. As for calcium, the sodium concentrations Moreover, the existence of either repulsive or attractive elec-
took into account values found in paediatric TPN mixtures, trostatic forces with the charged phosphate or ammonium

lying between 10 and 30 mM. groups of the IAM phase should be also taken into account
for anionic TNS in addition with hydrophobic interactions;
3.4.6. Statistical treatment as suggested by its lower l&gy value (Table J).

A least square regression (LSR) was used to verify the
existence of linear relationship betweerklg and the or- 4.2. Thermodynamic parameters of the probe-stationary
ganic volume fractiongacn) or the inverse of the tempera- phase interactions
ture (1M). A one way analysis of variance was performed to
check the significance of the slope. To assess if the intercept The dependence of the probes retention on temperature
of LSR equation was or not significantly different from zero, was studied in order to assess the thermodynamic parameters,
a Student'd-test was carried out. The level of significance in the absence and in the presence of calcium ions. van't
was always set gi<0.05. Statistical treatment of data was Hoff plots, according to E((6), are presented irig. 3 for
done using Microsoft Excel software for the linear regres- DPH and NR. The van't Hoff plots for TNS in presence of
sion and Kaleidagraph (Synergy Software) for the non-linear various calcium concentrations are displaye#im 4. In all
regression. All results were expressed as mieatandard cases, a linear fit was verified for the three probes with or
deviation. without calcium addition to the mobile phage<0.05). The
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Table 2
Thermodynamic parametetdH°, AS°, TAS® andAG° for DPH and NR from the mobile phase to the |AM stationary phase in relation to calcium concentration
[C&2*] (mM) AH° (kJmol 1) AS (IJmor1K-1) TAS (kImol?) AG® (kJmolt)
DPH
0 —10.9+£0.2 —-3.9+0.1 -1.2+£01 —-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 Secticdh4.3 and 3.4.4Note that contribution of entropy taG® is represented byAS’, whereT is 298 K (25°C).

N - -

12 4 — ===C=" 25 |W/ﬂ
= 2.0 —=2
& o s W
= < 15

0.4 = e

DPH 10 —
0.0 . . : . . 05
16
0.0 T T T T T

12 310 315 320 325 330 335 340
=
£ o8 1/T x 10° (K*)
=

0.4 Fig. 4. TNS Vant Hoff plots for different mobile phase calcium concentra-

NR tions. With [CZ*]1=0 (4), 1 (O), 2 (*), 4 (a), 6 (O0), 10 ), 15 (@), 20
0.0 T T T T \ (A) mM. For operating conditions: see Sect&n
310 315 320 325 330 335 340
3 -1 . .
/T x10° (K is a spontaneous process. The experiments showed that the

. . . . more negative thG° value, the longer the retention time,
Fig. 3. Vant Hoff plots in the absence of calcium (closed symbols) and in - .
the presence (open symbols) of 20mM calcium for DR@40) and NR so the more efficient '.[he probe transfgr from the mobile to
(a,A). For operating conditions: see Secti@n the stationary phase, in accordance with @.
For all probes, increasing the temperature caused a de-
crease in the capacity factors, leading to negative values for
correlation coefficients were in all cases superior to 0.996. AH°. This behaviour is in agreement with the temperature
Linear van't Hoff plots were in agreement with an unvaried dependence of the hydrophobic effects which drive the par-
retention mechanism for the probes in the temperature rangetitioning in many bilayer systenj84]. NegativeAH° values
tested. indicated that the solute transfer is an exothermic process.
The thermodynamic parameters obtained from van’'t Hoff Then, it is energetically more favourable for the probes to be
plots are presented ifable 2for DPH and NR. Their de-  in the stationary phase than in the mobile phase.
pendence upon various calcium concentrations is detailed in  The observed negativeS’ values proved the loss of the
Table 3for TNS. degree of freedom of the probes when included in the IAM
The Gibbs free energyhG°, of solute transfer from the  phase. The latter is probably due to the involvement of in-
mobile phase to the stationary phase was negative for allteractions between the probes and the stationary phase. The
probes with or without calcium indicating that solute transfer probes could be embedded along the diacyl chains of the

Table 3
Thermodynamic parametersH®, AS’, TAS’ and AG° for TNS from the mobile phase to the IAM stationary phase in relation to calcium concentration
[C&2*] (mM) AH° (kJmol 1) AS (ImoltK-1) TAS (kI mol?) AG° (kJmol?)

0 -15.64+ 0.2 -21.6+ 0.4 —-6.4+0.1 -9.2+0.3

1 —-18.2+ 0.2 —-235+ 0.3 —-70+£0.1 —-11.2+ 0.2

2 -18.94+ 0.2 -23.94+ 0.4 -7.1+0.1 —-11.8+0.2

4 —-19.4+ 0.3 —245+ 0.6 —-7.3+£0.2 —-121+ 04

6 -19.74+ 0.3 —-24.64+ 0.5 -7.3+0.2 —-124+0.3
10 —-204+ 04 —25.8+ 0.6 —7.7+£0.2 —12.7+ 0.4
15 —-20.4+ 0.2 —-25.3+ 0.3 —-76+0.2 —12.9+ 0.2
20 —-21.2+ 0.3 —27.1+ 0.6 -8.1+0.2 —-13.1+ 04

See experimental conditions in Secticdh4.3 and 3.4.4Note that contribution of entropy taG° is represented byAS’, whereT is 298 K (25°C).
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3.0 o > The entropy increase in IAM phase reflects a less ordered
25 s < © environment of DPH and NR. Calcium ions, by interacting
. 20 with the negative phosphate groups of the stationary phase,
£ 15 could form bridges between phosphate groups of two phos-
= 10 g 2 R K R ] phatidylcholine molecules reducing both lipid motion free-
05 dom and water penetrati¢86]. This phenomenon could pre-
o.o | | | | vent DPH and NR from penetrating the interfacial region
0 5 0 5 20 25 apd then from being embedded within the hydrocarbon re-
a gion.
[Ca®] mM

The entropy decrease in mobile phase is in agreement with
Fig. 5. Effect of mobile phase calcium concentration on the retention of a more ordered environment of DI_D_H a_nd NR. The_entmpy
DPH (O), NR (&) and TNS () at 25°C. For operating conditions: see ~ decrease could result from the addition into the mobile phase
Section3. of kosmotropic ions such as €a known to bind adjacent
water molecules more strongly than water molecules between
IAM support according the partitioning mechanism previ- .themselves. Thus, the entropy of the system decreases due to
ously described, particularly DPH for which the tendency to increased water structuring around the [87,38]
predominantly orient parallel to the fatty acyl chains of the ~ Inordertodiscriminate onwhich phase calcium effects are
membrane bilayer is report¢8s]. DPH, the most hydropho- predomlnan_t, retention measurements were also performed
bic probe, is supposed to exclusively establish hydrophobic N & G stationary phase for DPH and NR in the same ex-
interactions with unsaturated long acyl chains of IAM. NR, Perimental conditions as on IAM chromatography. DPH and
because of its hetero-atomic structure, could involve hydro- NR retention decreased with 20 mM Ca@k shown by lik
gen bonds with IAM whereas anionic TNS could be able to values, which varied from_2.55 to 2.42 and from 1.40 t0 1.30
establish electrostatic forces with immobilised phosphatidyl- for DPH and NR, respectively (data not shown). Hence, the
choline. common decrease in retention observed on eitl@arCTAM
When AH° was compared tTAS in Tables 2 and 3  Stationary phases is in accordance with a predominant cal-
the magnitude ofAH° was always greater than the one of F:ium effect on mobi[e phase, without excluding a possible
TAS, over the temperature range studied. Hence, enthalpyinfluence of calcium ions on IAM phase.
plays a greater role in the retention process than entropy does.
The solute transfer from the mobile to the stationary phase 4-3:2. TNS )
is consequently enthalpically driven (i.e. governed by hy-  €oncerming TNSTable 3, in contrast to DPH and NR,
drophobic effect), especially for DPH and NR. Indeed, for the calcium ions mad&G® becoming more negative (Stu-
TNS the entropic contribution (related to steric hindrance) dentst-test,p<0.05) indicating a more efficient partitioning
appears relatively greater than for the other probes, certainly®f TNS.AH® andAS’ also became more negative in the pres-

due to the additive repulsive/electrostatic interactions with €nce of calcium (Studentistest,p<0.05). As the direct ion-
the polar head-groups of IAM. pairing between calcium ions and TNS in the mobile phase

seems highly unlikely, the TNS patrtition coefficient enhance-
ment (Student’$-test,p<0.05), shown infable 1 could re-
sult from a direct interaction of G4 ions with phosphate
groups of phosphatidylcholine monolayer, leading to a pos-
itively charged stationary phase. Thus, anionic TNS would
involve attractive electrostatic interactions, yielding to an in-
crease of the retention.

Subsequently, it was assumed that there was a negative
' surface charge on the zwitterionic phosphatidylcholine mem-

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

The role of calcium ions on probe retention is illustrated
in Fig. 5. In relation to calcium concentrations, DPH and NR
capacity factors only exhibited a slight decrease, whereas
that of TNS increased [analysis of variance (ANOVA) test

p<0.05)]. brane. Thus, we considered to determine the retention mea-
surements of a cationic membrane probe with and with-
4.3.1. DPH and NR out calcium in the mobile phase to verify this hypothesis.

The decrease of retention for DPH and NR may result The probe 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-
from the calcium ions effect either on the mobile phase or on hexatriene, a cationic parent compound of DPH, was the
the stationary phase. most retained among all probes in the absence of £aCl

AS’, the standard entropy of transfer of the probes from (Ink=1.667) and became the less retained in the presence
the mobile phase to the stationary phase, increased for DPHof 20 mM CaC} (Ink=0.136). These results confirmed the
and NR in the presence of calcium ions (Studentsst, existence of a globally negative surface charge on the IAM
p<0.05). HigherAS® values observed are related to a probe phase, despite its zwitterionic chemical structure, exerting
entropy increase in the IAM phase and/or a probe entropy repulsive electrostatic forces towards TNS in the absence of
decrease in the mobile phase. cations. This observation could be related to the presence of
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negatively charged silanol groupd<{6.8+ 0.2[39]) on the

IAM.PC.DD2 support, as previously describg®,40—42] 2 /q—/£

=
4.4. Enthalpy—entropy compensation study for TNS = o / : ; i
retention in relation to calcium concentration 1 : e ]
As TNS showed a dramatic retention increase upon 08 [ 1 A ]
calcium addition, in contrast to DPH and NR, an o ‘ \ * ?
enthalpy—entropy compensation study in relation to calcium 0 10 20 3 40 50 60 70
concentrations was performed for this probe in order to get a [Na'] mM

better insight into the interaction mechanisms involved. Ac-

cording to Eq.(7), AH° as a function ofAS’ determined Fig. 7. Plots of Irfkiam recreated from E(8) for TNS versus [CaGl: (A)
at the different values of calcium concentration was plot- at25°C (O), 30°C(v), 35°C (0), 40°C (x), 45°C (#) and versus [NaCl]:
ted Fig. 6). The corresponding LSR equation was charac- (B)at25°C. For operating conditions: Sectian

terised by a slope and an intercept different from zero and

a correlation coefficient equal to 0.969, thus indicating that increased according to logarithmic curves with the addition
the enthalpy—entropy compensation was verified. The com-of caicjum chioride Eig. 7A) and sodium chlorideRig. 7B)
pensation temperatufgwas equal to 1026 K. This value is a5 well. For similar ionic strength, calcium increased TNS
greater than previous compensation temperatures calculate@etention more than sodium, indicating that the affinity of
for other hydrophilic/hydrophobic chromatographic systems c2+ tg stationary phase appeared superior to that df. Na
[19,21} This may be related to a difference in stationary phase Thjs feature was well correlated with the classification
bonding density which contributes very significantly to the {o|jowing the Hofmeister series established for both cations
p value[43]. Enthalpy—entropy compensation showed that ang anions. These series reflect the order of increasing
TNS—IAM interaction mechanisms are independent of the arisability and the ability for cations and anions to
calcium concentration values. That means, first, that TNS jhteract with negative and positive groups respectiyéd).

binds to the same location on IAM.PC.DD2 support what- £o instance, cations and anions can be classified as follows:
ever the calcium concentration and, second, that the possiblec+ ~ Na* < NH4* < Li* < TI* < Ag* < B&* ~ SP* < C?* <

interaction of C&* with TNS binding site on IAM support Ca2*<ClR*<CR*<Zm*<Ceé* and SQ2 <Cl- <N-
is probably negligible. Assuming that €acation and TNS O,~ <CNO™ <Br~ <NO3~ <ClOz~ <1~ <ClO4~ [44,45]
preferentially interact with negative phosphate groups and |apm stationary phase involves positively (ammonium)

with positive ammonium groups of IAM phase respectively 4nd negatively (phosphate) charged functionalities in close
(seeFig. 1), then the probable interaction of €awith phos- proximity to each otherig. 1). In the presence of Cagl

phate groups will not alter the TNS—ammonium groups in- into the mobile phase, two interactions could occur: a weak

teraction. one between Cl and the outer ammonium group and a
strong one between €aand the inner phosphate group
4.5. Calcium and sodium effects on TNS retention probably, as predicted by the Hofmeister series. These

interactions between zwitterionic stationary phase and
In order to get a better insight into the interaction mobile phase cations and anions lead to the establishment
mechanisms between calcium ions and phosphatidylcholine,of an ionic double layer. TNS retention on IAM is ruled by
a study of the calcium and sodium effects on TNS retention its ability to penetrate the electrostatic field established by
has been carried out. As showrHig. 7, the retention of TNS  the stationary phase. In the absence of cations, the negative
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Table 4 tion occurs when an ion interacts with the surface chemi-
Parameters Ik, An andx for sodium chloride (N&) and calcium chloride  ¢ajly as well as electrostically. This behaviour is typical of
(C#%), calculated by fitting the curves ki =f([cation]) with Eq.(8) C&* cations known to be complexed by the lipid phosphate

Temperature  Inko An k(M7 r headgroupg48]. In the case of specific adsorption, many

(©) more ions can adsorb to the surface than is simply required

Na* to neutralize the droplet surface charge. Then the lipid surface
% 1.20+£0.01 025+ 001 0.74+0.09  0.998 charge, negative in the absence of ions, will acquire a positive

ca* charge due to calcium ions adsorption. This process is called
;g ﬁgi 8:81 g:;ii 8:82 ggzgoi ;:g; 8:333 qharge reversal and is characterigtic of the s.pecific adsqrp-
35 105+ 0.01 024+ 001 2721t 321 0999 tion phenomenon. These mechanisms described for cations
40 0.95+ 0.01 0.23+ 0.01 2859+ 3.43  0.999 in TPN mixtures are in accordance with our chromatographic
45 0.85+ 0.01  0.23+ 0.00 29.80+ 2.82  0.999 data.

See experimental conditions in Sectidh4.4 and 3.4.5

* Correlation coefficient for non-linear regression.

5. Conclusion

surface charge exerts a repelling effect on TNS. With gacCl
IAM phase was positively charged, allowing TNS to greatly The present work showed that IAM chromatography is
interact with the stationary phase. With NaCl, the effect an adequate method to determine the partition coefficients
was weaker than with Caglas previously described. In  of membrane probes. Partition coefficients of the probes
order to quantify this feature,the average additive binding  obtained with IAM chromatography confirmed their affin-
constants of cations were calculated. The Wyman simplified ity for the lipid phase of the emulsion as qualitatively as-
model (Eq.(8)) was used to fit the experimental curves sumed from direct fluorescence measurements. Thanks to
shown onFig. 7. An, the release parameter, akgl the the versatility of chromatography, the measurement of ther-
theoreticalk-value for TNS at a salt concentration equal to modynamic parameters of the probes partitioning was pos-
zero, were also calculated. Data are presentetable 4 sible with convenient precision. The existence of a sponta-
The correlation coefficients were at least equal to 0.999 neous negative charge on the IAM surface, despite the zwit-
meaning that the simplified Wyman model seems to be terionic character of phosphatidylcholine, was also shown
appropriate to fit our data. This simplified model only took by the higher affinity of TMADPH for IAM phase, com-
into account the direct salt effect, involving identical and pared to that of DPH. This feature underlines the simi-
independent sites for salt binding. Thus, and as alreadylarity between IAM stationary phase and natural phospho-
stated, the change in water activity or the existence of lipids of lipid emulsion. This negative charge can be re-
different salt binding sites are probably negligible in our lated to the presence of negatively charged silanol groups
case. As expected, the binding constant of ‘Clar IAM on the IAM.PC.DD2 support, but it can be reasonable to as-
was much higher than Nabinding constantg<0.05) and sume that secondary effects of free silanols on analyte re-
appeared independent of temperature. Positw@alues are tention are probably negligible compared to specific effects
in accordance with a salt fixation on IAM; TNS interaction of phosphatidylcholine grafted molecules. However, in or-
with 1AM stationary phase leads to the neutralisation of der to study an even more realistic model of lipid emul-
a positive charge, thus making easier calcium or sodium sion, the perfusion on a reversed-phase column of an egg-
adsorption. The very similaan values for Na and C&* phospholipids solutiofd9], whose composition is identical
suggest that the number and the nature of binding sites areto lipid emulsion phospholipids, should be considered in the
identical for both salts. future.

As IAM phase is demonstrated to interact with cations, IAM chromatography was also demonstrated convenient
lipid emulsions in TPN mixtures are also known to strongly for studying calcium and sodium effects. lon effects were
interact with cationg46]. The stability of lipid emulsions  quantified in terms of Wyman parameters, allowing the
has been explained by the DLVO (Derjaguin, Landau, Ver- binding constants of calcium and sodium on the sponta-
wey, Overbeek) theory of colloid stabilif#7]. The cations neously charged IAM surface to be determined. Lastly, it
interact with charged colloids, and with lipid droplets as well, was shown that chromatographic experiments were in ac-
by two mechanisms: non-specific and specific adsorptipn cordance with previous works describing the interactions
Non-specific adsorption occurs when ions are only bound to between electrolytes and lipid emulsion in TPN mixtures
lipid droplets by electrostatic forces. This behaviour is typical [1].
of monovalent cations such as Nan phospholipid surfaces Eventually, IAM chromatography confirmed spectrofluo-
[48]. The surface charge of lipid droplets, negative in the ab- rometric measurements and moreover refined the determina-
sence of ions, will increase with sodium addition until zero tion of quantitative data. Consequently, IAM chromatogra-
at high salts concentrations. Since the only force causing ad-phy certainly appears as a suitable mimetic system for study-
sorption is electrostatic, no further ion adsorption can occur ing interactions in TPN mixtures and particularly to study
when the surface charge is nil. By contrast, specific adsorp-cations interactions with phospholipids.
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