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a b s t r a c t

A new chromatographic stationary phase obtained by coating a reversed phase amide column with
phosphatidylcholine based liposomes solution to yield a phospholipid modified column (PLM). The mod-
ification is achieved by the dynamic coating method which recycles the coating solution through the
column in a closed loop for a period of 24 h. The chromatographic properties of the new column have
changed significantly as compared to the original amide column due to the phospholipid coating. A good
correlation was observed between n-octanol/water log P values and the logarithm of the retention factor
eywords:
ynamic coating
hospholipid based stationary phase
ipophilicity determination
inear solvation energy relationships

obtained on the PLM column for a large number of solutes. In addition the PLM column was character-
ized using the linear solvation energy relationship (LSER). The values of the LSER system constants for the
PLM column were calculated and were found to be very close to those of the n-octanol/water extraction
system thus suggesting that the PLM column can be used for the estimation of n-octanol/water partition
coefficient and serve as a possible alternative to the shake-flask method for lipophilicity determination. In
addition, the results suggest that the PLM column can provide an alternative to other phospholipid-based

nd th
column such as the IAM a

. Introduction

Lipophilicity is an important parameter in the process of design-
ng new drugs. This physicochemical parameter is measured as
he ratio of the concentration of a drug candidate between two
mmiscible phases, most often n-octanol/water. By the accepted
efinition, lipophilicity is the logarithm of the thermodynamic
artition coefficient, log P [1,2] of the solute between the two

mmiscible solvents. The partition coefficient is traditionally deter-
ined by the shake flask method [3]. However this method is

elatively slow, it requires large amount of a pure compound and
ends to be complicated due to emulsion problems. In addition, dif-
erent experimental method produced different values of log P for
he same solute. Therefore, there was an increasing demand for
eveloping an alternative analytical method for indirect determi-
ation of log P.

High performance liquid chromatography, in reversed phase
eparation mode, has been recognized as a potential method for

ipophilicity determination [4–7]. The chromatographic method
equires small amount of material, not necessarily pure, it is rela-
ively fast and easily automated. The chromatographic approach is
ased on a correlation model between known log P values and chro-
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matographic retention data (log k′), using standard set of solutes.

log P = a log k′ + b (1)

where a and b are regression constants for the slope and intercept
accordingly.

The correlation model above is for neutral solutes. For ion-
ized solutes the correlation model is between log D and log k′

where D is the distribution coefficient of the ionized solute in a
n-octanol/water extraction system.

Various stationary phases have been examined in order to eval-
uate their lipophilicity prediction ability [8–15]. Some of these
phases showed good correlation with log P. Criticism concern-
ing the ability of conventional stationary phases to simulate
the phospholipid bilayer of biological membranes, mainly due
to the differences in the structures of the phases [16], led to
the development of immobilized membrane stationary phases.
The first immobilized membrane stationary phase is known
as immobilized artificial membrane (IAM). IAM column is pre-
pared by the covalent binding of phospholipid to propyl amino
molecule on the surface of silica particles [17–20]. IAM may
contain a single or a mixture of phospholipids, and among the

phospholipids used are phosphatidylcholine (PC), phosphatidyl-
ethanolamine (PE), phosphatidylglcerol (PG), phosphatidic acid
(PA) and phosphatidylserine (PS) ligands [18]. These bonded phos-
pholipid molecules are assumed to resemble biological membrane
and, therefore, to emulate interactions of solutes or drugs with the

dx.doi.org/10.1016/j.chroma.2010.12.105
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http://www.elsevier.com/locate/chroma
mailto:eliga@chem.ch.huji.ac.il
dx.doi.org/10.1016/j.chroma.2010.12.105


1 mato

p
I
f
p

a
r
i

t
m
w
e
m
l
s
r
B
I
a
e
i
a
t
s
c

p
s
o
a
s
p
[
e
t
w
o
b
v

n
f
d
b
c
c
c
d
c
m
p
d
a
c
(

e
p
u
T

l

s
S

212 T. Godard, E. Grushka / J. Chro

hospholipids bilayers in the membranes. Vrakas et al. used an
AM PC DD2 column to determine the retention behavior at pH 7.4
or 43 neutral and basic drugs and correlated it to n-octanol/water
artition coefficient log P (r2 = 0.88) [21].

Liposomes are spherical vesicles form by aggregation of
mphiphilic phospholipid molecules. Structurally, the liposomes
esemble cell membrane and are extensively used as models mim-
cking the structure and function of membranes [22,23].

Immobilized liposome chromatography (ILC) is an additional
ool for utilization of membrane lipids as components of chro-

atographic stationary phases [24]. ILC uses stationary phases
here liposomes are immobilized into the support particles by

ither steric [25,26], covalent [27], hydrophobic [24] or electrostatic
eans. Lundahl et al. prepared ILC column by sterically entrapping

iposomes in the pores of gel beads using freeze–thaw fusion. The
pecific retention factors of several drugs on that column correlate
easonably well with drug permeability in Caco-2 cell media [28].
eigi et al. compared the retention of a set of compounds on an

AM-PC column and on the PC liposome column finding a moder-
te correlation (r2 = 0.83) between the two columns [29]. Osterberg
t al. studied the chromatographic retention of drug molecules on
mmobilized liposomes columns prepared from egg phospholipids
nd from chemically pure phospholipids. The correlation of the par-
ition of drugs (log Ks) versus their log Poct values showed three
eparate rectilinear relationships depending on the charge of the
ompound [30].

An alternative method for the application of liposomes and
hospholipids as stationary phase is through dynamic coating. The
tationary phase is prepared by dynamically coating phospholipids
n a reversed phase column. Krause et al. described the preparation
nd properties of a noncovalent immobilized artificial membrane
tationary phase. The column was prepared by pumping a phos-
holipid suspension through a reversed phase – RP-18 column
31]. Different phospholipids (PC, sphingomyeline, PE and PS) were
xamined with the use of RP-8, or RP-18 [32–35]. A modifica-
ion of a reversed phase column (RP-8) by dynamically coating it
ith an aqueous solution of PC based liposomes (SUV) was previ-

usly reported by Tsirkin and Grushka [36]. The chromatographic
ehavior of the modified reversed phase column was changed and
ariations in retention factors and selectivity were obtained.

In principle, dynamic coating should provide a simple and eco-
omic method to prepare phospholipid-based stationary phases

or the prediction of partition coefficient, log P. The present study
escribes the preparation and application of a lipid-based biomem-
rane stationary phase. The phase was prepared by dynamically
oating egg-phosphatidylcholine-based liposomes on a commer-
ial column – phospholipid modified (PLM) column. The selected
olumn to coat was an Ascentis RP-amide which is a polar embed-
ed column with an amide group attached to the hydrophobic
hain. The polar group of the stationary phase is predicted to better
imic the structure of natural membrane. Once coated with the

hospholipids, we measured retention data for a set of solutes and
rugs and compared the changes in the column selectivity before
nd after coating. In addition, the suitability of the phospholipid-
oated column to predict the n-octanol/water partition coefficient
log P) was assessed.

The PLM column was characterized using the linear solvation
nergy relationship (LSER) model of Abraham [37]. The solvation
arameter model determines the contributions of the intermolec-
lar interactions responsible for the retention in a given column.
he model can be expressed as (Eq. (2)):
og k′ = c + eE + sS + aA + bB + vV (2)

The model consists of a sum of products. Each product repre-
ents a different intermolecular interaction. The capital letters, E,
, A, B and V are the descriptors representing the solute properties.
gr. A 1218 (2011) 1211–1218

The corresponding system constants are indicated by the lower case
letters. Each product expresses a contribution to the retention: eE
takes into account the contribution due to electron lone pair inter-
actions, sS represents dipole interaction, aA and bB take into account
hydrogen-bond interaction and vV measures hydrophobic interac-
tion via the differences in cavity formation ability in the two phases
[38–40]. The system constants were calculated by multiple linear
regression analysis for a set of log k′ values of neutral solutes with
known solutes descriptors.

In this study we will use the LSER analysis in order to char-
acterize the PLM column to better understand the interactions
between the new stationary phase and the solutes. Also, we will
compare the system constants of the PLM column with those of the
n-octanol/water partition system.

2. Experimental

2.1. Materials

Egg yolk phosphatidylcholine, Lipoid E PC S, which has fatty
acid contents of mainly 33% palmitic acid, 14% stearic acid 27%
oleic acid and 17% linolenic acid was obtained from Lipoid GMBH
(Ludwigshafen, Germany).

The following standards compounds and drugs were purchased
from Sigma Aldrich (Rehovot, Israel): acetone, 2-butanone,
3-pentanone, 2-hexanone, 2-heptanone, 2-octanone, ace-
tophenone, propiophenone, butyrophenone, valerophenone,
catechol, m-aminophenol, o-aminophenol, o-cresol, ethylben-
zene, nitrobenzene, caffeine, antipyrine, aniline, 3-cholroaniline,
acetaminophen, quinoline, 3-bromoquinoline, cortisone-21-
acetate, corticosterone, cortisone, hydrocortisone, prednisolone,
prednisone, hydrocortisone-21-acetate, naproxen, flurbiprofen,
indoprofen, fenbufen, fenoprofen Ca2+ salt hydrate, ibuprofen,
alprenolol hydrochloride, acebutolol hydrochloride, atenolol,
nadolol, pindolol, propranolol hydrochloride, sotalol hydrochlo-
ride, metoprolol tartrate, lidocaine, procaine hydrochloride,
prilocaine hydrochloride, mepivacaine hydrochloride, tetracaine
hydrochloride. Hydroquinone, benzonitrile, chlorobenzene and
m-toluidine were purchased from Merck (Germany). Phenol was
obtained from J.T. Baker. P-cresol, m-cresol, toluene, anisole and
p-nitroaniline were purchased from BDH Chemicals Ltd. (Poole,
England). Solute solutions were prepared by dissolving the com-
pounds in the mobile phase. The solutions were filtered through a
0.22 �m filter before injection.

The water used throughout was purified and deionized with
Seradest SD 2000 system (Germany). HPLC grade methanol, used
as the organic modifier, was purchased from J.T. Baker (Mallinck-
rodt Baker, Phillipsburg, NJ, USA). Chloroform HPLC grade, was
purchased from Carlo Erba Reagenti (Rodano MI, Italy).

The buffer part of the mobile phase consisted of 0.02 M dis-
odium hydrogenphosphate (Sigma Aldrich, St. Louis, MO, USA) and
was adjusted to pH 7.4 with phosphoric acid (J.T. Baker, Mallinck-
rodt Baker, Deventer, Netherlands). The mobile phase was prepared
by mixing the appropriate buffer at a desired pH with methanol
(20:80%, v/v, methanol/sodium phosphate buffer). The column void
volume was estimated from the retention of sodium nitrate dis-
solved in the mobile phase measured at 230 nm. All measurements
were performed in triplicate and the average is reported.
2.2. Instrumentation

Ascentis® RP-amide HPLC column, 50 mm × 4.6 mm, 5 �m
(Supelco Analytical) was used as the column for the dynamic coat-
ing.
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Table 1
LSER solute descriptors.

Solute Descriptors Reference

V E S A B

Acetone 0.547 0.179 0.7 0.04 0.51 [46]
2-Butanone 0.6879 0.166 0.7 0 0.51 [47]
3-Pentanone 0.829 0.143 0.68 0 0.51 [48]
2-Hexanone 0.968 0.136 0.68 0 0.51 [48]
2-Heptanone 1.111 0.055 0.663 0 0.51 [47]
2-Octanone 1.252 0.108 0.68 0 0.51 [48]
Acetophenone 1.0139 0.767 1.06 0 0.48 [47]
Propiophenone 1.155 0.8 0.85 0 0.51 [47]
Butyrophenone 1.2957 0.8 0.95 0 0.51 [47]
Phenol 0.7751 0.722 0.736 0.744 0.3 [47]
Hydroquinone 0.8338 1.063 1.27 1.06 0.57 [49]
Resorcinol 0.8338 0.98 1.11 1.09 0.52 [49]
Catechol 0.8338 0.97 1.1 0.88 0.47 [50]
m-Aminophenol 0.8747 1.13 1.15 0.65 0.79 [38]
o-Aminophenol 0.8747 1.11 1.1 0.6 0.66 [38]
m-Nitrophenol 0.9493 1.05 1.57 0.79 0.23 [38]
p-Cresol 0.916 0.82 0.87 0.57 0.32 [47]
m-Cresol 0.916 0.822 0.88 0.57 0.34 [50]
o-Cresol 0.916 0.84 0.86 0.52 0.31 [46]
Toluene 0.8573 0.564 0.516 0 0.14 [47]
Nitrobenzene 0.8906 0.871 1.11 0 0.28 [50]
Benzonitrile 0.8711 0.779 1.123 0 0.33 [47]
Anisole 0.916 0.71 0.75 0 0.29 [47]
Caffeine 1.3632 1.5 1.6 0 1.33 [47]
Antipyrine 1.5502 1.32 1.5 0 1.48 [50]
4-Chlorophenol 0.8975 0.895 0.745 0.949 0.2 [47]
Aniline 0.8162 0.996 0.985 0.254 0.5 [47]
3-Chloroaniline 0.939 1.05 1.1 0.3 0.36 [50]
Acetaminophen 1.1724 1.06 1.63 1.04 0.86 [12]
m-Toluidine 0.957 0.946 0.95 0.23 0.55 [47]
o-Toluidine 0.9571 0.966 0.92 0.23 0.59 [47]
o-Nitroaniline 0.9904 1.18 1.37 0.3 0.36 [47]
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p-Nitroaniline 0.9904 1.22
m-Nitroaniline 0.9904 1.2
Quinoline 1.044 1.268
3-Bromoquinoline 1.2193 1.64

All chromatographic measurements were performed on a
aters 2690 separation module equipped with a Waters 996

hotodiode array detector. All measurements were monitored
t wavelength of 230 or 254 nm, mobile phase flow rate was
.0/2.0 mL/min, and temperature was controlled at 30 ◦C.

.3. Dynamic coating of the stationary phase

The column was prepared by immobilizing the phospholipid on
he HPLC column. 0.38 g of egg-PC were dissolved in chloroform and
vaporated by nitrogen. The lipid film was redissolved in a solu-
ion of methanol:water (1:1) and passed through a mini extruder
Avanti Polar Lipids, Alabaster, AL) equipped with a 100 nm pore
ize filter. This process produced large unilamellar vesicle (lipo-
omes). The solution was diluted in the mobile phase to give a 1 mM
iposomes solution. The lipid loading was achieved by recycling the
olution through the column by the HPLC pump in a close loop
or a period of 24 h. The loading was performed at 30 ◦C and at a
ow rate of 1 mL/min. The coated phase was stored in water. When
eeded, the lipid phase of the column can be washed with 100%
ethanol.
Quantification of the amount of phosphatidylcholine loaded on

he column was done by monitoring the coating solution before
nd after the coating process using a UV-VIS spectrophotome-

er (Shimadzu’s UV 1601; Agentek, Israel). A second method for
uantification used inductively coupled plasma (ICP) on the actual
olumn packing measuring the phosphorus concentration in the
tationary phase. The analysis was done by the analytical laboratory
t the Geological Survey institute of Israel.
1.83 0.45 0.38 [47]
1.71 0.4 0.35 [50]
0.97 0 0.51 [47]
1.23 0 0.42 [12]

2.4. Lipophilicity and structural parameters

Log P, the logarithm of the partition coefficient, values were
obtained from Syracuse Research Corporation’s Physprop database
and from experimental shake-flask data of Lombardo et al. [12].
Log D values for monoprotic acids and bases were calculated from
the following equations [41] (Eqs. (3) and (4)) respectively:

log Dacids = log P + log
1

1 + 10pH−pKa
(3)

log Dbases = log P + log
1

1 + 10pKa−pH
(4)

The pKa and pKb data were obtained from SciFinder© (American
Chemical Society).

The solute descriptors for the linear solvation energy relation-
ship were obtained from the literature; see Table 1.

3. Results and discussion

3.1. The dynamic coating of egg phosphatidylcholine liposome
based stationary phase

3.1.1. Initial quantification of the egg PC coating
Quantification of the amount of phosphatidylcholine loaded on
the column was done by measuring the UV absorbance of the coat-
ing solution before and after the coating process. Based on the
absorbance difference it was calculated that about 23 mg of the
phospholipid were adsorbed by the column. This value agrees well
with results published previously [32,35].
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ig. 1. Stability of the PLM coated column. Changes in the retention time of the void
olume marker and the retention factor of resorcinol: (�) retention time sodium
itrate; (�) retention factor resorcinol.

Second method for quantification of the phospholipid loaded
n the column was done using inductively coupled plasma (ICP) to
etermine the amount of phosphorus in the stationary phase. The
acking of the PLM column and of the RP-Amide were removed
rom the respective columns, analyzed by ICP and compared in
rder to evaluate the amount of phosphorus added by the coat-
ng process. The PLM column was actually divided into two parts
ne containing the front half of the packing and the second con-
aining the back half one of the column in order to examine the
omogeneity of the phospholipid coating.

The results from the ICP showed an increase from 7 ppm
hosphorus in the uncoated column to an average of 4000 ppm
hosphorus in the coated column. A 10% difference in the P con-
ent was observed between the two halves of the column, with
he front half being richer in phosphorous. These results confirmed
hat phospholipids were coated on the column packing and that the
oating was relatively uniform throughout the column length. The
mount of phospholipid adsorbed on the column, calculated from
he phosphorus concentration was 63 mg.

Although the results of the two methods were different, the cal-
ulations of the amount of lipid in the column were indirect and
herefore not precise. The fact that both results were of the same
rder of magnitude was sufficient for proving that coating with
hospholipids was accomplished and for estimating the amount of
he adsorbed phospholipid on the column.

.1.2. Reproducibility and stability of egg-phosphatidylcholine
oating

The reproducibly of the coating procedure of the PLM column
as about 8%. Retention measurements for each analyte, including

he sodium nitrate, were performed in triplicate and the average
eported, with the relative standard deviation (RSD) of the mea-
urements were less than 1%.

In order to assess the stability of the phospholipid modified
olumn, multiple retention experiments were done. The retention
ime of void volume marker and the retention factor of a chosen
olute (resorcinol) were measured over two weeks of constant col-
mn use (Fig. 1) with a mobile phase of phosphate buffer with 20%
ethanol. The results indicate that the coating of the stationary

hase was stable for a reasonable period of time; less than 1.5%
SD in the retention time.

The phospholipid stationary phase was washed out in a linear

radient elution of methanol in order to test the stability of coat-
ng to varying amounts of the organic modifier. The mobile phase
radient (from 0% to 100% methanol within 60 min) was monitored
y UV detection at 240 nm (Fig. 2). The UV trace indicates that at
ethanol contents below 55% there was no measurable desorption
Fig. 2. Absorbance of the released egg PC coated in a linear gradient washing
(increasing concentration of methanol in water 0–100% in 60 min, 1 mL/min, UV
detection, 240 nm.

of the coated stationary phase. Appreciable desorption of the phos-
pholipids began to occur at 75% methanol and above. Thus, at the
methanol levels used in this study, the coated column was stable
for the durations of the experiments.

3.2. Chromatographic properties of neutral solutes and drugs

The chromatographic behavior of the coated column was exam-
ined by comparing retention time changes of neutral solutes. The
retention factors, k′, of 36 neutral solutes were measured on the RP-
amide column before and after coating with the phospholipids; see
Table 2. Each value of k′ is an average of three determinations. The
average standard deviation for all the measurements was around
0.01 with no large deviations observed. The retention behavior of
the solutes on the modified column has clearly changed as com-
pared to the uncoated column. The influence of the coating was
different for each solute. In general, for solutes that can participate
in hydrogen bonding, for example phenol derivatives or nitro ani-
lines derivatives, the retention factors increased in the presence of
the phospholipids. For all other solutes the retention decreased on
the modified column.

The changes in the retention of the solutes due to the phospho-
lipid coating resulted in the selectivity changes. Table 3 shows some
examples of the changes in the selectivity between the RP-amide
column and the PLM column for different pairs of solutes. Selectiv-
ity factor ˛ for two solutes is defined by the ratio of their retention
factors. Selectivity values less than 1 (˛ < 1) on the PLM column
indicate reversal in the retention order of the two solutes as com-
pared to the retention order on the original column. The results in
Table 3 demonstrate that the presence of the phospholipids signif-
icantly changed the column selectivity. For some pairs of solutes,
the selectivity increased; for example in the case of acetophenone
and 3-chloroaniline ˛ increased from 1.32 to 3.39. For other pairs
of solutes, the selectivity decreased or retention reversal occurred,
as in the case of m-aminophenol and 2-butanone where ˛ changed
from 1.25 to 0.28. Note that in the case of these two solutes the
selectivity actually increased substantially on the PLM column.

Different groups of drugs were examined on the coated column.
The retention factors of the drugs before and after the coating are
detailed in Table 2. The drugs included steroid hormones (neutral
drugs at pH 7.4), local anesthetics and �-blockers (basic drugs that
are ionized at pH 7.4) and NSAID’s (acidic drugs; ionized at pH 7.4).
As can be observed from Table 2, the presence of the phospholipid

in the stationary phase reduced the retention times for all drugs
except two (pindolol and propranolol). The most significant change
in the retention time was observed for the steroid hormones where
the retention times decreased by an order of magnitude.
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Table 2
Lipophilicity values, k′ and log k′ determined for solutes in their neutral form and for drugs on the RP-amide column and on the PLM column.

No. Solute log P k′ log k′

Ascentis RP-amide PLM Ascentis RP-amide PLM

1 Acetone −0.24 0.582 0.178 −0.235 −0.749
2 2-Butanone 0.29 1.600 0.580 0.204 −0.236
3 3-Pentanone 0.99 4.468 1.797 0.650 0.255
4 2-Hexanone 1.38 14.411 5.065 1.159 0.705
5 2-Heptanone 1.98 41.286 16.632 1.616 1.221
6 2-Octanone 2.37 148.487 58.336 2.172 1.766
7 Acetophenone 1.58 16.726 10.605 1.223 1.026
8 Propiophenone 2.19 48.678 32.433 1.687 1.511
9 Butyrophenone 2.77 139.913 87.806 2.146 1.944
10 Phenol 1.46 11.069 17.092 1.044 1.233
11 Hydroquinone 0.59 1.777 2.799 0.250 0.447
12 Resorcinol 0.8 3.131 7.735 0.496 0.888
13 Catechol 0.88 4.045 9.786 0.607 0.991
14 m-Aminophenol 0.21 1.284 2.075 0.109 0.317
15 o-Aminophenol 0.62 2.471 3.895 0.393 0.590
16 m-Nitrophenol 2 37.439 65.864 1.573 1.819
17 p-Cresol 1.94 28.344 40.873 1.452 1.611
18 m-Cresol 1.9 25.705 40.155 1.410 1.604
19 o-Cresol 1.95 28.334 44.905 1.452 1.652
20 Toluene 2.73 82.034 105.245 1.914 2.022
21 Nitrobenzene 1.85 22.084 24.544 1.344 1.390
22 Benzonitrile 1.56 13.462 10.699 1.129 1.029
23 Anisole 2.11 32.658 36.191 1.514 1.559
24 Caffeine −0.07 3.712 0.346 0.570 −0.461
25 Antipyrine 0.38 4.818 0.529 0.683 −0.277
26 4-Chlorophenol 2.39 70.985 138.316 1.851 2.141
27 Aniline 0.9 3.446 3.991 0.537 0.601
28 3-Chloroaniline 1.88 22.035 35.958 1.343 1.556
29 Acetaminophen 0.51 2.358 1.366 0.373 0.135
30 m-Toluidine 1.4 9.368 9.668 0.972 0.985
31 o-Toluidine 1.32 8.515 8.548 0.930 0.932
32 o-Nitroaniline 1.85 25.301 36.408 1.403 1.561
33 p-Nitroaniline 1.39 13.635 21.011 1.135 1.322
34 m-Nitroaniline 1.37 11.412 18.130 1.057 1.258
35 Quinoline 2.03 24.045 13.005 1.381 1.114
36 3-Bromoquinoline 3.03 151.001 122.512 2.179 2.088
Steroid hormones
37 Cortisone-21-acetatea 2.1 80.888 1.908
38 Corticosterone 1.94 342.087 44.254 2.534 1.646
39 Cortisone 1.47 140.710 16.012 2.148 1.204
40 Hydrocortisone 1.61 162.351 21.153 2.210 1.325
41 Prednisolone 1.62 164.511 23.873 2.216 1.378
42 Prednisone 1.46 121.168 14.193 2.083 1.152
43 Hydrocortisone-21-acetatea 2.19 58.527 1.767
NSAIDsb

44 Naproxen 0.18 25.201 5.454 1.401 0.737
45 Flurbiprofen 0.90 105.593 18.935 2.024 1.277
46 Indoprofen −0.24 28.515 2.307 1.455 0.363
47 Fenbufen 0.35 75.862 10.304 1.880 1.013
48 Fenoprofen 0.70 62.581 8.707 1.796 0.940
49 Ibuprofen 0.98 84.167 9.483 1.925 0.977
�-Blockersb

50 Alprenolol 1.33 100.371 78.985 2.002 1.898
51 Acebutolol 0 39.870 8.687 1.601 0.939
52 Atenolol −1.61 2.169 0.901 0.336 −0.045
53 Nadolol −0.97 9.878 4.756 0.995 0.677
54 Pindolol −0.06 14.372 20.972 1.158 1.322
55 Propranolol 1.73 112.419 247.140 2.051 2.393
56 Sotalol −1.55 2.293 1.891 0.360 0.277
57 Metoprolol −0.09 23.014 9.518 1.362 0.979
Local anestheicsb

58 Lidocaine 1.28 153.803 24.069 2.187 1.381
59 Procaine 0.29 13.476 10.061 1.130 1.003
60 Prilocaine 1.45 47.312 15.209 1.675 1.182
61 Mepivacaine 1.18 48.245 9.099 1.683 0.959
62 Tetracainea 2.61 111.064 2.046

a Solutes with long retention time, did not elute from the column.
b For the ionized drugs log D7.4 parameters were presented and were calculated by Eqs. (3) and (4).
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Table 3
Changes in the selectivity between different pairs of solutes. A change from ˛ > 1 to
˛ < 1 means reversal in the retention order.

No. Solutes Selectivity, ˛

Ascentis RP-amide PLM

1 m-Aminophenol/2-butanone 1.25 0.28
2 Hydroquinone/acetaminophen 1.33 0.49
3 Resorcinol/aniline 1.10 0.52
4 3-Pentanone/antipyrine 1.08 0.29
5 m-Nitroaniline/benzonitrile 1.18 0.59
6 p-Nitroaniline/2-hexanone 1.06 0.24
7 Acetophenone/3-chloroaniline 1.32 3.39
8 Nitrobenzene/quinoline 1.09 0.53
9 p-Cresol/anisole 1.15 0.89

3
c

n
v
i
f

F
R

10 m-Nitrophenol/2-heptanone 1.10 0.25
11 4-Chlorophenol/toluene 1.16 0.76
12 Butyrophenone/2-octanone 1.06 0.66

.3. Relationship between the retention factor and partition
oefficient – log P or log D7.4 on the phospholipid modified column

To examine the ability of the coated column to emulate the
-octanol/water partition system, the correlations between log P
alues and log k′ for the set of neutral solutes and drugs were exam-
ned. The correlated data are shown in Fig. 3. The regression data
or the correlation, at 95% confidence level, are as follow:

(a) For the set of neutral solutes:
log P = 1.07(±0.06) log k′ + 0.35(±0.08) n = 38;

r2 = 0.90; s = 0.28; F = 324 (5)

y = 1.0069x + 0.2767
R 2 = 0.9447
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ig. 3. (a) Relationship between log P and log k′ for a set of neutral test solutes. (b)
elationship between log P and log k′ for a set of neutral drugs – steroid hormones.
gr. A 1218 (2011) 1211–1218

(b) For the set of neutral drugs (steroid hormones):

log P = 1.01(±0.11) log k′ + 0.28(±0.16) n = 7;

r2 = 0.94; s = 0.08; F = 85 (6)

The values in the parentheses represent the standard deviation,
n is the number of solutes, r2 is the squared correlation coefficient,
s is the standard error and F is the Fischer’s test value.

For the neutral solutes and drugs, good correlations between
log P and log k′ were observed. For both correlations the slope is
close to unity and the intercept value is small, which implies that
the two processes, the retention on the coated column and partition
mechanism in the n-octanol/water extraction system, are homoen-
ergetic; that is, the changes in the free energies due to the transfer
from one phase to another are equivalent in both systems.

To gain better understanding of the interactions that govern the
retention mechanism, the neutral solutes were grouped according
to their ability to participate in hydrogen bonding. The correlation
between log k′ and log P values for solutes that are non hydrogen
bond donors is described by Eq. (7) while Eq. (8) shows the corre-
lation for solutes that are hydrogen bond donors

log P = 1.08(±0.03) log k′ + 0.57(±0.05) n = 19;

r2 = 0.99; s = 0.13; F = 1122 (7)

log P = 1.08(±0.07) log k′ + 0.10(±0.09) n = 19;

r2 = 0.93; s = 0.17; F = 228 (8)

Eqs. (7) and (8) show an improvement in the correlation
between log P and log k′ for both solute sets. The significant
improvement in Eq. (7) indicates that solutes without hydrogen
bond donating capability behave in a very similar way in the n-
octanol/water partition system and in the PLM column. Eq. (8)
shows the correlation between log P and log k′ for the solutes capa-
ble of forming hydrogen bonds with the phospholipid phase as
donors. Similar to Eq. (7), there is an improvement in the correla-
tion, albeit to a lesser extant. The presence of the phospholipids in
the stationary phase augmented the hydrogen bonding interactions
thus, producing a different retention mechanism and resulting in
longer retentions.

For the ionized drugs, the correlation between the logarithm
of the distribution coefficient (log D7.4) and log k′ was examined.
The drugs comprised of basic �-blockers and local anesthetics and
acidic NSAID’s. All measurements were performed with phosphate
buffer at pH 7.4 as detailed in the experimental part, on Ascentis
RP-amide column before and after coating with the Egg phos-
phatidylcholine solution. Table 4 summarizes the correlation data
for the ionized drugs before and after the coating. The data show
that the correlation between log D7.4 and log k′ improved for all
drugs by the phospholipid coating. The improvement indicates that
the phospholipid environment imitates better the n-octanol/water
partition system. In particular, very good correlation was obtained
for the �-blockers. The moderate correlations for the local anesthet-
ics and for the NSAID’s are due, most likely, to two factors. In the
first place, the log D7.4 values were calculated from estimated log P
and pKa values and deviations from the experimental values are

observed frequently, especially when intermolecular H-bonding is
possible. Secondly, at pH 7.4 residual silanols in the column are
ionized and negatively charged and can give rise to ion exchange
interactions [11]. Such interactions make it more difficult to obtain
a good correlation between log D and log k′.
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Table 4
Correlation between log D7.4 and log k′ for ionized drugs on the RP-amide column (before the coating) and on the phospholipid modified (PLM) column according to Eq. (1):
log D7.4 = a log k′7.4 + b.

Drugs n a (slope) b (intercept) r2 s F

� Blockers – RP-amide column 8 1.80 (±0.20) −2.37 (±0.27) 0.93 0.35 81
� Blockers – PLM column 8 1.49 (±0.13) −1.72 (±0.17) 0.96 0.27 135
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Local Anesthetics – RP-amide column 4 0.95 (±0.52)
Local Anesthetics – PLM column 5 1.66 (±0.51)
NSAID’s – RP-amide column 6 1.54 (±0.48)
NSAID’s – PLM column 6 1.32 (±0.38)

.4. Comparison of retention characteristics using the linear
olvation energy relationship (LSER) model

LSER is used as a tool to understand the intermolecular pro-
esses in the new phospholipid-modified column. The LSER system
onstants of the RP-amide column and of the PLM column are com-
ared to the system constants of the n-octanol/water extraction
ystem. Similarity in the system constants indicates similarity in
he intermolecular interactions of the various partitioning systems.
he model was applied to the logarithm of the measured reten-
ion factors from which the system constants were calculated by

eans of the multiple linear regression analysis. The system con-
tants represent the difference in solvation properties between the
wo phases of each separation system. The sign and magnitude of
ach constant indicate its significance to the retention mechanism
n chromatography and to the partitioning in the extraction system.
n general, a positive sign of the coefficients means a preference
or interaction with the stationary phase in the chromatographic
ystem or with the n-octanol phase in the extraction system, thus
ontributing to longer retention times or to higher log P values. A
egative sign indicates stronger interactions with the mobile phase

n chromatography and as a result shorter retention times or pref-
rence for the aqueous phase resulting in lower log P values.

The system constants of the Ascentis RP-amide and the PLM
olumn are summarized in Table 5. For sake of comparison, Table 5
ncludes the system constants for the n-octanol/water extraction
ystem based on shake-flask log P data [42] and the constant for two
ther phospholipid-based columns [43,44]. Table 5 shows that the
resence of the phospholipid in PLM column changed the system
onstants and as a result the PLM column is more similar to the
-octanol/water partitioning system.

From the system constants of the PLM column, we can conclude
hat dipolarity s and hydrogen bond acidity b contribute negatively
o log k′, while the excess molar refraction e, the hydrogen bond
asicity a and the cohesion and dispersion interactions v, lead to
n increase in log k′. Thus, the stationary phase of the phospho-
ipid is less dipolar and less hydrogen bond acidic than the mobile
hase but more polarizable, more hydrogen bond basic and more
ydrophobic than the mobile phase. The large positive value of the

ydrogen bond basicity in the modified column is noteworthy. In a
tandard reversed phase system, the a constant is usually negative
r close to zero, meaning that the aqueous mobile phase is slightly
tronger basic hydrogen bond former than the stationary phase.

able 5
SER system constants for the RP-phase chromatographic systems, for the n-octanol/wat

Separation system System constants

c v e

Ascentis RP-amide column – 20% MeOH −0.57 3.38 0.21
Phospholipid modified column (PLM) – 20% MeOH −0.32 3.17 0.56
n-Octanol/water log P [42] 0.09 3.81 0.56
IAM – 10% MeCN [43] −1.04 1.87 0.81
DPC – 20% MeCN [43] −1.08 2.24 0.57
IAM – 20% [44] −1.20 2.57 0.65
−0.54 (±0.88) 0.63 0.39 3
−0.82 (±0.79) 0.78 0.45 10
−2.21 (±0.85) 0.72 0.28 10
−0.69 (±0.35) 0.75 0.26 12

In the modified column, the situation is reversed. This reversal in
the sign emphasizes the change in the column properties brought
about by the presence of the phospholipids in the stationary phase.

The magnitude of the b and v constants shows the importance
of these two factors in determining the retention and the parti-
tion of the solutes. The strong acidic hydrogen bond capabilities
of the mobile phase in the chromatographic system or the aque-
ous phase in the extraction system, as compared to the stationary
phase or the n-octanol phase, are responsible for the more neg-
ative value of b. From Table 5 it can be seen that the b value
for the n-octanol/water system is the most negative. Modifying
the column with the phospholipids decreases the b value (more
negative), making the modified column more like the extraction
system. We assume that the above behavior is due to the blockage
of the residual silanols groups by the phospholipids. The presence
of phospholipids screens the silanols groups, which are responsi-
ble for some of the hydrogen bond interactions of the stationary
phase. In the RP-amide column there is no screening and therefore
the value of b is less negative.

The v constant represents the differences in cavity formation and
dispersion interactions associated with solute transfer between the
two phases. In all systems (Table 5) the v value is positive represent-
ing the preference of the cavity formation in the stationary phase
and therefore more hydrophobic interactions with the stationary
phase. In the PLM column there is a small decrease in the v value.
The reason for that decrease is probably due to a decrease in the
hydrophobicity of the stationary phase resulting from the presence
of the phosphate group at the end of each phospholipid chain. The
polarity of the phosphate group reduces the difference between the
two phases thus decreasing the v value.

The constant s, describing dipole type interactions, increases
with the phospholipid coating and it is closer in value to the n-
octanol/water extraction system. As for constant e, representing
the lone pair electron interactions, its value is identical for the
n-octanol/water extraction system and the PLM column, which
means identical lone pair electron interactions between the solutes
and the two separation techniques.

Based on the analysis of the system LSER constants, as detailed in
Table 5, we can state that the PLM column and the n-octanol/water

extraction system are very similar in terms of intermolecular inter-
actions.

A comparison of the PLM column system constants with those
of an immobilized artificial membrane (IAM) column with mobile

er system and for two other phospholipid-based columns.

Statistics

s a b r2 SE F n

−0.57 −0.08 −2.32 0.98 0.10 259 36
−0.70 0.34 −3.16 0.97 0.14 230 38
−1.05 0.03 −3.46 0.995 0.12 23162 613
−0.42 0.69 −1.99 0.993 0.124 287 27
−0.50 −0.01 −2.59 0.98 0.096 203 46
−0.31 0.22 −2.50 0.997 0.056 965 34
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hase containing 10% MeCN, dipalmitoyl phosphatidylcholine
oated silica phase (DPC) column of Miyake et al. [45] and system
onstants for IAM column calculated for 20% methanol through the
se of solvent strength gradient [44] shows significant differences
etween the constants. While the difference in the mobile phases
ontributes to the difference in the system constants, Table 5 shows,
onetheless, that the PLM system is closer to the ocatnol/water
ystem than the other three systems.

. Conclusions

The phosphatidylcholine modified column, prepared by
ynamic coating, was characterized and examined as a model for

ipophilicity measurement. The column was found to be stable
nd reproducible. The modification of the column resulted in
hanges of the chromatographic behavior and in different column
electivity. The correlation between log P values and log k′ of
ifferent neutral solutes was examined and good correlations
ere observed.

The modified column was characterized using the linear sol-
ation energy relationship (LSER) to determine the contributions
f intermolecular interactions responsible for the retention on RP-
PLC phase. The values of the LSER system constants for the PLM
olumn were calculated and were found to be very close to those
f the n-octanol/water extraction system. These results confirmed
hat the phospholipid modified column can be used to estimate the
-octanol/water partition coefficient and, thus, to serve as an alter-
ative to the shake-flask method for lipophilicity determination.

n addition, the PLM column can provide an alternative to other
hospholipid-based column such as the IAM and the DPC columns.
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