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Abstract
The interaction of lipophilic cations,
tetraphenylphosphonium and triphenylphosphonium homologues
with liposomes was investigated using immobilized liposome
chromatography (ILC). Large unilamellar liposomes with a
mean diameter of 100 nm were stably immobilized in
chromatographic gel beads by avidin-biotin. The distribution

coefficient calculated from (V, - V) /V, (V_, retention volume;

V,, the void volume; V_, the stationary phase volume) and was
found to be independent of flow rate, injection amount and
gel bed volume, which is consistent with chromatograph theory.
The relationship between the bandwidth and solvent flow rate
did not follow band-broadening theories reported thus far.
We hypothesized that the solvent might be forced to produce
large eddies, spirals or turbulent flow due to the presence
of liposomes fixed in the gel. Therefore, we developed a new
theory for ILC elution: The column is composed of a number
of thin disks containing liposomes and solution, and within
each disk the solution is well-mixed. This theory accounts
for our results, and we were able to use it to estimate the

rate constants of association and dissociation of the

phosphonium to/from liposomes.



Introduction

Column chromatography or high-performance liquid
chromatograph (HPLC) is a powerful method used for materials
separation and analysis [ex. 1]. This method has been used
to investigate the interaction of biological materials with
their host molecules [reviews, 1-6]. Estimation of the
binding constants of membrane proteins with their ligands
can be carried out by “quantitative affinity chromatography”
or IBAC (immobilized biomembrane affinity chromatography)
[3,4], in which membrane protein immobilization on the
stationary phase is indispensable. One type of IBAC involves
the use of IAM (immobilized artificial membrane stationary
phase) [4,6], and others use immobilized liposomes,
proteoliposomes (membrane proteins embedded in liposomes),
or membrane vesicles or intact cells trapped in a gel [3,7-9].
Recently, several methods were developed to permit the
immobilization of these materials[10]. In particular, an
avidin-biotin binding permits the high-yield stable
immobilization of liposomes [11]. The interactions of drugs
with lipid membranes have been investigated using
liposome-immobilized columns [12] and it was found that this
method, called immobilized liposome chromatography (ILC)
[13], vyields more accurate binding constants than the
conventional methods even if the interactions are weak
[12,14].

Using ILC, we determined the interaction of the



lipophilic cations tetraphenylphosphonium (TPP) and
triphenylphosphonium homologues (Phe),-P'-(CH,) CH,, n = 0-5;
see Table 1) with liposomes (lipid bilayers). These
phosphonium cations can efficiently penetrate the membrane.
Some of them, tetraphenyl phosphonium and triphenyl methyl
phosphonium are used extensively to estimate the membrane
potential of cells, organella and vesicles, which are too
small for microelectrodes to be impaled [15]. Here we used
these derivatives as the model compounds, which interact with
liposomes. The membrane distribution coefficients of these
cations were determined from the retention volume or
retention time [1] . We analyzed the width of the elution band
(variance) and found that previous theories on HPLC band
broadening did not adequately explain the results. The
reasons for the discrepancies were attributed to the presence
of liposomes, and disorderly solvent flow. Therefore, for
ILC, a new mathematical model was developed, whereby the
column consists of a number of disks (thin zones) connected
in series containing liposomes, and each disk is assumed to
be well mixed because of turbulent flow of the elution
solvents caused by the liposomes. Thus, each disk (zone) was
treated as a “well-mixed zone”. This new ILC theory (named
as a Mixing-Zone Model) accounts for obtained experimental
data and allowed us to estimate the association and
dissociation rate <constants of the above-mentioned

lipophilic ions to/from liposomes as well as the distribution



coefficient.

Materials and Methods
Materials

Sephacryl S-1000 (sephacryl) was purchased from Amersham

Pharmacia Biotech (Uppsala, Sweden) , and
triphenlymethyl-phosphonium (TPMP') ,
triphenlyethyl-phosphonium (TPEP") ,
triphenylpropyl-phosphonium (TPPP") ,
triphenylbutyl-phosphonium (TPBP") ,
triphenylamyl-phosphonium (TPAP") ,
triphenylhexyl-phosphonium (TPHP') , and

tetraphenyl-phosphonium (TPP’) were purchased from Tokyo
Kasei (Tokyo, Japan). The chemical structures of these
phosphonium cations are shown in Table 1. Egg white avidin
was purchased from Calbiochem (La Jolla, CA), and egg yolk
phosphatidylcholine (EPC > 99%) and biotin-cPE (1,2
dioleoylphosphatidyl-ethanolamine-N- (cap biotinyl)) were
obtained from Avanti Polar Lipids (Alabaster, AL).
N-2-hydroxylethylpiperazine-N’-2-ethane-sulfonic acid
(HEPES) was acquired from Dojindo Laboratories (Kumamoto,
Japan), and 4-nitrophenylchloroformate was obtained from
Aldrich (Milwaukee, WI). All other chemicals used were of

the highest purity available.

Avidin-gel coupling



Sephacryl gel was activated by 4-nitrophenyl chloroformate
with a chloroformate density of 20 - 30 pmol/mL gel, and avidin

was coupled to the activated gel at 3 mg/mL gel [11]. The
activated gel was washed in water, 0.2 M acetic acid and 10

mM NaOH (100 mL each for 1 g gel) for three cycles on a 10
pm filter (Millipore, Bedford, MA) fixed in a glass funnel.

The avidin-gel was stored at 4 °C in buffer H (10 mM HEPES

and 150 mM NaCl at pH 7.4) supplemented with 3 mM NaN,.

Preparation and immobilization of biotinylated liposomes
Large wunilamellar liposomes (LUVs) were prepared by
extrusion as previously described [11], and were composed
of EPC supplemented with 2 mol % of biotin-cPE. The mean
diameter was 100 + 20 nm as analyzed by dynamic light
scattering. For immobilization, biotinylated liposomes were
mixed with avidin-Sephacryl under nitrogen for 2-3 hr at 23

°C or overnight. Non-immobilized liposomes were removed by
washing with buffer H on a 10 um filter. The amounts of

phospholipids immobilized as liposomes in the gel beads were

determined using the method of Bartlett [16].

Immobilized liposome chromatography (ILC)
Gel beads containing avidin-biotin immobilized liposomes
were packed intoa 5mm I.D. x 5 cm gel bed in a glass column

(HR 5/5, Pharmacia Biotech, Uppsala, Sweden), and the



liposome column was placed in a column oven (L7300, Hitachi,
Tokyo, Japan). Chromatographic runs were performed using a
Hitachi inert-type HPLC system equipped with an injector
connected to a HPLC pump (L7120, Hitachi, Tokyo, Japan) and
a microcomputer interfaced UV detector (L4200, Hitachi,
Tokyo, Japan). Lipophilic cations were applied to the
immobilized-liposome gel bed and eluted with buffer H at 0.3
- 1.5 mL/min. The loss of 1lipid from the gel was 3 - 5 % after
5 months storage at 4 °C. Stability in the present ILC was
demonstrated by the fact that only 7 % of the liposomes was
lost after 60 runs at different temperatures (from 10 to 40

‘c). [11, 12]

Data analysis

The elution patterns were analyzed by the moment analysis.
The first moment of the elution time distribution represented
the retention time (or mean resident time), and the second
moment, of the mean of the distribution, represented the
variance in the elution profile [17]. The retention time (%)
and variance of the elution profiles were calculated from

the following equations:

[t ocent
-0 (1)
J oyt
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where C(t) represents the concentration of the solute in the
eluant at time t. The time was corrected by the dead-time
(breakthrough time) . The retention volume (V) was estimated
by multiplying €t by the flow rate (Q), and the distribution
coefficient for lipophilic cations Dbetween stationary

liposomes and the agueous phase, K was calculated by the

M/

equation [1,18]:

v, -V
Ko = =2 (3)

s
Here, V, is the void volume, which is estimated by multiplying
Q and t, associated with a small hydrophilic molecule such
N, that does not interact with the liposomes, and V_, is the
stationary phase volume (see below).

Since the volume per phospholipid molecule packed into
the liposome membrane is well-documented [19], V, can be
calculated from the amount of EPC: When a gquantity of
immobilized liposomes A has units of mmol, V_(mL) is related
to A by V, =0.755 - A (4)
provided that the outer and inner leaflets of the unilamellar
liposomal membranes are accessible to the solute [14]. The
combination of Egs. 3 and 4 yields:

V., -V,

e

K —_ —€e 0
W 0.755- A



The theory developed here fulfills the chromatographic
equations, Eq. 3 and Eqg. 5, which are independent of the flow
rate of the eluant.

Models used in data analysis

The position and broadening of the elution band is
theoretically analyzed to elucidate what factors determine
these qunatities. Two extreme models, (A) the
diffusion-reaction-transport model and (B) the well mixed
zone model are used in this study. The former model is a
conventional and simple model that analysis molecules are
assumed to move through ILC without axial diffusion. By
contrast, the latter model is a new model developed in this
study that the zonal well-mixing is assumed and this mixing
zone moves down by the column flow.

(A) The diffusion-reaction-transport

We will consider that a cylindrical column packed with
immobilized liposome resins. Let x be a distance from the
bottom of the column so that x = 0 is the bottom of the column
and x = h is the top of the column. At time t =0, the molecule
to be analyzed is introduced at the top of column, with the
axis of the column oriented along the direction of the column
flow. Molecules move through the column by the column flow
and diffusion. The movement of molecules is delay as a
consequence of molecules interacting with liposome. Let V|,
and V, be the volumes of mobile and stationary phases,

respectively. The cross-sectional areas of mobile and



stationary phases can be designated by A, = V,/h and A, = V_,/h
respectively. On the basis of the mass conservation, this

model gives the following partial differential equations

[20] :

(ﬁ) _D(ﬁzC’\ A+(ﬁ) A —kC-A + k. L - A

Ké’t . 0o axzjt 0 UKOFIXE 0 1 0 = s

(6)

(oL

\E = kC-A, —k,L-A, (7)
Here, C = the solute concentration in the mobile phase at
x, t; A, = cross sectional area of the void (solvent flow) ;

D = diffusion coefficient of the solute along the axis Xx;
u = the velocity of the solvent flow in units of cm/s (Q in
the text is equivalent to uA)); L = solute concentration
adsorbed by the liposome; A, = cross sectional area of the
liposome in the column. Here, we assume that the radial
diffusion within the column is negligible.

Defining dimensionless reduced variables of p and g by

CA LA
p = ¢, g = —Eﬂ, Eg. 6 and 7 are recast as:
2 G2 I'p
— =u— +D—= - + (8)
P e S AP T kp
% = kp - k,q (9)

Here, I represents the amount of solute injected on the top

of the column at t = 0. Defining A =ut +x —-h and
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kk,

p = — (h — x), the solutions for Eg.8 and 9 are found with
u

the initial condition of p(h,t)=0using the Laplace transform
as:

p(x, t) = exp[-k(h - u) / u][XA) + H(A) exp(-k,A /u) - p/A - 1,V
g(x, t) = (k, /u) exp[-k(h — x)/u] - HQA)exp kA /1) - I,@JpA)
where the function H is a Heaviside step function, and I, and
I, are modified Bessel functions. From these equations, we

obtained the mean resident time as:

_ (4 . k
t = 1lim "=z In fc(o,t)(S) =1+ —
50" ds k.,

ﬂz(ﬂﬁj&
u k 0
(10)

Here, £,

mnﬂ§> represents the Laplace transformed equation of
C(0,t) which is the solute concentration at the outlet of
the column at time t. Note that h'A, =V and uA, = Q. According

to the standard notation for HPLC, we define the retention

-t
factor as k = " ¢ [1] where t, stands for the dead time

0
(breakthrough time [1]) or retention time of an un-retained
solute. The value of t, is calculated from Eq.10 with k, =

0, so that k value is:

k = = (11)

Furthermore, k is related to the distribution coefficient,

K, as [1]:

11



k =K, —= (12)
From Eg. 10, 11 and 12, therefore, we obtain:

t = (1 + K, ﬁjﬂ (13)
v,/ 0

Eg.13 is identical to Eg.3, because V,_ = t Q.

The variance is given as:

variance = |!£p [—:—;In fC(O,t)(g)J :% 2h 2K, Y,
-1

(B) Well-mixed zone model

As shown below, Eqg. 14 does not fold for the present
experimental results. Hence, we develop a new theory for ILC
as follows: In the ILC column, we used the gel-ifltration
resin as a supporting material for liposome immobilization.
On the molecular sale, the interior of the column can be
thought as a network of tortuous channels of various sizes,
since the resin has a large number of pores, and consists
of large as well as tortuous channels and caves. Liposomes
are immobilized along tortuous channels and caves. This
geographical property causes the well-mixing zone of the
solutes with significant thickness, even if there is no
interaction with liposome. Therefore, to develop a new
mathematical analysis, let the whole column divided into the
number N of disks (zones), where the molecules are well mixed

(Fig.1l) . The molecules are sequentially moved down from the

12



i-th zone to the (i+l)-th zone on a stream of solvent. The
following mass-balance equation holds true for the i-th disk
(zone) :

For the mobile phase,

Vo dC, _ KVoy , KiVs o

U Qo hEp, 4 kR C,, (for 4= 1)

v, dc, KVor. | KWV .

=0 =i _ 0y 4+ —=L=_C. C. f =2 ~ N
voar - QTR T G Qe (for )

(15)
Here, the first term (-QC,) and last term (QC,,) represent
the amount of solute flowing out to the lower disk (zone)
and the amount entering from the upper disk (zone),
respectively due to solvent flow whose flow rate is Q.

For the stationary phase,

dC.
Ve 9Cis :_ﬂcierﬁci (for 1 = 1 ~ N)
N dt N ’ N

(16)
where the notations k, and k, are the same as in Eg. 10 and

V, V
14; Kf and Ff are the volumes of the solution and stationary

phase in each disk, respectively; and C, and C, are the solute
concentrations of the mobile and stationary phases in the
i-th disk, respectively. The initial conditions are:

C, = constant = C(0), C, = 0 and C, = 0
where C(0) is equal to the amount of solute injected at t=0

divided by the volume of the first disk (V,/N). For the first

disk (the upper-most disk in the column), the solute is

13



instantaneously mixed to give a concentration of C(0) within
the disk. The 2N differential equations of Eg. 15 and 16 are
Laplace-transformed to obtain 2N simultaneous linear
equations, from which C, is solved if the concentration of
outflow from the N-th disk is monitored. First, consider the

i-th disk: The Laplace transformation of Eqg.15 and 16 gives:

Voo [ V), o KV .
L56@) = {0 + k2@ + e g,() + 05, ()

(17)
V. . . k. Vv o~ kv, .
S ) - _ 1 s . 0 f
% 59,(8) = - 2 g,(3) + S £,@) (18)

where f,(8) and g,(8) are the Laplace transformed functions of
C, and C,,, respectively. Elimination of g,(8) from these

equations gives:

£,(3) = Sk L5 .®
~2 Q ~ Q VN
S+(kl+k-1+_js+k—1v_

N

VO

Here, V, = —.
N

This equation leads to the relationship:

5 - 5+ %) (2) . £
R A Ty & o

N

which implies the necessity of the f(8) expression.
For the first disk, the Laplace transformation of Eg.15

and 16 gives:

14



Lse@ - co] = {0+ k L@+ Ela@ 20
2 30,(8) = -2 0,(8) + =1 £ (21)

Elimination of g,(8) from Eqg.20 and 21 yields:

Stk c(0) (22)
g+ (kl + k., +£}§ - ngg
v, v,

N

£(3) =

Insertion of Eg.22 into Eg.19 produces f,(8), which is the

Laplace-transformed equation for C,.

&+ k) (%jmc(o)

2 Q1. Q
k = k. —
{s +[kl+ - +VNJS+ _1VN}

£,(3) =

(23)
where V, represents V,/N. From Eq. 23, the mean resident time
and variance can be calculated as:

_ d .
s —0 ds k 0 v,)Q

-1

(24)
i . 2 1 A
variance = lim (— > 1n fN(s)\ = klz .- —[1 + ﬁ] (_o\
Y ) k. 0 N k, Q)
2 \2
_ Ky .&.3@@ngng
kK, v, 0 N v.)\o)
(25)
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Results and Discussion

Retention time (mean resident time, t ) analysis

Figure 2 shows the elution profiles of a typical lipophilic
cation TPP' from ILC column for elution flow rates Q of 0.3
- 1.5 ml/min. For decreasing the flow rate, the retention
time increases along with the bandwidth. We first consider
the retention time (mean resident time, € ) calculated from
Eg.1l. The € values of various lipophilic cations are plotted
against the reciprocal of the flow rate in Fig. 3, which
yielded straight 1lines with different slopes for the
respective lipophilic phosphonium cations. The chemical
structures and respective n-values of the phosphonium
cations used are listed in Table 1.

A chromatography column should consist of a mobile and
stationary  phase. The initial condition can be
mathematically expressed by the Dirac delta function: The
solute is first introduced at the top of column, and its
concentration is distributed in an infinitesimally thin
layer. Solutes are assumed to move down the column by elution
without the turbulence, which 1is referred to as
diffusion-reaction-transport. This activity can be
described as follows [20]:

g_zz(Hﬁj&
Q k,/) Q

V.|V,
=(1+ K., -—SJ—O
v/ Q
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Here, k, and k_, represent the rate constants for association
and dissociation between the solute and stationary phase,
respectively, and K, is given by Eq.3 (see also Eg.11 and 12,
and V. =t - Q). The results in Fig. 3 follow Eg.13, which
describes the proportionality of €t against the reciprocal
of the flow rate, 1/0.

Eqg.13 shows that K, values are independent of the flow
rate, total solute mass and gel bed volume. Figure 4 shows
good agreements between this theory and the experimental

results.

Analysis of elution profile variance

We next consider the bandwidth or variance of the elution
peak. The diffusion-reaction-transport model mentioned
above can be described by the relationship:

variance =2K¢-$ (14)

ky Q
Although this equation predicts a decrease in variance with
an increasing Q, it does not quantitatively explain the data
shown in Fig. 5: Here, the variance is plotted against 1/Q,
indicating that the lines are not straight but quadratic.
This implies that the simple diffusion-reaction-transport

model is invalid.

Sequential mixing zone model: A new theory for band

broadening in ILC

17



The variance of the azide elution pattern also exhibits a
parabolic increase in the plot of variance against 1/Q (data
not shown) . Azide anion is hydrophilic and little interaction
with hydrophobic liposomes occurs. Hence, this discrepancy
is not caused by solute interaction with liposomes. On a
molecular scale, the interior of a bed can be thought as a
network of tortuous channels along which liposomes (100 nm
in diameter) are immobilized. A schematic illustration of
steric entrapment is given by Lee and Angilar [21]. This
situation  prevents zonal solute flow as simple
diffusion-reaction-transport theory assumes, but large
eddies or spiral flow might occur. Thus, a new theory to
explain this is necessary. To develop a new mathematical
analysis, we make the following assumptions (see Materials
and Methods) : the column is divided into a number of disks
(zone) in which the solute is well mixed due to eddy flow
of the solution caused by the liposomes. Note that eddy flow
used in the present article is different from eddy diffusion
used in HPLC theory [1,17]. The solutes are sequentially
moved from the i-th disk to the (i+1l)-th disk on a stream
of solvent. We call this the well-mixed zone model. A similar
concept 1is extensively used in chemical engineering,
particularly when describing mixing in a chemical reactor
[22] . In the field of the liver physiology, such a model is
also used to describe the behavior of a compound and its

metabolites [23,24] . According to this well-mixed zone model

18



(see Materials and Methods), the mean resident time and

variance can be calculated as:

tonf1e il [k, L

ky/ Q V,/) Q
(24)
2 2
variance :le 2 +i(1+ ﬁj [ﬁ\
e kA (25)
K V., 2

=—1i -—5-—+—1(1+KLM ﬁj [ﬁ\
g Q v.)\Q/

Eg. 24 is the same as the retention time (mean resident
time) derived from the diffusion-reaction-transport scheme
described above (Eqg.13). Therefore, with this model the
equilibrium constant can be estimated using the
chromatography equation (Eqg.3) . Eg.25 can be used to explain
the experimental parabolic relationship between variance and
1/Q as shown in Fig. 5. Using a nonlinear iterative least
square method, the values of k,, k, and N can be determined.
The estimated values for the rate constants (k,, k) were 10°
sec’, which are consistent with those previously reported
[25,26] . The estimated values of N were 40 ~ 50 (see below).

The estimation of N as a function of the injection and
column volumes may be used to describe its physical meaning.
It is feasible that the injection solution directly enters
the top of the column and is instantaneously distributed in
the upper-most disk (zone). Due to solvent streaming, the

solution in this disk moves down to a new adjacent disk.

19



Therefore, we assume as a first approximation that for the
number of the well-mixed disks (zones), N may be obtained

by dividing the mobile phase volume by the injection volume;
for a 1 mL column and 20 pL injection volume, the number N

is 50. As shown in Fig. 6, Ndecreases for increasing injection
volume. When two columns prepared by the same procedure were
connected in series (equivalent to double the column length),
N increased two-fold (data not shown). As shown in Fig. 6,
N depends on the injection volume, but is not exactly
proportional to its inverse. Thus, N is not simply governed
by the geometrical factors, but is an adjustable parameter.
If the value of N is governed by the geometrical factors,
the N value would be estimated by dividing the volume of the
column by that of the solute injection. However, the N value
showed a 1little difference from that estimated by the
geometrical parameters. According to thismodel, it is likely
that the N value is affected by the extent of mixing in the
ILC column. The estimation of N value will be influenced when
the extent of the well-mixing is varied with the analyzed
solute, lipid amount and lipid type etc. Thus, a future
problem is how these factors affect the value of N. We do
not know at present that if determined values of N would
contain some errors, how this error wvaries the estimated
values of k, and k  , although the estimated rate constants

(k, and k ) remained unchanged irrespective of the injection

20



volume (see Fig. 7) that changes the value of N. To clarify
this effect will be done by the simulation study on the effect
of varying N on the estimation of the k, and k_, values.
The association (k,) and dissociation (k) rate constants
of various phosphonium analogues are depicted in Fig. 8. The
rate constants for compounds with an even number of
hydrocarbon chains (even n) are larger than those with odd
number. This zigzag pattern with respect to n is previously
called the ‘even-odd pattern’ [27]. On the other hand, the
equilibrium distribution coefficients, K, increase
smoothly when the number of carbon atoms in the chain
k Vv
K,

increases [14,28], since K, = ;f (see Eg. 11 and 12)

eliminates the ‘even-odd pattern’.

The even-odd pattern for phosphonium cations occurs for
various phenomena: it was first observed for the activation
energy of permeation through a phospholipid bilayer reported
by Ono et al [27]. They also reported that the bromide salts
of phosphonium cations with odd patterns are less soluble
in water than those with even n, and that the chemical shift
of P exhibits a zigzag pattern. A similar zigzag pattern
was observed for the partial molar volume and electric
conductivity in water [14]. These observations suggest that
the interaction of phosphonium cations with water differs
depending on even or odd hydrocarbon chain length, n, which

in turn, changes the rate constants k, and k. During

21



association to liposomes, phosphonium ions may be dehydrated
while during dissociation they may be hydrated. The
interaction of phosphonium ions with water may influence the
speed of hydration and dehydration, resulting in the zigzag
pattern for the rate constants as shown in Fig. 8. Inaddition,
the dissociation rate constant seen in Fig. 8 increases with
increasing n: highly hydrophobic ions are rapidly removed
from the hydrophobic lipid layer. The molecular explanation
for this observation is unclear. If phosphonium cations
diffuse from the surface to the inner half-leaflet of
liposomes, the greater value of k , for hydrophobic ions might
be reasonable. Another possible mechanism is that larger
molecules may be more rapidly squeezed out of lipid bilayer
membranes. Although the dissociation rate constants (K,) are
larger for more hydrophobic ions, the values of K, are larger
for these more hydrophobic ions since the increase in their
assoclation rate constants, k,, is larger than that for k.
Comparison of the present theory with  previous
band-broadening HPLC theories

In HPLC, band-broadening arises as a result of factors such
as eddy diffusion, flow distribution, solute diffusion in
the mobile phase and mass transfer between the stagnant
mobile and stationary phases [1,17]. The band-broadening
effect was described by van Deemter et al. [29] and Grushka

et al. [30] in the mathematical form:
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o L - (va;lance) - A + g + (Rm + RS)Q (26)

where H = HETP (height equivalent to one theoretical plate) ;
L = column length; A and B = constants; R = resistance to
mass transfer of the solute in the mobile phase; and R, =
resistance to mass transfer of the solute in the stationary

phase. Eddy diffusion and mass transfer effects are coupled,

so that another expression describing is H [17]:

B
H=—+RQ +
Q

An alternative coupling expression has been proposed [31]:

B DRQ
H=A+—+———— (28)
Q D+ RQ

Since t is proportional to the reciprocal of Q, these
equations (Eq.26, 27 and 28) give the following relationship
for variance as a function of Q:

A B R, +R,

variance « — + — + —/————= (267)
Q Q Q
, B R, 1
variance o« — + —= + ————— (27")
Q Q Q Q
— + —
A R
, A B DR
variance o« — + — + ———— (28")
Q Q DQ + RQ
These equations do not explain the observation that variance

occurs as a parabolic curve with respect to 1/Q (see Fig.
5). If Q is small, Eg.26’, 27' and 28’ can be approximated

by B/0Q’, which does not explain the observations. If Qis large
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enough, the 1/Q° term can be neglected, and these equations
approximately express a parabola equation; for example,

+ R A

m S

R
Eg.26 can be approximated as ———* + — . According to an

analysis of wvan Deemter et al. [29], the constant A is
proportional to the diameter of the packed stationary
material, which should be the same irrespective of the
solutes used. Thus, this relationship does not explain the
observations shown in Fig. 5. An explanation for the ILC
elution profile using the above-described HPLC theories is
therefore not possible. Other forms of plate height equations
have been suggested [32,33], but these also do not explain
the present results.

In the ILC column, the gel filtration resin, Sephacryl
S-1000 was used as a supporting material for liposome
immobilization. The matrices of this resin are large enough

to immobilize large unilamellar liposomes with a diameter
of ca. 0.1 pm. The resin has a large number of pores, and

consists of large as well as tortuous channels and caves.
This structure may promote the well-mixed solvent flow in
the mobile phase, which was incorporated in the present
analysis. On the other hand, this effect in HPLC should be
minimized. The discrepancy of this mixing effect between ILC
and HPLC accounts for the inability of the HPLC theories to

explain the ILC elution profile.
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Concluding remarks

We have developed a new theory that describes the broadening
of the elution peak, which we named the “well-mixed zone
theory”. Using this theory, we were able to estimate the
association and dissociation rate constants of various
phosphonium cations with liposomes. Although the present
theory is not applicable to ordinary HPLC analysis, it might
be applicable to elution pattern analysis of a column of
molecular imprinted polymeric materials [35-37] because
solvent flow might not be laminar due to the presence of bulky

polymer materials.

Nomenclature
C(0), solute concentration of the first disk for injection
at the top of the column
C,, solute concentration in the mobile phase in the i-th disk
(see Eqg.8)

C

i, s’

solute concentration in the liposome phase in the i-th
disk (see Eg.9)

£f,(8), Laplace transformed function of C,
g,(8), Laplace transformed function of C,

H, height equivalent to one theoretical plate (see Eg.26)

t — t
k, retention factor defined as k = ——;—ﬁ
0
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k., association rate constant from the solution to the

1

liposome (see Eg.8 and 9)

k,, dissociation rate constant from the liposome to the
solution
K,, distribution coefficient in the immobilized liposome

column defined as Eqg.3 and Eg.1l2

N, number of disks (zones) constituting the column. Within
the each disk (zone), the mobile phase is assumed to
be well-mixed (see Fig. 1)

n, number of carbon atoms in the aliphatic hydrocarbon chain
of each lipophilic phosphonium cation (see Table 1)

Q, solvent flow rate

t , retention time calculated from Eq.l1

t,, breakthrough time determined from the breakthrough time

o
for N, , which does not interact with liposomes
variance, quantity representing the bandwidth of the elution

peak calculated from Eqg.2
V., retention volume calculated by t - Q
V,/N, the solution volume in each disk (zone)
V,, void volume determined from the breakthrough time of N, ,

which does not interact with liposomes

V., volume of the stationary liposome phase (see Eqg.4)
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Table 1. Lipophilic Phosphonium Cations Used in this Study

Chemical Structure Name Abbreviations
(j Tetraphenylphosphonium TPP’
o ©
O
(j Triphenyl-
O ' - €ty n=0, methylphosphonium TPMP'
Cj n=1, ethylphosphonium TPEP’
n=2, propylphosphonium TPPP"
n=3, butylphosphonium TPBP"
n=4, amylphosphonium TPAP"
n=5, hexylphosphonium TPHP'
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Figure Legends
Figure 1. The well-mixed zone model, which is proposed here
to account for the ILC elution profile. It is assumed that
the column is divided into a large number (N) of sequential
well-mixed compartments (disks). The elution solvent 1is
sequentially moved from the i-th compartment to the (i+1)-th
compartment at a flow rate of Q. V, is a volume of the mobile
phase within the column, and V /N is the volume of the mobile

phase of the compartment.

Figure 2. Elution patterns of the phosphonium cation TPP" from

an ILC column at various flow rates. The amount of immobilized
liposomes was 35.6 umol phospholipid per 5 cm column length.

The flow rate ranged from 0.3 to 1.5 ml/min.

Figure 3. The relationship between mean resident time and
the reciprocal of the flow rate. The mean resident time was

calculated from Egq. 1, and the flow rate ranged from 0.3 to
1.5ml/min. The amount of immobilized liposomes was 35.6 umol

of phospholipid. The straight lines passing through the

origin were calculated by linear regression analysis.

Figure 4. Membrane partition coefficients (K,) under various

LM)

conditions. The membrane partition coefficients were

calculated from Eq. 5. The K, values remain unchanged under
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various conditions and Eq.13 holds for the ILC column. Panels
A), B) and C) represent K ,6 obtained for various flow rates,

injected quantities and gel bed volume, respectively.

Figure 5. The relationship between wvariance and the
reciprocal of the flow rate. The variance of the elution
pattern was calculated from Eq. 2, and the flow rate ranged

from 0.3 to 1.5 ml/min. The amount of immobilized liposome
was 28.5 umol of phospholipid. The lines represent fitted

curves using Eq. 25 and an iterative nonlinear least-squares

method.

Figure 6. The effect of injection volume on the number of
well-mixed =zones (N). Using a nonlinear iterative
least-square method, the relationship between variance and
the reciprocal of the flow rate as in Fig. 5 was fitted to
Eq.25, from which the values of N were obtained. O, TPBP';

® Tpp.

Figure 7. The effect of injection volume on the estimated
rate constants k, and k_,. The experimental conditions were
the same as those for Fig. 6. The closed and open symbols

represent the rate constants k, and k respectively and the

Y

squares and circles represent the values of TPBP and TPP',

respectively.
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Figure 8. The membrane partition coefficient (A), and
association and dissociation rate constants (B) of various
phosphonium cations. The values of K, k, and k, were
calculated by fitting the data depicted in Figs. 4 and 6 to
Eg. 24 and 25, respectively. The abscissa, n, represents the

number of methylenes in the alkyl chain. The open (©O) and

closed (®) circles represent k, and k  , respectively.
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