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The ternary system d by di h idyl pindolol (a vasodilator drug) and water has been investigated by
using X-ray diftraction and calorimetric lcchmqucs The structural modifications induced by the drug have been determined and
a posaible interaction model has been derived. In particular, the pindolo! content~temperature dependent phase diagram shows
the occurrence of two new phases: the first is an interdigitated gel, and the second is a lamellar structure presenting an unusval
mixed disordered-ordered conformation of the hydrocarbon chains (L ,). The comparative analysis of electron density profiles
relative to the L., phasc, reveals significant modifications in the paraffinic region of the lipid layer. In agrecment with
thermod ic results, the 1 data suggest that the drug induces a stiffening and a tj ing of the chains.
Morcover, the hydrophilic propertics of the membranc (particularly in Py, and L, phases) present an evident dependence with

the drug concentration.

1. Introduction

The pharmacokinetic behaviour is an important de-
terminant in the therapeutic utility of a drug, In fact, to
a great degree, both the desirable actions and undesir-
able side effects of drugs are governed by their concen-
tration and persistence in the various body subcom-
partments. As the lipidic plasma membrane consists in
an inevitable part of the route from the site of adminis-
tration to the plasma compartinent, there is an evident
interest in getting as much information as possible on
the interaction between drugs and membranes [1].
Moreover, it is believed that the interaction with the
lipid constituents of membranes, resulting in an alter-
ation of the fluidiiy, may be an impoitant mode of
action of some drugs [2-<].

On the other hand, due to the unique morphology
and unusual transport properties of phospholipid bilay-
ers, the use of liposomes as carriers for drugs and
other biologically active substances has been largely
explored. In particular, the capability of liposomes to
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slmulate many of those pmperues of the living cell

ined at the b level, i still more
the interest in this field [S]. In this context, the study of
the alterations induced by drugs in mode! membranes,
composed by a single lipid and water, has turned to be
a common procedure.

In this work we report the results of a combined
X-ray diffraction and calorimetric analysis of a model
membranc system constituted of 1,2-distearoyl-3-phos-
phatidylcholine (DSPC) and water, when pindolol (a
vasodilator drug widely used in heart treatments) is
prasent. The ternary system has been studied firstly in
fully hydrated conditions, for various drug concentra-
tions, Significant ck in both th d: I and
structural parameters were observed: in particular, the
pindclol induces the appearance of an interdigitated
‘gel’ phase and a high temperature lamellar phase,
which is unusually characterized by « wixed conforma-
tion of the lipid hydrocarbon chains. In order to fully
characterize such structures, some representative pin-
dolol cnncentratlons have been considered, and the

! i of water content.

d as a fi
2. Materials and Methods

2.1. Sample prepamlwu
,2:Di 1-3-p hatidylcholine (DSPC) was
purchased from Slgma (St. Louis, MO, USA} and was
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Fig. 1. The pindolol molecule.

used without further purification. Pindolcl (99% purity
(Fig. 1) was provided by the Pharmacology Institute of
the University of Ancona, Italy. The melting of pure
pindoloi occurs at 172°C.

Proper quantities of drug were added to the phos-
pholipid cecording to the devired molar ratio R be-
tween pindolol and DSPC, ranging from 0 to 1. The
mixtures were dissolved in chloroform, dried in nitro-
gen stream and lyophilized. Bidistilled water was then
added in the desired weight concentrations.

Excess water samples were prepared with a water to
DSPC weight ratio of 3. These aqueous mixtures were
incubated for about 4 h at 65°C, and vortexed several
times for about 1 min. The water comp n of the
phase has been estimated by gravimetric analysis (sce
Tabie 1). Not fully hydrated samples were prepared by
adding water at the deg
aiuwanig the system 10 hydrate at room temperature for
several days.

2d weight cancentratiane and

2.2. Calorimetry

Calorimetric measurcments were performed using a
Perkin-Eimer calorimeter. model DSC-2C with related
data processor. A 2.5 C°/min scan rate was used both
in the heating and cooling cy¢! Aluminium contain-
ers of 20 pl were used. The calorimeter was standard-
ized and calibrated using pure distilled water and n-oc-
tadecane [6]. Transition temperature were taken as the
point of interscction between the tangent to the transi-
tion peak at its stecpest pomt and the approximate
extrapolated baseline. Transition enthalpics were de-
termined from the peak area and are referring to the
amount of lipid in the DSC pan, which has been
estimated by gravimetric analysis considering the initial
sample composition.

2.3. X-ray diffraction

fow-angle X-ray diffraction ¢xperiments were per-
formed using a conventional X-ray generator (Cu-Ka
radiation). A Guinier camera operating in vacuum with
a bent quartz crystal monochromator (A = 1.54 A) and
a cylindrical film cassette with diameter of 123 mm was
used. The samples were located between two mica
windows in a circular hole and were continuously ro-
tuicd during cxposure to avoid orientation effects. The

temperature was controlled within +1C° by using a
circulation thermostat. The diffraction patterns were
recorded on a stack of four Kodak DAF-392 films.
Densitometric traces or the films werc obtained on a
Enraf-Nonius Delst model I{ microdensitometer and
the relative intensities of reflections were calculated as
reported in Ref. 7. Unit cell dimensions were calcu-
fated from Bragg’s equation.

High-angle X-ray diffraction patterns were obtained
by using a powder diffractometer on a Rigaku Denki
RV300 rotating anode generator. The sample holders
and temperature control were the same described above
for low-angle X-ray diffraction experiments.

TABLE 1
Chemical composition and structural data: fulh: hydrated samples

All dawa refer to DSPC/water/pindolol wistures in condition of

maximum hydration, i. a8 p ble to the fully hydration ¢
and €, are the wei nd volume concentrations of water,

Volume have been 13
10 Ref. 13 using specific volumes of 0,958 em® /g for DSPC {7] and of
I em'/g for both water and pindolol. d is the lamellar repeat
distancs, which corresponds (o the total thickness of lipid and water
layers, while dy, is the thickness of the lipid layer only. calculated
vsing dy, = d-(1= C, ) [13}. @ is the angle of tilt of the paraffinic
chains with respect to the normal to the lamellae [11).

T =25C, L phase:

R ¢ Copa GiA LB e
0 030 039 679 469 400
0.0 030 0308 694 480 8.6
005 030 036 2 515 29
T = 25°C, intermediate biphasic region:

R « Cow A, A dy A

ot 030 03 79 56.0

02 030 0308 060 542

T = 25°C, gel phase:

R C Con dA) dip (A)

04 035 549 368

0.5 035 0327 542 6.5

05" 030 0277 520 36

T = 52°C, Py phas

R « Coun dA) dinAY 00
0 033 039 70 Tany 2
0. 035 0353 74 500 354
05" 037 0xs 718 509 339
T=065C.L, and L, phases:

R c Coun  dA) dy (A)

0 0.30 0310 0 41.7

005 031 0319 olo 415

0.1 035 0359 655 420

0.2 0.35 0.359 658 422

0.5 0.35 0.338 085 44.0

08¢ 040 0408 774 458

* The d: orrespond to a noi fully hydrated sample.
" The sample temperature was 54°C.
“ Pindolol crystals were detected in this sample.



3. Study of pindolol effects on fully hydrated DSPC
samples

3.1. Diff | scanning cal y

Calorimetric measurements were performed as a
function of the pindolol content on fully hydrated
DSPC samples. The investigated temperature range
was from 15°C to 70°C. As expected, the calorimetric
curves relative to the reference sample (R =0} show
two characteristic endothermic peaks, corresponding to
the so-called pre- and main-transitions [8]. Within the
investigated pindolo! concentration range, two en-
dothermic peaks were still observed, indicating the
persistence of the two phase transitions: however, their
thermod: istics appear to change as a
funciion of the drug content. In particular, the lower
frame of Fig. 2 shows that both the transition tempera-
tures slightly increase for drug concentraticns higher
than about 0.2. The maximum shift, about 5°C for the
pre- and 3°C for the main-tiansition, is obscrved for
R=08. More evident effects concern the transition
enthalpies (sec the upper frame of Fig. 2). In particu-
lar, the pre-transition enthalpy significantly reduces
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Fig. 2. Calorimetric data observed as a function of pindolol molar
ratio (R =mal ;g /mnlmm) in fully hydrated DSPC /water n-m.
tures. Lower part: Upper part:
enthalpy (the scale in the left side is relative to the so-called main
transition, and the one in the right refers to the pre-transition).
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when the drug content exceeds the R=0.1 value,
while, on the contrary, the enthalpy associated to the
second phase transition increases as a function of drug
concentration, approaching a platcau, but softly de-
creases when R overtakes 0.5. It must be noticed,
h , that enthal, lculations for molar ratio
ligher than 0.5 are affected by very large errors, as
samples contain not-negligible amounts of pindolof
crystals (see also below).

Some indications arise from such results. At one
hand, the presence of twn phase transitions, which
scem to maintain the same meaning of those observed
in the pure DSPC/water system, indicates that low
concentrations of pindolol do not alter the character-
istic phase sequence. On e other side, the behaviour
observed on the transition tempcratures seems to indi-
cate that pindolol dous not show any fluidising effect
on the membrane. Indced, the small increase of the
melting chain transition temperature and the cffect en
the enthalpy observed at higher drug concentrations
may indicate that pindolol has actually a rigidifying
effect.

3.2. X-ray diffraction

As well known, three different phascs, namely the
L., Py and L, phases, are observed in the tempera-
ture dependent phate diagram of a fully hydrated
DSPC/water system [9-12]. Such phases show a lamel-
lar structure and are, respectively, characterized by a
distorted pscudo-hexagonal, hexagonal and liquid-like
arrangement of the hydrocarbon chains inside the layer
[11,52). Morcover, in the Py, phase, the lipid bilayers
are distorted by a periodic ripple so that the structure
presents a two-dimensional lattice. As usual in lipid
crystallography, we refer in the following to two dis-
tinct regions of the X-ray scattering spectra, consider-
ing separateiy the low-angle pattern (26 diffraction
angles ranging from about 10’ to 10°) from the high-
angle scattering (centered around a 26 angle of about
20°). The first region gives information about the
long-range organization of the structurc elements and
specifies the crystalline lattice and symmetry. The sec-
ond region is related to the short range molecular
organization and specifics the conformation of the
hydrocarbon chains [11,13].

Concerning the present X-ray diffraction experi-
ments, two peculiar points must be remarked. First, for
drug molar ratios higher than about 0.6, and at all
temperatures investigated, several very narrow peaks
were detected in X-ray diffraction profiles. Consider-
ing their spacings, these peaks appear rclated to the
presence of pindolol crystals, indicating that the drug is
not fully disperse in lipids. Therefore, in this condition,
the pindolol sample does not correspond
to the pindolol ‘phase’ cumemrauon, S0 ﬂ‘ld( .l de-
tailed crystallographic
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Fig. 3. High-angle X-ray diffraction profiles abserved at 25°C for
different pindolol molar ratio (R= mnl‘,.“d /mﬂlm,.() in fully Iw-
drated DSPC/water mixtures. A: & = 0: B: R : R = 0.0 3
R=0.1; E: R=04. Note that the profiles slluw
intensities, mainly due to the not perfect crystallinity of the samples.

Second, long times appeared necessary to reach ‘equi-
librium’ conditions during sample preparation, as the
phospholipids hydration in presence of high quantity of
pindolol often resulted ot homogenenous. Moreover,
lacge hysicresis were detected during heating or cool-
ing cycles, and in particular in correspondence with
phase transitions, so that repeatable behaviours were
obtained only with some difficulty.

3.2.1. High-angle scattering analysis. The hydrocar-
bon chains of a fully hydrated DSPC sample show at
25°C the so-called B’ conformation: the chains are
tiltcd with respect to the polar/agolar interface, stiff,
fully elongated and packed in a gnasi-hexagonal bidi-
mensiona’ lattice [11). Tne corresponding high-angle
X-ray dlffracuon profile is characterised by a sharp
pcak at 4.25 A, and by a diffuse band centred at about
40 A (Fig. 3, profile A). The addition of pindolol
determines wignificant changes, as reported in Fig. 3. In
particular, the sharp peak at 4.25 A decreases in height
and flattens, while the broad band becomes sharper
(see for example the profiles B and D); when R over-
takes 0.4, only a sharp peak, centered at about 4.1 A,
still remains (see the profile E). As already observed in

q

other lipid-drug the 2 of the h -
bon chain tilt could explain this behavmur [14,15].

In the temperature range between the two phase
transiticns, the hydrocarbon chains of a fully hydrated
DSPC sample still show the g’ conformation {11].
However, as the chain packing is hexagonal, the
diffraction profile s only one ical re-
flection {11}, which, at 52°C, appears centered at about
42 A. When pindolo! is added, this pattern is modi-
fied. In particular, at concentration higher than R =
0.4, a shoulder appcars in the high-angle side of the
pcak (at about 4.1 A). Noticeable is the fact that its

a strong d d on the drug

ration and p being more and more

visible as far as the pindolol content increases and

disappearing when the temperature rises. This be-

haviour seems to indicate a coecxistence of the B’
conformation with an untilted chain arrangement.

The main transition corresponds to the melting of
the chains, which assume a liquid-like @ conformation
[11): in the case of a fully hydrated DSPC sample, the
X-ray diffraction profile shows a single broad reflec-
tion, centered at 65°C at about 4.5 A (see in Fig. 4 the
profile A). The addition of pindolol in molar ratio
higher than about 0.1, determines the appearance of a
sharp reflection, centered at about 4.2 A (profiles B
and C in Fig. 4). The intensity of that sharp reflection
appears strongly dependent on the drug concentration.

3.2.2. Low-angle scattering analysis. The low-angle
diffracticn pattern observed below the pre-transition
temperature for a fuily iiydrated DSPC sample is char-
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Fig. 4. High-angle X-ray diffraction profiles observed at 65°C for
different pindolol molar ratio (R=mot,  /molps) in fully hy-
drated DSPC/water mixtures. A: R-ll "B: R=02;C: R=05.



acterised by several sharp peaks, the spacings of which
clearly indi a di ional lamellar latticc (see

Table II). According to the previously discussed high-

TABLE 1l

Experimental data: indexing of reflections observed in filly hydrated
samples at 25°C

S, is the reciprocal spacing of observed reflections,
value ving a i fonal lameliar la
using S,y =h/d, where d is the latlice parameter and /it i
Miller index of the ion. The lined § values

to reflections not observed in the X-ray pattern, Other notations as
in the text and Table |

R=00 Ly phase, d =679 A
S 0T3R4 S (107AN
148 1 147
296 2 295
4.1 3 42
589 4S89
- 5§ T3
R=001 Ly phase, d = 694 A
S0 YA0 kS 00 AN
144 1 144
B 2 WR
430 3 a2
576 4§76
- 5o

R-045

S (10°2A°H

Ly phase, d =742 A
Seae (107YA7Y)

169

TABLE 11 (continucd)

R=04 Gel phase, 49 A
San (1072A1 h Seac (1073271
183 [ 182
36,6 2 364
543 3 546
- 4 29
R=05 Gel phase, d = 542 A
Sa (10 FA D I Seae 1073A° Y
85 1 183 B )
36.7 2 369
5.7 3 554
- 4 34

angle profile, this phasc is identified as Ly [1 1,12). The
addition of pindolol at molar ratios lower than 0.1 does
not change this picture: however, the unit cell dimen-
sion as well as the lipid leafleat thickness (calculated as
reported in Table 1) appear to increase, confirming the
possible occurrence of a gradual transition towards the
B (untilted} chain conformation. In the intermediaic
range of the pindolol concentration, and in particular
for R between 0.1 and 0.4, it was nccessary to repeat
the experiments several times, as the diffraction pro-
files showed the presence of some unindexable reflec-
tions. A careful analysis of data indicates finally that
two different lamellar phases coexist in this concentra-
tion range, one having structural parameters compati-
ble with the Ly phase and the other being charac-
terised by a suprising small layer thickness (see Tables

When the drug molar rativ is cgual to 0.5, the
phase with refatively small unit cell is indeed

observed pure (see Tables 1 and 11). The layer periodic-
ity is of about 52 A, and appears not-compatible with
the occurrence of a Ly phase. In fact, the above
discussed high-angle diffraction pattern seems to indi-
an untilted arrangement of hydrocarbon chains:

swowever, the expected thickness of two apposing DSI'C
molecules with fully extended untilted chains is about
58 A [11], i.c., alrcady larger that the layer periodicity
observed. We conclude that this phase is actually an

‘gel’, namely a structure in which the

lipid hydrocarbon chains, which are stift, fully
d and per icular to the lamellar plancs,
ate interdigitated. The difference between the ex-
pected thickness of a lipid bilayer made of DSPC
molecules with fully extended untiltcd chains (58 A)
and the lipid bilayer as determined from the sample
concentration (about 37 A, sce Table I, is 21 A, ic..

135 113§

209 2 210

40.7 3 404 1and ID.

536 4 539

- 5 614 Tamell
R=01 L, phase, d =679 A Gel phase. d = 56.0 A
S U0 3R 7 5, A0AN b S, 300 AN

146 147 -

184 - 11

2.6 2 295 -

.4 - 2

4 32 -

- - 3 536

59.2 4 589 -

- - 4 T4 ) ’

nier y

R=02 Ly phase, d =660 A Gel phase. d = 54.2 A hosnl
S WA S0 PR S, 000R Y 1

152 V152 -

182 - [ITES

w2 2303 -

374 - 2 369

. 3 485 -

- - 3

60.6 4 606 -

assuming 1.25 A per CH, group, of about 17 CH,
groups. This corresponds to an interpenetration of
hydrocarbon chains up to the first CH, groups of the
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lipid of the apposing monolaycr, It is interesting to
note that similar gcl phasts were prcvmusly detected in
many phospholipid/ water drugs
(see for example Rcf. 14) or surface-active molecules
[16).

Above the pre-transition temperature. the well
known P, lamellar phase is expected [11,12]. Once
more, the addition of small quantitics of pindolol scems
not to medify dramatically the structure, even if the
lamellar thickness gradually increases (at 52°C from
740 A to 77.4 A when R changes from 0 to 0.1). At the
same temperature, when the drug molar ratio is larger
than 0.3, an extented two-phase region is obscrved.
According to the high-angle profiles, it possible to
1dcm1fy the two phases as the previously discussed

i d gel, which ists with the P, phase.
However, and in agrecement ‘with the high-angle obser-
vations, the pure P, phase can be still obtained siowly
incrcasing the temperature. Nevertheless, the corre-
sponding fayer thickness appears unusually large (at
55°C, the R =0.5 samplc shows a repeat distance of
about 77.8 A). The structural data, as reported in
‘l'able I, indicate that the presence of pindolol de-
creases the lipid chain tilt but also modify the hy-
drophilic propertics of the bilayer, as the water phase
composition increases.

Above the main transition temperature, and for ail
the favestigated pindolo! concentrations (but, as previ-
ously dlwusscd pmdulnl crystals are detected for R
higher than 0.5), the low-angle X-ray diffraction profile
appears compatible with the presence of a pure lamel-
lar phase. However, also in this case. the structural
data are sensitive to the drug concentration (see Table
1). The peculiar characteristics of the high angle pat-
tern suggest that the hydrocarbon chains are in an

Fie. 5. Qualitative temperature - mmlulol molar ratio (R=
M0l /Mol pype ) dependent pl am for fully hydrated
DSPC /water mixtures. The one-pl
indicate the region where pindolod erys

Clawic oid ilic stiuciuic of the

are present. The nomen-

intennediate conformation [17), i.e., partially in « and
paitially in a moic ordered arrangement. Considering
that the proportion of chains in the two conformations
scems to change as a function of the drug content, we
ccll this conformation aB [17). Actually, the increase of
the layer thickness observed as a function of pindolol
concentration, could be directly refated te the rigidity-
ing effect on the paraffinic chain conformation.

A pictorial representation of the temperature -
pindolol molar ratio dependent phase diagrarm is ve-
ported in Fig. 5. The presence of a large region of
coexistence of two (or more) phases must be pointed
out. Morcover, dots indicatc the region where pindolol
crystals were d 1. In biphasic regions, the
meat of structures was in many czses unsuccessful, duc
to unresolved X-ray spectra and /or to the impossibility
of attaining samples in thermodynamical equilibrium.
Twi such scasons, the boundary lines which separate
the different phases are to be considered only as largely
approximated.

4. Structural analysis of
phase

Ligh temperature lamellar

In order to obtain further information on the lipi
drug interaction, three icpresentative pindolol molar
ratios were chosen (namely, R=06, R=0.1 and R=
0.5). In particutar, after the determination of the re-
spective ure — water ation phase dia-
grams, the low-angle diffracted intensitics observed in
the high temperature lamellar phase were measured
and the corresponding electron density profiles calcu-
lated. For this purpose, and in order to solve the
crystaflographic phase problem, a so-called ‘swelling’
experiment was performed [18].

4.1. Phase diagrams
The temperature and “water concentration depen-
diagrame, traced for the two samples with
4.1 and 0.5 pindolol molar ratios, are reported in Fig.
6. For the same reasons just above discussed, these
phase diagrams must be considered only gualitative.
Making reference to the phase diagrams of the
DSPC/water system [11,12), where L., Py and L,
phases are present also for few percent of water,
scveral comments appear necessary. It is evident that
pindalol dramatieally modifies the phase behaviour,
inducing the appearance of the interdigitated ‘gel’ and
L,.s phases. Besides, as the drug is practically not
soluble in water, pindolol crystals are observed in the
drier side of phase diagranm, in a region which appears
more and more large as far as the drug concentration
increases, Concerning the observed phases, the per
tance of the Py phase could be noticed, even i

as
previously indicated (sece Table 1), some structural

modifi

ions scem to take piace. Above the mains
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4.2. Swelling experiments

The intensity analysis was made within the regions
of phase diagrams where the continuous transition
from L, to the L, phase seems to occur.

X- lay diffraction patterns give a set of integral in-
from which the module of the structure fac-
ted. In the simple case of one-di-

uscs, the equation which gives the sirue-
ture factors F(h) reduces to:

Fihy= I/ mhy

where # is the Miller index of the reflection, I{h) is its
observed intensity and m(h) the multiplicity [20]. In
order (o solve the crystallographic ‘phase problem’,
i.c., to determine the signs of the structure factors, it is
traditional in lipid crystallography to perform swelling

TABLE Il

Chemicel composition and structural data: swelling experimnents

The i ities of any i are lised such that Xi(h) =
1.0, The i error in i ift d i ities s
estimated to be £0.012. The J, % are measured from the electron
density mags (see text), Other notations as in the text and Table I.

R=0
c o0 017 0.26 030 .79
Cusr Cuga 0.10 0.18 027 031 -
Fig. b ¢ _ . d U\)u 530 557 598 60.4 o7
phase diagrams for pmdulnl/D&PC mlxlun.\ having pindolol mular ‘llm Ay 475 459 B8 ar -
ratios (R = mol oy /mol e 0.1 (upper dmmm) nnd 0.5 dfy (A - - - 404 -
Uower diagram). ‘The one-pha ¢ ha i m 0609 0563 0489 0482 -
cate the region where the es ith bulk water. The yze3y 0030 [IX1F] 0.236 0.254 -
nomenclature and the structure of the phases are given in the text. 13 0.0 0.185 0.210 0.3 -
" 9259 0140 0065 0563 -
«s) [ o 0 02 -
transition temperature, both phase Jdiagrans show the R=0.1
L, phase. As discussed above, this phase presents a 0.08 0.15 0.24 035 @75)
clear sensitivity to the pindolol content. Considering Cunan 008 016 0.2 0.36 -
the structural and chemical data reported in Table 111, diny 518 562 573 656 658
il appears that pindolol induces a larger hydrophilicity dyp () 475 414 449 420 -
of samples, as they saturate at higher waier ra- R - 429 -
tion (about 40% w /v of 30% [11,19], see Table i1y 0.819 0.809 0718 0475 -
1) #t is also interesting to note that the thickness of 2 0120 0019 "'"Z: a3 -
the linid lcaflet decreases as a function of the water ;8; ::::;3 (00050026 0083 -
N X 0167 0a8d a7 -
conteat. However, such a ‘compression’ effect appears 5) 0 0 0 03 -
balanzed by the presence of pindolol, which acts stiff- Y
ening the hydrocarbon chain or ion: therefore, at P 0.20 025 030 035 0I5
the same water concentration, the sample containing Coan 0.21 0.26 0.31 0.36 -
the higher quantity of drug shows the larger lipid layer d(A) 628 64.2 67.1 8.5 89
thickness. di, Ay au an 64 440 -
As a final note, we remark that in the R=0.5 da R - - - 45.2 -
sample, at about 50°C and for water concentiations o 070 0559 046k 0370 -
ranging from about 15% to 20% (w/w), a coexistence Q) w079 0.185 0331 0380 -
of a one-dimensional lamellar phase (L or P) and of a 13 0.055 0066 0.082 2wy -
not fully characterised more vrdered phase Q (cubic?) " 0.6 0007 0677 a4 -
i) 1} 0.028 0.042 0.057 -

was detzcted.
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experiments [18,21,22]. In fact, the addition of water to
an d lamellar system the di i
of the unit cell, as the amount of water between the
lipid layers increases. If the projected electron density
of the bilayer remains constant with swelling, the proper
scaled intensities, measured varying the water content,
are expected to sample the squared Fourier transform
of the structure. Ther, the signs of each structure
factor may be deduced observing the behaviour of the
continuous transform close 10 the zeros of intcnsities
[18,21). Actually, inside a swclling scries, the structure
may be modified, but if char:ges are small and continu-
ous, the structure factor signs can still be obtained with
reasonable ccrtainty [22).

In the present case, three series of swelling cxperi-
ments were performed at 65°C for different pindolol
contents, namely R=0, R=0.1 and R=0.5. The ex-
perimental data ace listed ir, Tabel 111, The plot of the
structure factors as a fuaction of the reciprocal spacing
S (A=Y is reported in Fig. 7. In particular, the ampli-
tudes were normalised according to [23):

Suin=d/don

where d is the observed lamellar repeat distance deter-
mined in each experiment and d;, is the correspond-
ing value observed for the sample of the series contain-
ing the imum quantity of water. From the curves in
Fig. 7, the position of zcros can be easily inferred. It
could be noticed that the smooth curves do not exactly
correspond to the Fourier transform of the same con-
stant structure. This indicates that the bilayer is chang-
ing its structure with swelling: as already propased [21],
the increased disorder of the lipid molecules at higher
water contents could explain such a behaviour.

Once determined the signs of the structure factors,
the el density distributions were finally cvalu-
ated, and electron density maps traced (for data nor-
malization * see also Ref. 22). A comparative analysis
of the results obtained in the three series is presented
in Fig. 8, where electron density profiles relative to
samples in the more hydrated condition (i.c., close to
the fully hydration) are reported. The more cvident
effect due to the presence of pindclol is the deepening
of the electron density profile in the paraffinic chain
re:gion. the position of the low ciectron-dense terminal

*In of the data i the elestron density
distribution (Jp(r), also cafled the map) @ zed dimen-
siunless expression of the fluctuation of the electron density p(r):

5 177

dptr)=[p( )l [pr) =)'}

being p(r) the Fouricr transform of the set of vbserved structure
factors and ¢ p) the average value of p(r) over the volume. See
Ref. 22 w4 refurences therein,

T e

5 600 | 3

(L)

b . 3

5 400 | . - J

] F - a ]

& 700 L . E

& L ] 1

5, »

3

2 E ]

B 200 N ]
002 0.06 01
Reciprocal Spacing S (A D

5 600 [ W (R0

T Lo- ]

5 400 | L 3

T L - ]

< 700 | " " ]

e L L} L 1 3

2 o

§ 200 b .. E

> | s ]

00 0.06 0.1
Reciprocal Spacing S (A )

g 600 | ' 1

toa0f "W ]

5 F 1

o E - 4

£ 00 | . v 1

o L

e L e ]

S Y]

g

£ 3

3 00 L ] ]
0.02 0.06 ot

Reciprocal Spacing 5 (A Y

Fig. 7. Plot of the scaled structure factors observed in DSPC/water/

pindolol mixtures at 65°C and at different degrees of swelling, as a

function of the reciprocal spacings (see Table 1. From top to

trattom, the pindolo! molar ratios (R = mulyy /molpspe ) are: 0, 0,1
and 0.5,

methyl groups in fact appears more and more visible,
confirming the proposed tightening of the hydrocarbon
chain conformation. Morcover, it could he sticssed
that almost all drug cffect is already present at R =0.1,
as not much difference seems to occur hetween the
electron density profiles of R=10.1 and £ =0.5 sam-
ples.

From the electron density maps, other information
can be obtained, as it is possible to directly measure
the dimension of the lipid and of the paraffinic layers
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The | phases induced by the pindolol appear
more common then previously thought. In particular,
gel phas\.s have been ohserved in hydrated bllayers of

i line at high
of glyccrcl or ethylene glycol [24] as well as of dipalmi-
lycerc! aftcr the addition of choline,
acetylcholme and polymixine B [25,26]. More receniiy,
it has been shown that several surface active small
molecules (for example, drugs as tctracaine {16}, chlor-
p ine [16), azelaic acid [14], propanolol [5,27] and

e —————
2
= t ) +
E h AN
z R=05
8 A\\
: /
o
E AN
o
g R=0.
/[\ t +—t A\
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I L " i 1 i N
-20 s20
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Fig. 8, Electron density profites, obtained by Fourier transiorm of
normalised structure factors (see Ref. 22), refative to the lamellar
phase observed at maximum hydration at 65°C in DSPC/water/
pindolo! mixtures. From top to bottom, the pindoiol molar ratios
(R =molypy /moipgpe) are: 0.5, 0.1 and 0. The origin is at the
center of the hydrocarbon region. The dashed arca represents the
uncertainties in the electron density curves.

[22). These data are reported in ‘I'able 11I: it could be
noticed that the agreement between them and the
ding valuss lated from the chemical pa-
rameters is very good. In particular, the increasc of the
thickness of the lipid layer observed as a function of
pindoloi conceatration appears directly confirmed.

COrre!

§. Conclusions

Scveral conclusions can be derived from the above
reports. First of all, the whole results show that pin-
dolol determines structural modifications mainly at the
paraffinic level of the model membrane, inducing a
stiffening and tightening of the hydrocarbon chain ar-
rangement. In the L. and Py, phases, this app asa

so on) but also uncharged compounds (as benzyl alco-
hol or phenylethanol [16)) can induce interdigitated
phases. On the contrary, high temperature structural
studies are relatively rare, so that the observation of a
L, phase appears quite unusual.

On the basis of these considerations, a mode! rela-
tive to the lipid-pindolo! interaction could be tenta-
tively proposed. According to MclIntosh et al. [16), it
appears that all the molecules (either charged or neu-
iral) just above considered, show amphiphilic proper-
ties, and tend to locate at the lipid/watcr interface.
However, it has been observed that, to produce inter-
digitation, the added molecule must present some size
constrainis [3,16]; in particuiar, if the mwolecuie leaves
vacant places in the paraffinic regicn of the lipid
bilayer, the chains can interpencirate. Considering this
picture, it is plausible that pindolol, anchoring at the
interface, causes voids Letween lipid chains and then
induces inierdigitation, However, the effects observed
in the Ly and P, phases as well as the induction at
high temperature of the L, phase, seem to indicate
that the pindolol mojety ds rather deeply
into the bilayer inteiior, so that the hydrocarbon chains
must adopt 1 different mnformatlon At low tempera-
ture, the loss of the req of
the hydrocarbon inoicty determines the observed grad-
ual transition towards the untilted chain conformation.
At high temperature, in order to satisfy the van der
Waals interactions, the chains assume 2 mixed ‘dis-
ordered-ordered’ conformation. This behaviour could
be related to the more genera! stabilizing effect ob-
served in such kind of drugs.

Aol Y

decrease of the hydrocarbon chain tilt, while, at the
higher drug content, a gel phase is induced: in this
phase the chains are forced to completely interdigitate.
Above the DSPC chain melting temperature, the pin-
dolol effect persists, so that the chains assume a mixed
‘disordered-ordered’ conformation: a clear decpening
of the electron density profile in correspondence of the
paraffinic region is then observed in the calculated
electron density maps. Noticeable is the fact that the
drug modifies also the ‘hydrophilic’ properties of the
mcmbrane: in both Py and LaB phases, the vindoloi
increases the water content between the lipid laysrs.
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