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Abstract 1In the present work the structural
and thermodynamical modifications induced by
the calcium antagonist drug diltiazem, on DPPC
liposomes, considered . as model of the lipid
matrix of the cell membrane, have been studied,
by wusing differential scanning calorimetry,
x-ray diffraction and optical microscopy
techniques.

Calorimetric scans and X-ray diffraction
patterns show that, at higher concentration of
diltiazem, the pretransition peak disappears,
the main transition temperature decreases, the
lamellar thickness increases and the chains, in
the B conformation, are packed in a hexagonal
undistorted lattice.

Finally for higher concentrations of diltiazem
the liquid crystalline phase with melted chains
seems to become hexagonal.

INTRODUCTION

Calcium antagonists have provided a new approach
to the management of a wide spectrum of
cardiovascular disorders. They all share a common
mode of action: that of inhibiting calcium

influx. However, the various calcium antagonists
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differ from one another in terms of their
chemistry, bioavailability, tissue specificity,
potency and side effectsl. Diltiazem (fig.1l) 1is
an active calcium channel blocking agent shown to
be an effective and well-tolerated treatment for
angina, hypertension and supraventricular tachy-
arrhytmias2
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Figure 1. Chemical structure of diltiazem

It exerts other effects in addition to that of
blocking slow channels. For example, it has local
anaesthetic-like effects3. At high doses this
drug suppresses the fast scdium inward current as
well as the slow calcium inward current. Both of
these properties could contribute to the ability
of diltiazem to slow atrio-ventricular
conduction.

Moreover, a local anaesthetic-like effect of this
drug may mediate the inhibition of platelet
aggregation and this effect may mediate part of
the therapeutic efficacy in patients with
coronary artery disease.

Lastly, the membrane activity of diltiazem may be
important to determine its toxicity following
overdose4
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For these reasons we have investigated
diltiazem-DPPC mixtures in excess water by
differential scanning calorimetry, in order to
obtain information on the thermodynamical
behaviour, and by x-ray diffraction, in order to
find the structural modifications induced by
diltiazem on the lamellar organization of DPPC.

MATERIALS AND METHODS.

Sample preparation

1-2-dipalmitoyl-3-sn-phopsphatidylcholine (DPPC)
and diltiazem + HCl were obtained from SIGMA and
used without further purification.

The lipid-drug mixtures were made in a chloroform
solution, dried in a nitrogen flow and
lyophilized. To calculate the molar ratio R
(moles of diltiazem/moles of DPPC) we have taken
into account the n-octanol /water partition
coefficient of diltiazem  HCl, which is 19.45: in
fact, <considering the solubility properties,
n-octanol is commonly accepted as the best model
of the biological membranes.

Distilled water was added in a water-DPPC weight
ratio 3:1.

The liposomes were obtained by heating the
agqueous mixtures above the chain melting
temperature and by vortexing several times during
some hours.
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Calorimetry

A DSC2 Perkin Elmer calorimeter with related
processor was used to investigate the
thermodynamical properties of samples versus the
molar ratio of the drug in DPPC. All the scans
were obtained using a heating rate of 2.5 °K/min
and for each molar ratio were made seven samples
and each sample was run two or three times.

X-ray diffraction

X-ray diffraction profiles were obtained using a
vertical powder diffractometer and some
diffraction pictures of aligned and not aligned
samples were obtained by using an Hentschel 1low
angle camera. The x-ray source was a rotating
anode generator Rigaku Denki RU300, and
Ni-filtered Cu k  radiation ( A=1.54 R) was used.
The sample temperature was controlled by an
electronic device.

Optical microscopy

Optical observations were performed using a LEITZ
ORTOLUX 2POL polarizing microscope, equipped with
a Mettler FP52 hot-stage, to determine 1if the
drug was all solubilized and to see if the
mixtures were organized in a liposome system, or

in stacks of lamellae, or in a hexagonal phase.

RESULTS

Differential scanning calorimetry.

Calorimetric heating scans were started at 200°K
and stopped at 330°K. An endothermic ice melting
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peak ensures that the samples are 1in excess
water. The pure DPPC liposomes show two
endothermic peaks (fig. 2a): one at 36°C, the
so-called pretransition peak, due to an LB’ to

PB' phase transition, the other, the main
transition peak at 41.5°C, due to the PB’ to La
phase transition.
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Fig.2 Calorimetric scans of DPPC-diltiazem
mixtures, scan rate 2.5°C/min.

The heating scans of DPPC-diltiazem mixtures

show, at molar ratio R31O-2, the same two peaks

(fig.2b R=10_2). The main transition temperature
is almost constant, but the half height width
shows a small increase; . the former peak
temperature decreases to 33°C (R=1O—2) and for
molar ratio R>10" 2, only the chain melting peak
appears, which becomes larger and shifts toward
lower temperatures as the molar ratio increases

(see an example in fig.2c for R=0.1). A shoulder
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seems to appear on the main transition peak
toward 1lower temperatures, at molar ratios
between 0.4 and 0.5 (fig.2d R=0.5) . Figure 3
shows the behaviour of the transition temperature
as a function of the diltiazem molar ratio.
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Figure 3. Transition temperature versus
diltiazem molar ratio "R": a) melting chain
transition, b) L to P phase transition.

B’ B’
The enthalpy of the main transition peak referred
to the lipid plus drug weight is constant within
the experimental uncertainty. The cooperative
unit (CU) of the <chain melting transition was

calculated by using the relationG:

4eRaT?
cu

ATs AH
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where R is the gas constant, T is the transition
temperature, AT is the peak width and AH the
molar transition enthalpy, considered as the
enthalpy of the lecithin alone. Figure 4 shows
that the cooperative unit decreases from 120
(pure DPPC) to 55 (R=0.8), as the diltiazem molar
ratio increases. The cooling scans show two
additional peaks only for the saturated solution,
R=0.8.
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Figure 4. Cooperative unit CU versus diltiazem
molar ratio "R". :

X~-ray diffraction

Vertical goniometer profiles and low angle
pictures show that the phases of the 1lipid
mixtures at room temperature are lamellar for any
concentration of diltiazem (fig. 5 a,b,c).

In particular low angle pictures were taken to
determine if the phase was lamellar or hexagonal,
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namely to detect the diffraction first order of
the lamellar phase.

33A
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Figure 5. X-ray low angle pictures

(enlargement 2 x 1):
a) R=0.001, b) R=0.3, c) R=0.8. T=25°C
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Pigure 6. Lamellar repeat spacing, d, vs
diltiazem molar ratio.

Diffraction profiles, from 26 =1 to 26 =35,
were used to calculate the lamellar repeat



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:42 19 February 2013

DILTIAZEM EFFECTS ON LIPOSOMES 325

spacing and to investigate the high angle
scattering.

For diltiazem molar ratios O<R<10
fig.6), the lamellar repeat spacing appears to be
very similar to that of pure DPPC LB' phase

(d=64A); when 10_2<RSO.5, the repeat spacing

2 (fig.5a and

strongly increases to a value of about 1003
(fig.5b and fig.6); whilst, at higher
concentrations, it suddenly decreases almost to
the normal value, (fig.5c and fig.6).
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Figure 7. High angle x-ray diffraction:
a) R=0.01, b) R=0.5. T=25°C.

High angle patterns show that, for low molar
‘ratios (R<1072)y, the phase is Lg.: in fact
(fig.7a) two peaks appear, the one sharp and the
other Dbroader, corresponding to a distorted
hexagonal arrangement of hydrocarbon chains as in

pure DPPC L,, phase. If R>107% (fig.7b) only a

BI
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strong and sharp peak appears, shifted toward
higher angles.
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Figure 8. Interchain distances vs diltiazem
molar ratio: a) T=25°C, b) the temperature is
2°C below the chain melting transition, c)
full width at half maximum of the same high
angle peaks reported in curve b.

Figure 8a reports the interchain distances Kl

(empty circles), 22 (squares) and £ (filled
circles) at T=25°C; £1 and £2 were calculated
from the d1 and d2 Bragg values of the high angle

peaks in the L phase, by using the relations7:

BI
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da, / 4, = 2cosa

2 1
£1 = d1 / sinc
Kz = 2d1 / tana.

where o is the angle between £l and 22

Moreover £ was calculated by the equation £=24/3
according to a regular hexagonal bidimensional
lattice, as in pure DPPC PB' phase.
Figure 8b shows the behaviour of the interchain
distances at a temperature 2°C below the <chain
melting transition, corresponding to each
concentration and reported in Figure 3. The empty
circles refer to the PB’ phase and the filled
circles refer to the new phase. At lower
concentrations the interchain distance is
constant and at higher drug molar ratios it
slightly decreases.

Figure 8¢ reports the full width at half maximun
of the same peaks reported in Figure 8b: it
appears that the high angle peak becomes sharper
as the molar ratio increases from R=10"2 to
R=0.8.

The figure 9 shows some low angle pictures of the
melted chain phases : R=10"° (a), R=0.1 (b),
R=0.5 (c), and in figure 10 are reported the
lamellar repeat spacings as a function of the
diltiazem/DPPC molar ratio.

Low concentration samples (Rs10_2) adopt a
lamellar phase similar to that of pure DPPC La
phase, as shown 1in fig.9%a (d=723, R=0.01).
Intermediate concentration samples, 10—2<Rs0.3,

show a lamellar phase with a periodicity almost
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twice as compared to the one of pure DPPC (fig.9b
d=112 A).

Figure 9. Low angle pictures at T=50°C
{enlargement 2 x 1):
a) R=0.01, b) R=0.1], c) R=0.5.
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Figure 10. Lamellar repeat spacing, 4,
vs diltiazem molar ratio. T=50°C
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Two higher concentration samples, R=0.4 and
R=0.5, adopt a hexagonal phase (fig.9c). The
three peaks shown have Bragg distances 58 ﬁ, 34 &
and 29 &, with the ratios 1:43:2. '
Finally, at R=0.8, the phase seems to be lamellar
with a periodiéity of 79 i, but with a very weak
first order peak and a very strong and broad
second order peak.

At all concentrations a diffuse wide angle peak
indicates that the chains are melted.

Optical microscopy

Polarized light observations show that, for lower
drug concentration samples, the textures suggest
a liposome  lamellar phase, while at R20.1 the
textures are similar to those obtained with
lamellar planar stackss, both at room and at high
temperatures. The R=0.4 and R=0.5 samples show
lamellar textures at room temperature but the
phase with fluid chains appears almost
pseudoisotropic with some clusters in a lamellar
planar phase. The R=0.8 sample shows a texture of
lamellar planar phase at any temperature, whereas
some diltiazem crystals are present, at R>0.8,
indicating that the saturated solution was
reached in agreement with Cassidy et als.

DISCUSSION

The calorimetric results (fig 2 and 3), as in

particular the decrease of transition
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temperatures , the disappearance of the former
peak and the decrease of the cooperative unit,
suggest that diltiazem fluidises the bilayer. A
relationship between the type of the transition
profile and the drug localization in the Dbilayer
was presented by Jain et alg. In our case the
main peak behaviour can be referred to the
so—called type C profile at 1lower drug molar
ratios and to type A, then to type B at higher
concentrations. Therefore, as indicated by Jain’s
results, the drug molecules at lower
concentration would be localized in the region of
the chain end, below the 9th
at higher concentration they can be also

carbon atom, while

localized in the Cl—C8 region. At still higher
concentrations, the presence of the shoulder
suggests that diltiazem, localized also in the
glycerol region, induces the appearance of
another phase which coexists with the normal
phase. It is interesting to observe a coherence-
in the data: in fact all changes in calorimetric
and in structural curves appear at the same
concentration, between 1072 ana 10" %,

From the structural point of view, Figures 6 and
8a,b,c show that for 0.1<R<0.5 the lamellar
repeat spacing of the new gel phase, strongly
increases as a function of drug concentration,
the interchain distance slightly decreases and
the full width at half maximum of the high angle
peak strongly decreases. These facts suggest
that the distorted hexagonal lattice transforms

into an undistorted one, while the molecular tilt
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angle disappears when more than 1 drug molecule
is present every 10 lecithin molecules. Low angle
pictures obtained with aligned samples show that
in all the phases characterized by'a single sharp
high angle peak, the chains are perpendicular to
the layers and fully elongated in the B
conformationlo. The loss of the chain tilt cannot
be the only cause of +the observed interlayer
distance strong increase. In fact the saturated
solution, R=0.8, adopts a lamellar phase with
about the pure DPPC interlayer distance, even if
with very different relative peak intensities.
Also in this case only one sharp wide angle peak
is present, indicating an ordered B conformation
of thé chains packed in a hexagonal lattice.
However a still more important increase of the
lamellar repeat spacing is observed iﬁ the

melted chain lamellar phase La for the R=0.1 to
R=0.3 concentration range (fig.10): the spacing
appears to be almost twice as compared to the one
of pure DPPC. Of course the effect of ¢tilt
removal cannot be claimed as the chains are
melted. The increase of the lamellar repeat
distances, induced by the drug presence, can be
then related to a corresponding increase of the
trapped water content.

Considering the melted chain phases observed at
higher drug content, it is important to note
that, by increasing the molar ratio above R=0.3,
the lamellar phase La transforms to a hexagonal
phase, whose unit cell parameter11 is a=68 A.
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A possible explanation of this phase transition
can be that the relatively 1large and short
molecules of diltiazem are located as a wedge in
the glicerol region (as confirmed by DSC data),
in such a way to produce a layer curvature. For
still higher concentration (R=0.8), the
calorimetric cooling scan presents two new peaks,
which suggest a phase coexistence. The X-ray
diffraction patterns of the melted chain phase
can be indexed as a one-dimensional lamellar
latticell, but, unusually, the second order
appears to be very broad and strong as compared
to the first and to the third one.

The sequence lamellar-hexagonal-lamellar,observed
at high temperature, with increasing diltiazem
ratio, can be explained considering that, for
very large diltiazem molar ratids, the drug
concentration gradient along the chain direction,
existing when the hexagonal phase occurs,
vanishes or is strongly reduced. The behaviour
of the diltiazem DPPC mixtures is similar to that
obtained in our laboratory by using other drugs
like propranoclol and vitamin E. We are now
studying the lamellar phase electron density
profile of DPPC doped with diltiazem or
propranolol in order to measure the trapped water
content and the 1lipid layer thickness and to

.determine the position of the drug molecules

inside the bilayer. A preliminary diltiazem-DPPC
electron density profile for R=0.3 (d=114 A)
suggests that the swelling of the bilayer is due

to a strong trapped water thickness increase and
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to a smaller lipid thickness increase. We are
also planning to use neutron diffraction to
obtain further information on this quite

complicated system.

CONCLUSIONS

At higher molar ratio, diltiazem has a fluidising
effect, lowering the main transition temperature.
In the gel phase the lamellar repeat spacing
increases and the chains are stiff and parallel,
in the B conformation, and packed into an
undistorted hexagonal lattice. In the La phase
the repeat spacing 1is almost twice as large as
that of pure DPPC La phase. The fluid phase
becomes hexagonal, at R=0.4 and R=0.5, and it is
again lamellar, at R=(0.8.

For the sequence lémellar—hexagonal—lamellar,
observed at high temperatures, with increasing
diltiazem ratio, a possible explanation was
given, in term of drug concentration gradients

along the chain direction.
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