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Summary

Phenylbutazone (PhB) is a powerful anti-inflammatory drug that is very sparingly soluble in water (solubility =1 X 107* M).
This drug is capable of altering the phase transition temperature of phospholipid bilayers consisting of pure dimyristoyl- or
dipalmitoylphosphatidylcholine without changing their calorimetric enthalpy (4 H,;), but decreasing their cooperativity unit size, as
shown by differential scanning calorimetric (DSC) measurements. On interaction with PhB, multilamellar liposomes (MLV) of
dimyristoylphosphatidylcholine (DMPC) undergo lateral phase separation owing to the immiscibility in the bilayer plane. In the
authors’ view, phenylbutazone lies preferentially in the polar region of the bilayer. In this way, the intercalated drug molecules can
disrupt hydrogen bonds spanning between adjacent head-groups, thereby destroying the specific structural arrangement of a
specific polar head-group region. The pH of the medium is the determining factor - through the degree of ionization of the drug
and the interface — on which qualitative and quantitative changes in the main thermotropic transition of phospholipids induced by

PhB depend.

Intreduction

Various studies on non-steroidal anti-in-
flammatory drugs (NSAIDS) (Gryglewski, 1974;
Hwang and Shen, 1981) have shown that, in addi-
tion to the known fact that they inhibit the
biosynthesis of prostaglandins, which are essen-
tial mediators of the inflammation process, some
of them have additional effects related to the
plasmatic membrane.

Correspondence to: J.R. Chantres, Department of Pharmaceu-
tical Physical Chemistry, Faculty of Pharmacy, Complutense
University, E-28040 Madrid, Spain.

Surface tension experiments on phospholipid
monolayers have also shown the ability of these
drugs to act on them (Queralté Moreno et al.,
1984). Thus, the ability of some of these drugs to
alter the phase transition undergone by phospho-
lipids (PL) has been demonstrated by using lipo-
somes and both differential scanning calorimetry
(DSC), fluorescence quantum vyield measure-
ments and fluorescence anisotropic measure-
ments with molecular probes such as perylene
and 1,6-diphenyl-1,3,5-hexatriene (DPH) embed-
ded in bilayers (Chantres et al., 1984, 1986). On
the other hand, phenylbutazone (PhB) has been
shown to induce shape changes in erythrocytes
(Fujii et al., 1979), stabilize liposomal membranes
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(Mizushima et al., 1975) and modify the C calori-
metric transition of erythrocyte membranes (Snow
et al., 1978; Davio and Low, 1982).

In addition to the above features, determining
the potential use of liposomes as drug delivery
systems requires elucidating the action of the
encapsulating chemical on the physical status of
the bilayer in order to be able to predict the
stability of the particles involved and the drug-re-
lease behaviour.

On intercalation, drug molecules decrease the
temperature at which phospholipid membranes
undergo the transition from the gel to liquid
crystalline state. This temperature is characteris-
tic of each phospholipid and depends on the
molecular structure of the fatty acid chains and
the polar head-groups of the phospholipid mole-
cules. The thermotropic behaviour of phospho-
lipids has been investigated by using various tech-
niques including NMR, X-ray diffraction, syn-
chrotron radiation, fluorescence spectroscopy and
FTIR spectroscopy (Cullis and De Kruijff, 1979;
Tilcock et al.,, 1982; Hong et al., 1988; Goémez-
Fernandez et al., 1991; Quinn and Lis, 1991; Yin
et al.,, 1991). On the other hand, the thermody-
namic parameters for the gel to liquid crystalline
phase transition of liposomes are best obtained
by DSC.

This work reports on a study of the effects of
PhB on the aforementioned transition, with spe-
cial emphasis on the role of the ionization state
of PhB on thermogram changes in terms of its
relative location with respect to the bilayer.

Experimental
Materials

L-a-Dimyristoylphosphatidylcholine (DMPC)
and 1-a-dipalmitoylphosphatidylcholine (DPPC)
were purchased from Sigma Chemical Co. Their
purity was checked by thin-layer chromatography
(Bangham et al., 1974). Both phospholipids were
stored in chloroform solutions that were placed
in a nitrogen atmosphere at —20°C. They were
analysed quantitatively by the method of Bartlett
(1959).

Phenylbutazone (4-butyl-1,2-diphenyl-3,5-pyra-
zolidinedione) was complementarily supplied by
Laboratorios Lafarquim. Its purity was checked
by IR spectroscopic and melting point measure-
ments. After desiccation, the product was dis-
solved in methanol and stored in the dark at
—20°C.

The buffer solutions used included HOAc-
NaOAc of pH 4.5, Tris-HCl of pH 7.0 and
NaHCO,/Na,CO; of pH 10.0. All reagents used
were analytical-grade chemicals and bidistilled
water was employed throughout.

Methods

Preparation of the liposomal dispersions

We chose to use multilamellar liposomes
(MLV), which allow for much more reproducible
calorimetric measurements than small unilamel-
lar liposomes (SUV) (Steim, 1968; Suurkuus et
al., 1976; Kantor et al., 1977) and feature a higher
transition cooperativity than both SUV and LUV
(large unilamellar liposomes), therefore, being
more suitable for studying the effects of external
agents on the bilayer by the DSC technique
{Mabrey and Sturtevant, 1976).

The liposomal dispersions were prepared es-
sentially according to previously reported proce-
dures (Chantres et al., 1986). The overall sample
volume and phospholipid concentration used were
100 ul and 70 mM, respectively. Reproducibility
of the results was ensured by allowing the DMPC
and DPPC dispersions to stand at room tempera-
ture for 2 and 3 h, respectively, after preparation.
PhB was added during the liposomal preparation
procedure at, the phospholipid film formation
stage.

Calorimetric measurements

The study was performed with a Mettler TA
3000 thermal analyser equipped with a DSC-20
measuring cell. Thermometric and enthalpic cali-
bration was carried out with indium, zinc and
lead. A second, fine calibration of the thermo-
metric scale was performed by using water,
palmitic acid and indium. The calibration results
were consistent with the melting points and fu-



sion enthalpies of standards of saturated fatty
acids containing between 10 and 16 carbon atoms.

Samples volumes of 20 ul containing approx. 1
mg of phospholipid were placed in 50-ul crucibles
and scanned at a rate of 2 K min~!. Before the
temperature programme was executed, samples
were kept at the initial temperature (5°C for
DMPC and 15°C for DPPC) for 15 min. The
reproducibility of the rising and falling tempera-
ture scans was quite satisfactory, particularly for
the fairly high rates at which they were per-
formed. However, this did reflect in the usual
hysteresis between the two types of scan.

The average size of the transition cooperative
unit, {v), was calculated from the measured
calorimetric enthalpy, AH_,, by using the equa-
tion

> 6.9 T2 )
YT AH, AT, , M

where T, is the main transition temperature and
AT, ,, denotes the peak half-width at half-height
(Hinz and Sturtevant, 1972).

185

Results

Phenylbutazone alters the thermograms ob-
tained for the gel-liquid crystal transition under-
gone by DMPC and DPPC bilayers. Inasmuch as
it is a weak acid (pK, =4.5), the pH of the
medium conditions its action as regards the posi-
tion of the main transition temperature (7,,) and
the degree of cooperativity of the transition.

Fig. 1 shows some of the thermograms ob-
tained in the rising temperature scans. In all
cases — even at the lowest assayed concentration
— the drug caused the characteristic pre-transi:
tion of the phospholipid to disappear. One other
common feature is the virtual constancy of the
transition enthalpy, irrespective of the PhB con-
centration and pH of the medium (Fig. 2).

As can be seen in the DMPC recordings ob-
tained at pH 4.5, the onset transition tempera-
ture (7T},) and that of the maximum (7)) shifted
gradually to lower values; also, the transition
width, i.e., the temperature range spanned by the
transition, increased with increase in the PhB
concentration. The effects observed at pH 7.0
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Fig. 1. DSC thermograms for the thermotropic transition of multilamellar liposomes of DMPC (A-D) and DPPC (E~H) obtained

at a scan rate of 2 K min ™"

in the absence (A and E) and presence of PhB in a mole ratio of 20% at three different pH values. The

broken line (thermogram D) corresponds to a falling temperature scan, whereas the others correspond to rising temperature scans.
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Fig. 2. Variation of the enthalpy of the main thermotropic
transition of multilamellar liposomes of DMPC (3) and DPPC
(0) as a function of the PhB/PL ratio at pH 4.5. Bars
represent the standard deviation of the measurements on
each of three liposomal samples after at least four rising
temperature scans. The results obtained at pH 7.0 and 10.0
were not significantly different from those found at pH 4.5.

were qualitatively identical, though quantitatively
smaller. On the other hand, while the decrease in
T, and T,, was significant, the peak width (4T, )
did not vary appreciably at pH 10.0; however, a
shoulder suggesting the occurrence of phase sep-
aration in the bilayer was clearly observed at this
pH and a PhB mole ratio of 20%.

The DPP-PhB system behaves similarly to
DMPC. Qualitatively, the effect of phenylbuta-
zone on the phase transition of DPPC is subject
to the same concentration and pH dependence as
for DMPC. However, there are significant quanti-
tative differences. Thus, at any pH, the decrease
in T, and T, is less marked, as is the increase in
the peak width (4T, /,).

The thermograms obtained in the falling tem-
perature scans (not shown here) were similar to
their rising temperature counterparts, reflecting
their characteristic hysteresis and no pre-transi-
tion — not even for the pure phospholipid sam-
ples. On the other hand, the shoulder observed at
pH 10.0 and a 20% PhB/DMPC mole ratio ap-
peared in the form of a second peak with a T
value very similar to that of the pure phospho-
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Fig. 3. Variation of the onset transition temperature change
ATy, as a function of the PhB/DMPC mole ratio at pH 4.5

(0O), pH 7.0 (&) and pH 10.0 (a). Bars represent the stand-
ard deviations of the measurements.

lipid (PL) in the falling temperature scan (Fig.
1D). In fact, the scans performed at high PhB /PL
mole ratios reflect the potential occurrence of
multiple transitions at the pH values studied.
Figs 3 and 4 show the fall in T, AT, as
function of the PhB/PL ratio for both systems at
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Fig. 4. Variation of the onset transition temperature change
AT, as a function of the PhB/DPPC mole ratio at pH 4.5
(0), pH 7.0 (), and pH 10.0 (a). Bars represent the stand-
ard deviations of the measurements.



the three pH values assayed. The similarity be-
tween the two graphs is outstanding. Both seem
to reflect a saturation phenomenon at pH 4.5
which is not observed at any of the PhB/PL
ratios assayed at the other two pH values. On the
other hand, while the drug activity is clearly ob-
served at a 2% mole ratio at pH 4.5, there seems
to be an ‘induction interval’ prior to AT, taking a
significant value at pH 7.0 and 10.0.

Fig. 5 shows the effects on the transition width
arising from changes in the cooperative unit size,
whose variation with the PhB/PL ratio is also
depicted in the graph. The qualitative effect on
both phospholipids is quite similar and is maxi-
mal at pH 4.5 and minimal at pH 10.0. The
activity is higher on DMPC bilayers than on DPPC
bilayers, Thus, for a phenylbutazone mole ratio of
20%, the average cooperative unit size decreases
from 210 to 70 for the DMPC bilayers and from

AT, /K <v>, AT /K
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113 to 55 for the DPPC bilayers. The concentra-
tion threshold requisite is clearly observed at pH
7.0 and 10.0 for the DMPC liposomes. Also, both
systems are subject to a saturation effect at pH
4.5 and 10.0.

Discussion

Even though cell membranes are believed to
be in a highly ‘fluid’ state, because of the high
proportion of unsaturated fatty acid chains that
make up phospholipids, bilayers are not in such a
state throughout; rather, the above-mentioned
fluid regions co-exist with more ‘rigid’ regions in
the context of a functional strategy. This calls for
a serious study if the activity of various agents
capable of altering the physical state of these
domains is to be determined. On the other hand,
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Fig. 5. Variation of the transition width 47, s2 (&) and the average cooperative unit size calculated from it (v) (Hinz and
Sturtevant, 1972) (O} as a function of the PhB/PL mole ratio at the three pH values assayed. Bars represent the standard
deviations of the AT, ,, measurements.
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the growing use of liposomes as drug delivery
systems requires the potential alterations to those
features of the bilayer that may affect its stability
and barrier properties to be studied in depth in
order to improve their bioavailability and thera-
peutic index.

Below the phase-transition temperature, the
PL molecules in the gel phase are packed in a
highly ordered manner with the hydrocarbon
chains of the fatty acids in an all-trans conforma-
tion that hinders motional freedom considerably.
At the transition to the liquid crystalline state,
the hydrocarbon chains gain more motional free-
dom, some C-C bonds adopt a gauche conforma-
tion, the bilayer thickness increases and the bi-
layer expands as a result. In addition, packing in
the region of the polar head-groups is believed to
be loosened.

Our experimental results confirm the ability of
PhB to alter the thermotropic phase transition of
multilamellar vesicles of DMPC and DPPC. The
pre-transition of phosphatidylcholines, which is
ascribed to the transition from an L, structure to
a Py structure, is highly sensitive to the presence
of other molecules capable of exerting an action
from the polar group region, even in very low
proportions (Ladbrooke et al., 1968; Cater et al.,
1974; Chapman et al., 1974; Hwang and Shen,
1981); any alterations in this respect will there-
fore be scarcely specific.

As far as the ability of PhB to alter the main
phase transition is concerned, it is markedly in-

fluenced by the pH of the medium - with the
exception of the enthalpy change — on account of
its weakly acidic character (pK, =4.5). In the
phospholipid, the apparent pK, values at the
liposomal surface are 3.7 and 11.6 for the phos-
phate and trimethylammonium group, respec-
tively (Seimiya and Ohki, 1973), so the fraction of
the zwitterionic form is approx. 97.6% at pH 10.0,
99.9% at pH 7.0 and 86.3% at pH 4.5. Hence, the
first difficulty involved in the incorporation of
100% ionized PhB into the bilayer at pH 10.0 lies
in the electrostatic barrier posed by the prevalent
phosphate group. This effect is somewhat less
marked at pH 7.0; moreover, the degree of ion-
ization of PhB at this pH is such that there is
some undissociated species (approx. 4.4 x 107°
M for a 20% PhB/PL mole ratio according to
our experiments) in the medium. Such an undis-
sociated concentration can not be considered to
be negligible in terms of its potential contribution
to the observed effects; in fact, being a neutral
species, its partitioning equilibrium between the
aqueous and lipid phase will be displaced to the
latter. However, the differences encountered at
pH 7.0 and 10.0 are only apparent at high drug
concentrations. On the other hand, at pH 4.5 the
neutral form of PhB accounts for less than 50%,
so the drug is more liable to be incorporated into
the bilayer and induce greater perturbations.
The significant differences between the effect
of PhB on the two phospholipids can be ascribed
to the following facts: inasmuch as DPPC has two

Fig. 6. Scheme showing three possible locations of the phenylbutazone molecule with respect to a DMPC bilayer. (A) Deeply inside
the bilayer, which would result in major alterations to the phase transition. (B) Situation where PhB would lie at the same level as

glycerol, from which it could disturb the interfacial region and the phospholipid chain packing. (C) At an outer level, where the
drug would only interact through polar groups and would hardly disturb the acyclic chain packing.



extra methylene groups, van der Waals interac-
tions will be stronger, so any packing loosening
caused by an external agent will affect this phos-
pholipid less markedly than it will DMPC. As a
result, the transition parameters will be affected
to a lesser extent.

The cooperative unit size is highly sensitive to
the presence of external agents. On the other
hand, the alterations induced by PhB result in no
dramatic changes in the calorimetric profiles that
might be consistent with major alterations to the
bilayer (e.g., in the situation of PhB in scheme A
or B, Fig. 6), not even at the highest concentra-
tions assayed. Accordingly, the PhB-PL interac-
tion may conform to one of the models reported
by Verteuil et al. (1981). Such a model describes
the temperature dependence of the relationships
between lipid bilayers and small molecules and
takes account of both Coulomb and van der Waals
interactions. It is an interstitial model according
to which the perturbation takes place in the vicin-
ity of the polar groups (see the scheme in Fig.
6C). The model also takes account of direct inter-
actions between adjacent molecules and the ex-
ternal agent. One of the predictions of this model
is the occurrence of a phase that is rich in the
agent; this lies in interstices and thus ‘fluidizes’
the neighbouring phospholipid chains, which have
a lower transition temperature as a result. This
situation can occur in a state of immiscibility in
the bilayer plane that gives rise to lateral separa-
tion of the phase, as shown in our thermograms
obtained at pH 10.0 and, in general, in all the
experiments carried out at a high PhB/PL ratio.

We therefore believe that phenylbutazone lies
preferentially in the polar region and interacts
with the polar groups of phosphatidylcholine,
scarcely penetrating into the interfacial region
delimited by glycerol skeleton and esters bounds
of the acyclic chains. In this way, intercalated
drug molecules can disrupt hydrogen bonds span-
ning between adjacent head-groups, thereby de-
stroying the specific structural arrangement of an
also specific polar head-group region. The pH of
the medium would be the one factor determining
the degree of penectration of phenylbutazone
through the degree of ionization of the drug and
the interface (proportion of the zwitterionic form
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of the phospholipid). Qualitative and quantitative
alterations to the main thermotropic transition of
the phospholipid would thus depend on such a
factor.
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