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Abstract

Electron Spin Resonance (ESR) spectroscopy of long-chain nitroxides (5-, 7-, and 16-doxyl stearic acid) has been used to evaluate the

perturbations induced by h-5-o-carboranyl-2V-deoxyuridine (CDU) on the structure and dynamics of egg phosphatidylcholine (EPC) and

EPC/cholesterol liposomes. Loaded liposomes are intended for the use in Boron Neutron Capture Therapy (BNCT). From a detailed analysis

of the motional and order parameters determining the ESR line shape as a function of temperature and of CDU content in liposomes, an

increased order and a hindered motion of the phospholipid membranes resulted in the presence of increasing CDU concentration. This

occurred particularly at the liposome surface level. Both higher ordering and increased rigidity of the membrane lipids were the result of the

constraints exerted by the embedded carboranyl-nucleoside.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Boron neutron capture therapy (BNCT) is based on the
10B(n,a)/7Li nuclear reaction which occurs when 10B nuclei,

which have a large capture cross section relative to the more

abundant endogenous nuclei (1H, 12C, 31P, 14N), are

exposed to thermal neutrons [1–3]. BNCT is referred to

as a binary therapy because the individual components (i.e.,

the boron atoms and the neutrons) unto themselves are not

efficacious. However, in combination, they have the

potential to create a highly selective damage to cancerous

cells and associated biological macromolecules because

alpha particle and lithium ion, the nuclear fragments

produced in the nuclear reaction, have very short diffusion

distances (5 Am for 7Li and 9 Am for a particles;
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approximately one cell diameter) within tissues. As a result,

those cells that have bound or taken up a 10B-containing

agent are selectively destroyed.

In order to achieve successful cell killing, BNCT agents

must be able to selectively deliver a considerable amount of

boron to the tumor cells. It is generally accepted that 5–30

Ag 10B per g of tumor are required for successful therapy

[4]. This amount will be substantially reduced if the boron is

concentrated in or near the cell nucleus [5–7]. Another

important requirement is that the boron delivery vehicle is

non-toxic and preferably carries more then one boron atom.

One of the major efforts in developing boron-containing

drug, therefore, is focused on the link of stable boron clusters

to various biomolecules. Higher boron percentages in such

molecular adducts may be beneficial in achieving the needed

cellular concentration without affecting the compound

toxicity. The first cluster that has been used for this purpose

is the o-carboranyl moiety (or carborane) which contains 10
cta 1712 (2005) 81 – 91



Chart 1. 5-o-carboranyl-2V-deoxyuridine (CDU).
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boron atoms [8]. Details on the compounds containing

carborane moieties are found in a recent review [9].

Among the many low molecular weight compounds

synthesized for BNCT, there are carborane-containing

amino acids, peptides, phospholipids, carbohydrates, por-

phyrins, DNA intercalator, antibodies, hormones [10].

Several nucleosides modified with a carboranyl group

have been developed in the last decade [11–13]. h-5-o-
carboranyl-2V-deoxyuridine (CDU, Chart 1) is a non-toxic

pyrimidine nucleoside analogue designed for BNCT of brain

tumors, which has been studied extensively for its cytotox-

icity, anticancer, antiviral activity, and cellular uptake in the

laboratory of one of the authors [14–17].

This pyrimidine nucleoside has a high boron content and

intact 3V- and 5V-hydroxyl functions. Schinazi et al. [14] have
proved that d-CDU is taken up by human lymphocytic cells

(CEM), primary human peripheral blood mononuclear

(PBM) cells, and brain tumor cells. It is phosphorylated

intracellularly by cellular kinases. This finding suggests that

the 5-o-carboranyl moiety is well tolerated and can mimic a

pyrimidine nucleoside. These results suggest that the

delivery and trapping in cells of large amounts of a boron-

containing nucleoside is possible.
Chart 2. Structures of the releva
One strategy for the amplification of drug delivery is

represented by using liposomes, which received special

attention within BNCT community.

Liposomes have the ability to carry large amounts of

both hydrophilic and lipophilic molecules and, if an

appropriate lipid composition is used, a significant increase

in the circulation time of the encapsulated species can be

achieved. Moreover, many studies have shown that lip-

osomes passively accumulate at tumor sites or sites of

infection [18–24]. Liposomes loaded with boronated com-

pounds have been investigated for boron delivery in animal

models [18–22].

The physico-chemical characterization of liposomes

containing boronated drugs has been performed by several

techniques [25–29].

Edwards et al. [30,31] have demonstrated the occurrence

of unilamellar liposomes with high monodispersity in both

egg phosphatidylcholine (EPC) and EPC/Cholesterol (55–

45 mol%) liposomal dispersions. Most lipid mixtures used

to produce liposomes for drug delivery contain cholesterol,

typically in concentrations of 30–50 mol%. This is because

cholesterol has the ability to increase the cohesive strength

and reduce the membrane permeability of phospholipid

bilayers. Recently, interesting structural effects of carbor-

anyl-carbohydrate containing EPC liposomes have been

found by employing cryogenic Transmission Electron

Microscopy (cryo-TEM) and Electron Spin Resonance

(ESR) spectroscopy of lipophilic spin probes [32]. In the

present work, liposomes of egg phosphatidylcholine and its

mixtures with cholesterol (Chart 2) were used as model

structures to obtain information on the potentiality of

liposomes as a drug carrier for carboranyl-nucleoside.

Since CDU has high hydrophobicity because of its ortho-

carborane domain, its localization is expected to be inside

the hydrophobic region of the membrane. In the present
nt chemicals in this work.



S. Rossi et al. / Biochimica et Biophysica Acta 1712 (2005) 81–91 83
work, the ESR of lipophilic spin labels was used to

investigate the effect of this nucleoside on both the structure

and dynamics of EPC and EPC/cholesterol liposomes. ESR

spectroscopy was also applied to bring out the influence of

CDU on the main phase transitions of phospholipid

membrane as a function of CDU mole fraction.

ESR spin labeling has, in fact, proved to be a powerful

technique for studying liposome bilayers and drug–lipid

interactions [27,33–39]. To evaluate the perturbations

induced by carboranyl-nucleoside on the dynamic structure

of the liposome membrane, we used spin probes with the

nitroxide moiety in different positions of the stearic acid

chain (5-, 7- and 16- doxyl stearic acid; 5-, 7-, and 16-DSA,

respectively, Chart 2).
2. Materials and methods

The liposomes examined were built up with egg-yolk

lecithin, EPC, mixed PCs containing both saturated and

unsaturated alkyl chains (approximately 70% 1-palmitoyl-2-

oleoyl-PC) of grade 1, purchased from Lipid Products

(Nutfield, England) and a mixed system composed by EPC/

Cholesterol in a molar ratio 55–45 mol% (Chart 2).

Cholesterol (CHOL) was purchased from Avanti Polar

Lipids (Alabaster, AL). The boronated drug was synthesized

by Schinazi et al. [14] and it was more than 98% pure as

determined by HPLC [14].

The spin-probes used in this work were 5-, 7-, and 16-

DSA (Chart 2). They were purchased from Sigma

Chemicals, München, Germany, and used without further

purification.

All other salts were of analytical grade and used as

received.

2.1. Sample preparation

The required amounts of phospholipid, cholesterol, spin

label (¨1 mol%) and boronated compound (in the case of

loaded liposomes) were dissolved in a 2:1 (v/v) mixture of

chloroform and methanol in a round bottom flask. The spin

probe concentration was low enough to prevent ESR line

width broadening by spin–spin interactions. The solvent

was evaporated under a stream of nitrogen gas to form a thin

film of the solute on the bottom. This film was dried

overnight under vacuum to remove any trace of the solvent.

The lipid multilayers were formed by hydrating the mixture

with HEPES buffer (0.15 M NaCl, 0.02 M HEPES,

pH=7.4), freeze–thawing the dispersion eight times. Then,

liposomes were downsized by extrusion (Liposofast appa-

ratus, Avestin, Ottawa, Canada) with 15 passages through a

polycarbonate membrane of 100 nm pore diameter.

Unloaded liposomes prepared with this technique were

unilamellar as shown by previously published results [30–

32]. CDU containing liposomes were unilamellar as shown

by cryo-TEM measurements (unpublished results). The total
lipid concentration used in this work was 5 mM. The

dispersions were transferred to 100 Al capillaries which

were used as sample cells for the ESR spectrometer.

2.2. UV spectroscopy

A Lambda-5 UV-visible spectrophotometer connected to

a HAAKE KV20 thermostat set to 298 K was used for the

UV measurements. Quartz 1 mm length cuvettes were used

and turned upside down a couple of times before measure-

ment. The absorbance of each dispersion was measured

against a blank of HEPES buffer solution.

2.3. ESR spectroscopy

ESR spectra were obtained on a Bruker spectrometer

model 200D operating at X-band (¨9.5 GHz) with a typical

rectangular cavity. Data acquisition was performed with the

ESR software commercialized by STELAR Meda, Italy.

Temperature was controlled with Bruker VTB 3000

accessory (accuracy=T0.5 K) and was monitored by means

of a thermocouple placed directly in the proximity of the

sample cavity. Typical value of the microwave power was

2.1 mW. All temperature scans were performed by heating

samples from temperatures well below any transition.

Samples were incubated for at least 20 min at the starting

temperature and for at least 10 min before scanning at each

new temperature. The microwave frequency was about 9.51

GHz while the central magnetic field was set at 3390 G with

sweep widths of 100 G. DPPH (g =2.0036) was used as

internal standard for g value determination. In order to

prevent inhomogeneous line broadening, the modulation

amplitude was usually kept less than one tenth, and never

more than one third, of the peak-to-peak line width of the

narrowest line.

2.3.1. Spectral line shape analysis

Suitable spectral parameter that characterized the ESR

spectra of randomly oriented, not immobilized spin labels, is

the half distance between the extreme peaks of the total

spectra, AVII. It is the value of the parallel component of the

coupling constant partially modulated by the nitroxide

motion dominated by the so-called correlation time relevant

for the nitroxide motion, <s> [33,38]. Therefore, this

quantity is directly correlated with the motional rates. The

latters were calculated according to the procedure given by

Freed et al. in terms of non-linear least-squares (NLLS)

analysis of the spectra based on the stochastic Liouville

equation [40–42]. From the calculation, the rotational

diffusion rates R– and RII and the order parameter S00
(see below) were obtained. R– and RII are the rotational

diffusion rates of the nitroxide radicals around the axis

perpendicular and parallel to the mean symmetry axis for the

rotation. The value of s–, the perpendicular component of

the correlation time, was calculated from R– from the

relationship: s–=1/6R–. The microscopic orientational



S. Rossi et al. / Biochimica et Biophysica Acta 1712 (2005) 81–9184
ordering of the spin label is characterized by the order

parameter S00, which is related to the amplitude of the

rotational motion. S00 is defined as follows:

S00 ¼ b1=2 3cos2h � 1
� �

�

It is a measure of the extent of alignment of zV molecular

axis with respect to the zW local director frame, taken as the

normal to the bilayer. The results reported in this work were

analyzed in terms of both AVII and <s>. We were more

interested to the bulk variations of the mobility in the

different domains of the liposome bilayer, rather than to the

finest details of the membrane dynamics; the discussion

carried out mainly in terms of AVII gained therefore in clarity.
AVII reflected, indeed, both the mobility and the amplitude of

motion of the segmental lipid chains. The AVII values

measured from spectra of independently prepared samples

were averaged over at least three determinations. The

reproducibility was T0.1 G.
Fig. 1. (A) UV spectra at 298 K of CDU (full line) and of 2V-deoxyuridine
(dotted line) in HEPES buffer ([CDU]=0.175 mM; [2V-deoxy-U]=0.151
mM) as compared with the 298 K UV spectrum of CDU-loaded EPC

liposomes in HEPES buffer (total lipid concentration=5 mM; dashed line).

(B) UV spectrum obtained by subtraction of the spectrum of CDU-loaded

EPC liposomes from that one of pure EPC dispersion at the same

phospholipids concentration and temperature (dashed line) as compared

with UV absorption of CDU in HEPES buffer solution (full line).
3. Results and discussions

3.1. UV measurements

The 298 K electronic absorption spectra of CDU and 2V-
deoxyuridine in HEPES buffer solution are shown in Fig.

1A and B. The maximum wavelength of the transition of

deoxyuridine base was 260 nm. The maximum absorption

of CDU was shifted to higher wavelength, that is, ¨274 nm.

The occurrence of an electron-deficient moiety, such as

carborane covalently bound to the uracil, produced this red-

shift effect. The extinction coefficient of CDU in HEPES

buffer was calculated to be 8.6�103 l/mol�cm. The

spectrum of EPC liposomes containing CDU is also shown

in Fig. 1A.

This spectrum was registered a few minutes after the

extrusion of the mixed dispersion in the spectrophotometer

cell (1 mm, optic length). As mentioned above CDU has

high hydrophobicity and for this reason we expected its

localization within the phospholipid bilayer. A valuable

parameter which strengthened this theory is represented by

the CDU partition coefficient. Jarugula et al. [43] have

determined the average octanol/phosphate buffer, pH 7.4,

partition coefficient (P) of CDU which is 3050T215,
corresponding to a log P value of 3.48. This evidence

proved that the partition of CDU in the lipidic phase is

therefore complete. The insertion of the boronated com-

pound in EPC liposomes did not affect either the position or

the width of the absorption at 274 nm (in the limit of

experimental error), whereas the 228-nm peak was shifted to

222 nm. This is clearly evident in Fig. 1B, where the

spectrum of CDU-loaded EPC liposomes, opportunely

subtracted by the pure liposome absorption, is reported in

comparison with the CDU water solution. The same result

was obtained with EPC/CHOL liposome dispersions.
3.2. ESR measurements

Because of the structural analogies of membrane lipids

and n-DSA, the stearic spin probes are suitable probes for

the alkyl chain mobility of phospholipids. The use of stearic

acids with the nitroxide moiety in different positions along

the lipid chain allowed us to investigate different segmental

hydrocarbon domains: the hydrophilic glycerol moiety and

the deepest interior of the hydrocarbon regions were probed

with 5-, 7-DSA, and 16-DSA, respectively.

Spectral measurements were made at different temper-

atures and the choice of the temperature range from 253 to

330 K for EPC and EPC-Cholesterol liposomes was dictated

by the gel-to-liquid crystal phase transition temperatures of

such phospholipid.
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3.2.1. 5-DSA spin probe

5-DSA inserted in EPC membranes gave the typical

slow-motion spectrum as it is very often observed when this

radical is introduced in ordered molecular assemblies. This

was observed in micelles, cationic and neutral liposomes,

lamellar phases [27,32,33,37,44–49].

The temperature dependence of the ESR line shape of 5-

DSA in EPC membranes with and without CDU 35 mol% is

shown in Fig. 2.

At the lowest investigated temperature (253 K), the

spectra of 5-DSA in unilamellar vesicles of both CDU-free

and CDU-containing EPC liposomes dispersed in HEPES

buffer approximated to the ESR powder pattern and were

characteristic of a rigid phase. AVII was ¨33 G for both

samples at 253 K as expected for phospholipid membranes

in the gel phase. The spectral anisotropy variations with

temperature were different in CDU-free and in CDU-loaded

liposomes. The values of AVII for 5-DSA in EPC/CDU

system were larger than in pure EPC liposomes at the same

temperature and this finding was particularly marked in the

temperature range 263 K to 283 K. The ESR data suggested

that addition of CDU to EPC liposomes reduced the degree

of the segmental lipid chain motion in the proximity of the

interfacial region with a significant influence on the

temperature-dependent phase behavior.

The 1/T dependence of ln AVII of 5-DSA in pure EPC

liposomes and in EPC liposomes loaded at two different

CDU concentrations are shown in Fig. 3A. The disconti-
Fig. 2. ESR spectra of 5-DSA with the nitroxide moiety at the C-5 position of

containing CDU 35 mol% (dotted line) ([EPC]=5 mM). The temperature at whi

defined in the ESR spectra of 5-DSA in the two systems at 263 K.
nuity observed in CDU free liposomes at ¨273 K

(1/T=3.66�10�3 K�1), corresponding to chain melting

phase transition, practically disappeared when 35 mol%

CDU was loaded. As a contrast, the transition at ¨310 K

(1/T=3.23�10�3 K�1) was maintained whose physical

meaning is not clear at the moment. The behavior with

temperature of the correlation time obtained from the

simulation of 5-DSA in CDU loaded liposomes was

similar to that of AVII (Fig. 3B).
As anticipated, the 5-DSA correlation time <s>, which

monitored the lipid mobility close to the bilayer surface,

displayed a marked temperature dependence. It is interesting

to note that, opposite to the AVII values, <s> showed a

marked sharp variation of slope at 273 K in plain EPC

liposomes, which shifted to T=279 K (1/T=3.58�10�3

K�1) in CDU-containing liposomes.

There were other remarkable features to be observed in

Fig. 3A and B. First, there was an increase of AVII and <s>
even at the lowest temperatures that became more marked at

273 K. Second, at increasing temperature, both AVII and <s>
in the two systems tended to converge. This happened at

T >310 K. Two different explanations could be given to

interpret these results. Because of the increasing water

solubility of CDU at the higher temperatures, CDU

embedded in the double layer could come out externally

in the water matrix and we suspect that the structural

differences of lipids in the gel and liquid-crystalline phases

allowed for the accommodation and for the interaction of
the acyl chain, in plain EPC liposomes (solid line) and in EPC liposomes

ch the spectra were recorded is indicated in the figure. Inset: 2 AVII as it is



Fig. 4. The order parameter, S00, of the 5-DSA spin label, as a function of

temperature T in pure EPC liposomes (˝) and in EPC dispersions

containing 35 mol% of CDU (o).

Fig. 3. (A) Dependence of the hyperfine splitting, AVII, on the reciprocal

temperature; 5-DSA in 5 mM EPC liposomes in the absence (˝), and in the

presence of CDU 35 mol% (.) and 43 mol% (q). (B) dependence of <s>
of 5-DSA on reciprocal temperature in pure EPC liposomes (˝), and in

EPC dispersions containing 35 mol% of CDU (o).
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the boronated compound in different ways inside the

membrane. In the fluid phase, the spacing between the acyl

chains was large enough to accommodate CDU molecules

without disrupting the membrane. Finally, the intensity of

the ESR overall spectra decreased markedly at higher

temperatures and the ESR signal disappeared at T >318 K.

This was simply explained assuming that the 2V-deoxyribose
unit in CDU acted as a reducing agent toward the nitroxide

group of the spin probe with formation of the corresponding

diamagnetic hydroxylamine.

Another interesting feature of the mixed system is that at

high CDU concentration (up to 43 mol%), the AVII values did
not change significantly and the spectra obtained from 5-

DSA were simulated with the same parameters used for the

sample containing 35 mol% of carboranyl-nucleoside (Fig.

3A). It is noteworthy that all of the spectra from EPC and

EPC/CDU dispersions were simulated as a single component

with the following best-fit parameters gxx = 2.0083,
gyy=2.0070, gzz=2.0029, <s>=2.0061; Axx=Ayy=5.5 G,

Azz=32.8 G, <A>=14.6 G.

However, the spectra from 5-DSA in EPC/CDU lip-

osomes at T=263–267 K showed an additional feature of a

broadened component which was a clear indication of spin–

spin interactions obtained from some 5-DSA molecules

clustering.

The changes of the order parameter S00 with temperature

for loaded and unloaded EPC liposomes are shown in Fig. 4.

As expected, pure EPC liposome dispersion showed a

decrease of the order parameter in the proximity of polar

head region as temperature was increased. This result was

consistent with the changes in membrane fluidity induced

by the increase of chain motions.

The accuracy of the simulations of the experimental

spectra at selected temperatures, obtained from 5-DSA in

the free and loaded systems, is shown in Fig. 5. The 298

K ESR line shapes of 5-DSA in pure EPC (full line) and

in EPC/CHOL (dotted line) liposomes are compared in

Fig. 6 with the ESR line shape of 5-DSA in EPC

liposomes containing CDU in 35 mol% (total lipid

concentration is 5 mM). The ESR spectra of 5-DSA in

EPC bilayer at 298 K, above its gel to liquid-crystalline

phase transition temperature, were affected by the occur-

rence of CDU in a similar way as in presence of choles-

terol in molar ratio 55–45 mol%.

The most apparent feature in the spectra shown in Fig. 6

was the AVII value which was appreciably higher in plain

EPC/CHOL liposomes than in plain EPC liposomes. The

EPC/CHOL ESR spectra looked very similar to the ESR

spectra from CDU-containing EPC liposomes. This unam-

biguously suggested an increased rigidity of the liposome

surface induced by the presence of cholesterol. This was not

a new observation since many cases are reported in which

the occurrence of cholesterol reduce the surface mobility of

liposomes [44,50,51]. The rigid tetracyclic ring structure of

cholesterol and the rigid angle at the cis double bonds in the



Fig. 5. ESR spectra of 5-DSA (1 mol%) in EPC liposomes dispersions in the absence (left) and in the presence (right) of CDU 35 mol% at T =263, 293, and

318 K. Solid lines, experimental spectra; dotted lines, simulated spectra; [EPC]=5 mM.
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oleoyl chains in EPC did not fit to each other when they

were in direct contact in the membrane. Due to this

structural non-conformability: (1) cholesterol molecules

tended to be excluded from unsaturated PC domains and

they segregated out; (2) the ordering effect of cholesterol

was much weaker in unsaturated PC bilayers compared to

the saturated PC membranes. It is well known that the

cholesterol favors the tutto trans conformation of PC alkyl

chain next to cholesterol. The ordering effect of cholesterol

could be defined as a physical interaction of cholesterol

itself with saturated acyl chains.

ESR measurements with 5-DSA were also conducted on

EPC/CHOL liposomes containing CDU even if the max-

imum amount of boronated compound soluble into the

dispersion was lower than 35 mol%. In fact, samples

containing EPC/CHOL (55–45 mol%) and CDU 35 mol%

gave white aggregates after addition of HEPES buffer to the

EPC/CHOL/CDU film mixture. The freeze–thaw process

did not induce the formation of a transparent dispersion,
Fig. 6. ESR spectra of 5-DSA in EPC/CHOL liposomes (dotted line), in

unloaded EPC liposomes dispersion (full line), and in EPC liposomes

containing CDU 35 mol% (dashed line) at 298 K; [lipids]=5 mM.
even after keeping the solution at 338 K for several hours.

The simultaneous occurrence of cholesterol and CDU 35

mol% with their bulk structure constituted chemical stress

and promoted the disruption of the aggregates.

Fig. 7A and B compare the behavior of AVII of 5-DSA in

EPC and in EPC/CHOL liposomes without and with the

boronated compound, respectively, in the temperature

range increasing from 253 K to 318 K. At each temper-

ature investigated, the AVII values were higher in EPC/

CHOL liposomes than in EPC liposomes. This was a

further proof that cholesterol induced a decrease in the

bilayer mobility. Moreover, the discontinuity, observed at

273 K (1/T�3.66�10�3 K�1), in EPC bilayers was also

found in EPC/CHOL liposomes. Above 273 K, a marked

difference between loaded EPC/CHOL and unloaded lip-

osomes appeared exactly as observed in EPC liposomes

(Figs. 3 and 7A). These differences decreased with

increasing temperature and above 310 K, the AVII values

in EPC/CHOL liposomes were independent on the

presence of CDU (compare the 3 curve in Fig. 7A with

the corresponding 4 curve in Fig. 7B). An interesting

observation can be deduced from Fig. 7B. In loaded

liposome bilayers, both made of EPC and EPC/CHOL, AVII
increased linearly up to 273 K for EPC/CDU system and to

263 K for EPC/CHOL/CDU dispersions; then, the slopes

changed. In loaded EPC/CHOL liposomes, the local

variations of mobility sensed by the probe decreased

below the main transition temperature.

The variation of <s> with reciprocal temperature in EPC/

CHOL liposomes had the same trend of that one observed in

EPC liposomes, although the <s> values were higher at

each temperature (Fig. 7C).

As already observed in EPC liposomes above the

transition temperature, the lipid matrices can accommodate

rather high concentrations of the carborane-derivative with

significantly altering the motions of the lipid chains. Most

probably, the polar head region of the neutral bilayers



Fig. 7. (A) Temperature dependence of AVII measured on ESR spectra of 5-

DSA in EPC (˝) and in EPC/CHOL (3) liposomes. (B) Temperature

dependence of AVII for 5-DSA in mixed dispersions containing EPC/CDU

35 mol% (g) and EPC/CHOL/CDU 30 mol% (4). The lipid concentration

in all samples was 5 mM. (C) Variation of ln<s> of 5-DSAwith 1/T in pure

EPC/CHOL liposomes (Q) and in EPC/CHOL dispersions containing CDU

30 mol% (R).
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became more packed in the presence of CDU. This effect

was stronger in EPC liposomes than in EPC/CHOL

liposomes, where it occurred at lower CDU concentration

and it was apparent in the gel phase, where the area

available for each polar head was lower. The fluidity

changes observed in our experiments was a result of a

higher ordering due to the constraints exerted by the

carboranyl nucleosides and an increase in the rotational

correlation time which has the same origin.

3.2.2. 7-DSA spin probe

To get further insight into the dynamic changes induced

in the lipid backbone by the carboranyl derivative, 7-DSA

was used (Chart 2). In this case, the doxyl ring was two

carbon atoms deeper inside the liposome than with 5-doxyl

ring. Thus, according to the fluidity map along the hydro-

carbon chain of the lipid molecules, a slightly higher fluidity

could be expected in pure EPC liposomes [52].

The temperature profiles of 7-DSA AVII in pure EPC

liposomes as compared with AVII values obtained from 5-

DSA in the same dispersion are shown in Fig. 8. In EPC/

CHOL liposomes, the same trend was also observed,

although the AVII values were higher than those calculated

in EPC liposomes, according with the considerations made

for 5-DSA. There is a remarkable feature in this figure: the

phase transition, indicated by a clear change of the slope of

the ln AVII values from 5-DSA in EPC bilayer, was not so clear

when 7-DSAwas inserted in the same liposome dispersions.

It is noteworthy to observe that the molecular mobility

sensed by 7-DSA in the EPC bilayer was higher above 307 K

(1/T=3.26�10�3 K�1) than the mobility sensed by 5-DSA

even if the slope of the two trends was the same. Below the

main phase transition temperature (1/T=3.66�10�3 K�1),

the mobility monitored by 7-DSA was slightly lower (if not

the same) than that one sensed by 5-DSA. As contrasted, in

the temperatures range 273 K to 307 K the behavior of AVII
Fig. 8. Variation of ln AVII of 7-DSA in EPC (o) as compared with the

values obtained from the spectra of 5-DSA in the same liposomal

dispersion (˝).



Fig. 10. Dependence of ln AVII, of 7-DSA in pure EPC liposomes (.) and in
loaded EPC (35 mol% CDU) liposomes (g) on the reciprocal of

temperature. [EPC]=5 mM, [7-DSA]=5�10�2 mM.

S. Rossi et al. / Biochimica et Biophysica Acta 1712 (2005) 81–91 89
for the two radicals was completely different. The temper-

ature curves of the two kinds of liposomes converged at the

main phase transition temperature. This finding was inter-

preted considering that the two spin-probes 5- and 7-DSA

monitored bilayer domains with different viscous processes

and different activation energies at temperature between 273

and 307 K. This was an expected result if we considered that

7-DSA is located in region with higher mobility and higher

temperature dependence.

When the 310K spectra of 5 and 7-DSA in EPC and

EPC/CHOL liposome dispersions were compared, 7-DSA

sensed a change in the lipid mobility stronger in EPC bilayer

than in EPC/CHOL liposomes, where the difference

between the AVII values of 5- and 7-DSA was rather small

(Fig. 9).

The AVII values of 7-DSA, as a function of 1/T, in pure

EPC liposomes and in the same liposome dispersion

containing 35 mol% of CDU are displayed in Fig. 10. The

same behavior was observed by EPC/CHOL in the presence

and absence of CDU. As previously observed for 5-DSA in

the examined temperature range, AVII values measured in the

spectra of loaded liposomes were significantly larger than

those for pure systems in both gel and liquid phases. The

values of AVII either in the absence or in the presence of

CDU converged as previously observed for 5-DSA. How-

ever, the temperature at which the AVII overlapped for 7-

DSA was appreciably higher.

3.2.3. 16-DSA spin probe

The ESR spectra of 16-DSA in plain EPC liposomes and

in CDU-loaded (35 mol%) liposomes are reported in Fig.

11. Above 310 K, the 16-DSA spectra either in plain EPC

liposomes or in CDU-loaded EPC closely resembled the

usual three-line derivative spectrum of a spin label in almost

fast motion as it typically happens when the paramagnetic

unit is located in depth into the mobile network of lipid
Fig. 9. ESR spectra at 310 K of 5- and 7-DSA in pure EPC liposomes

(upper spectra) and in EPC/CHOL (55–45 mol%) liposomes (lower

spectra); [lipid]=5 mM.
chains. At temperature �267 K, the ESR spectrum was

clearly dominated by species in slow motion conditions. In

the temperature range 267 K to 298 K, the spectra were

attributed to radicals in an intermediate motional region that

led to complex line shapes.

In particular, the line shape of these spectra consisted of

two component with different motional properties: (i) a

larger anisotropic component and (ii) a narrowed isotropic

component, which appeared at about 267 K and disappeared

above 298 K, indicated by the arrow in Fig. 11. This second

signal was due to radicals free to move in the liquid system.
Fig. 11. ESR spectra at different temperatures of 16-DSA in EPC liposomes

(solid lines) and CDU-loaded EPC liposomes (CDU=35 mol%; dotted

lines). The arrow indicates the sharp peak in the spectra from fast-moving

16-DSA in a different domain. In all of the samples, the concentration of

spin probes was 5�10�2 mM ([EPC]=5 mM).
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This finding was in agreement with other cases reported in

literature [37,46].

A further observation regarded the intensity of the

spectra which decreased significantly at higher temperature

and this finding was explained as it was done with 5- and 7-

DSA spectra.
4. Conclusions

We have reported a set of ESR experimental data that

allow to characterize EPC and EPC/Cholesterol liposomes

membrane loaded with the highly hydrophobic drug CDU.

Results show evidences that the carboranyl nucleoside

interact with the closest environment of the polar head

group of EPC bilayer. CDU modulating effect on both the

degree of packing and motional features of lipid phase in

EPC unilamellar liposomes. In liquid crystal EPC bilayer,

CDU was found to decrease the reorientational motion of

lipid chains and slightly increase alkyl chains order at

regions monitored by 5- and 7-DSA. Ordering effect of

CDU at the C5-position decreases very quickly with

increasing the temperature. More marked difference in

segmental lipid chain motion and order degree is clearly

evident for temperatures below the main phase transition.

Spin labels incorporated in 5 mM EPC/Cholesterol indicate

that the bilayer has lost a well-defined gel-to-liquid

crystalline phase transition. The occurrence of cholesterol

in EPC membrane induces dynamic changes by an

increased rigidity of the lipid chains in a similar way as

CDU molecules produces in EPC liposomes. The simulta-

neous occurrence of the carboranyl nucleoside and choles-

terol avoids the formation of aggregates at concentrations

above 30 mol%, whereas for EPC liposomes 43 mol% of

CDU has been reached. CDU produces the same dynamic

effect into the lipid bilayer of EPC/cholesterol membrane as

compared to EPC liposomes, even though this effect is less

pronounced.
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