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Abstract

The possibility of cationic (di-oleoyltrimethylammonium propane, DOTAP)/(L-a-dioleoylphosphatidyl-ethanolamine, DOPE) liposomes

to act as carriers of boronated compounds such as 1,2-dicarba-closo-dodecaboran(12)-1-ylmethyl](h-D-galactopyranosyl)-(1! 4)-h-D-
glucopyranoside and 1,2-di-(h-D-gluco-pyranosyl-ox)methyl-1,2-dicarba-closo-dodeca-borane(12) has been investigated by Electron Spin

Resonance (ESR) of n-doxyl stearic acids (n-DSA) and Quasi-Elastic Light Scattering (QELS). Both these carboranes have potential use in

Boron Neutron Capture Therapy (BNCT), which is a targeted therapy for the treatment of radiation resistant tumors. They were shown to

give aggregation both in plain water and in saline solution. Carborane aggregates were, however, disrupted when DOTAP/DOPE liposome

solutions were used as dispersing agents. The computer analysis of the ESR spectra from carborane-loaded liposomes allowed to establish an

increase of the order degree in the liposome bilayer with increasing carborane concentration, together with a decreased mobility. The same

discontinuities of both correlation time and order parameter with respect to temperature variations were observed in carborane-containing and

carborane-free liposomes. This suggested that a homogeneous dispersion of nitroxides and carboranes occurred in the liposome bilayer. The

ESR line shape analysis proved that no dramatic changes were induced in the liposome environment by carborane insertion. QELS data

showed that the overall liposome structure was preserved, with a slight decrease in the mean hydrodynamic radius and increase in

polydispersity caused by the guest molecules.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction ity, because the penetration length in tissues of both 7Li and
4

Boronated compounds are currently of great interest for

their use in Boron Neutron Capture Therapy (BNCT) [1,2].

This is a targeted cancer therapy based on two separate

steps: (i) accumulation of 10B atoms into neoplastic tissues;

(ii) irradiation with a thermal (or epithermal) neutron beam.

Neutrons are able to induce fission of the 10B nuclei, with

consequent release of heavy particles:

10Bþ n ! ½11B� !7Liþ4Heþ c ð1Þ

The resulting lethal effect is limited to the cells where

boron nuclei are located or to those in the nearest proxim-
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He is of the order of a few micrometers. Selective uptake

of boronated molecules by malignant cells is a primary

concern for the success of BNCT, being the critical factor

which allows to spare healthy cells while killing neoplastic

ones. Various methods to obtain this goal have been

developed. Strategies employed include: (i) the use of

boronated compounds with some affinity for tumors, such

as borophenylalanine (BPA)[3,4]; (ii) the conjugation of

boron-rich molecular moieties with tumor-specific mono-

clonal antibodies [5,6]; and (iii) the use of carriers such as

conventional, neutral liposomes to deliver boronated mol-

ecules [7–11].

The ability of delivering boron-containing compounds

deeply inside the tumor cells and, possibly, close the

nucleus, is also an important requirement in order to

improve the efficiency of BNCT. Cationic liposomes are
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currently used for delivering gene and other DNA fragments

[12–16]; their ability to penetrate eucaryotic cells and to

reach the nucleus has been widely demonstrated, so we

thought it could be interesting to study the insertion of boro-
compounds into cationic liposomes, in view of their possi-

ble use as carriers for BNCT.

The boronated molecules used in this work were the

carboranyl derivatives 1,2:
These molecules consist of a cluster containing 10 boron

and two carbon atoms (closo-carborane unit), with icoesa-

hedral geometry, covalently attached to two sugar rings.

The above molecules and similar compounds have been

recently tested in vitro and in vivo as boronating agents for

B-16 melanoma and C6 rat glioma cells, with encouraging

results [17].

Continuous-wave Electron Spin Resonance (ESR) of

appropriately tailored probes has been used to study self-

assembled systems, because of its sensitivity to dynamical
events in the time scale of nanoseconds or slower, and

because several features, such as ordering and clustering at a

molecular level, can be monitored [18–22].

Recently, the physico-chemical properties of liposomes

built up with a cationic surfactant (di-oleoyltrimethylammo-

nium propane, DOTAP, 3) and a neutral phospholipid (L-a-

dioleoylphosphatidyl-ethanolamine, DOPE, 4) in the 1:1

weight ratio have been studied with the aid of the ESR of

stable nitroxide radicals inserted into the vesicle bilayers and

with the aid of Differential Scanning Calorimetry (DSC) [23].
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In this paper we report on the ESR and Light Scattering

(LS) characterization of DOTAP/DOPE liposomes before

and after interaction with boronated compounds.
2. Experimental section

2.1. Materials

Carboranes 1 and 2 were synthesized according to the

procedure reported in Ref. [24] and used without further

treatment. Both LCOB (1) and DGCOB (2) were water-

soluble, at least up to 2� 10� 2 mol/l.

DOTAP (3) and DOPE (4) were purchased from Avanti-

lipids, Alabama, and used as received.

The ESR probes 5-DSA (5-doxyl-stearic acid, 5) and 16-

DSA (16-doxyl-stearic acid, 6) were obtained from Sigma

Chemicals, München, Germany.
The working pH ensured that the DSA probes were

protonated since stearic acid is a very weak acid.

2.1.1. Sample preparation

Liposomes built up with DOTAP and DOPE, in the

weight ratio 1:1, were extruded with 27 passages trough

polycarbonate membranes (pore diameter 100 nm) after

the preparation of multilamellar dispersions, as described

in Ref. [23]. PBS (phosphate buffer 10� 2 mol/l) at

pH = 7.4 and 0.15 mol/l NaCl in water were used as

the aqueous medium. This procedure gave the most

reproducible results. In the following, this medium will

be addressed to as physiological solution, since it is

considered a good model to mimic physiological ionic

strength and pH.

Total lipid concentration in liposomes was 1.4� 10� 2

mol/l (~10 mg/ml). Freshly extruded liposomes had a mean

diameter of 110–130 nm, as checked by Quasi Elastic Light

Scattering (QELS). These values were in agreement with

those reported in the literature for similar preparation

procedures [25]. As explained above, the carboranes used

in this work are relatively water-soluble compounds, so they

were added to preformed liposomes as aqueous solutions.

Equal volumes of liposomes and of carboranes, dissolved in

physiological medium, were mixed and the final solutions
were let to equilibrate for 15–30 min prior ESR or LS runs.

The above procedure gave samples which were stable for at

least 1 week. Carborane molar fractions xCB, where

xCB=[carborane]/([carborane]+[DOPE]), ranged from 0035

to 0.66.

Samples for ESR runs contained spin probe concentra-

tion from 10� 4 to 2� 10� 5 mol/l. The nitroxide/lipid ratio

in liposomes was therefore 1:140 or lower, which reason-

ably ruled out both strong line broadening and strong effects

on the liposome structure, as due to the presence of

foreigner molecules.

2.2. Methods

ESR spectra were recorded with the aid of the Bruker

ESR spectrometer model 200D operating in the X band.

Spectra acquisition and handling were carried out with the

ESR software from Stelar, Milan, Italy. Temperature was

controlled with the Bruker VTB 3000 apparatus; accuracy

was F 0.5 K.

Spectra were computed with the NLSL program, devel-

oped by Schneider and Freed [26] and Budil et al. [27],

which allowed to reproduce the ESR absorptions in different

motional conditions. From the computation, the best-fit

motional and order parameters were obtained. The proce-

dure was based on the Liouville stochastic equation, where

the spin Hamiltonian terms arising from electronic Zeeman

and nucleus–electron coupling are included. No contribu-

tions from nuclear Zeeman effect and from nuclear quadru-

pole of 14N were considered.

Without entering into details of the calculation proce-

dure, which can be found elsewhere [28–30], only a few

hints are given here. Since vesicles are typical examples of

structures locally ordered and macroscopically disordered,

the Microscopic Order Macroscopic Disorder (MOMD)

model was applied in all simulations. The time-averaged

order parameter S is defined by an unique axis (the director

normal to the bilayer plane) along which the reorienting

potential acts:

S ¼ hD2
00i ¼ h1=2ð3cos2h � 1Þi ð2Þ

where D00
2 is a Wigner rotation matrix element. In the

computation, S was assumed as a fitting parameter.

The probe reorientation is anisotropic, thus parallel and

perpendicular correlation times, sN and s?, were needed to

correctly describe the motion of the reorienting object. The

Brownian model was assumed, for which:

si ¼ 1=6Di ð3Þ

with Di being the diffusion coefficient along the i direction.

In bilayer-based structures, the perpendicular components



Fig. 1. ESR spectra of 5-DSA (2� 10� 5 mol/l) added to LCOB in

physiological solutions at different carborane concentration (T= 310 K).

Fig. 2. Intensity autocorrelation function vs. time of a 10� 3 mol/l LCOB

in physiological solution. Scattering angle = 90j, temperature = 298 K.

On the vertical axis, the normalized autocorrelation function of the

scattered light [ g2(t)� 1] has been reported. It is related to g1 by the

relationship: g2(t) = 1 +bjg1(t)j2, where b is an instrumental parameter

accounting for the signal-to-noise ratio.
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s? and D? are usually considered the more relevant ones,

because they reflect the rotational wagging motion of the

acyl chain long axis.

QELS experiments were performed on a Brookhaven

Instrument apparatus (BI 9000AT correlator card and BI

200 SM goniometer). The signal was detected by an

EMI 9863B/350 photomultiplier. The light source was

the doubled frequency of a Coherent Inova diode

pumped Nd-YAG laser (k = 532 nm), linearly polarized

in the vertical direction. The laser long-term power

stability was F 0.5%. Self-beating detection was recor-

ded using decahydronaphthalene as an index matching

liquid.

As it is typically done, the intensity autocorrelation

function, g1(t), was fitted to a cumulant expansion of

relaxation rates C [31] according to

lnAg1ðtÞA ¼ �C̄̄t þ 1

2!
l2t

2 � 1

3!
l3t

3 þ . . . ð4Þ

where:

C̄̄ ¼
Z l

0

CGðCÞdC ð5Þ

G(C) being the weight factor that accounts for the

contribution of the population with decay rate C to the
decay of the autocorrelation function of the scattered

intensity. And:

li ¼
Z l

0

GðCÞðC � C̄̄ÞidC ð6Þ

A weighted least-square technique was applied to the

second-order polynomial function to determine the mutual

diffusion coefficient from the first cumulant, while the

variance l2/C
¯
provided an evaluation of the distribution

width.

Alternatively, assuming a continuous distribution of

relaxation rates of the autocorrelation function, the aggre-

gate size distribution was obtained by Laplace inversion of

the experimental intensity autocorrelation function with the

CONTIN algorithm [32].
3. Results and discussion

3.1. Aggregation of carboranes in solution

The carboranes studied in this work have a molecular

structure reminding amphiphilic compounds, their hydro-

phobic and hydrophilic portions being the B10H10 cage and

the sugar rings, respectively. Since drug self-association is

not unusual in solution, we verified if aggregation occurs in

the aqueous medium. Drug self-association is indeed de-

pendent on temperature, ionic strength and pH, although the

discontinuities in many physico-chemical properties, due to

aggregate formation, are less evident and less sharp with



Fig. 3. 310 K ESR spectra of 5-DSA in water solution of: (i) carborane-free DOTAP/DOPE (w/w= 1:1) liposomes (full line); (ii) LCOB containing (xCB = 0.06)

DOTAP/DOPE liposomes (dashed line); (iii) LCOB containing (xCB = 0.67) DOTAP/DOPE liposomes (pointed line). The calculating procedure of 2AjjVis
shown in the spectrum i).
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respect to the case of more conventional surfactants. How-

ever, the exact mechanism of drug association has long been

debated, and in many instances non-cooperative pathways

have been proposed [33–39].

Fig. 1 shows the experimental ESR spectra at 310 K of 5-

DSA (2� 10� 5 mol/l) added to physiological solutions of

LCOB at concentration between 10� 2 mol/l (spectrum a)

and 10� 3 mol/l (spectrum d). Spectrum d was the well

known three-line absorption of 5-DSA in almost free

motion. This was simply interpreted in terms of nitroxides

rapidly reorienting in an isotropic, non-viscous medium.

The line shape and the hyperfine coupling constant value,

hAi= 1.58 mT, ensured that the environment of the probe

was typically water.

A complex shape was obtained at LCOB concentration

>10� 3 mol/l (spectrum a–c). In particular, spectrum a was

dominated by a large ESR absorption due to spin probes in

restricted motional conditions, superimposed to the narrow

three-line absorption which is typical of nitroxides mole-

cules in fast motional regime. The broad spectrum was

therefore attributed to nitroxides inserted into carborane

aggregates. The partition of spin probes between two

different motional domains in slow mutual exchange is
Table 1

Best-fit magnetic parameters used to reproduce the 310 K ESR spectra of n-DSA

gxx gyy gzz Axx (mT)

5-DSA 2.0089 2.0060 2.0029 0.62

16-DSA 2.0093 2.0060 2.0024 0.59

a n= s?/sN.
not unusual in the study of self-assembling systems, most

of them having been recognized as micelles [40–47]. The

three-line isotropic signal in spectrum a meant that a small

fraction of 5-DSA probes (3–5%, as estimated from signal

double integration) resided in the aqueous environment in

slow exchange (sexch>10
� 9 s) with 5-DSA embedded in

carborane aggregates. As for the lowest concentration

reported in the figure, aggregate presence was suggested

at [LCOB] = 10� 3 mol/l by the enlargement of spectrum d

(inset). However, no reliable conclusions on the exact value

of the aggregation concentration could be drawn for this

system by ESR data only. In fact, the partition of nitroxides

and the need of using low probe/carborane ratios prevented

us to carry out the same analysis as in the case of more

concentrated samples.

QELS was thus used to verify the presence of aggregates

in dilute solution. These measurements were not performed

on concentrate samples because of their translucent, slightly

milky appearance. Actually, large structures were detected at

concentrations as low as 6–7� 10� 4 mol/l.

Fig. 2 shows the intensity autocorrelation function of

LCOB at 10� 3 mol/l concentration in physiological solu-

tion, obtained at a scattering angle of 90j. The above-
inserted in DOTAP/DOPE liposomesa

Ayy (mT) Azz (mT) s? (s� 1010) n S20

0.63 3.3 6.5 10 0.5

0.6 3.25 5.0 1 0.03



Fig. 4. Partially averaged parallel hyperfine component, 2AjjV, of 5-DSA

ESR spectra as a function of the carborane molar fraction in DOTAP/DOPE

(w/w= 1:1) liposome dispersions: (5) LCOB, T= 298; (n) DGCOB,

T= 298; (o) LCOB, T= 310; (.) DGCOB, T= 310.
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mentioned slightly opalescent aspect (which persisted to a

lesser extent down to this low concentration) indicated the

presence of mesoscopic scale aggregates.

A second-order cumulant fit of this autocorrelation

function yielded a relaxation rate of 1.167 kHz, due to the

Brownian motion of objects with a diffusion coefficient of

2.35� 10� 8 cm2 s� 1, clearly inconsistent with the motion

of LCOB monomers.

According to the Debye–Stokes–Einstein equation

(D = kBT/6pgRh, where Rh is the particle hydrodynamic

radius and g the solvent viscosity), the previous value is

connected to a hydrodynamic size, which in the present case

was 104 nm.

The overall behavior of DGCOB was very similar to that

of LCOB.

QELS data gave therefore experimental evidence that

strong aggregation in the binary systems of sugar-derived

carboranes has to be taken into account when employing

this kind of molecules in aqueous media.

3.2. DOTAP/DOPE liposomes loaded with carboranes

Fig. 3 shows the 310 K ESR spectra of 5-DSA in

DOTAP/DOPE liposomes containing LCOB at LCOB mo-

lar fraction xCB = 0.06 and xCB = 0.67, as compared with the

5-DSA spectrum in the carborane-free liposomes in the

same experimental conditions. As reported in ref. [23], 5-

DSA inserted in the bilayer of DOTAP/DOPE liposomes in

pure water gives rise to the typical spectrum of the nitroxide

in restricted motion with not completely averaged magnetic

anisotropies. The narrow line width observed suggests that

5-DSA probes are located in a highly uniform site distribu-

tion. No significant differences were observed in the ESR

spectra when pure water was replaced by physiological

solution, as it was done in this work. The same best-fit

magnetic parameters were therefore used in the calculation

(Table 1). A small increase of the overall spectral width,

even at the lower carborane content, indicated that a less

uniform environment was sensed by the probes. This was

interpreted as a proof of carborane insertion. A more marked

order increase and mobility decrease in the bilayer took

place at high LCOB molar fraction, as it is evidenced by the

data reported in Table 2, where motional and order param-
Table 2

Best-fit parameters for the simulation of 5-DSA ESR spectra in DOTAP/

DOPE liposomes containing different amount of LCOB

xCB n s? (s� 1010) S20

0 10 6.5 0.5

0.035 10 8.6 0.51

0.067 10 9.7 0.51

0.127 5 11.1 0.51

0.176 5 13.7 0.53

0.263 5 14.0 0.53

0.391 5 15.4 0.55

0.52 5 15.9 0.58

0.66 5 18.8 0.63
eters at several loading ratios are compared. Again in Fig. 3,

the evaluation procedure of outer hyperfine splitting 2ANV is
also shown. Fig. 4 reports the 2ANVvalues of 5-DSA inserted

in DOTAP/DOPE liposomes, obtained at two different

temperatures as a function of LCOB and DGCOB loading.

2ANV is a good semi-empirical parameter for the ESR

analysis of probes located in axially anisotropic environ-

ments, since it is correlated with fluidity and molecular
Fig. 5. Experimental (full lines) and computed (pointed lines) 310 K ESR

spectra of 5-DSA in DOTAP/DOPE liposomes containing different molar

fraction of LCOB.



Fig. 6. Above: Temperature dependence of lns? of 5-DSA inserted in: (z)

DOTAP/DOPE liposomes in physiological solution; (n) as in z with added

LCOB up to xCB = 0.25; (1) as in z, with added LCOB up to xCB = 0.5.

Bottom: Order parameter, S20, of 5-DSA in: (z) DOTAP/DOPE liposomes

in physiological solution; (n) as in z with added LCOB up to xCB = 0.25;

(1) as in z, with added LCOB up to xCB = 0.5.

Scheme 1. Sketch of the liposome membrane bilayer after insertion of

carborane (LCOB) and 5-DSA.

S. Morandi et al. / Biochimica et Biophysica Acta 1664 (2004) 53–63 59
order. It has been extensively used to show trends and point

out transitions in bilayer-based structures [48–53]. The two

carboranes gave almost overlapping results, indicating that

very similar interactions took place. The hydrophobic por-

tion of the two carboranes, that is the B10C2H11-cage, might

therefore be responsible for both LCOB and DGCOB

insertion, whereas the sugar moiety played a minor role in

the bilayer modifications observed. Considering the good

correlation between carborane content and lipid packing (as

expressed by 2ANV) shown in Fig. 4, extensive interactions

between carboranes and liposomes could be assumed.

Moreover, it is known that the B10C2H11-cage has a high

lipophilic character and no affinity for water or other polar

environments [54,55].

Fig. 5 shows the experimental and computed spectra of

the 5-DSA nitroxide inserted in liposome solutions which

contained LCOB at molar fraction from 0.035 to 0.67. All
the simulations reported in this figure were carried out

assuming that the spin probe sensed a single environment

and, therefore, a single absorption was used to reproduce

the ESR spectra of liposomes interacting with LCOB at

different molar fractions. The good agreement between

experimental and simulated spectra, obtained with this

hypothesis, suggested that all the carborane molecules

were inserted into liposomes. This was also in line with

the experimental evidence that no underlining or super-

imposed signal could be detected. Similar results were

obtained for DGCOB.

Original micelles or other kinds of carborane aggregates

were thus disrupted and the carborane molecules were

associated with the liposome membrane. A quantitative

evaluation of the incorporation extent is being performed

through NMR spectroscopy of 1H and 11B, and preliminary

results showed that no signal due to carborane monomer or

to carborane aggregates was detected after interaction with

liposomes.

Therefore, the only explanation we had to account for the

observed ESR spectra was that the interaction occurring

between carboranes and liposomes arose from insertion of

the former molecules inside the hydrophobic core of the

bilayer. Just to these features, the 5-DSA probe was sensi-

tive. This suggestion also agreed with LS measurements, as

it is discussed later in the text.

The simulation of all spectra recorded at different tem-

peratures allowed us to separate the contributions due to

motional and order parameters. Results are shown in Fig. 6a

and b, where the variations of s? and S20 as a function of

temperature for two different carborane content (xCB = 0.25

and xCB = 0.5) are compared with the same variations

observed in plain liposomes. Marked discontinuities were

evidenced in the trend of lns? in the same temperature

range, that is from 269 to 272 K and 303 to 310 K, both for



Table 3a

Hydrodynamic diameter and polydispersity index for pure and LCOB-

loaded liposomes

DOTAP/DOPE

liposomes

Liposomes

( + xCB = 0.25)

Liposomes

( + xCB = 0.5)

Dh (nm) 115 112 98

Polydispersity (%) 11 12 25

Fig. 7. ESR spectrum of 16-DSA inserted in plain DOTAP/DOPE

liposomes (full line) and in liposomes containing LCOB (xLCOB = 0.5,

pointed line). T= 310 K.
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drug-free and carborane loaded DOTAP/DOPE liposomes.

By referring to the analysis carried out with Differential

Scanning Calorimetry (DSC) data and discussed in Ref.

[23], the discontinuity at lower temperature was due to the

gel–liquid crystal transition of the phospholipid bilayer.

DSC also suggests that only a structural rearrangement of

the molecules occurs at room temperature, according to the

conclusion reached by Tanaka and Freed [56]. No evidence

was found for other kind of phase transition, such as

lamellar-inverted hexagonal, which could in principle occur

in the case of bilayers containing high amounts of DOPE
Fig. 8. Intensity autocorrelation function vs, time of DOTAP/DOPE

liposomes dispersions without LCOB (pointed line) and with LCOB

(xLCOB = 0.25, full line, and xLCOB = 0.50, dashed line, respectively). On

the vertical axis the normalized autocorrelation function of the scattered

light [ g2(t)� 1] has been reported. It is related to g1 by the relationship:

g2(t) = 1 + bjg1(t)j2, where b is an instrumental parameter accounting for

the signal-to-noise ratio.
[57]. The phase transition 40–50 K above Tm is attributed

by these authors to an orientational rearrangement of the

hydrocarbon chains, following the Kimura and Nakano

theory [58]. The same arguments could be used to explain

the results reported in this work, which suggested that the

contemporary presence of 5-DSA and carboranes did not

deeply affect the overall behavior of the DOTAP/DOPE

liposomes. In fact, from the ESR parameters analyzed in

Figs. 4–6, it appeared that the basic bilayer structure of

liposomes was retained, and that the fluid oleoyl chains of

DOTAP and DOPE were flexible enough to host carborane

cages without dramatic rearrangements. A homogeneous

dissolution of both nitroxide and carborane into the lip-

osomes could thus be assumed. A sketch of the suggested

arrangements is presented in Scheme 1.

The ESR spectra of the 16-DSA spin probe showed only

very small differences between unloaded liposomes and

liposomes containing carboranes up to xCB = 0.5–0.6. A

typical example is reported in Fig. 7 where the 310 K

spectra of 16-DSA in plain liposomes and in liposomes

containing LCOB at 0.5 molar fraction are compared.

Taking into account that the size of lipophilic moiety for

the carboranes used in this work can be estimated to be 0.7–

0.8 nm [59], and that the full length of an oleoyl chain in the

Lh phase is about 1.6–1.7 nm [60], the above findings

demonstrated that the perturbation induced by carborane

insertion was mainly limited to the region close to the polar

heads of the lipid bilayer.

QELS measurements were performed on DOTAP/DOPE

liposomes containing LCOB or DGCOB at different loading

ratios and the results were compared with those of plain

liposomes. All samples were diluted 1:20 in order to reduce

optical density and to avoid multiple scattering effects. A

typical trend is shown in Fig. 8, while the corresponding

results are reported in Tables 3a and 3b for LCOB and

DGCOB, respectively.

The intensity autocorrelation functions indicated that the

decay of the refractive index fluctuations had a small, but
Table 3b

Hydrodynamic diameter and polydispersity index for pure and DGCOB-

loaded liposomes

DOTAP/DOPE

liposomesa
Liposomes

( + xCB = 0.25)

Liposomes

( + xCB = 0.5)

Dh (nm) 126 125 124

Polydispersity (%) 10 10 12.5

a The small differences in the pure liposomes diameter and polydisper-

sity with respect to Table 3a are due to different preparations.
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appreciable and reproducible, dependence on the carborane

content. This was more evident in the trend of the hydro-

dynamic diameter and polydispersity index, which were

calculated from second-order cumulant in the fit of the

decay curves.

The effects induced by LCOB insertion were slightly

more marked than those obtained in the case of DGCOB

insertion, but the trend of a small decrease in the liposome

mean size and increase in polydispersity was common to

both carboranes. The almost spherical shape of liposomes

was therefore maintained after carborane insertion. Only

minor effects on the bilayer curvature, which caused a

smaller diameter, were observed. Finally, it should be noted

that the size distribution, as measured from the second

cumulant coefficient, never exceeded 25–30%. This range

of values could be considered low enough to allow the

description of the carborane/liposome systems as they were

made by well-defined spherical objects.

Laplace inversion, performed with the program CON-

TIN, gave a monomodal size distribution for all samples.

In no cases the simultaneous presence of two distributions

with different mean size and/or different polydispersity

could be evidenced.
4. Conclusion

Carboranes derivatized with two glucosyl units were

shown to behave as amphiphilic compounds. They were able

to form aggregates in water solution and to be inserted in the

double layer of DOTAP/DOPE liposomes. Lipid packing and

dynamics of liposomes, though altered by carborane inser-

tion, did not show any dramatic change. In particular, the ESR

spectra of stearic acid doxyl derivatives showed that lipid

order was slightly increased in the presence of carboranes.

QELS measurements evidenced that a small decrease in the

liposome hydrodynamic diameter took place, together with a

limited increase in polydispersity. The interaction between

sugar-based carboranes and cationic liposomes did not in-

duce any destabilization of the latter; on the contrary, the

observed behavior was a less marked tendency of loaded

liposomes to phase separate over time. These results are very

interesting when liposomes are to be used as drug carriers

because, in order to penetrate inside tumor cell, they have to

retain their overall properties and, in particular, the mean

diameter has to be kept in the optimal rage of 100–200 nm.

We thus conclude that DOTAP/DOPE cationic liposomes

loaded with sugar-based carboranes are good candidates for

boron delivery in Neutron Capture Therapy.
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