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Solution behavior of a sugar-based carborane for boron neutron capture
therapy: A nuclear magnetic resonance investigation
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Abstract

The physico-chemical properties of β-lactosyl-closo-orthocarborane in water solution were investigated by multinuclear NMR, 13C NMR
relaxation, and ab-initio calculations. This molecule represents a potentially selective boron carrier in Boron Neutron Cancer Therapy (BNCT)
and exhibits amphiphilic characteristics. Its structural and dynamic features were studied comparing NMR data acquired in both aggregating and
non-aggregating conditions. Aggregates are characterized by rapid exchange with the bulk and by high sensitivity to temperature conditions. An
unusually stable intra-molecular CHUUUO hydrogen bond was found to persist in water solution both for the free molecules and after aggregate
formation. At the same time, inter-molecular specific CHUUUO interactions do not seem effective in the aggregate formation process, which appears
to take place only on non-specific hydrophobic basis.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Polyhedral boranes and heteroboranes have been the subject
of widespread interest for at least 50 years and this was mainly
due to the ability of boron atoms to catenate and form molecular
networks with rather peculiar geometries [1]. In several cases
aromatic-like electronic features were observed [2]. Recently,
dicarba-closo-dodecaboranes (C2B10H12) and their derivatives
have found application in biological and medical fields [3–5].
Among the medical applications, of particular interest is Boron
Neutron Capture Therapy (BNCT) [6–8], a targeted cancer
treatment based on borocompound administration to patients
and subsequent exposure to an epithermal neutron beam. Indeed
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10B nuclei, due to their large neutron absorption cross section,
are able to undergo fission:

10B þ1n→7Li þ4 He

This generates heavy particles with a few μm penetration
length in tissues, which allows the ionising products of the
reaction, i.e. mainly 4He particles, to damage almost exclusively
the cells where they are located, or those in the nearest proximity.
Potential BNCT agents have to fulfil several requirements,
depending on the type of tumour to be treated, the administration
procedure, and the possible use of carriers. The most important
feature is the preferential localization of borocompounds in
malignant cells rather than in healthy tissues. In order to reach
this goal, boron-containing molecules with some natural affinity
for tumours, such as p-borophenylalanine (BPA) [9,10] and
glycosyl-carboranes (GCs) [11,12], have been synthesized. BPA
has been used in clinical trials, whereas GCs are promising
candidates for BNCT [13,14].
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In this paper we report a NMR study and a theoretical density
functional calculation of the [1,2-dicarba-closo-dodecaboran
(12)-1-yl-methyl](β-D-galacto-pyranosyl)-(1→4)-β-D-glucopyr-
anoside molecule (LCOB, Fig. 1).

LCOB is a carboranyl carbohydrate composed of a lipophilic
boron icosahedral cage and a hydrophilic lactosyl moiety. The
intrinsic amphiphilic nature of glycosyl-carboranes let us expect
aggregate formation in aqueous media, which has, in fact, been
observed at concentration higher than 6÷7×10−4 mol/dm3, the
exact value depending on the ionic strength and temperature
[15]. This meant that we could easily insert these molecules in
liposome [15–17] and/or conceive the direct use of self-
produced micelles as boron vectors.

Nuclear Magnetic Resonance has proven to be a suitable
technique for the physico-chemical characterization at a molec-
ular or micellar level, and it has been used since long to obtain
valuable information on surfactant-based systems [18–20]. The
analysis of the structural and dynamical properties of LCOB,
obtained by this approach in both aggregating and non-
aggregating conditions, can be of interest to understand the
inter-molecular interactions that are responsible for LCOB
supra-molecular organization in water.

2. Experimental

2.1. Samples

High grade pure water was obtained from a Milly-Q
(Millipore) apparatus. Deuterated water (99.95% purity) was
purchased from ISOTECH (Matheson USA Co., Ohio, USA).
C2D5OD (99.95% isotopical composition) and CDCl3 (99.95%
purity) were purchased from Carlo Erba (Milan, Italy) and from
Merck, Darmstadt, Germany, respectively. [1,2-dicarba-closo-
dodecaboran(12)-1-yl-methyl](β-D-galactopyranosyl)-(1→4)-
β-D-glucopyranoside (Fig. 1, LCOB or lactosyl-carborane) was
prepared as described elsewhere.12

2.2. Nuclear magnetic resonance methods

NMR experiments were performed on a Bruker DRX-600
AVANCE spectrometer equipped with an xyz gradient unit,
Fig. 1. Structure of [1,2-dicarba-closo-dodecaboran(12)-1-yl-methyl](β-D-galactopyr
atoms have been omitted in the carborane cage. Numbering is shown only for first
operating at 600.13 MHz, 150.89 MHz and 192.50 MHz for 1H,
13C and 11B, respectively. Most of the experiments were acquire
with a Bruker TBI reverse triple resonance (1H, 13C, Broad
Band) probe with xyz gradients. 11B spectra and 13C inversion
recovery experiments were acquired with a Bruker BBO double
resonance (1H, Broad Band) probe with z gradients.

Experiments acquired at low LCOB concentration were
performed on a Bruker AVANCE 500 spectrometer, operating at
500.23 MHz for 1H and 125.79 MHz for 13C and equipped with
a dual 13C {1H} CryoProbe.

1H–{11B} NOESY [21], ROESY [22], and 1H{11B}–1H
{11B} dqf-COSY [23] spectra were acquired with 2048 complex
points for 256 experiments with 8 s recycle time and TPPI [24]
phase cycling. 11B broad band decoupling was applied by using
a GARP [25] composite-pulse sequence. Zero filling and other
common data processing were applied. NOESY spectra were
acquired withmixing times of 100, 200, 400ms. ROESY spectra
were acquired with mixing times of 200 ms. Sensitivity en-
hanced 1H–13C HSQC spectra [26] were acquired with 2048
complex points for 256 experiments and hyper-complex phase
cycling [27].

13C spin-lattice relaxation time (T1C) was measured using an
“inversion recovery” [28] with gate decoupling pulse sequence.
Data analysis was performed using a three parameter exponen-
tial regression to fit the longitudinal magnetization recovery
curve. The variable delay was: 0.005, 0.01, 0.02, 0.04, 0.08, 0.1,
0.2, 0.4, 0.8, 1.0, 1.5, 2.5, 5.0, 8.0, 15.0 s with a recycle time
(d1) of 15 s. The experimental error for the longitudinal
relaxation rate R1 was within 5%. 11B spectra were referenced
to a freshly prepared KBF4/D2O solution. 1H decoupling was
obtained by using a WALTZ-16 composite-pulse sequence [29].

Data were processed with Bruker XWinNmr software and
NMRpipe [30] software (3.3 version). 2D spectra were analyzed
by using SPARKY package [31]. Integration of the cross-peak
volumes in NOESY spectrum was done using the Gaussian-
fitting algorithm of SPARKY.

2.3. Theoretical calculation

Density functional calculations (DFT) were performed on
the isolated molecule by Gaussian03 package [32] implemented
anosyl)-(1→4)-β-D-glucopyranoside (LCOB). For the sake of clarity hydrogen
carbons of glucose and galactose of the disaccharide.
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on a IBM SP5/512 supercomputer [33]. Geometry optimisa-
tions were obtained by B3LYP method at 6–31G** level.

3. Results and discussion

3.1. 1H, 13C and 11B assignments

The complete assignment of the 1H NMR spectrum of LCOB
in D2O in both aggregating [LCOBN6–7×10−4 mol/dm3] [15]
and non-aggregating conditions [LCOBb6–7×10−4 mol/dm3]
was done by using a set of NMR experiments: 1H–{11B}
NOESY, 1H{11B}–1H{11B} dqf-COSY, 1H–13C HMQC, and
11B{1H} (details of assignment are reported in Supporting
information).

Fig. 2 reports the NMR proton spectra of LCOB at two
different concentrations in D2O. The spectrum at [LCOB]=
2.0×10−4 mol/dm3 (Fig. 2A) was recorded with a cryo-probe in
order to obtain a better signal-to-noise ratio. In this case 11B
decoupling was not possible, because the experimental set-up
did not allow simultaneous irradiation at the boron frequency.
The region of protons bound to boron atoms (H–B) between
2.0 ppm and 2.4 ppm, is shown in the enlargement. This portion
of the spectrum contained four broad peaks of relative intensity
2:2:1:5 assigned to H3/6 (2.348 ppm), H4/5 (2.148 ppm), H9

(2.136 ppm), H8/10, H12 (2.100 ppm) and H7/11(2.075) of the
carborane cage, respectively. The diastereotopic protons of the
bridge were easily recognised on the basis of their mutual strong
COSY and NOESY cross-peaks observed at 4.16/4.32 ppm
Fig. 2. (A) Proton NMR spectrum of [LCOB]=2×10−4 mol/dm3 in D2O recorded w
spectrum of [LCOB]=2×10−2 mol/dm3 in D2O recorded at 600 MHz and 298 K. In
this case the different signal-to-noise ratio is due to a sine-bell squared multiplicatio
(Supporting information and Fig. 3B, respectively). No dipolar
connection between the H13(α,β) bridge protons and H2

(Fig. 3A) was observed, indicating that they are not in close
contact. H13(α,β) were only coupled to the proton pair H4/5

resonating at 2.149 ppm. This behaviour was similar to what we
found in C2D5OH as solvent [34], where the formation of
persistent CHUUUO bond in solution hinder the free rotation
around the C1–C13 bond. The remaining 1H together with the
13C resonances were assigned on the basis of the dqf-COSYand
1H–13C HMQC spectra.

The 11B NMR spectrum of lactosyl-carborane in water solu-
tion consisted of 5 peaks at −4.29, −6.08, −10.46, −12.72 and
−14.05 ppm, with intensity ratio 1:1:4:2:2 (Supporting infor-
mation). They were attributed, on the basis of previous literature
[35], to B9, B12, B4/5/8/10, B3/6 and B7/11, respectively. No
appreciable changes (both for chemical shift and line-width)
were observed at different concentrations in the range between
1.0×10−3 mol/dm3 and 2.0×10−2 mol/dm3 in D2O.

3.2. Structural and dynamic analysis

The structural and dynamic studies of LCOB in water
solution presented some remarkable aspects, connected with
aggregate formation and with the occurrence and persistence of
the CHUUUO hydrogen bond [36]. The comparison between the
free and aggregate forms could give information about the inter-
molecular interaction with special focus on the role played by the
carborane CH. The ability of this polarized CH to drive the
ith a cryo-probe at 500 MHz, no 11B decoupling and 298 K. (B) 1H{11B} NMR
the insert, the region between 2.4 ppm and 2.0 ppm of spectrum (B) is shown. In
n function, used to increase resolution.
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formation of supra-molecular complexes was already recognised
in the solid state [37]. At the same time, the possible rearrange-
ment of intra- and inter-molecular hydrogen bonds network,
should confer different dynamic properties to the different seg-
ments of the molecule, which was interesting especially with
regard to the aggregate formation mechanisms. Additional
information could be extracted in relation to the uncommon
strength of bond. Here its persistence upon aggregate formation
confirmed that CHUUUO bond energy is comparable with that of
classic hydrogen bonds.

In order to develop these points and to establish geometrical
constrains for the structure of the molecule, a set of mono- and
bi-dimensional NMR spectra and 13C non-selective relaxation
experiments were performed and analysed in both aggregating
and non-aggregating conditions. Previous quasi-elastic light
scattering (QELS) and electron spin resonance (ESR) experi-
ments suggested that at 2.0×10−4 mol/dm3 no aggregation
occurs [15]. The 1H–{11B} NMR spectrum in D2O, at the same
concentration, was in line with this finding (Fig. 2A). In fact, the
typical narrow line NMR spectrum was recorded and was
attributed to the free monomer species in solution. A similar
line-width for all 1H peaks, (H–C and H–B), was observed in
the spectra taken in C2D5OD and CDCl3.

The 1H–{11B} NMR spectrum recorded at high concentra-
tion (2.0×10−2 mol/dm3) in D2O, at which aggregate formation
was clearly established [15], did not present significant
differences for both chemical shifts and line-widths (Fig. 2B).
We also did not detect meaningful variation in the 11B spectrum
when passing from aggregating to non-aggregating conditions
(in this case non-aggregating conditions were achieved in
C2D5OD; Supporting information).

This result was quite unexpected. In fact, nuclear transverse
relaxation (especially for quadrupolar nuclei) is known to be
very sensitive to different motional conditions [38]. Therefore,
the line-shape of 1H–B and 11B should present relatively large
Fig. 3. NOESY spectrum of [LCOB]=2×10−2 mol/dm3 in D2O, acquired at 600 MH
cage to the H2C-bridge and to H13(α,β) cross-peaks; (B) region of the H2, anomeric a
variation upon aggregate formation. Chemical shift should also
be sensitive to aggregation.

On the other hand, large and roughly spherical objects with an
average size 10–15 nm were detected by cryo-TEM micro-
graphs taken in similar conditions (2.0×10−2 mol/dm3 in
buffered water) [16]. The size of these aggregates was in-
consistent with the rapid motion deducible from the sharp NMR
peaks [38]. We thus considered a dynamic model in which
monomers underwent to rapid exchange with the aggregates. In
this case, the NMR spectra were the weighted average between
the signals of the rapid tumbling bulk molecules and the signals
of free molecules, whose motion was modulated (slowed) by the
exchange with the aggregates. Signals of molecules inserted in
the aggregates were strongly broaden, resulting NMR—
undetectable. The fact that only free molecules were observed,
also could be interpreted as a reduction of the motion of
monomers inside aggregates. This could be due to the net of
hydrogen bonds formed by hydroxyl groups of disaccharide
lateral chains. In fact, a meaningful degree of “lateral diffusion”
should lower transverse nuclear relaxation, giving broad but
observable peaks in the NMR spectrum. These hypotheses were
confirmed by NOESY and 13C relaxation experiments which
will be discussed hereafter.

The NOESY spectra of LCOB in D2O in aggregating and
non-aggregating conditions are reported in Figs. 3(A, B) and 4,
respectively. From the comparison of the two spectra it was
possible to observe that the relative sign of the cross-peaks
dramatically changed passing from high to low LCOB con-
centration. In the presence of aggregates, well resolved cross-
peaks with the same sign as the diagonal were obtained, whereas
in non-aggregating conditions cross-peaks and auto-peaks
showed opposite sign. The behaviour of the NOEs in the two
states reflected two different motional conditions of LCOB in
solution. In fact, when the extreme narrowing limit holds
(ωτcb1.12) [39], NMR theory predicts that NOESY diagonal
z with a mixing time of 200 ms and temperature of 298 K: (A) region of the HB-
nd H13(α,β) cross-peaks.



Fig. 4. NOESY spectrum of [LCOB]=2×10−4 mol/dm3 in D2O acquired at
298 K on a 500 MHz NMR instrument equipped with a cryo-probe (mixing
time=200 ms). Blue cross-peaks are negative, diagonal peaks (black) are
positive. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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peaks have opposite sign with respect to cross peaks. On the
contrary, when the molecules are in the slow motion regime
(ωτcN1.12) the sign of cross-peaks and auto-peaks are expected
to be the same [40].

The comparison of NOESY spectra (Fig. C: supplementary
material) of the same LCOB sample at high concentration,
acquired at different temperatures (288 K and 308 K), also
showed an inversion of the cross-peaks sign with respect to the
diagonal peaks. This behaviour was remarkable, if considering
that in a relatively small range of temperature (20 K) the
motional regime underwent to such dramatic change. The above
evidences confirmed the dynamic nature of the aggregates and
indicated that LCOB aggregates easily exchanged their con-
stituents with the bulk solution.
Fig. 5. 13C relaxation rate (R1) values versus temperature for LCOB in aggregating (l
the conditions, arithmetic mean values for all the carbons of galactose (●) and gluco
cage C1(n) and C2(□) are also reported.
We also compared the 13C relaxation behaviour of the two
systems at various temperatures. For these experiments the non-
aggregating state was studied in ethanol at high concentration
(2.0×10−2 mol/dm3) [41–45], in order to circumvent the sen-
sitivity problem due to low natural isotopic abundance. How-
ever, this approximation on the physico-chemical conditions
does not prevent the possibility to compare the relaxation
behaviour of the two states.

The effect of the temperature on 13C relaxation rates (R1C )
was very interesting. In water solution, at 2.0×10−2 mol/dm3,
that is in the presence of aggregates, a dual behaviour was
observed for all carbon atoms in the molecule. In fact, R1C

increased from 283 K up to 298 K and then decreased at
temperatures higher than 298 K (Fig. 5A). On the contrary, in
ethanol solution, i.e. in the absence of aggregates, a monotonic
decrease of R1C with increasing temperature was observed
(Fig. 5B). These experimental evidences suggested that the trend
of the relaxation rates in water was due to the sum of different
contributions: the increase of the isotropic tumbling for both
isolated molecules and aggregates, and the kinetic enhancement
of the exchange between the two states. In fact, at low tem-
perature, the system consisted of free molecules in rapid
exchange with slow tumbling aggregates. These aggregates
modulated the relaxation time even if they were not directly
detected by NMR. Rising the temperature caused both a more
rapid motion in isolated molecules and the increase of the
exchange rate between free molecules and aggregates, contrib-
uting to the enhancement of R1C until its maximum at 298 K was
reached. After this point, relaxation of isolated molecules
dominated the resulting R1C values, inducing a constant decrease
of R1C. On the other hand, the monotonic decrease of R1C in
C2D5OD solution meant that the system was in fast motional
regime even at temperatures as low as 283 K. In this case, R1C

decreased with the decrease of the correlation time induced by
higher temperatures. These results confirmed the hypothesis
suggested above on the basis of NOESY data.

Noteworthy, differences in the relaxation behaviour were also
observed in different parts of the molecule (Fig. 5): i) quaternary
C1 resulted almost unaffected by temperature changes, even if
the observed trend was similar to the rest of the molecule; ii) the
eft) and non-aggregating (right) conditions (see text for further details). For both
se (○) residues of lactose are presented. Values for the bridging C13 (▴) and the



Fig. 6. Ab-initio optimised structure of LCOB model. The values for H2–O1′,
H1′–O1′, H1′–H13α and H1′–H13β inter-atomic distances are reported. Hydrogens of
the cage were omitted for clarity.
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average of R1 values for galactose and glucose moieties were
very similar, showing that segmental motion in the hydrophilic
part of the molecule did not appreciably contribute to the
relaxation mechanism; iii) carborane C2 showed relaxation rates
similar, even if slightly lower, to the sugar carbons (the average
decrease was 35% and 10% for aggregating and non-aggregation
condition respectively), suggesting that an isotropic correlation
time dominated the relaxation. This moderate reduction of R1C

values observed for C2 could be due to the increase of the C–H
distance as a consequence of CHUUUO bond formation; iv) the low
relaxation rates measured for the bridging C13 were not
completely understandable. Indeed a fast libration could not be
compatible with the CHUUUO bond formation.

Concerning the structural features of LCOB, to correctly
consider conformational changes between free monomers and
aggregates, we might take into account that NMR gave us a
picture of the sole free molecules exchanging with aggregates.
Thus we only got indirect information about what happened
within aggregates themselves.

This condition can be expressed in terms of a simplified
system in which two spins of the molecule (ligand) undergo
two-site exchange between free and bound states, where both
the kinetic exchange constants (forward k1, and backward k− 1)
are much higher than the ligand relaxation rate in the free (R1

f )
and bound state (R1

b). Here transferred NOE could occur [46],
giving information about the conformation of the ligand in the
bound state by observing the ligand in the free state. However,
no difference was observed in the NOE cross-peaks network
between aggregating and non-aggregating conditions, confirm-
ing that the molecule did not appreciably change its con-
formation in the two states.

As briefly reported in the previous section, the comparison of
the NOESY spectra obtained at different concentrations (Figs. 3
and 4) showed that the arrangement of the different molecular
segments was preserved in passing from the monomer to the
aggregate form. In fact, the absence of a cross-peak between H2

and the diastereotopic methylenic protons H13α,β, as well as the
presence of NOE interactions between H13α,β and the H4/5

protons, confirmed that the orientation of the carborane cage
was fixed by the formation of a CHUUUO hydrogen bond. In this
work we demonstrated that this interaction, previously observed
in ethanol-d6 as solvent [34], was preserved in D2O solution and
persisted upon aggregate formation. Since, especially for the
aggregate form, the case of null NOE cross-peaks due to
motional conditions could be verified, we also acquired ROESY
spectra of LCOB 2.0×10−2 mol/dm3 in D2O at two different
temperatures, confirming our previous findings (see Fig. F
supplementary material).

Moreover, the interaction of the glucose H1′ with the bridge
H13α,β produced two peaks with different intensity (Fig. 3B).
This suggested that the rotation of glycosidic C1′–C13 was also
restricted, probably because of the formation of an additional
hydrogen bond betweenO2′H andO1′ giving an interaction which
takes advantage of the co-operative properties of H-bond [47].

All these experimental data were compared with the model
obtained by DFT calculation. Fig. 6 reports the optimised
structure of LCOB from which the following information were
extracted: i) the distance between C2 and O1′ (2.81 Å) was lower
than the sum of their Van der Waals radius (3.1 Å), confirming
the presence of a CHUUUO bond (distance H2–O1′=2.51 Å). ii) the
distance between O2′ and O1′ (2.90 Å) was closer than the sum of
their Van der Waals radius, (H2′–O1′=2.60 Å), suggesting also in
this case the presence of a hydrogen bond. iii) At the same time it
was evident that, in this conformation, the distances H1′–H13α

and H1′–H13β were considerably dissimilar (2.53 Å and 3.06 Å,
respectively), which was consistent with the different intensity
of the respective NOESY cross-peaks described above. In
summary, the theoretical model very well matched the
hypothetic structure depicted by NMR experimental data.

4. Conclusions

In this paper the structural and dynamic properties of a
dicarba-closo-dodecaborane functionalised with the lactose
disaccharide, were analysed in water solution. This molecule,
potentially active for BNCT, showed amphiphilic characteristics
which were deeply investigated, both in the aggregate and non-
aggregate form. Comparison was made with data acquired in
ethanol solution.

LCOB showed meaningful differences from classical surfac-
tants. Thesemolecules possess a flexible hydrocarbon chain, and
usually show structural changes which take place as a
consequence of micelle formation [48,49]. Moreover, segmental
motion and lateral diffusion strongly affect relaxation para-
meters. The characteristic of classical surfactants was not ob-
served for LCOB aggregates in D2O. On the other hand, kinetic
aspects, characterized by a rapid exchange with the bulk mono-
mers, dominated the whole dynamic behaviour of LCOB ag-
gregates. High sensitivity of the aggregate kinetics with respect
to temperature conditions was also observed.

Temperature variations and aggregate formation were not
able to disrupt the observed intra-molecular CHUUUO bond and
did not introduce any substantial change at the molecular level.
This confirmed the unusual strength of this CHUUUO, as pre-
viously observed in different solvents [34,36]. Inter-molecular
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CHUUUO interactions were not evidenced in the aggregates,
probably because unfavoured by entropic factors. This also
suggested that non-specific hydrophobic effects were the pri-
mary driving force for aggregate formation.
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