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Boron neutron capture therapy (BNCT) represents a promising approach for tumor therapy. A critical requirement
for BNCT is tumor targeting, a goal that is currently addressed with the development of low and high molecular
weight agents capable of interacting with receptors expressed by cancer cells. Here, we describe a new bioconjugate
(HApCB) composed byn-propyl carborane linked to hyaluronan (HA) via an ester linkage for a degree of
substitution of approximately 30%, leading to a water-soluble derivative. The structure and main physicochemical
characteristics of the new HA derivative were determined by means of Fourier transform infrared, fluorescence,
and!H, 1°C, and°B NMR analysis and are herein reported in detail. As HA is recognized by the CD44 antigen,
densely populating the surface of many tumor cells, HApCB is expected to deliver boron atoms from the locally
released carborane cages directly to target cells for antitumor application in BNCT. In vitro biological experiments
showed that HApCB was not toxic for a variety of human tumor cells of different histotypes, specifically interacted
with CD44 as the native unconjugated HA, and underwent uptake by tumor cells, leading to accumulation of
amounts of boron atoms largely exceeding those required for a successful BNCT approach. Thus, HApCB may
be regarded as a promising new BNCT agent for specific targeting of cancer cells overexpressing the CD44
receptor.

Introduction delivery agents, such as sodium borocaptate and boronopheny-
lalanine, new high molecular weight carriers (monoclonal

Boron neutron capture therapy (BNGT} constitutes a antibodies, polymers, and growth factors) are under develop-
potentially interesting cancer therapeutic modality, based on thement, with the main goal to increase the tumor to healthy tissue
capacity of'%B to capture thermal neutrons and to disintegrate, accumulation ratid.
releasing high linear energy transfer (LE@)particles {He)
and recoiling lithium-7 nuclei. The critical requirements for a
successful BNCT treatment are mainly: (a) the boron-containing

compound/material has to be delivered to the neoplastic tissue - o & vi :
to realize a specific and selective tumor targeting, and (b) the consist of linking carborane cade$ via appropriate short

amount ofi%B atoms concentrated inside/around the cancer cells SPacers to hyaluronan (HA) chains, yielding a polymeric water-
must be sufficient for the therapeutic purpose. If these rather soluble drug carrier relevant to BNCT. In this regard, carborane
stringent conditions are met, then irradiation of a given tissue c2ges contain a relatively high number of boron atoms per unit
or organ with therapeutic doses of thermal/epithermal neutrons Volume, while HA represents a promising vehicle for tumor-
can lead to a selective, complete ablation of malignant cells. SPecific targeting.
Although clinical exploitation of the BNCT strategy is HA, a linear polysaccharide formed by alternatimglucu-
currently being carried out with low molecular weight boron  ronic acid (GIcUA) andN-acetylp-glucosamine (GIcNAc) units,
is a biocompatible polymer playing important roles in cell
* Author to whom correspondence should be addressed. E-mail: adhesion, growth, and migration and acting as a signaling
VittfriO;Cfes?enZi@Unifofﬁal-it~ o molecule in cell motility, inflammation, wound healing, and
University of Rome ‘La Sapienza’. cancer metastasis through its receptors, mainly the CD44
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SInstitute of Chemical Methodologies, Consiglio Nazionale delle antigen’=® Since CD44 is widely overexpressed in many cancer

To comply with requirements of having a delivery agent
endowed with both tumor tissue selectivity and high boron
carrier capacity, we reasoned that a potential choice would

Riclz‘erChe. _ ' histotypes’® HA—drug bioconjugates should be markedly
D%’;\'X/‘Zrzi?’ (gfhggg%%a selective for tumor cells and provide advantages in drug
# Fidia Far%aceutici SpA. solubilization, stabilization, localization, and controlled release.
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10.1021/bm0607426 CCC: $37.00 © 2007 American Chemical Society

Published on Web 01/19/2007
CDhVv



Hyaluronan as a Carrier for BNCT Biomacromolecules, Vol. 8, No. 2, 2007 553

Scheme 12 and then washed with acetone twice. The product was dried at room
temperature for 12 h, then stored at@. The reaction leading to the
new HA derivative is shown in Scheme 2.

Methods. Infrared SpectroscopyR spectra were recorded with a
Shimadzu 8300 Fourier transform infrared (FTIR) spectrometer in
transmission mode (4 mg of the sample in 200 mg of dried KBr),
collecting 32 scans in the 56@000 cnT?! range, the resolution being
4 cntl. Spectra were normalized on the glycosidic stretching peak at

a (i) BygHa, CHsCN/toluene, reflux, 56%; (ii) BuN4F, THF/CHsCOOH, 1151 cnt.
room temperature, 95%; (i) PPhs, CBr4, CHClz, 0 °C, 94%. Fluorescence Spectroscogyluorescence spectra of pyrene in the

presence of increasing amounts of the HApCB derivative in agueous
(butyric acid, paclitaxel, and doxorubicin) coupled to HA have solution were recorded using a Cary Eclipse (Varian) spectrophotometer
already been proposed, demonstrating promising antitumorWworking at an excitation wavelength of 334 nm. The pyrene probe (for
effectsli—13 fluorescencez99.0%, Fluka) was stored under argon atmosphere to

Assuming that in BNCT the necessary amount'@ per av0|(_j omda’uo_n. The stock solution of pyrene (6107 M) was
gram of tumor is around 2630 «g and assuming that a water- obtglned by dissolving 2.5_0 mg of pyrene in 25 mL of acetone, then
soluble HA—propylcarborane derivative (HApCB) with a degree ta_kmg 25uL and e\_/a.po_ratlng the solvent under nitrogen flux for 3 h.
of carborane substitution (DCS, i.e., moles of carborane linked Finally, 25 mL of b'd's.t'”ed water was added. Both solvents, acetone
per mole of HA repeating unit) of 30% can be prepared, a simple and water, were prevmus'.y filtered (0. 4&n).
calculation shows that the amount of HApCB to be administered . T.h.e HApCB stock S°|Ut'9ns‘ 02,2, and 20 mg/mL: were prepared
per gram of tumor is around 2 mg (considering tH& natural in bidistilled waFer. Increasing amognts of these solutions were added
abundance is 20% and disregarding the weight of the spacerto pyrene solution, qnd the excnatlor_l spec_tra were recorded_at room
arms). Admittedly, this is not a small amount and implies that ;e3n;paer:gtgr§ ;hrﬁ \:\?groesctﬁmzf:dt?; |2|t|eSnpS|et():/troaf the pyrene signals at
ti?;%;tignet;\ggr d?;?egzetrg) 1%?5;'::“;_\{2' (;Or;,\\//zg\%,shtlj%ge{oljtﬁs The same experiment was carried out with unmodified hyaluronic

acid sodium salt (HANa) as a control.
high hydrophobicity of the carborane moieties. NMR Spectrosf:op)Sa)mpIes of HANa and HApCBy4 mg, were
In this work we report the synthesis and the structural details, ¢, pilized in 7004l of D;0. A sample of BrpCB’, 4 m’g’ was
as assessed via NMR and IR spectroscopy, of a water-solubleg,pjlized in 700uL of dimethylsulfoxide (DMSO).
HApCB_ ha_ving _DCS close to 3Q%' The hypercoili_ng of Suc_:h 1H and'3C NMR experiments were performed at 22 on a Bruker
HA derlvatlves_ in aqueous solution was characterlzed qualita- o\ aANCE AQS 600 spectrometer operating at 600.13 and 150.95 MHz,
tively by monitoring pyrene fluorescence. Experiments con- respectively, and equipped with a Bruker multinucleagradient probe
ducted on tumor cells in vitro showed that HAPCB was head. In all of théH spectra, a soft presaturation of the HOD residual
nontoxic, interacted with CD44 Ieading to receptor modulation, signal was applieé® *C NMR spectra were recorded using the
and heavily accumulated into cells, thus suggesting that thefollowing parameters: acquired points, 32 000; processed points,
bioconjugate could represent a suitable tool for antitumor BNCT 64 000; recycle delay, 10 s; pulse widthy3. The globally optimized
approaches. alternating-phase rectangular pulses (GARP) seqd@rfice proton
decoupling was applied during the acquisition.

1H and '3C assignments were obtained usitig—*H correlation
spectroscopy (COSY}H—'H total correlation spectroscopy (TOCSY),
and'H—13C heteronuclear single quantum coherence (HSQC) experi-
ments with az-gradient coherence selection. All two-dimensional (2D)
experiments were carried out using 1024 data points in the f2 dimension
and 512 data points in the f1 dimension; the recycle delay was 1s. The
TOCSY experiment was performed with a splock duration of 80
ms. The HSQC experiment was performed using a coupling constant
of 150 Hz. The TOCSY and the HSQC experiments were processed in
triisopropylsilanyloxy-propyle-carborane with tetrabutylammonium e Phase-sensitive mode (time proportional phase increment (TPPI))
fluoride in tetrahydrofuran/CKCOOH gave the corresponding alcohol.  With 512 x 512 data points. _ _

Treatment with PPCBI in dichloromethane according to a literature *H and **C chemical shifts were reported in ppm with respect to
proceduré afforded 1-(3-bromopropylp-carborane, as shown in 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) sodium salt, used as an
Scheme 1. All other chemicals were reagent grade and were usedntérnal standard.

Materials and Methods

Materials. Hyaluronic acid tetrabutylammonium salt (HATBAY,
= 200 kDa, was provided by Fidia Advanced Biopolymers SRL, Abano
Terme, Padua, Italy. Paclitaxel (Taxol) was from Bristol-Myers-Squibb
Italia (Rome, Italy).

1-(3-Bromopropyl)e-carborane (BrpCB) was prepared starting from
triisopropyl-pent-4-ynyloxy-silane, which was allowed to react with
the decaboraneacetonitrile complex. Deprotection of the resulting 1-(3-

without further purification. 1B NMR spectra were recorded at 64.48 MHz; chemical shifts were
Synthesis of the HApCB Derivative. The reagents HATBA and ~ reported in ppm with respeab ta 1 Mboric acid/RO solution.
BrpCB, in N-methyl-pyrrolidinone (NMP) or similar solvents, quickly Pulsed-gradient spin echo (PGSE) experiments were performed with

form physical gels at room temperature for HATBA concentrations a pulsed field gradient unit producing a magnetic field gradient in the
higher than 2.5% wiv, preventing the reaction. Hence, we performed z-direction with a strength of 55.4 G crh The stimulated echo pulse

the HApCB synthesis using more dilute solutions, 1.7% w/v, at Sequence using bipolar gradients with a longitudinal eddy current delay
37 °C; HATBA (~50 mg) was dissolved in 3 mL of NMP until  was used. The strength of the sine-shaped gradient pulse, with a duration
complete solubilization. Approximately 6.5 mg of BrpCB, previously of 2 ms, was logarithmically increased in 16 steps, from 2% up to
dissolved in 200uL of NMP, was then added. The reaction was 95% of the maximum gradient strength, with a diffusion time of 600
performed under stirring for 40 h, the solution was then diluted by ms and a longitudinal eddy current delay of 5 ms. After Fourier
adding 4 mL of NMP, and 0.8 mL of NaBr saturated solution was transformation and baseline correction, the diffusion dimension was
added to have all hyaluronan-free carboxylate groups in the sodium processed using the diffusion-orderes spectroscopy (DOSY) subroutine
salt form. The product was precipitated in acetone as a white solid and of the Bruker Xwinnmr software package.

finally filtered with a 0.45um PTFE filter, washed three times with Tumor Cell LinesHT-29, a colorectal adenocarcinoma, MCF-7, a
acetone/water 95:5 v/v to remove unreacted BrpCB and excess NaBr,mammary adenocarcinoma, and A2780 and OVCAR-3, ovary ad&rﬂs)\-/
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Scheme 2. Schematic Representation of the Reaction between BrpCB and HATBA

carcinomas, human tumor cell lines, were obtained from the American FACS-CALIBUR (Becton Dickinson). Data analysis was carried out

Type Culture Collection (ATCC). RT-112/84, a human bladder

using the Cell Quest software (Becton Dickinson). CD44 expression

carcinoma epithelial tumor cell line, was obtained from the European was compared to that of unstimulated cells.

Collection of Cell Cultures (ECACC). All cells were cultured in Eagle’s
minimal essential medium (EMEM, Sigma, St. Louis, MO) supple-
mented with 2 mM_-glutamine (Gibco BRL, Paisley, U. K.), 10 mM
HEPES (PAA Laboratories, Linz, Austria), 150 U/mL streptomycin
(Bristol-Mayers-Squibb Italia, Rome, Italy), 200 U/mL penicillin
(Pharmacia and Upjohn, Milan, Italy), and 10% (v/v) heat-inactivated

fetal calf serum (Gibco BRL), hereafter referred to as complete medium.

After defrosting, each cell line was cultured for not more than 10
passages before being substituted with a fresh culture.

MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide)
Cytotoxicity AssayThe in vitro cytotoxicity of HApCB was studied
in tumor cells using a slightly modified MTT ass&yCells were

CD44 receptor quantification by flow cytometry analysis was carried
out on HT-29, MCF-7, OVCAR-3, and RT112/84 tumor cells using
the QIFIKIT kit (DAKO), according to the manufacture’s instructions.

Analysis of HApCB Uptake by Tumor Cells and Boron Atom
Quantification.HT-29 and RT112/84 cells (& 10° cells/sample in 1
mL of complete medium) were incubated with 1 mg of HApCB at 37
°C to evaluate boron cell uptake. At different time points thereafter,
samples were transferred at°€ to block drug uptake and washed
twice with cold PBS, and pellets were immediately frozen in liquid
nitrogen to be subsequently stored-a@0 °C before analysis. Untreated
cells were used as negative controls.

Each cell sample was dissolved with 500 of 50 mM Tris buffer

resuspended in complete medium, seeded into 96-well flat-bottomed solution, pH= 7.0, 0.1 w/v of sodium dodecyl sulfate (SDS) and 0.5

microtiter plates (Ix 10%well) for 24 h, and cultured (37C, 5% CQ)

in the presence of various HApCB concentrations for 72 h (final volume,
200uL). Approximately 40uL of a MTT solution (2.5 mg/mL in PBS)
was then added to each well. Aftg h of incubation, the supernatant
containing the unreacted dye was replaced with DMSO fll0@ell),

w/v of Triton-100. These solutions were diluted to 10 mL with distilled
water, and then 2 mL of each solution was diluted again to 10 mL
with distilled water for inductively coupled plasma atomic emission
spectrometry (ICP-AES) analysis. Boron standards were prepared in
the same Tris buffer solution, and 1@Q of 200 ppm yttrium was

plates were vigorously shaken, and the absorbance at 570 nm was,qged as an internal standard in each sample and boron standard.

measured by a Titertek Multiscan reader within 1 h. Within each

experiment, determinations were performed in triplicate, and experi-
ments were repeated three times. The percentage of cell survival was

calculated from the absorbance values as followAesiéa — Ayand/
(Auntreated contro— Aplan) X 100, with Ayank referring to the absorbance
of wells that contained only medium and MTT. A widely used antitumor

Results and Discussion

FTIR Analysis. The FTIR spectrum of the HApCB derivative
was recorded in transmission mode (KBr) between 500 and 4000

cytotoxic agent, paclitaxel, was employed as a positive control for the ~-1 and is shown along with the HANa FTIR- spectrum in

tests.

Cell Staining, CD44 Receptor Modulation Assessment, and Quan-

tification by Flow Cytometry AnalysisEvaluation of CD44 up-
regulation upon interaction with HApCB or HA was carried out on
HT-29 and RT-112/84 cancer cells, as previously describgdiefly,
cells (3 x 10°P/sample) were incubated in 1 mL of complete medium
containing 50Q:g/mL HApCB or HA at 37°C. At different time points,
cells were resuspended in 10D of fluorexcence activated cell sorting
(FACS) buffer (0.9% NaCl solution containing 2% bovine serum
albumin and 0.02% Nad\ both from Sigma) and stained at’€ for

20 min with a fluorescein isothiocyanate (FITC)-labeled anti-human
CD44 mouse monoclonal antibody £#)/1C cells, clone J.173, Becton
Dickinson, CA). Before analysis, the cells were washed twice,
resuspended in FACS buffer, and analyzed with a flow cytometer,

Figure 1. The HApCB spectrum displayed bands typical of a
hyaluronan sampl¥,as shown in Figure 1, and two new peaks
at 2596 and at 1737 cm that we attributed to the BH
stretching of the carborane cagend the G=O stretching of
the carborane-propyl ester formed on the HA carboxylate after
the reaction, respectively.

Fluorescence ExperimentsPolyelectrolyte chains carrying
hydrophobic substituents exhibit peculiar phenomena in aqueous
solution traceable to micellization. Depending on the hydro-
philic—lipophilic balance, these micelles unwind upon dilution
at a characteristic concentration yielding open, solvated chains.
Our fluorescence data show that this is the case for the
hyaluronan derivative under consideration. CDV
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Figure 1. (a) FTIR spectrum of the HApCB derivative. The B—H

stretching peak at 2596 cm~! and the C=0 stretching peak of the

ester at 1737 cm~1 are clearly shown. (b) FTIR spectrum of HANa.
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Figure 2. Is3s/l334 variation of pyrene excitation spectra vs HApCB

(m) and HANa (2) concentration in water. The intersection of the
extrapolated straight line segments yields the onset CMC value (0.37
mg/mL) for the HApCB derivative.

As reported in the literatur¥ changes in the intensity of the
pyrene probe fluorescence with polymer concentration in
solution provide a method for the determination of the critical
micelle concentration (CMC). In very dilute polymer solutions,
below the CMC, thessd/lss4 ratio is characteristic of pyrene in
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Figure 3. 'H NMR spectra at 600.13 MHz and 27 °C of (a) the

HApCB derivative in D,0O, (b) HANa in D0, and (c) BrpCB in DMSO-
ds as a standard.

1H and 3C NMR Characterization of the HApCB Deriva-
tive. Figure 3a reports théH NMR spectrum of the HApCB
derivative; the!H spectra of (b) HANa and (c) a standard of
BrpCB are also reported for comparison. In the spectrum of
HApCB, besides the resonances of the HANa moiety, other
resonances, respectively, labeled ds 2, 3, and 5, are
observed. Moreover, a broad resonance, ranging from 1 to 2.6
ppm and produced by the protons attached to the boron atoms
of the carborane cage, can also be obset¥exs shown in
Figure 3a.

The 2D-TOCSY map and the comparison with the chemical
shifts of a standard of BrpCB allow the presence of the HApCB
derivative to be revealed. The expanded TOCSY map reported
in Figure 4a shows the correlation among the methylerat 1
4.213 ppm, the methylené at 1.900 ppm, and the methylene
3 at 2.378 ppm; while this spin system matches the sketch
reported in Scheme 2, the resonance of the metHiaé4370

aqueous media; with increasing polymer concentration above ppm does not show any correlation. Thtassignments of the
the CMC, the ratio increases, approaching the value of pyreneHApCB derivative and of the BrpCB used as a standard are

in a hydrophobic environment, typical of common micelles.

reported in Table 1S in the Supporting Information. It is

Excitation spectra of the pyrene solution were recorded with noteworthy that the chemical shift of the methyleneid

increases in the HApCB concentration, fronmT1@p to 5 mg/

HApCB, which is close to the binding site, shows a marked

mL; the l33dl334 ratios were calculated and plotted versus downfield shift of approximately 0.719 ppm with respect to the
polymer concentration, as shown in Figure 2. The intersection corresponding one in free BrpCB, whereas the chemical shifts
of the extrapolated straight line segments yields an estimatedof methylenes 2and 3, after the binding with HA, are poorly
onset CMC value of 0.37 mg/mL for HApCB in water at room affected, showing upfield shifts of 0.036 and 0.028 ppm,
temperature. Because of the very low polymer concentration atrespectively. Interestingly, protons belonging to the esterified
the onset CMC, we are inclined to believe that HApCB forms glucuronic ring, labeled as 120, 30, 44, and 5b, can be
intrachain micelles. distinguished from protons of the unsubstituted glucuronic &r&/
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Figure 4. (a) 2D-TOCSY slice showing the correlation among
methylene protons of the propyl moiety of the HApCB derivative. (b)
2D-TOCSY slice showing the correlation among protons of the

glucuronic esterified ring of the HApCB derivative.

ppm

(1b, 2b, 3b, 4b, and 5b). The correlation among protons of
the esterified glucuronic ring can be observed in the
expanded TOCSY map reported in Figure 4b. Notably,
proton 5b, the closest to the binding site, is downfield
shifted by 0.365 ppm with respect to the corresponding
unsubstituted proton; proton 4ks also downfield shifted by
approximately 0.11 ppm with respect to 4b; the chemical
shifts of protons 3% 20, and 1b are poorly affected by the
substitution. The HSQC map of HApCB is reported in
Figure 5 along with the'H and 13C spectra shown as
projections; theéC assignment is also reported in Table 1S in
the Supporting Information. In the same table, tf@ assign-
ment of the BrpCB standard, obtained with a HSQC map, is
also reported. As expected, the methylehsHows a marked
downfield shift after the binding, from 34.08 to 67.20 ppm. This

Di Meo et al.
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Figure 5. 2D H—13C HSQC map of the HApCB derivative in DO
at 27 °C along with the full assignment. The 'H and 3C NMR spectra
are reported as projections in the f2 and f1 dimensions, respectively.

After the binding, thé3C chemical shift of carbon 5ishifts
upfield from 78.22 to 75.16 ppm possibly due tgyagauche
effects induced by the presence of carbarChrbon 4bshows
a weak downfield shift from 81.89 to 82.20 ppm possibly due
to ad effect, whereas carbon 2and 3B are almost unaffected
by the binding.

In the 13C spectrum of HApCB a resonance at 170.37 ppm
due to carbon Bbafter the formation of the ester linkage is
observed (Supporting Information). This resonance is fully
absent in thé*C spectrum of the unsubstituted HA.

DOSY Measurementslt is well-known that molecular self-
diffusion can be encoded into NMR data sets by means of a
pulsed-gradient of the magnetic fieltiDiffusion-ordered NMR
spectroscopdf is a particularly convenient way of displaying
the molecular self-diffusion information in a bidimensional
array, with thelH NMR spectrum in one dimension and the
self-diffusion coefficient in the other one. DOSY has been
successfully used for the analysis of mixtufésstudy of
intermolecular interactior®,2>characterization of aggregat€s,
molecular weight determination of uncharged polysacchafides,
and optimization of the dialysis process of hyaluronic acid
derivatives?®2°

In this regard, the linkage between propyl-carborane and HA
can be further confirmed by means of a DOSY experiment. In
fact, after the binding the diffusion coefficient of propyl-
carborane bound to HA must be the same as that of HA, which
is, obviously, much slower than the diffusion coefficient of
BrpCB. Therefore, the presence of free BrpCB would be easily
detectable in the DOSY map. In Figure 6 we report the DOSY
map of the HApCB derivative, thtH spectrum being shown
in the horizontal projection. The map demonstrates that reso-
nances due to propyl-carborane display the same diffusion
coefficient of the polysaccharide, therefore confirming the
binding. Moreover, no low molecular weight impurities are

marked effect is due to the absence of the shielding effect of found in the sample, as impurities would diffuse faster than

the bromine atom, the presence of the carboxylifitthe 5

the polysaccharide and would be easily observed in the DOSY

position with respect to methylene 1, and, eventually, the effect map. Thus, the absence of impurities permits us to derive the

of the oxygen in thex position. Methylene 2shows an upfield
shift of 3.02 ppm after binding, possibly due toyagauche
effect® arising from the presence of the carboxy! @bthe y
position; methylene '3s poorly affected by the binding.

true degree of substitution. In fact, after a careful baseline
correction, the degree of substitution can be obtained by
integrating the resonance at 3.33 ppm, due to the methines 2b
and 2b of the polysaccharidd(2b + 2b'), with respect to theCDV
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Table 1. Analysis of HApCB Cytotoxicity

% of cell survival?

cell line HApCB paclitaxel HA
A2780 WT 100 5 100
LogD s HT-29 100 17 100
(m?ls) | MCF-7 100 10 100
1 OVCAR-3 100 5 100
11.54] RT112/84 100 8 100
J i el _____ a Cell viability was assessed after exposure of cells to a 10 ug/mL
E concentration of each drug and evaluated by the MTT assay, as reported
-11.0 in the Materials and Methods section.
reports results of the cell viability experiments following

-1057 exposure to the highest concentration tested and shows that

HApCB was extremely well tolerated, while paclitaxel strongly
-10.0- reduced cell survival. As expected, HA was nontoxic. These
] data suggest that HApCB is likely a biocompatible compound
] that could be safely used in vivo.
9.5 Assessment of CD44 Modulation by HApCB.CD44 HA
] receptor expressed on target cells may directly interact with the
Y bioconjugate, res_ulting in an increased uptake of HApCB by
6.0 55 50 45 40 3.5 30 25 20 15 ppm tumor cells. Previous results showed that CD44 receptor was
intensely expressed on part of RT-112/84 déksd on all HT-
29 cells (data not shown). To assess whether chemical coupling
of carboranes to HA affected the binding of HApCB to CD44,
resonance centered at 4.21 ppm, due to the methylewiettie RT112/84 and HT-29 cells were incubated with either the

Figure 6. H-detected DOSY map of the HApCB derivative in D,O
at 27 °C. The H spectrum is shown as a horizontal projection.

substituent) (1) bioconjugate or HA, and CD44 expression and intensity were
then analyzed at different time points. Exposure of the RT112/
I(1) 84 cell line to HA or HAPCB brought about a similar initial
S 2 down-modulation of the receptor, followed by an up-regulation
percentage of derivatization 1(2b+ 2b) x 100= 28% in CD44 expression, thus indicating that the HA moiety of the

bioconjugate is capable of freely interacting with the receptor

Quantitative Analysis of Boron Content in HApCB by 1°B (Figure 7a). Similarly, the intensity of CD44 expression on HT-
NMR. The spectrum of the HApCB derivative appears enlarged 29 cells underwent a progressive increase following exposure
with respect to the spectrum of the standard compound, due toto both HA or HApCB (Figure 7b), thus demonstrating that the
the binding with the polysaccharide, whereas, as expected, theHA backbone not only stimulated more cells to express CD44
chemical shift remains unchanged; see Figure 2S in the but also led to a higher number of receptors on single cells.
Supporting Information. Therefore, these results suggest that HApCB may undergo a

1B NMR spectroscopy was also used to obtain a quantitative selective uptake by HA receptor-expressing tumor cells, thus
analysis of the boron content in HApCB. In fact the boron leading to the release of the carborane moieties in intracellular
content in HApCB was evaluated from the ratio between the compartments upon hydrolytic breakdown of the molecule.
area of the resonance of M&0O;-10H0, used as a reference CD44 Receptor Quantification and Analysis of HApCB
and calibrated to 1, and the area of the boron resonances ofUpake. CD44 receptor modulation upon interaction with
HApCB, which, according to the calibration, was 0.48. The HApCB prompted us to determine the number of CD44 antigens

calculation was performed according to the equation presented by the different tumor cell lines tested, as it is
conceivable that higher receptor expression would likely lead
S>mgx 4 to the binding of more HApCB molecules and therefore to an
pM(Na,B,0,:10H,0) increased uptake of boron atoms. To this end, HT-29, MCF-7,
44mgx 10x _ 1 OVCAR-3, and RT112/84 tumor cells were cytofluorimetrically
pM(HApCB)  0.48 analyzed using a commercially available kit containing a set of

beads mimicking cells labeled with a specific primary mouse

where pM(HApCB)= 401 + 162 andx is the molar degree ~ monoclonal antibody as internal calibrators. Results of these
of derivatization. experiments are reported in Table 2 and showed that HT-29,

Thex value worked out to be 0.26. Note that this value is in MCF-7, and OVCAR-3 tumor cells expressed a very high
good agreement with the molar degree of derivatization obtained number of CD44 antigens, while RT112/84 bladder cancer cells,
by H NMR, i.e., 0.28. Consequently, the amount of boron in albeit positive, presented at least 10-fold fewer receptors on their
4.4 mg of HApCB was found to be 0.27 mg. Therefore the outer membrane.
percentage in weight of boron in HApCB was 6% wi/w. Next, we selected HT-29 and RT112/84 cell lines for

Analysis of HApCB In Vitro Cytotoxicity. To test potential subsequent HApCB uptake experiments. Cell samples were
HApCB in vitro toxicity, CD44-expressing HT-29, MCF-7, incubated with a saturating concentration of HApCB and then
OVCAR-3, and RT112/84 tumor cells and a CD44-negative tested at different times for boron content using ICP-AES.
A2780 ovarian cancer cell line were incubated with escalating HApCB uptake was very rapid during the first 15 min of
concentrations of HApCB, native HA as a negative control, or incubation, reached a plateau after 60 min, and then declined
a cytotoxic agent, paclitaxel, as a positive control. Table 1 very slowly up to 120 min, the last time point tested (dataeBtv
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Figure 7. Flow cytometry analysis of CD44 modulation in (a) RT-
112/84 and (b) HT-29 tumor cells. Evaluation of CD44 modulation
upon interaction with HApCB or HA was carried out by incubating
cancer cells with compounds at 37 °C. At different time points, cells
were stained with a FITC-labeled anti-human CD44 mouse mAb, as
reported in the Materials and Methods section. Data are expressed
as (a) the percentage of cells expressing the CD44 receptor or (b)
the fluorescence intensity.

Table 2. Quantitative Analysis of Cell Surface CD44 Receptors

cell line number of CD44 (ABC)?
HT-29 158.292
MCF-7 124.081
OVCAR-3 286.762
RT112/84 13.775

2The CD44 receptor number was expressed in antibody-binding
capacity (ABC) units calculated by flow cytometry analysis using the
QIFIKIT kit, as described in the Materials and Methods section.

shown). A 1 h ofincubation, the estimated boron contents for
HT-29 and RT112/84 tumor cells were 8.2 and 11.7 my/10

cells, respectively. These values deserve some consideration.

We are aware that the concentration of HApCB employed in
our experimental conditions was very high and that further

analyses have to be conducted using lower compound amounts.
Nonetheless, the enormous quantity of boron atoms incorporated

by cells, which are hundreds of folds higher than those
minimally required for BNCT, suggest that even much lower
HApCB concentrations would be sufficient to deliver enough
boron atoms to target cells. Second, CD44 receptor is expresse
or overexpressed by a vast variety of tumor histotypes, thus
implying that HApCB might find a broad application in cancer
therapy. Finally, uptake results obtained with RT112/84 suggest

that HApCB incorporation does not seem to depend on receptor
density; in this regard, other mechanisms, such as very rapid

Di Meo et al.

CD44 recycling on the cell membrane, could compensate for
low expression, ultimately leading to the accumulation of
sufficient boron atoms for BNCT application, thus not limiting
the approach with HApCB only to tumors overtly overexpress-
ing the CD44 receptor.

Conclusions

In this paper we described the synthesis and preliminary
biological characterization of HApCB, a new HA derivative
carrying carborane cages, which appears particularly well-suited
for antitumor BNCT approaches. Indeed, experiments outlined
in this study allow us to draw a series of final conclusions.
3-Bromopropylcarborane, prepared as indicated in Scheme 1,
easily reacted with the tetrabutylammonium salt of hyaluronan
in N-methylpyrrolidone at 37C, yielding a partial ester of the
glycosaminoglycan (Scheme 2). As assessed by 1D anH2D
and 3C NMR spectroscopy, an up to a 30% degree of
substitution was still compatible with structure and water
solubility, while higher carborane substitutions led to water-
insoluble samples. Fluorescence data indicated that the HA
partially esterified chains, for polymer concentrations higher than
0.4 mg/mL, assumed a globular conformation allowing pyrene
molecules to be solubilized and to experience a hydrophobic
environment provided by the carborane moieties. Biological
studies disclosed that HApCB was biocompatible and well
tolerated by several tumor cell lines, retained the capacity to
specifically interact with CD44 receptor, and be internalized in
high amounts, leading to an elevated boron atom content within
cells. Therefore, HApCB may be considered as a new promising
BNCT agent, endowed with both tumor targeting characteristics
and a high'®B atom carrier capacity, important features that
should increase the therapeutic efficacy and have reduced side
effects.
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