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Hemolytic Effects of Water-Soluble Fullerene Derivatives
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A series of water-soluble fullerene Cgy derivatives has been investigated for their cytotoxic
and hemolytic properties, with the aim to correlate structure with toxicity. We observed that
cationic chains induce significant toxicity while the presence of neutral or anionic moieties did
not produce any response in our model. A validation of these experimental observations has
been performed by theoretical studies in which hydrophilic and hydrophobic surface areas were
correlated quantitatively with hemolytic properties.

Introduction

In the past decade, [60]fullerene and its derivatives
have become an attractive tool in various biological
models.!73 It is widely accepted that this class of
compounds can be active as HIV-protease inhibitors,*~7
antibacterial,®!! and neuroprotective agents'2~1% and
are also capable, under irradiation, to induce DNA
photocleavage.16-22 However, two major problems limit
the use of Cgp and its derivatives in biological studies:
(1) the low water solubility,?324 (ii) the potential high
toxicity.26—27

The first problem can be partially solved by introduc-
ing one or more solubilizing chains on the Cgy sphere.28-30
However while unmodified fullerene seems to be not
toxic, in some cases the water-soluble derivatives proved
to be quite toxic in cultured cells.

We recently synthesized a series of compounds which
could potentially be used as HIV inhibitors,3! and we
also reported an example of water-soluble Cgy derivative
1 as a neuroprotective agent, which shows high toxicity
in the micromolar range.32
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We hypothesized that this undesired effect could be
attributed to the surfactant properties of the fullerene
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derivatives, generated by a simultaneous presence of
hydrophobic and hydrophilic portions, which most prob-
ably induce membrane disruption.32

The principal aim of this work is based on the
evaluation of hemolytic and cytotoxic properties of a
series of bis-functionalized and water-soluble Cgp de-
rivatives (2—10), bearing polar chains at different
positions on the spheroid. This work was also under-
taken to understand which polar chains could be
considered suitable for inducing water solubility in
contemporary absence of toxicity. In addition, to better
clarify the role of the fullerene moiety on the toxicity,
compounds 11 and 12 have been synthesized as internal
controls. In fact compound 11 is characterized by the
presence of the same polar chain present in most
derivatives used in this work, while derivative 12 can
be considered a classical cationic surfactant.

To better correlate the amphiphilic properties of these
derivatives and their toxicity, a quantitative theoretical
study has been performed.

Results and Discussion

Derivatives 2—10 (Figure 1) have been prepared
according to a previous report,?8 and their purity was
checked by electrospray mass spectrometry (ESMS) and
reverse-phase HPLC coupled with a diode array detec-
tor.28

The reference compounds 11 and 12 have been easily
prepared by standard procedures.1:33 Before performing
the biological assays, the solubility of all the fullerene
compounds in water and in phosphate buffer solution
(PBS, pH 7.4) was determined by UV spectroscopy.
Known amounts of all compounds were dissolved in
water and/or PBS solutions to prepare the relative
standard solutions. A linear calibration line was ob-
tained. Saturated solutions of all compounds were then
prepared and centrifuged to obtain clear solutions. After
dilution, the solubility values were determined by
interpolation using the calibration curve.2® (Table 1)

As clearly indicated, all the compounds displayed a
good solubility ranging from 102 to 10~* M, which could
be considered optimal for the biological screening.

10.1021/jm0497489 CCC: $27.50 © 2004 American Chemical Society
Published on Web 12/02/2004



6712 Journal of Medicinal Chemistry, 2004, Vol. 47, No. 27

HaG+ Ri HaG+ R1
N_cr N cr

Ry = CHaCH0CH,CHyOCH sCHaNHg* CI™
LHCOOH

R = CHaCH0CH,CHOCH ;CHa-N
CH,COOH

Rg = COOCHCHyOCH,CH;0CH,CHyOCH;

Figure 1. Structures of compounds 2—12.

Table 1. Solubility of Derivative 2—10 in Water and in PBS

compound water (M) PBS (M)
2 1x 1074 —
3-6 2 x 1072 3 x 1072
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Figure 2. Hemolysis percentage induced by compounds 2—12.
Quadruplicated values are reported as absolute percent of
hemolysis + standard error of the mean (SEM).

The first assay was based on the evaluation of
hemolytic properties of derivatives 2—12 in human red
blood cells (Figure 2). To examine the interaction of
these molecules with cells, we first tested their effect
on human red blood cells (RBC), i.e., their hemolytic
activity, and afterward their cytotoxic effects on three
different cell lines. For the evaluation of the hemolytic
activity all the compounds were dissolved at different
concentrations in a saline-buffered solution at pH 7.4.
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Table 2. Cytotoxicity of Compounds 3—12 on Hep-G2,
LLC-PK;j, and MCF-7 Cell Lines

Hep-G2 LLC-PK; MCF-7
compd (LD50, /JM) (LD50, ﬂM) (LD50, /,tM)
3 20 <1 20
4 15 <1 10
5 8 <1 20
6 50 <1 15
7 >80 >80 >80
8 >80 >80 >80
9 >80 >80 >80
10 >80 >80 >80
11 >80 >80 >80
12 >80 >80 >80

These solutions were incubated with a suspension of
RBC at 37 °C for 30 min. After centrifugation, the
supernatant was analyzed by UV spectroscopy (1 = 415
nm), to detect hemoglobin, that is spread into the
solution in case of cell disruption.

As depicted in Figure 2, derivatives 2—12 showed
significant differences in hemolytic properties. A careful
examination of data clearly indicate that bis-function-
alized chains bearing carboxylic functions or only one
cationic chain (7—10), independently from their relative
positions, do not show any hemolytic properties up to a
concentration of 80 M. In contrast, compounds with
two cationic chains (3—6) proved to be remarkably
hemolytic at concentrations ranging 20—60 uM (about
40—50% of hemolysis).

In this latter case the position of the substituents on
the Cgo spheroid seems to confer a great influence on
hemolytic potency. In fact, while bis-functionalized
derivatives 6 (equatorial) resulted to be highly hemolytic
(50% at 20 uM), the other isomers were much less
efficient at the same concentration (5—10% of hemoly-
sis).

These results are in good agreement with the hypoth-
esis based on the surfactant properties of these deriva-
tives. In further support, reference compound 11 re-
sulted to be completely inactive, whereas derivative 12
proved to be quite hemolytic (30% at 20 uM).

To further validate these results for all bis-adducts
3—12, the cytotoxicity on three different cell lines
(human breast cancer cell line MCF7, Hep-G2 cells from
rat liver and pig renal proximal tubular cell lines LLC-
PK;) has been tested as summarized in Table 2.
Compounds were incubated with cells on multiwell
plates for 30 min, then they were removed, and MTT
[3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoli-
um bromide] was added. As the result of the mitochon-
drial dehydrogenases activity, this dye is transformed
from a pale yellow form to a strong violet derivative that
absorbs at 540 nm. Derivative 2 has not been tested due
to its low solubility in the media necessary to determine
cytotoxicity because the high salt concentration induces
precipitation of this compound.

As clearly indicated, all the fullerene derivatives
possessing significant hemolytic properties (3—6) were
also cytotoxic in the uM range with different degree of
potency, depending on the type of substitution and the
cell culture, while derivatives inactive in the hemolytic
assay (7—11) did not display any cytotoxicity at con-
centration <80 uM.

Only the reference compound 12 behaves differently,
showing hemolytic properties but being inactive in the
cytotoxicity test. A possible explanation of this discrep-
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Figure 3. Ratio between ASA_H and ASA_P plots against the hemolytic activity measured at 80 uM (red square) and at 30 uM
(blue triangle) concentration of each fulleropyrrolidine derivatives. The 3D structures and the hydrophobicity/hydrophilicity surfaces
of compound 6 (the most hemolytic) and compound 10 (the less hemolytic) are presented in panel A and B, respectively.

ancy could be that for fullerene derivatives, other
mechanisms (different from membrane cell disruption)
may be involved in cytotoxicity. In fact, in the compari-
son of cytotoxic and hemolytic values, it is evident that
cytotoxicity is significant at concentrations ranging
1-50 uM, clearly lower than concentrations at which
the hemolytic process is meaningful.

Several proposed mechanisms can induce the hemoly-
sis phenomena: drug—membrane adsorption, drug-
depending antibody, autoimmune induction mechanism,
and nonimmunologic drug-induced hemolysis. As al-
ready demonstrated, the primary interaction between
the drug and the red cell surface is the critical step in
several of the above-mentioned mechanisms. A major
source of variation on drug—membrane interaction is
due to balance between hydrophobicity and hydrophi-
licity properties of the drug. To explore the potential
mechanism/s of the observed drug-induced hemolysis
activity of these derivatives, a preliminary molecular
modeling study has been performed.

Primarily, we exhaustively explored the conforma-
tional space of all new fulleropyrrolidine derivatives (2—
10) using a stochastic conformational search method,
and the GB/SA treatment as implicit solvent electro-
static correction on the MMFF94 force field (see the
Experimental Section for details). We have also ana-
lyzed derivative 12 as reference compound. All fullero-
pyrrolidine derivatives (2—10) were edited to fix the
ionization status of all amine and carboxylic groups in
a corresponding reasonable solvated state. For the most
stable conformer of each compound (2—10), the total
hydrophobic surface area (ASA_H) and the total hydro-
philic surface area (ASA_P) have been calculated. The
molecular descriptors have been collected in Table 3.

Table 3. Calculated ASA_H and ASA_P Molecular Descriptors

hemolytic hemolytic ASDA_H ASDA_P ASA_H/
compd activity (%)* activity (%)  (A2) (A2¢  ASA_P
19 38 704.21 110.43 6.37
5 12 911.80 109.018 8.36
11 36 912.84 153.027 5.96
6 30 871.28 144.11 6.04

69 81 769.36 152.97 5.02

LRI UT R WIN

0 0 1168.79 138.20 8.45
0 0 1450.22 164.90 8.79
0 0 1162.43 134.22 8.66
10 0 0 1107.77 129.40 8.56
12 34 53 582.68 108.81 5.35

@ Hemolytic activity calculated at 30 uM of each derivative.
b Hemolytic activity calculated at 80 uM of each derivative. ¢ Total

hy(}f‘ophobic surface area in A2. ¢ Total hydrophilic surface area
2

in A2

The ratio between ASA H and ASA P has been
plotted against the hemolytic activity measured at 30
and 80 uM concentrations of each fulleropyrrolidine
derivatives. Interestingly, a linear correlation plot has
been obtained in both cases (30 uM, r = 0.779; 80 uM,
r = 0.944) as shown in Figure 3. Even if the coefficients
do not indicate a really strong correlation between
hydrophilic/hydrophobic area ratio and hemolytic action,
these preliminary unexpected indications are a very
promising starting point for further detailed studies.

Conclusions

This preliminary study highlights a correlation be-
tween the ASA_H/ASA_P ratio and the corresponding
hemolytic activities. Derivatives with relatively high
ASA_H/ASA_P ratio seem to be better tolerated by red
cells. In particular, polycationic fulleropyrrolidine de-
rivatives (2—6) seem to present the crucial chemical
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requirements to promote hemolytic activity. Further
investigations are necessary to definitively confirm and,
consequently, better clarify the pharmacological rea-
son/s of this interesting but still preliminary computa-
tional result.

Experimental Section

Chemistry. The syntheses of fullerene derivatives 2—10
have been performed as previously reported.?® Synthesis of
11. To a solution of 700 mg (2.82 mmol) of N-tert-butoxycar-
bonyl-2,2'-ethylenedioxybis(ethylamine)?* and 200 mg (1.45
mmol) of KoCOj3 in 100 mL of ethanol were slowly added 350
1L (2.82 mmol) of 1,4-dibromobutane. The mixture was stirred
at 60 °C for 24 h, and then the product was purified by
chromatography on alumina (ethyl acetate). C15H30N204 (MW
302.4) 380 mg, 1.26 mmol, yield 44%. '"H NMR (CDCls, 200
MHz) ¢ 3.63—3.47 (m, 8H), 3.12 (t, J = 10.0 Hz, 2H), 2.25 (t,
J = 6.0 Hz, 4H), 1.60 (m, 4H), 1.49 (s, 9H). ES-MS: m/z 302
(M1). The pyrrolidine (100 mg, 0.33 mmol) was dissolved in
dichloromethane (3 mL) and added by 3 mL of methyl iodide.
The mixture was stirred at 80 °C in a closed vial for 24 h, the
solvent and the CHsI were removed by evaporation, and the
residue was washed with toluene. C16H33IN2O4 (MW 444.3) 145
mg, 0.33 mmol, yield 98%. ES-MS: m/z 317 (M"). HCl, was
bubbled for 5 min into a solution of methylated pyrrolidine
(100 mg, 0.22 mmol) in dichloromethane (20 mL) at 0 °C. Then
the mixture was stirred at rt for 2 h, the solvent was removed
by evaporation, and the pure product was washed by toluene.
C11C1H26IN2Oy (MW 380.7) 80 mg, 0.21 mmol, yield 98%. ES-
MS: m/z 218 (M™).

Synthesis of 12. To a solution of stearic acid (1.1 g, 3.9
mmol) in 50 mL of anhydrous dichloromethane were added
400 mg (3.9 mmol) of DCC and 50 mg of DMAP. The mixture
was stirred at rt for 20 min, and then a solution of N-tert-
butoxycarbonyl-2,2'-ethylenedioxybis(ethylamine) (960 mg, 3.9
mmol) in anhydrous dichloromethane (10 mL) was slowly
added. The solution was stirred at rt overnight, and then the
organic phase was washed with water and dried with anhy-
drous NaySO4. The pure product was recovered after evapora-
tion of the solvent and chromatography on silica gel (ethyl
acetate/petroleum ether 1/1). Co9HssN2O5 (MW 514.8) 500 mg,
1.0 mmol, yield 25%. 'TH NMR (CDCl;, 200 MHz) 6 6.02 (bs,
1H), 5.00 (bs, 1H), 3.67—3.48 (m, 8H), 3.48—3.37 (m, 2H),
3.37—-3.20 (t,J = 4.0 Hz, 2H), 2.15 (t,J = 6.0 Hz, 2H), 1.43 (s,
9H), 1.23 (m, 30H), 0.85 (m, 3H). ES-MS: m/z 514 (M*). The
amide (360 mg, 0.7 mmol) was dissolved in 100 mL of
dichloromethane and 10 mL of TFA, and the mixture was
stirred at rt overnight. The solvent and the TFA were removed
by evaporation and the product was washed with toluene.
CoeH51F3N2O5 (MW 528.7) 366 mg, 0.7 mmol, yield 99%. ES-
MS: m/z 415 (M™).

Biology. All solutions were prepared with MilliQ water.
Hemolysis Assay. Solution A. Sodium phosphate-buffered
solution: NaHyPO,—H20 0.004 M; Na,HPO, 0.006 M; NaCl
0.139 M; pH 7.4. Solution B (anticoagulant solution): Sodium
citrate tribasic dihydrate 0.075 M; citric acid monohydrate
0.038 M; glucose monohydrate 0.124 M. The solution was
sterilized by filtration on membrane filters (@ = 0.22 um).
Blood was collected by venipuncture and added with 0.1
volume of solution B in 50 mL tubes. Blood was collected by
venipuncture in a 50 mL vial, added with 10% ACD (antico-
agulant-citrate-dextrose solution) and centrifuged for 10 min
at 500g. The supernatant was then carefully decanted, and
the pellet was washed three times by suspending it in four
volumes of ice-cold solution A and discarding it after centrifu-
gation as above. The hemolysis tests were prepared in 1.5 mL
tubes, where 0.9 mL of fullerene dissolved in solution A was
added and incubated at 37 °C for 5 min. Then, 0.015 mL of a
20% (v/v) suspension of RBC was added. Afer 30 min, the
incubation was stopped by adding 0.5 mL of ice-cold solution
A. The tubes were centrifuged at 12 000g for 5 min, and the
supernatants were analyzed at A = 415 nm. Since all the
fullerene derivatives absorb at 1 = 415 nm, corresponding
fullerene solutions without RBC were prepared and used as
blanks. The data obtained were related to the value of total
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hemolysis, obtained by incubating 0.015 mL of a 20% (v/v)
suspension of RBC in 0.9 mL of solution A containing 0.1%
(v/v) Triton X-100 for 30 min at 37 °C. These reference samples
were centrifuged and analyzed as specified above, after ap-
propriate dilution.

Cytotoxicity on Cell Coltures. Cells from exponentially
growing cultures were harvested and dispensed within 96-well
culture plates (Corning Incorporated) in 200 uL of medium at
the concentration of 10° cells/well. After 30 min of incubation
at 37 °C, fullerene derivatives were added at increasing
concentrations, and the incubation was continued for prede-
termined times (30 min, 24, 48, and 72 h). MTT (20 uL of
solution 5 mg/mL in D-PBS, Aldrich) was added to each well.
After 4 h incubation at 37 °C, supernatants were removed by
careful aspiration and the formazane salt was solubilized with
200 uL. of DMSO (Carlo Erba Italia). Optical density of each
well was measured using an Automated Microplate Reader
(Bio-Tek Instruments) at A = 540 nm (reference A = 630 nm).
The percentage of living cells is expressed as the percent ratio
of optical density in the treated over the untreated samples,
and eight independent values were averaged for each treat-
ment. The ICsy was defined as the concentration of the
substance required to reduce the optical density in each test
to 50% of control.

Computational Methodologies. All molecular modeling
studies were carried out on a six-CPU (PIV 2.0—3.0 GHZ) linux
cluster running under openMosix architecture.?®

Functionalized fulleropyrrolidine structures were built up
using Molecular Operating Environment (MOE, 2002.03)
modeling package®® and fully optimized without geometry
constraints using RHF/AM1 semiempirical calculations. Atomic
charges were calculated by fitting to electrostatic potential
maps. The software package SpartanO2 was utilized for all
quantum mechanical calculations.?7

To explore the conformational space of functionalized ful-
leropyrrolidine moiety, we performed an exhaustive confor-
mational analyis by using the Stochastic Conformational
Search algorithm (SCS) implemented by MOE.3® SCS method
generates conformations by randomly sampling local minima
of the potential energy surface. This method generates new
molecular conformations by randomly perturbing the position
of each coordinate of each atom in the molecule by some small
amount, typically less than 2 A, followed by energy minimiza-
tion. This minimization is intended to relieve bad nonbonded
contacts. During SCS run, we collected 55 conformations sorted
by their conformational energies. The most stable conformer
has been optimized using MMFF94 force field?~*5 imple-
mented by MOE until the rms value of the conjugate gradient
was <0.01 kcal/mol/A. To model the effects of solvent more
directly, a set of electrostatic interaction corrections are used.
MOE suite implemented a modified version of GB/SA contact
function described by Still and coauthors.*6 These terms model
the electrostatic contribution to the free energy of solvation
in a continuum solvent model. Molecular descriptors, such as
hydrophobic and hydrophilic surfaces, have been calculated
by using MOE-QSAR module.
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