Chapter 1

Self-Organization of Pristine Cg, Fullerene
and its Complexes with Chemotherapy
Drugs in Aqueous Solution as Promising
Anticancer Agents

Leonid A. Bulavin, Yuriy Prylutskyy, Olena Kyzyma,
Maxim Evstigneev, Uwe Ritter and Peter Scharff

Abstract The self-organization of pristine Cgq fullerene and its complexation with
chemotherapy drugs (in particular, doxorubicin, cisplatin and landomycin A) in
aqueous solution were reviewed as a possible key stage of the mechanism of the
in vivo and in vitro biological synergy, observed when these drugs are administered
along with Cg( fullerene. The results of application of various physico-chemical
methods have been analyzed enabling to get insight into the nature of forces
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stabilizing complexes of Cg, fullerene with these drugs. A physico-chemical
mechanism has been proposed allowing, at least in part, to explain the Cgo-drug
biological interaction.

1.1 Introduction

Ceo fullerenes have been intensively investigated in the last decades mainly because
of the vast range of their potential applications in biomedicine [1, 2]. Due to its
nanometer size the pristine Cg fullerenes are able to interact with biomolecules and
penetrate through the cell membrane [3-5]. They exhibit antioxidant properties and,
being non-toxic (at low concentration at least) [6—10], exert specific health effects
(e.g. suppress the growth of malignant tumors [11, 12]) and display biological
synergy with antitumor drugs [13-15]. Although these molecules have extremely
low water solubility, they form stable colloid solutions containing individual Cgq
fullerenes as well as Cg fullerene aggregates (clusters) in water, when subjected to
extended mixing, sonication or solvent exchange [16, 17]. To understand behavior
of Cg fullerene in the biological medium (at the levels of cell, tissue and organ) and
its interaction with drugs, it is necessary to know exactly its concentration in water
(dose effect), distribution in size and shape (size effect). Because the biomedical
effects of the Cgp fullerene nanoparticles directly depend on these properties [18,
19], their knowledge will enable understanding of ‘which form of Cgq fullerene is
bioactive, namely a single molecule or its cluster?” and ‘how this molecule interact
with other drugs in biological media?’

In this chapter we shall briefly review the recent advances in physico-chemical
characterization of pristine Cgq fullerene and its interaction with antitumor drugs in
aqueous solutions.

1.2 Self-Organization of Cg, Fullerene Particles
in Aqueous Solution

Investigations of the behavior of pristine Cgq fullerene particles in aqueous solution
have been undertaking since the end of 90-ies when the method of preparation of
stable water colloid solutions had become routinely available [17, 20, 21]. By that
time much had already been known on the properties of Cg, fullerene in organic
solvents, which had, in part, facilitated analogous studies in aqueous solutions.
To date, the Cg fullerene is considered as a colloidal particle due to the fact that
its diameter equals to 10 A. This conclusion originates from traditional point of
view that the 10 A border corresponds to the lower border of the colloidal range of
dispersity, and the range of true solutions is under this limit [22]. Thus, aqueous
solutions of any Cg, fullerenes must feature properties of colloidal systems,
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which contain associates of solvated Cgg fullerenes of different size. Theoretical
analysis of possible hydrated (Cgg)n clusters had shown, that the smallest stable Cg
fullerene cluster (I, symmetry group) consists of 13 Cgo molecules [23, 24]. Its
diameter is 3.36 nm (accounting for a molecular diameter of the water molecule),
which is in excellent agreement with the scanning tunneling microscopy data [25].
More extended analysis revealed that cluster diameters regularly rise within the
range from 3.4 to 36 nm, viz. 3.4, 7.1, 10.9, 14.5, 18.1, 21.8, 25.4, 28.8, 32.4, and
36.0 nm [25], i.e. each following particle is larger than the preceding one by 3.4—
3.8 nm. Hence, it is considered that this row of Cg, fullerene nanoparticles should
be formed of hydrated (Ceo)i3 clusters. Thus, further investigation of the Cgq
fullerene aqueous solution (CgFAS) had been split on characterization of the
clusters’ structure and morphology, and understanding the mechanism of cluster
formation.

1.2.1 Characterization of the Cgy Fullerene Aqueous
Solution

A variety of physico-chemical methods has been applied in order to understand the
specificity of Cgy fullerene cluster formation. Characterization of Cgq fullerene
particles in aqueous solutions has been accomplished by means of UV-Vis spec-
troscopy [23, 24, 26-29], electron and tunneling microscopy [26, 30-35],
atomic-force microscopy (AFM) [26, 36], zeta-potential [26, 32, 37, 38], dynamic
light scattering (DLS) [26, 30, 32-34, 39], FTIR/Raman spectroscopy [27-29,
35, 36], small angle neutron scattering (SANS) [16, 29, 36, 40] and some other
methods.

The most direct and readily accessible UV-Vis spectroscopy evidenced the
existence of three most intense broad UV absorption bands with maxima at 208,
265 and 347 nm and generally resembles that in organic solvents (Fig. 1.1a) [26,
27]. The assignment of these bands to particular electron transitions, and the
computation of the corresponding electronic parameters have been done [23]. The
common feature of the UV-Vis spectra of C¢oFAS is the light scattering, most
evidently seen on dilution and affecting the value of the absorption.

The composition of C4FAS was typically monitored using AFM and tunneling/
electron microscopy techniques [26, 30-36]. The typical AFM picture is given in
Fig. 1.1c; the similar pictures have been reported during the past 10 years by
different research groups. The picture demonstrates randomly arranged individual
Ceo molecules with diameter ~0.7 nm and their bulk sphere-like aggregates with a
height of 2-50 nm. Interestingly, some individual Cg, fullerene aggregates with a
height of ~100 nm were also reported in the probe microscopy images, indicating a
polydisperse nature of CgFAS, including either monomers or aggregates having
diameters ranging from several to hundreds of nanometers.
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Fig. 1.1 Examples of experimental data measured for CgFAS: UV-Vis spectrum (a), DLS
spectrum (b), AFM image (c), IR spectrum (d). Redrawn from [26, 36, 54]

The results from microscopy images have also been confirmed by DLS
and SANS data [16, 26, 29, 30, 32-34, 36, 39, 40]. The wide distribution of
hydrodynamic dimensions of Cgo fullerene particles by intensity with z-aver-
age ~70-120 nm (Fig. 1.1b) most directly evidences the polydispersity, indepen-
dently supported by SANS. The gyration radii R, = 15...20 nm calculated from
the latter method well agrees with the dimensions of the particles seen in AFM.
Importantly, the existence of ‘slow’ aggregation (in the scale of months) of Cgg
fullerenes, resulting in increase of R, was reported in aqueous solution similar to
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that established before in organic solvents [32, 33, 39, 41]. However, no significant
alteration of the aggregate structures and properties of polydispersity were noted.
Moreover, experimental data indicate that the structural and morphological features
of polydisperse Cgo fullerene aggregates present in aqueous solution remain
essentially similar for different methods of C¢oFAS preparation as well [36].

The magnitude of the zeta-potential, which is related to the stability of colloid
dispersions, spans in relatively wide range from —9 mV up to —38 mV [21, 26, 37,
38] and evidences the presence of negative charge on the surface of Cgy molecule in
solution. A high negative charge of colloid clusters (or, more strictly, the electro-
static repulsion between the negatively charged clusters) plays significant role in the
stabilization of C(FAS (i.e. it disfavors the aggregation and makes the solution
electrically stable).

The presence of negative charge on Cg fullerene surface is a generally accepted
fact and is considered to be the key, but not the sole factor of Cg, fullerene
solubility in aqueous solution. The formation of the ordered, H-bonded and
sphere-like hydrated shells around fullerene’s surface, is another important issue
extensively discussed over the past decade [27, 29, 30, 35, 36, 42-46]. However,
recent FTIR spectroscopy data suggested that there is one more factor which should
also be considered [35, 36]. The FTIR spectrum of Cg,FAS (Fig. 1.1d) displays the
typical pattern of peaks which could be expectedly assigned to C-C vibrational
modes of Cg, molecule. However, additional peaks were reported independent of
the method of CgFAS preparation and corresponded to C-O stretching. It strongly
suggests that Cg, fullerene cage is hydroxylated and hydroxyls forming alcohol
functional groups exist in the structure of Cg fullerene in water. Hence the primary
mechanism of Cgq fullerene solubilization in water could be the attachment of the
OH-groups to Cgq fullerene carbons [35, 36] which explains why the lone Cgg
molecules and their clusters exist at equilibrium in solution for quite a long time. It
also explains the irreversible character of the adsorption/desorption isotherms [30],
the minimal extraction of Cgy fullerene from water-colloid solutions by toluene
[21], and the ability of Cgq fullerenes from aqueous solution to hold water mole-
cules even in vacuum [27]. The covalent attachment of the OH-groups does not
exclude the possibility of electron transfer from water molecules to Cgq fullerene
enabling to explain the negative charge of Cg fullerene particles. It follows that the
previous model of stabilization of hydrated Cg, fullerene by water molecules joined
together by H-bonding network [27, 29] needs to be revisited with mandatory
account for the available results of molecular dynamics simulations of hydrated Cg,
fullerenes [43—46]. The latter reports weakening and breakage of the H-bonds
between water molecules in immediate vicinity of the Cgq fullerene surface and the
overall dynamic character of the hydration shell around Cg fullerene particles in
water.
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1.2.2 Aggregation of the Cgy Fullerenes
in Aqueous Solution

So far the effect of cluster formation (or aggregation) has been extensively studied
in terms of the kinetics of aggregation and the equilibrium distribution of Cgg
fullerene clusters [7, 16, 17, 21, 23-36, 39—41]. It has been recently established that
the aggregates of pristine Cg fullerenes provide an excellent template for formation
of highly ordered inclusion complexes with other molecules, resulting in amplified
physico-chemical or biological properties [47, 48]. Apart from the basic
physico-chemical interest to the aggregation process, it was recently found that the
in vitro toxicity of Cgq fullerene is correlated with its ability to undergo aggregation
[49] and specifically the aggregated forms of Cgy fullerene may effectively bind
with biopolymers [50]. Therefore the Cg( fullerene aggregation is considered now
to be of general interest.

It has long been noted that under the dilution and simultaneous light mechanical
shaking of CqoFAS, the large clusters can dissociate into the small ones, similar to
that observed before in Cg( fullerene benzene solution. It has also been established
that the Cgg fullerene solutions undergo ‘fast’ and ‘slow’ kinetics of cluster for-
mation [23, 32, 33, 41]. The former is considered to be diffusion-limited and the
latter is reaction-limited. Under first approximation the ‘fast’ mode occurs at typical
diffusion timescale and thereby resembles equilibrium aggregation process well
known for small molecules in solution [51]. It still remains relatively poorly
investigated. The ‘slow’” mode occurs in the timescale of days and months, and has
been extensively reviewed [41, 52]. Below we shall focus on thermodynamics of
the equilibrium aggregation of Cgq fullerene nanoparticles.

Surprisingly, determination of thermodynamical parameters of aggregation, such
as equilibrium aggregation constant, or enthalpy/entropy/Gibbs free energy changes
have been accomplished in just a few works [43, 44, 53-55]. Possible reasons for
this include an incomplete understanding of the microscopic picture of Cg fullerene
cluster formation in solution, and, as a consequence, difficulties in building a the-
oretical model of Cg fullerene aggregation. For example, a very complex interplay
between the van der Waals, electrostatic and hydrophobic interactions on Cgg
fullerene aggregation, which presumably does not follow classical hydrophobic
effect, was shown [42—-44]. It points out that the overall thermodynamic picture of
Ceo fullerene aggregation in aqueous solution deviates from classical aggregation of
small molecules, which makes this issue still a vacant niche for further research
studies.

Presumably the first attempt to measure equilibrium Cgq fullerene aggregation
constant was accomplished in [54] by means of titrating the Cg¢ fullerene aqueous
solution and recording the intensity-averaged distributions of particles present in
solution in DLS experiment. These data allow computing the mean hydrodynamic
diameter, d, (z-average), and translational diffusion coefficient, D, of light scattering
particles. The corresponding experimental dependence of d, on the Cg, fullerene
concentration, Cy /r (where r is the dilution factor), is given in Fig. 1.2.
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Fig. 1.2 Experimental dependence of z-average on Cg fullerene concentration. Redrawn from
[54]

Currently the accepted position on the aggregation of small molecules in diluted
aqueous solutions suggests that on increasing the concentration of the solute, the
translational diffusion coefficient must decrease as a result of an increase in the
aggregates’ dimensions [56, 57]. Qualitatively, a similar view exists with respect to
the aggregation of Cg( fullerene as well, supported by theoretical computation of
the dependence of D on Cg, fullerene concentration in toluene [52]. However, the
dependence d,(Cy/r) in Fig. 1.2 obtained using standard methods of CgFAS
preparation demonstrates the reverse behavior: increasing the solute concentration
results in a decrease in the value of d,. Unfortunately, direct comparison of these
results with existing literature data is not possible, because these articles are
restricted to dealing with measurements of D (or d,) of Cg fullerene in solution at a
single concentration point in each case (e.g. [32, 50]). However, analysis of liter-
ature data associated with small molecule aggregation suggests that on reaching
micellar concentrations, the concentration dependence of the directly measured
translational diffusion coefficient (e.g. by DLS or similar valid method) goes into
reverse [58, 59]. This result is commonly interpreted in terms of the direct inter-
action of micelles with each other in solution due to non-covalent forces, an effect
that has been known for some time [58, 59]. The micellar interaction acts as an
addition to Brownian motion and, consequently, results in elevation of the diffusion
coefficient on raising the solute concentration. Taking into account the polydisperse
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nature of C¢oFAS and the existence of Cgq fullerene clusters with diameters in the
magnitude range 10-100 nm, it was suggested that the reverse dependence of the
d,(Co /r) curve in Fig. 1.2 is a consequence of the interaction effect for (Cep),
clusters [54]. Hence, the shape of the titration curve in Fig. 1.2 is governed by two
opposite tendencies, viz. the aggregation leading to increase of d,, and interaction of
clusters leading to decrease of d.,.

Based on the DLS titration experiment a physical model of the Cg, fullerene
aggregation was suggested [54] (the so-called ‘up-scaled model’). According to this
model the aggregation occurs as a simultaneous binding of large number of small
Ceo fullerene particles or monomers (referred to as ‘conglomerates’, see Fig. 1.2)
with large Cg fullerene clusters (nucleus of the cluster, considered not undergoing
dissociation onto smaller ones). As a consequence of this process, the equilibrium
distribution of Cgo fullerene particles by dimension is formed, which can be
quantified in terms of equilibrium aggregation constant K (or Gibbs free energy
change, AGy). The resultant equation enabling to calculate the experimental titra-
tion curve d,(Cy /r) in Fig. 1.2 is given as [54].

’ 2 ’
14+ (B—1)BKyCyr,|” +B*KpC
d = do . [ ( ) F Rl] FY-R1 , (1-1)

- ' Cy, , S coNi
L+A'=28 (1 _BK:Cp,)’ Y (14 Bi) (BK#Cp)

i=

where

o7 + CyoBKF + (Co— Chyo) Kr — \/ (r+ CyoBKr + (Co = Chyo ) Kr ) = 4rK i (Co = Ciyo)
kL= 2rBKr

5

C/'V,O,A',KF,B, dy are the search parameters, obtained by means of fitting the
experimental curve in Fig. 1.2 with (1.1).

The reported value of the aggregation constant equals to K = 56000 M™" [54],
well matching the theoretically calculated Gibbs free energy change in [53].

The titration experiment reviewed above and resulted in determination of K had
been further complemented with estimation of enthalpy and entropy change asso-
ciated with the aggregation process [55]. Direct calorimetric measurement of the
heat effect on dilution and temperature dependence of z-average in DLS experiment
had evidenced nearly zero enthalpy change. A final conclusion was made stating
purely entropic character of the Cg fullerene aggregation. The main contribution to
AGr is considered to be due to hydrophobic interaction, i.e. liberation of water
molecules weakly bound to Cg fullerene particles on cluster formation (i.e. those
molecules belonging to distant hydration shells of the Cg, fullerene particle).
Importantly, in this process the first hydration shell surrounding Cg, fullerenes
remains essentially unchanged resulting in a contact distance between the surfaces
of the interacting Cgy fullerene particles larger than observed for typical
aromatic-aromatic stacking (ca. 0.5 nm). Theoretical decomposition of AGr onto
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energetic contribution from various physical factors had shown that the net van der
Waals and electrostatic terms appear to be relatively small due to the compensatory
nature of the intermolecular interaction and the interaction with solvent on complex
formation [54], additionally confirming the entropic nature of Cgo fullerene
aggregation in aqueous solution.

1.3 Self-Organization of Cg, Fullerene-Antitumor
Drug Mixtures

So far the possibility of modification of biological and/or physico-chemical prop-
erties of Cg fullerene or drug was mainly considered in terms of covalent conju-
gation of the drug molecules with Cgq fullerene [47]. As a consequence, a series of
Ceo-drug conjugates were reported possessing improved properties [60, 61]. On the
other hand, the presence in the structure of Cgy molecule of aromatic surface
composed of conjugated carbon rings suggests the possibility of its effective
interactions via m-stacking with aromatic moieties of proteins, nucleic acid bases,
aromatic vitamins, antibiotics and other compounds which may be present in a
biosystem. Hence, the non-covalent complexation of Cgq fullerenes with
bio-receptors and aromatic drugs may contribute to some extent to the observed
biological effects at the cellular and organism levels. Indirect justification of this
hypothesis may come from the well-known fact that some cellular effects of the
action of aromatic biologically active compounds may be interpreted in terms of
their complexation in physiological medium [51]. During the past few years two
sets of reports appeared evidencing a strong biological interaction in vitro and
in vivo between Cgy fullerene and the aromatic antitumor drugs, doxorubicin
(Dox) [13-15, 62-64] and cisplatin (Cis) [65]. The peculiarity of this interaction
was the following: (i) the most pronounced effect was observed during simulta-
neous administration of the drugs and Cgq fullerene, (ii) the physico-chemical
interaction of the drug with Cgq fullerene is non-covalent, (iii) preliminary indices
of the correlation of the in vitro biological effect with equilibrium constant of
complexation of Cg fullerene with aromatic drug molecules were noted [64]. Thus
the knowledge of how Cg( molecules interact with aromatic drugs is important for
understanding the mechanism of medico-biological action of Cg fullerenes.

Currently available data on the structure and thermodynamics of the interaction
between Cgg fullerenes and aromatic molecules are scarce and limited to systems
mainly studied in non-polar solutions (see [66] and references therein) and several
systems studied in aqueous solution [13, 62, 65-70]. Below we shall briefly review
the main results of structural and thermodynamical analysis of the Cg, fullerene
interaction with Dox, Cis and novel angucycline antibiotic landomycin A (LA) [71]
as the systems which have been most extensively investigated to date as compared
to others.
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1.3.1 Cgy Fullerene Complexation with Doxorubicin

Antitumor antibiotic Dox belongs to the group of the most effective and extensively
used drugs in chemotherapy of cancer. The principal limitation for its use is rela-
tively high side toxicity, creating a long-standing challenge for generations of
researchers attempting to minimize this drawback. As discussed above Cg fullerene
was demonstrated to improve the medico-biological effect of Dox in vivo and
in vitro making this drugs’ combination of potential interest for clinical studies.

A range of various physico-chemical methods was applied in order to detect the
complexation between Cgq fullerene and antibiotic Dox [13, 62, 66, 68, 69]. In
neutral solution conditions the Dox molecule bears positive charge, whereas the Cgg
fullerene is negatively charged.

The AFM investigation of the Cgy-Dox mixture in low concentration range in
non-salted aqueous solution evidenced the formation of new island-type structures
(Fig. 1.3e), which were assigned to the complexes between the Cgy and Dox
molecules [68]. Similar situation was also reported in physiological solution,
although in this case the interpretation of the results was strongly obscured by the
presence of salt crystals [69]. The Cgp-Dox interaction was also displayed by
UV-Vis spectroscopy by hypochromic changes of the absorption maximum
(Fig. 1.3a) with a slight bathochromic shift with increasing Cg fullerene concen-
tration [13, 66, 68]. Quite expectedly the zeta-potential study of Cgp-Dox mixture
gave a pronounced positive shift of zeta-potential peak evidencing shielding of the
Cgo molecule negative charge and charging of these clusters by complexation of
positively-charged Dox with Cg fullerene clusters [69]. The remarkable change in
translational diffusional motion of Dox molecules on addition of Cgy fullerene,
monitored by diffusion-ordered NMR spectroscopy (DOSY), had also supported
the existence of complexation (Fig. 1.3d) [68]. And, finally, the SANS data yielded
the distribution function of pair distances, pointing out on the existence of at least
two statistically different entities in solution, which are the Cg fullerene aggregates
and the complexes between the Cgo and Dox molecules (Fig. 1.3b) [62]. The
qualitative experimental data were complemented by calculation of the most
probable structure of the Cgp-Dox complex, from which the maximal filling of the
Ceo fullerene surface by three Dox molecules was noted (Fig. 1.3¢) [13, 66].

In contrast to the set of results reviewed above and concluded on the existence of
complexation, an additional experimental dataset was reported, which had not
directly supported this statement. First, at high Cgo fullerene concentrations the
UV-Vis hypochromic shift changes sign and becomes hypsochromic (Fig. 1.3a)
[66]. The isothermal titration calorimetric measurements (ITC) had given nearly
zero heat effect of Cgp fullerene addition to Dox solution, and "H NMR titration
curves had unexpectedly displayed very negligible changes inconsistent with the
complexation hypothesis [68].

In addition, NMR DOSY titration curve for translational diffusion coefficient for
Dox molecules exhibited reverse behavior (Fig. 1.3d) as compared to that initially
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expected (analogous to that discussed above for DLS titration experiment of Cgg
fullerene aqueous solution) [68].

The observed distinguishment of various physico-chemical methods, which
directly evidence or demonstrate no signs of Cgp-Dox complexation, received
complete interpretation in [68]. The essence of this view is grounded on two main
statements:

(i) the first hydration shell around the Cg fullerenes cannot be detached by Dox
complexation, resulting in big distance (~0.5 A) between the surfaces of Dox
and Cgy molecules in the complex. As a consequence, magnetic 'H NMR
shielding could be minimal (as evidenced in NMR experiment), and the
enthalpic contribution from van der Waals and electrostatic forces could be
damped (as evidenced in ITC experiment). Hence, the Cgo-Dox complexation
appears to be entropically-driven, i.e. mainly governed by hydrophobic force
due to removal of water molecules from the second and higher-level hydration
shells around Cg fullerene particles;

(i1) the binding of Dox molecules at moderate and high Cgq fullerene concentra-
tions mainly occurs by means of adsorption into large Cg fullerene clusters,
resulting in the effect called ‘ligand-induced Cg fullerene aggregation’. In
brief, positively charged Dox molecules being absorbed by negatively-charged
Cgo fullerene clusters, induce additional cluster growth due to attenuated
electrostatic repulsion between Cgy molecules. It induces additional light
scattering (as evidenced in UV-Vis experiment) and results in reverse
self-diffusion behavior of Dox molecules (as evidenced in NMR DOSY
experiment).

The physical model of Cgy-Dox interaction outlined in these two statements
enabled to build the thermodynamical model of their interaction and compute the
corresponding equilibrium hetero-complexation constant, K; ~ 6000 M~" [66].
This value was further used to correlate the relative in vitro biological effect of the
action of Cgo-Dox mixture on human buccal epithelium cells [64] and to compare
the Cgp fullerene hetero-complexation affinity to various drugs [66].

1.3.2 Cgy Fullerene Complexation with Cisplatin

Aqueous soluble inorganic derivative of bi-valent platinum, i.e. cisplatin (Cis-[Pt
(II)(NH3),Cl,]), is currently one of most extensively used chemotherapeutic drug
for cancer treatment. Similar to Dox, the principal drawback of Cis is its side
toxicity limiting its use in clinical practice. However, the success in improving the
medico-biological effect of Dox by mixing it with Cg fullerene (see above) had
inspired similar studies with Cg(-Cis mixture, yielding positive outcome in vivo and
in vitro [65].
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Investigation of possible complexation between Cg fullerene and Cis has been
carried out using generally similar protocol as that reviewed above for Cgo-Dox
interaction [70]. It should be noted that the direct complexation between Cgo and
Cis molecules should likely be relatively weak as compared with Cgy-Dox system,
because the m-stacking in the former case would be absent. Quite expectedly, the
UV-Vis spectra (Fig. 1.4b) gave minor signs of interaction, and ITC demonstrated
nearly zero heat effect. In contrast, SANS-derived pair distribution function
(Fig. 1.4c) had evidenced the existence of two apparent statistically different
entities in aqueous solution, one of which was assigned to the Cgo-Cis complexes.
This finding was partly supported by SEM and DLS studies (Fig. 1.4a, d). The
latter investigation demonstrated apparent shift of the distribution of hydrodynamic
radii of light scattering particles to higher numbers on addition of Cis to Cgq
fullerene aqueous solution. The ab initio structure of the Cgp-Cis complex was
shown to feature stable energy minimum.

In general, the revealed patterns of physico-chemical interaction of Cg fuller-
rene with Cis have been found to resemble much the interaction of Cgq molecule
with antitumor antibiotic Dox, reviewed above. The complexation of Cis with Cgg
fullerene is entropic by origin and is totally driven by hydrophobic interactions. The
binding of Cis occurs mainly into large Cgo fullerene clusters via non-specific
adsorption, although the existence of weak 1:1 Cgo-Cis complexes could not be
ruled out.

1.3.3 Cgy Fullerene Complexation with Landomycin A

LA is a new antitumor antibiotic of angucycline group, possessing high antitumor
activity against cancer cells of different origin, which induces early apoptosis in
target cells [72-76].

The AFM image displaying the content of aqueous mixture of Cg fullerene with
LA is given in Fig. 1.5a. The observed aggregates having the height of 2-25 nm
may either be related to Cg, fullerene and LA. The point nano-objects with the
height of 0.6—-1.8 nm may also be associated with Cg fullerene or LA molecules, or
their complexes, which seem to be undistinguishable due to similarity of the LA
and Cg fullerene dimensions.

In contrast to AFM results, the DLS data evidence apparent shift of the z-average
on addition of LA to CgFAS (Fig. 1.5b). However, the most interesting is the
concomitant change in the shape of distribution of light scattering particles, which
becomes narrower and shifts to larger dimensions. This observation means that LA
solution affects the distribution of Cgq fullerene clusters and indirectly points out on
the possibility of interaction between the LA and Cgy molecules. The magnitude of
zeta-potential measured for Cgo-LA mixture had shifted up to —10 mV from the
initial value of —22.1 mV measured for C¢FAS additionally confirming the pos-
sibility of interaction. And, finally, the SANS experiment had also evidenced the
changes in scattering signal in the Cg)-LA mixture. As seen from Fig. 1.5c¢ in small
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Fig. 1.4 Examples of experimental data measured for Cg( fullerene-cisplatin aqueous solution:
SEM image (a), UV-Vis spectrum (b), SANS pair distribution function (¢), DLS spectrum (d).

Redrawn from [70]
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Fig. 1.5 Examples of experimental data measured for Cg fullerene-landomycin A aqueous
solution: AFM image (a), DLS spectrum (b), SANS data (CqoFAS—triangle, Cgp-LA mixture—
circle) (c), calculated Cgp-LA structure (d). Redrawn from [79]



18 L. A. Bulavin et al.

g-region the behavior of scattering intensity changes from I(q) ~ g for C¢FAS to
I(g) ~ g~ *? for the mixture with LA. Such alteration of the scattering curve sug-
gests that compact spherical Cg fullerene clusters in aqueous solution are changed
to fractal-type organization of the aggregates with mass fractal dimension, D = 2.2,
in the Cg fullerene mixture with drug.

LA is an aromatic compound containing flat benz[a]anthraquinone chro-
mophore. As a consequence the most probable arrangement of the molecules in 1:1
Ceo-LA complex is the m-stacked structure outlined in Fig. 1.5d. The principal
contribution to the stability of such complex is given by the interactions between
the drug’s chromophore and Cgq fullerene surface, and the role of deoxyoligosac-
charide chain seems to be minor.

1.4 Conclusions

The self-organization of Cg fullerene and its complexation with chemotherapy
drugs (in particular, doxorubicin (Dox), cisplatin (Cis) and landomycin A (LA)) in
aqueous solution were reviewed in this chapter as a possible key stage of the
mechanism of the in vivo and in vitro biological synergy, observed when these
drugs are administered along with Cg, fullerene. Although the investigated drugs
are very different in terms of chemical structure and properties, their thermody-
namic patters of binding with Cg, fullerene were found to be generally similar.
Apart from certain specificities of binding, the complexation was found generally
non-specific, entropic by origin and occurring mainly into large Cg fullerene
clusters, governed by hydrophobic interactions. This physico-chemical mechanism
may be further transferred onto biological system, viz. on simultaneous adminis-
tration the hydrophobic Cgo fullerene clusters incorporating Cis, Dox or LA
molecules protect them from reactive environment when moving in biological fluid.
Hence, these clusters may act as a delivery system and elevate the active concen-
tration of the drug which induces biological effect. Such mechanism, at least in part,
explains the biological synergy observed experimentally for Cgp-Cis and Cgp-Dox
mixtures. Apparently, this is a speculative model which requires further investi-
gation and may just be used as a starting hypothesis in further studies of Cgo-drug
biological interactions. On the other hand, the use of Cg fullerene as a potential
delivery system is extensively discussed now in scientific literature (see for review
[47]). The model thus suggested agrees well with the mechanism of entrapment of
surface active compounds by Cg, fullerene clusters [77], and may probably shed
light on the mechanism of biological synergy observed on simultaneous adminis-
tration of fullerenol with Dox [78], which has not received explanation so far.
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