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Abstract

Heterostructures of fullerenols Fe@C (OH),,, Gd@C,,(OH),, Ho@
C,,(OH),, with 4f'and 3d metals in carbon cages and detonation nanodiamonds
have been synthesized for prospect applications in Magnetic Resonance
Imaging, Photodynamic Therapy and Nuclear Medicine using radioactive
isotopes. We used fullerenols obtained by hydroxylation of endofullerenes
produced in electric arc and nanodiamonds DNDZ+ and DNDZ- (size ~ 4.5
nm, positive (negative) potential in water 30-70 mV), chemically purified
and annealed in hydrogen (air) flows. In aqueous mixtures with diamonds,
fullerenols via hydroxyls formed hydrogen bonds with the H, OH, COOH
groups on diamond surface. The association of components was facilitated
by hydrophobic interactions and electrostatic attraction if DNDZ+ diamonds
with positive surface charge were used. Aqueous dispersions of the complexes
with magnetic atoms (Gd, Ho, Fe) at the temperature of 298 K have been
studied by NMR. We corrected the measured reciprocal times of proton spin
longitudinal and transverse relaxation (1/T,,1/T,) to water contributions (1/
T, ,) and defined the relaxation rates r, )= [1/T ,- /T, ,, ]. Normalizing them
to metal concentrations (C,,) we got the differential relaxivities Ar = (r,r,)/
C,, showing the MRI contrast abilities of substances. The complexes Gd@
C,,(OH),+*DNDZ-, Ho@C,,(OH),+DNDZ+ with Ar ~20 s 'mM" and Ar ~ 24
s'mM" are for ~ 6 and ~ 3 times and the complexes Fe@C, (OH), +DNDZ-
with Ar ~ 52 s'mM! for ~ 12 times more efficient than pure fullerenols. Thus,
the diamond platforms allowed greatly enhance the relaxivity of fullerenols.

Keywords: endofullerene, nanodiamond, proton spin relaxation, contrast
agent, magnetic resonance imaging

Introduction

Development of composite nanostructures for theranostics is aimed
at expanding the diagnostic capabilities of drugs when combined with a
therapeutic effect [1-3]. This requires searching for opportunities to maximize
both diagnostic and therapeutic factors by combining the beneficial properties
of selected components and ensuring targeted delivery of drugs that should be
placed on appropriate platforms (quantum dots, iron oxide nanoparticles, gold
shell-type structures), capable, among other things, of stimulating the activity
of drugs [1]. Metal oxides, metal-organic frameworks (e.g. of gold and silicon),
and nanoparticles doped with lanthanides are used to solve these problems [4].
Additives with special properties (optical, fluorescent, magnetic, radioactive)
being necessary for visualizing the resulting nanoparticles are introduced into
porous platforms together with therapeutic agents [1-3]. Such a typic example
is a construction of magnetic nanoparticles with surface modification or
using biogenic synthesis for numerous applications (drug delivery, gene
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chemo-, photo- and photodynamic therapy, hyperthermia,
photoacoustics and ultrasound imaging, bioseparation,
tissue engineering) [5]. These functional objects are studied
for biocompatibility, toxicity, environmental safety [5] and
various physical and chemical properties using IR, Raman,
photoelectron, optical spectroscopy of UV and visible light
absorption, magnetometry, electron microscopy, X-ray
diffraction and scattering, dynamic light scattering for the
analysis of the structure and particle size distributions, thermal
gravimetry for determining the mass and composition of the
organic coating of the surface of inorganic particles [6].

When selecting platforms for medicine, one has to choose
the nanodiamonds as especially attractive entities due to
the unique chemical-mechanical properties of the crystal
faces for the design of therapeutic combinations in the
interests of personalized medicine [7]. For targeted delivery
and overcoming cellular resistance to commercial drugs,
methods for associating drugs with nanodiamonds and their
hybrids with nanoporous silicon are being developed since
nanodiamonds may serve as good selective drug carriers due
to their tiny dimensions, biocompatibility, and ability to avoid
recognition by the immune system, when penetrating into the
cytoplasm of diseased cells for targeted controlled release of
chemotherapeutic agents with minimal nonspecific binding
and toxicity to normal cells [8]. Small-sized detonation
nanodiamonds (DND, 4-5 nm) with a large specific surface
area (~400 m?/g) are in demand for binding and delivering
drugs in theranostics, since they are non-toxic and inert
in chemically aggressive environments, and can serve as
markers with appropriate surface modification [9,10]. In
this regard, the effective methods have been developed for
grafting various functional groups (H, OH, COOH, SO H, F)
to diamonds to regulate their chemical activity, hydrophilic
(hydrophobic) properties and electrical potential (positive,
negative) which ensures the stability of diamond hydrosols
(concentrations < 1% wt.) and hydrogels (5-7% wt.) studied
by viscometry, light and neutron scattering [11-14].

The chemical composition and the charge state of the
surface of diamonds as regulated by grafted groups are
important for these particles’ selective interaction, contact
and penetration into biological cells (microorganisms) [15].
Specially designed functional groups on the diamond surface
are required for immobilization of medicinal (diagnostic)
preparations by means of ionic and hydrogen bonds,
hydrophobic interactions [ 16,17]. In this way, heterostructures
can be created for theranostics, for example, by attaching
fullerenes (endofullerenes) to diamonds [17,18] as far as these
molecules are the strongest photosensitizers and molecular
magnets, thereby obtaining therapeutic preparations serving
also as the contrast agents to combine photodynamic therapy
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(PDT) and magnetic resonance imaging (MRI) [19,20]. The
aim of our work was to develop the methods for synthesizing
heterostructures by coupling endohedral fullerenols with 3d
and 4f elements to nanodiamonds with following studies of
magnetic relaxation properties of new substances in water
comparative to free fullerenols.

Experimental
Sample Preparation and Attestation

As a magnetic component we used water-soluble
fullerenols Fe@C, (OH),, Gd@C,(OH),, Ho@C,,(OH),,
encapsulating 3d or 4f metal atoms inside carbon cages with
grafted hydroxyls. Such molecules were associated with
DND particles to prepare the heterostructures for promising
applications in MRI, PDT and nuclear medicine employing
radioactive isotopes [21, 22]. To obtain the DND component,
diamond agglomerates were extracted from the carbon batch
after detonation synthesis, milled and etched in acids to
clean crystalline surface from graphene fragments [23,24].
The desirable chemical composition of diamond surface was
formed by grafting to it various functional groups (H, OH;
COOH) to impart the particles a positive (negative) potential
(30-70 mV in aqueous environment) by annealing in flow
of hydrogen (500°C) or air (450°C) [24-26]. The prepared
particles DNDZ+, DNDZ- tested by TEM (Fig.1, Libra
200 FE electron microscope) have had a mean size 4.5 nm
according to the size distribution found from dynamic light
scattering measurements in their stable hydrosols, which also
transformed into thixotropic hydrogels upon concentration
(5-7 wt.%) [13,14]. Fig.1 illustrates well the DNDZ+ particles
aggregation in dried hydrosol.

Figure 1: TEM pattern for DNDZ+ diamonds and their aggregates
in dried hydrosol.
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To prepare the molecular component, the endofullerenes
(EF) with different metals, Fe@C,, Gd@C,, and Ho@C,,,
were synthesized, purified and finally hydroxylated when
water-soluble fullerenols (HEF), Fe@C,(OH),, Gd@
C,,(OH),; and Ho@C,,(OH),,, were produced [21,22]. For
the production of EF with lanthanides, Gd@C,, and Ho@
C,,, we used electric arc spraying of lanthanide oxide-filled
graphite rods [27]. The resulting soot was extracted with
o-xylene in a Soxhlet apparatus to remove empty fullerenes.
From the residue the EF molecules were isolated with
dimethylformamide [27]. In following treatment at the first
stage there were attached ~10 hydroxyls to EF molecules,
at the second stage the high degree of hydroxylation of 30
or 40 for the molecules Gd@C,,(OH),, and Ho@C,,(OH),,
was achieved [21]. The synthesis of Ln@C,,(OH), molecules
was confirmed by IR spectra showed the characteristic lines
(wave numbers of 3445 cm™, 1395 cm! for vO-H and 60-H
vibrations), the amounts of OH groups in the molecules
were found from gravimetry measurements [21]. In similar
way there were obtained the EF with iron then converted
into water-soluble Fe@C (OH),, derivative [22]. For all
fullerenols the endohedral structure with metal atoms in the
M3* state due to electron transfer to carbon shells has been
established by X-ray diffraction, EXAFS, X-ray fluorescence
and gamma resonance spectroscopy [27-29].

Binary complexes HEF+DNDZ-, HEF+DNDZ+ have
been prepared by mixing components dispersed in deionized
waterunder mechanical and ultrasonic stirring, when hydrogen
bonds were formed between them through functional groups
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and also the contacts of components may arise preferably
between hydrophobic spots on their surfaces. Complexing
was favored also by Coulomb attractions between positively
charged diamonds DNDZ+ and electronegative fullerenols,
while the association of DNDZ-particles having negative
potential with like-charged fullerenols was weakened due
to mutual repulsion. However, very polar aqueous medium
reduced by two orders of magnitude all electrostatic
interactions. Under such conditions, the observed specificity
of magneto-relaxation properties of the heterostructures
(Tab.1) should be mainly influenced by complicated cross-
interactions of fullerenols and diamonds taking into account
that the particles of both components as along trend to be self-
organized into chain-like fractal entities in aqueous media
[29-31].

In further NMR studies at the temperature of 298 K we
tested the aqueous dispersions of components and complexes
of DNDZ+ with the fullerenols containing different magnetic
atoms (Gd, Ho, Fe) (Tab.1). The results were compared with
the data for the solvent being deionized water at the same
conditions. Such water contained a minor O, impurity (0.54
mg/1) that is only ~ 6 % regarding to the amount corresponding
to its solubility [32-34]. Meanwhile, this caused a decrease
of in measured relaxation times for the solvent (Tab.l)
comparative to these ones for completely pure water (T, =
1.68 s u T, = 1.05 s) [32]. However, this inconsistency did
not influence the final results when we found the relaxivities
for magnetic ions since the contribution of solvent was
subtracted from the reciprocal relaxation times in following
data treatment.

Table 1: Composition of the samples, molar concentrations of magnetic ions (C,,), times of longitudinal (T,) and transverse (T,) spin relaxation

of protons, relaxivities (Ar) at ambient temperature (298 K)

Ne Components, mg/ml C,, mM T,* s T,* s Ar, s'mM
1 DNDZ+, 3.0 - - 272 0.732 -

2 DNDZ-, 3.2 - - 2.59 0.827 -

3 DNDZ-, 3.2 Gd@C,,(OH),,, 1.5 0.909 0.774 0.051 19.67+0.01
4 DNDZ+, 3.0 Gd@C,,(OH),,, 1.5 0.909 0.947 0.084 11.4610.01
5 - Gd@C,,(CH),,, 3.0 1.817 0.073 0.049 3.45+0.01
6 H,0 - - 3.38 1.37 -

7 - Ho@C,,(CH),,, 3.0 1.64 0.571 0.073 7.02+0.01
8 DNDZz-, 3.2 Ho@C,,(OH),,,1.5 0.82 1.06 0.074 14.80+0.01
9 DNDZ+, 3.0 Ho@C,,(OH),, 1.5 0.82 1.02 0.048 23.68+0.01
10 - Fe@C,,(OH),,, 3.3 2.566 0.288 0.067 4.29+0.01
11 DNDZ-, 3.2 Fe@C,,(OH),,, 1.6 1.244 0.159 0.014 52.01+0.08
12 DNDZz+, 3.0 Fe@C,,(OH),,, 1.6 1.244 1.12 0.05 15.0110.01

*T,, T, measured with a high accuracy, errors ~ 2:10% s.
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Figure 2: Optical density spectra D(A) of aqueous dispersions
(concentration 0.01% wt.) of diamonds DNDZ+ and DNDZ- (a;
1,2) and fullerenols with Gd, Ho, Fe atoms (b; 3-5). Data (a) for
diamonds D(A) ~ 1/A* demonstrate radiation Rayleigh scattering on
particles. For fullerenols (b), other dependence D(A) ~ 1/A? indicates
radiation absorption.
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Figure 3: Optical density D()) spectra (1) of aqueous dispersions of
the complexes of diamonds DNDZ+ (a, b, ¢) or DNDZ- (d, e, f) with
HEF containing Gd (a, d), Ho (b, €), Fe (c, f). Total data (2), C D (})
+ C,D,(A) for HEF and DNDZ#+ components with fractions C, C,
the same as in binary samples are shown.

We controlled complexing in binary aqueous mixtures
(20°C) after ultrasonic treatment when compared their
electronic spectra with the data for components (Fig.2,3).
According to the UV and visible light absorption data, in
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sonicated binary systems the optical density D(A) differed
from the sum of spectra, D (A) = CD,(}) + C,D,(}), for
HEF and DNDZ= with mass fractions of C,, C, like in
mixtures (Fig. 2,3). It is more pronounced in the samples with
electronegative HEF and positively charged DNDZ+ particles
due to mutual attraction and the contacts of components with
charge neutralization (Fig.3).

Due to neutrality, the HEF+DNDZ+ particles were prone
to aggregation revealed in the scattering increase and related
growth of optical density, D(A) > D__(A), mostly exceeding
the sum D_ (A) of partial spectra (Fig.3a,b,c). However,
in binary system with components having the same sign of
charges (HEF, DNDZ-) weak or even opposite effect detected,
D) <D_ (M), as a result of mutual repulsion between the

components and/or complexes stabilized by hydrogen bonds
and hydrophobic interactions (Fig.3d,e,f).

NMR Experiments

Magnetic relaxation properties of aqueous systems of
complexes and components have been studied at ambient
temperature (297 K) by NMR (Bruker 500 MHz Avance III
spectrometer, NMR Resource Center, St. Petersburg State
University). For the samples, the longitudinal and transverse
relaxation times of proton spins (T, T,) were found and
compared with the data for deionized water (Table 1). To
determine the spin-lattice relaxation time T, we used the
“inversion-recovery” method with pulse sequence 180°-t—
90°. In the measurements of the spin—spin relaxation time
T, we applied Carr—Purcell multi-pulse sequence 90x°—1—
(180°x—21t—)n. All the relaxation functions were well
approximated by a single exponent within the experimental
errors. Then to evaluate the contrast properties of substances
to water added, we corrected the reciprocal times (1/T,1/
T,) for water contributions (1/T,,;, 1/T,,) and calculated the
relaxation rates r,, = (I/T,, - /T | ;) (Fig. 4). Finally, we
normalized them to magnetic ion concentrations (C,,) and
found the differential relaxivities, Ar = (r,-1,)/C,, (Tab.1).

Results and Discussion

All the aqueous systems have the relaxation times (T,
T,) which are shorter than those in pure water, and a usual
relationship T, < T, is kept always (Tab.1). The carbon or
metal-carbon additives accelerate the spin relaxation of
protons but to different degrees. Comparative to diamonds,
the effects of magnetic molecules and especially the
complexes with diamonds reach two orders of magnitude
that is expressed in high relaxation rates r, , (Tab.1, Fig. 4).
Actually, very small amounts of diamonds DNDZ+, DNDZ-
(~3 mg/ml) accelerate a longitudinal relaxation by 24 and 30
% and fasten a transverse relaxation by 87 and 66 %. In fact,
it demonstrates the role of diamonds as the active platforms
for carrying magnetic molecules.
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Magnetic ions by their magnetic fields change proton
spins transverse relaxation times T, to the greatest extent.
The iron containing complex with DNDZ- shows a record
rate r, being three times greater than that for heterostructures
with lanthanides (Fig.4c, data 2). Meanwhile, complexing
less affect the longitudinal relaxation rate r,. The binding
of Gd-fullerenols to diamonds causes a strong lowering the
rate r, (Fig.4a). However, this characteristic is practically not
varied when Ho-fullerenols create complexes (Fig.4b). In the
case of Fe-fullerenols, the r, increase or decrease depends on
the platforms (DNDZ-, DNDZ+) (Fig.4c). Ultimately, the
efficacies of synthesized new contrast agents for MRI are
defined by their differential relaxivities (Ar) evaluated for all
the samples (Tab.1). Among fullerenols, the Ho@C,,(OH),,
molecules demonstrates the greatest magnitude of Ar ~ 7
s'mM-!, while Gd- and Fe-fullerenols show lower values,
Ar ~ 3-4 s'mM! (Tab.1). Such characteristics for pristine
DNDZ+ and DNDZ- diamonds, Ar ~ 2.3x107 and ~ 1.5x10°?
s'mM-, are three orders of magnitude lower, than that for
fullerenols (Tab.1). However, complexing Fe-fullerenols
provides the great Ar ~52 s'mM! for Fe@C, (OH), +DNDZ-
structures. This is twice as high as the Ar ~ 24 and 20 s'mM™!
for Ho@C,,(OH),,*DNDZ+ and Gd@C,,(OH),+DNDZ-
(Tab.1). Binding with diamonds improve the contrast power
of composites relative to basic indicator Ar, for fullerenols
with Ho, Gd, Fe according to the ratio Ar,, = Ar/Ar, ~ (2-3),
(3-6), (4-12) depending on the platforms. DNDZ+ diamonds
provide moderate contrast gains Ar,, ~ 3.3-3.5 approximately
the same for different magnetic atoms. But DNDZ- diamonds
induce very different increments, Ar, ~ 2.1-12.1, which
are minimal for Ho containing samples but maximal for
complexes with Fe (Fig. 5).

In the case of Gd- and Fe-fullerenols on the DNDZ+
platform, such neutral complexes of oppositely charged
components are less effective than the structures with DNDZ-
diamonds when the components are like-charged (Fig.5).
This can be explained by the greater coagulation of the
complexes in the first case and lesser in the second, when the
surface of the composite particles is more accessible for water
exchange in the volume of the sample. At the same time, the
presence of Ho in the samples causes the opposite effect,
more pronounced in complexes with DNDZ+ diamonds
(Fig. 5). When analyzing the interaction of fullerenols and
diamonds, it is important to consider that in an aqueous
dispersion, DNDZ- and DNDZ+ particles of average size d,
~ 5 nm with a potential of y ~ 0.05 V create a high-intensity
electric field at the surface, E ~ 2y/d, ~ 2x107 V/m, acting on
the attached fullerenols [9-11]. The effect of the electric field
on the vibrational modes of fullerenes was studied in [35],
where splitting and activation of vibrational modes in the IR
and Raman spectra were established, when the overlap and
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interaction of closely spaced modes of different symmetries
causes their shift to the short-wave region of the spectrum.
Under these conditions, high-frequency shell vibrations
are transmitted inside the fullerenol to the magnetic ion
associated with the carbon shell through charge transfer and
electron-phonon interactions. Rapid displacements of the ion
through dipole interactions with protons contribute to the
acceleration of their spin relaxation, which is observed for
the complexes with diamonds DNDZ- and DNDZ+ (Tab.1).
In addition to influencing the vibrational modes of fullerenes,
the electric fields of diamonds polarize these molecules,
causing a displacement of mobile electrons in carbon shells
and ions inside them.

The higher relaxivity of Gd-endofullerenes than that of
its complexes with low-molecular ligands is explained by
the delocalization of unpaired electrons, when the electron
spin density is transferred from the paramagnetic atom to
the fullerene shell and even beyond it ("spin leakage") [36-
38], which was theoretically predicted [39] and confirmed
by EPR, ENDOR (electron-nuclear double resonance) and
NMR [40]. A similar mechanism is undoubtedly realized
for endofullerenes with 3d metals, in particular with iron.
However, these structures, which have recently begun to
be synthesized [41], have been little studied in comparison
with analogs containing lanthanides. In our experiments,
the transfer of spin density in fullerenols in the complexes
is affected by powerful fields (~2x10” V/m) of charged
diamonds. If the diamond has a negative potential, then the
fullerenols on its surface are polarized so that the unpaired
electrons on the carbon shells are repelled from the diamond
face, shifting to the surface of the shells facing the solution.
This contributes to an increase in the relaxation rates of the
complexes with Gd*" and Fe* r >r . relative to free

2DNDZ-
fullerenol by two (ten) times (Fig.4a,c).

rr.s' rr,s’

i
1221 17727 rﬂ’rZ’ s
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B 13
L% 1A
40 - 40 |
3
2
20 20} 2
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Figure 4: Rates of proton spin longitudinal and transverse relaxation
(r,,) in aqueous systems of fullerenols (1) with Gd, Ho, Fe (a,b,c),
and the complexes with DNDZ- and DNDZ+ (2,3).
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Figure 5: Contrast increments Ar,, for complexes with DNDZ+ and
DNDZ- platforms relative to data for fullerenols containing, Gd, Ho,
Fe.

If the diamonds in the complexes are charged positively,
then due to the attraction of the carbon shell electrons to
the diamond faces, the side of the shell facing the solution
is depleted of electrons, and the increase in r, . relative
to the level for free fullerenols is less than in the first case,
ooz < ooz, (Fig.4). It should be noted that the magnetic
moments of the Gd* and Fe** ions are determined by the spin
of the electron system (S, = 7/2, S, = 5/2), but for the Ho**
ion, the magnetic moment is determined mainly by the orbital
moment of the electrons (L = 6), and the spin S, =2 is lower
than that of Fe* [42]. Therefore, for complexes with holmium,
the effect of acceleration of transverse relaxation is weaker
than for samples with iron with an inverse relationship for
relaxationratesr,  >r, for complexes with diamonds
DNDZ+ and DNDZ-. As for the spin-lattice relaxation, for
free fullerenols with Gd*, Fe’*, Ho*" ions, the relation r
> T, > Ty, is consistent with the values of the spins, S, >
S;. > S, In this case, the relaxivities characterize aqueous
systems, where fullerenols are prone to aggregation [43].
Molecular self-assembly in mixed solutions of paramagnetic
Gd@C,,(OH),, ,, and diamagnetic C,(OH),, ., fullerenols
was studied at room temperature and under the action of a
magnetic field (~1 T), which stabilized small supramolecular
structures (~20 nm) in such systems in a wide range of
concentrations (from dilute to close to the solubility threshold)
[43]. Thus, the data on relaxivity for fullerenols with G**,
Fe**, Ho*" ions refer to weakly aggregated systems (Tab.1).

In complexes with Gd**, Fe**, Ho*" ions, the relationship
between relaxivities observed for free fullerenols is disrupted
due to differences in the self-organization of complexes
in aqueous media, which affects the rates of proton
exchange between the complexes and the sample volume.
When fullerenols associate with diamonds, the degree of
hydrophilicity of their surface changes, and the structure of
aggregates of modified diamonds can differ from the original
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chain (branched) structures of diamond particles (Fig.1)
[14,30,31]. This depends on the degree of hydroxylation of
fullerenols attached to diamonds. In Fe- and Ho-fullerenols,
~ 50% of the surface is covered with hydroxyls, while in Gd-
fullerenols it is only ~ 37%. The addition of less hydrophilic
Gd-fullerenols to diamonds causes the formation of
aggregates denser than the structures of complexes with Fe-
and Ho-fullerenols, which slows down the proton exchange
between the complexes with Gd-fullerenols and the aqueous
environment, reducing the longitudinal relaxivity relative to
the level for free Gd-fullerenols (Fig.4a). At the same time,
more hydrophilic Ho-fullerenols do not cause a significant
decrease in r, values when binding to diamonds, and Fe-
fullerenol complexes with DNDZ- diamonds demonstrate a
fourfold increase in r, (Fig.4b,c).

In fact, already several decades mostly endohedral Gd-
fullerenes attract special attention due to the prospects of their
application as effective contrast agents in magnetic resonance
imaging (MRI) [44]. Relaxivities from 1 to 100 mM s in
various fields are known for the derivatives of Gd@C,, and
Gd@C,, [45,46]. In this regard, the nature of paramagnetic
relaxation phenomena caused by these objects and their
derivatives, in particular, fullerenols in aqueous media [47],
where they show much higher relaxivities than clinically used
Gd** chelates, as well as gadolinium compounds with metals
[44,48], is being studied. Traditional contrast agents mainly
contain paramagnetic gadolinium ions with high functional
characteristics (7 unpaired electrons, large magnetic
moment, and long electron spin relaxation time of ~ 107 s),
but concerns remain regarding the toxicity of such agents
[48,49]. In this regard, endohedral structures are preferable
because they firmly hold heavy metal atoms in carbon shells.
However, when studying fullerenols Gd@C, (OH)x (x = 27),
it was found [47] that their relaxivity changes with pH due to
aggregation, which depends on pH. In the tested solutions,
the spin relaxation rates of 'O and 'H were measured by
varying the temperature and magnetic field, and then the
aggregation was climinated by adding sodium phosphate
[47]. In the initially aggregated solutions, the '"O 1/T, values
were several times higher than 1/T | due to the confinement of
water in the spaces between the aggregates during its active
exchange with the main water mass, which accelerated the
spin-spin relaxation. After the disintegration of the aggregates,
individual fullerenols demonstrated relaxivities 1/T, > 1/T,,
which differed little and were determined by the mechanisms
of proton exchange at the hydroxyls and water adsorbed on
the fullerenols with the main water volume (inner and outer
spheres) [47].

Thus, it has been established that near centers with
paramagnetic ions, protons in water molecules follow a
relaxation behavior, when the longitudinal and transverse
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times of spin relaxation of protons in the inner and outer
spheres around the center decrease, and the effect depends on
the degree of hydration of the paramagnetic center [44-48].
The longitudinal relaxivity of the centers is regulated by a
number of parameters (magnetic moments of paramagnetic
ions, relaxation times of their electron spin, the rate of
rotational relaxation of the centers and the residence times
of water molecules near them and their diffusion rates,
which affect the contribution of the outer sphere). With
regard to transverse relaxivity in strong magnetic fields, the
interaction of the nuclear spin with the average electron spin
at a certain temperature (the Curie mechanism) is significant
[50]. Important factors determining the contribution of the
inner sphere to the longitudinal relaxivity are the number
of exchanged water molecules directly associated with
the paramagnetic center and the residence time of water
molecules near it.

In these experiments, a large number of hydroxyls (30;
40) in fullerenol and a comparable number of OH or COOH
groups in diamond participate in the proton exchange in the
inner sphere in contact with a water monolayer on the surface
of these particles (outer sphere). For a fullerenol molecule
with a surface area of ~ 6 nm?, the outer sphere includes ~ 100
H,0 molecules, while for diamond it is an order of magnitude
larger. Taking into account the proton migration mechanism
according to Grotthuss, the proton residence time in the
outer sphere will be ~ 1.5 ps (300 K) [51]. Thus, the high
relaxivity of fullerenols with large magnetic moments of ions
and complexes of fullerenols with diamonds is ensured by the
rapid exchange of protons in the outer sphere and between it
and the inner sphere. In complexes, the relaxivity is increased
by placing fullerenols on the surface of diamonds, which
inhibits the rotation of fullerenols. In their free state, the
rotational relaxation time is 1, = 4nR_’n/3k T ~ 1x107 s,
where R, ~ 1 nm is the hydrodynamic radius of the molecule,
n is the viscosity of water, k is the Boltzmann constant,
T =300 K is the temperature. For a diamond particle with
attached fullerenols, due to its large radius (~ 6 nm), the time
T,p~ 3x10% s is extended by more than an order of magnitude.
When using diamond platforms to accommodate magnetic
fullerenols, an important factor in increasing relaxivity is
the strong ability of diamonds to order into branched chain
aggregates, when nanoscale water diffusion channels are
created along diamond faces [14,30]. It is known that in thin
capillaries, water diffusion is accelerated by several orders
of magnitude relative to water in a large volume [52]. In this
case, due to this, a rapid proton exchange is realized between
the sample volume and the aggregates of complexes, in which
a high concentration of magnetic ions accelerates the spin
relaxation of protons, and as a result, the relaxivity of the
complexes is significantly increased in comparison with free
fullerenols in solutions.
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The results obtained have shown for the first time the
key role of diamond platforms in increasing the contrast
properties of magnetic fullerenols with an effect of up to one
order of magnitude when they are associated with diamonds.
In this way, the desired fine dispersion of fullerenols is
achieved and their interaction with the surrounding water is
maximized. Meanwhile, hydrophilic fullerenols and other
derivatives of endofullerenes are usually highly clustered
in aqueous media, and this can weaken their relaxivity
[53, 54]. In addition, the most important advantage of new
heterostructures is the reliable isolation of magnetic atoms
in strong carbon shells of fullerenes from the biological
environment [55]. Therefore, such preparations can serve
as safe agents for MRI [56], in contrast to traditionally used
organometallic structures (phthalocyanines, chelates with
magnetic atoms), which are not sufficiently resistant to the
chemical effects of biological environments and create risks
of intoxication of the body with heavy elements. Overall, the
results contribute to the knowledge of magneto-relaxation
properties of endohedral structures [57-59] with encapsulated
metal atoms, which transfer electrons to carbon cages and
can probably magnetize them, depending on their association
with diamonds. The significant enhancement of fullerenols’
relaxivity observed for the first time due to complexation
with diamonds is useful for expanding the scientific basis for
theranostic preparations design.

Conclusion

Possibilities of increasing the efficiency of contrast agents
for MRI were found using the placement of fullerenols
with lanthanides and iron on platforms of detonation
nanodiamonds with positive and negative potentials. The
experiments proved that the design of heterostructures
allowed to enhance the useful effect by an order of magnitude
compared to the initial fullerenols. On diamond platforms, a
fine dispersion of fullerenols was achieved, when their surface
became well accessible for intensive fast water exchange in
the sample volume. Therefore, the effect of magnetic atoms
enclosed in carbon shells on the spins of water protons was
sharply activated. As a result of fullerenols complexing with
diamonds, the transverse spin relaxation of protons became
significantly accelerated, while the longitudinal relaxation
changed only moderately. Thus, the difference in rates gave
a gain of up to one order of magnitude, which significantly
increases the magneto-relaxation characteristics of the
complexes compared to the initial fullerenols. The use of
diamond platforms for the placement of magnetic fullerenols
opens up new prospects for the development and application
of high-contrast agents for MRI with lower concentrations of
heavy atoms and minimal risks of associated intoxication due
to their strong retention inside fullerenes.
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