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A B S T R A C T

In this study, the possibility of application of carbon nanomaterials (CNMs) as carriers of various isotopes for
nuclear medicine is investigated. The sorption of 99mTc, 207Bi (as analog for 213Bi), 90Y, and 226Ra (as analog for
223Ra) in aqueous solutions with pH 6 and 0.01 M phosphate-buffered saline with pH 7 was studied on the
following CNMs samples: detonation nanodiamonds (NDs), reduced graphite oxide (rGiO), and multi-walled
nanotubes (MWCNTs). Commercial, hydrogenated, and aminated ND and hydrogenated MWCNTs adsorb Tc
(VII) by 40–70%; however, in physiological saline, it is readily desorbed within 0.5 h. The sorption of Tc(IV) on
commercial and carboxylated ND, as well as rGiO, was 60–90%. In this case, desorption in the biological media
did not exceed 5% for each sample in 5 h. The sorption of Bi(III) on all the samples studied was from 80% to
100%, and the Bi(III)@ND conjugate was the most stable, as its desorption in the model biological medium was
4% for 5 h. It was shown that the sorption and desorption for Y(III) differs significantly depending on the CNM
sample used, thereby allowing for the selection of the conditions for the use of Y(III)@CNMs conjugate for
specific medical tasks. It was found that Ra(II) sorption occurs only on the rGiO sample and reaches 60%;
however, depending on the medium, desorption was from 35% to 70% in 30 min, thereby complicating the use
of the Ra(II)@rGiO conjugate. The data regarding sorption behavior and stability in biological media of the
studied isotopes on CNMs allow us to not only choose the conditions for their effective use in nuclear medicine,
but also evaluate the sorption behavior of other nuclear medicine isotopes.

1. Introduction

The rapid development of nuclear medicine in the field of molecular
imaging of pathological organs and the targeted delivery of drugs poses
the challenge of finding new effective nanomaterials. Carbon nano-
materials (CNMs) — nanodiamonds (NDs), graphene and its oxide
(GO), carbon nanotubes (CNTs) — have unique structures and physi-
cochemical properties for a wide range of applications in medicine [1].

Modern cancer treatment methods have a number of limitations
associated with the presence of serious toxic and side effects of che-
motherapy, radiation therapy, and targeted therapy with antibodies at
the terminal stages of cancer development [2]. The use of CNMs offers
new possibilities for the simultaneous detection and treatment of
cancer. Most research regarding the therapeutic use of CNMs focuses on
the targeted delivery of anticancer drugs and selective tumor

irradiation [3]. The size of CNMs varies from a few nm to hundreds of
nm and is comparable to biological macromolecules such as proteins,
enzymes, and DNA plasmids [4]. Therefore, CNMs can penetrate cell
membranes, presumably during endocytosis [5], allowing them to act
as drug carriers [6]. The nanosize of CNMs also allows them to pene-
trate and selectively accumulate in tumors at much higher concentra-
tions than in surrounding healthy tissue [7,8]. They are retained owing
to the abnormal structure of the capillary network in combination with
a slow outflow through the undeveloped lymphatic system of the tumor
(EPR effect).

Applications of NDs [9], graphene, multilayer graphene and its
oxides [10], and CNTs [11] and their polymer derivatives as sorbents
for the isolation of toxic elements from aqueous media are known. It has
been shown that CNMs are characterized by fast sorption kinetics, high
adsorption capacity, efficiency over a wide pH range, and consistency

https://doi.org/10.1016/j.diamond.2020.107752
Received 25 October 2019; Received in revised form 23 January 2020; Accepted 11 February 2020

⁎ Corresponding author.
E-mail address: yarules@yandex.ru (R.Y. Yakovlev).

Diamond & Related Materials 104 (2020) 107752

Available online 12 February 2020
0925-9635/ © 2020 Elsevier B.V. All rights reserved.

T



with BET models and Langmuir and Freundlich isotherms [12]. The
high potential of CNMs as sorbents also lies in the possibility of direc-
tional functionalization of their surface. For example, CNTs functiona-
lized with the hydrophilic groups —OH and –COOH demonstrated a
high sorption of polar organic substances with a low molecular weight
[13].

The use of nanomaterials, including CNMs, as carriers for the tar-
geted delivery of radioisotopes for diagnosis and treatment in nuclear
medicine as part of radiopharmaceuticals (RP) is limited [14–25].

NDs with functionalized amino groups were used as carriers of 18F
[19]. These authors showed that such a drug can change its biodis-
tribution when surfactants are added and the surface charge of nano-
particles changes.

Graphene modified with polyethylene glycol was used as a carrier
for the 131I radionuclide, thereby providing an increased efficiency
against cancer cells than the free 131I isotopes [20]. Sorption of 225Ac on
dextran-modified graphene for delivery to tumor angiogenic vessels
was studied [21]. 99mTc was immobilized on GO, modified with DOTA
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid), and the
degree of labeling was>90% [22].

It was shown that single-walled CNTs (SWNTs), modified with a
tumor-specific chelating agent with 111In and a fluorescent label, can
successfully deliver a radionuclide into cells [23]. In [24] 211At was
effectively sorbed inside the SWNTs due to the van der Waals interac-
tions. It was shown that 225Ac and 89Zr in the composition of RP based
on functionalized SWNTs reduced the tumor volume of a human colon
adenocarcinoma [25]. In another study, multi-walled NT (MWCNTs)
cavities were filled with Na125I, and were successfully imaged in mice
using computed tomography [16]. Using the 99mTc label, the biodis-
tribution of oxidized MWCNTs and NDs separately and with the joint
presence in the body was studied [17].

The sorption of elements on CNMs is ensured by physical adsorp-
tion, electrostatic interaction, surface interaction between surface
functional groups, and the elements. For example, sorption onto a NDs
is provided by a wide range of functional groups of various chemical
natures. On sp2-carbon graphene/graphite oxide and MWCNTs it is
possible because of the direct covalent intrasphere bonds that are
formed between deprotonated functional groups on the surface, or
electrostatic bonds of the outer sphere formed between the surface and
a radionuclide surrounded by a hydration sphere of water molecules
[26]. Owing to chemical modification of the surface of CNMs, other
sorption interactions are possible [27]. Thus, oxidation and reduction
play significant roles in the interactions between the CNM surface and
radioactive element.

This study addresses the sorption/desorption of the nuclear medical
isotopes of technetium, bismuth, yttrium, and radium on different
CNMs for potential use as carriers for their targeted delivery. To this
end, the adsorption behavior of Tc(VII,IV), Bi(III), Y(III), and Ra(II)
were studied on commercial ND, reduced graphite oxide (rGiO), and
MWCNTs samples and its oxidized and reduced derivatives. The choice
of isotopes is determined not only by the wide spectrum of their ap-
plication, but also by the difference in their chemical properties.
Interest in CNMs of different structures is because of some of their
advantages: different biodistribution, different rate of accumulation in
the tumor, the degree of retention of the radionuclide, the potential
biocompatibility of their individual forms, the possibility of their
synthesis in industrial volumes, and their low cost compared to vector
molecules.

2. Experimental design

2.1. CNMs and their characterization

Commercial samples of the following CNMs were used: ND powder
(SKTB «Technolog», Russia, trade mark UDA-TAN), rGiO aqueous sus-
pension, and MWCNTs powder («NanoTekhTsentr» Ltd., Tambov,

Russia). IR spectroscopy, X-ray photoelectron spectrometry (XPS), and
X-ray diffraction (XRD) data for commercial samples of CNMs are
provided in the Supplementary material. Particle morphology of CNMs
was determined by high resolution TEM (HRTEM) using a JEOL JEM-
2100F/Cs/GIF (200 kV, 0.8 A). To determine impurity elements in
CNMs, ICP-MS (X Series 2, Thermo Scientific, USA) analysis and gamma
activation analysis were used [28].

The elemental surface composition of CNMs was determined by XPS
using a Kratos Axis Ultra DLD (Kratos Analytical Ltd., United Kingdom).
AlKα1.2 (hν = 1486.6 eV) radiation under vacuum of 5 · 10−7 Pa at
room temperature was used. The calibration of photoelectron peaks was
conducted along the C1s carbon line with a binding energy of 285 eV
and normalized to the content of all detected elements.

The hydrodynamic particle diameter of CNMs in hydrosols was
determined by dynamic light scattering (DLS) on a ZetaSizer Nano ZS
analyzer (633 nm) ZEN 3600 (Malvern instruments, Ltd., USA).

Potentiometric titration was used to determine the acidic-functional
groups on the surface of CNMs. A reaction with 2,4,6-trini-
trobenzenesulfonic acid (TNBS) with preliminary calibration by glycine
was carried out with spectrophotometric detection (λ = 408 nm) to
estimate the number of amino groups.

Modification of ND samples - oxidation, hydrogenation, chlorina-
tion and amination - was carried out by reactions 1–3 according to the
methods [29,30]. Hydrogenation of rGiO (hydrogenated rGiO – h-rGiO)
and MWCNTs (rMWCNTs) took place under similar conditions, while
the aqueous suspension of rGiO was previously dried. All chemical re-
agents used in the work had a purity that was not lower than “chemi-
cally pure.”

→ −
+ °

ND ND H
H Ar C h10% 90% (800 ,5 )2 (1)

− → − → −
+ °

ND H ND Cl ND NH2
Cl in CCl hν h N NH C h,( ,24 ) (450 ,3 )2 4 2 3 (2)

→ −
°

ND ND COOH
H SO HNO C h/ (3:1),(120 ,24 )2 4 3 (3)

2.2. Radiotracers and detection

The isotopes 99mTc (T1/2 = 6 h), 207Bi (T1/2 = 31,6 y), 90Y (T1/

2 = 64 h) and 226Ra (T1/2 = 1600 y) were used in the experiments.
99mTc was obtained from a 99Mo/99mTc generator, manufactured in the
Karpov Institute of Physical Chemistry, Obninsk, Russia. 99mTc(VII) was
eluted from the generator with physiological saline, after which it was
diluted with bidistilled water at least 1000 times. 207Bi was obtained
from Cyclotron Co., Ltd., Obninsk, Russia in a solution of 0.1 M HCl
without a carrier. An aliquot of the 207Bi solution was evaporated to
dryness and dissolved in an ammonia buffer at pH 6. 90Y was separated
from the solution of 90Sr by sequential separation by extraction chro-
matography using SR resin and RE resin (Triskem, France) according to
the method [31]. 90Y was separated in 0.05 M HNO3 medium, the so-
lution was evaporated and dissolved in 0.01 M phosphate-buffered
saline (PBS) at pH 7. A solution of radium-226 was obtained by dis-
solving 226RaBr2 (0.1 mg) in 0.01 M HCl, and aliquots of the resulting
solution were diluted with double distilled water 100–1000 times. So-
lutions of radionuclide during sorption had the following concentra-
tions: 99mTc – 10−13 М, 207Bi – 10−9 М, 90Y – 4 · 10−14 М, and 226Ra –
10−6 М.

Isotopes 99mTc, 207Bi and 226Ra were registered by their gamma
radiation on a gamma-ray spectrometer with high-purity germanium
detector GR 3818 (Canberra Ind, USA). 90Y was detected on a GreenStar
beta spectrometer (Russia) using an UltimaGold liquid scintillator
(PerkinElmer Inc.).

2.3. Sorption experiments

The sorption of the studied radionuclides in an aqueous solution
with pH 6 or in PBS was studied on suspensions containing 1 mg/mL of
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CNMs. A solution of the selected medium was placed to the Eppendorf
tubes, then an aliquot of the CNMs suspension and the radiotracer were
added, so that the volume of the resulting solution in each case was
1 mL. The experiments were carried out at a temperature of 25 or 37 °C,
which was controlled by a shaker thermal attachment (TS-100, Biosan,
Latvia). After sorption, the phases were separated by centrifugation for
20 min at 18,000g (CM-50, Eppendorf, USA), 100 μl of the supernatant
were taken, and the gamma- or beta-spectrum were registered.

To study the sorption of Tc(IV), the pertechnetate anion was pre-
liminarily reduced with Sn(II) chloride according [32]. A weighted
amount of SnCl2 was dissolved in 0.02 M HCl, from which oxygen was
previously removed by purging argon through it. An aliquot of the re-
sulting solution was added to Eppendorf tubes before adding 99mTcO4

−.
The transition of tin-reduced Tc(IV) to the surface of CNMs was con-
firmed by parallel experiments under the same conditions without
CNMs, making sure that upon centrifugation Tc(IV) only precipitated in
the presence of CNMs.

Desorption of the studied radionuclides from CNMs was carried out
in physiological saline, PBS or PBS containing 40 g/L of bovine serum
albumin (BSA). Physiological saline is isotonic to blood plasma and is
its simplest model. PBS also reflects the salt composition and has the
same pH, and PBS + BSA imitates both salts and protein backgrounds
of the blood plasma. Such media are usually used as biological models
for desorption [33–35], and the dependence of the desorption on the
composition of the selected medium allows for suggesting a possible
mechanism of sorption.

3. Results and discussion

3.1. Characterization of CNMs

3.1.1. Characterization of commercial (initial) CNMs
It was found that the CNM samples studied differ significantly in

size, structure, specific surface area, and impurity content (Table 1).
Thus, ND is formed by spherical particles that have a crystalline
structure. The size of primary ND particles varies between 3 and 10 nm,
with an average of 4–6 nm (Fig. 1A, B). ND particles are surrounded by
a non-crystalline shell, which represents a broken diamond crystal
lattice in sp3 hybridization. A commercial rGiO sample is a mixture of
flat micron-sized flat sheets (Fig. 1C) with a thickness of approximately
1–10 graphene layers and dispersed rGiO in the form of particles with
sizes of approximately 2 nm (Fig. 1D). MWCNTs are randomly curved
filiform multilayer graphene layers of a cylindrical shape with an in-
ternal closed cavity, a diameter of up to 30 nm, and a wall thickness of

5–10 nm (Fig. 1E, F). At the ends of the MWCNTs, catalyst particles are
visible (Fig. 1E), as evidenced by the significant content (14 mg/g) of
Co, Mo, and Ni, according to ICP-MS (Table 1). The content of the
summarized impurities in ND and rGiO is significantly less (1.4 and
0.3 mg/g, respectively). Most of the impurities in ND are iron and ti-
tanium, and in rGiO is mainly titanium.

The free surface area according to the BET method, m2/g for ND is
240, for rGiO is 700–1000, and for MWCNTs is 160 (Table 1).

The content of oxygen and nitrogen on the surface of ND, according
to XPS, is 7.7 at.% and 1 at.%, respectively, and the remainder is carbon
in sp3 hybridization. The high oxygen content on the ND surface is
determined by treatment with nitric acid when it is extracted from a
diamond blend [36]. The oxygen content on the rGiO surface, de-
termined by XPS, is 14.7 at.%, and the remaining is 77.4 at.% carbon in
sp2 hybridization and 7.9 at.% carbon in sp3 hybridization. The pre-
sence of the sp3 phase of carbon is apparently due to the destruction of
oxidized graphene sheets. The content of elements on the MWCNTs
surface is 99.0 at.% carbon in sp2 hybridization and 1.0 at.% oxygen.

The state of CNMs in an aqueous solution also differs. NDs form
aggregates with a size of 100 nm. rGiO nanosheets in the solution retain
their size of 2 nm. The program of the equipment used does not cal-
culate the size of the rGiO sheets, because their shape is far from
spherical, which is consistent with [22]. It was noted that the particle
size of MWCNTs in an aqueous solution also cannot be determined
because it is impossible to obtain a stable suspension owing to their
hydrophobicity.

3.1.2. Characterization of modified CNMs
The modification of ND with hydrogen for 5 h at 800°C (reaction 1)

leads to a decrease in the content of acidic groups from 330 to 20 μM/g.
After annealing in a reducing atmosphere (reaction 1), the oxygen
content on the h-rGiO surface decreased almost five times to 3 at.%, and
for rMWCNTs, from 1.0 to 0.6 at.%. Moreover, the binding energy line,
corresponding to molybdenum, does not appear on the spectra of
rMWCNTs, which indicates the removal of Mo and other impurities of
the catalyst as a result of hydrogenation to levels below the detection
limit of the method. When the initial ND was treated with ammonia at
450°C (reaction 2) the number of amino groups formed was 120 μM/g.
The effect of a mixture of nitric and sulfuric acids during the oxidation
of ND (reaction 3) leads to an increase in the content of acid groups to
990 μM/g. The oxygen content in the ND-COOH sample is 9 at.%,
which is only 1.3 at.% higher than in the commercial ND sample
(Table 1). This indicates the likely similarity of the sorption behavior of
the initial and oxidized ND samples.

It was found that the behavior of modified CNMs in aqueous solu-
tions is different. Thus, the average size of ND-H, ND-NH2, and ND-
COOH aggregates was 50, 80, and 95 nm, respectively, and their zeta-
potential was +30, +50, and +30 mV, respectively. Therefore, a
change in the functional cover of the ND surface leads to a decrease in
size and an increase in colloidal stability of the modified ND samples. At
the same time, it was shown that h-rGiO particles form aggregates of
two types, which correspond to a bimodal distribution with modes of
200 and 700 nm, and the zeta potential decreased from −46 to
−10 mV. It is evident that a significant difference in the size dis-
tribution of rGiO and h-rGiO is due to the preliminary drying of rGiO
before hydrogenation (reaction 1). It was found that upon hydrogena-
tion, MWCNTs become more hydrophilic because they form a more
stable suspension than a commercial sample. Like rGiO, rMWCNTs
particles form aggregates of two sizes, which are approximately 150
and 650 nm and have a zeta potential of −7 mV.

3.2. Technetium sorption

99mTc is the most widely used diagnostic nuclide in nuclear medi-
cine today. This is due to both the optimal nuclear physical properties
for SPECT [37] (90% γ, T1/2 6 h), and the ability to obtain it from a

Table 1
Characterization of CNMs.

Characteristics ND rGiO MWCNTs

Particle size of the original
samples (nm)

3–10 Nanosheets – 2
Sheets > 102

Length
> 2 · 104

Diameter – 30
Wall thickness
5–10

Total content of impurities
according to ICP-MS (mg/g)

1.4 3.0 14.0

Main impurities (> 0.1 mg/g)
and their content (mg/g)

Fe – 0.538
Ti – 0.459
K – 0.156

Ti – 2.600
Al – 0.124

Mo – 6.880
Co – 5.830
Al – 0.635
Ni – 0.156

Specific surface area (m2/g) 240 700–1000 160
Elemental composition of the

surface according to XPS
С (sp3) –
92.3%
О – 7.7%
N – 1.0%

С (sp2) – 77.4%
С (sp3) – 7.9%
O – 14.7%

С (sp2) –
99.0%
О – 1.0%

Size of particles and their
aggregates in hydrosols
(nm)

100 Particles – 2
Sheets – n/d

n/d
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99Mo/99mTc generator. Molybdenum-99 has a high probability of being
formed during the fission of uranium during the operation of nuclear
reactors, and its T1/2 60 h allows generators to be delivered to scientific
and medical institutions over considerable distances. The RP based on
99mTc includes its anionic and cationic forms of various valence states
[38].

3.2.1. Technetium(VII)
Sorption of 99mTcO4

− was previously studied on activated [39,40]
and mesoporous carbon [41] and inorganic sorbents and minerals [42]
for the purpose of environmental radioactive monitoring. It has been
shown that activated carbon sorbs Tc(VII) better than the other carbon
materials studied.

In this work, we studied the sorption of 99mTcO4
− milked from a

99Mo/99mTc generator on CNMs samples. Sorption was carried out from
an aqueous solution with pH 6. It was found that sorption of 99mTcO4

−

on the ND, ND-H, ND-NH2, and MWCNTs samples reached 50–70%
(Fig. 2A). It was shown that equilibrium for all samples is reached
within 5 min. A lack of sorption was observed on the rGiO, h-rGiO, and
rMWCNTs samples. An increase in the sorption ability of the ND-H
sample may be due to the formation of a high positive ζ-potential
(+40 mV) on the surface and the electrostatic attraction of 99mTcO4

−.
The primary amino group is able to protonate and provide a positive
surface charge, depending on which sorption of the 99mTcO4

−occurs at
pH 1–9 [43]. In the case of ND-NH2, however, there was no advantage
in sorption capacity over commercial ND.

For the ND, ND-H, ND-NH2, and MWCNTs samples, which sorbed Tc
(VII), the dependence of the sorption value on the amount of sorbent in
the sample was also studied (Fig. 2B). Fig. 2B shows that for all three
samples of NDs, the sorption at an m/V of 50 and 100 μg/mL is constant
and is c.a. 47% for ND, 58% for ND-NH2, and 67% for ND-H. With a
further increase in the m/V to 500 μg/mL, an increase of sorption of up
to 70% for ND and ND-NH2 and up to 82% for ND-H is observed. For
MWCNTs, there is an increase in the sorption from 56 to 71%, with an
increase in m/V from 50 to 100 μg/mL, and an increase of up to 91%
with m/V 500 μg/mL.

It was previously shown that sorption of 99mTcO4
− on the surface of

activated carbon may include two potential binding sites –OH and –C]
O, which are part of the carboxyl group [44]. Moreover, for reduced
forms of activated carbon, sorption can occur due to the electrostatic
attraction of a positively charged solid surface and 99mTcO4

−. There-
fore, an increase in sorption on ND-H may be due to an increase in the

zeta potential from +30 mV to +50 mV, which contributes to a
stronger retention of 99mTcO4

−.
It was found that physiological saline quantitatively desorbs Tc(VII)

from ND, ND-H, ND-NH2, and MWCNTs samples at 25 °C after 30 min.
These results indicate weak electrostatic interactions between the CNMs
surface and the 99mTcO4

−. It is likely that the quantitative desorption of
Tc(VII) may be due to a decrease in the positive ζ-potential of the
surface in the medium of physiological saline [44]. The introduction of
additional complexing substances that bind 99mTcO4

− with CNMs or
surface modification of CNMs is required to create a stable positive
charge in salt media.

3.2.2. Technetium(IV)
Currently, technetium in nuclear medicine is used in RP mainly in

cationic forms, Tc(IV,V) [38,45]. In this work, the oxidation state of
technetium was not determined, but for nanoparticles, including CNMs,
it is usually indicated on their surface as Tc(V) [17] or not indicated at
all [22]. Tc(IV) is also formed upon reduction of Tc(VII) with tin
chloride without the presence of a complexing ligand or carrier [45].

In the present work, Tc(IV) was obtained by adding a tin(II) chloride
as a reducing agent to the 99mTc(VII) eluate. It was shown that the
optimal tin concentration for the reduction of Tc(VII) was 10−6 M.
Under these conditions, no visible tin precipitate is formed, and the
activity during centrifugation for 20 min at 18,000 g does not change,
which indicates that the presence of tin will not prevent the im-
mobilization of 99mTc on the CNMs. Sorption of Tc(IV) on CNMs was
studied in a PBS solution at 25 °C. It was established that ND and ND-
COOH samples sorb approximately 90% of 99mTc, and the sorption
process is characterized by fast kinetics, with equilibrium occurring in
5 min (Fig. 3A). This is due to the rapid reduction of pertechnetate with
Sn(II) chloride to Tc(IV), which, presumably, is complexed with
oxygen-containing CNMs groups. rGiO adsorbs Tc(IV) by 60–75%, but
with an increase in sorption time to 60 min, a continued increase in the
degree of sorption is observed, which indicates a slow kinetic process.
Sorption in 60 min does not exceed 10% for h-rGiO, MWCNTs and
rMWCNTs samples. This indicates the necessity for oxygen-containing
groups on the surface of CNMs to immobilize Tc(IV). It was shown that
with an increase in the m/V from 10 to 100 μg/mL for ND, ND-COOH
and rGiO, the differences in the sorption do not exceed 10% (Fig. 3B).
Therefore, while using CNMs as carriers of 99mTc in RP, it is possible to
use microgram quantities of these materials, which solves the problem
of minimizing potential negative effects on the body.

Fig. 1. HRTEM micrographs of commercial samples of CNMs: ND (A, B), rGiO (C, D), and и MWCNTs (E, F).

Fig. 2. Sorption of Tc(VII) from an aqueous medium with pH 6 at 25 °C at 100 μg/mL (A) and at different sorbent contents (B).
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It was found that the desorption of Tc(IV) from the ND, ND-COOH,
and rGiO samples in a PBS + BSA solution with a pH of 7 at 37 °C for
24 h does not exceed 5%. Thus, when introduced into the body, RP
99mTc(IV)@CNMs could be stable and be used for the targeted delivery
of 99mTc.

3.3. Bismuth(III)

Bismuth isotopes 212Bi and 213Bi are used in nuclear medicine in
targeted alpha therapy of cancer tumors [38]. The most optimal ways of
their production are 225Ac/213Bi and 212Pb/212Bi generators [46–48].
Currently, tumor-specific peptides are used for immunotherapy with Bi
(III) in RP [49,50]. For the first time, this work studied the possibility of
using CNMs as carriers of bismuth isotopes.

It was found that the sorption of 207Bi(III) by all CNMs studied is
from 80 to 100% (Fig. 4). A kinetics study showed that sorption equi-
librium for ND, ND-COOH, h-rGiO, and MWCNTs samples is achieved in
5 min, and for rGiO and rMWCNTs samples, in 30 min. Thus, it was
noted that for the sorption of Bi(III) from aqueous solutions, in contrast
to Tc(IV), the presence of oxygen-containing groups on the CNMs sur-
face does not have a decisive influence on the efficiency of sorption.

It is particularly noted that with a decrease in the m/V to 10 μg/mL,
the degree of sorption decreases slightly (up to 5%). This allows the use
of small amounts of CNMs in RP for sorption of Bi(III), which reduces
the potential toxic burden on the body.

It was found that ND, ND-COOH and rGiO show the highest re-
sistance to Bi(III) desorption (Fig. 5). Among them, ND was chosen for
experiments on desorption under conditions close to biological. It was
found that in PBS + BSA solution at 37 °C after 5 h, no>4% Bi(III) is
desorbed from ND, and up to 20% in 18 h. The experimental data

obtained create the prerequisites for the effective use of CNMs in the
composition of RP with Bi(III).

3.4. Yttrium(III)

Yttrium has two isotopes that have found application in nuclear
medicine, and these are 90Y (T1/2 64 h), and 86Y (T1/2 14,7 h) [38]. The
first is a pure beta-emitter, and has found widespread use in therapy,
where it is usually bounded with peptides or antibodies [51]. The ad-
vantage of the isotope is its availability because it is easily obtained
from the 90Sr/90Y generator. 86Y emits positrons, and can be used in
PET for the imaging of 90Y in the body [52].

According to the results of the studies, the highest sorption of 90Y
with fast kinetics, 99 and 98%, was shown by commercial ND and ND-
COOH, respectively (Fig. 6). Moreover, after 15 min, 84% of Y(III) was
adsorbed on ND and 90% of Y(III) on ND-COOH, and then sorption
equilibrium was gradually established over 24 h. The rGiO sample
showed slower kinetics, whereby 66% was adsorbed within 15 min,
70% within 1 h, and sorption increased to 93% within 24 h. Simulta-
neously, a significant decrease in sorption capacity was observed for the
h-rGiO sample, which is associated with the absence of oxygen-con-
taining groups compared to rGiO and therefore, in 60 min h-rGiO
no>48% Y(III) is sorbed, while the sorption value does not change

Fig. 3. Sorption of Tc(IV) from PBS at 25 °C at 100 μg/mL (A) and at different sorbent contents (B).

Fig. 4. Sorption of Bi(III) in an aqueous medium with pH 6 at 25°С, 100 μg/mL
CNM content.

Fig. 5. Desorption of Bi(III) in various media at 25 °C, 100 μg/mL CNM content.
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after 24 h (Fig. 6). MWCNTs also showed a weak ability to sorb Y(III)
and adsorbed 46% after 30 min, after which equilibrium was observed
at 24 h (Fig. 6). It should be noted that the modification of MWCNTs
during hydrogenation (reaction 1) leads to an increase in the degree of
Y(III) sorption and therefore, in 24 h, sorption reached 79% (Fig. 6).
This may be due to the opening of MWCNTs channels during such
processing due to the presence of a small oxygen impurity in the gas
mixture, which acidifies and opens their ends. It was previously shown
that in the process of hydrogenation there is a decrease in the number of
structural defects, and the removal of catalyst metal impurities [53].

It can therefore be assumed that Y(III) adsorption on rGiO and
MWCNTs can proceed by at least two mechanisms: (1) fast adsorption
on the external surfaces of MWCNTs, and (2) slow adsorption in the
internal channels of MWCNTs, the distribution of which depends on the
time the sample was in solution. This is in concordance with other work
[54], in which 90% of Eu(III) was adsorbed on MWCNTs, and then
sorption slowly increased over time.

It was shown that the highest desorption in PBS + BSA solution
reaches 35% within 15 min (except rMWCNTs – 60%), and then des-
orption did not change within 1 h (Fig. 7). In the first min of contact of
the nanoparticles with the protein, weakly bound Y(III) is therefore
removed from the surface of rGiO. In 15 min, 27% Y(III) is desorbed
with ND, ND-COOH. For rGiO and h-rGiO, 15 and 20% of 90Y was

desorbed after 15 min. If we take into account that CNMs rapidly ac-
cumulate in organs [55–57], this time is sufficient to deliver Y(III) to
the desired location.

According to the data obtained, two sorption mechanisms could be
assumed: (1) chemisorption with the formation of 90Y complexes with
oxygen-containing groups (-COOH, -OH) on the rGiO surface, and (2)
physical adsorption due to electrostatic attraction between Y(III) and
oppositely-charged groups on the surface.

Desorption of Y(III) from MWCNTs was 21% in 15 min and did not
change for 1 h. For rMWCNTs, desorption was the highest at 51% in
15 min, and 60% in 60 min. This may be due to the fact that the density
of defects in the surface of MWCNTs decreased as a result of annealing
[58]. Therefore, the number of strong adsorption sites in rMWCNTs is
decreased.

3.5. Radium(II)

The alpha-emitting isotope 223Ra with T1/2 11.4 d is used in the
treatment of bone metastases in prostate cancer and in breast cancer
[38]. Radium is a calcium mimic, and therefore, when ingested, it
mainly accumulates in the bones [59]. The difficulties with the chela-
tion of divalent radium create barriers for the creation of RP with tar-
geted delivery, so only radium-223 chloride solution is currently used
(Xofigo® [59]). The targeted delivery of 223Ra to various organs can be
achieved by creating a stable conjugate with nanomaterials, which is
then transported using the biological vector, to the desired organ. Thus,
we recently demonstrated the possibility of sorption of 223Ra on NDs
with grafted derivatives of amino acids, but the maximum sorption
under the studied conditions was only 10% [60].

Studies of Ra(II) sorption showed that all the CNMs samples studied
did not sorb Ra(II) in 60 min in an aqueous solution with pH 6, with the
exception of rGiO, on which sorption reached 60%. Upon contact of the
sorbent with Ra(II), it was shown that in saline, PBS and PBS + BSA,
desorption from 35 to 70% was observed within 30 min. It can be noted
that sorption of alkaline earth metals Mg(II), Ca(II), Sr(II) and Ba(II) on
rGiO was also observed [61], while it was shown that sorption in-
creased with an increase in the ionic radius. This demonstrates the
difficulties of the direct use of the 223Ra(II)@rGiO conjugate as an RP,
however, the lack of complete desorption indicates the prospects for
studying rGiO as a carrier of 223Ra.

4. Conclusion

In this work, the sorption behavior of 99mTc, 207Bi, 90Y, and 226Ra on
commercial and modified NDs, rGiO, and MWCNTs samples was stu-
died. It was found that the CNMs investigated sorb up to 90% of Tc(VII),
however, its quantitative desorption occurs in physiological saline. Tc
(IV) is efficiently sorbed by the oxidized surface of CNMs at> 90%,
while its desorption in PBS + BSA solution does not exceed 5%. This
allows the use of the studied ND, rGiO and MWCNTs with oxygen-
containing groups on their surface for targeted delivery of RP with Tc
(IV). The sorption of Bi(III) on the CNMs studied ranged from 80 to
100%, while its desorption in BSA in PBS for ND, ND-COOH and rGiO
did not exceed 10%, and for CNMs without oxygen-containing groups,
up to 30%. It was shown that the kinetics of sorption of Y(III) is slower
than for Bi(III) and depends on the morphology of CNMs. Desorption in
PBS + BSA solution in 1 h raised to 35% from the surface of ND, and
15% from the surface of rGiO. The possibility of controlled release of Bi
(III) and Y(III) isotopes from the CNMs surface has been established,
and creates the prerequisites for their variable use in the RP composi-
tion. It was shown that rGiO is a promising carrier of Ra(II) for RP,
however, additional studies are required to increase the strength of
binding of the radionuclide to rGiO.

The results indicate that the use of CNMs for sorption of radio-
nuclides in order to create RP with targeted delivery is quite promising.
The possibility of selecting the sorbed radionuclide depending on the

Fig. 6. Sorption of Y(III) in PBS at 25 °C, 100 μg/mL CNM content.

Fig. 7. Desorption of Y(III) in PBS + BSA solution at 25 °C, 100 μg/mL CNM
content.

A.G. Kazakov, et al. Diamond & Related Materials 104 (2020) 107752

7



type of material, functionalization of its surface, and controlled release
in a biological medium has been revealed, which allows CNMs to be
considered as multimodal carriers in RP. The patterns of sorption be-
havior of the studied isotopes shown on CNMs will contribute to the
selection of optimal conditions for sorption of other nuclides used in
nuclear medicine.
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