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Abstract. Nanoparticles of insoluble Gd** compounds are considered to be a promising direction of development of
multimodal contrast agents for magnetic resonance imaging and computed tomography. The surface of such nanoparticles
can be functionalized by molecules or chemical groups with high affinity to specific biopolymers. In the present work, we
proposed a novel approach to obtaining such selective structures. At the first stage, GdoO3 nanoparticles of 1-2 nm size
stabilized on the surface of graphene nanoflakes (GNFs) were produced. Their further graphitization produced core-shell
(Gd203/GNFs)@C particles. Treatment of these particles with nitric acid vapor resulted in the formation of surface
carboxyl groups. Further reaction with SOCI; produced (Gd03/GNFs)@C-COCI particles, which were used to obtain the
esters containing the allyl fragment (GdyO3/GNFs)@C-COOAIl or molecules of specific inhibitor of angiotensin-
converting enzyme captopril. All products were characterized by transmission electron microscopy, thermogravimetric
analysis, IR and X-ray photoelectron spectroscopy. The results of these analyses confirmed that the functionalization of the
particles by carboxyl, acyl chloride or allyl groups, as well as captopril molecules, did not change their morphology or the
size of GdyO3 cores. The cytotoxicity of (GdyO3/GNFs)@C-COOH, (Gdy03/GNFs)@C-COOAIl and (Gdy03/GNFs)@C-
captopril particles was assessed.
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AnHotanusi. B Hacrosiiee BpeMsi OJJHUM U3 HANpaBJeHHH pa3pabOTKHU HOBBIX MYJIbTHMOJAIBHBIX KOHTPACTHBIX areHTOB
JUIs METOJIOB MAarHMTHO-PE30HAHCHON M KOMITBIOTEpPHOW TOMOrpaduu SBISIETCSl CO3/JaHHE IpernapaToB Ha OCHOBE
HAHOYACTHUI] HEPAaCTBOPUMBIX COEJANHEHUI Gd™". [ToBepXHOCTh TAaKMX HAHOYACTHL MOXHO (YHKIMOHAIN3UPOBATH
SKOPHBIMH ~ MOJIEKYJIaMH  WJIM  TPYIIAaMH, CEJIEKTUBHBIMH  OTHOCHTEIBHO  OIPENENICHHBIX  OHMOIOJIMMEpOB.
B mpencrasieHHoil paboTe MpeayioKeH HOBBIM METOJ JUIS CO3/aHMs TaKuX CEIEKTHUBHBIX CTPYKTyp. Ha mepBom srare
npotiecca noiy4eHbl Hanodactuibl GdyO3 ¢ pazmepom 1...2 HM, CTaOMIM3MPOBAHHBIE HA TOBEPXHOCTH MAaJOCIOWHBIX
rpadenoBbix (¢parmenroB (MI'®). Ilocnenyromas rpaduruzanust moBepxHocTH wactull GdpO3/MI'® mo3Bonmia
MOJY4UTh YaCTHIBI CO CTPYKTypod Tuma sapo-obonouka (GdyO3/MI'®@)@C. O6padorka uvactuy (GdrO3/MI'd)@C
napamMy a30THOM KHUCIIOTHI NpHBeNa K (OpPMHPOBAHMIO ITOBEPXHOCTHBIX KapOOKCWIBbHBIX rpymil. [Ipu B3aumopeiicTBun
(Gdr03/MI'D)@C-COOH ¢ SOCI, Beenensr wactuibl (GdyO3/MI'®)@C-COCL Ilpu 3amenieHuE aTOMOB XJopa
B COCTaBe ALMJIXJIOPUIHBIX TPYIII MOJIYyYEHbI CIIOXKHBIC dGHUPHI, coaepxkaiue antioBsie pparments! (GdyO3/MI'D)@C-
COOAIl wmu MoJekysbl crenuduyeckoro HMHIHOMTOpPAa aHIMOTEH3WH-IPEBpaIaomero (epMeHTa KalTolpHIa.
Bce nponykThl 0XapakTepu30BaHbl METOIAMU IIPOCBEYMBAIOLICH 2JIEKTPOHHOM MUKPOCKOIIMEH, TEPMOIPaBUMETPUUECKOIO
anaimmza, K- u peHtreno-¢ortosnexkTpoHHo# cnekrpockonued. [TokazaHo, uto (yHKIMOHaIM3amusl KapOOKCHIBHBIMH,
AIMIXIJIOPUIHBIMU TPYIIAMH, KaK U MOJEKYJIaMHU KalTOIpHIa M aUTWIOBBIMU ()parMEHTaMH He MEHseT MOpP(OIOTHIO
yactui, a pasmep GdyOsz ocraercss HeuaMeHHbIM. [lpeicTaBiieHbI pe3y/bTaThbl OIEHKH IIMTOTOKCHYHOCTH YaCTHIL
(Gd203/MI'®)@C-COOH, (Gd203/MI'®D)@C-COOAIl u (Gd03/MI'®)@C-kantonpuit.

KaroueBbie ciioBa: FaﬂOJ’IHHHﬁ; rpaq)eH; AJUTAJT; KallITOIPWII; HAHOYACTUIIBI; TIOBEPXHOCTHAA MOZ[I/I(l)I/IKaIII/ISI; KOH’I‘paCTHHﬁ
arcHT, HTUTOTOKCUYHOCTD.
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Platonova YaB, Savilov SV, Chelkov GA. Surface modification of GdyOs3-graphene by different functionalities and
captopril molecules. Journal of Advanced Materials and Technologies. 2026;11(1):069-080. DOI: 10.17277/jamt-2026-11-
01-069-080

1. Introduction clays or lipids [9]. An example of such structure is

the core-shell y-Fe,O3@SiOr@captopril — system
described in [10], where the core-shell nanoparticles
are functionalized with captopril — inhibitor of
angiotensin-converting enzyme.

Two-dimensional carbon nanomaterials,
particularly graphene and its derivatives, represent a
versatile matrix for nanoparticle stabilization [11]. At
the same time, the graphene surface can be
functionalized with different groups and molecules
[12—-14]. Among the core-shell particles with a metal
oxide core and functionalized graphene shell, the

Fe304
encapsulated in C3N4 nanosheets was described in

Chelated Gd*" complexes of polycarbonic acids
are widely used in modern clinical practice as contrast
agents for magnetic resonance imaging (MRI) [1].
Nanoparticles of insoluble Gd** compounds and iron
oxides are an alternative to the complexes described in
[2, 3]. Surface modification of nanoparticles with
organic groups or molecules ensures the selectivity of
the contrast agent to certain cells, proteins, biological
molecules or biopolymers [4, 5]. Nanoparticles
accumulate in certain areas assisting the detection of
pathologies including the smallest ones. Moreover, the
resolution of image increases due to higher signal-to-
noise ratio of contrasting nanoparticles. Thus this

synthesis of  magnetic nanoparticles

ultimately leads to the targeted controlled delivery and
significant reduces the administered doses. Moreover,
the surface groups prevent aggregation of
nanoparticles [6].

Nanoparticle contrast agents typically represent
oxide particles encapsulated in mesoporous silica [7, 8],

[15]. The surface of these particles was modified by
1,3-dibromo-propane and finally the captopril
molecules. The resulting composite Fe3O4@C3N4 Pr-
captopril was assessed as an effective catalyst in the
synthesis  of  1,2,3,6-tetrahydropyrimidine  and
2-amino-4H-chromene derivatives [15].
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Previously we described the synthesis and
physicochemical characteristics of 1-2 nm GdyO3
particles stabilized on the graphene nanoflake
(GNF) surface [16]. The graphitic core-shell
(Gd03/GNFs)@C and oxidized (Gd,O3/GNFs)@C-
COOH particles are affective contrast agents for MRI
[7] and photon-counting computed tomography [17].
These particles can be further functionalized with
more specific surface groups. In particular, we have
proposed further conversion of carboxyl groups into
acyl chloride groups and then into alloxide ester.
The  (Gd;03/GNFs)@C-COOAIl  (All =allylic
radical) particles were polymerized in the presence of
acrylic acid and acrylamide monomers to produce
contrasting hydrogels for implantable systems [18].

In the present study, we assessed the possibility
of further functionalization of (Gdy;O3/GNFs)@C
nanoparticles and described six-steps synthesis and
characteristics of their captopril-modified derivatives.
Additionally, an assessment of the cytotoxicity of
resulting particles and intermediate synthetic products
(Gdy03/GNFs)@C-COOH and Gd;O03@C-COOAIl
was made.

2. Experiment

2.1. Synthetic process

Graphene nanoflakes (GNFs) were synthesized
by pyrolytic decomposition of hexane (99.8 %,
Reachim) at 900-950 °C for 30 min in the presence
of the MgO template. The prepared GNFs were
purified from MgO by refluxing with HCI (99.9 %,
Reachim) for 8 h and followed by rinsing with
distilled water and drying at 110°C for 4 h.
Oxidation of the GNF surface was produced by
refluxing with HNOj for 1 h.

Nanoparticles Gd,O3 were synthesized by
impregnation of oxidized GNFs with a water-ethanol

solution of Gd(NO3)3-6H,0 (99.9 %, China Northern

Rare Earth Group High-Tech Co. Ltd.) with
subsequent nitrate  decomposition under Nj
atmosphere at 450 °C according to [16].

The synthesis of (Gd,03/GNFs)@C,

(Gdy03/GNFs)@C-COOH, (Gd;03/GNFs)@C-COCl
and (Gd,O03/GNFs)@C-COOAIll were previously
described elsewhere [18-20]. In brief, Gd,O3/GNF

particles were carbonized under CHg (99.99 %
Moscow Gas Processing Plant, Moscow, Russia)
flow in the fixed-bed reactor at 400—450 °C for

30 min to obtain core-shell (GdyO3/GNFs)@C
particles [19]. Their surface was modified by HNOj

vapors. For this purpose (Gd,O3/GNFs)@C sample
was placed in an open vessel in an atmosphere of

boiling HNO3 for 1 h, which led to (Gd,O3/GNFs)@
C-COOH formations described [20].

Carboxylate groups in (GdyO3/GNFs)@C-
COOH were modified with SOCl, to obtain acyl
chloride (Gd;03/GNFs)@C-COCI [18, 21]. Reaction
of the (GdyO3/GNFs)@C-COCI sample with sodium
alloxide NaOAIl resulting in the substitution of the
chloride group with the alloxide group producing
(Gd03/GNFs)@C-COOALI in accordance with [18].

(Gdy03/GNFs)@C covalently bonded with
captopril molecules was synthesized via reaction of

(Gd03/GNFs)@C-COCI with captopril. 1.43 g of

(Gd,03/GNFs)@C-COCI was dispersed in the 30 mL
dry toluene under sonication for 30 min. Then 0.06 g
of captopril (> 98 %, TCI, Tokyo Chem. Ind., Japan)
was added to the reaction mixture under an Ar
(99.993 %, Logica Ltd., Moscow, Russia)
atmosphere. The mixture was refluxed for 24 h,
cooled to room temperature, filtered and washed with
ethanol. The (GdyO3/GNFs)@C-captopril sample
was dried at room temperature for 12 h.

2.2. Characterization techniques

High  resolution  transmission electron
microscopy (HRTEM) images were recorded on
a JEOL 2100F/Cs (Jeol, Japan) microscope operated
at 200 kV and equipped with an UHR pole tip,
a spherical aberration corrector (CEOS, Germany),
and an EEL spectrometer (Gatan, Germany).

The surface groups in the synthesized particles
were analyzed by IR spectroscopy using an FSM
1202 FTIR spectrometer (Infraspek, Russia). Prior to
the analysis the samples were ground in an agate
mortar with dried KBr (98.5 %, China) at weight ratio
of 1:9 and pressed into tablets using hydraulic press
(OMEC, Italy). A pellet of pure KBr was used for
reference spectra. The measurements were carried out
with the accumulation of 30 scans in the range from
400 to 4000 cm ™' with a resolution of 4 cm .

Thermal stability of the materials was studied
using the simultaneous thermal analyzer STA 449 F3
(NETZSCH, Germany). A portion of material in an
Al,O3 crucible was placed in the furnace of device,
which was purged with air flow of 50 mL-min”"
during the measurement, while the weighing block
was purged with a flow of protective nitrogen
(99.999 %, NII KM) gas of 20 mL-min . The sample
was heated at a rate of 1°°min ' to 40° and kept in
a waiting mode for 20 min until the scale readings
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stabilized. Then heating was carried out at a rate of
10°-min "' up to 1000° while simultaneously
recording thermogravimetry (TG) and differential
thermal analysis (DTA) signals. To determine the
composition of gases emitted during the heating, TG
coupled with mass spectra analysis was used in STA
449 C Jupiter combined with QMS 403C Aéolos
quadrupole mass spectrometer (both NETZSCH,
Germany). The furnace was purged with an air flow
of 80 mL-minﬁl, and the weighing block with an
argon (99.993 %, NII KM) flow of 40 mL-min .
Ionization of gas molecules was achieved by electron
impact, and ion separation was carried out by
a quadrupole of mass spectrometer in the range from
10 to 100 a.u.

The content of oxygen, carbon, gadolinium,
chlorine and sulfur were confirmed by X-ray
photoelectron spectroscopy (XPS) using a Kratos
Axis Ultra DLD instrument with the monochromatic
AlKa source (1486.6 ¢V) (Kratos Analytical, UK).
The survey XPS spectra were recorded at a pass
energy of 160 eV while a pass energy of 40 eV was
used for high-resolution scans.

2.3. Cytotoxicity

The cytotoxicity of synthesized (Gd,O3/
GNFs)@C-COOH, (Gd;03/GNFs)@C-COOAIl and

(Gd,03/GNFs)@C-captopril ~ nanoparticles  was
investigated by MTT test. All samples were kept in
glass boxes for 4 h at 80 °C before testing to ensure
sterility. The HEK293T cells (2500 cells/well) were
plated out in 100 pL of DMEM/F12 media (PanEco
LLC, Russia) in a 96-well plate and incubated at
37°C, 5% CO, for 18h before treatment.
The nanoparticles were suspended with cell growth
media and methylcellulose (Sigma-Aldrich, USA)
and then added to cells. The maximum concentration
of each sample was 1600 ug [Gd3+]-mL71, dilution
step x2: methylcellulose concentration was 2 % in
each well. Three experimental replicates (wells) were
used for each concentration of each sample.
After adding the particles, the cells were incubated
for 72 h, and then metabolic activity was assessed
using the MTT test. Doxorubicin was used as
a comparison drug. At the end of the incubation,
MTT (Paneco LLC, Russia) was added into the media
(up to 0.5 mg-mL "), the cells were incubated for 2 h,
followed by removing the media and addition of
100 pL of DMSO. The amount of MTT reduced by
cells to its blue formazan derivative was measured
spectrophotometrically at 565 nm using a VICTOR
microplate reader (PerkinElmer, Singapore) and

normalized to the values for cells incubated without
compounds. The optical density at 670 nm was
additionally measured to subtract the value of
turbidity caused by particles. 1Csg,ns Was calculated
with “GraphPad Prism 5” software (GraphPad
Software, Inc., San Diego, CA).

3. Results and Discussion

We proposed a six-step process that includes the
synthesis of (Gd;O03/GNFs)@C-COOALII as described
in [18] followed by a newly proposed step to
synthesize (GdyO3/GNFs)@C-captopril (Fig. 1). This
scheme demonstrates all intermediate products and
simplifies their characterization by several methods.

The synthesis starts from GNF particles
produced as described earlier [18, 22]. In brief, GNF
particles replicate the shape of template particles and
contain 7-10 stacked graphene layers (Fig. 2a, b).
In the first step of the synthesis the GNF surface is
oxidized to provide more uniform distribution of
Gd*" ions in the second step. The Gd,Oj3 particle size
was about 1-2 nm according to the TEM data
(Fig. 2¢). The detailed characteristics of Gd,O3/GNFs
was previously reported [16]. The graphitization (3rd
step) and gas-phase modification (4th step) were
earlier described [19, 20]. Graphitization (3rd step)
prevented Gd,O3 degradation during the 4 step
including surface oxidation of (Gd,O3/GNFs)@C
particles.

The reaction of carboxyl groups in the
(Gdy03/GNFs)@C-COOH with SOCl, (5th step) is
a well-known route of the carbon surface
modification by acyl chloride groups [12—14]. This
approach was previously described for surface
modification of detonation nanodiamonds [21],
single-walled carbon nanotubes [23], graphene oxide
[24], etc. So, this reaction is suitable for modification
of both sz— and sp3—hybridized carbon atoms.
The treatment of (Gd,O3/GNFs)@C-COOH particles
with SOCI, did not affect the size and morphology of

the GNFs or deposited Gd,O3 particles (Fig. 2d-f).
The EELS confirmed the presence of C, O, Gd, and
Cl atoms (Fig. 2f). The distribution of Gd atoms
remained uniform (Fig. 2e, f).

Chloride groups could be substituted by other
nucleophilic groups, such as SH in the captopril
molecule or alloxide OAIl fragment (6th step).
The morphology of the (GdyO3/GNFs)@C-COOAIl
(Fig. 2g-i) was similar to that of the pristine
(Gd03/GNFs)@C-COCl particles (Fig. 2d-f).
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Fig. 1. Synthetic scheme

In (GdyO3/GNFs)@C-captopril particles, some
morphological changes occurred (Fig. 2j-/). GNFs
partly bent (Fig. 2j) and lost their layered structure
(Fig. 2k). At the same time, the in homogeneity of
Gd-containing fragments became noticeable (Fig. 2/).

The chemical composition and bonding type of
atoms in (Gd,03/GNFs)@C-COOAll
(Gd03/GNFs)@C-captopril  were confirmed by
XPS. The XPS data for (Gd,O3/GNFs)@C-COOAIll
was discussed in [18]. The survey XPS spectra of
(Gd,0O3/GNFs)@C-captopril revealed the presence of
0, C, N, Gd, Cl, and S (Fig. 3a). The XPS elemental
composition of (Gd,O3/GNFs)@C-captopril was
(at. %) C-863,0-11.0,N-1.1,S-0.6,C1 - 0.3
Gd - 0.4, and Si impurities — 0.3.

Fitting of the high-resolution Cls XPS spectrum
of (Gdy;03/GNFs)@C-captopril revealed several
components with binding energies of 284 5, 285. 1
286.3, 287.6, 288.8 eV corresponded to sp - and sp -
hybridized C—C, C-0, ketone C=0, and carboxyl
C(=0)—0 species (Fig. 3b). The Ols spectrum shows
three components at 531.5 eV (0=C), 533.3 eV
(O—C), and 534.5 eV (non-conducting impurities)
(Fig. 3¢), which agrees with the different bonding of
carbon atoms with oxygen observed in the Cls
spectrum. The Nls spectrum contained components
with binding energies of 398.6 eV (C—N=C),
400.1 eV (N—C=0), 402.0 eV (NR4+), and 405.8 eV

and

(NO,) (Fig.3d). Oxidized nitrogen species were
probably introduced to the surface during oxidation
of carbon shells in the 4™ step. The S2p spectra
showed two doublets with S2p3/, binding energies of
163.6 ¢V (S-H and S-C) and 169.9 eV (SO427
species) (Fig. 3e). The latter species resulted from the
partial hydroly51s of sulfide groups. The gadolinium
was in the Gd”" state according to the Gd4d (Fig. 3e)
and Gd3ds, (Fig. 3f) spectra.

The IR transmittance spectra of (GdyO3/
GNFs)@C-COOH, (Gdy03/GNFs)@C-COCl,
(Gdy03/GNFs)@C-COOAIL, and (Gd,03/GNFs)@C-
captopril samples are shown in Fig. 4. The lines at
440-550 cm  are associated with Gd—O vibration in
the Gd,03 [25]. The IR spectra of GNFs, oxidized
GNFs and (Gd,O3/GNFs)@C-COOH were discussed
in [18, 26]. The lines of adsorbed water lay in the
range of 3000-3700 cm . These groups manifested
in the (Gd03/GNFs)@C-COOH spectrum. The lines
at 1640-1700 cm ' correspond to the valent vibration
of carbonyl or C=0 fragment of carboxylic groups
[26]. Lines typical to C—Cl and C-S vibrations in the
(Gdy03/GNFs)@C-COC1  and (Gd;03/GNFs)@C-
captopril samples were not observed due to their low
intensity. The IR spectra of captopril were previously
described in [27]. Its characteristic lines were not
observed in the (Gd;O3/GNFs)@C-captopril
spectrum because of the low captopril content.
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Fig. 2. TEM (a, d, g, j), HR TEM (b, ¢, e, h, k) and HAADF-STEM with EELS spectra (f, 7, /) images of GNFs (a, b),
Gdy03/GNFs (¢), (Gd203/GNFs)@C-COCI (d — f), (Gd203/GNFs)@C-COOAII (g — i) and (Gda03/GNFs)@C-captopril (j — /)
particles. The scale of a, d, g images is the same as j. The scale of b, e, # images is the same as k
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TG and DTA of (GdyO3/GNFs)@C-COCI
(Fig. 5a), (Gd;03/GNFs)@C-COOAIl (Fig. 5¢) and
(Gd03/GNFs)@C-captopril (Fig. 5d) samples were
performed under air atmosphere. Weight loss up to
200 °C is associated with the removal of adsorbed

water and manifests itself as peaks on the DTG and
DTA curves at 90 °C (maximum rate of weight loss)
and 100 °C (endothermic effect), respectively. Next,
the organic functional groups are removed and the
GNFs burns, which is accompanied by the release of
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Fig. 5. TG (green) and DTA (red) curves (a, ¢, d) of (Gd203/GNFs)@C-COCI (a), (Gd203/GNFs)@C-COOALI (c)
and (Gd203/GNFs)@C-captopril (d) samples. Gas products (b, e, f) of (Gd203/GNFs)@C-COCI under air atmosphere (b)
and (Gd203/GNFs)@C-captopril under air (e) and Ar (f) atmospheres

heat. (Gd,03/GNFs)@C-COCI burns completely to a
residual mass of 9%, due to Gd,O3 residue.
According to the TG and DTG curves,
(Gdy03/GNFs)@C-COOALIl and (Gd;03/GNFs)@C-
captopril don’t burn completely, and their residual
mass were 54 and 16 %, respectively. The data for
(Gd,03/GNFs)@C-captopril is close to the TG
curves obtained for the composite Fe304@C3Ny4 Pr
captopril described in [15].

The defunctionalization was analyzed by mass-
spectrometry of evolving gases (Fig. 5b, e, f).

In air atmosphere, (Gd;O3/GNFs)@C-COCI sample
decomposed in the range of 100-520 °C with
releasing water (m/z=18). The burn products
corresponding to C (m/z=12) and CO, (m/z =12)
appeared at 400-800 °C (Fig. 5b).

The GNF in (GdyO3/GNFs)@C-captopril burnt
under air atmosphere in the range of 400—-600 °C with
appearance of C (m/z=12) and CO, (m/z=12)
signals in mass-spectra. The SO, (m/z=64) signal
was registered in the ranges of 200—400 °C and
450600 °C. It can be associated with by-products of
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and (Gdy03/GNFs)@C-captopril (c) samples

the synthesis st step (Fig. 1) and burning of the
captopril fragment (Fig. Se).

In Ar atmosphere, the composition of gaseous
products from (Gd;O3/GNFs)@C-captopril was more
complex (Fig. 5f). C (m/z=12) and CO, (m/z = 44)
were observed at 200420 °C and 550-700 °C as
a result of defunctionalization and burning. The peaks
with m/z =26 (CoH,"), 27 (C,H3"), and 29 (C,Hs')
appeared at 180-380 °C in the mass spectra, while
the peak with m/z =30 (CH,O") was observed in

a wider range of temperatures. The by-product SO,
(m/z=64) was released at 250-400 °C. The peak
with m/z =91 corresponding to the captopril fragment
appeared at 200-300 °C [28].

The results of cytotoxicity assessment for
(Gd03/GNFs)@C-COOH, (Gdy03/GNFs)@C-
COOAIl and (GdyO3/GNFs)@C-captopril are
presented in Fig. 6. For (Gd,O3/GNFs)@C-COOH
(Fig. 6a), no substantial cytotoxicity signals were
observed. (Gdy03/GNFs)@C-COOAIl  showed
a dose-specific cytotoxic effect on a cell line
HEK293T (IC50abs — (2555 + 182) mg-L ") (Fig. 6b),
that could be explained by presence of chemically
active allyl groups on its surface. (Gd,O3/GNFs)@C-
captopril (ICs0aps — (944 £58) mg'Lfl) triggered
a dose-dependent decrease of cell viability over entire
assessed range of concentrations (Fig. 6¢). Such
effect is uncommon for non-specific cytotoxicity and
can potentially be explained by nanoparticle uptake
by the cells during extended incubation [29].
According to The Human Protein Atlas data [30, 31],
HEK293 cell lines express angiotensin-converting
enzyme, creating a molecular target for binding of the
synthesized nanoparticles functionalized by captopril.
While this effect potentially increases the cytotoxicity

of the contrast agent, it also increases its selectivity
towards tissues with similar protein expression
profile and allows their selective visualization.
This effect requires further investigation to confirm
its mechanism and assess its impact towards the
pharmaco-toxicological profile of developed contrast
agents considering their intended application for
selective contrasting and at the same time the
possibility of their local accumulation in high
concentrations due to selective affinity.

4. Conclusion

The study presents a way to develop
a fundamentally new type of multimodal contrast
agents for MRI and computed tomography based on
core-shell nanoparticles with insoluble core of a Gd**
compound whose surface is modified with functional

groups. A multistage synthesis of GdyOs3
nanoparticles stabilized with graphene matrix, coated
with a graphite shell and surface-modified with
carboxyl groups, acyl chloride, allyl fragments and,
for the first time, captopril molecules was proposed.
The size of Gd;O3 nanoparticles did not change
during modification. Subsequent treatment with
thionyl chloride resulted in acyl chloride formation
on the particle surface, making it suitable for further
specific (Gd,03/GNFs)@C
particles covalently bound with captopril molecules
were obtained for the first time. Considering the
potential biomedical applications of the produced
samples, their  cytotoxicity = was  assessed.
The observed cytotoxicity profile generally
demonstrated the possibility of their use in biomedical
imaging studies but confirmed the need for further
extensive studies of their pharmaco-toxicological
properties.

functionalization.
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