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Anna Motorzhina 1, Sonja Jovanović 2,3 , Victor K. Belyaev 1,* , Dmitry Murzin 1,4 , Stanislav Pshenichnikov 1,
Valeria G. Kolesnikova 1,4 , Alexander S. Omelyanchik 1 , Lea Gazvoda 3, Matjaž Spreitzer 3, Larissa Panina 1,5,
Valeria Rodionova 1,4 , Marija Vukomanović 3,* and Kateryna Levada 1
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Abstract: The combination of plasmonic material and magnetic metal oxide nanoparticles is widely
used in multifunctional nanosystems. Here we propose a method for the fabrication of a gold/cobalt
ferrite nanocomposite for biomedical applications. The composite includes gold cores of ~10 nm in
diameter coated with arginine, which are surrounded by small cobalt ferrite nanoparticles with diame-
ters of ~5 nm covered with dihydrocaffeic acid. The structure and elemental composition, morphology
and dimensions, magnetic and optical properties, and biocompatibility of new nanocomposite were
studied. The magnetic properties of the composite are mostly determined by the superparamagnetic
state of cobalt ferrite nanoparticles, and optical properties are influenced by the localized plasmon
resonance in gold nanoparticles. The cytotoxicity of gold/cobalt ferrite nanocomposite was tested
using T-lymphoblastic leukemia and peripheral blood mononuclear cells. Studied composite has
selective citotoxic effect on cancerous cells while it has no cytotoxic effect on healtly cells. The results
suggest that this material can be explored in the future for combined photothermal treatment and
magnetic theranostic.

Keywords: magneto-plasmonic nanoparticles; photothermal therapy; localized plasmonic resonance

1. Introduction

Magneto-plasmonic nanoheterostructures consisting of magnetic and plasmonic ma-
terials are of great interest due to the potential applications in biomedicine, for example,
in magnetic separation, magnetic resonance imaging (MRI), drug delivery, or magnetic
hyperthermia combined with photothermal therapy [1,2]. Biomedical applications require
particular qualities of materials such as biocompatibility, specific magnetic properties,
high chemical stability, and high photothermal conversion coefficient for efficient heat
generation [3,4]. The precise engineering of the nanoparticles composites’ structure and
materials selection should be done to achieve the desired functionality.

Among magnetic oxides, cobalt ferrites (CoFe2O4 or CFO) are remarkable mag-
netic materials with desirable properties for biomedicine like high magneto-crystalline
anisotropy (~200 kJ/m3), relatively high saturation magnetization (up to 90 Am2/kg),
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large Curie temperature TC~793 K and high thermal stability [5]. It belongs to a family of
M2+Fe3+

2O4-type spinel ferrites (where M2+ is a divalent metal). The CFO nanoparticles
have a moderate cytotoxicity effect on human cells if loaded into biocompatible coatings
and used in proper concentrations [6–8]. Jurkat cells also show low short-term toxicity on
CFO nanoparticles covered in silica [9]. It was also shown, that in low concentrations CFO
nanoparticles without any covering with diameters below 10 nm show almost no inhibition
of cell proliferation or general toxic effects, still accumulating in cells intracellularly and
perinuclearly [10]. However, if the size of CFO nanoparticles exceeds 10 nm, they have
toxic effects on cells [10,11].

The combination of magnetic and high photothermal conversion properties [12,13] can
be achieved by combining gold and CFO nanoparticles in a form of core/shell [14,15] or
cluster structures [16,17]. In literature, there are only two main approaches for Au and CFO
nanoparticles’ composite fabrication. The first is the deposition of gold species onto the CFO
nanoparticles by one-pot gold reduction from chloroauric acid (HAuCl4) solution, forming
a core/shell structure [18]. The second is the adsorption of gold seeds/nanoparticles
on the surface of CFO, forming clusters of gold nanoparticles on a surface of magnetic
nanoparticles [17,19]. However, both synthesis methods are complicated and require
precise control of nanoparticles’ growth. One of the solutions may lay in a separate
synthesis of gold and CFO nanoparticles followed with their further combination in a
single composite by the means of gold and CFO nanoparticles organic coating [17,20,21].

Gold nanoparticles in Au/CFO nanocomposites have specific optical properties associ-
ated with localized plasmon resonance. Due to preferential interaction with electromagnetic
fields, they found vast application in biomedical areas including imaging, sensing, drug de-
livery and hyperthermia treatment [22–24]. Combined with excellent biocompatibility and
photostability [25,26], they have a high potential for cancer therapy [27,28]. In particular,
gold nanoparticles are preferable for photothermal therapy, because of the extremely effi-
cient conversion of light into heat under the condition of the localized plasmon resonance
excitation. Gold nanoparticles absorption and light energy to heat conversion depend on
the optical extinction cross-section. For gold nanoparticles, there is a size threshold at about
70–100 nm below which the absorption cross-section becomes larger. If the gold particle
size is smaller than about 30 nm, they behave as pure plasmon absorbers.

In gold nanoparticles of a spherical shape, the plasmonic resonance’s wavelength is
about 520 nm. However, a more suitable spectral region is 700–900 nm, where body tissues
are less optically dense and the light penetration depth reaches a few centimeters [29] (while
deeper tissues can be reached with the use of special optical fibers [24]). The spectral position
of the plasmonic resonance and light absorption in this spectral region can be tuned by
changing the particle shape or surrounding medium. Due to the large fraction of surface
atoms of nanoparticles over the total, the plasmonic resonance’s position is very sensitive
to the environmental permittivity εex [30]. If gold nanoparticles are combined with CFO
nanoparticles in a form of composite, the plasmonic resonance wavelength is shifted [31–36].
In this case, the plasmonic resonance experiences the spectral redshift caused by the change of
real part of εex and additional relaxation due to the change of imaginary part of εex. Therefore,
the presence of ferrite nanoparticles in different combinations and concentrations not only
brings magnetic properties to the system but can be used to tune the optical properties of
such composites.

In this article, a new approach for the preparation of gold and CFO nanocomposite is
proposed. The composite consists of gold nanoparticles with diameters of 10 nm, covered
with arginine and CFO nanoparticles with a diameter of 5 nm coated with dihydrocaffeic
acid (DHCA). Due to the size, synthesized gold nanoparticles are expected to behave
as good absorbers. The studied structural, magnetic and optical properties, as well as
cytotoxicity of the prepared composites, suggest their possible biomedical applications.
Particularly, the material could be explored in the future for combined photothermal
therapy [37,38] and magnetic hyperthermia [39,40]. This treatment can also be combined
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with the functionalization of gold nanoparticles with anticancer drugs to diagnose tumors
using MRI [41–43].

2. Materials and Methods
2.1. Synthesis of Nanoparticles

For the synthesis of CFO nanoparticles, 10 mmol of the sodium hydroxide (NaOH,
ApplChem, Darmstadt, Germany) were dissolved in 2 mL of distilled water and autoclaved
in a 50 mL autoclave tube. Then 10 mL of 1-pentanol (CH3(CH2)4OH, Sigma Aldrich, Saint
Louis, MO, USA) were stirred in a sodium hydroxide water solution and mixed with 3.8 mL
of oleic acid (C18H34O2, Alfa Aeser, Ward Hill, MA, USA) served as a capping agent. After
that, 2 mmol of iron nitrate (Fe(NO3)3·9H2O, Alfa Aeser, Ward Hill, MA, USA) and 1 mmol
of cobalt nitrate (Co(NO3)2·6H2O, Alfa Aeser, Ward Hill, MA, USA) were dissolved into
18 mL of distilled water and stirred into the previously mentioned solution for 2 h. The
received solution was autoclaved at 180 ◦C for 8 h [44]. Finally, the system was cooled to
room temperature.

Cobalt ferrite nanoparticles were separated from the suspension with a permanent
magnet after the residual liquid was discarded. Obtained nanoparticles were washed three
times in n-hexane (C6H14, Merck, ACS, Darmstadt, Germany) with ethanol. The permanent
magnet was used to separate nanoparticles from the liquid phase with each wash. Washed
nanoparticles were redispersed in n-hexane and left to dry on a watch glass overnight [44].

The process of dihydrocaffeic acid coating of obtained magnetic nanoparticles is the
ligand exchange reaction where dihydrocaffeic acid was replacing oleic acid. Firstly, 100 mg
of dihydrocaffeic acid (C9H10O4, Sigma Aldrich, MO, Saint Louis, USA) were dissolved
in 10 mL of tetrahydrofuran (C4H8O, THF, Fisher Scientific, Pittsburgh, PA, USA). Then,
the solution of nanoparticles dispersed in 4 mL of tetrahydrofuran was added dropwise
into dihydrocaffeic acid solution. To complete the reaction, the resulting mixture was
stirred for 3 h at 50 ◦C. For nanoparticle precipitation, 0.5 mL of sodium hydroxide solution
(0.5 mol/L) was added to the nanoparticles mixture during the cooling process. The
obtained solution was cooled up to room temperature and then centrifuged to collect
nanoparticles. Coated magnetic nanoparticles were redispersed in water and stored at 4 ◦C.
Dihydrocaffeic acid coating provides hydrophilic properties to the nanoparticles [45].

The composite of magnetic and gold nanoparticles was synthesized using the sono-
chemical method [46]. Firstly, 1.3 mL of dihydrocaffeic-capped, hydrophilic CFO nanopar-
ticles were dispersed in 50 mL of water and 2 mL of 2-propanol by sonication at 25 ◦C
for 10 min with pulsation-to-relaxation periods on:off = 2:1, 20 kHz frequency and 80%
amplitude. After that 50 mL of the 0.8 mg/mL water solution of chloroauric acid (HAuCl4,
50% metal basis, Sigma Aldrich, Saint Louis, MO, USA) with the same amount of arginine
(C6H14N4O2, >98%, Sigma Aldrich, Saint Louis, MO, USA) were mixed with magnetic
nanoparticles dispersion and sonicated for 30 min. The resulting composite nanoparticles
were separated from the supernatant after centrifugation at 2.8× g for 15 min and dried in
air on the glass slides. The resulting composite made of CFO nanoparticles covered with
dihydrocaffeic acid and gold nanoparticles covered with arginine is hereinafter referred to
as Au/CFO composite.

2.2. Characterization Methods

The study of nanoparticles’ morphology and size in the Au/CFO composite was
carried out using transmission electron microscopy (TEM) JEM-2100 by JEOL at the ac-
celerating voltage of 200 kV. Firstly, nanoparticle powder was dispersed in n-hexane and
re-agglomerated for 10 min with ultrasonic treatment. Then the suspension of nanoparticles
was put on the carbon-coated copper grid and dried in air. The size distributions were
obtained using ImageJ software.

The elemental composition of the CFO nanoparticles was checked using inductively
coupled plasma optical emission spectroscopy (ICP-OES) with an iCAP 6300 DUP ICP-OES
spectrometer by Thermo Scientific.
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The zeta-potential was measured in water suspensions of CFO nanoparticles
(~0.01 mg/mL) as a function of the pH using a ZetaPALS instrument (Brookhaven Instruments
Corporation). The pH of the suspension was set with HCl.

Structural characterization of CFO nanoparticles and Au/CFO composite was done by
X-ray diffraction (XRD) analysis using the AXRD Benchtop Powder X-Ray Diffractometer
(PROTO Manufacturing). The XRD data were recorded within the 2θ range from 30 to
90 degrees with a step of 0.015◦ and a 5 s/step computation time using Cu Kα radiation
with a wavelength of 1.54184 Å. The XRD results were analyzed with QualX software [31].

The elemental composition of the CFO nanoparticles and Au/CFO was studied using
the energy-dispersive X-Ray (EDX) spectroscopy with the EDX Bruker Quantax 75. The
powder of CFO nanoparticles on the carbon tape was used. EDX studies were carried out
using ESPRIT Compact software.

Magnetic properties of CFO nanoparticles and Au/CFO were studied using LakeShore
7400 vibrating sample magnetometer. Magnetization reversal of nanoparticles was mea-
sured at room temperature with the maximum applied field of 1 T. The vibrating sample
magnetometer had a noise floor of 10−6 emu at 3 s/pt.

Optical properties of the CFO/Au were studied with the visible light absorbance
spectroscopy method in the wavelength range from 370 nm to 850 nm. The experimental
setup consisted of a halogen lamp with the MS5204i monochromator as a light source,
an optomechanical chopper for light beam modulation with the frequency of 423 Hz, a
3500 µL square fused quartz cuvette with the 10 mm transmitted path length, and the
PMM02 photomultiplier tube with SR830 Lock-in amplifier as a detecting system. For
optical measurements, composites were dispersed in distilled water in three concentrations:
10 µg/mL, 50 µg/mL, and 100 µg/mL. The absorption spectra were deduced from the
Beer–Lambert–Bouguer law:

Absorption = Log10(
I0

I
)·100%, (1)

where I0 is the incident light’s intensity and I is the intensity of light transmitted through
the cuvette with a composite solution. An absorbance spectrum of the quartz cuvette with
water was subtracted from all measured spectra.

The absorption properties of the composites were numerically analyzed in the qua-
sistatic approximation since the particle size is smaller than the skin depth. The electric
field of light penetrates inside the particles and polarizes the conduction electrons. Their
oscillations with respect to positively charged lattice, which occur in the particle volume,
constitute the localized plasmons. Their behavior is described by the particle polarizability
α induced by the electric field E0 of light. For a particle of an ellipsoidal shape having the
permittivity εm which is placed in a medium with the permittivity of εex and excited by E0,
the electric field inside it is uniform and is defined as:

Em =
εexE0

(1− N)εex + Nεm
, (2)

In (2), N is the depolarization factor along E0. For a spherical shape, N = 1/3. The
electric polarization of the particle P = Em(εm − εex) defines the particle polarizability
α = P/E0:

α =
εex(εm − εex)

(1− N)εex + Nεm
, (3)

In Equations (2) and (3) the permittivity parameters are functions of the wavelength
λ. The metal permittivity is a complex-valued quantity having a negative real part. At a
certain wavelength, the real part of the denominator in (3) turns to zero. This corresponds
to a resonance when the light is able to excite the localised plasmonic resonance. At this
condition, the extinction cross-section is maximal and can be much higher than the particle
cross section. It is also seen that the environment permittivity shifts the resonance to higher
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wavelengths, as observed in the experiment. The absorption cross-section which defines
the efficiency of photothermal conversion is defined as [47]:

σabs = 8π2 Im(α)Vpart/λ, (4)

where Vpart is the particle volume.

2.3. Cytotoxicity Analysis

Cytotoxicity of synthesized nanoparticles was tested on the Human T-lymphoblastic
leukemia cell line (Jurkat) and Peripheral blood mononuclear cells (PBMC). Jurkat cells
were obtained from the Russian Cell Culture Collection (Institute of Cytology RAS, Saint-
Petersburg, Russia). The fourth and fifth cell passages of Jurkat cell lines were used for
experiments. PBMC of healthy donors (permission no. 5 from 16 May 2016; the Local Ethics
Committee, Innovation park, Immanuel Kant Baltic Federal University) were isolated by
density gradient centrifugation from the whole blood using Ficoll (Diacoll, Dia-M, Saint-
Petersburg, Russia). Whole blood was diluted in phosphate-buffered saline (PBS) in
proportion 1:3. Then diluted cell suspension was layered on ficoll (same volume as PBS)
in a 50 mL conical tube. The sample was centrifuged at 400× g for 40 min without brake.
Obtained PBMC were carefully transferred into a new tube and washed with PBS twice.
Cells were cultured in RPMI 1640 suspension, supplemented with 10% fetal bovine serum,
0.3 mg/mL L-glutamine (all Sigma Aldrich, Saint Louis, MO, USA), and 1% penicillin and
streptomycin. Cells were incubated in a 5% CO2, and 37 ◦C humidified atmosphere. Before
each experiment cellular survival was checked using Trypan blue staining 0.4% (Invitrogen,
Waltham, MA, USA).

The cytotoxicity of nanoparticles was measured using a WST-1 (Roche Diagnostics
GmbH, Germany) test after 2, 4, 8, 24, and 48 h of exposure with tested nanomaterials. The
assay is based on measuring the optical density difference between light red tetrazolium
salt WST-1 converted by viable cells into the yellow formazan derivative. Formazan
concentration in cell suspension is in direct ratio to the viable cell concentration. Both cell
lines were seeded at a density of 5 × 105 cells per ml in 96 well microplates with 100 µL
of cell suspension per well. Composites suspensions with concentrations of 10, 50, and
100 µg/mL were added 10 µL per each well. The control groups were prepared in absence
of nanomaterials. Each experiment was conducted six times independently. During the last
2 h of exposure, 10 µL of WST-1 reagent was added. Absorbance was measured at 450 nm
in a microplate reader Bio-Rad 680. All cytotoxicity results were obtained by subtraction of
blank wells absorbance from experimental wells absorbance to eliminate the influence of
nanoparticles and cell medium. Blank wells consist of cell medium (for control) and cell
medium suspension of nanoparticles (for experiment) were used.

2.4. Statistical Analysis

All cytotoxicity results are presented as mean with a standard deviation. A nonpara-
metric Kruskal-Wallis test followed by a Dunn’s multiple comparisons test using GraphPad
Prism v.7.04 was used to compare each group to the control group.

3. Results and Discussions
3.1. Physical Properties

At the first step of the Au/CFO composite preparation, CFO nanoparticles covered
with an oleic acid were synthesized. The structure and magnetic properties of these
nanoparticles are discussed in the previous work [48]. These nanoparticles are very stable
and non-agglomerated. They were characterized by their hydrophobicity, which is a limit-
ing factor for their application in the formation of a composite with nanogold using water
chloroauric acid. Also, this is a very limiting factor for their effective use in water-based
cell environment. For that reason, a very precise ligand exchange protocol was applied for
replacing oleic acid from their surface with dihydrocaffeic acid while maintaining their
structural and morphological stability. At this stage, ICP-OES and EDX analysis were
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used to check the CFO’s composition purity. ICP-OES analysis showed Co:Fe ratio of
1.04:1.96 in the nanoparticles and the result of the EDX measurements showed the presence
of cobalt, iron, oxygen, aluminum, carbon and sodium. The presence of aluminum and
carbon is related to the sample holder with carbon tape on top of it. The sodium peak is
due to the leftovers of the washing liquid (sodium hydroxide). EDX spectra can be found
in Supplementary Materials. The last step was the reduction of gold nanoparticles on
the surface of the CFO, acting as nucleation seeds, with application of arginine as gold
reduction and functionalization agent. This step resulted in the formation of Au/CFO
composite. The results of TEM, XRD, VSM and zeta potential (ζ) measurements for the
Au/CFO are shown in Figure 1.

Figure 1. (a) Schematic representation of a gold sphere covered with arginine and surrounded with
CFO nanoparticles covered with dihydrocaffeic acid; (b,c) TEM images of the Au/CFO composite;
(d) XRD spectra for CFO nanoparticles [48] and Au/CFO composite. Reflections corresponding
to titan (Ti), gold (Au) and spinel (S) phases are indexed; (e) zeta potential for CFO nanoparticles
covered with dihydrocaffeic acid; (f) M-H loops for CFO nanoparticles and CFO\Au composite
recorded at 300 K.

According to the TEM images, Au/CFO composite consisted of particles with a quasi-
spherical shape. Synthesized nanoparticles were in close contact with each other due to the
interaction of the dihydrocaffeic acid coating of CFO nanoparticles (light grey spheroids)
with the arginine coating of gold particles (dark spheroids). Zeta potential ζ (Figure 1e)
for CFO nanoparticles coated with DHCA showed negative values at different pH. In
contrast, the synthesized gold nanoparticles coated with arginine had a positively charged
surface [46]. The presence of both positive and negative surface charges in one solution led
to the attraction between the particles.

CFO nanoparticles showed a narrow size and shape distribution with an average size
of 4.9 ± 0.9 nm. Conversely, gold nanoparticles with an average size of 10.5 ± 2.6 nm
showed a wider size distribution. The structural XRD study of the composite showed two
phases, corresponding to gold at 2θ = 38.2◦, 44.4◦, 64.7◦, 77.6◦ and titanium 2θ = 35.5◦,
40.4◦, 53.4◦, 71.2◦, 81.9◦ in the synthesized samples. The peaks’ position was in agreement
with the POW_COD database. The detected Ti-phase is a common impurity eroded by
sonication Ti-tip during sonochemical synthesis. The XRD reflections of the spinel structure
of CFO were hindered by titanium and gold reflections which have the similar angle
position and much higher intencity. The presence of ferrimagnetic CFO phase was proved
with the EDX measurements (see Supplementary Materials).
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To additionally verify the presence of a magnetic phase, the M-H loops of the CFO
nanoparticles and Au/CFO nanocomposite (Figure 1e) were measured at room temper-
ature (~300 K). Magnetic properties of the synthesized composite depend on CFO parti-
cles’ magnetic state. The measured M-H loop of the Au/CFO composite showed almost
hysteresis-free (superparamagnetic) behavior with a small coercive force (<1 mT), that
agrees with literature data for single-domain CFO nanoparticles with diameters approx-
imately of 5 nm [48]. Such single-domain nanoparticles can produce heat if exposed to
the high-frequency alternating magnetic field, depending on the material properties and
surroundings of the particles [49,50].

The presence of localized plasmon resonance peak providing the possibility of pho-
tothermal conversion was experimentally and numerically analyzed in the quasistatic
approximation. The experimental absorption spectra and calculated extinction cross sec-
tionare shown in Figure 2.

Figure 2. (a) Experimental absorption spectra for Au/CFO nanocomposite with different concen-
trations; (b) Calculated extinction cross section with Equation (4) for gold spherical nanparticles of
10 nm in diameter in environment with different εex.

Experimental absorption spectra (Figure 2a) for different concentrations of the com-
posite had a characteristic localized surface plasmon resonance peak at the wavelength of
600 nm, decreasing with the nanoparticles concentration reduction. In comparison to the
characteristic absorbance spectra for gold nanoparticles with a diameter less than 10 nm,
the observed plasmonic resonance was broadened and red-shifted [27,51,52]. Broadening
and red-shifting of plasmonic resonance can be explained by CFO and gold nanoparti-
cles bonding, influencing the permittivity of gold nanoparticles’ surroundings [31–36].
The increase of Re(εex) leads to higher values of σabs/S, where S is the cross-section of
nanoparticles, and the increase of Im(εex) causes broadening and damping of the plasmon
resonance peak in accordance with Equations (3) and (4) (Figure 2b). This can also be
considered as gold nanoparticles’ conduction band electrons tunneling into the projected
density of states of CFO nanoparticles [53,54]. Such interface decay channel, responsible for
charge transfer to the projected density of states, modifies the relaxation time of plasmonic
band’s electrons and the Drude dielectric function, respectively [30].

For photothermal effects, the increase in absorption and red-shift of the localized
plasmon resonance are important. The increase of absorption influences the heat release
while the red-shifting can be used to move the resonance’s spectral position closer to
biological transparency windows. The studied magnetic and optical properties of the
Au/CFO nanocomposite are well suited for combined magnetic hyperthermia and pho-
tothermal therapy. In this case, the heating effect can be enhanced up to 15 times [12,13].
To assess the compatibility/cytotoxicity of the Au/CFO nanocomposite with different
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types of cells, necessary for therapeutic applications, the cytotoxicity analysis was done
with Jurkat and PBMC cells that were used as models of cancer and cells in physiological
condition respectively.

3.2. Cytotoxicity Analysis

Pure cobalt ferrite nanoparticles bring geno- and cytotoxic reactions in various organ-
isms such as plants, animals, and humans [55]. Their toxic effect is shown to be independent
of Co-ion release (due to very low solubility) [55] It is mainly according to the properties of
the particles (including size, shape, crystal structure, surface chemistry and charge) [56].
The effect is also varying greatly depending on the cell type [55]. However, coatings can
reduce cytotoxic effect for various cell cutures [57–60]. Thus, we can expect both cytotoxic
or noncytotoxic effects of Au/CFO nanocomposite by using different cell cultures. In
addition, gold is known as bioinert material and used in implants in various areas of
medicine or as an imaging contrast [61]. Gold nanoparticles for optical hyperthermia were
approved by the FDA (U.S. Food and Drug Administration) [62].

Primary observations on the cytocompatibility of foreign materials in vitro are usually
carring out with leukocytes and immune-modulatory cells (e.g., PBMCs) due to the natural
activity of nanoparticles uptake by these types of cells [63]. For our study, Jurkat cells
(T-lymphoblastic leukemia)and PBMCs were used to determine the cytotoxic effect of
Au/CFO nanocomposite. First, cobalt ferrite nanoparticles coated with dihydrocaffeic
acid were tested for cytotoxicity on Jurkat cells. This was done to examine the influence
of the magnetic part of nanocomposite on cells. Both CFO nanoparticles and Au/CFO
nanocomposite were incubated for 2, 4, 8, 24, and 48 h with different concentrations
(10, 50, 100 µg/mL). The obtained results showed that CFO nanoparticles coated with
dihydrocaffeic acid were noncytotoxic for Jurkat cells after 24 h of exposure (p ≤ 0.0332,
see Supplementary Materials). In contrast, Au/CFO nanocomposite showed significant
toxicity for the same exposure time (p ≤ 0.0332).

According to the initial results (Figure 3a), Au/CFO shows a cytotoxic tendency for Ju-
rkat cells for all exposure times except 48 h. After 48 h of incubation nanocomposite shows
a noncytotoxic effect which could be explained by active cell proliferation. All further
experiments were carried out for 24 h exposure time. Obtained results of Jurkat (Figure 3b)
and PBMC (Figure 3c) viability are shown as a function of Au/CFO nanocomposite con-
centrations. Figure 3b demonstrates a dose-dependent reduction in WST-1 absorbance
in Jurkat cells treated with various concentrations of nanocomposite. Treatment with
100 µg/mL Au/CFO nanocomposite showed 85% of viability, proving the cytotoxicity
of this nanocomposite. In contrary, the effect on viability of PBMCs (Figure 3c) was not
statistically proved and showed only insignificant fluctuations. Thus, we can assume
that Au/CFO nanocomposite is more cytotoxic for Jurkat cells and has fewer effects on
nonmalignant PBMCs. The nanocomposite’s cyttoxicity on cancer cells could boost the
effects of photothermal therapy and magnetic hyperthermia.

Figure 3. Viability of Jurkat cells: (a) after 2, 4, 8, 24 and 48 h treatment with 10, 50, and 100 µg/mL suspension of
Au/CFO; (b) after 24 h treatment with 10, 50, and 100 µg/mL suspension of Au/CFO; (c) viability of PBMCs after 24 h
treatment with 10, 50, and 100 µg/mL suspension of Au/CFO. Cell viability was tested by WST-1 assay. All results are
normalized by control and columns denoted by asterisks indicate results that were statistically different from the control
(* for p value < 0.0332). Control wells were with the absence of nanocomposites.
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4. Conclusions

A new fabrication approach of Au/CFO nanocomposite was proposed based on the
electrostatic assembly of positively charged arginine-coated gold cores with negatively
charged cobalt ferrite nanoparticles covered with dihydrocaffeic acid. The TEM investiga-
tions showed a narrow size distribution of gold and CFO nanoparticles, which maintained
the structural and morphological stability after the formation of the Au/CFO nanocom-
posite. The significant cytotoxicity on cancer cells and the tollerance with PBMCs cells
of Au/CFO nanocomposite, combined with the magnetic properties and the presence
of localized plasmon resonance peak, make it viable for several biomedical applications.
For example, fabricated Au/CFO nanocomposite with the intrinsic cytotoxic effect on
cancer cells can be used as a multifunctial agent in the photothermal therapy and magnetic
hyperthermia theranostics of leukemia.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pr9122264/s1, Figure S1: EDX spectrum for CFO nanoparticles; Figure S2: EDX spectrum
for Au/CFO nanocomposites; Figure S3: Relative viability of Jurkat cells after 2, 4, 8, 24, and 48 h of
exposure with CFO magnetic nanoparticles covered with DHCA and Au/CFO nanocomposite.
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