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H I G H L I G H T S  

• Magnetic nanocomposites of Fe3O4/Au were synthesized. 
• Magnetic properties of nanoparticles were studied using magnetometry and FMR. 
• Magnetic Fe3O4/Au particles can reduce metabolic activity of living cells. 
• Fe3O4/Au nanocomposites affect the mRNA level of SOD1 and GPX1 genes.  
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A B S T R A C T   

Magnetic nanocomposites containing iron oxide and gold components take great attention last years because of 
their relative biocompatibility and the ability to combine the magnetic properties of iron and the chemical 
bonding properties of gold for the possible drug delivery or diagnostics for various diseases. However, such 
particles have some toxicity to living cells, and the effect depends on many factors, including size, shape, the 
ratio of components in the composites, and the type of cells affected. And thus, the search for compositions and 
technologies for producing iron-gold particles with improved properties and reduced cytotoxicity remains 
relevant. The aim of the study was to synthesize and characterize Fe3O4/Au nanocomposites and evaluate their 
influence on living cells using the example of cell line HEK293. 

Fe3O4 nanoparticles (NPs) were synthesized by co-precipitation of Fe2+/Fe3+ water solution in alkaline con-
ditions and then boiled with HAuCl4 in 0.1 M sodium citrate. The NPs properties were estimated by transmission 
electron microscopy (TEM), vibration magnetometry and ferromagnetic resonance (FMR). 

According to magnetometric measurements, nanoparticles are mainly in a superparamagnetic state. By fitting 
magnetization curves, the magnetic characteristics of nanoparticles were determined: saturation magnetization 
(59.3 emu/g) and magnetic anisotropy constant (K = 0.86⋅105 erg/cm3). The average particle size estimated 
from magnetic measurements was 8.7 nm. Considering the presence of a magnetically dead layer, this is in good 
agreement with the TEM results. The temperature dependence of the FMR linewidth was analyzed using two 
models. As a result, the parameters MSV and K/MS were determined. The models used showed good agreement. 
The values of the anisotropy constant (K = 1.06⋅105 erg/cm3) and the average particle size (6.8 nm) are 
estimated. 

The effect of the NPs on the HEK293 cells was studied by MTT-assay, flow cytometry and RT-PCR. The 
exposure with the NPs lead to a significant decrease of cell metabolic activity in HEK293 cell culture, but this 
effect was not accompanied by cell death. It was shown that the expression of antioxidant enzymes SOD1 and 
GPX1 was reduced at the mRNA stage. So the NPs synthesized may affect gene expression and metabolism of 
HEK293 cells, but this does not have fatal consequences for cell viability.   
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1. Introduction 

Composite materials based on magnetite and gold nanoparticles 
(NPs) are widely used for bio- and nanotechnologies. Due to the relative 
biocompatibility of Fe3O4 and Au, they are considered dual-use mate-
rials (therapeutic and diagnostic). In recent years, a huge number of 
fluorescent markers, vector molecules and drugs have been developed 
for the functionalization of Fe3O4/Au [1–4]. 

One of the most important characteristics of NPs for biomedical 
applications is their cytotoxicity [5]. This allows us to assess how much 
the potential benefit of using magnetic particles for the intended pur-
pose exceeds the harm caused to a living object. Since gold in its bulk 
state has high chemical stability and low toxicity, gold NPs were initially 
thought to be excellent for biomedical applications. However, subse-
quent studies indicate that when nano-sized gold is used, in addition to 
its physicochemical parameters, its ability to influence living objects 
also changes, manifested in increased cytotoxicity [6–8]. To reduce the 
toxic effect, as well as to impart magnetic properties to gold particles, 
they are studied in composites with magnetic metals, the most 
biocompatible among which is iron oxide [9]. In such a compound, iron 
oxide imparts magnetic properties to the composite, and gold atoms 
provide useful optical properties, as well as catalytic activity and surface 
effects [10–12]. 

Development and research of NPs containing Au atoms show 
different toxicity results in in vitro and in vivo models. They suggest that 
the cytotoxicity of gold NPs depends on many factors, including their 
own properties (size, shape, concentration, presence of a shell on the 
surface), the method of delivering them to the body, and the type of cells 
affected. Thus, in Ref. [13], a multiparametric assessment of the cyto-
toxicity of Au NPs with a diameter of 4 nm coated with polymethacrylic 
acid was performed. The authors used multiple cell types, different 
nanoparticle concentrations and incubation times, and different toxicity 
assessment methods. The final noncytotoxic concentration was deter-
mined to be 10 nM. At higher concentrations, a decrease in cell viability 
and cytoskeletal deformation was observed. The paper [14] presents a 
toxicity study of 13.5 nm gold NPs in mice. Low concentrations of gold 
NPs do not cause apparent loss of body weight or noticeable toxicity. 
High concentrations of gold NPs caused a decrease in body weight, red 
blood cells and hematocrit. Of the three routes of administration, the 
oral and intraperitoneal routes showed the highest toxicity, and tail vein 
injection showed the lowest toxicity. The authors of [15] studied the 
cytotoxicity of AuNPs of various forms and with different surface 
chemical compositions (cetyltrimethylammonium bromide (CTAB), 
poly(ethylene glycol) (PEG) and human serum albumin (HSA)). The 
authors of [16] showed that the cytotoxicity of gold NPs depended 
primarily on their size, and not on the chemical composition of the li-
gands (excluding CTAB which was toxic for the cells). The 1–2 nm 
particles were significantly more toxic than the larger 15 nm gold col-
loids, regardless of the cell type tested. 

Thus, to date, there is no consensus regarding the cytotoxicity of gold 
NPs. And therefore, the search for new options and methods for the 
synthesis of nanocomposites containing Au atoms, which have less 
cytotoxicity is still relevant. 

The most effective way to reduce any possible toxicity of nano-
particles is to coat them with a dense inert material (usually a polymer) 
[17,18]. However, if it is necessary to use the surface properties or 
catalytic activity of gold, this method is not applicable. Therefore, there 
is a need for an in-depth study of the mechanisms of interaction of Au or 
Fe/Au nanocomposites with living cells and biological molecules to 
understand possible side effects and be able to control the action of the 
NPs. The purpose of this study was to synthesize magnetic particles 
containing iron and gold atoms, to study their physicochemical prop-
erties, as well as the features of their effect on a living cell in the absence 
of a coating. 

2. Experimental 

2.1. Synthesis of Fe3O4/Au nanocomposites 

Fe3O4 magnetic NPs were obtained by co-precipitation from a solu-
tion of FeCl3⋅6H2O and FeCl2⋅4H2O salts in a molar ratio of 2:1 at room 
temperature. 0.17 g of iron (II) chloride and 0.46 g of iron (III) chloride 
were dissolved in 100 ml of distilled water with stirring. After complete 
dissolution of the salts, 2.5 ml of NH4OH (25 %) was added to the so-
lution. Stirring was continued for 30 min. After the completion of the 
reaction, the magnetic NPs were collected with a magnet and washed 
several times in distilled water to pH = 7.0. The preparation of the 
Fe3O4/Au composite was performed as follows. 0.5 ml of a suspension of 
Fe3O4 NPs with a concentration of 20 mg/ml was added to a 1 M sodium 
citrate solution with a volume of 100 ml. Bring the solution to a boil. 
Then 0.25 ml of 0.2 M HAuCl4 solution was added. Boiling was 
continued for 15 min. 

2.2. Characterization of nanocomposites 

Electron microscopic studies were carried out on a Hitachi HT7700 
transmission electron microscope (accelerating voltage 100 kV). UV–Vis 
absorbance spectra were measured on a SPECTROstar Nano plate 
spectrometer (BMG Labtech, Germany). Ferromagnetic resonance 
(FMR) spectra were measured with the X-band (9.4 GHz) spectrometer 
ELEXSYS E580 (Bruker, Germany). The static magnetic measurements 
were performed on an automated vibrating sample magnetometer in 
fields of up to 15 kOe at room temperature. The studies were carried out 
on the equipment of the Krasnoyarsk Regional Center of Research 
Equipment of Federal Research Center « Krasnoyarsk Science Center SB 
RAS». 

2.3. Cell culture 

Human embryonic kidney cell line HEK-293 (ATCC CRL-1573) was 
kindly provided by Shemyakin-Ovchinnikov Institute of Bioorganic 
Chemistry of the Russian Academy of Sciences (Russia). The cells were 
grown in Dulbecco’s Modified Eagles’ Medium (DMEM) (Gibco, USA) 
with 10 % of fetal bovine serum (Himedia, South America) and non- 
essential amino-acids (Paneco, Russia) at 37 ◦C and 5 % CO2. 

2.4. MTT assay 

The cells were seeded in two 96-well plates at the concentration 
1⋅105 cells per mL (1.5⋅103 cells per well) and incubated for 24 h for cells 
attaching. Then culture medium was replaced to the same with addition 
of magnetic NPs Fe3O4/Au at concentrations 0, 50, 100, 200 and 400 
mg/L in each plate. The samples were further incubated, and cell 
viability/metabolic activity was evaluated at 24 and 48 h. For this 
purpose, at a preassigned time point culture medium was replaced in 
one of the plates to the medium with 0.5 ml/mL MTT reagent. Then the 
cells were incubated for 2 h for MTT reduction to formazan in living 
cells. Further culture medium was carefully discarded and the cells were 
lysed in DMSO and formazan was dissolved. OD560 was measured by 
spectrophotometer SpectroStar Nano (BMG Labtech, Germany) and was 
proportional to the metabolic activity of the culture. According to 
studies, gold NPs may have catalytic activity similar to that of some 
enzymes [19,20]. To exclude the possible spontaneous reduction of MTT 
to formazan in the presence of the NPs from the calculations, additional 
controls were introduced into the experiment. They contained the NPs in 
appropriate concentrations, but not containing living cells. The optical 
density of the solution in these wells was subtracted from the data of the 
experimental sample with the corresponding concentration of the NPs in 
the cell culture. 
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2.5. Flow cytometry 

To estimate the effect of the NPs on cell death by apoptosis or ne-
crosis in the cell culture flow cytometry was performed using Caspase 3/ 
7 kit (BioRad, USA). HEK293 cells were prepared as upper described and 
incubated with the NPs at the concentration 50 mg/L for 48 h. Then the 
cells were harvested and stained with PI and Caspases 3/7 antibodies 
according to manufacturer’s instruction. 

2.6. RT-PCR 

RT-PCR is one of the most accurate and convenient methods that is 
widely used to assess molecular changes in cells [21,22]. It allows the 
assessment of gene expression at the post-transcriptional level. 

HEK293 cells were incubated with the Fe3O4/Au NPs (50 mg/L) for 
48 h and then RNA was isolated from the cells using HiPure RNA Kit 
(Magen, China). Reverse transcription was performed with OТ-M-MuLV- 
RH kit (Biolabmix, Russia) according to manufacturer’s protocol. CAT 
and SOD1 genes were chosen as targets for gene expression analysis, and 
two endogenous controls were used for data normalizing: ACTB and 
GAPDH. HS-qPCR kit (Biolabmix, Russia) was used to prepare PCR 
mixture with the addition of 400 nmol of each primer and 350 nmol of 
fluorescent probe per reaction. The cDNA was added to the reaction 
cocktail at 10 % of mixture volume. 

2.7. Statistical analysis 

All biological experiments were carried out in five replicates and 
non-parametric statistics were applied to their analysis. The data pre-
sented as medians and upper and lower quartiles. 

Relative expression levels of CAT and SOD1 genes were calculated by 

ddCt method [23]. Pared comparisons of treated and control samples 
were performed with Mann-Whitney non-parametric U test. 

3. Results and discussion 

3.1. Characterization of nanocomposites 

High-resolution transmission electron microscopy (HRTEM) images 
of Fe3O4 NPs and Fe3O4/Au nanocomposite are shown in Fig. 1a and 
Fig. b. The average size of the magnetite core is 9.8 ± 1.8 nm (Fig. 1c). 
The polydispersity index calculated as σ/d was equal to 0.18. This 
polydispersity value indicates fairly good uniformity in particle size. The 
microdiffraction pattern of the Fe3O4 sample (inset in Fig. 1a) has re-
flections characteristic of the magnetite spinel structure. The Fe3O4/Au 
sample has a (111) peak in the microdiffraction pattern corresponding to 
fcc-Au (inset in Fig. 1b). The energy-dispersive x-ray (EDX) spectrum 
(Fig. 1d) also confirms the presence of gold in the sample. The optical 
density spectrum of the nanocomposites (Fig. 1e) contains a peak at 
~520 nm, due to the plasmon resonance of gold NPs. 

The magnetization curves (Fig. 2) were measured in the field range 
from − 15 to 15 kOe and in the temperature range from 80 to 300 K. 
They are symmetrical to zero field and contain reversible and irrevers-
ible parts, i.e., a hysteresis loop. The coercive force, remanent magne-
tization, and magnetization in a field of 15 kOe decrease with increasing 
temperature. The coercive field values indicate that particles of this size 
are close to the superparamagnetic state. The low values of the satura-
tion magnetization of the nanocomposite compared to bare magnetite 
nanoparticles are due to gold inclusions. 

The fitting of the magnetization curves was carried out using a 
function representing the sum of Akulov’s law and the Langevin 
function: 

Fig. 1. (a) HRTEM image of Fe3O4, (b) HRTEM image of Fe3O4/Au nanocomposite, (c) size distribution of Fe3O4 particles, (d) EDX spectrum of Fe3O4/Au, (e) optical 
density spectrum of Fe3O4/Au. 
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where MS is the saturation magnetization, x is the ratio between Aku-
lov’s law and the Langevin function, μP is the average magnetic moment 
of the particle, χ is the contribution from the spin glass shell, charac-
teristic of iron oxide nanoparticles. Ha = 2K/MS0 is the field of local 
magnetic anisotropy, K is the energy of local magnetic anisotropy of 
particles, and a is the coefficient due to the symmetry of magnetic 
anisotropy equal to (2/105)1/2 for cubic magnetic anisotropy. 

Approximation of the measured M(H) dependencies made it possible 
to find the saturation magnetization MS, average magnetic moment of 
the particle μP and the local magnetic anisotropy field Ha (Table 1). 

The saturation magnetization MS decreases with increasing temper-
ature and is described by the Bloch’s law: 

MS(T)=MS0
(
1 − B • T3/2) (2) 

Fitting the experimental data with this function made it possible to 
determine the values of the Bloch constant and the saturation magne-
tization (Fig. 3). The Bloch constant for the Fe3O4 sample was 4.4⋅10− 5 

K− 3/2, which correlates well with other studies [24,25]. 
The resulting saturation magnetization value (59.3 emu/g) differs 

from bulk magnetite (92 emu/g). The decrease in saturation magneti-
zation with decreasing size is explained by the spin-glass layer on the 
surface of the particles and is observed experimentally in many studies 
[24,26]. 

The relationship between Akulov’s law and the Langevin function 
can be interpreted as the relationship between particles in blocked and 
unblocked states. In our case, it was 0.2, i.e., most nanoparticles are in 

an unblocked superparamagnetic state, and the average blocking tem-
perature lies below the studied range (below 80 K). 

Using data obtained from fitting magnetization curves, we can 
calculate the following characteristics: the ratio between magnetite and 
gold in the sample, the magnetic anisotropy constant K, and the average 
magnetite particle size. Using the saturation magnetization of Fe3O4 
(MS0 = 59.3 emu/g) and Fe3O4/Au (MS0 = 40.8 emu/g) we can calculate 
the ratio between gold and magnetite in the sample: 31.2 % of Au. The 
magnetic anisotropy constant calculated as K = MS0⋅Ha/2 was 0.86⋅105 

erg/cm3. Typically, in magnetite nanoparticles the K value is in the 
range of 1–2⋅105 erg/cm3. Using the value of the average magnetic 
moment μP, the average particle size can be calculated. Assuming that 
the nanoparticles have a spherical shape, the average particle size was 
8.7 nm. The difference between the obtained size and electron micro-
scopy data is due to a disordered layer on the surface that does not 
participate in magnetic resonance. 

The FMR of the obtained nanocomposite was measured in the tem-

Fig. 2. The magnetization curves of Fe3O4 (a) and Fe3O4/Au (b).  

Table 1 
Magnetic characteristics of NPs.   

MS, emu/g Ha, Oe μP, emu 

Fe3O4 

80 K 57.79 764.6 2.65⋅10− 17 

130 K 55.13 677.5 4.07⋅10− 17 

180 K 52.90 627.5 5.44⋅10− 17 

230 K 50.26 593.3 6.70⋅10− 17 

294 K 46.27 570.1 8.27⋅10− 17 

Fe3O4/Au 
80 K 39.65 686.4 3.50⋅10− 17 

130 K 38.48 558.7 5.54⋅10− 17 

180 K 36.99 551.5 7.10⋅10− 17 

230 K 35.22 544.1 8.98⋅10− 17 

294 K 32.84 511.1 11.08⋅10− 17  

Fig. 3. Temperature dependencies of saturation magnetization as well as fitting 
by Eq. 2. 
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perature range of 60–280 K (Fig. 4). The values of the resonance field, 
linewidth, and integral intensity were calculated from the spectra, the 
temperature dependencies of which are shown in Fig. 4b, c, d. The value 
of the resonant field is close to the value of ω/γ and slowly decreases 
with decreasing temperature. 

The temperature dependence of the integrated intensity is non-
monotonic and has a maximum (~200 K), which can be interpreted as a 
transition of NPs to the superparamagnetic state [27]. The blocking 
temperature is determined by the Neel-Brown relation ln (τ /τ0) = KV/
kBT. Here τ0 is the particle relaxation time, and τ is the characteristic 
time which is determined by the measurement method. For the 
magnetometry method, τ is ~10 s, for the FMR method τ ~10− 10 s. Thus, 
the ratio between the blocking temperatures obtained by these two 
methods will be TM(T)

B ≈ TFMR
B /4 [28]. TM(T)

B estimated in this way is ~50 
K, which is consistent with magnetometric data. 

To analyze the temperature dependence of the FMR linewidth, we 
used two models [29,30]. 

According to the first theory [31,32], the absorption line width Δ 
H(T) is determined by the sum of two contributions: the contribution 
due to the superparamagnetism of NPs (ΔHS) and the contribution due 
to the spread in the directions of particle anisotropy fields (ΔHU). 

ΔH(T)=ΔHS(T)+ΔHU(T)=
αω(ξ − L1)
̅̅̅
3

√
ξγL1

+ 3
K

MS

L2

L1
(1)  

where MS is the magnetization, ω is the frequency, γ is the gyromagnetic 
ratio, K is the anisotropy constant, α = 0.01 is the damping parameter, 
L1,2 are the Langevin functions. 

L1 = coth x −
1
ξ
, L2 = 1 −

3L1

ξ
(2)  

ΔHS(T) and ΔHU(T) are functions of the Langevin parameter ξ = ωMSV
γkT , 

where V is the volume of the particle, k is the Boltzmann constant, T is 
the temperature. 

The fitting results are shown in Fig. 5. MSV and K/ MS were used as 
fitting parameters, which were 3.7⋅10− 17 emu and 340 Oe, respectively. 

According to the second model [29,33], the apparent super-
paramagnetic anisotropy field HSP is determined by the following 
relation: 

HSP =Hbulk

(
1 − 3ξ− 1 cot hξ + 3ξ− 2)

cot hξ − ξ− 1 (3)  

where ξ – Langevin parameter, Hbulk – bulk anisotropy field, 
The value of HSP, according to Ref. [34] can be represented as HSP =

2ΔH/3. Thus, equation (3) is rewritten as follows: 

ΔH(T)=
3K
MS

(
1 − 3ξ− 1 cot hξ + 3ξ− 2)

cot hξ − ξ− 1 (4)  

For this model, MSV and K/MS were also used as fitting parameters (the 
values of the best fit were MSV = 3.95⋅10− 17 emu and K/MS = 350 Oe). 

Fig. 4. (a) FMR spectra, temperature dependences of (b) resonance field, (c) linewidth, and (d) integrated intensity.  

Fig. 5. Temperature dependence of the FMR linewidth and fitting results.  
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The obtained values from two different models are in good agreement. 
Using the magnetization value of bare magnetite NPs, obtained from 
magnetometric data, the values of the anisotropy constant and nano-
particle size were calculated. The anisotropy constant was 1.06⋅105 erg/ 
cm3. The average nanoparticle size, assuming a spherical shape, was 6.8 
nm. The obtained values of the anisotropy constant and the average 
particle size are close to the values obtained from magnetometric data. 

3.2. Fe3O4/Au NPs effects on living cells HEK293 

Gold NPs cytotoxicity was demonstrated in many studies [35,36]. 
We observed dose dependent effect of our NPs on HEK293 cells, though 
it wasn’t linear (Fig. 6). Cell metabolic activity was decreased to 50.8 % 
even at 50 mg/L of the NPs in the culture medium after 24 h of incu-
bation, and retained at the similar level when the particles’ concentra-
tion was increased. After 48 h, minimal cell metabolism was observed at 
100 mg/L of the NPs (26.6 %). It should be noted that according to 
studies (and our observations on another cell lines) a concentration of 

iron oxide particles of 50 mg/L does not have a significant influence on 
cell metabolism [37,38]. Thus, we believe that the effect we observed 
was due to the presence of gold components. It is shown that IC50 of Au 
NPs may be less than 5 mg/L in some shapes [39]. In our experiments Au 
ratio was about 31.2 %, and thus we have Au concentration range from 
15 to 120 mg/L, and it was in the complex with iron oxide. These 
amounts may be large enough to demonstrate significant inhibiting, but 
it doesn’t explain the absence of further decrease of metabolic activity 
when NPs concentration grows from 50 to 400 mg/L. 

The results of flow cytometry assessing the proportion of living, dead 
and apoptotic cells made it possible to clarify that the drop in metabolic 
activity in the culture was not caused by cell death. It was shown that the 
proportion of living cells in the control sample was 93.04 %, and in the 
sample after incubation with the NPs – 92.06 % (Fig. 7). According to 
the literature, gold NPs are able to inhibit enzymes activity in the cell 
[40,41]. So in our study, gold NPs probably suppressed the activity of 
the enzymes that reduce MTT to formazan, but did not cause cell death 
in the culture. Moreover, we suppose that Au inhibits a specific group of 

Fig. 6. Fe3O4/Au NPs effect on HEK293 cells. A - metabolic activity changes in the cell cultures after 24 and 48 h incubation with the NPs at different concentrations 
(MTT assay). B – Caspase test results obtained by flow cytometry; C – Examples of cell distribution in caspase test. 
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enzymes without affecting others. In this case, achieving a certain 
concentration of gold particles leads to the suppression of the activity (or 
synthesis) of all enzymes that it is capable of regulating, and a further 
increase in the amount of this metal in the medium does not entail an 
increase in the effect. At the same time, the work of other enzymes re-
mains unaffected, and this ensures the vital activity of cells. But this 
hypothesis requires confirmation. 

Iron oxide NPs are known to be able to cause oxidative stress in living 
cells [42,43] so it was expected that NPs contact with HEK293 cells may 
increase expression of the genes encoding antioxidant enzymes SOD1 
and GPX1. Further we tried to evaluate the influence of Fe3O4/Au 
complexes on the expression of these genes. RT-PCR results demon-
strated a significant decrease in the expression of the GPX1 gene, 
encoding glutathione peroxidase 1, to 33 % of the control, while the 
level of SOD1 gene mRNA became undetectable. It allows to assume that 
a decrease of enzymes activity by Au NPs may be caused by the inter-
ference of gold in the synthesis of the enzyme at the transcriptional or 
post-transcriptional level of gene expression. Our results are consistent 
with the study of Yang Y. and colleagues who demonstrate that gold NPs 
influence gene expression profiles in dermal fibroblasts and significant 
changes affected genes associated with the regulation of metabolism and 
gene transcription [44]. 

4. Conclusion 

Thus, magnetic NPs were obtained that combine iron oxide and gold. 
Characterization of nanocomposites by FMR, TEM and magnetometry 

methods made it possible to determine magnetic parameters such as 
saturation magnetization, coercivity and magnetic anisotropy constant. 
The effect of particles of this composition on living cells is manifested in 
the suppression of metabolism, including through the regulation of the 
expression of genes SOD1 and GPX1 encoding the antioxidant enzymes. 
Such exposure does not entail cell death, but requires careful study of 
the mechanisms to improve the biosafety of particles. 

Our study has some limitations because it assessed only one ratio of 
iron and gold atoms in the particle composition. We do not exclude that 
changing this ratio may change the effects on living objects. However, 
our study can be compared with work studying the effect of pure iron 
oxide on the cell, and our data indicate a difference in the effect, which is 
obviously caused by the presence of gold atoms. 
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