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A B S T R A C T   

Silica-coated magnetic nanoparticles can be utilized for the magnetic separation of nucleic acids, which is an 
important step in many clinical procedures. A series of silica-functionalized superparamagnetic iron oxide 
nanoparticles (SiO2@MNPs) was synthesized to efficiently separate nucleic acids for the sensitive detection of 
viral infections. Magnetite nanoparticles (MNPs) coated with different thicknesses of silica layer resulting from 
different ratios of tetraethylorthosilicate (TEOS) precursor to magnetite (TEOS/MNPs = 0.4, 1.0, 2.0, 3.0, 4.0, 
5.0 ml/g) have been selected for characterization of their physico-chemical properties and biological activities. 
The SiO2@MNPs’ morphology, size, magnetic and surface properties, cytotoxicity and nucleic acid binding 
propensity were determined to select the ones with the highest RNA separation potential. Our results showed that 
RNA-binding properties and magnetic separation efficiency are nanoparticle size-dependent. The highest binding 
and separation efficiencies were detected for the smaller SiO2@MNPs with TEOS/MNPs (v/w) ratios equal to 1.0 
and 2.0. These nanoparticles are promising candidates for clinical application relevant to RNA viruses.   

1. Introduction 

Nanoparticles (NPs) are nanometer-sized materials with unique 
characteristics based on their composition and the significantly high 
surface-to-volume ratio [1]. Among the various types of nanoparticles, 
metallic nanoparticles offer distinctive properties such as optical signal 
enhancement [2], providing strong visible light scattering upon inter
action, which can be applied to biosensing [3]. Magnetic NPs (MNPs) 
have good dispersibility and can rapidly and effectively bind bio
molecules. Particles are uniformly suspended in solution without an 
external magnetic field; however, upon applying an external magnetic 
field, MNPs aggregate, allowing the separation of bound biomolecules, 
like enzymes, DNA, and proteins, from the solution [4]. This approach 
offers high specificity, rapid separation, and good reproducibility. It is 
widely used in several biotechnology and medical fields [4–6]. From this 
point of view, MNPs represent a useful and simple system for effective 
preconcentration, purification, and separation of nucleic acids due to 
their electrochemical, fluorescence, or magnetic resonance properties 

[7]. 
Separation and enrichment of nucleic acids from clinical samples are 

essential for viral and bacterial detection using the polymerase chain 
reaction (PCR). Nowadays, different micrometer-sized silica-coated 
magnetic particles have been developed to improve the efficiency, 
detection sensitivity, and duration of the purification PCR procedures 
[8–10]. Compared to the micrometer-sized silica-coated magnetic 
beads, silica-coated MNPs have a larger surface area and could more 
effectively isolate DNA and RNA from samples. However, the synthesis 
of silica-coated MNPs for specific viral nucleic acid purification appli
cations is still an emerging area. Several works showed that the binding 
between nucleic acids and silica surfaces depends on the intermolecular 
electrostatic interactions, hydrogen bonds, and the dehydration of the 
silica surface [11,12]. The presence of monovalent or divalent ions, pH 
and ionic strength in the media, and temperature influence the inter
action of the nucleic acid with the silica surface [13,14]. The sensitivity 
of nucleic acid purification significantly increased with the development 
of carboxyl polymer-coated MNPs [15]. Ali and co-workers used the 
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silica-modified MNPs to extract viral (HBV, HCV, and HIV) nucleic acids 
and for their subsequent amplification [16]. The positively polycharged 
maghemite NPs coated with silica, polyvinylpyrrolidone (PVP), phos
phate, or polyphosphate showed a high retrieval rate of DNA. The most 
potent isolation systems, MNPs coated with PVP or polyphosphate, 
highlighted the role of the size and zeta potential of NPs in the 
DNA-binding mechanism [17]. Several papers confirmed the potential 
of silica-coated magnetic particles for separation of nucleic acids. The 
most of the particles used for those studies are modified by other 
cationic surfactants focusing on the comparison of the surfactant and 
external condition effect on the nucleic acid interaction and separation 
potential. Although it has been shown that MNPs could be effectively 
used to separate viral nucleic acids, further study is still needed to 
improve their stability, surface functionalization, ligand binding, and 
magnetic separation efficiency under an external magnetic field 
application. 

In this work, a series of silica-coated magnetite (Fe3O4) nanoparticles 
(SiO2@MNPs) was synthesized to efficiently separate nucleic acids for 
the sensitive detection of viral infections. The magnetite core prepared 
by the coprecipitation method was coated with a variably thick silica 
shell, forming 18 SiO2@MNPs samples with theoretical TEOS/MNPs 
ratios ranging from 0.06 to 20.0 (v/w). The physico-chemical properties 
of prepared SiO2@MNPs were characterized using a disc centrifuge 
particle size analyzer, gas pycnometer, infrared spectrophotometer, 
electron microscope, dynamic light scattering (DLS) and SQUID 
magnetometer. Six SiO2@MNPs with different TEOS/MNPs ratios (0.4, 
1.0, 2.0, 3.0, 4.0, 5.0, v/w) were selected to evaluate their potential to be 
utilized as an efficient substrate for viral detection. The chosen 
SiO2@MNPs composites bind RNA in a concentration- and particle-size- 
dependent manner. The most potent binders were smaller SiO2@MNPs 
with TEOS-to-magnetite ratios of 0.4, 1.0, and 2.0 (v/w). However, the 
best SiO2@MNPs for magnetic separation of viral RNA were the particles 
SiO2@MNPs 1.0 and SiO2@MNPs 2.0. The viability of human embryonic 
kidney (HEK 293) cells after treatment with the most effective 
SiO2@MNPs was comparable to untreated cells suggesting their low 
cytotoxicity within the studied concentration range. 

2. Material and methods 

2.1. Material 

All used chemicals are of analytical grade without further purifica
tion. Iron (III) chloride hexahydrate (FeCl3⋅6H2O), iron (II) sulfate 
heptahydrate (FeSO4⋅7H2O), ammonium hydroxide (NH4OH), tet
raethyl orthosilicate (TEOS), ethanol (99.9%), Dulbecco’s modified 
eagle medium (DMEM), fetal bovine serum (FBS), RNA (R6625, Torula 
YEAST, Type VI) were purchased from Sigma Aldrich Company (St. 
Louis, MO, USA) or Merck (Germany). TRIS-EDTA (pH 8.0, DNA, RNA 
free) buffer was from PanReacAppliChem, Germany (Lot: 8 × 012,166) 
and DNA, RNA free H2O from Invitrogen, UK (Lot: 2348,873). Ultrapure 
water (Milli-Q) was used throughout all experiments. 

2.2. Preparation of SiO2@MNPs 

The SiO2@MNPs have been prepared in a two-step synthesis. Based 
on the procedure reported by Khmara et al. [18], magnetite (Fe3O4) 
nanoparticles were prepared by precipitation from ferrous and ferric 
salts solution by adding a hydroxide. In a typical procedure, 1.54 g 
FeSO4⋅7H2O dissolved in water to prepare 10% w/v solution was mixed 
with 5.4 mL of 50% w/v FeCl3⋅6H2O. Next, 10 mL of 25% NH4OH was 
added, and the mixture turned completely dark. After 20 min incubation 
and following multiple magnetic decantations, the pH of the suspension 
became neutral. Finally, the prepared MNPs were freeze-dried, and the 
resulting powder was used to prepare silica-coated MNPs. 

The silica-shell-coating was performed by adopting the Stöber pro
cess [19,20]. The lyophilized MNPs powder (1.01 g) was ground by 

mortar and pestle in ethanol (~ 5 mL), forming a refined suspension. 
The suspension was then transferred to a glass flask, adding more 
ethanol up to the total volume of 20 mL. The suspension was sonicated 
with a probe homogenizer for 5 min at 75% power (Branson Ultrasonics 
Corporation, Danbury, CT, U.S.A.), followed by an additional 20 min in 
a bath sonicator. The sonicated magnetic powder suspension was incu
bated on a magnetic hot plate stirrer in the water bath until the tem
perature reached 80 ◦C. Then, 3 mL of NH4OH (25%) was added, and 
mixing continued for 30 min. Next, the TEOS precursor was added to the 
mixture to obtain samples with an initial TEOS/MNPs ratio ranging from 
0.06 to 20.0 mL/g. The samples were mixed for another 30 min, fol
lowed by the addition of 20 mL of ultrapure water. After a 4 h incubation 
under constant stirring, the heating was turned off, and the mixing 
proceeded overnight. The samples were washed three times with ul
trapure water, then three times with ethanol, and again at least three 
times with water to remove unbound non-magnetic residues. Finally, a 
total volume of 30 mL of the SiO2@MNPs was prepared, with a theo
retical magnetite concentration of ~ 30 mg/mL. Samples were stored as 
lyophilized powders. For experiments, the samples were resuspended in 
ultra-pure water. The samples with the initial TEOS/MNPs (v/w) ratios 
from 0.06 to 20 were characterized by various techniques to determine 
their size, surface charge, density, and composition. 

2.3. Colorimetric MNPs concentration determination 

The concentration determination of iron in the samples was carried 
out using the well-known reaction of Fe3+ and SCN− ions forming [Fe 
(SCN)] complexes with characteristic red color, which can be used for 
quantitative estimation of iron content in solution [21]. In the proced
ure, small aliquots of samples (0.01 mL) were dissolved in concentrated 
sulfuric acid (1 mL) in a closed glass vial at 60 ◦C under continuous 
shaking for at least two hours. After complete dissolution, 1 mL of 
hydrogen peroxide was added to each sample to ensure the oxidation of 
all iron ions to Fe3+, and the samples were heated and shaken for 
another 30 min. Then the samples were transferred to corresponding 
volumetric flasks and topped with ultrapure water. Next, 1 mL of each 
solution was mixed with 1 mL of ammonium thiocyanate (1 M), and 
after 15 min reaction, the absorbance was measured at 480 nm by a 
spectrophotometer (Specord 40, Analytik Jena GmbH, Jena, Germany). 
The measured absorbances were compared to the previously prepared 
calibration curve, and the iron oxide concentrations were calculated. 

2.4. The physico-chemical characterization of SiO2@MNPs 

A Zetasizer Nano-ZS instrument (Malvern Instruments Ltd., Malvern, 
UK) was used to acquire the zeta potential and dynamic light scattering 
(DLS) data. The samples’ zeta potential was calculated by measuring the 
electrophoretic mobilities and then converting collected values by 
applying the Smoluchowski equation. The electrophoretic mobility was 
recorded at 25 ◦C using disposable zeta cells (DTS 1070, Malvern In
struments Ltd., Malvern, UK). The zeta standard of Malvern (- 42 ± 4.2 
mV) was used for calibration. The experiments were carried out at a 
constant ionic strength (10 mM NaCl) at pH~6.7. 

The differential centrifugal sedimentation (DCS) technique was used 
to obtain weight-average size distributions of NPs. The measurements 
were performed using a disc centrifuge particle size analyzer (Model 
DC24000, CPS instruments Inc., Prairieville, LA, USA) with a 405 nm 
detection laser. The disc centrifuge operated at 24 000 rpm, and the spin 
fluid contained a density gradient (8.0 to 24.0 wt%) of aqueous sucrose 
solutions; a small volume of n-dodecane (0.5 mL) was used to extend the 
lifetime of the gradient. The disc centrifuge was calibrated using poly
vinyl chloride latex with a weight-average particle diameter of 544 nm. 
A 100 μL of the water-diluted sample (< 1% solid content, w/w) was 
injected into the centre of the hollow spinning disc partially filled with 
density gradient solution. The time for particles to reach the detector 
beam versus beam intensity was converted to a weight-average size 
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distribution using both Stokes’ law (modified slightly for use in a 
centrifuge) and Mie theory light scattering calculations. 

Since the accuracy of the DCS measurements depends critically on 
the accuracy of the density values of the calibration particles and the 
particles in a fluid, a lot of attention was paid to the measurement of 
particle density. All samples were freeze-dried prior to measurements. 
Powder density measurements were performed by a fully automatic gas 
displacement pycnometer (AccuPyc II 1340 Micromeritics Instrument 
Corporation, GA, USA). From the obtained densities, the rough estima
tion of SiO2 content in the samples was calculated according to the 
following equation: 

ρSiO2@MNPs =
1

wSiO2/ρSiO2
+ wint/ρint + wMNPs/ρMNPs

(1)  

where ρSiO2@MNPs, ρSiO2
, ρint, ρMNPs are SiO2@MNPs, SiO2, Fe–O–Si 

interface and MNPs densities, and wSiO2 , wint and wMNPs are SiO2, 
Fe–O–Si interface and MNPs weight fractions, respectively. Since we 
assume that this interface layer is very thin compared to the thickness of 
SiO2 and the dimensions of the MNPs, this term was neglected in the 
next calculations. 

Transmission electron microscopy (TEM) and high-resolution TEM 
(HRTEM) (JEOL JEM 2100F UHR microscope operated at 200 kV) was 
used to observe the nanoparticle morphology. Water-diluted dispersions 
of the samples were dropped over commercial copper support TEM grids 
covered with flat carbon film. Subsequently the samples were placed 
into high vacuum for a few hours in order to remove dilution water. The 
samples were analysed in TEM bright field mode. The particle distri
bution histograms were obtained by counting 250 – 350 particles from 
the micrographs. 

The Fourier transform infrared spectroscopy (FTIR) spectra of the 
dried MNPs, and SiO2@MNPs samples were collected using Vertex 80-v 
(Bruker, Bremen, Germany) in the transmission mode within 530 cm− 1 

to 4000 cm− 1 with a resolution of 4 cm− 1. The infrared spectra of the 
samples were processed by OPUS and Origin Software to determine the 
adsorption of the SiO2 layer on the magnetite surface. 

The magnetization studies were conducted by MPMS3 SQUID 
magnetometer (Quantum Design GmbH, Darmstadt, Germany). M–H 
curves of solid samples were measured at 300 K, and saturation 
magnetization (Ms) and coercive field (Hc) were evaluated. Thermal 
dependence of the magnetization under zero-field cooled (ZFC) and 
field-cooled (FC) conditions, from 5 K to 300 K, has been measured by 
applying a 7958 A/m magnetic field. 

2.5. Nanoparticles cytotoxicity assessment – LDH assay 

The HEK 293 (human epithelial kidney cell line) was used to eval
uate cell viability in the presence of SiO2@MNPs. The HEK 293 cells 
were seeded to a 96-well plate at 7 000 cells/well density in 10% DMEM 
and incubated overnight in a humid atmosphere (5% CO2, 37 ◦C). The 
SiO2@MNPs composites were firstly dispersed in ultra-pure DNA, RNA- 
free H2O to 10 mg/mL (magnetite concentration). The serial dilution of 
studied NPs (0.1 – 50 µg/mL) was prepared in 10% DMEM. The samples 
were added to attached cells in 96-well plates and incubated for 24 and 
48 h. After a given time, the LDH assay was performed following 
manufacturer protocol (CyQUANT, Invitrogen company). The absor
bance of all samples was measured at 490 nm with correction at 680 nm 
using microplate reader Synergy Mx (BioTek Company, USA). The 
viability of cells after treatment with SiO2@MNPs was calculated from 
Eq. (2): 

% Viability = 100

−
(Compound − treated LDH activity − Spontaneous LDH activity)

(Maximum LDH activity − Spontaneous LDH activity)
× 100

(2)  

2.6. Binding to RNA - fluorescent intercalator displacement assay 

The ability of studied SiO2@MNPs to bind RNA was detected using 
fluorescent ethidium bromide (EtBr) displacement assay [22]. EtBr was 
dissolved to 1 mM stock solution in 10 mM TRIS-0.1 mM EDTA (pH 8.0, 
DNA, RNA-free) solution. RNA was dissolved to 1 mg/mL concentration 
in 10 mM phosphate buffer (pH 7.4) and sonicated for 10 min. The RNA 
concentration was determined by UV–Vis spectroscopy (ε260 = 7800 
1/M.cm). The RNA stock solution was then diluted with 10 mM 
TRIS-EDTA buffer to 50 μg/mL. Firstly, RNA-EtBr solutions were incu
bated at the concentration ratio of 5:1. Then, studied SiO2@MNPs were 
added to RNA-EtBr complexes in the broad concentration range (ratio 
SiO2@MNPs to RNA-EtBr ranged from 500:1 to 1:200). The EtBr fluo
rescence intensities were measured in a 96-well plate after 30 min in
cubation in the dark at 25 ◦C using Synergy Mx (BioTek Company, USA) 
reader. The excitation wavelength was 545 nm, and emission spectra 
were detected in the 595 – 700 nm range. The samples without 
SiO2@MNPs were taken as a control (100%). Each experiment was 
performed 3 to 6 times, and the reported values represent the average of 
measured data. Error bars correspond to the average deviation. 

2.7. Separation of RNA using SiO2@MNPs 

RNA extraction was performed using 100 µL of RNA sample (1 mg/ 
mL). 80 µL of SiO2@MNPs (40 mg/mL) were added to the RNA solution, 
followed by 250 µL of binding buffer (1.25 M sodium chloride and 10% 
polyethylene glycol 20 000). The suspension was mixed and incubated 
for 5 min at room temperature. The magnetic pellet was immobilized by 
applying an external magnetic field after 1 h, and the supernatant was 
removed. The magnetic pellet was washed with 70% ethanol twice and 
dried thoroughly. The pellet was then resuspended in 60 µL of TE buffer 
(10 mM Tris–HCl, 0.1 mM EDTA, pH 8.0), and magnetic particle-bound 
RNA was eluted by 10 min incubation at 65 ◦C with continuous agitation 
(700 rpm). Finally, the supernatant containing RNA was collected, and 
its concentration was measured using UV–Vis spectroscopy. The data 
represents the average eluted RNA concentration. The separation effi
ciency (%) was calculated as the difference between working RNA 
concentration (taken as 100%) and eluted RNA concentration. Each 
experiment was performed four times, and the reported values represent 
the average of measured data with the average deviation. 

2.8. Statistical methods and analysis 

The measurements were made at least in triplicate, and the average 
(mean) value with standard deviation was calculated. The standard 
deviation was used to generate error bars in the figures. The statistical 
significance was calculated for viability (%) data with p values < 0.05 
(*, #), indicating that the differences are statistically significant using 
ANOVA: Two-Factor With Replication test. 

3. Results and discussion 

3.1. Synthesis, characterization and optimization of SiO2@MNPs 

The properties of the magnetic nanoparticles can be significantly 
modified by silica coating. Therefore, 18 samples of SiO2@MNPs 
differing in initial TEOS to MNPs ratio (v/w) ranging from 0.06 up to 
20.0 were newly synthesized and characterized to determine the optimal 
TEOS/MNPs ratio for silica coating to achieve the highest RNA binding 
and separation efficiency. The physico-chemical properties (zeta po
tential, isoelectric point (IEP), density and size) of prepared SiO2@MNPs 
samples were studied and obtained data are presented in Fig. 1. 

First, the densities of freeze-dried individual pure components (SiO2 
and MNPs) and silica-coated MNPs (SiO2@MNPs) were determined by a 
gas pycnometer at room temperature. The measured particle densities of 
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bare MNPs and pure SiO2 were 5.06 g/cm3 and 2.2 g/cm3, respectively. 
In the case of SiO2@MNPs samples, the particle density rapidly 
decreased (from about 4.91 g/cm3 to 3.18 g/cm3) with increasing 
TEOS/MNPs (v/w) ratios from 0.06 to 3.0, confirming increasing silica 
coating on the surface of MNPs (Fig. 1A). The density values of the 
samples with loading TEOS/MNPs ratio above 3.0 slowly decreased to a 
value of 2.6 g/cm3 for the SiO2@MNPs with the highest TEOS/MNPs 
ratios. The density values were used to calculate the silica and MNPs 
content in the SiO2@MNPs samples according to Eq. (1). Values for the 
selected samples are displayed in Table 1 and Fig. 4B. Almost equal SiO2 
and MNPs content, 49.2% and 50.8%, was achieved at TEOS/MNPs ratio 
of 3.0, which did not significantly change even at higher ratios. This may 
be due to the formation of pure SiO2 nanoparticles by excess TEOS, 
which are removed during the preparation process using magnetic 
separation. 

The differential centrifugal sedimentation (DCS) was chosen as the 
most appropriate technique to measure the weight average size distri
bution of the SiO2@MNPs. Fig. 1B shows the rapid size increase of the 
SiO2@MNPs with increasing the TEOS/MNPs ratio from 0.06 to 3.0. At 
higher TEOS/MNPs ratios (3.0 - 20.0), the size of the particles is almost 
constant. The increase in particle size with TEOS/ MNPs ratios from 0.6 

to 3.0 can be caused by the clustering of the magnetic nanoparticle 
cores, resulting in a decrease in the surface area of the nanoparticles in 
the given mass. This assumption was also confirmed by TEM and mag
netic measurements. The effect of the TEOS/MNPs ratio on the particle 
size distribution of selected SiO2@MNPs samples obtained by DCS is 
displayed in the inset of Fig. 1B. The peak of the particle size distribution 
of SiO2@MNPs samples (the relative weight) moves to higher values 
with increasing SiO2 content (see Table 1). Interestingly, the smallest 
particles are SiO2@MNPs 0.4 with a DDCS = 285 nm, not bare MNPs 
(DDCS = 302 nm). This observation may result from a tendency of un
coated MNPs to create clusters due to the magnetic dipole-dipole in
teractions. However, the silica coating shelters the magnetic dipole- 
dipole interaction, forming smaller clusters. Much larger particle size 
obtained by DCS than size observed by TEM may be attributed to ag
gregation of the formed particles in a fluid. However, the particle size 
obtained by observing the sample in the dry state by TEM indicates the 
size of the cores (Fig. 2). Different techniques may provide different 
results because they are based on different properties, principles and 
process [23]. 

Zeta potential is used to characterize the surface charge of nano
particles, predict surface interactions, and optimize the formation of 

Fig. 1. Dependence of powder density (A), size (B), zeta potential (C), and isoelectric point (IEP) (D) on TEOS/MNPs (v/w) ratio. Effect of TEOS/MNPs ratio on the 
particle size distribution of selected SiO2@MNPs samples (inset in Fig. 1B). The standard deviation was used to generate error bars in the figures (A-C). 

Table 1 
Physico-chemical properties of the SiO2@MNPs obtained by various techniques.  

Method UV–Vis Gas pycnometry DCS Electrophoretic 
mobility 

Magnetic measurements 

TEOS/ 
MNPs 
v/w ratio 

MNPs conc. Particle density MNPs 
content1 

SiO2 

content 
DDCS Zeta potential Ms 

at 300 K 
MNPs 
content2 

TB 

(mL/g) (mg/mg) (g/cm3) (%) (%) (nm) (mV) (Am2/kg) (%) (K) 

0 1.00 5.1 ± 0.3 100.0 0.00 302 ± 91 +18.0 ± 4.8 75.6 100 198.0 
0.4 0.93 4.2 ± 0.1 90.1 10.0 285 ± 84 − 31.6 ± 3.1 61.7 81.6 182.6 
1.0 0.76 3.8 ± 0.1 78.2 21.8 384 ± 47 − 29.6 ± 4.5 59.0 78.0 183.2 
2.0 0.76 3.4 ± 0.1 60.8 39.2 642 ± 121 − 31.8 ± 4.5 51.1 67.6 180.7 
3.0 0.59 3.2 ± 0.2 50.8 49.2 1445 ± 72 − 32.9 ± 2.0 40.9 54.0 184.1 
4.0 0.51 3.2 ± 0.1 51.0 49.0 1285 ± 119 − 35.2 ± 5.4 41.7 55.1 185.8 
5.0 0.53 3.1 ± 0.2 45.6 54.4 1428 ± 126 − 34.9 ± 2.0 41.3 54.6 187.6 

MNPs conc. – the content of iron oxide (mg) in the SiO2@MNPs powder samples (mg) determined by UV–Vis spectrometry; Particle density – mean particle density and 
standard deviation determined from measurements of freeze-dried powder samples by the gas pycnometer; MNPs and SiO2 content1 – iron oxide and SiO2 content in 
SiO2@MNPs calculated from particle densities; DDCS – peak diameter and “half-height” width of the distribution values from weight size distributions obtained by DCS 
measurements; Zeta potential – mean zeta potential and standard deviation values; Ms – saturation magnetization at 300 K; MNPs content2 – iron oxide content in 
SiO2@MNPs samples calculated from magnetic measurements; TB – blocking temperature determined from FC-ZFC measurements. 
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coatings. The zeta potential was measured as a function of the TEOS/ 
MNPs (v/w) ratio (Fig. 1C) and pH (Fig. SI1) for the SiO2@MNPs sam
ples. A rapid decline in the zeta potential values (marked in pink) was 
recorded for particles with TEOS/MNPs ratio of 0.06 to 0.2, indicating 
the gradual attachment of silica to the initially positively charged sur
face of bare MNPs (zeta potential of +18 mV, marked in green). Particles 
with TEOS/MNPs ratios lower than 0.2 are only partially coated with 
silica. The SiO2@MNPs zeta potential values observed for particles with 
TEOS/MNPs ratio above 0.2 (marked in blue) are almost constant (from 
- 31 to - 35.2 mV), indicating complete silica covering of MNPs surface. 

The isoelectric point (IEP) values of the prepared samples were ob
tained from pH-dependent zeta potential curves (Fig. SI1, Table SI1). IEP 
values of samples in relation to the TEOS/MNPs ratio are displayed in 
Fig. 1D. The IEP value decreased from 6.8 (bare MNPs) to ~ 1.3 with an 
increasing TEOS/MNPs ratio from 0.06 up to a value of 0.4. At higher 
TEOS/MNPs ratios, the IEP values remained almost constant, oscillating 
around the value of 1.3. The observed IEP change correlates with the 
degree of MNPs’ surface silica coverage as it shifts to the IEP of pure SiO2 
equal to 1.3. These data show that the MNPs surface is entirely coated by 
a silica layer for particles with TEOS/MNPs ratios of 0.4 and higher. 

The presented results indicate that a silica layer completely covered 
the surface of the MNPs at the TEOS/MNPs ratio of 0.4. Interestingly, the 
increase of the TEOS/MNPs ratio over 4.0 did not significantly affect all 
observed parameters (particles’ density, size, and surface charge). 

3.2. Properties of selected SiO2@MNPs 

Based on the previous results, the samples with TEOS/MNPs (v/w) 
ratios 0.4, 1.0, 2.0, 3.0, 4.0, and 5.0 have been selected for further 
physico-chemical and biological in vitro characterization. In detail, the 

morphology, size (diameter), magnetic properties and surface properties 
of selected samples were studied. Furthermore, their RNA binding 
ability and cytotoxicity were determined to select the ones with the 
highest RNA separation potential. 

3.2.1. TEM and HRTEM measurements 
Transmission electron microscopy (TEM) and high-resolution TEM 

(HRTEM) images in Fig. 2A-D show variable shapes of bare MNPs and 
SiO2@MNPs at selected TEOS/MNPs ratios. The histograms (Fig. 2 
bottom line) represent the number-weighted distributions of the core 
diameter of magnetite nanoparticles obtained from microscopy analysis. 
The TEM micrographs confirmed an irregular shape of the bare MNPs 
(Fig. 2A) with a mean size of 11.9 nm. The TEM images of SiO2@MNPs 
with TEOS/MNPs ratios (v/w) 0.4, 2.0, and 4.0 (Fig. 2B-D) showed that 
the mean core size of MNPs oscillates around the value of 10 nm after 
silica coating. The increase of the TEOS/MNPs ratio led to the increase of 
the thickness of silica coating on the MNPs surface from 1.2 nm to 4.3 
nm (see Fig. 2B-D). The polyhedral morphology of MNPs is similar in all 
cases, indicating that it is not affected by the silica coating. Moreover, as 
seen in the figures, the silica shell seems to cover a cluster of magnetic 
particles, not individual particles, particularly in the case of samples 
SiO2@MNPs 2.0 and SiO2@MNPs 4.0. This assumption was confirmed 
by SQUID measurements (see part 3.2.3 Magnetic properties 
measurements). 

3.2.2. FTIR measurements 
The formation of the SiO2 layer on the surface of MNPs was moni

tored by FTIR spectroscopy. FTIR spectra of bare MNPs (black curve) 
and SiO2@MNPs with TEOS/MNPs ratios (v/w) 0.4, 1.0, 2.0, 3.0, 4.0 
and 5.0 are displayed in Fig. 3. A strong absorption band observed in all 

Fig. 2. TEM (first row), HRTEM (second row) images and corresponding particle size distributions and log-normal fitting (third row) of MNPs (A), SiO2@MNPs 0.4 
(B), SiO2@MNPs 2.0 (C) and SiO2@MNPs 4.0 (D). The solid lines is the best-fit of the data using log-normal distribution function. 
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samples around 550 cm− 1 arises from the Fe-O bond [24,25], and proves 
the presence of iron oxide particles in bare MNPs and SiO2@MNPs 
samples. The absorption bands at 1070 cm− 1 and 950 cm− 1 are related 
to the asymmetric vibration of Si-O-Si and Si-O-H bonds, respectively 
[26,27]. Upon binding of silica on the surface of MNPs, a small shift from 
1070 cm− 1 to 1068 cm− 1 is observed. The observed increase in peak 
intensity at 1068 cm− 1 for SiO2@MNPs is associated with the thickening 
of the silica shell [26,27]. The absorption peak at 800 cm− 1 represents 
Si-O vibration [28,29]. These data confirm that MNPs were coated with 
SiO2. 

3.2.3. Magnetic properties measurements 
The magnetic properties of the uncoated MNPs and SiO2@MNPs 

were characterized by the magnetization measurements as a function of 
the magnetic field and temperature. As shown in Fig. 4A, the typical 
characteristics of superparamagnetic behavior were observed by unde
tectable coercivity and remanence at 300 K. The saturation magnetiza
tion values of the bare MNPs and SiO2@MNPs with different TEOS/ 
MNPs ratios evaluated from magnetization curves shown in Fig. 4A and 
are summarized in Table 1. The saturation magnetization of the bare 
MNPs is approx. 75.0 Am2/kg and in the case of the SiO2@MNPs, the 
magnetization decreases with TEOS/MNPs ratios increase (Fig. 4A). This 
drop in magnetization value is caused by the fact that the magnetization 
is proportional to the weight of the magnetic material compared to the 

total weight of the SiO2@MNPs, meaning that the thicker the coating 
silica layer, the less amount of magnetite contained in the same sample 
weight. Since increasing the coating layer thickness also increases the 
amount of non-magnetic material (silica), magnetization gradually de
creases with the increasing TEOS/MNPs ratios. The estimation of the 
magnetite content in SiO2@MNPs was based on the ratio between their 
saturation magnetization and the saturation magnetization of bare 
MNPs (Table 1). The dependence of SiO2 content on the TEOS/MNPs 
ratio determined from magnetization measurements is displayed in 
Fig. 4B (filled squares). At TEOS/MNPs ratio = 3.0, the plateau was 
reached, indicating saturation of silica coating on MNPs. This outcome is 
in good agreement with results from DCS measurements showing the 
mean diameter oscillating around the constant value after reaching 
TEOS/MNPs ratio = 3.0 (Fig. 1B) and with results obtained by gas 
pycnometric measurements as well (Fig. 4B, empty circles). 

Further characterization was carried out by measuring the temper
ature dependence of the magnetization under an applied magnetic field 
of 7958 Am− 1 in the temperature range of 5 K – 300 K for both bare 
MNPs (Fig. SI2) and SiO2@MNPs (Fig. SI3). These measurements give us 
information about blocking temperature (TB) and interparticle in
teractions as well. TB is a crucial factor for biomedical applications of the 
particles. Above TB, the nanoparticles are classed as superparamagnetic, 
i.e. nanoparticles are only magnetic in an applied magnetic field without 
any residual magnetization when the magnetic field is removed. Below 
TB, the particles do interact and offer a ferromagnetic-like behavior with 
residual magnetization that can have unwanted effects in nanoparticles 
used in biomedicine. Thus, the determination of TB of a nanoparticle 
system is usually the first property to be measured. The TB was calcu
lated from the derivation of the ZFC curve intercepting the x-axis. The 
calculated TB values are summarized in Table 1. The reduction of TB 
value of sample SiO2@MNPs 0.4 to value of 183 K in comparison with 
bare MNPs (TB = 198 K) is caused by suppression of the inter-particle 
magnetic interactions due to silica coating of MNPs. With the 
increasing TEOS/MNPs ratios, the TB values hardly changed and fluc
tuated around 180 K. This may suggest that the silica coating takes place 
on the surface of some of the agglomerated particles and not on the 
surface of individual MNPs. These results confirmed the observations 
from TEM measurements (Fig. 2). 

3.3. Biological analysis 

3.3.1. Cytotoxicity of SiO2@MNPs 
The concentration-dependent viability assessment of HEK 293 cells 

with selected SiO2@MNPs (v/w ratio equal to 0.4, 1, 2, 3, 4 and 5) was 
performed using LDH assay (Fig. 5). The cells were incubated for 24 
(color filled bars) and 48 h (pattern bars) with an increasing 

Fig. 3. FTIR spectra of bare MNPs and SiO2@MNPs with different TEOS/MNPs 
ratios (v/w). 

Fig. 4. Magnetization curves of MNPs and SiO2@MNPs (A). Dependence of SiO2 content on the TEOS/MNPs ratio determined from magnetization (filled squares) 
and gas pycnometry (empty circles) measurements (B). 
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concentration of SiO2@MNPs (0.01 – 50 µg/mL). After 24 h treatment, 
the viability of cells decreased with increasing nanoparticle concentra
tion down to ~ 72% for studied SiO2@MNPs, except for SiO2@MNPs 3.0 
(green bars). However, after longer incubation (48 h), the cell viability 
was comparable to the viability of untreated cells (taken as 100%) 
(pattern bars). 

HEK 293 cells, after treatment with SiO2@MNPs, were visualized 
using optical microscopy. The representative population of cells after 48 
h treatment with SiO2@MNPs 2.0 is shown in Fig. SI4. The images 
support data presented in Fig. 5 that increasing both the SiO2@MNPs 
concentration and TEOS/MNPs ratio did not significantly affect the 
morphology and number of living cells even after 48 h incubation, 
indicating SiO2@MNPs are not cytotoxic. 

3.3.2. RNA binding properties of SiO2@MNPs 
The RNA-SiO2@MNPs interaction was studied using the fluorescent 

intercalator displacement assay based on the competition between EtBr 
and SiO2@MNPs. EtBr, a hydrophobic fluorescent intercalator, binds 
strongly to nucleic acids, resulting in increased fluorescence intensity 
[22,30]. After adding SiO2@MNPs to RNA solution, SiO2@MNPs-RNA 
interaction led to the removal of EtBr manifested as a decrease in fluo
rescence intensity. We observed a SiO2@MNPs concentration-dependent 

decrease of EtBr fluorescence (Fig. 6), suggesting particles binding to 
RNA at higher concentrations. The highest EtBr-displacement effectivity 
was observed for smaller SiO2@MNPs with TEOS/MNPs ratios = 0.4 
(blue circle), 1.0 (red triangles) and 2.0 (green squares). Interestingly, 
the weakest EtBr-displacement ability was detected for SiO2@MNPs 3.0 
(pink stars). The presence of SiO2@MNPs 4.0 (orange triangles) and 5.0 
(purple diamonds) have an almost identical yet weaker ability to bind 
RNA, as demonstrated by the similar EtBr-displacement curves (Fig. 6). 

The EC50 values were calculated from concentration dependencies 
(Fig. 6) to compare the SiO2@MNPs’ RNA-binding potential (Table 2). 
The EC50 values represent SiO2@MNPs’ concentration with 50% EtBr- 
displacement efficiency from RNA corresponding to their effectivity to 
bind RNA. The lowest efficiency was detected for SiO2@MNPs 3.0. 
Small-sized composites (SiO2@MNPs 0.4 and 1.0) displayed the lowest 
EC50 values, therefore, the highest RNA-binding efficacy. Further in
crease of TEOS/MNPs ratio to 4.0 and 5.0, respectively, led to increased 
EtBr displacement potency compared to SiO2@MNPs 3.0. 

3.3.3. SiO2@MNPs induced RNA magnetic separation 
To investigate the RNA-extraction capabilities of studied 

SiO2@MNPs, a simple binding-washing-elution protocol was employed 
by incubating 1 mg/mL of RNA in a mixture with 80 µL of SiO2@MNPs 

Fig. 5. Proliferation level of HEK 293 
cells in the presence of SiO2@MNPs 0.4 
(blue), SiO2@MNPs 1.0 (red), 
SiO2@MNPs 2.0 (green), SiO2@MNPs 
3.0 (pink), SiO2@MNPs 4.0 (orange) 
and SiO2@MNPs 5.0 (purple). The ef
fect of SiO2@MNPs in the concentra
tion range from 0.01 up to 50 µg/mL 
was determined using LDH assay after 
24 (full bars) and 48 h (pattern bars) 
treatment. The non-treated cells were 
taken as control (empty bars – 24 h, 
pattern black bars – 48 h). *P < 0.05 
vs. control (untreated cells). All data 
obtained for cells viability after 48 h 
treatment are statistically significant P 
< 0.05 compared to viability data after 
24 h treatment (ANOVA Two-Factor 
with Replication test).   
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(40 mg/mL) and binding buffer containing PEG 20 000. It is known that 
PEG adsorbs on silica through hydrogen bonding with surface silanol 
groups [31]. Therefore, a competitive displacement of RNA from the 
NPs’ surface can be expected. The RNA bound to SiO2@MNPs was 
extracted using an external magnetic field, followed by the determina
tion of RNA concentration in eluted solution. As shown in Table 2, the 
separation efficiency of studied SiO2@MNPs follows the threshold 
behavior of the size dependency. The efficiency of the smallest 
SiO2@MNPs 0.4 could not be determined since the magnet used to 
attract the SiO2@MNPs from the elution solution was unable to clear the 
solution even after one day. This phenomenon probably results from the 
small size and, therefore, the largest total surface area of SiO2@MNPs 
0.4. The SiO2@MNPs with TEOS/MNPs ratios of 1.0 and 2.0 extracted 
36.5% and 37.6% of RNA, respectively. SiO2@MNPs with higher 
TEOS/MNPs ratios displayed very weak RNA-extraction efficiency 
ranging from 4 to 7% (Table 2). 

Overall, our results indicate that SiO2@MNPs with TEOS/MNPs ra
tios equal to 1.0 and 2.0 bind to single-stranded RNA and can be used to 
extract RNA efficiently from solutions. The RNA-binding and -extraction 
capabilities depend on the size and overall surface area of SiO2@MNPs 
determined by the silica coating thickness on the surface of MNPs 
(Fig. 2, Table 1). The electron microscopy images indicate that studied 
SiO2@MNPs form clusters (Fig. 2). The cluster formation does not 
hinder their biological activities but can affect the efficiency. More 
magnetic particles within the cluster lead to a bigger diameter and, thus, 
a smaller surface area accessible to RNA binding. Lee et al. also showed 

that monodispersity is not a critical material requirement for yielding 
performance in RNA extraction [32]. Interestingly, the RNA-binding and 
-extraction potentials of studied SiO2@MNPs follow threshold behavior 
between ratios 2.0 and 3.0, suggesting an important role of size and 
other physico-chemical properties. Haddad et al. highlighted the 
importance of particle zeta potential and size for studying 
particle-nucleic acid interactions [17]. According to Zhao et al., the 
negatively charged coating is essential for the optimal extraction and 
purification of the RNA samples [33]. Our system is negatively charged 
as the measured zeta potential of nanoparticles alone and in the pres
ence of RNA is strongly negative (from − 50 up to − 62 mV) in 10 mM 
Tris–HCl, 0.1 mM EDTA buffer, pH 8.0. The larger particle size of 
SiO2@MNPs 3.0, 4.0, and 5.0 and, consequently, smaller surface area in 
the same mass could explain their lower RNA-binding potential. As a 
particle size (diameter) increases from the nanometer to the micrometer 
scale, the number of particles in a given mass will be thousand times 
reduced. Therefore, the particle surface area will also be reduced 
significantly. Similarly, the larger SiO2@MNPs 3.0, 4.0 and 5.0 with a 
smaller surface area per mass have a smaller chemical reactivity and are 
most likely unable to accommodate the RNA on their surface. On the 
other hand, smaller NPs offer both high surface area per mass and high 
chemical reactivity, consequently leading to more interactions with 
biological systems [34]. Based on these results and the presence of 
strong negative surface charge, we propose that RNA adsorption would 
most likely be mediated by charge screening effects of surface Si-O- 
groups by the salt cation and PEG molecules under chaotropic condi
tions. The elution step in the protocol requires a dramatic change in 
salinity, where RNA adsorbed on silica surfaces of SiO2@MNPs can be 
eluted in water due to the electrostatic repulsion between ionized sila
nols and the phosphate RNA backbone at low ionic strength. 
RNA-extraction assay based on the application of an external magnetic 
field showed that the smallest SiO2@MNPs 0.4 are not suitable for 
RNA-extraction as the time required for the magnet to attract MNPs 
dispersed in elution solution completely was too long (longer than one 
day). This behavior can be appointed to the observation that at 
TEOS/MNPs ratio 0.4, no cluster of magnetic cores is formed (DDCS 
smaller than DDCS of bare MNPs). Accumulated results suggest that 
SiO2@MNPs with TEOS/MNPs ratios 1.0 and 2.0 are the best candidates 
for efficient and sensitive detection of viral material. Moreover, we 
believe that our work can fill the gap in understanding how silica-coated 
magnetic nanoparticles with similar surface charges and other envi
ronmental factors can be utilized to bind and separate RNA. 

4. Conclusion 

This work reports a study on synthesizing functionalized negatively 
charged SiO2@MNPs for RNA extraction. A series of SiO2@MNPs sam
ples were prepared, optimized, and characterized by various methods. 
Functionalization of MNPs with silica was successfully attained by hy
drolysis and polycondensation of TEOS and nucleation of the formed 
silica on their surface. The silica coating process was followed by elec
tron microscopy observations, particle size, and zeta potential mea
surements. The obtained results suggest that the size, zeta potential, and 
silica coating thickness could be controlled by changing the concentra
tion of TEOS precursor. The SiO2@MNPs display an IEP lower than the 
IEP of the bare MNPs, suggesting the formation of a silica layer on the 
surface of MNPs, which was also confirmed by FTIR spectroscopy. 
Moreover, the SiO2@MNPs showed superparamagnetic behavior with 
symmetric hysteresis and saturation magnetization. Our study demon
strates that selected SiO2@MNPs can bind RNA with different efficiency 
based on their size and surface area. The zeta potential (surface charge) 
did not significantly influence the interaction of the nucleic acid with the 
silica surface. However, the size and surface area of nanoparticles 
significantly determine binding of nucleic acid on the nanoparticle 
surface. The smaller SiO2@MNPs with TEOS/MNPs ratios of 1.0 and 2.0, 
having a larger surface area and high chemical reactivity, bind RNA with 

Fig. 6. Binding of SiO2@MNPs to RNA detected using EtBr displacement 
fluorescence assay. The SiO2@MNPs with TEOS/MNPs ratio equal to 0.4 (blue 
circles), 1.0 (red triangles), 2.0 (green squares), 3.0 (pink stars), 4.0 (orange 
triangles) and 5.0 (purple diamonds) were added to RNA solution at broad 
concentration range (from 500:1 to 1:400; RNA: SiO2@MNPs). The ratio of RNA 
to EtBr was 5:1 in all cases. The average EtBr fluorescence intensities were 
normalized to values recorded for samples without SiO2@MNPs (taken as 
100%). Error bars represent the average deviation of three up to six separate 
measurements. 

Table 2 
RNA-binding potential and magnetic separation efficiency of SiO2@MNPs with 
different TEOS/MNPs ratios (0.4, 1.0, 2.0, 3.0, 4.0, 5.0). The EC50 values were 
derived from the EtBr-displacement concentration dependencies (Fig. 5).  

SiO2@MNPs Diameter 
DDCS 

(nm) 

Biological activity 
Binding potential 
EC50 (µg/mL) 

Separation efficiency (%) 

0.4 285 795.3 N/A 
1.0 384 795.3 36.5 ± 0.8 
2.0 642 2 117.6 37.6 ± 3.7 
3.0 1445 N/A 7.1 ± 3.9 
4.0 1285 5 254.5 6.6 ± 6.0 
5.0 1428 4 762.7 3.6 ± 4.2  
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the highest efficiency. Moreover, their separation potential was also 
highest compared to other studied particles, with over 36% of RNA 
eluted to the solution. This work pointed out the influence of different 
sizes of silica-coated magnetic nanoparticles on the magnetic separation 
of viral RNAs with the potential for the separation and detection of 
viruses. 
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