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Fig. S1. Schematic representation of epoxy-activated microarray binding with SSO-targets. 

 
I. Fabrication of MNP-oligo 

 
The monodisperse hydrophobic MNPs@OA were synthesized by thermal decomposition 

of iron (III) oleate at 320 ºC in 1-octadecene in the presence of oleic acid and sodium oleate as 
surfactants. The determined hydrodynamic (HD) size of MNPs@OA in hexane was 21±2 nm. This 
value is two times higher than the MNP core size estimated by TEM analysis (11±2 nm). Such 
trend was also observed in previous works and can be explained by the contribution of oleic acid 
layers binding on the surface of nanoparticles to the overall HD size1. Since after synthesis 
MNPs@OA were hydrophobic, additional surface modification procedures were performed to 
stabilize them in aqueous media. At the first stage, the MNPs@OA surface was modified with 3,4-
dixydroxyphenylacetic acid (MNPs@DOPAC) molecules by the ligand exchange protocol. The 
DOPAC molecules form strong covalent bonds between the oxygen atoms of hydroxyl groups and 
the Fe atoms of MNPs 2. After replacing the oleic acid molecules on the MNP surface with DOPAC 
molecules the HD size decreased to 16±2 nm in deionized (DI) water, which is expected since the 
DOPAC molecule is much smaller than oleic acid3. Nevertheless, despite a small HD size and 
negative surface charge of MNPs@DOPAC (-30 mV), they were stable only in pure distilled water 
and almost instantly aggregated when the ionic strength of the solution was increased (Fig. S2 and 
Table S2). To improve solubility, MNPs@DOPAC were additionally conjugated with amino-
carboxy polyethylene glycol (PEG) derivative (MNPs@DOPAC@PEG) using carbodiimide 
coupling chemistry. This step led to the stabilization of MNPs in various salt buffers like PBS, 
while their HD size increased from 16±2 to 24±3 nm. This phenomenon can be explained by the 
appearance of an additional charge and PEG chain steric repulsions4. Of note, the established PEG 
layer thickness was approximately 4 nm and is in line with previous works5 (Fig. S3 and Table 
S3). At the last stage, MNPs@DOPAC@PEG were covalently conjugated with SSO-probe (MNP-
oligo) also using carbodiimide coupling chemistry (Table S4). Moreover, by varying the 
concentration of SSO probe, we fixed 2 (MNP-oligo-2) and 12 (MNP-oligo-12) molecules of SSO-
probe per single MNP. In addition, we investigated the aggregative stability of MNP-oligo-12 in 
various salt buffers by time-dependent HD measurements (Fig. S4). The obtained results showed 
that nanoparticles keep their stability even after 3 hours in NaCl, PBS and in DPBS and HBSS 
containing Ca2+ and Mg2+ ions.  
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Table S1. The main components of various salt buffers used in the work. 
 

Components (mM) 
Buffer 

NaCl PBS DPBS HBSS 

Sodium Chloride 137 137 137 137 

Potassium Chloride - 2.7 2.7 5 

Phosphate - 10 10 7 

Calcium Chloride - - 1 1 

Magnesium Chloride - - 0.5 0.5 

Magnesium Sulfate - - - 0.4 

Glucose - - - 6 

Sodium hydrocarbonate - - - 4 
 

 
 

Fig. S2. Hydrodynamic curves of MNPs and their conjugates. 
 
 
Table S2. The main hydrodynamic parameters and ζ-potential of MNPs and their conjugates. 
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Sample Magnetic core 
size, nm 

Hydrodynamic 
size, nm 

Polydispersity 
index 

ζ-potential, 
mV 

MNPs@OA in hexane 11 ± 2 21 ± 2 0.215 - 
MNPs@DOPAC in DI H2O 11 ± 2 16 ± 2 0.221 -30 

MNPs@DOPAC in PBS 11 ± 2 1484 0.576 -32 
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Fig. S3. Hydrodynamic curves of MNPs@DOPAC@PEG in various salt buffers. 
 
 
Table S3. The main hydrodynamic parameters and ζ-potential of MNPs@DOPAC@PEG. 

 
 
Table S4. The main hydrodynamic parameters and ζ-potential of MNP-oligo-12. 

 

 
 
Fig. S4. MNP-oligo-12 stability assay based on hydrodynamic size measuring for 180 min by DLS 
in various salt buffers. The iron concentration was [Fe] = 0.2 mg/mL (n = 3 for each buffer) in all 
samples. 

0.1 1 10 100 1000 10000
0

4

8

12

16  NaCl
 PBS
 DPBS
 HBSS

Vo
lu

m
e,

 %
Hydrodynamic size, nm

 

 

0 30 60 90 120150180
0

20
24
28
32
36
40

 

 

 NaCl  DPBS
 PBS  HBSS

H
yd

ro
dy

na
m

ic
 s

iz
e 

(n
m

)

Time (minute)

 

 

Buffer Magnetic core 
size, nm 

Hydrodynamic 
size, nm 

Polydispersity 
index 

ζ-potential, 
mV 

NaCl 11 ± 2 24 ± 3 0.210 -12 
PBS 11 ± 2 33 ± 2 0.206 -11 

DPBS 11 ± 2 38 ± 4 0.230 -13 
HBSS 11 ± 2 91 ± 3 0.235 -12 

Buffer Magnetic core 
size, nm 

Hydrodynamic 
size, nm 

Polydispersity 
index ζ-potential, mV 

NaCl 11 ± 2 26 ± 3 0.234 -14 
PBS 11 ± 2 28 ± 2 0.216 -13 

DPBS 11 ± 2 26 ± 3 0.203 -15 
HBSS 11 ± 2 30 ± 3 0.227 -13 
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II. Quantifying the number of SSO-probe molecules fixed on a single MNP 
 

The QuantiFluor® ssDNA Dye (Promega) was used to determine the number of  
SSO-probe molecules fixed on single MNPs. As a result, a calibration curve of the ssDNA Dye 
fluorescence intensity dependence on the SSO-probe concentration in solution was obtained (Fig. 
S5). We observed the well-known effect of partial quenching of fluorescence for SSO-probe that 
resulted in underestimating the analyte concentration6. The ssDNA Dye emission maximum is 
observed at 528 nm, but the absorbance values of the MNP solutions simultaneously increase 
linearly with increasing concentration at this wavelength (Fig. S6). It was found that the ssDNA 
Dye fluorescence intensity upon binding to the SSO-probe molecules in the 
MNPs@DOPAC@PEG solution (0.3 mg/mL) decreases 1.6 times compared with the fluorescence 
intensity of the same dye upon binding to SSO-probe in an MNP-free buffer. In contrast, when the 
concentration of MNPs@DOPAC@PEG was reduced to 0.2 mg/mL, the ssDNA Dye fluorescence 
quenching was not observed after binding to SSO-probe, which is explained by the insignificant 
absorbance of the nanoparticle solution at this concentration and a wavelength of 528 nm. 

 

 
 

Fig. S5. Dependence of the QuantiFluor® ssDNA Dye fluorescence intensity on the  
SSO-probe concentration in DI H2O (A), MNPs@DOPAC@PEG solution with  
[Fe3O4] = 0.2 mg/mL (B) and MNPs@DOPAC@PEG solution with [Fe3O4] = 0.3 mg/mL (C) (n 
= 3). 

 
 
Fig. S6. Dependence of the MNPs@DOPAC@PEG solution absorbance on its concentration: 0.2 
mg/mL (A), 0.3 mg/mL (B), 0.6 mg/mL (C) in terms of Fe3O4 in the wavelength range 400 – 800 
nm, and a fitting curve (inset) for absorbance at 528 nm. 
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𝑉!"#$ =
𝑚!"#$

𝜌%&!'"
			(1) 

 
𝑚!"#$ = 1	mg ⇒ 𝑉!"#$ = 192.3 ∙ 10()	nm*, 

 
where 𝜌%&!'"= 5.2 g/cm3 is the magnetite density7. 
 

The volume of a single MNP calculated according to TEM analysis: 
 

𝑉(	!"# = 3
𝑏
√2
6
*

= 470	nm*			(2) 

 
where b = 11 nm – the cube face diagonal of the MNPs determined from TEM images. 
 

The number of MNPs in 1 mg of Fe3O4: 
 

𝑁!"#$ =
𝑉!"#$
𝑉(	!"#

= 4.1 ∙ 10(,			(3) 

 
The number of SSO-probe molecules per 1 mg of Fe3O4 MNPs: 

 
𝑁--'./012& = 𝑛--'./012& ∙ 𝑁А			(4), 

 
where nSSO-probe – amount of SSO-probe molecules per 1 mg of MNPs, 𝑁4 = 6.02 ∙ 105*– 

Avogadro’s number. 
 
From Fig. S5 for two types of MNP-oligo we obtained 𝑛--'./012&

(() =	1.20 ± 0.06 nmol and 

𝑛--'./012&
(5) =	8.33 ± 0.34 nmol of SSO-probe per 1 mg of MNPs, respectively (𝑀--'./012& =
20,535	g/mol). 
 

Hence, 𝑁--'./012&
(() = (7.2	 ± 0.4) ∙ 10(, and 𝑁--'./012&

(5) = (50.1 ± 2.1) ∙ 10(, 
 

The number of SSO-probe molecules per single MNP: 
 

𝑁--'./012&(𝑝𝑒𝑟	1	𝑀𝑁𝑃) =
𝑁--'./012&
𝑁!"#$

			(5) 

 
𝑁--'./012&
(() (𝑝𝑒𝑟	1	𝑀𝑁𝑃) ~ 1.8 ± 0.1 (molecules) and 𝑁--'./012&

(5) (𝑝𝑒𝑟	1	𝑀𝑁𝑃) ~ 12.2 ± 0.5 
(molecules) 
 

Since any excess of free SSO-probe molecules in MNP-oligo solution can result in false-
positive analysis, we ensure firm binding to the MNPs. To check this, we incubated 1 mL of each 
type of MNP-oligo (1 mg Fe3O4/mL) in a hybridization buffer (Arrayit®) for 3 h at 62°C and then 
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centrifuged the solutions through a 100 kDa pore-size filter to separate MNPs from the medium. 
Each resulting MNP precipitate was dispersed in 1 mL of PBS, and the fractions were then 
analyzed fluorometrically using QuantiFluor® ssDNA Dye. The obtained results showed that the 
respective concentrations of SSO-probe in MNP-oligo-2 (MNP-oligo-12) solutions were 1.21 ± 
0.87 µM (8.29 ± 0.33 µM), and 0.05 ± 0.03 µM (0.09 ± 0.01 µM) in the filtered medium (Fig. S7). 
Thus, taking into account the initial concentrations of SSO-probe, we can conclude that the 
conjugates are stable and there is no leakage of SSO-probe from MNP-oligo was observed. 

 
Fig. S7. Stability assay of MNP-oligo showing the concentration of SSO-probe in the MNP 
solutions and in the media after incubation of 1 mL of MNP-oligo-2 and MNP-oligo-12 ([Fe3O4] 
= 1 mg/mL) in hybridization buffer (Arrayit®) for 3 h at 62°C (n = 3). 
 

III. Physical characterization of MNPs and their conjugates 
 

Successful modification of the MNP surface with various ligands after each synthesis step 
was proven using Fourier transform infrared (FTIR) spectroscopy (Fig. S8b). An intense and wide 
band at 580 cm-1 in all spectra is the characteristic vibration of the Fe–O bond in iron oxide MNPs 
8. In the FTIR spectrum of MNPs@OA (Fig. S8b (1)) the main series of peaks is associated to 
oleic acid on the surface of MNPs: asymmetric (1560 cm-1) and symmetric (1445 cm-1) stretching 
modes of carboxyl (COO−) groups; the doublet consisting of two peaks at 2921 cm-1 and 2851 cm-

1 and associated with asymmetric and symmetrical stretching modes of the CH2 fragment; vinyl 
group vibrations =С–Н at 3005 cm-1, as well as a peak at 1423 cm-1, which is most likely due to 
the formation of iron carboxylate during coordination of oleic acid molecules on the MNP surface 
9,10. Vibrations at 3427 cm-1 are due to the presence of water molecules in the probes. After the 
replacement of oleic acid molecules on the MNP surface with DOPAC molecules the asymmetric 
(1560 cm-1) and symmetric (1445 cm-1) vibrations of carboxyl groups disappeared (Fig. S8b (2)). 
On the contrary, a peak at 1630 cm-1 characterizing the carboxyl group vibrations in the DOPAC 
molecules appeared in the spectrum. The successful conjugation of MNPs with a PEG derivative 
is evidenced by the presence of С–О–C bond vibrations at 1100 cm-1, as well as the amide bond 
and the С=О fragment in the spectrum at 1640 cm-1 and 1740 cm-1 respectively (Fig. S8b (3))11. 
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Fig. S8. Characterization of MNPs and their conjugates. a, Mössbauer absorption spectra of 
MNPs@OA, measured at liquid nitrogen temperature (78K, left) and room temperature (300K, 
right). The partial absorption spectra corresponding to the sublattice magnetizations M1 (red lines) 
and M2 (blue lines) are shown 12,13. b, The FTIR spectra of MNPs: (1) MNPs@OA, (2) 
MNPs@DOPAC, (3) MNPs@DOPAC@PEG. c, Thermogravimetric curve of MNPs@OA. 
 
Table S5. Calculated Mössbauer spectral parameters. 
 

78K 300K 
Model spectra 
Hhf1=51.9(3) T 

IS1=0.35(4) mm/s 
Hhf2=52.8(3) T 

IS2=0.54(2) mm/s 
2q=QS*=0.3(2) mm/s 

Model spectra 
Hhf1=50.0(3) T 

IS1=0.24(3) mm/s 
Hhf2=48.0(2) T 

IS2=0.58(2) mm/s 
2q=QS*=0.41(5) mm/s 

 
I – number of components, IS – isomer shift; QS – quadruple splitting; Hhf – hyperfine field 
 

The specific magnetization values of MNPs were recalculated to the pure magnetic phase 
using thermogravimetric analysis in the temperature range 30 – 500°C (Fig. S8c). The first region 
with a mass loss of about 6.5% is observed up to 300°C and is explained by the loss of physically 
adsorbed water molecules, hexane and isopropanol, as well as oleic acid molecules weakly bonded 
to the surface of MNPs. The second region with a mass loss of about 20% falls on the temperature 
range 300 – 500 ºС and is explained by the loss of oleic acid molecules covalently bonded to the 
surface of MNPs 14. A decrease in the sample mass at temperatures above 500°C is most likely 
associated with the processes of MNPs phase transformation 3. 

 
 
 
 

Fig. S7. Characterization of nanoparticles and their conjugates. a, XRD pattern of MNPs with indexation of the Bragg
peaks to an inverse spinel structure (cps, counts per second). b, Mössbauer absorption spectra of oleic acid-stabilized
MNPs, measured at a liquid nitrogen temperature (78K, above) and room temperature (300K, below). The partial
absorption spectra corresponding to the sublattice magnetizations M1 (red lines) and M2 (blue lines) are shown17,18. c,
The FTIR spectra of synthesized nanoparticles: (1) oleic-acid capped MNPs, (2) MNPs@DOPAC,
(3) MNPs@DOPAC@PEG. d, Thermogravimetric curve of oleic acid-coated MNPs. e ,
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IV. Immobilization of SSO-targets on the glass surface and hybridization to 
complementary SSO-probes. 
 

 

 
 
 
Fig. S9. Representative images of the microarrays formed using MNP-oligo-2 before and after 
treatment by the LF-AMF (f = 180 Hz, B = 100 mT).  
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A        B 

  

 
 
 
 
 
 
 
 
 
 
Fig. S10. The influence of the LF-AMF (f = 180 Hz, B = 100 mT) on the cleavage of DNA 
duplexes in time for MNP-oligo-12. A, Representative images of the microarrays before and after 
treatment with the LF-AMF. B, Histograms of the sCy5 fluorescence intensity dependence on the 
length of duplexes treated by the LF-AMF for 10, 40, 120 and 240 min, respectively. Data are 
means ± SD. Statistical significance was calculated by one-way ANOVA test (**P < 0.01, ***P < 
0.001, ns – non-significant).  
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Fig. S11. Representative images of the microarray before and after hybridization procedure using 
MNPs@sCy5 solution containing 0.25 µM sCy5. 
 

 
 
Fig. S12. A, Representative images of the microarray after three consecutive scans.  
B, Histogram of the sCy5 fluorescence intensity after each scan. Statistical significance was 
calculated by one-way ANOVA test (n = 3). There is no statistical significance in all cases. 
 

 
Fig. S13. (A, B) Representative fluorescent images of 60 nt microarrays after hybridization with 
pure SSO-probe or MNP-oligo and after staining with SYBR Green I. The concentration of pure 
SSO-probe and MNP-oligo during hybridization was normalized to the SSO probe content.  
(C) Histogram of the normalized 532 nm/635 nm fluorescence intensity. Statistical significance 
was calculated by one-way ANOVA test (n = 4).  
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V. Theoretical substantiation of the magneto-mechanical effect mediated by 
individual MNP in LF-AMF. 

 
 
Fig. S14. Schematic representation of the LF-AMF magnetic coils with indicating of their main 
parameters. The gradient of the magnetic field between the points of the coil (A and C) does not 
exceed 4%. Taking into account that the microarray is 2 cm wide and is placed in the central region 
(point A), the value of the gradient is negligible and does not exceed 0.1% (∇B ~ 0.1 mT·m-1 at B 
= 100 mT). 
 

 
 

Fig. S15. Schematic illustration of the magneto-mechanical effects mediated by individual 
MNP in the LF-AMF. (A) The scheme of the LF-AMF generator. (B) Possible routes of Brownian 
MNP oscillation in the LF-AMF.  
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In our case the torque L exerted on each MNP mediates the stretching force FM that occurs 
when the angular frequency ω = 2πf of the LF-AMF is significantly less than the critical frequency 
(ωc) of the MNP 15. In this case MNPs undergo rotational movements after each change of the 
induction vector orientation of external LF-AMF. The critical frequency ωc can be expressed as: 

 

𝜔С =
𝑚𝐵

6𝜂𝑉9:.;<=
 

 
where m = M(B)·ρ·V is the magnetic moment of a single domain MNP, B –amplitude of 

the LF-AMF, ρ – density, V – magnetic volume, η – medium viscosity, VHD-MNP – hydrodynamic 
volume of an MNP; M(B) – specific magnetization of an MNP in the external magnetic field B. 
 

In the equation all parameters are constant except the amplitude of the external LF-AMF. 
Thus, the critical frequency is the linear function of the magnetic field amplitude. Experimentally, 
we determined a magnetization of 0.73·MS = 48.2 A·m2·kg-1 in B = 100 mT. This leads to an 
average magnetic moment per MNP of m = 48.2 A·m2·kg-1 ∙ 5200 kg∙m-3 ∙ (7.8∙10-9 m)3 = 1.18∙10-

19 A∙m2 with V = a3 = (11/20.5)3 – volume of the MNP. The factor 20.5 accounts for the edge length 
of the cubic MNPs. The parameters in the denominator are the dynamic viscosity of PBS solution 
η = 0.89∙10-3 Pa∙s at 25 °C and the hydrodynamic volume VHD-MNP = (π/6)∙dHD-MNP3 = 1.15 ∙ 10-23 
m3 using the experimental hydrodynamic diameter of 28 nm. With these values we determined the 
critical angular frequency ωc = 1.92∙105 rad∙s-1, which corresponds to about fC = 30 kHz. In the 
LF-AMF experiments used for DNA duplex cleavage the frequency was set to f = 180 Hz. Thus, f 
<< fC and in turn, the oscillation amplitude Δφ = π, which means that the magnetization of the 
MNPs follows the external field15. 

The value of the hydrodynamic force FHD acting upon the oligonucleotide duplex is 
negligible here due to the small viscosity of the PBS medium (η = 0.89∙10−3 Pa ∙ s). This force 
linearly depends on the solvent viscosity and the flow velocity according to Stokes’ equation 16: 

 
FHD = 6πηRmolν 

 
where, η – medium viscosity, Rmol – hydrodynamic radius of the oligonucleotide duplex anchored 
to the MNP, ν – the flow velocity relative to the object. 
 

The flow velocity ν can be expressed as a product of the LF-AMF instant angular frequency 
ω = 2πf and the MNP hydrodynamic radius RHD-MNP 15 where f = 180 Hz is the frequency used in 
the experiments. This force is proportional to the molecule radius anchored to the MNP. For 
simplicity, we consider the 60 bp duplex as a spherical globule with a radius of ~13 nm 17. This 
leads to the hydrodynamic force FHD = 12π2ηfRmolRHD-MNP = 12∙ π2∙0.89∙10-3 Pa∙s ∙ 180 s-1 ∙ 13∙10-

9 m ∙ 14∙10-9 m = 0.003 pN. 
 

Of note, up to date, there is still no clear understanding of the magnitude of the magneto-
mechanical stretching FM force, which single iron oxide MNP mediate in an external static gradient 
field or an oscillating magnetic field. Direct comparison of results from different studies is 
complicated as any modification in the shape, size, phase composition, type of surface-active 
stabilizers of MNPs may strongly alter their physical and chemical properties, e.g., stability in 
water and buffers, surface area, or magnetic susceptibility. For example the identical maximum 
magnetically driven stretching force FM = 3∙10-11 N was calculated for iron oxide 500 nm MNPs 
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18 and for 50 nm Zn-doped iron oxide MNPs 19. The tension force for 45 nm cubic silica-coated 
iron oxide MNP was estimated to be 1∙10-13 N in oscillating magnetic field with magnetic field 
gradient of 103 T/m 20, whereas the same FM value was obtained for 5 nm iron oxide MNPs at field 
gradient of 104 T/m 21. Also, it was previously shown that the aggregates of 20 nm iron oxide 
MNPs mediate a tension force of (6 ± 2)∙10-8 N by applying a small magnetic field gradient of 120 
T/m 22, while similar aggregates of 50 nm iron oxide MNPs produce the tension force up to 1∙10-7 
N under the filed gradients of 2,500 T/m to 70,000 T/m 23. In another work, the tension force of 
1∙10-17 N was calculated for 5 nm superparamagnetic iron oxide MNPs at applied external field B 
= 0.1 T 24. Thus, a comparison of these results does not allow one to establish an unambiguous 
correlation "MNP core size – maximum value of mediated FM". 
 

VI. Experimental study of the DNA duplex cleavage 
 

In the quasi-static mode, the value of a local overheating on MNP surface relative to the 
surrounding medium can be expressed as 25: 

 

∆𝑇- =
𝑞𝐷!"#5 𝜌
12λ  

 
where q is a SAR value of MNPs, DMNP – diameter of the magnetic core, ρ – density of the 
magnetic core and λ ≈ 0.6 W·(m·K)-1 – thermal conductivity coefficient of water. 

Taking into account that the typical value of q is 100 – 1000 W·g-1 in a regular field with 
B = 25 – 40 mT and f = 200 – 500 kHz, and also q ~ fH2, we obtain in our conditions (B = 100 mT, 
f = 180 Hz) q = 0.2 – 2 W·g-1. Consequently, the maximum local overheating is calculated as: 

∆𝑇- =
2	W ∙ g.( ∙ 115 ∙ (10.>)5 ∙ m5 ∙ 5200	kg ∙ m.*	

12 ∙ 0.6	W · (m · K).( = 1.7 ∙ 10.(?K 
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Fig. S16. The histograms of the sCy5 fluorescence intensity after treatment of duplexes  
(18 – 60 bp) formed using MNP-oligo-12 by the LF-AMF (f = 180 Hz, τ = 10 min) at various field 
amplitudes. Data are means ± SD. Statistical significance was calculated by one-way ANOVA test 
(n = 3, *P < 0.05, **P < 0.01, ns – non-significant).  
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