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Abstract

Anisotropic ferromagnetic micro- and nanoparticles made of 3d metals demonstrate the ability to effectively influ-
ence micro- and nanoscale biological entities through hyperthermia and mechanical vibrations induced by magnetic
fields. Multifunctional nanoparticles designed for combined therapies are particularly effective. This study explores
the potential application of Ni@Au nanotubes to synergize magnetomechanical effects with photothermal heating. The
orientation of nanotubes in a magnetic field was demonstrated by changes in the intensity of the light beam passing
through a water suspension of nanotubes. The gold coating doubled the optical absorption of the solution in compari-
son with pure nickel nanotubes and resulted in the appearance of a resonance-enhanced peak in the range of 700-800
nm, the position of which is in accordance with theoretical calculations. The photothermal performance of nanotube
solu-tions was quantitatively assessed by determining the photothermal conversion coefficient, which increased due to
gold coating. However, it’s worth noting that the gold coating did not significantly reduce nanotube cytotoxicity in he-
patocyte-derived cellular carcinoma cells (Huh7). The potential reasons for this outcome include the large particle size
and non-uniform gold coating. Nevertheless, the combination of two anti-cancer therapies employing the same type
of particles offers the opportunity to reduce particle concentration while maintaining the required therapeutic efficacy.
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1. Introduction therapeutic methods have driven the investigations to
the development of localized treatment approaches. Spe-
cifically, research has shown that magnetic nanoparti-

While significant progress has been made in cancer treat-  cles, studied extensively for hyperthermia over several

ment, the substantial side effects associated with many  decades [1-5], hold significant potential for inducing
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apoptosis in cancer cells through mechanical vibra-
tions activated remotely by a low-frequency magnet-
ic field, typically in the range of several tens of hertz
[6-9]. These magnetic particles transmit the energy of
their mechanical vibrations to micro- and nanoscale bi-
ological structures within an extremely confined area.
The particle size and shape play a key role in deliver-
ing mechanical energy to cells. Ferromagnetic particles
with lateral dimensions of 100 nm to a few micrometers
made of 3d metals in the form of disks, wires and tubes
[8, 10-16] have been proposed for such manipulations.
Furthermore, ferromagnetic particles made of iron group
metals, due to their higher magnetic susceptibility com-
pared to iron oxide particles, can exert a more significant
impact with the same quantity.

Ferromagnetic nanowires and nanotubes have a strong
shape anisotropy which tends to maintain their magnetic
moment in parallel to the axis. This helps to transfer the
mechanical torque provided by the external rotating or
oscillating magnetic field to biological objects. They are
produced by electrodeposition in ion-track membranes
[17, 18]. Pore sizes (20-500 nm) and their density are
determined by the irradiation parameters of the mem-
branes and the subsequent etching process, providing
control over the diameter and length of such particles.
In comparison to nanowires, nanotubes (NTs) offer spe-
cific potential advantages. The deposition modes enable
the creation of NTs with the desired wall thickness but
larger scattering cross-section, which makes it possible
optical investigation of their dynamics in external mag-
netic fields. Lower density enables them to float in fluids
(including biological ones), whereas metallic nanowires
tend to agglomerate more actively and, consequently,
precipitate faster.

On the other hand, multifunctional particles with
applications spanning cancer therapy and bio-analyt-
ical systems are actively being developed [19-21].
For example, magnetomechanical intervention can
be combined with local photothermal heating effects.
Ferromagnetic nanostructures with a gold coating typi-
cally exhibit higher optical absorption compared to sim-
ilar structures without coating. This suggests a higher
degree of photothermal heating of such nanostructures
[22-24]. In terms of bioapplications, a gold coating can
enhance biocompatibility, enable further chemical func-
tionalization and labeling with fluorescent tags, and re-
duce agglomeration effects.

This study investigates the magnetic, optical, and
photothermal properties of nickel nanotubes with gold
coating (Ni@Au NTs). The magnetic-plasmonic NTs
were recently proposed to form efficient SERS substrates
(Surface Enhanced Raman Scattering) to detect trace
quantities of explosive or other materials with complex
molecules [25], owing to plasmon resonance. In this case,
magnetic properties of particles were used for controlling
their distribution to achieve optimal amplification of the
Raman signal by several orders of magnitude, and to ob-
tain a finer spectrum structure. In our case, photothermal

properties were investigated at the wavelength of the ra-
diation source in the near-infrared range within the plas-
mon resonance band, corresponding to the first biological
transparency window, spanning between 700 and 950 nm
[26]. The rotations of nanotubes by external magnetic
field were assessed thanks to a large scattering cross-sec-
tion of Ni@Au NTs, which depends on their orientation
with respect to the irradiation wavevector. To assess the
cytotoxic effect of nanotubes, the Huh7 cell line, derived
from hepatocyte cellular carcinoma cells and serving as a
model of human liver, was employed.

2. Materials and methods

2.1. Synthesis of Ni and Ni@Au nanotubes

Nickel nanotubes (Ni NT) were synthesized using a tem-
plate synthesis method [16, 17, 21, 25, 27]. Ion-track
membranes (TM) based on polyethylene terephthalate
(PET) with a thickness of 12 pm, a nominal pore diame-
ter of ~500 nm, and a density of 1-107 cm? were used as
templates. In contrast to the methodology outlined in [21,
25, 27], which involved sputtering Ni on one side of the
template, a resistive sputtering technique was employed
(Universal Vacuum Post SAHA, Danaengineering) to
deposit a copper layer with a thickness of 50 nm on the
template surface. The copper layer served as the working
electrode (cathode) and could be selectively removed to
securely extract Ni NTs from the template. After depo-
sition, the pores remained open, facilitating preferential
metal deposition along the pore walls and the formation
of nanotube-like nanostructures.

Electrochemical deposition inside the PET TM
pores was carried out in a potentiostatic mode at a
voltage of 1500 mV. Deposition was conducted from a
Watts-type electrolyte with the following composition:
NiSO47H,O0 (300 g/1), NiCl-6H,O (45 g/l), H;BO;
(38 g/l), at a temperature of 60 °C for 100 s. After the
deposition of Ni NT, the copper underlayer was re-
moved by immersing the samples in a solution with the
following composition: citric acid (300 g/l), 3% hydro-
gen peroxide (250 ml/l), NaCl (5 g/1). In the final step,
the polymer TM was dissolved in a 6N NaOH solution
at 80 °C for 3 h. After complete dissolution of the TM,
the nanotubes were washed with distilled water while
holding them in place with a magnet.

The synthesis of Ni and Ni@Au NTs was monitored
using optical inspection microscopy (Nikon LV100,
Japan) with Nikon Element D software in bright-field and
dark-field modes (Fig. 1a), and scanning electron micro-
scopes Hitachi TM4000Plus II (Fig. 1¢) and JEOL JCM-
6000 (Fig. 1d). Energy-dispersive analysis (EDA) was
performed using a scanning electron microscope JEOL
JCM-6000 (Fig. le—g). Transmission electron micros-
copy images were obtained using Libra-120 (Carl Zeiss,
Germany) (Fig. 15).
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Figure 1. Synthesized NTs. Uncoated Ni NTs: (¢) microphotography, (b) TEM image, (c) SEM image of a cross-section of Ni NTs
in TM. Coated Ni@Au NTs: (d) SEM image, (e-g) EDA — elemental mapping with selected areas: (f) nickel, (g) gold

Gold coating was carried out in an aqueous solution of
AuCls. To do this, a powder of nickel nanotubes weigh-
ing no more than 20 mg was placed in 5 ml of a 1% HF
solution, and then 5 ml of a 0.01 M aqueous solution of
AuCl; was added. The deposition process was carried out
for 5 min with constant shaking until the solution became
clear.

2.2. Magnetic investigations

To measure the magnetic properties, samples were pre-
pared in the form of powders. To do this, the Ni and Ni@
Au NTs were suspended in distilled water, and then dried
until all the water had evaporated. The resulting NTs
powder was placed in a measurement cuvette. It is worth
noting that the gold coating significantly prevented the
agglomeration of the NTs. Measurements were conducted
using a vibrating-sample magnetometer (BM-07) with a
range of magnetic field intensity up to 1 T. The measure-
ments were conducted multiple times and subsequently
averaged.

To assess the applicability of Ni@Au NTs for magne-
to-mechanical effects, the change in their orientation in
an external magnetic field was studied. This was done by
measuring the intensity of light passing through the sam-
ple with the Ni@Au NTs suspension in water at parallel
and perpendicular orientations of the DC magnetic field
relative to the direction of laser beam propagation. The
difference in the transmitted intensity is due to a larger

scattering cross-section when the tubes are oriented per-
pendicular to the laser beam propagation.

2.3. Modeling optical polarizability

The theory of electromagnetic field scattering by layered
particles with cylindrical symmetry is well developed
[28]. However, a solution in a practically important ap-
proximation can be obtained in a convenient form when
the absorption inside the particle is taken into account
(e.g., in metallic layers) while neglecting time delay ef-
fects, which means that the size of the particle should
be smaller than the wavelength in the medium. This ap-
proach allows for the determination of the particle's po-
larizability, which is useful for estimating the effective
permittivity of the composite. For an infinite cylinder and
an electric field perpendicular to the axis, the problem re-
duces to a two-dimensional solution of Maxwell's equa-
tions. In the external space, the field is found in the dipole
approximation. The cross-section of the N-layered cylin-
der is shown in Fig. 2, which also provides the parameters
used. In each layer with a dielectric permittivity of g;, the
electric field E satisfies the equation:

i=1,...,N (1)

AE+KE=0; k == [,
c

Equation (1) is conveniently solved using the vector

potential for electric field determination: E = curl A,

where A also satisfies Eq. (1). Since E is an axial vector,
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Figure 2. Cross-section of the N-layered cylinder (perpendic-
ular to the axis) with parameters used for calculation. 7; is the
radius of the i-th layer. The x-axis is along the external electric
field €. e, e, are polar coordinates unit vectors

A is a polar vector. Based on the symmetry, the sought
solution can depend only on a constant vector, which is
the external field €. Then, the solution for A has the form:

A = VX(fe). (2)

In cylindrical coordinates (7, ¢), function f'depends on
r only in each layer and satisfies

Af; +k f =0. 3)

The solution of Eq. (3) is the linear combination of
the Bessel functions of the first J, and second Y, kinds of
order 0 (and later —J; and Y; of order 1 are used):

i =Bado (kir)+BiYo (K;r). “4)
Electric field E in the i-th layer has the following form:

E
— =B, 112Gy (k;7)cospe,. +
o 3,,1(2) 1(2)( i ) o€, )

+ B Fie) (ki’”)Sin e,

where

Outside the cylinder, the solution for the field is found
using the scalar potential, which satisfies the Laplace's
equation. The solution takes the form:

B 2Spoc
g

(2(e,&)e, —¢)+e. (6)

out

In Eq. (6), S, = nry? is the total cross section area, o
is the electric polarizability, and g, is the permittivity of
the outer space. The first amplitude B, ; (B, , = 0 since the
solution in the center must be finite) is stepped through
the layers to the outer space to relate with by matching
the tangential £, and normal €£, components across each
boundary.

The parameter o describes the particle's response to
the influence of an electric field. In particular, the imag-
inary part o' characterizes absorption in the system. It
is also possible to introduce the extinction parameter,
which is the effective scattering cross-section 6, In this
case, per unit length of the nanotube, this parameter is
determined as:

(0‘”(7‘))517

6y =8t~ 7
where A is the wavelength.

2.4. Optical properties

Spectral dependencies of the optical density (OD) of the
NTs solutions were studied using a setup comprised of a
halogen lamp, a chopper (OCV-6300F, Avesta), a mono-
chromator (MS3504i, SOL Instruments) with an ava-
lanche photodiode (APD130A(/M), Thorlabs) connected
to a lock-in amplifier (SR830, Stanford Research) as the
measuring circuit. Data was collected within a wave-
length range from 500 to 1000 nm with 2 nm intervals,
and each interval was measured 20 times before averag-
ing. According to the Beer—Lambert law, the spectrum of
OD could be measured as a logarithm of a ratio of beams
intensities transmitted through the probe with NTs solu-
tion, /(A), and probe with a solvent only, /y(A):

I\
0

Water solutions containing ferromagnetic nanopar-
ticles of these sizes are inherently unstable and tend to
experience sedimentation and agglomeration. To obtain
experimental data from solutions of known concentra-
tions (100 pg/ml) the NTs solutions were stabilized by
adding sodium dodecyl sulfate (SDS, 5 wt.% of water).
Additionally, the probes with NTs solutions were placed
on a magnetic stirrer. The stirring process was carried out
using a soft ferromagnetic anchor covered with a thick
polymer layer to prevent the attraction of NTs to it during
stirring. The homogeneity of the NTs concentration was
confirmed by measuring ODs across the probe. The sta-
bility of the solutions was assessed by measuring the OD
over time. Prior to each experiment, the NTs solutions

OD(A) =-log 3



Modern Electronic Materials 2025; 11(2): 81-91

85

were sonicated and demagnetized using an AC magnetic
field with a magnitude of up to 150 mT.

2.5. Photothermal properties

To evaluate the photothermal properties, the NTs solutions
were subjected to a laser heating and subsequent cool-
ing. The heating laser diode (L808P1000MM, ThorLabs)
with wavelength centered at 806 nm (FWHM = 2 nm)
was providing the optical output power of 0.625 W and
power density of 2.4 W/cm? (3.5%7.5 mm irradiated area).
The laser diode was thermostabilized by a piezoelectric
mount (LDM90, ThorLabs). During the photothermal
heating the power of the laser beam transmitted through
the solutions with and without NTs was measured with
a photodiode in an integrating sphere (S142, ThorLabs)
and a power-meter console (PM100D, ThorLabs). Cu-
vettes for the solutions were made of thin glass with inner
volume of ~1.9 ml and dimensions 12.5x12.5%12.5 mm.
The temperature evolution of the solutions was measured
with IR-camera (CG640, COX). The camera was aver-
aging the signal from the side wall of the cuvette. Emis-
sivity of the glass was chosen as 0.89. The cuvettes were
securely positioned on a magnetic stirrer at a distance of
1 cm from the top surface to minimize the influence of
the magnetic field on NTs. The solvent for the NTs was a
water solution of SDS at a concentration of 5 wt.%. Prior
to the experiment, the NTs solutions were sonicated for
5 min and thoroughly mixed using a vortex mixer. Subse-
quently, they were placed in a cuvette, which was sealed
with silicone adhesive and a lid. The experimental setup
monitored both the changes in temperature and OD of the
NTs suspension during laser heating and cooling when
the laser was turned off.

The photothermal efficiency of the NTs solutions
was assessed using the value of OD at the laser wave-
length and the photothermal conversion coefficient. The
coefficient indicates the fraction of absorbed radiant en-
ergy that is converted into heat and ranges from 0 to 1
(or 0 to 100%). In this work, the coefficient was evaluated
using the method which is based on a thermal equilibri-
um approach [29, 30]. In this model, the heat exchange
between the system and the surroundings is described by
a time constant, which can be extracted from the tem-
perature change during cooling after turning off the laser.
Subsequently, the photothermal conversion coefficient is
calculated as the ratio of the heat generated in the sample
to the absorbed irradiation energy:

0
mc; ATmax _ ATmax
! T Ty

ol

In Eq. (9), >.;mc; represents the product of heat ca-
pacity and mass of each component in the sample with
the solution, ATy, AT 1S the maximum temperatures
reached by the nanoparticle solution and solution without

)

n:

particles, respectively, when heated to equilibrium tem-
perature, T, T, are the corresponding heating time con-
stants with and without particles, P is the power of the
laser beam incident on the sample, r is the fraction of ra-
diation reflected from the air-cuvette-sample interface,
I/, is the transmittance coefficient of the nanoparticle
suspension, where / is the intensity of the radiation pass-
ing through the cuvette with the NTs solution, and / is
the intensity of the radiation passing through the cuvette
with the solvent without NTs.

The characteristic time constant of the sample with
nanoparticle solution,

m;¢;
T Z,: o

where / is the heat transfer coefficient between the probe
with the sample and environment, can be determined
from the natural logarithm slope of the relative tempera-
ture O during cooling as t = —1/In(0). To distinguish the
heating effects originating from the nanoparticle sus-
pension from those arising due to the absorption of the
cuvette with the solvent, an experiment was carried out
using only the solvent in the cuvette. In this scenario,
the parameters AT, and 1, were determined using the
same methodology.

2.6. Cytotoxicity analysis

To examine the cytotoxic effect of nanotubes, hepato-
cyte derived cellular carcinoma cell line (Huh7) obtained
from the Japanese Collection of Research Bioresources
(JCRB) was used. The Huh7 cell line can be considered
as a model of human liver since magnetic nanoparticles
tend to accumulate in the liver [31]. The fourth and fifth
passages of the Huh7 cell line were used for experiments.
Cells were cultured in Dulbecco's Modified Eagle Medi-
um (DMEM, Himedia, USA) completed with fetal bovine
serum (Sigma, USA) to a final concentration of 10% and
penicillin/streptomycin 1% (Sigma, USA). Cells were
incubated in standard conditions: a 5% CO, and 37°C
humidified atmosphere. Before each experiment cellular
survival was checked using Trypan blue staining 0.4%
(Invitrogen, USA).

The cytotoxicity was measured using a WST-1
(Roche Diagnostics GmbH, Germany) test after 24 h
of exposure with tested NT. Huh7 cells were seeded
at a density of 10° cells per ml in 96 well microplates
with 100 pl of cell suspension per well. After overnight,
when the cells were attached to the wells surface, 100 pl
of fresh DMEM with NTs in 10, 50 and 100 pg/ml con-
centrations were added to wells. The control wells were
prepared in the absence of nanomaterials. Each experi-
ment was conducted six times independently. During the
last 2 h of exposure, 10 pl of WST-1 reagent was added.
The OD was measured at 450 nm using a Multiskan FC
microplate reader by Thermo Scientific. All cytotoxic-
ity results were obtained by subtraction of blank wells
(without cells) absorbance from experimental wells'
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absorbance to eliminate the influence of nanoparticles
and cell medium.

After 24 h of exposure of cell samples with Ni NTs and
Ni@Au NTs at different concentrations optical micros-
copy images were taken at x40 magnification using an
inverted microscope CKX53 (Olympus, Japan).

2.7. Photothermal therapy

Huh7 cell culture was used to define the efficiency of
NTs photothermal therapy. Before the experiment, cells
were pre-cultivated in 96 well plate as it was described
in section 2.6. Once the cells had attached to the wells,
the medium of experimental wells was replaced with
Ni@Au NTs DMEM suspension at a concentration of
50 pg/ml. The medium of control wells was replaced
by complete DMEM and whole plate was incubated for
24 h on standard conditions. Each photothermal treat-
ment was conducted four times for control and exper-
imental wells with volume of 100 pl. During the pho-
tothermal treatment, other 96-well plate with Control
probes, the 50 pg/ml experimental samples and blank
probes for all groups was left in standard incubation con-
ditions.

The in vitro photothermal heating was carried out using
the same heating setup used to evaluate the photothermal
performance of NTs. The laser, the infrared (IR) camera,
and the 96-well plate holder were placed in a thermostat-
ic cabinet, maintaining a temperature of approximately
37°C. The laser output optical power was 0.6 W, with
a power density of 2.4 W/cm? (for a 5x5 mm irradiated
area). The IR camera recorded signals from the bottom
of each irradiated well. Each heating cycle lasted 30 min.

Following the photothermal therapy, all samples were
stained with 10 pl of WST-1 reagent and incubated for
one hour under standard conditions. OD measurements
were performed as described in section 2.6.

2.8. Statistical analysis

All cytotoxicity results before and after photothermal
therapy were presented as the mean and standard devi-
ation. To compare each group to the control group, the
nonparametric Kruskal-Wallis test with GraphPad Prism
v.7.04 was used.

3. Results and discussion

3.1. Structural characterization

Figure 1 shows an optical microphotograph (see Fig. 1a)
and a TEM image (see Fig. 1) of the obtained Ni NTs. The
SEM image of cross-sections of Ni NTs was performed
on the undissolved TM with NTs in its pores (see Fig. 1¢),
allowing for the determination of the inner diameter. It is
seen that the Ni NTs are hollow structures with an outer

diameter corresponding to the template pore diameter of
~520+20 nm, an inner diameter of ~320+10 nm, and wall
thickness of ~100+£10 nm. The length of the nanotubes is
7.5+0.3 pm.

Ni@Au NTs powder consists of individual structures
that may agglomerate over time. In the SEM image (see
Fig. 1d), Ni@Au NTs are shown with their surfaces
entirely covered by a layer of gold with sporadic gold
crystal inclusions, forming periodic protrusions on the
surface. Some thickening is noticeable at the ends of the
nanotubes (see Fig. le), where a denser layer of gold is
formed. The external diameter of Ni@Au NTs measures
approximately ~640+20 nm, which corresponds to a gold
layer thickness of around 60 nm. After gold coating, the
inner cavity of the nanotubes is clearly distinguishable
on tube fractures, indicating that the inner channel of the
tube remains unoccupied after coating. According to en-
ergy-dispersive analysis (EDA), the ratio of nickel to gold
is 34:66 (wt.%) (see Fig. 1fand Fig. 1g). The thickness of
the gold layer and the elemental composition data suggest
the formation of a dense gold layer, which prevents the
degradation of nickel NTs and promotes their biological
compatibility [25].

NTs have relatively large dimensions for bioapplica-
tions. However, the outer diameter can be reduced down
to 100-200 nm, producing nanotubes with ae wall thick-
ness of 20—40 nm [16]. The length of NTs can also be
decreased by adjusting the gross time. A relatively large
pore diameter was chosen to experimentally confirm the
mechanical responsiveness of NTs to an external mag-
netic field by optical methods. Additionally, we can an-
ticipate that proportional changes in dimensions will not
qualitatively alter the magnetic properties.

3.2. Magnetic properties

Nickel nanotubes, which are positioned within a tem-
plate and have a strict orientation, exhibit a pronounced
magnetic anisotropy, with the axis of easy magnetization
aligning with the nanotube axis [27]. In this work, the
magnetization behavior of NTs extracted from the tem-
plate was of interest. Figure 3a illustrates the hysteresis
loops of powder samples of Ni NTs and Ni@Au NTs. The
hysteresis loops are almost identical but the coercivity H,
and remanence magnetization for Ni NTs are lower. The
ratio of remanence magnetization to saturation is close to
0.5 (in particular, for Ni@Au NTs), which corresponds to
the chaotic arrangement in the powder sample of nano-
tubes with axial anisotropy. The coercive force H, is ap-
proximately 20 kA/m, and the saturation field is above
200 kA/m, which is close to the value of the demagnetiz-
ing field for a uniformly magnetized cylinder H; = M/2
(for Ni the saturation magnetization M, = 4.9-103 A/m).
Next, the influence of a magnetic field on the orien-
tation of nanotubes in solution was studied. It can be as-
sumed that a small magnetic field H, significantly lesser
than H,, does not lead to a change in the magnetization
direction inside the tubes. In this case, NT will rotate in



Modern Electronic Materials 2025; 11(2): 81-91

87

a 1.00 4

0.75 4
2
s
S 0.50 1

0.25

T T T T T T 1
50 100 150 200
H (kA/m)

T T T T T T
-200 -150 -100 -5

-1.00 4

b —— H || Kjgnt
—— H L Kjgnt
105
£ 100
<
95 |
90 1 1 1 1 1 1

1
0 5 10 15 20 25 30 35
Time (s)

Figure 3. (a) Hysteresis loops of powder samples of Ni NTs and Ni@Au NTs, (b) changes in the relative intensity of light transmit-
ted through the solution of Ni@Au NTs when a static isotropic magnetic field of 6.4 kA/m is switched on and off, directed either
parallel (blue curve) or perpendicular (red) to the beam of light, is shown in the plot. The optical intensity is normalized with respect

to the signal level in the absence of a magnetic field, /. The NTs solution was placed on a magnetic stirrer as described in section 2.4

the direction of the field under the influence of the torque.
The change in the angle B between the NT axis and the
magnetic field H is described by the following equation:

FVn%=u0mpHsinB. (10)

In Eq. (10) m,, is a magnetic moment of NT, y, is the
permittivity of vacuum, 1) is the dynamic viscosity of lig-
uid, 7 is the NT volume and F is the shape factor. For
m, = 0.1MV,,, V,, is the volume of Ni portion of NT,
H =80 A/m, n = 1073 Pa-s (viscosity of water) the char-
acteristic frequency below which the particle follows the
field without lag is approximately 195 Hz. The maxi-
mum applied force can be estimated from the maximum
magnetic torque using the formula f'= 2pym,H/l, where
I represents the nanotube length. For the parameters used,
this force is approximately 5 pN. If the magnetic mo-
ment increases, which can be influenced by remanence
magnetization, or an applied field is higher (for example,
H = 8 kA/m is still lower than the coercivity), the force
could increase to the order of 100s of pN. This level of
force might be sufficient to potentially rupture the cell
membrane [11, see also Supplementary]. Even smaller
forces, however, can lead to the formation of pores in the
membrane [32].

NTs coated with gold exhibit a relatively large scat-
tering cross-section, which depends on their orientation
with respect to the incident light beam due to polariza-
tion effect. The scattering cross-section is larger when the
electric field is along the tube axis, that is, when the tube
is oriented perpendicularly to the light beam propagation.
This can be used to experimentally confirm the mechan-
ical responsiveness of NTs to an external magnetic field.
When in a solution, the tubes are randomly oriented if
there is no external field applied. However, upon the ap-
plication of a magnetic field parallel to the laser beam
direction, the tubes partially align along the wavevec-
tor k, with the electric field perpendicular to their axis.

This alignment results in a reduction of the light scatter-
ing cross-section, leading to a slight increase in transmit-
ted light intensity. Conversely, applying a magnetic field
perpendicular to the laser beam causes the partial align-
ment of NTs across the radiation propagation, leading to
an increase in the scattering cross-section and a subse-
quent decrease in intensity. The alteration in transmitted
light intensity through a solution of Ni@Au NTs (5 wt.%
aqueous SDS solution) is illustrated in Fig. 35. A DC ho-
mogeneous magnetic field, denoted as H, was alternately
switched on and off, with two orientations relative to the
direction of k. Due to the conserved magnetic properties
of nanotubes despite their gold layer coverage, as depict-
ed in Fig. 3a, it is anticipated that their magnetic dynam-
ics within a magnetic field would resemble that observed
for Ni@Au NTs.

3.3. Optical properties

Figure 4a shows a comparison of the imaginary part of
polarizability o" for Ni NTs and Ni@Au NTs. The data
for the dielectric constants of gold and nickel were taken
from references [33, 34]. When a layer of gold is add-
ed, a resonance peak appears. It is worth noting that the
positions of the resonance peaks depend not only on the
thickness of the golden layer but also on the thickness
of the nickel NT walls. There is a trend to a redshift in
the resonance lines observed as both the thickness of the
nickel walls and the thickness of the gold layer increase.
For Ni@Au NTs in water with an internal diameter of
300 nm, a nickel thickness of 100 nm, and a gold layer
thickness of 50 nm, the resonance wavelength is 730 nm.
It is anticipated that the resonance peaks will undergo a
further redshift as the thickness of the gold layer increas-
es. Given the relatively large dimensions of the struc-
tures under consideration, it is important to account for
time-delay effects in the long-wavelength range, as these
effects lead to an increase in the effective absorption
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and scattering cross-sections. A larger and non-resonant
scattering cross-section will occur when the polarization
aligns with the electric field along the tube axis. Conse-
quently, the experimental spectra are expected to be sig-
nificantly broader, as shown in Fig. 4b.

The experimental OD spectra of Ni NTs and Ni@Au
NTs solutions at concentration of 100 pg/ml presented in
Fig. 4b were calculated using Eq. (8). The Ni NTs solu-
tion generally shows a decrease in OD with increasing
wavelength, which is typical for many magnetic nanopar-
ticles (e.g., iron oxide ferrites). Addition of a golden layer
increases the OD of the Ni@Au NTs solution at all wave-
lengths by approximately 2 times. Additionally, a broad
peak appears with the center at ~750 nm. The maximum
position aligns with the theoretical model, considering
that the average measured thickness of the gold layer in
the obtained Ni@Au NTs is slightly higher than 50 nm.
Golden coverage thickness variations on individual NTs
or NTs agglomeration can also contribute to the broaden-
ing of the peak. The substantial increase in OD and the
presence of a resonant maximum near the wavelength
used in photothermal therapy support the enhanced utility
of such nanoparticles in photothermal therapy.

3.4. Photothermal properties

Figure 5 displays the results of photothermal heating of
aqueous solutions of Ni NTs and Ni@Au NTs at concen-
trations of 100 pg/ml. Each curve represents the average
of five repetitions. The photothermal heating of NTs solu-
tions relative to the maximum solvent temperature with-
out particles amounted to approximately 2 K and 5.7 K
for Ni NTs and Ni@Au NTs, respectively. Similarly, the
ODs of the solutions measured during the experiments

were found to be 0.063 and 0.147 AU cm'!, respectively,
which approximately corresponds to ODs at a wavelength
of ~806 nm, obtained during spectroscopic measure-
ments. The characteristic cooling time, calculated from
the temperature curves when the laser was turned off,
was approximately 715+10 s (see Supplementary S1).
The calculated photothermal conversions of Ni NTs and
Ni@Au NTs solutions using Eq. (9) were 27.0+3.0 % and
38.0+1.6 %, respectively. Thus, in addition to increasing
optical absorption, the gold coating of particles also en-
hances the photothermal efficiency coefficient, further
increasing the maximum heating temperature. These val-

—eo— Ni@Au NT

1
0 15 30 45 60 75 90
Time (min)

Figure 5. Temperature changes relative to the initial tempera-
ture during photothermal heating and subsequent cooling (laser
turned off) of Ni NTs (blue curve), Ni@Au NTs (red curve), and
a 5% aqueous SDS solution (black curve). The concentration of
NTs was 100 pg/ml. Each curve represents the result of averag-
ing five repetitions
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ues are in line with those for spherical gold particles with
diameters larger than 50 nm and gold nanotubes with di-
ameters larger than 20 nm [23]. Therefore, gold-coated
NTs have the potential to be used in photothermal thera-
py. Considering the magnetic properties of Ni NTs, it is
possible to conduct combined magneto-mechanical and
photothermal therapies.

3.5. Biocompatibility of Ni NTs and Ni@Au NTs

From the experience of working with magnetic nanoma-
terials, three reference concentrations of nanotubes were
chosen: 10, 50 and 100 pg/ml, which is within the range
of the most commonly used concentrations of nanoma-
terials in biomedicine [31-32]. After exposure for 24 h
optical microscopy images of cells with NTs in different
concentrations were obtained (see Supplementary S2). It
was shown that NTs precipitate during exposure and set-
tle on the surface of the cells and the bottom of the well.
It can be seen that NTs are distributed in the samples both
in the form of agglomerates and as individual particles,
which will make it possible to effectively use these types
of materials for magnetomechanical therapy.

The test results presented in Fig. 6 showed a
statistically significant decrease in the viability of
Huh7 cells when the concentration was increased to
50 pg/ml, the number of living cells was decreased to
64%, and at a concentration of 100 pg/ml it was decreased
to 24% compared to the control group. In the work of
Ahmad et al. [35], the cytotoxicity of nickel nanoparticles
to human liver (HepG2) cells is at a similar level and cells
viability was 81, 66, and 52% at concentrations of 25,
50, and 100 pg/ml, respectively. The authors explain this
result by the generation of ROS leading to cell death. This
tendency is understandable for nanomaterials containing
nickel, which cause adverse effects on human health
[36-39]. After coating Ni NTs with gold, no statistically
proven cytotoxic effect for concentration 10 pg/ml was
observed. For a concentration of 50 pg/ml viability

120

amounted to 62% and decreased to 39% at 100 pg/ml
compared to uncoated NT (see Fig. 6). While statistical
significance for the decrease in cytotoxicity at lower
concentrations was not established, there is a discernible
trend suggesting the presence of a gold-mediated effect
when compared to control sample. However, the toxicity
effect remains significant for cells. This could be due to
large particle size and uneven gold coating with thickening
at the ends. Further investigation on improvements of
biocompatibility is required.

3.6. Photothermal therapy of Ni@Au NTs in vitro

An experiment was also conducted to test photothermal
therapy in vitro for Ni@Au NTs at a concentration of 50
pg/ml. On the one hand, it was necessary to choose the
highest concentration to increase the achievable heat-
ing of the samples. On the other hand, the concentration
should not be high due to the cytotoxicity of the sam-
ple. For these reasons a concentration of 50 pug/ml was
chosen. The results showed that exposing cells without
NTs did not affect cell culture viability. However, there
was no significant difference between cell viability with
and without treatment on samples with Ni@Au NT at a
concentration used. Maximum temperature during ther-
apy reached 40.4 °C (see Supplementary S3), which is
insufficient to induce a negative effect on cells (see Sup-
plementary S4). Thus, to achieve the result of photother-
mal therapy, it is necessary to optimize the characteristics
of the NTs and to vary the thickness of golden coating as
well as the nanotubes dimensions.

4. Conclusions

Ni NTs with an outer diameter of 500 nm, wall thickness
of approximately 100 nm, and a length of around 7.5 pm
were synthesized using the template method. Some of
these nanotubes were coated with gold, with an average
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Figure 6. Viability of Huh7 cell line after 24 h treatment with 10, 50, and 100 pg/ml suspension of Ni NTs (blue) and Ni@Au NTs
(red). 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. Control well was with the absence of NT. Statistical significance levels be-
tween experimental and control groups are presented by asterisks (** for p value <0.0021, *** for p value <0.0002)
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thickness of 60 nm and some thickening at the ends. The
magnetic and optical properties of such structures were
investigated both theoretically and experimentally.

Possessing significant magnetic anisotropy, with the
axis of easy magnetization coinciding with the axis of the
nanotubes, individual nanotubes can be oriented using an
external magnetic field. Therefore, through the magne-
to-mechanical effect, these nanotubes can interact with
biological entities in an alternating magnetic field.

A theoretical model has been proposed to describe the
dielectric properties of nickel nanotubes with and with-
out gold coating. The presence of a resonance peak in
the interaction with electromagnetic fields in the red and
near-infrared regions of the spectrum has been demon-
strated upon adding a layer of gold. A redshift of the res-
onance peaks has been observed with increasing thick-
ness, both of the gold layer and the nickel walls of the
nanotubes.

The results of theoretical modeling are in good
agreement with the measured OD spectra of Ni NTs
and Ni@Au NTs solutions. The OD amplitudes for
structures with gold coating are approximately twice
as large as those for uncoated tubes, and they exhibit a
broad absorption band within the 700-900 nm range. As a
result, the photothermal properties of gold-coated Ni NTs
are enhanced. The photothermal conversion coefficient
increased from 27.0+3.0% (for Ni NTs) to 38.0+1.6% (for
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