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ABSTRACT

Aim. MTT (methylthiazolyldiphenyl-tetrazolium bromide) viability assessment of the in vitro cellular response
to changes in the physicochemical properties (zeta potential, wettability, topography) of the nitinol surface after
treatment with ultraviolet (UV) laser radiation (UV-LR) with a wavelength of 266 nm.

Materials and methods. The MCF-7 cell culture was incubated with nitinol-based alloy plates for 24 hours, before
and after exposure to UV light (wavelength 266 nm, energy density 0.1 J/cm?) with a Q-smart 850 pulsed Nd:YAG
laser. The samples were then analyzed for roughness (Ra) (GOST 2789-73) and surface contact angle with water.
Zeta () potentials were also measured for both nitinol-based alloy substrates (SurPASS 3) and MCF-7 cells
(Litesizer DLS 500). Metabolic activity of the cells was assessed using the MTT test, as recommended by GOST
ISO 10993-5-2023 for the in vitro assessment of the cytotoxicity of medical materials and devices. Bioinformatics in
silico analysis of intracellular signaling and metabolic pathways was conducted using the WikiPathways database.

Results. Surface modification caused by UV-LR significantly reduced the toxic response (decrease in metabolic
activity) of MCF-7 cells to the nitinol-based alloy substrate. UV-LR did not affect the zeta potential (+10 mV from the
isoelectric point), but it significantly decreased the water contact angle (from 75 to 8.7°) and increased the Ra index of
surface roughness (from 71.5 nm to 93.9 nm). In silico mechanotransduction analysis revealed that the roughness and
hydrophilicity/hydrophobicity of nitinol can independently induce gene expression in MCF-7 cells, as well as through
cross-talking molecular mechanisms. At the same time, several signaling pathways (WP5504, WP3680, WP5477,
WP3941, WP5046, and WP2435) were found to be close to those involved in the reduction of the MTT reagent, which
is used as a marker for the cell death program induced by metabolic imbalance in MCF-7 cells.

Conclusion. UV-LR promotes an increase in hydrophilicity and/or nanoroughness of the nitinol-based alloy
surface, but it does not affect the zeta potential. This may initiate a cascade of molecular mechanisms regulating
cellular and tissue responses to implanted materials. These events can include inflammation, hemostasis activation,
angiospasm, vessel regeneration, and metabolic activity of target cells.

Keywords: MCF-7 cells, MTT test, in vitro, stent substrates, zeta-potential, wettability, roughness, in silico
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MeTabonunueckan peakums K/eToK Ha u3smeHeHne GU3nNKo-XMMmn4eckoro
COCTOAHUA NOBEPXHOCTN HUKeNuaa TUTaHa, UHAYLMPOBaHHOe
ynbTpadnoneToBbiM Jla3epHbIM N3NTy4YeHNEeM C AJINHOWN BOJIHbI 266 HM

Xnycos U.A."?, Kokopes O.B.",TopoxoBa A.B."?, Hacu6oB T.d." ?, Kpusowekos C.B.",
Yeb6o0paeBa B.B.>3, bpasosckun K.C.', Xnycosa M.10.', Cabnuna T.10.%,
Kanpayposa M.10.%, 3aTukoB U.A.?, NMaHueHKo K0.H.?

"' Cubupcruii 2ocydapcemeennoiii meouyuncxuil ynugepcumem (Cu6I MY)
Poccus, 634050, 2. Tomck, Mockosckuti mpakm, 2

2 Uuemumym cunvrnomounoil snexmponuku Cubupcrozo omoenenus Poccuiickou akademuu nayx (MCO CO PAH)
Poccus, 634055, . Tomck, np. Axademuueckuii, 2/3

3 Unemumym usuxu npounocmu u mamepuanosedenuss Cubupckozo omoenenust Poccutickoil akademuu Hayk
(UDIIM CO PAH)
Poccus, 634055, 2. Tomck, np. Axademuueckuii, 2/4

PE3IOME

Hean: onenka ¢ moMomuipio 3-[4,5-muMeTnnrTuazon-2-uin|-2,5-mudenunrerpazonust 6pomuna (MTT) xinerounoit
peakuMM in Vitro Ha W3MEHEHHE (H3UKO-XUMHYECKOTO COCTOSIHHS (A3eTa-MOTeHIHaNa, CMaduBaeMOCTH,
Tororpadui) MOBEPXHOCTH CIUIaBa HA OCHOBE HUKENWAA TUTaHA (HUTHHOIA) TTOciie 00paboTKH yibTpaduoIeTo-
BEIM JTa3epHBIM m3myderneM (Y O-JIM) ¢ nmuHoit BoHBI 266 HM.

Marepuainl 1 Metoabl. Kitetounyio kynetypy MCF-7 nakyOupoBanu B Teuenue 24 4 ¢ IIacTUHAMHU U3 CIUIaBa
Ha OCHOBE HHKENIHIa TUTaHa, 10 U mociie oopadorku Y®-JIU (mroraocts sHepruu 0,1 [Ix/cm?). Ha o6pasiax
n3Mepsiu uHAekc mepoxoBaroctd Ra ('OCT 2789-73) n KOHTaKTHBIA Yrol CMayMBaHUs TOBEPXHOCTH BOJOM.
Jl3eTa-moTeHIMaBl TOBEPXHOCTH MOANOXKeK n3 HuTHHONa 1 MCF-7 KieTok ompesiessiii ¢ HCHONb30BaHUEM aHa-
JH3aTOPOB /Ut Tockux 00pasios (SurPASS 3) u wactun (Litesizer DLS 500) coorBeTcTBeHHO. MeTabonnueckyro
AaKTUBHOCTb KJICTOUHOW KyJBTYpbI omnpeaessiu ¢ nomompbio MTT-tecta, pekomenayemoro 'OCT ISO 10993-
5-2023 nasst OLEHKH in Vitro UATOTOKCHYHOCTH MEAWIMHCKHAX MaTepualoB W u3zaenuil. buonndopmarnyeckuit
in silico aHaIN3 BHYTPUKIIETOUHBIX CUTHAIBHBIX U META0O0IMYECKUX ITyTeH OCyIecTBIsIN B 0a3e naHubix WikiPa-
thways.

PesyasTatel. Moandukanus nosepxHoctd Y@-JIU craTHCTHYECKH 3HAYMMO CHIDKala TOKCHYECKUH OTKIMK
(mapenne Metabonuyeckoit aktuBHOCTH) MCF-7 KiIeTOK Ha KOHTAaKT C IO/UI0KKOM n3 HuTnHONa. O6paboTtka Y O-
JI He Bivsiia Ha BENWYMHY A3€Ta-NOTEHIHMANa, HO CYIIECTBEHHO yMEHBIIAJa KOHTAKTHBIA Yrojl CMaynBaHUS
Bosoii (¢ 75 no 8,7°), a Taxke moBbIIana Ra moBepxHocTu o6pasios (¢ 71,5 g0 93,9 um). Ananuz in silico ¢
MO3UIUI MEXaHOTPAHCAYKIUH I0Ka3aj, YTO LIEPOXOBATOCTh M T'MAPOQHIBHOCTE (TMAPOGOOHOCTH) HUTHHOJA
MOTYT UHIyLIUPOBATH Kcrpeccuto reHoB B MCF-7 kiieTkax He3aBUCUMO APYT OT APYra, a TAKkKe Yepe3 NepeKpecT-
HbI€ MOJIEKYJIApHbIE MeXaHU3MBbI. [Ipu 3ToM HekoTopble curHaibHele yTy (WP5504, WP3680, WP5477, WP3941,
WP5046, WP2435) Gnus3ku k cucteMaM, y4acTBYIOmUM B peaykuun MTT-pearenTa kak Mapkepa IporpamMMsbl
KJIETOYHOM CMEpTH, HHAYLUpPOBaHHOU MeTabonmyeckum aucbanancom MCF-7 knetok.
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3akaodyenne. Oopadorka YD-JIM crocoOCTByeT yBenn4eHHIO0 THAPOGHIBHOCTH U (WITH) HAHOLIEPOXOBATOCTH,
HO HE /13eTa-II0TeHIMajIa OBEPXHOCTH MOJIOXKEK U3 HUTHHOJA. DTO MOXKET HHULIMUPOBATh KacKa] MOJICKYJISIPHBIX
MEXaHU3MOB, PETYJIUPYIOIINX KICTOYHO-TKAHEBBIC PEAKIMU Ha HWMIUIAHTHPYEMBIE MaTE€pHalbl, BKJIIOYasd
MHYKIMIO BOCHAJICHUS, aKTHBALMIO I'€MOCTa3a, aHTMOCMa3M M PEreHepaluio KPOBEHOCHOTO pycna, a TaKke
MeTab0INYECKyI0 aKTUBHOCTh KJICTOK-MHUIICHEH.

Kurouessble ciioBa: MCF-7 kitetku, MTT-rtecr, in vitro, moaaoKKu sl CTEHTOB, J3€Ta-IIOTEHIIMAI, CMAaYUBa€MOCTh,
LIEPOXOBATOCTS, i silico MOJETUPOBAaHNE

KOHq).]Il/lKT HHTEPECOB. ABTOpLI JACKIIApUPYIOT OTCYTCTBUE SIBHBIX U INOTCHIUAJIBHBIX KOHq)III/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6J’IPIKaIIPIeI71 HaCTOSIH.[eﬁ CTaTbHu.

HUcrounukn ¢punancupoBanus. VccnenoBaHue BBINOIHEHO NPU MOAJEpPXkKE rpaHTa Poccuiickoro HayyHOTro
¢donma Ne 25-79-31008.

Jst nutuposanusi: Xirycos U.A., Kokopes O.B., 'opoxosa A.B., Hacu6os T.®., Kpusomexos C.B., Uebonae-
Ba B.B., Bpazosckuii K.C., XiycoBa M.IO., Cabnuna T.1O., Kangayposa M.IO., 3satukos U.A., [Tanuenko FO.H.
Mertabosmdeckasi peakiusi KJICTOK Ha H3MEHEHUE (PH3MKO-XUMHICCKOTO COCTOSHHS IIOBEPXHOCTH HUKEITHIA TUTA-
Ha, MHAYIIUPOBAHHOEC YIIbTPAPHOJIICTOBBIM JIa3€PHBIM U3IYYCHHEM C JTHHOW BOJHBI 266 HM. Broinemensb cubup-

cxoui meouyunst. 2026;25(2):101-114. https://doi.org/10.20538/1682-0363-2026-2-101-114.

INTRODUCTION

Cardiovascular diseases are the leading cause
of mortality worldwide [1]. The primary method
of urgent minimally invasive therapy for coronary
artery disease, one of the most common circulatory
system pathologies, is stenting of arteries affected by
atherosclerosis and arterial hypertension. Currently,
there are more than 400 types of stents, differing in
material composition, dimensions, design, coating
for the blood-contacting surface, delivery system
into the blood vessel, etc.

For some time, it was believed that the main
challenges of stenting (thrombosis and arterial
restenosis) would be solved by composite drug-
eluting stents (DES). However, due to the high
risk of late (occurring 6 months after implantation)
thromboses associated with DES [2], preference
1s commonly given to metal stents, which hold a
definitive clinical niche [3]. Nitinol alloy attracts
the attention of researchers and clinicians due to
its superelastic behavior, which allows implants to
deform congruently with blood vessel walls over a
long period, as well as to withstand the cyclic fatigue
resistance threshold for cardiovascular devices,
which is 15 million cycles in mechanical tests [4].

However, the high (up to 57 wt.%) concentration
of nickel (Ni) in nitinol poses a threat of its release
into the bloodstream and penetration into the vascular
wall due to stent corrosion. Ni exhibits pronounced
toxicity (Hazard Class 1-2; GOST 32419-2022),
allergenicity, and carcinogenicity [5]. To improve

the corrosion resistance of nitinol, various surface
modification methods are being proposed, including
those utilizing ion — plasma technologies [5] and
concentrated energy flows (electron beam, laser
radiation).

Recently, laser processing of nitinol-based alloys
has attracted researchers’ attention as a method
that allows for the wide-ranging modification of
the physicochemical properties of the surface layer
without affecting the beneficial functional properties
of the medical device [6, 7]. The team from the Gas
Lasers Laboratory at ISE SB RAS is developing a
laser surface modification method for nitinol using
ultraviolet (UV) laser radiation (A <400 nm) [8, 9],
which requires investigation of the biocompatibility
of the modified devices.

In this regard, the aim of the study was to perform
the MTT assessment of the in vitro cellular response
to changes in the physical and chemical state (zeta
() potential, wettability, topography) of the nitinol
surface after treatment with UV laser radiation.

MATERIALS AND METHODS

Plates measuring 10 x 10 x 1 mm® (length x
width x thickness) made of a nitinol-based alloy
were used for the study. The material was developed
at the Research Institute of Medical Materials and
Shape Memory Implants (Tomsk, Russia). Pre-
treatment of the sample surface (grinding, polishing,
and ultrasonic cleaning), measurement of the contact
wettability angle, and surface topography were
performed as described in [8]. The average surface
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roughness index Ra was measured in accordance
with GOST 2789-73.

UV (wavelength 266 nm) laser modification of
the nitinol sample surfaces was carried out using a
Q-smart 850 pulsed Nd:YAG laser (Quantel, France)

generating pulses with a duration of 5 ns and a
frequency of 10 Hz (Fig.1). The laser beam diameter
was d = 5 mm, the step between scanning lines was
hy = (.25 cm, the energy density was j = 0.1 J/cm?,
and the scanning speed was V_= 375 pm/s.

Two-axis motorized
opto-mecanical translation
device

Nd-YAG laser

Fig. 1. Schematic diagram of the UV-laser surface processing of samples and the laser scanning principle

The C-potential of the nitinol sample surfaces
before and after UV laser treatment was determined
using a SurPASS 3 electrokinetic analyzer for flat
samples (Anton Paar GmbH, Austria) in accordance
with the manufacturer’s instructions. The samples
were mounted pairwise (opposite each other) in an
adjustable gap cell with a gap width of up to 100 um
(98 um in the current experiment). A 0.001 M KCI
solution with pH ~7 was used as the background
electrolyte. The pH of the electrolyte varied within the
range of 3.0 — 8.5 units at a pressure of 200-600 mbar
by adding 0.05 M KOH or HCI to the background
electrolyte. The SurPASS 3 software calculated the
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{-potentials using the Helmholtz — Smoluchowski
equation, as described previously [10].

The {-potential of MCF-7 cells was determined
using a Litesizer DLS 500 particle analyzer (Anton
Paar GmbH, Austria) with its integrated software in
accordance with the manufacturer’s instructions. A
cell suspension at a concentration of 50x10* per 1 ml
of the RPMI-1640 medium with low calcium content
at pH = 7.0-7.2 was placed into the instrument
measurement cell. The automated measurement
cycle relative to a reference electrolyte (phosphate
buffered saline) comprised 100-1,000 cells to
achieve a normal distribution of the variable (Fig.2).

Fig. 2. Interface of the particle analyzer software during the measurement of the {-potential of MCF-7 cells
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To determine the cellular response upon contact
with the nitinol samples (plates measuring 10 x 10 x
1 mm?®), which were preliminarily sterilized by dry
heat at 180 °C for 60 minutes, the MCF-7 cells of
human invasive ductal adenocarcinoma (Institute
of Cytology, Russian Academy of Sciences, St.
Petersburg) were employed.

The cells were co-cultured with the test
objects for 24 hours in 24-well flat-bottom plates
(Orange Scientific, Braine-1’Alleud, Belgium) at a
concentration of 50x10* viable cells per 1 ml of the
nutrient medium with the following composition:
90% Dulbecco’s Modified Eagle Medium (DMEM)
(Servicebio, China), 10% fetal bovine serum
(Technozero, Russia), antibiotics (100 units/ml
penicillin and 100 pg/ml streptomycin, Capricon
Scientific, Germany), and 2 mM L-glutamine
(PanEco, Russia).

Four hours prior to the end of the cultivation
period, the cell cultures were detached from the
plastic surface of the culture plates. The in vitro
cytotoxicity index (CI) for the control (cell culture
without nitinol substrates) and the test group (cells
+ nitinol samples) was determined, as described in
[11],using a 0.5% solution of 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium  bromide = (MTT)
(NeoFroxx, Germany), as recommended by GOST
ISO 10993-5-2023.

The bioinformatics in silico analysis of signaling
and metabolic pathways, as well as associated genes
potentially expressed in the MCF-7 cells in response
to stimuli (keywords: “surface roughness”, “surface
wettability””) was performed using the open-access
GeneCards database (https://www.genecards.org/).
Subsequently, an over-representation analysis
(ORA) was conducted for each resulting gene list
according to the algorithm described in [12, 13].
Common metabolic pathways relevant to the study
focus were then identified.

Statistical data analysis was performed using the
R programming language (version 4.5.1) with the
MVN [14], PMCMRplus [15], and brunnermunzel
[16] packages. The compliance of quantitative
variables with a normal distribution was assessed
using the Shapiro — Wilk test with the Royston’s
correction [17]. Quantitative, normally distributed
variables were described as the mean and the standard
deviation (M £ SD). Quantitative variables that were
not normally distributed and ordinal variables were
described as the median and the interquartile range

(Me [Q); ).

For comparing the means of two samples with a
normal distribution, the Welch’s #-test [21-23] was
used as a more powerful test that does not require
equality of variances, unlike the classical Student’s
t-test [18-20].

For comparing two independent samples that did
not comply with a normal distribution, the Brunner —
Munzel test [27, 28] was applied as a more robust and
versatile method compared to the Mann — Whitney
U-test, since it does not require assumptions about
the equality of distributions and/or variances [29,
30].

For multiple comparisons of groups with a
normal distribution but unequal variances, the
Welch’s analysis of variance (Welch’s ANOVA)
was employed, which does not require preliminary
testing for homogeneity of variances [31, 32] and
controls the type I error rate [32—-35]. Subsequent
pairwise comparisons were performed using the
Games — Howell post-hoc test due to its robustness
to violations of homoscedasticity and high statistical
power [36, 37].

RESULTS

MCF-7 cells adhere to plastic, exhibit variable
sizes (up to 50 pm), and display variable morphology
(rounded or fibroblast-like) (Fig.3).

LT

Fig. 3. Morphology of adherent MCF-7 cells after 24 hours
of cultivation. Unstained native preparation, dark-field
microscopy. Scale bar: 50 pm.

The MTT test showed (Fig.4) that during short-
term in vitro contact of the cell suspension with the
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studied nitinol substrates, which simulate the surface
state of vascular stents, a decrease in the metabolic
activity of the cells was observed. This was recorded
by reduced (relative to the control culture) formation
of the colored metabolite (formazan) from the MTT
reagent. Such a result is interpreted as a marker
of cell death at a median CI of 33%. This value
slightly exceeds the threshold (30%) recommended
by GOST ISO 10993-5-2023 as conditionally safe
for determining the in vitro cytotoxicity of medical
materials and devices. The physicochemical
modification of the surface with UV laser radiation
statistically significantly (Brunner — Munzel test,
p < 0.001) reduced the toxic cell response upon
contact with the test device to the 30% recommended
by the regulatory document (Fig.4). This indicates
ps0.00M

Cytotoxicity Index, %
= & = i

]
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Pairwise comparison, Brunner — Munzel test
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less significant inhibition of the metabolic activity
of the MCF-7 cells upon contact with the modified
metal substrate.

From a fundamental perspective, the probable
cause-and-effect relationships underlying this
phenomenon are of interest.

To better understand the physicochemical
changes in the surface state induced by UV laser
radiation, the {-potential of the samples was
investigated (Fig.5). The experimental electrokinetic
curves (Fig.5, a) showed that across a wide pH range
for both types of nitinol surface (initial and laser-
treated), the measured potential amplitude varied
mainly within £10 mV from the isoelectric point. For
the statistical assessment of the effect of laser surface
modification, the pH range of 6—8 was selected for

Fig.4. Results of the MTT test after 24-hour

cultivation of the MCF-7 cells on unmodified

(control, Cont nitinol) and modified (Mod nitinol)

with UV laser radiation nitinol substrates. The

X-axis, — group names; and the Y-axis — CI, %, Me

[O,; O,] (pairwise comparison, Brunner — Munzel
test, p <0.001)
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Pairwise comparison, Brunner — Munzel test

Fig. 5. Dependence of the amplitude and sign of the zeta potential on the tested nitinol samples on the pH of the solutions: a — pH
= 3-8.5 (the X-axis — pH values, the Y-axis — {-potential, mV); b — pH = 6-8 (the X-axis — group names, the Y-axis — {-potential
values, mV); Me [Q,; O,], Brunner — Munzel test, p = 0.61
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the following reasons: 1) in this region of electrolyte
ionic strength, the maximum overshoots of the
{-potentials with opposite charge signs occurred
(Fig.5, a); 2) according to GOST R 52770-2016, the
permissible change in the solvent pH after contact
with the test device should not exceed +1 unit from
the physiological level of pH ~7-7.4.

The median values did not show a statistically
significant effect of UV laser irradiation on the
amplitude of the electrokinetic potential of the
samples (Fig.5, b). In the meantime, the MCF-7 cells
carried a negative surface charge with a potential
amplitude of 11.3-11.6 mV (Fig.6).

Based on the obtained result, it was hypothesized
that the change in the metabolic activity of the MCF-
7 cells (Fig.4) was not associated with the {-potential
of the modified nitinol surface under the selected
mode of UV laser treatment. Nitinol in both study
groups maintains an electrically neutral surface

0.0

-1.54

351

-5.54

-7.5+4

C-potential mV

9,51

_|_
-11.51 J_

MCF-7 (1) MCF-7 (2) MCF-7 (3)
Multiple comparison, Welch’'s ANOVA, p = 0.91

Fig. 6. Amplitude and sign of the zeta potential of the MCF-7

cells in the pH range of 6-8; the X-axis — cell line name and

sample numbers, the Y-axis — {-potential values, mV; M + SD
(multiple comparison, one-way Welch’s ANOVA, p =0.91)

Surface wettability is influenced by its phase and
elemental composition, as well as its topography
(texture and roughness) [41-43]. The measured
average roughness value Ra for the sample in its
initial state was 71.5 = 6.3 nm (class 11 of surface
roughness according to GOST 2789-73) (Fig.8).

when exposed to a flow of the model electrolyte.
The MTT molecule carries a positive charge
[38] and can therefore penetrate the cytoplasmic
membrane of MCF-7 cells, which carry a negative
surface charge, via an electrostatic mechanism
[39]. The identical charge and amplitude of the
{-potential on the surface of both the initial and
modified nitinol samples apparently do not affect
the interaction between the reagent and the cell
population.

Fig. 7 shows the result of the change in the contact
wettability angle of the nitinol sample surfaces before
and after UV-laser processing. Laser modification
led to a drastic increase in the hydrophilicity of the
samples; the contact angle decreased to 8.7°, which
is 8.5 times smaller (Welch’s #test, p < 0.001) than
the baseline value (Fig. 7). This corresponds to a
superhydrophilic surface state, where the water
contact angle approaches 0° [40].

100 4
90 4
80 4

?ﬂ':
60
501
40 »<0.001

Wettability, angle, %

30 ]

20 4 —_

104 _ I

: |

Without treatment After UV treatment

Fig. 7. Contact wettability angle and characteristic images of
water droplets on the surface of nitinol samples before and after
surface modification: the X-axis — group names, the Y-axis —
wettability angle, °©, M = SD (5 measurements for each group,
pairwise comparison, Welch’s ¢-test, p < 0.001)

After laser treatment (at an energy density of j = 0.1
J/em?), the surface profile did not change (Fig.8, a).
However, it became more textured, and the average
Ra value increased to 93.9 £ 9.6 nm (Welch’s -test,
p = 0.0041), which corresponds to class 10 surface
irregularity range (Fig.8, b).
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DISCUSSION

The MCF-7 cell line is widely used for determining
the in vitro cytotoxicity of substances, scaffolds, and
various medical materials and devices [11, 44—48],
including stents for cardiovascular surgery [49].
Furthermore, the metabolism and signaling pathways
of MCF-7 cells have been studied in considerable
detail. For instance, a PubMed search for “MCEF-
7 cell metabolism” yielded 33,360 results, starting
from the year 1975.

The MTT test is considered to be the gold standard
for assessing cytotoxicity [50] based on the metabolic
activity of the tested cells and is recommended by
GOST ISO 10993-5-2023 for this purpose. The
reduction of the MTT reagent into formazan granules
is visualized in various cellular compartments
(mitochondria, cytoplasm, nucleus, cytoplasmic
membrane, microsomes) and is mediated by various
enzymatic systems, including glycolysis and the
mitochondrial respiratory chain [38].

A modern mechanotransduction theory postulates
the translation of diverse stressors ((bio)physical and

Fig. 8. Characteristic profiles of the surface of the tested

nitinol samples (a):the X-axis — profile length, mm, the Y-axis

— profile height deviation, nm; b — roughness Ra before and

after surface UV-laser treatment: the X-axis — group names,

the Y-axis — roughness index, nm; M + SD (5 measurements

for each group, pairwise comparison, Welch’s #test,
p=0.0041)

(bio)chemical forces (signals) from the macro- and
microenvironments) into the cell nucleus via the
cytoskeleton and intracellular signaling pathways
[51-53]. Accordingly, diverse physicochemical
signals from external stimuli are converted into
variants of a cellular response through feedback
mechanisms that regulate the expression of specific
gene groups [53].

The intimate molecular (metabolic) processes
underlyingthefunctioningofthemechanotransduction
system (“stressor — pathway — gene expression —
cellular response”) remain largely unelucidated.
Nevertheless, certain properties of the natural and
synthetic (scaffolds) extracellular matrix (ECM)
that are capable of initiating signal transduction,
thereby regulating cell behavior, are already known
to varying degrees. These can be conditionally
divided into (bio)physical (charge sign and
{-potential amplitude, topography dimensionality),
(bio)mechanical (elasticity/stiffness, compliance),
and (bio)chemical (wettability (hydrophilicity or
hydrophobicity), free energy, chemical composition,
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solubility) stimuli [54-56], including in the context
of the cardiovascular system [57-59].

For ECM and implants contacting blood, the
sign of the surface charge and the amplitude of the
electrostatic (in air) and electrokinetic potential are
of great importance [60], since most cells in the body
carry a negative surface charge [61], including blood
cells [62], as well as the vascular endothelium [62,
63] and MSCs [64].

Thus, the {-potential value on human umbilical
vein endothelial cells (HUVEC) is —17.1 £ 1.7
mV [65]. The amplitudes we measured for MCF-
7 cells varied from —11.3 to —11.6 mV (Fig.6),
which, according to the results of [65], is close to
the values for another tumor cell line (—13.2 + 1.2
mV, HeLa cells). In this regard, the MCF-7 cells of
adenocarcinoma isolated from human breast ducts
can be an adequate tool for modeling the interaction
of cells with the surface of materials developed for
cardiovascular stents.

Furthermore, such studies are beneficial because
inflammation of the vascular wall, which inevitably
occurs in the stent area [66], may promote the
chemotaxis and tissue invasion of tumor -cells
circulating in the blood. Another possible scenario is
the emigration of malignant cells from a tumor into the
blood, induced by the implanted device. In this regard,
studying the mechanisms of tumor cell adhesion to
vascular implants is significant for the advancement
of not only cardiovascular surgery but also oncology.

Artificial surfaces with (-potential fluctuations
ranging from —10 mV to +10 mV are considered to be
electrically neutral. According to [67], such materials
will be bioinert towards circulating blood provided they
possess high hydrophilicity. UV laser modification did
not affect the neutral {-potential values (Fig.5).

Based on this fact, a hypothesis was put forward
that the increased cell survival on nitinol after
laser treatment (Fig.4) might be associated with
the resulting superhydrophilic state of the modified
surface (Fig.7). It is believed that mammalian cells
prefer to adhere to hydrophilic substrates [68].
However, cells (for example, L-929 fibroblasts) can
exhibit enhanced adhesion to both hydrophilic (after
exposure to UV laser radiation) [69] and hydrophobic
surfaces [70] of biomaterials.

The topography of the ECM undoubtedly
influences the behavior of various cells (endothelial
cells, smooth muscle cells, platelets) [71]. However,
in each specific case, research results are ambiguous.

On the one hand, MCF-7 cells adhere better and
increase cell mass on rougher, bioinert gold electrode
surfaces [72]. On the other hand, according to [73],
an increase in the Ra value of the nano relief on a
polymer surface (polyethylene terephthalate, PET)
from 3.5 nm to 19 nm, conversely, stimulates
apoptosis of MCF-7 cells. The surface chemistry
and wettability of gold and PET differ significantly.
Our results on nitinol suggest an improvement in the
viability (metabolic activity) of MCF-7 cells on the
rougher, hydrophilic surface induced by UV laser
radiation (Fig.7, 8).

Next, a bioinformatics approach (Table) was used
to predict potential intracellular mediators capable of
transforming the action of physicochemical stimuli
into gene expression and the corresponding cellular
response. For MCF-7 cells, the ORA detected 358
target pathways for the query “surface roughness” and
39 for the keyword “surface wettability”, which does
not seem surprising, given greater publication activity
on the influence of topography on cell behavior.

We conditionally divided the found metabolic
pathways into groups that may be relevant to the
cellular and tissue reactions of the blood system
to implantable materials (Table), including the
induction of inflammation, activation of hemostasis,
angiospasm and regeneration of the vascular bed, and
metabolic activity. On one hand, the roughness and
wettability of nitinol can induce a response in MCF-7
cells via their own signaling pathways. On the other
hand, the search engine predicted several molecular
mechanisms common to both stressors (WP453,
WP5088, WP98, WP5036, and WP5158; Table),
which can be interpreted as potential synergism
or antagonism between roughness and wettability
(hydrophilicity/hydrophobicity)  regarding  the
ultimate response of MCF-7 cells.

Also of interest in Table is the group of pathways
“Metabolic Activity and Cell Behavior”, where some
entries (WP5504, WP3680, WP5477, WP3941,
WP5046, WP2435) are related to the signaling and
enzymatic intracellular systems involved in the
reduction of the MTT reagent [39] as a marker of
the cell death program [74] caused by a metabolic
imbalance in MCF-7 cells.

In terms of discussion, it should be emphasized
that both hydrophilicity and hydrophobicity are
considered as beneficial biomedical/functional
properties for medical devices contacting blood
[75, 76].
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Table

Target Intracellular Metabolic Pathways of MCF-7 Cells for Extracellular Matrix Mechanotransduction Factors
(Roughness, Wettability) according to in silico Modeling Using the WikiPathways Database Search Engine

D Pathway name Number of g-value < 0.05 for stressors | Common path-
target genes Wettability | Roughness | way for stressors
Inflammation

WP453 Inflammatory response 2/3 0.0033 0.0026 +
WP5088 Prostaglandin signaling 8 — <0.001

WP98 Prostaglandin synthesis and regulation 3 — 0.0072 +
WP4493 Cells and molecules involved in local acute inflammatory 4 B <0.001 B

response
WP5473 Cytokine receptor interaction 14 — <0.001 —
WP530 Cytokines and inflammatory response 5 — <0.001 —
WP75 Toll like receptor signaling 7 — <0.001 —
WP4542 Leukocyte — intrinsic Hippo pathway functions 2 — 0.0334 —
Hemostasis
WP2806 Complement system 2 0.0135 — —
WP272 Blood clotting cascade 1 0.018 — —
WP558 Complement and coagulation cascades 1 0.0278 — —
WP4462 | Platelet mediated interactions with vascular and circulating cells 4 — <0.001 —
Circulatory system
WP5036 Angiotensin II receptor type 1 pathway 1/2 0.0184 0.023 +
WP5158 Urotensin Il mediated signaling 1/7 0.0278 <0.001 +
WP560 TGF beta receptor signaling 5 - <0.001 —
WP3888 VEGFA VEGFR?2 signaling 8 — 0.0155 —
WP4331 Neovascularization processes 2 — 0.0361
Metabolic activity and cell behavior (proliferation, differentiation, apoptosis)
WP5156 Glyoxylate metabolism 1 0.0167 — —
WP4172 PI3K Akt signaling 2 0.0206 - -
WP5504 Disorders of mit.ochondrial hom.eostasis dynamics, protein | 0.0277 3 _
import and quality control
WP3680 Physicochemical features and toxicity-associated pathways 1 0.0278 — —
WP4534 Mechanoregulation and pgthology of YAP/TAZ via Hippo and 4 B <0.001 3
non-Hippo mechanisms
WP5477 Molecular pathway for oxidative stress 4 — <0.001 -
WP3941 Oxidative damage response 3 - 0.0051 —
WP5046 NAD metabolis.m in oncog§ne-induged senescence and mito- 3 B 0.0012 3
chondrial dysfunction-associated senescence

WP2435 Quercetin and Nf kB AP 1- induced apoptosis 2 - 0.009 —
WP2911 miRNA targets in ECM and membrane receptors 2 - 0.0377 -

This is not surprising, since blood is a complex
medium capableofwettingalmostany artificial surface.
Accordingly, ex vivo modification of the wettability
of cardiovascular devices may not fulfill the useful
practical role intended by materials scientists. At
the same time, the technological minimization of
surface topography is a more straightforward task
in the manufacture of cardiovascular devices [77].
Consequently, it is necessary to determine a UV-
laser treatment regimen that improves or does not
affect the nanoscale roughness of stent substrates.

CONCLUSION

Metal stents, including those made of nitinol,
are a modern tool of choice for cardiac surgeons
in the minimally invasive treatment of arterial
stenosis in various parts of the vascular bed. In
turn, laser surface treatment can mitigate negative

physicochemical properties (the corrosive activity of
nitinol) and improve the bio- and hemocompatibility
of cardiovascular devices. In this regard, UV laser
modification of the nitinol surface (at an energy
density of 0.1 J/cm?) reduces the metabolic imbalance
of cells adhering to the samples in an in vitro culture,
which improves their survival rates according to the
MTT test.

From the perspective of the experimental model
and the bioinformatics prediction of the cause-and-
effect relationships behind the obtained effect, the
increased hydrophilicity and nanoscale roughness,
but not the (-potential, of the nitinol substrates
modified with UV laser radiation may underlie the
induction of a cascade of intracellular signaling and
metabolic pathways involved in the expression and
transcription of genes regulating the cellular and
tissue reactions of the blood system to implantable
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materials. These reactions include the induction of
inflammation, activation of hemostasis, angiospasm
and regeneration of the vascular bed, as well as the
metabolic activity of target cells. Further experimental
verification of the actual expression of target genes
and the response of target cells (endothelial cells,
blood cells, mesenchymal stem cells, smooth muscle
cells) to the physicochemical modification of the
nitinol substrate surface is necessary.
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