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out for the sample unmodified with electron beam to detect cell appearance on different surface 29 

locations. 30 
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 34 

1. Introduction 35 

Titanium nickelide (TiNi) alloys are well-known to exhibit various attractive 36 

properties [1], such as resistance to corrosion, biocompatibility, shape memory effect, 37 

superelasticity, excellent mechanical performance, and so on [2-4]. As such, they are 38 

extensively studied and applied in numerous fields of science and engineering, 39 

including even such unconventional and new for them areas as supercapacitors [5], 40 

sensors and actuators [6] and endodontic instruments [7].  41 
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Of special importance is the use of TiNi based alloys in medicine for implant 42 

development. Monolithic TiNi materials were reported to exhibit excellent mechanical 43 

characteristics required of implanted structures. However, their smooth surface does not 44 

allow for fast and efficient attachment and growth of cells [8]. In addition, Ni ion release 45 

from unprotected surface into leaving organisms was found and considered undesirable [9]. 46 

On the other hand, porous structures with controllably modified surface, while inhibiting 47 

corrosion and reducing Ni ion release, were found not to provide mechanical performance 48 

at satisfactory level. That is why, new approaches that permit to fabricate TiNi surfaces 49 

combining the advantages of both monolithic and porous materials are still highly 50 

anticipated.  51 

This explains why the development of TiNi-based materials for implants became 52 

increasingly active with the appearance of surface-treatment methods that use concentrated 53 

energy flows [10-12]. Providing more precise surface morphology control, such techniques 54 

permit to obtain surfaces that are more suitable for in vivo applications [13,14]. Materials 55 

based on TiNi alloys fabricated via more conventional methods such as powder metallurgy 56 

[15,16] (including, hot-press sintering [17], spark plasma sintering (SPS) [18-20], etc.), can be 57 

further modified using ion-plasma [21,22], ion-beam [23,24], laser-beam [25-27] or other 58 

similar treatments.  59 

Among such methods, the low-energy high-current pulsed electron beam (HCPEB) 60 

seems to be one of the most promising techniques for surface modification of TiNi-based 61 

materials [28]. Importantly, HCPEB allows for homogenization of surface layer through the 62 

dissolution of secondary-phase particles subjected to high-energy electron flow. As a result, 63 

this leads to enhanced corrosive stability of treated surfaces when they are placed into 64 

environment characteristic of living cells [29]. Furthermore, HCPEB may increase the surface 65 

area of treated monolithic material, which should also enhance its integration in vivo.  66 

In our previous work, we studied a TiNi powder obtained via the hydride-calcium 67 

reduction method [30]. The powder was shown to consist of irregularly-shaped particles 68 

with well-developed microscopic surface [30]. In the present study, for the first time, a new 69 

material was designed and fabricated by depositing the above-mentioned porous powder 70 

onto monolithic TiNi plates followed by modification with HCPEB. The work aimed at 71 

preparing and modifying the material and investigating the changes caused by the HCPEB 72 

processing in surface morphology and composition. Both untreated and HCPEB-processed 73 

surfaces were then tested in terms of their interaction with saline, and first experiments on 74 

living cell growth were carried out.  75 

2. Materials and Methods 76 

2.1. Chemicals  77 

The following chemically pure chemicals were obtained from Merck (Germany) and 78 

used as received: CaCl2, Fe(NO3)3×9H2O, KCl, MgSO4×7H2O, NaCl, NaH2PO4×H2O, NaHCO3, 79 

HNO3, and HF. All their solutions were prepared using distilled water.  80 

 81 

2.2. Sample preparation 82 

The samples studied in this work were all prepared via forming a coating of TiNi 83 

powder on monolithic TiNi substrates (from LLC Research and Production Enterprise 84 

“MITs”, Russia). The powder was obtained via the hydride-calcium reduction method, as 85 

was previously described elsewhere [30]. Degreased and cleaned plates of TiNi monolith 86 

were first covered with the initial TiNi powder by means of the filling method, forming a 87 

layer with a thickness of around 100-200 µm (Scheme 1), after which the samples were 88 

sintered in air at 1200 °C for 15 min to improve the contact of particles with both the substrate 89 

and each other.  90 
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As a result of sintering, sample TN was obtained (Scheme 1). The other two samples 91 

were subjected to additional treatment by an electron-beam performed with a RITM-SP 92 

station (Microsplav Inc., Tomsk, Russia) previously described by Markov and co-authors 93 

[31]. The station is capable of generating electron beams with low energy (10-30 keV) and 94 

high current (up to 25 kA) with a pulse duration of 2-4 µs and diameters up to 80 mm. To 95 

process samples, in this study beam with the energy of 30 keV was used, generating energy 96 

density was about 6 J/cm2. Sample TN-20 was obtained after processing sample TN with 20 97 

pulses, while sample TN-30 underwent a longer treatment with 30 pulses (see Scheme 1).  98 

 99 

 100 

              Scheme 1. Preparation of samples analyzed in this work. 101 

 102 

2.3. Sample characterization  103 

X-ray diffraction (XRD) patterns of the samples were obtained by means of XRD 6000 104 

(Shimadzu, Japan) and ARL X'TRA (Thermo Fisher Scientific, Switzerland) diffractome-105 

ters. The patterns were recorded within the range of 2θ = 20–100° at a rate of 0.02°/s using 106 

CuKα radiation. For phase analysis, the PDF-4 database and Powder Cell 2.5 software with 107 

pseudo-Voigt profile function were then used.  108 

Scanning electron microscopy (SEM) studies were performed in either secondary elec-109 

tron mode (SE) or back-scattered electron mode (BSE, z-contrast) using a Quanta 200 3D 110 

system (FEI Company, USA). Cross-sectional specimens were prepared via polymerizing 111 

the samples in epoxy resin followed by electrical discharge machining (ARTA 123 PRO, 112 

SIC Delta-Test, Russia). The sections were polished and etched using aqueous HNO3 and 113 

HF, and finally coated with a 10-nm-thick Au film (Sputter Coater Module SPI-Module™, 114 

SPI Supplies, USA) for SEM imaging.  115 

Surface roughness parameters (maximum deviation Rz and average roughness Ra) were 116 

obtained by means of an interference microscope-profilometer MNP-1 (Technological De-117 

sign Institute of Scientific Instrument Engineering, the Siberian Branch of RAS, Russia) and 118 

its original software.  119 

 120 

2.4. Electrochemical measurements 121 

For electrochemical measurements, the obtained materials were first cut into pieces 122 

with sizes of 4×4×2 mm3, and then their backside was connected to copper wires and 123 

insulated by non-conductive polish so that only their surface with TiNi coating was 124 

involved into contact with testing solution.  125 

Electrochemical measurements were carried out using an electrochemical workstation 126 

CH-660D (CH Instruments, USA). A three-electrode cell with an Ag/AgCl (1 M KCl) 127 

reference electrode and a platinum wire spiral auxiliary electrode was used. Saline solution 128 

containing 7 salts (an inorganic fraction of DMEM, see section 2.5 below) was used as 129 
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electrolyte. Open circuit potential (OCP, EOC) was measured for at least 1 h (or more) to 130 

obtain a stable value (±5 mV). Electrochemical impedance spectra (EIS) were recorded at 131 

the open circuit potential with an amplitude of 0.01 V, while frequency was varied within 132 

the range 1-100,000 Hz. The EIS data were then processed using the ZView software 133 

(Scribner Associates, Inc., USA). From three to five parallels were performed and the 134 

results were averaged.  135 

 136 

2.5. Cell growth experiment 137 

Michigan Cancer Foundation-7 (MCF-7) cells, which are a breast cancer cell line 138 

obtained from Tomsk National Research Medical Center of the Russian Academy of 139 

Sciences, were used. For experiments, pieces of sample TN (prepared for further 140 

electrochemical measurements according to section 2.4.) were covered with the cells and 141 

immersed into a medium containing Dulbecco’s Modified Eagle Medium (DMEM) with 142 

10% of fetal bovine serum (FBS), antibiotics (100 U/ml penicillin and 100 mg/ml 143 

streptomycin) and 2 mM of L-glutamine (from PanEco Company, Russia). Cell cultivation 144 

was performed at 37°C in a humidified room in atmosphere with 5% of CO2 for 1, 3, and 5 145 

days for electrochemical measurements, and for one week for microscopic studies. From 146 

three to five parallels were performed and the results were averaged. 147 

The 3D reconstructed image of cells on sample surface was obtained without sample 148 

drying using confocal laser scanning microscopy (CLSM, LSM 780 NLO tool from Zeiss, 149 

Germany) in z-stack mode.  150 

 151 

3. Results and Discussion 152 

3.1. Structure and composition 153 

As previously described [30], the initial powder represented with particles of 100-154 

200 µm had two types of surface morphology, i.e. sponge-like and compact types. The 155 

particles of the former type were found to consist primarily of TiNi phase, while the latter 156 

compact particles contained large TiNi grains surrounded with Ti2Ni phase [30].  157 

As a first preparation step, initial TiNi powder was placed onto TiNi monolithic plate 158 

surface and thermally treated to form a porous coating (Scheme 1). During this stage, 159 

because of high temperature, the powder particles formed contact zones that prevented 160 

any motion of the latter particles when the samples were further processed by HCPEB. The 161 

photographs of prepared samples are presented in Fig. 1.  162 

 163 

 164 

  Figure 1. Photographs of samples TN, TN-20 and TN-30.  165 

 166 

 167 
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Phase composition of two HCPEB-treated samples (TN-20 and TN-30), as well as that 168 

of non-treated counterpart (TN), was studied by XRD method. The results presented as 169 

patterns in Fig. 2 revealed that all the three samples contained the following phases: TiNi 170 

(phases B2 and B19′ with PDF-4 cards 01-076-3614 and 01-078-2550, respectively), Ti3Ni4 171 

(PDF-4 card 04-001-1903), and Ti2Ni (PDF-4 card 04-007-1531). This finding implies that the 172 

pulse electron beam treatment applied in this work did not affect the composition of phases 173 

within formed surface layer but rather influenced fractions of such phases (see Table 1). 174 

For both treated samples TN-20 and TN-30, their TiNi content increased while that of Ti2Ni 175 

decreased when compared with untreated sample TN.  176 

Interestingly, whereas in sample TN-20 the fraction of phase Ti3Ni4 dropped to 7 wt %, 177 

its content was again back to 14 wt % in sample TN-30, as additional ten pulses were 178 

applied (Table 1). It is possible that the phase evolution observed in sample TN-30 could 179 

be caused by material aging due to additional heating under HCPEB, which is known to 180 

be associated with formation of phase Ti3Ni4 [3]. Indeed, since sample TN-30 was subjected 181 

to more intense high-energy impact, its top-layer could be more prone to aging and 182 

precipitation of phase Ti3Ni4. 183 

 184 

 185 

 186 

 187 

 188 

 189 

 190 

 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

Figure 2. XRD patterns of samples prepared in this study from TiNi powder 202 

and monolith TiNi substrates. 203 

 204 

Figure 3 presents SEM images of sample surfaces, with insets depicting more details at 205 

higher magnification. Sample TN is seen in Fig. 3a to inherit the morphology of initial 206 

powder, containing two types of particles, sponge-like and compact ones (presented as 207 

insets and indicated with arrows in Fig. 3a). The average roughness (Ra) was evaluated for 208 

this material to be around 80 µm (Table 2). HCPEB treatment with 20 pulses is seen in 209 

Fig.3b to result in surface smoothening and homogenization, which is also confirmed by 210 

roughness measurements (see Table 2). It was expected that HCPEB treatment would cause 211 

some smoothening of single particles, as well as filling of cracks and pores on the surface. 212 

The high-energy beam led to surface melting of TiNi particles, also increasing their contact 213 
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areas and giving rise to newly recrystallized surface layers forming upon cooling down. In 214 

agreement with surface smoothening observed in Fig.3b, the average roughness of sample 215 

TN-20 was found to decrease by 12.5% (Table 2). 216 

 217 

 218 

Table 1. Phase composition of the samples as evaluated by XRD. 219 

 220 

Phase 
Content in the samples (wt%) 

TN TN-20 TN-30 

TiNi 73 87 78 

Ti3Ni4 13 7 14 

Ti2Ni 14 6 8 

 221 

 222 

Longer HCPEB treatment of the material is seen in Fig.3c to result in further surface 223 

smoothening and homogenization. The size of surface features further increased and the 224 

average roughness of sample TN-30 decreased by 25% when compared with that of sample 225 

TN (Table 2). 226 

 227 

 228 

 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

Figure 3. SEM images (SE mode) of sample surface: (a) untreated sample TN, and 240 

HCPEB-treated samples (b) TN-20, and (c) TN-30. 241 

 242 

 243 

The changes occurring in surface layer during HCPEB treatment are also presented in 244 

cross-sectional BSE images of the samples (Fig.4). In all panels of Fig.4, the matrix of 245 

materials consisting of TiNi (phase B2) incorporates small crystallites of Ti3Ni4 which are not 246 

seen in the figure but were confirmed by XRD and well-known from the literature [32]. As a 247 

result of their distribution in the B2 matrix, internal stresses appear inside the particles of 248 

the coating [32,33]. These stresses are known to originate from the parameter mismatch 249 

between the crystal lattice of small Ti3Ni4 crystallites and the TiNi B2 matrix. In addition, the 250 

Ti3Ni4 phase is not prone to martensitic transformations [34], which also contributes to 251 

stresses inside the material.  252 

(a) (b) (c) 
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 253 

Table 2. Surface roughness (measured as Rz and Ra values) of samples as 254 

evaluated by surface profilometry. 255 

 256 

Sample Rz (µm) Ra (µm) 

TN 360 80 

TN-20 340 70 

TN-30 280 60 

 257 

 258 

The stresses inside phase B2 eventually cause its transformation to phase B19′ with a 259 

packed-pyramidal morphology which is seen as light lines inside the TiNi matrix (Fig.4 260 

and insets therein). Thus, the cross-sections of obtained materials are characterized by 261 

disoriented martensitic relief. Finally, the dark-grey spots seen as inclusions into the TiNi 262 

matrix in Fig.4 indicate the presence of phase Ti2Ni, which is confirmed by EDX data (Fig. 263 

4d, Table 3).  264 

 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 

Figure 4. SEM (BSE mode) images of sample cross-section (samples were fixed in epoxy poly-291 

mer): (a) TN, (b) TN-20, and (c) TN-30. (d) EDX spectra from the matrix, its inclusions, and sur-292 

face layer of sample TN-30. 293 

 294 

 295 

(b) (c) (a) 

(d) 
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Table 3. Elemental content at different points of cross-sectional sample TN-30 296 

according to EDX data. 297 

 298 

Analyzed point Element Content (at.%) 

Matrix 
Ti 45 

Ni 55 

Surface layer 
Ti 53 

Ni 47 

Inclusions  
Ti 64 

Ni 36 

 299 

After HCPEB treatment, a recrystallized layer appeared on the topmost surface of both 300 

samples TN-20 and TN-30 (insets in Fig. 4b and Fig.4c). This layer is seen in insets (Fig.4b 301 

and Fig.4c) not to contain inclusions of different phases and seems to be structurally 302 

homogeneous. Depending on the curvature, which differs at different locations of the 303 

coating, this recrystallized layer demonstrated varied thickness between 5 and 20 µm. 304 

Quite expectedly, this layer is seen to be generally thicker for sample TN-30 which was 305 

HCPEB-treated for a longer period.  306 

According to EDX spectra taken at different locations of sample TN-30 and shown in 307 

Fig.4d, the modified layer is enriched with Ti (Table 3). This can be explained by melting 308 

of Ti2Ni (inclusions in spectra and Table 3) at high temperatures caused by HCPEB and its 309 

further dissolution in the matrix (see Table 1). This observation is well consistent with 310 

works by others where homogenization of surface layer atop monolith materials based on 311 

TiNi caused by electron-beam processing was also reported [35-38].  312 

Thus analysis of structure and composition of untreated sample TN and samples TN-313 

20 and TN-30 processed with HCPEB permits to conclude that electron-beam treatment 314 

caused structural changes and phase redistribution in the surface layer of the materials. 315 

The roughness of HCPEB-treated samples decreased as much as up to 25%, and their 316 

modified top layer was as thick as 5-20 µm and enriched in Ti.  317 

 318 

3.2. Electrochemical tests and cell growth 319 

For materials developed as implant components or coatings, their surface properties, and 320 

especially their behavior in contact with biological liquids (such as saline solutions) are of 321 

prime importance. That is why, upon preparation and surface characterization, the samples 322 

produced in this work were electrochemically tested. As mentioned above, contacts with 323 

copper wires were first provided, after which the substrate area of the samples was insulated, 324 

leaving only a coated surface available for contact with electrolyte. Thus prepared electrodes, 325 

together with counter and reference electrodes, were then immersed in a model saline 326 

solution (inorganic fraction of DMEM) and connected to electrochemical system.  327 

First, the open circuit potential (OCP or EOC) which characterizes processes taking place 328 

on the surface immersed in a solution was measured. The OCP shows how the material 329 

undergoes corrosion in the medium it is immersed in. Second, electrochemical impedance 330 



Appl. Sci. 2021, 11, x FOR PEER REVIEW 9 of 17 
 

 

spectroscopy (EIS) was applied to comprehend possible mechanisms involved into 331 

electrochemical processes. To trace changes occurring over long-term contact with saline, 332 

both OCP and EIS were monitored for the same samples stored in saline for 1, 3, 5, 7 and 10 333 

days. The results are presented and discussed in the following section.  334 

 335 

3.2.1. Effect of saline medium on samples 336 

It is seen in Fig. 5a that the initial OCP value for sample TN was the lowest of all the 337 

tested samples (black solid circles), while both HCPEB-modified materials exhibited 338 

somewhat higher OCP values (open circles and crossed circles for TN-30 and TN-20, 339 

respectively). This implies that HCPEB treatment increases material’s resistance against 340 

corrosion in saline environment. The EOC values observed for HCPEB-modified TN-20 and 341 

TN-30 were slightly different, which could be related to their different phase composition 342 

(section 3.1).  343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 

Figure 5. (a) Evolution over time of OCP values for samples stored in saline (inorganic 356 

fraction of DMEM) for 10 days. (b) The difference between initial and final OCP values 357 

observed for the samples after 10 days of immersion. 358 

 359 

Storage in saline environment for 10 days is seen in Fig.5a to lead to a steady increase in 360 

OCP values for all the samples. The highest value was exhibited by sample TN-20, but the 361 

smallest overall increment was demonstrated by sample TN-30, implying that the number 362 

of pulses during HCPEB treatment had a positive effect on the stability of formed TiNi coat-363 

ings (Fig. 5b). This can be explained by a thicker modified topmost layer observed for sample 364 

TN-30 in comparison with TN-20, since this layer is believed to block corrosive processes. 365 

Thus, the stability of the surface properties of the three samples in contact with saline was 366 

found to increase within the row: TN < TN-20 < TN-30. 367 

EIS data were recorded in a three-electrode cell filled with the same saline solution, and 368 

a typical experimental Nyquist plot is presented in Fig. 6a. Results of ZView simulation and 369 

a corresponding equivalent circuit are also presented in Fig.6. Note that all the samples 370 

prepared in this study showed similar Nyquist plots, which is why Fig.6a only presents data 371 

obtained for sample TN-30, while all values of simulation parameters calculated for each 372 

sample can be found in Supplementary Materials Table S1.  373 

 374 

(a) (b) 
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 375 

 376 

 377 

 378 

 379 

 380 

 381 

 382 

 383 

 384 

 385 

 386 

Figure 6. Typical EIS data obtained for samples: (a) Nyquist plot and ZView 387 

simulation; (b) equivalent circuit. 388 

 389 

 390 

The equivalent circuit exhibited in Fig.6b consists of two parts, which is why the 391 

processes on the surface of tested samples are characterized by two time constants. This is 392 

consistent with the earlier described model for a double-layered structure of a passive film 393 

on a TiNi surface [39]. For comparison, another group used a simpler equivalent circuit (with 394 

one time constant) to describe their TiNi presented as a thin film [40].  395 

Based on the above discussed SEM results, we suggested that the first part of the 396 

equivalent circuit (parallel elements CPE1 and Rp1) with the relaxation time of 10-6-10-7 s 397 

(Table 4) represents the outer layer of the coating and surface of open shallow pores. 398 

Meanwhile, the second part (a part of simplified Randles cell, CPE2, Rp2 and W) with its 399 

relaxation time around 10-5 s was ascribed to more difficult-to-reach surface of deep and/or 400 

difficult-to-permeate pores and monolithic TiNi sublayer that remained uncovered with the 401 

particle-based coating. For simplicity, hereafter they will be referred to as the ‘external’ (first 402 

part in Fig. 6b) and ‘internal’ (second part in Fig. 6b) layers of the material.  403 

Comparing the CPE-T and Rp values of the two parts (see Table S1), one can see that the 404 

CPE1-T parameter is much lower than CPE2-T, whereas Rp1 is larger than Rp2. This is well 405 

consistent with the assumption about the external and internal layers. As the internal layer 406 

has a larger surface area, its capacitive parameter should be higher. At the same time, its 407 

resistance to corrosion is lower because this part of the coating was less exposed to HCPEB 408 

treatment (lower access to deeper layers). And vice versa, the external part of the coating is 409 

better protected from the corrosion (exhibiting higher Rp values) since its modified layer was 410 

enriched in Ti and is normally covered with a very thin TiOx film [28] (see section 3.1). As 411 

for its capacitance, it is smaller as a result of a lower surface area of the external layer of the 412 

material.  413 

As can be seen in Table S1, all the parameters remained within one order of magnitude 414 

during all the period when the materials were immersed in saline medium. This implies no 415 

dramatic changes of surface properties were observed for as long as ten days. Even 416 

(a) (b) 
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parameter Rp1, which is attributed to the overall corrosion resistance of the material, did not 417 

change significantly. However, the second component of the circuit, which reveals behavior 418 

of the internal layer, was found to show steady changes in parameter Rp2 (see Fig. 7).  419 

 420 

 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

Figure 7. Evolution of resistance parameter Rp2 from the second part of equivalent 436 

circuit for samples during their storage in saline (inorganic fraction of DMEM) for 437 

10 days. 438 

 439 

The resistance of the internal layer is seen in Fig.7 to decrease steadily for sample TN 440 

over immersion time. It also decreased for sample TN-30, although to a smaller extent. For 441 

sample TN-20, however, after 10 days its Rp2 was found to be very close to its initial value. 442 

Note that after exposure to saline for 10 days, the Rp2 value observed for sample TN-20 is 443 

the highest resistance of all the samples tested (see crossed circles in Fig.7). Since parameter 444 

Rp2 is a characteristic of deep-pore surface and that of uncoated TiNi monolith substrate, 445 

sample TN-20 seemed to have this component of its surface better protected against 446 

corrosion. This could be related to the difference in phase content of this material in 447 

comparison with the other two samples (the highest content of TiNi and the lowest of 448 

Ti3Ni4 and Ti2Ni phases).  449 

Paying attention to the lifetime parameters presented in Table S2, one can find that in 450 

general, the processes occurring in the external layer (first part of the circuit) proceeded 451 

faster than those in the internal layer (second part of the circuit). This is reasonable as the 452 

internal layer is more difficult to access for electrolyte. The lowest values of τ1, implying 453 

the fastest rates of surface processes in comparison with the other samples, are observed 454 

for sample TN-20. Similar to the above discussion for parameter Rp2, this could be also 455 

related to the highest content of TiNi and the lowest contents of phases Ti3Ni4 and Ti2Ni 456 

on this sample.  457 

Thus, our electrochemical studies revealed that HCPEB-modified TiNi coatings 458 

increased their stability against corrosion. Interaction of such materials with saline can be 459 
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described by a two-component model: faster interaction of the electrolyte with the easier 460 

accessible external layer of the coating and slower interaction with the more difficult-to-461 

access internal layer consisting of deep-pore surface and monolithic TiNi sublayer. The 462 

latter internal layer is less protected against corrosion, but the HCPEB treatment increased 463 

its resistance, especially for sample TN-20 modified with 20 pulses.  464 

 465 

3.2.2. Сell growth 466 

The preliminary experiment with the model cell growth was conducted on the surface 467 

of sample TN. It is seen in Fig. 8 that the breast cancer cells partially covered the material 468 

surface after a week of cultivation. They can be seen all across the entire surface both as 469 

single objects and as small groups. However, the observed surface belongs to the external 470 

layer of the material, while the cells possibly grown in the internal layer could not be 471 

visualized. To detect the existence of such cells in the hidden region, we compared EIS data 472 

obtained in saline for both cell-free samples and those with cells cultivated for 1, 3, and 5 473 

days. Interestingly, the samples populated with cells demonstrated impedance spectra 474 

similar to their cell-free counterparts whose typical Nyquist plot was previously shown in 475 

Fig. 6. Therefore, the same equivalent circuit can be used to describe processes occurring 476 

on the surfaces with grown cells. Thus, the presence of growing cells appears not to affect 477 

the mechanism of surface processes in saline medium. At the same time, the values of CPE-478 

T and Rp parameters were found to change over time of cell growth, as shown in Fig. 9.  479 

 480 

 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

 490 

Figure 8. CLSM image of sample TN after cell growth for one week. Green color 491 

is used for visualization of grown MCF-7 cells.  492 

 493 

 494 

 495 
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 511 

Figure 9. Evolution of CPE-T (a, c) and Rp (b, d) parameters during cell growth on 512 

sample TN. 513 

 514 

The parameters associated with the external layer of the sample (CPE1-T and Rp1) are 515 

seen in Figs.9a and 9b to demonstrate the most dramatic change after as long as just one 516 

day of cell growth. Meanwhile, the parameters describing the internal layer (CPE2-T and 517 

Rp2) are seen to undergo the most noticeable change between days 1 and 3 of cell cultivation 518 

(Figs.9c and 9d). Since cells are non-conductive biological objects, both layers were 519 

expected to increase resistance in their presence. Therefore, the observed drastic increase 520 

of parameters Rp1 and Rp2 is a good indication of cell growth on both the external and 521 

internal layers of the sample. Since the internal surface was harder to reach for cells, its 522 

resistance (Rp2) is seen in Fig.9 to jump later than Rp1. Note that both CPE-T parameters 523 

demonstrated behavior similar to that of their corresponding Rp parameters, from which 524 

we conclude that the presence of cells somehow resulted in increase of both capacitive 525 

components CPE1-T and CPE2-T.  526 

As seen in Table 4, time constants τ1 and τ2 also demonstrated drastic changes between 527 

days 0-1 and 1-3, respectively. The lifetime τ1 associated with processes in the external layer 528 

of the coating increased by 6 orders of magnitude, and τ2 related to the internal layer 529 

increased by two orders of magnitude. Hence, the presence of cells was found to slow 530 

(a) (b) 

(c) (d) 
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down surface processes. That is why, through the changes of parameters Rp, CPE and τ, 531 

analysis of EIS data allowed us to observe the appearance and growth of cells on both 532 

external and internal layers of the coatings prepared in this study.  533 

Eventually, after 5 days of cell cultivation, the CPE-T and Rp parameters of both parts 534 

of the circuit (as well as parameter τ1) somewhat decreased, as well seen in Fig.9. This could 535 

be due to possible stabilization of the system TiNi/cells. For deeper understanding, addi-536 

tional and more detailed studies are needed, which was not within the scope of the present 537 

work. 538 

 539 

Table 4. Time components τ1 and τ2 obtained from EIS data for sample TN with 540 

cells growing on its surface.  541 

 542 

Time 

(days) 

Lifetime (s) 

τ1 τ2 

0 10-6 10-5 

1 100 10-6 

3 100 10-4 

5 10-1 10-4 

 543 

Thus, using electrochemical techniques it was found that cell growth first begins on the 544 

external surface, after which cells start covering the deeper layer of the material by day 545 

three of cultivation experiments. Hence, using this relatively simple and easy approach, 546 

kinetic studies of cell growth can be realized in the future. It should be noted that this 547 

proposed approach based on EIS data analysis of rough surfaces with cells cultivated on 548 

them is only applicable to materials that can be described by means of two-component 549 

equivalent circuit, similar to those developed in this work.  550 

After testing cell growth on sample TN, it was concluded that the cell culture used 551 

(MCF-7) was not an appropriate model object for implants. Which is why the other two 552 

samples were not tested in terms of cell growth. Nevertheless, since EIS measurements and 553 

their analysis showed promise as a simple approach to detect cell growth in deep pores of 554 

a rough sample, we decided to report our results here. Meanwhile, more appropriate cells 555 

should be tested on the TiNi materials newly developed in this study to evaluate their 556 

suitability for medical applications. 557 

 558 

4. Conclusions 559 

For the first time, new materials were obtained by depositing a porous TiNi powder 560 

onto monolithic TiNi plates followed by sintering at 1200 °C and further modification 561 

with high-current-pulsed electron beam (HCPEB) treatment. Analysis of the structure 562 

and composition of newly developed materials showed that the treatment caused 563 

structural changes and phase redistribution in the HCPEB-processed surface layer. 564 

Depending on the number of electron pulses applied, the modified top layer of the 565 

coatings was found to be of 5-20 µm and enriched in Ti, while their overall roughness 566 

decreased up to 25%. 567 

As potential materials for medical applications (as implants), the prepared samples 568 

were then tested electrochemically during their storage in saline and after cell cultivation 569 
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on one of them. Simulation of obtained impedance data resulted in a model with two layers 570 

(external and internal) which was valid for all the samples. The external layer consisted of 571 

the topmost surface of coating and its shallow pores, whereas the internal layer was as-572 

signed to deeper pores and the TiNi monolith sublayer. The tested cells, MCF-7, were 573 

found to grow first on the external layer, after which their growth was detected on the 574 

internal layer. The electrochemical studies also revealed increased stability of HCPEB-575 

treated TiNi coatings against corrosion. The obtained results imply that the newly devel-576 

oped materials, consisting of TiNi porous coating on monolith TiNi plate and modified by 577 

HCPEB, can be promising for implant development. 578 

 579 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: 580 

Values of CPE-T and Rp parameters calculated from EIS data for materials before and after immer-581 

sion in saline (inorganic fraction of DMEM) from 1 to 10 days; Table S2: Time components values 582 

from EIS data for all samples. 583 
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