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Background: Titanium (Ti) implants are extensively used in reconstructive surgery and 

orthopedics. However, the intrinsic inertness of untreated Ti implants usually results in insuf-

ficient osseointegration. In order to improve the osteoconductivity properties of the implants, 

they are coated with hierarchical microtopographic/nanotopographic coatings employing the 

method of molecular layering of atomic layer deposition (ML-ALD).

Results: The analysis of the fabricated nanostructured relief employing scanning electron 

microscopy, atomic force microscopy, and electron spectroscopy for chemical analysis 

clearly demonstrated the formation of the nanotopographic (100 nm) and microtopographic 

(0.1–0.5 μm) titano-organic structures on the surface of the nanograined Ti implants. Subsequent 

coincubation of the MC3T3-E1 mouse osteoblasts on the microtopographic/nanotopographic 

surface of the implants resulted in enhanced osteogenic cell differentiation (the production of 

alkaline phosphatase, osteopontin, and osteocalcin). In vivo assessment of the osseointegra-

tive properties of the microtopographically/nanotopographically coated implants in a model of 

below-knee amputation in New Zealand rabbits demonstrated enhanced new bone formation in 

the zone of the bone–implant contact (as measured by X-ray study) and increased osseointegra-

tion strength (removal torque measurements).

Conclusion: The fabrication of the hierarchical microtopographic/nanotopographic coatings 

on the nanograined Ti implants significantly improves the osseointegrative properties of the 

intraosseous Ti implants. This effect could be employed in both translational and clinical studies 

in orthopedic and reconstructive surgery.

Keywords: titanium implants, microtopographic/nanotopographic coatings, hierarchical 

coatings, molecular layering, MC3T3-E1 osteoblasts, osseointegration

Introduction
Titanium (Ti)-based implants represent one of the most widely applied materials 

in reconstructive orthopedics because of their biocompatibility and high corrosion 

resistance.1–5 However, the main issue of the Ti implants is the lack of osseointegration 

of them due to the inertness of the material.5 Previously, it was demonstrated that the 

nanostructured surface of the implants significantly improves the biocompatibility.6 

Nanostructured organization of the implants (eg, nanotubes, nanofibers, nanowires, 

and nanorods) promotes the integration of the implants with the surrounding bone 

tissues.7–12 Thus, in the study by Seidling et al, the tested Ti implants with the nano-

structured hyperhydrophilic chromosulfuric acid surface demonstrated 17-fold increase 

in the bone-to-implant contact and de novo bone formation in a gap healing model 

using Göttingen minipigs.13
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Presumably the nanotopography induces the cell dif-

ferentiation and proliferation. Recently, it was demon-

strated that α1β1 integrin signaling pathway determines the 

osteoinductive effect of nanotopography on mesenchymal 

stem cells (MSCs). The effect was abrogated when obtu-

statin, an α1β1 integrin inhibitor, was applied.14 Another 

pathway is mediated by RhoA/ROCK, following activation 

by FAK in response to integrin clustering on the surface of 

the implants.15,16

The effect of the nanotopography on the cell differen-

tiation is explained by the process termed “mechanotrans-

duction” that represents the conversion of the mechanical 

signals into biochemical signals through biomolecules or 

via direct impact through the cytoskeleton on the nucleus 

and chromosomes.17 Cell attachment to the nanotopography 

results in a change in the biochemical process mediated by 

cadherins and integrins presented in the filopodia.18,19 Changes 

in the cytoskeleton tensions influence the nucleoskeleton 

providing the alterations in the nucleus morphology.20,21 

Thus, MSCs in the presence of the osteogenic supplements 

(ie, dexamethasone and β-glycerophosphate) showed high 

alkaline phosphatase (ALP) activity and runt-related transcrip-

tion factor 2 (RUNX2) expression on the nanotopography of 

200 nm in comparison with 50 and 100 nm.22 In addition, the 

upregulation of the several relevant genes including BMP2 

was found on the nanostructured surfaces.23

The height of the nanostructures and the pattern of their 

distribution have a high importance on the expression of the 

biomarkers by MSCs.24 Thus, Lavenus et al clearly demon-

strated that nanopits with diameters of 30 nm (Ti30), 150 nm 

(Ti150), and 300 nm (Ti300) influenced the expression of 

integrins.25 Thus, Itgβ1 and Itgβ5 were highly expressed on 

the Ti300 samples.25 This study indicates that nanopattern 

influences the cellular adhesion to the implants’ surface. In 

addition, the nanosurface height influences the focal adhe-

sions of MSCs as shown in the study by Sjöström et al.26 

Thus, the highest focal adhesion presence was observed at 

nanopillars of 15 nm with fewer and smaller adhesions at the 

heights of 55 and 100 nm.26 The influence of other parameters 

such as diameter and shape of the nanopattern is less clear.

Recent studies clearly demonstrated that combining nano-

structured coating with submicron architecture of coating 

could further increase the biocompatibility of the designed 

implants.27 Microtopography (0.1–100 μm) that mimics the 

native extracellular matrix influences cells at the single cell 

level, while the nanoarchitecture (1.0–100 nm) influences 

the individual cell receptors.15 Thus, in the work by Chen 

et al, the authors applied hierarchical structures combining 

nanoglobules and submicron button-like clusters from col-

lective packing of these nanoglobules for increasing the 

bioactivity of the surface.28 The rough surface of the samples 

increases the proliferation of the osteoblasts, cytoskeleton 

organization, and production of the ALP and osteocalcin 

nearly 10-fold. Subsequent analysis of the osteogenic gene 

expression by quantitative real-time polymerase chain reac-

tion demonstrated the enhanced expression of the osteogenic 

genes (such as ALP, osteocalcin, collagen I, and Runx2) in 

the cells following coculturing on the Ti34Zr14Cu22Pd30 

nanoglass composite with submicron–nanometer-sized hier-

archical structures.28 Anisotropic topographies (eg, grooves 

and stripes) at the microtopographic level influence the mor-

phological and physiochemical features of the cells and their 

intercellular contacts. In addition, the increased surface area 

benefits the protein absorption and the super-amphiphilicity, 

and high surface energy enhances the cell-to-substrata 

affinity.29 Thus, Huang et al demonstrated that hierarchical 

surface enhances fibronectin absorption and initial MG-63 

cell attachment.30 Up-do-date reported studies indicate that 

in the hierarchical coatings the microtopography influences 

the initial cell attachment, while the nanosurface induces the 

biochemical intracellular changes that lead to cell prolifera-

tion and differentiation.

In the current study, for the fabrication of microtopographic/

nanotopographic coatings on the Ti implants, we applied the 

method of molecular layering of atomic layer deposition 

(ML-ALD).31,32 The main advantages of the proposed method 

are 1) the possibility to obtain microstructures/nanostructures 

with a high precision (≈Å); 2) precise regulation of the geom-

etry and roughness of the coating;33,34 and 3) high adhesive 

properties of the nanostructured coatings on the surface 

achieved by the sequential and cyclic chemisorption of low 

molecular weight reagents from the gas phase.35 Follow-

ing in vitro assessment of the synthesized microcoatings/

nanocoatings employing the MC3T3-E1 osteoblasts, the 

fabricated Ti implants were further analyzed in the model of 

the below-knee amputation in New Zealand rabbits. Herein 

we report that formulated hierarchical microtopographic/

nanotopographic coating significantly improves the osseointe-

gration properties of the Ti implants.

Methods
Nanograined Ti samples
Nanograined Ti samples (hereafter nano-Ti) were fabricated 

at Nanomet LLC (Ufa, Russia) from grade 4 Ti ingots with 

the length of 1 m. Plastic deformation of Ti ingots has been 

performed on ECAP–Conform setup at 400°C. Every ingot 
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was treated 5 cycles, as described previously.36 Average grain 

size of the synthesized nano-Ti was ~100 nm. For in vitro 

investigations, we fabricated samples of 3 mm thickness from 

nano-Ti rods (diameter =10 mm) using EDM machine ARTA 

123 PRO (Delta-Test Ltd., Russia). Grinding and polish-

ing of the working surface of the samples were carried out 

using Buehler Ecomet 250 PRO (Buehler, USA) machine 

with automatic nozzle AutoMet 250 (Buehler, USA) until 

mirror-like surface was resulted using the facilities of the 

resource center (Innovative Technologies of the Compos-

ite Nanomaterials, Saint Petersburg State University, St 

Petersburg, Russia). Additional grinding was performed 

using emery paper of 600, 800, and 1,200 grains. Polish-

ing was performed by colloidal silica-polishing suspension 

40-6370-064 (Buehler – MasterMet, Buehler, USA, 20 nm). 

At the final stage, the samples were cleaned with acetone 

and deionized water in an ultrasonic bath for 15 minutes. 

These samples were shaped as plane parallel plates with 

the diameter of 10 mm. Doubly deionized water, ethanol 

of the purity of %98, and alcohol–water solutions with 

the addition of polyethylene glycol-400 have been used for 

the intermediate washing of the ingots from the mechanical 

contaminations. According to the atomic force microscopy 

(AFM) data, the polished surface of the Ti substrate after 

mechanical treatment has been characterized by low rough-

ness: medium height (Ra) was ~6.8 nm, and maximal height 

of the isolated defects did not exceed 10–11 nm; average 

roughness within the grain boundaries lied within the range of 

1–2 nm. For the synthesis of coatings, we used titanium (IV) 

chloride (TiCl
4
) of the purity of %98, propargyl alcohol 

(HC≡C−CH
2
OH) of the purity of %98, and carbon tetra-

chloride (CCl
4
) of the purity of %98. As the carrier gas, 

compressed He (purity =99.9999%) has been used.

Synthesis of titano-organic coatings
The synthesis of titano-organic nanostructured coatings on 

the nano-Ti surface has been performed using gas-phase 

setup that provided the surface chemical reactions on the 

nano-Ti surface in the stream of inert gas using ML-ALD, 

as described previously.37 Preliminary chemical treatment 

of the surface was performed at 300°C or 400°C. Support 

surface was treated by CCl
4
 vapors and propargyl alcohol 

that allowed grafting of one layer of the propargyl groups 

onto the substrate surface. Surface chemical reactions were 

performed at 200°C on the nano-Ti substrates after the pre-

liminary chemical pretreatment. Titano-organic groups with 

the triple bonds were fabricated using the reaction between 

active groups on the nano-Ti surface and the corresponding 

low molecular weight compounds, namely TiCl
4
 and propar-

gyl alcohol. Moreover, the amount of the treatment cycles by 

TiCl
4
 and propargyl alcohol determines the length of the syn-

thesized one-dimensional structures. Chemical composition 

of the synthesized structures was studied using ESCALAB™ 

250Xi X-ray photoelectron spectrometer (Thermo Fisher 

Scientific, Waltham, MA, USA). Surface topography (rough-

ness) was studied by AFM (using Solver P47 Pro microscope, 

Optophase, France) in the half-contact mode in air and scan-

ning electron microscopy (SEM) using Zeiss Supra 40VP 

microscope (Carl Zeiss Meditec AG, Jena, Germany) based 

on Interdisciplinary Resource Center (Nanotechnology of 

Saint Petersburg State University). Prior to the cytological 

investigations, all the samples were stored in ethanol (purity 

of 95%). Before in vitro experiments, the samples were 

sterilized using autoclave block at 120.85 C for 1 hour.

Cells
MC3T3-E1 mice osteoblasts were obtained from the Russian 

Cell Culture Collection at the Institute of Cytology of the 

Russian Academy of Sciences (St Petersburg, Russia). Cells 

were grown in CO
2
 incubator (37°C, 6% CO

2
) in DMEM 

supplemented with 10% fetal bovine serum (FBS), 2 mM 

L-glutamine, and antibiotics (100 units/mL penicillin G and 

100 µg/mL streptomycin).

MC3T3-E1 cell viability and proliferation
The cells were incubated with DMEM (control) and Ti 

samples for 1, 6, 12, 24, and 48 hours in a CO
2
 incubator. 

Following incubation, they were washed, and viability was 

assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tet-

razolium bromide (MTT) assay. We used the Vybrant® MTT 

Cell Proliferation Assay Kit according to the manufacturer’s 

protocol (Thermo Fisher Scientific) using photometer Bio-

Rad 680 (Bio-Rad Laboratories Inc., Hercules, CA, USA). 

Cell proliferation was analyzed using crystal violet assay 

following 1, 6, and 12 hours and 1, 2, 3, and 7 days of coin-

cubation on the nontreated and coated nano-Ti samples.

Assessment of cells adhesion
For the analysis of cell adhesion on the Ti samples, MC3T3-E1 

osteoblasts were coincubated on the surface of the samples 

for 24 hours 7 and 14 days in a CO
2
 incubator. The samples 

of control and nanostructured Ti covered by titano-organic 

films were placed in Petri dishes (Nunc®, Thermo Fisher 

Scientific, Waltham, MA, USA) and exposed to the suspen-

sion of the MC3T3-E1 cells at a concentration 6×104/cm2 in 

100 µL of culture medium (nutrient DMEM; Thermo Fisher 
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Scientific) containing 10% FBS (HyClone Laboratories Inc., 

South Logan, UT, USA) and antibiotic mixtures of penicillin/

streptomycin (Sigma-Aldrich Co., St Louis, MO, USA). The 

samples were carefully placed into CO
2
 incubator at 37°C. 

Cultivation of cells on the surface of samples was carried 

out for 24 hours and 7 and 14 days. Following coincubation, 

the culture medium of Petri dishes was removed, and the 

samples were triple washed with phosphate-buffered saline 

(PBS) and fixed in 20-fold volume of 2.5% glutaraldehyde 

(Sigma-Aldrich). Assessment of the coating–cell interac-

tion morphology was performed using SEM. Following 

incubation, the cells were washed with PBS, fixed in 2.5% 

glutaraldehyde in 0.1 M cacodylate buffer (Sigma-Aldrich). 

Evaluation of the cell morphology was performed using scan-

ning electron microscope JSM-35.7 (JEOL, Tokyo, Japan).

Analysis of the cell osteogenic 
differentiation
For the detection of the osteogenic differentiation, we employed 

the analysis of early marker (ie, ALP) and late markers (ie, 

osteopontin and osteocalcin) of differentiation.38–41 Assessment 

was performed following 1 hour and 1, 2, 7, 14, and 28 days of 

MC3T3-E1 cell coincubation with the control and titano-organic 

nanocoated samples in a CO
2
 incubator. Culture medium was 

analyzed for the levels of proteins using Alkaline Phosphatase 

Assay Kit (colorimetric; Abcam, Cambridge, MA, USA), 

Osteopontin N-Half ELISA Kit (Clontech, USA), and Osteocal-

cin Kit (Clontech) according to the manufacturer’s protocol.

Animals and surgical procedure
New Zealand male rabbits were used in the study, which was 

approved by the Animal Ethics Committee at the Pavlov First 

State Medical University of St Petersburg (St Petersburg, 

Russia). The animals were obtained from animal nursery 

“Rappolovo” RAMN (St Petersburg, Russia). The mean 

weight constituted 3.9 kg (±0.45) before surgery. The Ti 

implant constituted 3.5 cm in length and 4.0 mm in diameter 

(Figure S1). Each of the rabbits received one nanograined Ti 

implant in the tibia close to the joint. Following amputation, the 

animals were divided as follows (3 animals per group): con-

trol group with the insertion of the noncoated Ti implant and 

groups 2–6 that received implant samples 1–5, respectively. 

The animals were anesthetized with intramuscular injections 

of fentanyl and fluanisone at 0.5 mL per kg body weight 

and intraperitoneal injections of diazepam (Valium, Roche, 

France) at 2.5 mg per animal. The skin and fascial layers were 

opened and closed separately. The periosteal layer was gently 

pulled away from the surgical area and was not sutured. The 

implants of various modifications were press-fit into the bone 

canal. The animals were kept in separate cages, and imme-

diately after surgery, they were allowed full weight-bearing. 

Follow-up period constituted 8 weeks. After a follow-up 

period, the animals were killed using intravenous injections 

of Pentobarbital®. In the end of the observation following the 

sacrifice of animals, the implant was removed using removal 

torque (RTQ) method to measure the formation of new bone. 

In addition, the surface of the extracted implants was analyzed 

using scanning electron microscope JSM-35.7 (JEOL).

X-ray analysis
Animals’ radiographs (46 kV, 200 mA, 32 ms, Trophy N800 

HF, Fujifilm 24×30 cm2 IP cassette type C, 1 m film-focus 

distance) were taken prior to the surgery and 8 weeks after 

the insertion of the intraosseous Ti implant for the assess-

ment of the position of the latter. The analysis also included 

the measurement of the mean cortical thickness in the 

bone–implant contact zones (distal and proximal ends of the 

implant). Prior to the procedure, the animals were sedated 

by an intramuscular injection of xylazine (1–3 mg/kg) and 

ketamine (10–50 mg/kg) mixture.

RTQ measurements
In the end of the follow-up period, the osseointegration 

strength of the implant was measured by RTQ test in Ncm. The 

RTQ instrument was applied for the assessment of the inter-

facial shear strength between the bone tissue and the implant 

surface. The static torque was applied to the implant at a linearly 

increasing rate of 9.5 Ncm/s as was proposed earlier by Sul.42

Statistical analysis
One- or two-tailed Student’s t-test was used to evaluate the 

differences between the control and experimental groups. 

All data were run using Statistica Version 9.2 for Windows 

(StatSoft Inc., Tulsa, OK, USA). P-values 0.05 were con-

sidered statistically significant for all tests.

Ethical approval
For the animal experiments, the approval was provided by the 

local ethical committee of Pavlov First Saint Petersburg State 

Medical University (St Petersburg, Russia) in accordance 

with institutional guidelines for the welfare of animals and 

in compliance with Directive 2010/63/EU.

Results
Characterization of the titano-organic 
nanostructured coatings
In order to characterize the architecture of the synthesized 

coatings (namely the distance between titano-organic 
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structures and their height and width), we used 1) SEM and 

2) AFM. To evaluate the elemental composition of the sample 

surfaces, we used electron spectroscopy for chemical analysis 

(ESCA). In the current study, we analyzed 5 series (3 samples 

each for every set of the conditions) with the different rough-

ness degrees. ESCA spectrum of the sample 5 (Figure 1) 

indicates the presence of titano-organic groups (Ti, carbon, 

and oxygen) in the nanostructured coating. Table 1 presents 

the elemental composition of the sample. Amount of chlo-

rine (3.42%) can be explained on the one hand by noncom-

pensated biogenic contamination by NaCl and on the other 

hand by the presence of Ti-Cl groups in the coating that was 

not reacted with alcohol due to the steric hindrance. High-

resolution spectra for titano-organic groups (ie, Ti, oxygen, 

and carbon) demonstrated a gradual growth of the response 

intensity of C-C bonds of various multiplicity and C-O with 

subsequent decrease of response intensity of Ti4+ due to the 

gradual coating growth (Figure 2). Figure 3 presents the 

microphotographs of the grain substrate structure of the pol-

ished nano-Ti. Grain size for this nano-Ti was in the range of 

60–80 nm, and the grains had distinct borders; the dislocation 

density was not so high. In addition, we observed the grains 

of the size of 100–120 nm with a high number of the disloca-

tions. According to the data fit, the average grain/subgrain 

size was 100 nm in the nano-Ti samples (Table 2). Figure 4 

and Table 3 summarize the characteristics of nanostructured 

coatings for all 5 samples. In order to adjust microtopography 

(ie, the distance between synthesized nanostructures and their 

size), we selected two parameters for the variations during 

the synthesis: 1) temperature of the surface pretreatment 

(300°C or 400°C); and 2) the number of cycles of the surface 

treatment (10, 15, or 20 cycles). The surface relief for every 

sample was studied at least in 3 points. The roughness was 

evaluated by fitting the AFM data for the 10×10 micron pic-

tures. Gwyddion package was used for this fitting along with 

the specialized packages from Zeiss. SEM and AFM analyses 

of the variation of the nanocoating structural characteristics 

demonstrated significant influence of the temperature change 

on the nanostructure formation. Support treatment at 300°C 

with subsequent ML-ALD growth requires 15 cycles in 

order to get the continuous layer of titano-organic structures. 

Support treatment at 400°C provides full coverage already 

after 10 treatment cycles (Figure 4). Table 3 demonstrates 

the increase in the growth rate for titano-organic nanostruc-

tures with the increase in surface pretreatment from 300°C to 

400°C. Height and size of the nanostructures for 20 ML-ALD 

cycles at 300°C and for 10 ML-ALD cycles at 400°C are 

comparable. Nanostructures form continuous layer with a 

height of 15–35 nm. The distance between titano-organic 

nanostructures varies between 50 and 100 nm (Figure 4). 

The height of nanostructures increases at the increase both 

in temperature and in the number of ML-ALD cycles. Nano-

structure height varies between 5 and 14 nm for sample 1 and 

100–220 nm for sample 5 with the subsequent increase of 

the average roughness of sample surfaces (Table 3). While 

increasing pretreatment temperature from 300°C to 400°C, 

one can observe significant growth of the nanostructures. 

Thus, we observed a 5.7-fold increase in the height for the 

nanostructured samples, treated by ML-ALD for 15 cycles, 

and a 6.3-fold height increase after 20 treatment cycles. 

Temperature increase from 300°C to 400°C leads to a 6-fold 

increase in the thickness. This behavior correlates with the 

activation of the nano-Ti surface at higher temperature that 

leads to the higher titano-organic coating.

Titano-organic coating demonstrates no 
cytotoxic activity toward MC3T3-E1 cells
The assessment of MC3T3-E1 osteoblast cell adhesion 

was carried out using the SEM. It was demonstrated that 

MC3T3-E1 cells adhered to the surface of all the investi-

gated Ti samples (including control sample without surface 

coating) following 24 hours of coincubation (Figure 5A). On 

the 7th and 14th days, respectively, the formation of the cell 

Table 1 The elemental composition of sample 5 according to the 
ESCA data

Name Peak  
BE

FWHM  
eV

Area (P)  
CPS eV

Atomic %

C1s 284.59 1.88 10,241.12 40.27
O1s 530.50 1.92 24,306.03 36.81
Ti2p 459.07 1.53 27,203.27 17.74
Cl2p 198.85 3.02 2,456.61 3.42

Abbreviations: ESCA, electron spectroscopy for chemical analysis; BE, binding 
energy; FWHM, full-width-at-half-maximum; CPS, counts per second.
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Figure 1 Electron spectroscopy for chemical analysis for the identification of 
sample 5 surface elemental composition.
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monolayer was observed for all the samples, and there was 

no change in the cytomorphology of the cells (Figure 5A). 

Evaluation of the MC3T3-E1 cell viability was studied 

using the method of MTT test following coincubation of 

the samples for 1, 6, 12, 24, and 48 hours in CO
2
 incuba-

tor at 37°C, 5% CO
2
. It was found that  MC3T3-E1 cells 

remained viable for the entire duration of incubation on the 

surface of all investigated samples. Significant differences 

in cell viability as compared to control were not detected 

(Figure 5B). Subsequent analysis of the cell proliferation 

using the crystal violet assay demonstrated that nanocoatings 

in samples 2 and 5 slightly decreased the proliferation of the 

osteoblasts (Figure 5C).

Nanotopographic coating of the Ti 
implants increases the osteogenic 
differentiation of the osteoblasts
When the differentiation of MC3T3-E1 cells in the control 

sample was analyzed, we observed a gradual increase in ALP 

levels up to the 7th day of coincubation with subsequent 

decrease till day 28 (Figure 6). Levels of ALP in osteoblasts 

cultured on the surface of the coated samples were different 

from that of controls. Thus, the ALP activity was sharply 

increased within 1 and 2 days as compared to the control 

sample. It was found that following the first day of cultiva-

tion, the highest activity of ALP was observed in cells on 

the surface of sample 5 and was maintained at the same level 

within 2 days of coincubation. The highest levels of the ALP 

activity were detected for the samples 2 and 4. Dynamics of 

changes in the activity of ALP from cells in samples 1 and 3  

was characterized by slow and gradual increase for 2 days 

and the same gradual decline till the 28th day (Figure 6). 

The marker of late differentiation osteopontin was present 

in all the samples in cell culture medium following 7 days 

of coincubation with the MC3T3-E1 osteoblasts (Figure 6). 

However, the dynamics of its accumulation differed for the 

cells cultured on the samples with various surface rough-

ness values. Thus, when cells were cultured on samples 4  

and 5, the level of osteopontin in the culture medium dra-

matically increased after 7 days of cultivation and at day 
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Figure 2 XPS high-resolution C1s (A), O1s (B), and Ti2p spectra (C) of the samples.
Abbreviation: XPS, X-ray photoelectron spectroscopy.
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28 reached the values significantly higher than that for 

samples 1–3 (P0.05). Dynamics of changes in the content 

of osteopontin levels in the culture medium for the samples 

1–3 had an almost linear character (Figure 6). The assess-

ment of another marker for late osteogenesis (osteocalcin) 

clearly demonstrated the importance of the thickness and 

roughness of the implant coating for differentiation of the 

osteoblasts. Thus, the highest levels of the osteocalcin in the 

culture medium were observed when sample 5 was applied 

(average roughness =85.29 nm) with a 1.5-fold increase 

as compared to control Ti on the 14th day of coincubation 

and an almost 2-fold increase on the 28th day (Figure 6). 

The comparable amounts of the osteocalcin levels were 

detected for sample 4 with nanostructured coating of rough-

ness 33.50 nm. In samples 1–3, the osteocalcin levels were 

significantly higher when compared to the uncoated control 

sample, though at the same time significantly lower in com-

parison with samples 4 and 5 (P0.05).

Application of the microtopographic/
nanotopographic coatings improves the 
osseointegration of the implants
Following below-knee amputation, the noncoated or nano-

coated Ti implants were inserted into the bone residuum. 

All rabbits recovered from the procedure without complica-

tions. Within the period of 8 weeks after insertion of the 

implants, there were no complications in the tibia bone (ie, 

bone ulceration and bone thinning) as demonstrated by the 

radiographs (Figure 7A). From the serial radiographs, it was 

clear that there was no axial displacement of the Ti pylon, 

which indicated that the implant inside tibia was well fix-

ated by the process of osseointegration. Subsequent assess-

ment of the cortical layer thickness in the contact zone of 
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Figure 3 Characterization of the noncoated nanograined titanium samples. (A) Microphotograph of grain structure of nanotitanium samples. (B) Scanning electron 
microscopy of the polished titanium surface. (C) AFM reconstruction of the polished surface of nanotitanium with microtopography of the sample surface according to the 
AFM reconstruction.
Abbreviations: AFM, atomic force microscopy; ROI, region of interest.

Table 2 Analysis of the surface of the polished nanotitanium 
according to AFM studies, obtained after processing in the software 
package Gwyddion

Parameter Value

Isolated maximum height (nm) 10.1
Average height of the isolated structures (nm) 6.8
Average roughness (nm) 1.5
Relative standard deviation (%) 10

Abbreviation: AFM, atomic force microscopy.
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bone–implant surface clearly demonstrated increased new 

bone formation in the animals with inserted samples 4 and 5, 

which constituted 1.48±0.18 and 2.3±0.3 mm, respectively 

(Figure 7B). This was further proved with RTQ test that 

clearly demonstrated the increased osseointegration strength 

(Ncm) when samples 4 and 5 were applied – 30.13±3.53 and 

41.97±2.54 Ncm, respectively (P0.001; Figure 7C).

Discussion
In the current study, we applied the method of ML-ALD that 

provided the possibility to efficiently and precisely obtain the 

required surface microtopographic/nanotopographic param-

eters (Figure 4; Table 3). The efficacy of this approach could 

be compared to the currently employed methods includ-

ing anodic oxidation, plasma deposition, chemical vapor 

Table 3 Analysis of the structural characteristics of experimental samples of nanotitanium coated with brush-type titano-organic 
nanostructures according to the AFM and SEM studies

Parameter Sample

Synthesis conditions 1 2 3 4 5
The temperature of the nanotitanium  
surface preparation

300 300 400 400 400

The temperature of synthesis 200 200 200 200 200
The number of processing cycles 15 20 10 15 20
The size of the nanostructure (the width  
along the x-axis), nm

25–100a 50–100b 25–100a 50–100c 50–120d

The height of the nanostructures, nm (Rmax) 5–14 15–35 15–25 30–80 100–220
The distance between the nanostructures 50–100 50–100 50–100 50–100 75–200
Average layer thickness, nm 11 27 20 68 160
Average roughness (Ra) 8.711 11.009 14.355 33.50 85.29

Notes: aA large portion of the nanostructures of size 25 nm; ba large portion of the nanostructures of sizes 50 nm and 100 nm; c40–60 nm (60%) and 90–100 nm (40%); 
d50–70 nm (70%) and 100–120 nm (20%).
Abbreviations: AFM, atomic force microscopy; SEM, scanning electron microscopy.

Figure 4 Analysis of the titano-organic nanostructured coatings. (A) Scanning electron microscopy, (B) 3D-AFM reconstruction and (C) AFM reconstruction, and 
(D) microtopography of the sample surface according to the AFM reconstruction were performed to characterize the surface of samples 1–5.
Abbreviations: AFM, atomic force microscopy; ROI, region of interest.
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deposition, sol–gel synthesis,43 thermal spray deposition, and 

electrostatic spray.31,34 In the series of in vitro experiments, 

we clearly demonstrated that hierarchical microtopographic/

nanotopographic coatings significantly enhanced osteo-

genic cell differentiation of mouse MC3T3-E1 osteoblasts 

(Figures 5 and 6). When proliferation of the osteoblasts was 

analyzed, we observed a decrease of MC3T3-E1 prolif-

eration on sample 5 (Figure 5C). Regarding the correla-

tion between cell growth and osteoblast differentiation, 

Owen et al reported a reciprocal relationship between the 

decrease in proliferation and a subsequent induction of 

differentiation.44 Similar results were previously reported by 

Tran et al when varying PDMS and tantalum ethoxide ratios 

resulted in coatings of different surface textures ranging 

from smooth to submicrostructured and nanostructured.45 

Strikingly, hierarchical surfaces containing both microscale 

(1–1.5 μm) and nanoscale (86–163 nm) particles synthesized 

with 20% and 40% (v/v) tantalum ethoxide significantly 

improved the performance of implants.45 In another study 

involving nano–micro Ti implant surface treatment in beagle 

humerus, the more bone was formed when the nano–micro 

surface was employed.46 Thus, the nanopatched topography 

induces increased expression of the osteogenic markers 

of the MSCs in comparison with the control surfaces as 

related to bone morphogenetic protein receptor type II, ALP, 

osteocalcin, osteopontin, RUNX2, and mRNA levels.21,26,47,48 

Also, as shown by Tsimbouri et al, highly ordered nano-

topography supported the expression of skeletal stem cell 

enrichment markers STRO1, HOP26, and ALCAM.21 The 

authors, using the fluorescence in situ hybridization, also 

reported the increased territorial shifts of chromosome 1 

with respect to the nucleus.21

Figure 5 In vitro analysis of the MC3T3-E1 cells interaction with titano-organic coatings. (A) Scanning electron microscopy of the cells following 24 hours and 7 and 14 days 
of coincubation on the surface of the control and coated titanium samples. For the first column the scale bar, 100 nm. For the middle and last column scale bar, 10 μm. 
(B) MTT analysis of the cell viability following coincubation with control and coated samples for 1, 6, and 12 hours and 1 and 2 days. Each value represents mean ± SD from 
three independent experiments. (C) Assessment of the cell proliferation for 1, 6, and 12 hours and 1 and 2 days using crystal violet assay. Each value represents mean ± SD 
from three independent experiments.
Note: *P0.05.
Abbreviation: MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide.
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Figure 6 Assessment of the MC3T3-E1 cell differentiation. Analysis of the production of alkaline phosphatase, osteopontin, and osteocalcin proteins in culture medium 
was performed after 1 hour and 1, 2, 7, 14, and 28 days of cell coincubation on the surface of control and coated samples. Each value represents mean ± SD from three 
independent experiments.
Note: *P0.05.

Subsequent in vivo studies in a model of below-knee 

amputation in New Zealand rabbits confirmed the enhanced 

osseointegrative properties of the microtopographic/

nanotopographic coatings (Figure 7). Increased new bone 

formation in the zone bone–implant surface as well as cor-

responding improved osseointegration strength (as measured 

by RTQ test) were observed in the animals with inserted 

samples 4 and 5 with microtopography/nanotopography 

Figure 7 (Continued)
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(Figure 7B and C). These obtained in vivo data are compa-

rable with previously published reports.13,42

Further improvement in the biological perfor-

mance of the implants could be achieved through 

the application of the bioactive ions, bioligands, and 

inorganic or organic molecules (ie, polysaccharides 

including glycosaminoglycans).49,50 In the study by Wang 

et al, hierarchical microtopographies/nanotopographies 

containing bioactive ions Ca(2+) and Mg(2+) were analyzed 

in the series of in vitro experiments.51 Thus, MC3T3-E1 

cells grown onto microstructured/nanostructured surface 

with Ca(2+) implantation exhibited significantly higher 

differentiation levels of ALP activity and mineralization 

compared with that on microstructured/nanostructured 

surface with Mg(2+) implantation indicating the impor-

tance of the chemical composite.51 In another study by Sul, 

it was shown that fluorinated TiO(2) nanotube implants 

in rabbit femurs demonstrated significantly increased 

osseointegration strengths (41 vs 29 Ncm; P=0.008) and 

new bone formation (57.5% vs 65.5%; P=0.008) compared 

with control implants.42 Application of the peptides or pro-

teins that induce the osteogenic differentiation could also 

be an option for optimization of the implant surface.52–55 

Thus, Gly-Arg-Gly-Asp-Ser peptide on titanium dioxide 

nanotubes increased MG-63 cell spreading, proliferation, 

and differentiation.52

Conclusion
The results of the in vitro studies clearly demonstrated 

that fabrication of the hierarchical microtopographic/

nanotopographic coatings on the nanograined Ti implants 

significantly improves MC3T3-E1 osteoblast osteogenic 

differentiation. Subsequent in vivo studies in a clinically 

relevant in vivo model of the below-knee amputation 

shows that the application of the Ti implant which had the 

combination of the microstructured and nanostructured 

coatings results in enhanced osseointegration. The obtained 

nanotopographic parameters could be further employed in 

both translational and clinical studies in orthopedic and 

reconstructive surgery.
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Figure 7 In vivo evaluation of the microtopographic/nanotopographic coated titanium implants. (A) Radiographs of the control and nanocoated titanium implants 8 weeks 
following operation. Representative SEM images of the extracted implants surface are presented. Scale bar, 25 μm. (B) Corical layer thickness (mm) in the zone of the 
bone–implant contact. Data are presented as mean ± SD. (C) Osseointegration strength for the control and experimental animals. Data are presented as mean ± SD.
Note: ***P0.001.
Abbreviation: SEM, scanning electron microscopy.
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