
Electronic Supplementary Material (ESI) for RSC Advances.

This journal is © The Royal Society of Chemistry 2020

Supplementary Material (ESI) for RSC Advances

This journal is (c) The Royal Society of Chemistry 2020

Electronic Supplementary Information

The influence of the titania morphology and hydroxyapatite on the proliferation and 
osteogenic differentiation of human mesenchymal stem cells

Yauheni U. Kuvyrkoua, b, Nadzeya Brezhnevac, Ekaterina V. Skorbd, Sviatlana A. Ulasevich*d

aRepublican Scientific and Practical Center of Transfusiology and Medical Biotechnologies, 
Dolginovskiy tract 160, 220053 Minsk, Belarus

bBelarusian State Technological University, Sverdlova str. 13a, 220006 Minsk, Belarus

cChemistry Department, Belarusian State University, Leningradskaya str. 14, 220030 Minsk, 
Belarus

dITMO University, Lomonosova str. 9, 191002 St. Petersburg, Russia. E-mail: 
saulasevich@itmo.ru

Corresponding author. E-mail: saulasevich@itmo.ru

Electronic Supplementary Material (ESI) for RSC Advances.
This journal is © The Royal Society of Chemistry 2020

mailto:saulasevich@itmo.ru
mailto:saulasevich@itmo.ru


We have chosen the titanium dioxide nanotubes modified by hydroxyapatite (TNT-HA) as 
the most convenient system to compare the energy dispersive X-ray spectrometer (EDS) method 
and the Glow Discharge Optical Emission Spectroscopy (GDOES). The energy-dispersive X-ray 
spectroscopy (EDS) was done using Hitachi SU-70 microscopes coupled with a Bruker EDS 
detector at an operating voltage of 15 kV. The GDOES method allows to estimate the coating 
composition profile across the formed layer. In GDOES, the samples act as one of the electrodes 
of the plasma and are supposed to close the plasma chamber1–3. The samples were mounted with 
copper tape to cover the anode. The anode diameter was of 4 mm. Analyses were performed in a 
nitrogen atmosphere at a pressure of 650 Pa and at a constant power of 30 W. The depth profile 
was made via the continuous process of sputtering through a sample at the rate of 3 µm. The depth 
and layer thickness were calculated relying on the use of profilometers to accurately provide the 
mandatory depth information. As can be seen from Fig. S1b, the content of calcium and phosphorus 
near the surface region is higher than inside of the nanotubes. The EDS profile of TNT-HA shows 
a similar tendency. Thus, we can use these two methods for analysis the depth profile.

Fig. S1. a) SEM image (cross-section) of titania nanotubes modified by hydroxyapatite (TNT-HA); 
b) The GDOES  depth profile of TNT-HA. The profile was measured along the blue arrow; c) EDS 

profile of TNT-HA. The profile was measured along the red arrow.

The osteogenic differentiation of hMSCs have been analysed by a reverse 
transcription-quantitative polymerase chain reaction in real-time (RT-qPCR). The 
expression of the osteocalcin gene, a specific marker for the osteogenic differentiation of 
stem cells, and the alkaline phosphatase gene is determined by RT-qPCR.

After 14 days of culture, the cells were lysed and total RNA was isolated by TRI-
reagent. The RNA samples were treated with DNAse and reverse-transcribed using 
Revertaid Reverse Transcriptase according to the program: 25°С for 10 min, 50°С for 
30 min, 85°С for 5 min. The RT-qPCR allows comparing gene expression quantitatively. 
The RT-qPCR was carried out using a thermocycler for analysing the expression of runt-
related transcription factor 2 (RUNX2), C-MYC, alkaline phosphatase (ALP), collagen type 



I (COL I), osteocalcin (OCN), osteopontin (OSP), protein tyrosine kinase 2 (PTK2), 
extracellular signal-regulated kinase 1/2 (ERK 1/2), cell-cycle-related transcription factor 
(E2F1), retinoblastoma-associated protein (RB), cyclin-dependent kinase 6 (CDK6), cyclin 
D1, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) genes. Primer sequences and 
amplicon sizes produced by PrimeTech (Belarus) for these genes were following: ALP 
forward primer 5’-ACAACTACCAGGCGCAGTCT-3’, ALP reverse primer 5’-
CAGAACAGGACGCTCAGG-3’, 260 bp; COL I forward primer 5’-
TGCTCGTGGAAATGATGGTG-3’, COL I reverse primer 5’-
CTTCACCCTTAGCACCAACAG-3’, 104 bp; OSC forward primer 5’-
GCCCTCACACTCCTCGCC-3’, OSC reverse primer5’-CTACCTCGCTGCCCTCCTG-3’, 
130 bp; OSP forward primer 5’-ACAGCCGTGGGAAGGACAGT-3’, OSP reverse primer 5’- 
GACTGCTTGTGGCTGTGGGT-3’, 76 bp; RUNX 2 forward primer 5’-
CAGACCAGCAGCACTCCATA-3’, RUNX 2 reverse primer 
CAGCGTCAACACCATCATTC-3’, 178 bp; C-MYC forward primer 5’-
TTTCTACTGCGACGAGGAGG-3’, C-MYC reverse primer 5’- 
GGCAGCAGCTCGAATTTCTT-3’, 105 bp; PTK 2 forward primer 5’-
GTCTGCCTTCGCTTCACG-3’, PTK 2 reverse primer 5’- GCCGAGATCATGCCACTC-3’, 
92 bp; ERK 1 forward primer 5’-CCCTAGCCCAGACAGACATC-3’, ERK 1 reverse primer 
5’- GCACAGTGTCCATTTTCTAACAGT-3’, 94 bp; ERK 2 forward primer 5’-
TCTGCACCGTGACCTCAA-3’, ERK 2 reverse primer 5’- GCCAGGCCAAAGTCACAG-3’, 
78 bp; E2F1 forward primer 5’-CACTTTCGGCCCTTTTGCTC-3’, E2F1 reverse primer 5’- 
GATTCCCCAGGCTCACCAAA-3’, 212 bp; RB forward primer 5’- 
TTTGTAACGGGAGTCGGGAG-3’, RB reverse primer 5’- ATCGAACTGCTGGGTTGTGT-
3’, 648 bp; CDK6 forward primer 5’-CGGAGAGAGTGCTGGTAACTC-3’, CDK6 reverse 
primer 5’-CCTCGAAGCGAAGTCCTCAA-3’, 204 bp; cyclin D1 forward primer 5’-
ACACGGACTACAGGGGAGTTT-3’, cyclin D1 reverse primer 5’- 
GGAAGCGGTCCAGGTAGTTC-3’, 473 bp; GAPDH forward primer 5’-
TCAAGGCTGAGAACGGGAA-3’, GAPDH reverse primer 5’-TGGGTGGCAGTGATGGCA-
3’, 376 bp. GAPDH served as a house-keeping gene, and the expression of the genes of 
interest was normalized to GAPDH expression. For the quantification of gene expression, 
2-ΔΔСТ-method was used4-5. The relative transcript level was represented as mean ± 95% 
confidence interval (n = 3 for each group) for plotting the graphs. Statistical analysis was 
carried out using GraphPad Software.

In general, differentiation is a process of turning undifferentiated cells into 
specialized cells of tissue or blood. It is a difficult multistage process. At the various stages 
of differentiation, cells are characterized by various markers. Osteocalcin (OSC) is a specific 
marker for the osteogenic differentiation of stem cells. Osteocalcin, produced by 
osteoblasts, is only in bone tissue and dentine6-8. Cells don’t produce inorganic substances. 
Indirectly, alkaline phosphatase can be used for the evidence of extracellular mineralization. 
Alkaline phosphatase hydrolyzes the phosphate esters and takes a central part in skeletal 
mineralization9,10. 

In this paper, we demonstrate the expression of the osteocalcin gene and alkaline 
phosphatase gene by RT-qPCR to prove the osteogenic differentiation of stem cells.
Human AB group serum was previously reported to maintain the differentiation of hMSCs into the 
osteogenic direction9,10. Collagen type I is the most abundant protein in bone tissue11. It forms more 
than 90 % of the organic part of bone tissue37. Alkaline phosphatase hydrolyzes the phosphate 
esters and takes a central part in skeletal mineralization38. A lot of alkaline phosphatase is located 
in bone tissue and this enzyme hydrolyzes the phosphate esters and takes a central part in 
skeletal mineralization11. Osteocalcin is systematically utilized as a marker for the advent of 
osteogenic commitment as it is manifested by osteoblasts after the proliferation9. Collagen 
type I is the most abundant protein in bone tissue36. It forms more than 90 % of the organic 
part of bone tissue12. Alkaline phosphatase hydrolyzes the phosphate esters and takes a 
central part in skeletal mineralization13. A lot of alkaline phosphatase is located in bone 
tissue and this enzyme provides the mineralization exchange14. Cells do not produce 
inorganic substances. Consequently, alkaline phosphate can indirectly be used for the 
detection of extracellular mineralization. Osteocalcin is systematically utilized as a marker 
for the advent of osteogenic commitment as it is manifested by osteoblasts after the 



proliferation14. Osteocalcin is found in bone tissue and dentine14-15. Thus, osteocalcin is a 
unique marker for the osteogenic differentiation of stem cells. Osteopontin is a calcium 
binding non-collagenous protein of bone tissue which contains the tripeptide sequence of 
arginine, glycine, aspartic acid (RGD) facilitating the focal adhesion of cells via integrin 
attaching15-16. 

Here, we demonstrate the expression of these genes by RT-qPCR to prove the 
osteogenic differentiation of hMSCs (Fig. S2). 

Fig. S2. Expression of critical osteoblast genes after 14-day incubation of mesenchymal stem 
cells on interfaces. (a) - alkaline phosphatase (ALP), (b) – osteocalcin (OCS), (c) – osteopontin 

(OSP), (d) – collagen I type (COL I). * - p < 0.05, n = 3. Abbreviations: Ti –smooth titanium 
surface in medium without osteogenic factors (negative control); Ti + OsteoF – smooth titanium 

surface in osteogenic medium (positive control); TNT – titania nanotubes in medium without 
osteogenic factors; TMS – titania mesoporous surface in medium without osteogenic factors; 

TNT-HA – titania nanotubes with hydroxyapatite in medium without osteogenic factors; TMS-HA 
– titania mesoporous surface with hydroxyapatite in medium without osteogenic factors.

There is no difference in MTT-assay absorbance after 24 h of cultivation. However, in 5 
days the hMSCs cultured on the TNT and TNT-HA have grown faster than on the TMS and TMS-
HA, respectively. Although MTT-assay absorbance looks almost at the same level, there is a 



statistically significant difference between TMS-HA and TNT-HA compared to TMS and TNT, 
respectively (Fig S3).

Fig.S3. MTT-assay absorbance of formazan formed by mesenchymal stem cells on titanium (Ti), 
titania nanotubes (TNT), titania mesoporous surface (TMS), titania nanotubes with hydroxyapatite 
(TNT-HA), titania mesoporous surface with hydroxyapatite (TMS-HA) after 24 hours and 5 days 

of incubation. *- p < 0.05, n = 4.

We highlight that the highly ordered surface morphology (TNT, TNT-HA) is preferable for 
proliferation, whereas the disordered morphology (TMS and HA-TMS) is better for the osteogenic 
differentiation of the hMSCs. But in which point is a functional state of hMSCs shifted from the 
proliferation to the osteogenic differentiation?

C-MYC is a pivotal regulator of cellular growth and proliferation. The up-regulation of C-
MYC enhances cellular self-renewal and proliferation, inhibits cellular differentiation, and contracts 
the focal adhesion of cells. On the contrary, the down-regulation of C-MYC leads to the inhibition 
of cellular self-renewal and proliferation, the stimulation of cellular differentiation, and the 
enlargement of focal adhesion of cells17. C-MYC has been characterized as a marker gene for 
mesenchymal stem cell and osteoblast growth18. Fig. S4 reflects the gene expression of C-MYC 
inside hMSCs on the ordered and disordered interfaces at different time points. The up-regulation 
of C-MYC enhances cellular self-renewal and proliferation, inhibits cellular differentiation, and 
contracts the focal adhesion of cells. On the contrary, the down-regulation of C-MYC leads to the 
inhibition of cellular self-renewal and proliferation, the stimulation of cellular differentiation, and the 
enlargement of focal adhesion of cells17. In 3 day, Fig. S4 shows the increase of C-MYC expression 
inside the hMSCs cultured on the disordered TMS and TMS-HA compared to hMSCs grown on the 
smooth Ti. Based on the data, the proliferation of hMSCs on the disordered TMS and TMS-HA can 
be stimulated for 5 days, and then it can be inhibited. A sustained increase of C-MYC expression 
inside hMSCs in 5 days is observed on the ordered TNT and TNT-HA. Such dynamics of C-MYC 



gene expression can point at the proliferation of hMSCs on the ordered TNT and TNT-HA by 5-th 
day. 

Fig. S4. Dynamics of C-MYC gene expression in mesenchymal stem cells on titania nanotubes 
(TNT) (a), titania mesoporous surface (TMS) (b), titania nanotubes with hydroxyapatite (TNT-HA) 

(c), titania mesoporous surface with hydroxyapatite (TMS-HA) (d). * - p < 0.05, n = 3.

RUNX 2 is another principal transcription factor for the osteogenic differentiation of stem 
cells. RUNX 2 plays the regulatory role in passage from the self-renewal to the osteogenic 
differentiation of stem cells19-22. The gene expression of RUNX2 inside hMSCs on the ordered and 
disordered interfaces at different time points is detailed in Fig. S5. The same transcript level of 
RUNX2 inside hMSCs on the ordered TNT and TNT-HA and polished smooth Ti shows the absence 
of stem-cell differentiation into the osteogenic direction. Compared to the smooth Ti, the gene 
expression of RUNX2 inside hMSCs on the disordered TMS and TMS-HA is changed in a wave 
manner from 1 to 14 days. And there is a significant increase of RUNX-2 on 5-th and 7-th days. 
Thus, on 5-th day there is C-MYC gene expression decrease accompained by increase of RUNX2 
in cells cultivated on the disordered TMS and TMS-HA. As a result, the osteogenic differentiation 
of hMSCs can be triggered. The transitional point between the proliferation and osteogenic 
differentiation of hMSCs is 5-th day. However, the up-regulation of RUNX-2 is not stable and is 
gradually fallen to its transcript level, which is inside hMSCs on the smooth Ti. The alteration of 
RUNX 2 gene expression in a temporally wave manner indicates that the impact of RUNX2 on the 
osteogenic transcription regulation depends on the stage of stem-cell differentiation into the 
osteogenic direction. The up-regulation of RUNX2 at the early stage of osteogenic differentiation 
is connected to the increased expression of bone-tissue genes, in particular osteocalcin, alkaline 
phosphatase, osteopontin, collagen I type, inside hMSCs on the disordered TMS and TMS-HA at 



day 14 (Fig. S2). On the other hand, the down-regulation of RUNX2 is coincided with the absence 
of bone-tissue gene induction inside hMSCs by ordered TNT and TNT-HA at 14-th day (Fig. S2).  

The MTT-assay data (Fig. 4, ESI Fig. S3) correspond to the C-MYC gene (ESI, Fig. S4) 
and RUNX2 (ESI, Fig. S5) analysis. Based on these data, we can conclude that the proliferation of 
hMSCs is higher on ordered TNT and TNT-HA than on the disordered TMS and TMS-HA. It could 
be explained by different cell behaviour on these samples. For example, the hMSCs only proliferate 
on the ordered TNT and TNT-HA. Whereas the hMSCs on the disordered TMS and TMS-HA not 
only proliferate till 5-th day but also differentiate into the osteogenic direction after 5 days.  The 
presence of the raised C-MYC gene expression inside hMSCs on all the mesoporous interfaces 
(ESI, Fig. S4) corresponds with the fact of the hMSC division process. 

Fig. S5. Dynamics of RUNX 2 gene expression in mesenchymal stem cells on titania nanotubes 
(TNT) (a), titania mesoporous surface (TMS) (b), titania nanotubes with hydroxyapatite (TNT-HA) 

(c), titania mesoporous surface with hydroxyapatite (TMS-HA) (d). * - p < 0.05, n = 3.

Mechanotransduction clarifies how cells process mechanical information of a shape 
alteration into the response. The osteogenic differentiation of stem cells is accompanied with 
turning the spindle-like cytoskeletal shape of hMSCs into the star-like cytoskeletal shape of 
osteoblasts. Consequently, the change of stem-cell cytoskeletal shape on these interfaces in the 
absence of osteogenic inductors can indicate mechanotransduction processes. Changes in matrix 
morphology trigger alterations in the tension of the cytoskeleton components in such a way that 
mechanical forces can be propagated from focal adhesion to the nuclei directly resulting in a 
transformation of the nucleus shape, chromosomal arrangement, and genes expression involved 



in stem-cell self-renewal and differentiation. Moreover, the changes in focal adhesion, caused by 
a matrix surface morphology stimulus, impact biochemical signaling, that mediates the transcript-
factor regulation of gene expression. The more amount of integrins between a cell and a substrate 
is, the stronger the focal adhesion is.

The Focal adhesion kinase (FAK), also known as protein tyrosine kinase 2 (PTK2), is 
encoded by the PTK 2 gene. FAK localizes to focal adhesion and regulates signaling in focal 
adhesion. The principal components of the focal adhesion are integrins, which are αβ heterodimers, 
regulating the cell-matrix interaction23. In addition, the density of hMSCs influences their 
differentiation through N-cadherins which regulate the cell-cell interaction24, 25.

Mitogen-activated protein kinases (MAPKs) is offered to be a switcher to guide alterations 
in the self-renewal and differentiation of mesenchymal stem cells. Descending cellular adhesion 
signalling is the MAPK extracellular signal-related kinase1/2 (ERK1 (MAPK3)/ERK2 (MAPK1)) that 
are a crucial controller of self-renewal and are likewise investigated for their function in 
phosphorylation of transcription factors regulating stem-cell differentiation26,27. Fig. S6 highlights 
the RT-qPCR analysis of regulatory transcription genes, which are PTK2, ERK1/2, after 5-day 
incubation of hMSCs on the Ti, TNT, TNT-HA, TMS, TMS-HA.

Fig. S6. Expression of regulatory transcription genes after 5-day incubation of mesenchymal stem 
cells on interfaces. (a) – protein tyrosine kinase 2 (PTK2), (b) – extracellular signal-regulated 

kinase 1 (ERK1), (c) – extracellular signal-regulated kinase 2 (ERK2). * - p < 0.05, n = 3. 
Abbreviations: Ti – smooth titanium surfaces; TNT – titania nanotubes; TMS – titania mesoporous 
surface; TNT-HA – titania nanotubes with hydroxyapatite; TMS-HA – titania mesoporous surface 

with hydroxyapatite.



Fig. S7 details the gene expression of cyclin D1 and CDK6 in hMSCs on the ordered 
morphology of the implant interfaces. Due to the low cytoskeletal tension, cytoplasmic-nuclear Yes-
associated protein (YAP) equilibrium is sustained. Mitogenic switches, notably ERK1/2, can guide 
the cell cycle to support cellular growth by shifting the cycle to prolonged G1 and reduced G2 
phases, henceforth potentially suppressing osteogenic differentiation24, 28–31. Along with that, 
weaker focal adhesion related to the smooth titanium surface gives the less proliferation of hMSCs.

Fig. S7. Gene expression of cyclin-dependent kinase 6 (CDK6) and cyclin D1 in mesenchymal 
stem cells on ordered titania nanotubes (TNT) (a, b) and titania nanotubes with hydroxyapatite 

(TNT-HA) (c, d). * - p < 0.05, n = 3.

The RB phosphorylation takes part in delaying progression to the S phase and triggering 
RUNX2. The down regulation of the cell-cycle-related transcription factor (E2F1) likewise represses 
the transition from the G1 to the S phase. Fig. S8 details the gene expression of RB and E2F1 in 
hMSCs on the disordered morphology of the implant interfaces.



Fig. S8. Gene expression of cell-cycle-related transcription factor (E2F1) and retinoblastoma-
associated protein (RB) in mesenchymal stem cells on disordered titania mesoporous surface 

(TMS) (a, b) and disordered titania mesoporous surface with hydroxyapatite (TMS-HA) (c, d). * - 
p < 0.05, n = 3.

Mechanotransduction clarifies how cells process mechanical information of a phenotype 
alteration into the response. The implant interfaces of interest differ from each other in only their 
morphology. The osteogenic differentiation of stem cells is accompanied with the change of stem-
cell phenotype. In our experiments, we have observed turning the spindle-like cytoskeletal shape 
of hMSCs into the star-like cytoskeletal shape of osteoblasts on the disordered titania morphology 
of implant interfaces and fig. S2-S8 has been demonstrated the increased expression of critical 
osteoblast genes, that are osteocalcin, alkaline phosphatase, osteopontin, collagen type I, during 
the incubation of hMSCs on these implant interfaces. In another way, the hMSCs maintain the 
spindle-like cytoskeleton shape on the ordered titania morphology of implant interfaces and Figs. 
S2-S3 have been reflected hMSCs culture growth which is better on these implant interfaces. In 
addition, as it is seen in Fig. S2, there is not a difference in the gene expression of osteocalcin, 
alkaline phosphatase, osteopontin, collagen type I, when hMSCs have been incubated on the 
ordered titania morphology of implant interfaces. Figs. S4-S8 have been underlined that the 
expression of regulatory transcription genes, in particular RUNX 2, C-MYC, PTK 2, ERK 1/2, E2F1, 
RB, CDK6, Cyclin D1, inside hMSCs is distinguished on the ordered and disordered titania 
morphology of implant interfaces. Consequently, the change of stem-cell phenotype on these 
interfaces in the absence of the chemical inductors can indicate mechanotransduction processes.
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