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1. Introduction

The increased life expectancy of humankind has encouraged 
the medical device industry to develop functional devices that 

Despite the potential of small-scale pillars of black titanium (bTi) for killing the 
bacteria and directing the fate of stem cells, not much is known about the effects 
of the pillars’ design parameters on their biological properties. Here, three 
distinct bTi surfaces are designed and fabricated through dry etching of the 
titanium, each featuring different pillar designs. The interactions of the surfaces 
with MC3T3-E1 preosteoblast cells and Staphylococcus aureus bacteria are then 
investigated. Pillars with different heights and spatial organizations differently 
influence the morphological characteristics of the cells, including their spreading 
area, aspect ratio, nucleus area, and cytoskeletal organization. The preferential 
formation of focal adhesions (FAs) and their size variations also depend on the 
type of topography. When the pillars are neither fully separated nor extremely 
tall, the colocalization of actin fibers and FAs as well as an enhanced matrix min-
eralization are observed. However, the killing efficiency of these pillars against 
the bacteria is not as high as that of fully separated and tall pillars. This study 
provides a new perspective on the dual-functionality of bTi surfaces and eluci-
dates how the surface design and fabrication parameters can be used to achieve 
a surface topography with balanced bactericidal and osteogenic properties.

outlive the patients. In this regard, bone 
implants require a long list of properties 
and functionalities to serve their purpose 
most properly. In addition to primary sta-
bility[1,2] and bone-matching mechanical 
properties,[3] bone implants need to be 
designed in such a way to promote host 
tissue regeneration and integration with 
the implant (i.e., osteoinduction and osse-
ointegration),[4–6] as well as to combat 
implant-associated infections (IAIs),[7–9] as 
one of the main causes of implant failure.

Developing designer biomaterials with 
better control over their biological prop-
erties and interactions with their host is 
proven crucial for enhancing the perfor-
mance of implantable medical devices.[10] 
Yet achieving the optimal biological prop-
erties and controlling the interactions of 
bio-organisms with the biomaterial are 
highly dependent on the surface prop-
erties.[11–14] For instance, enhancing cell 
adhesion, cell growth,[15,16] and the desired 

differentiation of stem cells[17,18] are among the steps required 
to optimize the osseointegration of implants. Similarly, pre-
venting IAIs through the eradication of the adherent bacteria 
and the aversion of biofilm formation play important roles in 
this regard.[19] To this aim, exploiting the advances in surface 
modification techniques is a necessity to achieve those rare or 
unprecedented properties as the surface is the frontline where 
the success of a biomaterial is determined. Due to the compli-
cations associated with the use of antibacterial agents[20,21] and 
growth factors,[22] including the high cost and resistance devel-
opment by bacterial strains, the focus has largely shifted to the 
physical alterations of the surface.

Given the fact that the physical small-scale features of the 
surface play a vital role both in directing stem cells fate and 
resisting the bacterial colonization,[11] the optimization of these 
features in terms of shape and geometry, dimensions, and spa-
tial arrangement is of high importance.[23,24] The adhesion of 
mammalian cells to the surface is facilitated via their trans-
membrane proteins, including integrins that act mechanically 
to bind the cell to its extracellular matrix (ECM).[25] The forma-
tion of focal adhesions (FAs) links the cell cytoskeleton to these 
integrin clusters and functions as a bridge for transferring 
physicomechanical stimuli (e.g., mechanical forces) from ECM 
to the nuclei. These complex and dynamic processes result in 
different interpretations of various surface topographies by the 
cells and may upregulate the expression of specific proteins 

© 2021 The Authors. Small published by Wiley-VCH GmbH. This is an 
open access article under the terms of the  Creative Commons Attribu-
tion-NonCommercial License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited and 
is not used for commercial purposes.

Small 2021, 17, 2100706

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202100706&domain=pdf&date_stamp=2021-05-12


2100706 (2 of 15)

www.advancedsciencenews.com

© 2021 The Authors. Small published by Wiley-VCH GmbH

www.small-journal.com

in certain cell lines.[26,27] Therefore, even subtle variations in 
the roughness,[28] geometry,[29] and dimensions of the physical 
features of the implant surface[30,31] may substantially impact 
the cell behavior. The recent advancements in nano-/microfab-
rication techniques have facilitated the fabrication of precisely 
controlled surface topographies, also known as surface pat-
terns,[29] which are capable of inducing osteogenic differentia-
tion in stem cells.[32–34] The effects of different length scales on 
the osteogenic properties of the patterns is, however, not yet 
fully comprehended as contradictory effects have been reported 
for the different relevant length scales in the literature.[33,35,36] 
Furthermore, one cannot easily correlate the short-term effects 
of patterns on cell morphology, spreading area, expression of 
FAs, and cytoskeleton organization with their long-term effects 
on the expression of osteogenic markers and matrix minerali-
zation. Despite the vast efforts in the recent years, the list of 
unknowns remains long because there are a plethora of design 
parameters (e.g., geometry and arrangement), each imposing 
their influence on cells besides the complexity of cell structure 
and its intracellular pathways, which are not thoroughly under-
stood till now.[23,37]

On the other hand, inspired by the unique naturally occur-
ring structures,[38–40] synthetic bactericidal surface patterns have 
emerged with different geometries and dimensions.[41] Patterns 
that lie within a specific range of dimensions have been shown 
to mechanically kill different types of bacteria through a combi-
nation of different mechanisms.[24,42,43]

Among numerous nano-/microfabrication techniques, reac-
tive ion etching (RIE) is a simple and fast technique for cre-
ating an engineered surface topography.[44] RIE works based 
on dry chemical etching and physical ion bombardment 
of the surface. Ivanova et  al. used RIE to create high aspect 
ratio nanopillars on a silicon substrate and studied their bac-
tericidal properties for the first time.[45] The killing efficiency 
of the so-called black silicon (bSi, due to its black appear-
ance) against both Gram-negative and Gram-positive bacteria 
was comparable to naturally occurring bactericidal surfaces. 
Ever since, many studies have investigated the effects of the 
height and density of nanopillars on the bactericidal proper-
ties of bSi, as well as the involved killing mechanisms.[46,47] 
Later on, Hasan et  al. successfully fabricated similar nanopil-
lars on a titanium substrate (a more relevant choice of material 
for orthopedic applications) using inductively coupled plasma 
RIE (ICP RIE).[48] They showed that bTi is as effective as bSi 
in killing the bacteria. Moreover, not only did bTi support the 
attachment and proliferation of human mesenchymal stem 
cells (hMSCs) but also displayed a synergistic effect in stimu-
lating the osteogenic differentiation of cells together with the 
osteogenic culture medium. So far, all the mentioned studies 
have produced bSi and bTi under identical conditions and have 
only changed the etching time as a variable to achieve different 
pillar lengths, whereas the geometry and organization of the 
pillars have been quite comparable in those studies. Recently, 
the effects of all the processing parameters of ICP RIE on the 
physicomechanical characteristics of the resulting bTi nano-
structures have been systematically studied.[44] Changing other 
processing parameters, such as the chamber pressure and 
temperature can also be used to fabricate distinct nanostruc-
tured surfaces.

Due to the remarkable structural and biological differences 
between mammalian and bacterial cells, designing a patterned 
surface that fulfills dual functionality is quite challenging. In 
this regard, bTi seems to be a very promising biomaterial for 
future clinical applications, given that it holds the potential for 
narrowing down the gap between osteogenic and bactericidal 
patterns as the essential step in developing cell-instructive bio-
materials. However, there are still many unknowns about the 
behavior of cells interacting with bTi nanopillars and how their 
long-term osteogenic response is related to their short-term 
responses (e.g., morphology, spreading area, the formation of 
FAs, etc.).

In the present study, we provide a new perspective on the 
dual-functionality of different bTi surfaces with the ultimate 
aim of devising a guideline for the application of bTi. We 
hypothesized that the viability and fate of bacteria and mamma-
lian cells are significantly affected by the processing parameters 
of bTi surfaces and the geometrical characteristics of the pillars 
covering them. By adjusting the various ICP RIE processing 
parameters, we produced different types of bTi surfaces in our 
preliminary studies and selected three out of those that repre-
sent a gradual deviation from the flat Ti surface. These three 
types of bTi are distinct in terms of the height and spatial 
organization of their pillars. To answer the research question, 
cytocompatibility, morphological characteristics, the formation 
of FAs, and the osteogenic response of MC3T3-E1 preosteo-
blast cells cultured on these three different bTi surfaces, were 
quantitatively analyzed and the relationships between them 
were discussed. Furthermore, the bactericidal properties of the 
same bTi surfaces against Staphylococcus aureus bacteria (as the 
main relevant infectious pathogen involved in IAIs) were evalu-
ated to enable the possible identification of a bTi surface with 
the desired dual-functionality and to shed light on the possible 
killing mechanism of the studied surfaces.

2. Results

2.1. Physicochemical Characterization of bTi Surfaces

All Ti surfaces appeared black after the completion of the 
etching process as expected, due to the light absorption within 
the fabricated structures.[45,48] Scanning electron microscopy 
(SEM) observations showed that three types of surface topog-
raphy had been created on Ti (Figure  1A). These were distin-
guishable based on their geometry and spatial organization, by 
changing two processing parameters, namely chamber pressure 
and temperature. The Ti surface topography changed from the 
polished flat surface (Figure S1A, Supporting Information) due 
to the formation of pillar-shaped structures on the surface. A 
temperature of 0 °C and a chamber pressure of 4.0 Pa resulted 
in closely-packed and short pillars, mainly connected to each 
other at the tip, hence resembling a porous-like surface when 
viewed from the top. This type of bTi is, therefore, referred to 
as Porous. Here, the grain boundaries of the original polished 
surface were also visible (Figure 1A). By increasing the temper-
ature to 40 °C and decreasing the pressure to 2.0  Pa, the pil-
lars appeared to be taller and more separated from each other, 
meaning that the height of the pillars became distinguishable 
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to some extent in the SEM images. The pillars were, however, 
still connected to some degree, forming partitions of pillars on 
the surface. Keeping the temperature at 40 °C while decreasing 
the pressure to 0.5 Pa resulted in the third type of morphology 
in which the pillars were taller and relatively highly separated 
from each other, meaning that the height of the pillars could 
be measured. These pillars also showed clustering at the tip 
creating free interspaces between the clusters (Figure  1A). 

Henceforward, we call the former type of bTi Partition and 
the latter Sparse. Unlike controlled patterns consisting of sur-
face pillars,[24] it is not easy to attribute a precise interspacing 
value to these surface features. Precise, objective measurement 
of the diameter of the single pillars was also difficult as many 
pillars were closely connected to each other, especially in the 
Porous and Partition samples. However, the tip diameter of 
the pillars was always <100 nm. From the SEM images it could 

Figure 1. A) The top- and tilted-view SEM images of the Porous, Partition, and Sparse bTi specimens made through ICP RIE, showing distinct surface 
morphologies and spatial organization of the pillars. The insets depict the water droplets residing on each surface after 5 s. Scale bar = 1 µm. B) Rep-
resentative EDS spectra of Porous, Partition, and Sparse bTi specimens, showing the most abundant chemical elements identified on each surface.  
C) The mean water contact angle of the bTi surfaces as compared to the flat Ti surface. ****p < 0.0001.

Small 2021, 17, 2100706
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be estimated that the height of the pillars increased from the 
submicron scale, from ≈350  nm in the Porous, to a range of 
700 nm to 1 µm in Partition, and then to the microscale in the 
Sparse samples (a range of 1.4 to 2.2 µm) (Figure 1A). Further 
atomic force microscopy (AFM) characterizations revealed that 
due to the formation of the pillars, the average roughness (Ra) 
of the surfaces increased from <50 nm in the Porous group to 
>150  nm in the Partition and Sparse groups (Table S1, Sup-
porting Information). Furthermore, the chemical characteri-
zation of the bTi surfaces indicated that the most abundant 
chemical elements of the surface are Ti and O (Figure 1B).

Additionally, while the flat Ti surface showed a static water 
contact angle of ≈75°, the bTi surfaces exhibited significantly 
lower contact angles, indicating their superhydrophilic prop-
erties. The approximate water contact angle measured for the 
Porous surface was 15°, which significantly decreased to <6.0° 
for the Partition and Sparse groups (Figure 1C).

2.2. Short-Term Response of Preosteoblast Cells

MC3T3-E1 preosteoblast cells showed different morphologies 
on the different types of bTi after 1 day in culture (Figure 2A). 
While the cells possessed a well-spread and polygonal shape 
on flat Ti, their directionality highly increased on the etched 
samples, from the Porous to the Partition and to the Sparse 
specimens (Figure  2A). This change in shape was associated 
with a decrease in cell area and an increase in the aspect ratio 
(Figure  2A and Figure  3A,B). On the Partition samples, the 
cells developed long filopodia around cell periphery to attach 
on these surfaces whereas on the Sparse surfaces, the majority 
of the cells were highly elongated with a significant number 
of the cells also showing to be isotropic (i.e., nearly fully 
rounded). None of the bTi surfaces were found to be cytotoxic, 
as the results of the PrestoBlue assay showed that the metabolic 
activity of the cells significantly increased over the course of the 
14 days of culture without any significant differences compared 
to the flat Ti (Figure 2B). Moreover, the cells did not show any 
profound preferential adhesion toward any of the surfaces (flat 
Ti and bTi) as the average number of the adhered cells per mm2 
of the specimen surface was not significantly different between 
any of the experimental groups, including the control and bTi 
groups (Figure S2A, Supporting Information).

In addition to differences in cell area and aspect ratio, the 
nucleus area of the cells was also significantly decreased on all 
types of bTi as compared to flat Ti (Figure  3C). However, the 
trend was not similar to the cell spreading area. For instance, 
although the cells had a larger area on the Porous specimens 
as compared to the Partition specimens, the opposite was 
observed for the cell nucleus area.

The FAs formed at the periphery of the cells on the flat Ti, 
Partition, Porous, and Sparse specimens (Figure  2A). The 
average number of FAs per cell was significantly lower on all 
bTi specimens as compared to flat Ti (Figure 3D). The area of 
FA corresponding to flat Ti, Partition, and Sparse groups was on 
average 5.2 µm2, which significantly decreased to 3.9 µm2 in the 
Porous samples (Figure  3E). The bending of the pillars of the 
Partition and Sparse specimens beneath the cell body, especially 
at the directional zones where FAs are present, was observed in 

SEM images (Figure 4A). In addition, even though the majority 
of the FAs formed on all surfaces had an area of 2–6 µm2, the 
cells residing on the Partition and Sparse samples formed some 
far larger FAs (Figure 4C). Furthermore, different cytoskeleton 
organization was observed. For the cells residing on the flat Ti 
and Porous specimens, clear actin stress fibers were formed, 
which were primarily oriented along the cell length (Figures 2A 
and 3F). This organization decreased on the Partition surfaces 
and almost disappeared on the Sparse surfaces.

2.3. Expression of Osteogenic Markers in Preosteoblast Cells

After 9 days of culture, immunocytochemical staining revealed 
the presence of Runx2 in the nuclear area of the cells residing 
on the surfaces of the flat Ti, Porous, and Partition specimens 
(Figure  5A). The average stained area per cell was not signifi-
cantly different between those three groups (Figure 5B). However, 
no Runx2 was detected in the vicinity of the nuclei of the cells cul-
tured on the surface of the Sparse specimens. Furthermore, after 
14 days, significantly higher numbers of calcium depositions were 
formed in the matrix of the cells populating the surfaces of the 
Porous and Partition specimens as compared to those associated 
with the flat Ti and Sparse specimens (Figure 5A and Figure S2B,  
Supporting Information). The largest area of mineralized nod-
ules belonged to the Partition specimens, which was significantly 
higher than all other groups. Porous surface was in the second 
place, while flat Ti and Sparse samples showed a lower capacity 
for inducing calcium deposition (Figure 5C).

2.4. Early Bactericidal Effects of bTi Surfaces

The live/dead staining of the adherent S. aureus bacteria after 
18 h (Figure 6A,B) showed that all bTi surfaces had bactericidal 
activity, which increased from the Porous to the Partition and to 
the Sparse surfaces. On average, only 8% of the bacterial cells 
were found dead on flat Ti samples. The mean percentage of 
dead bacteria increased to 25 (SD 5%), 35 (SD 5%), and 42 (SD 
7%) for the Porous, Partition, and Sparse specimens, respec-
tively. The morphological evaluation of bacteria by SEM showed 
that they had a normal coccoid shape on flat Ti while they were 
stretched on the Porous specimens with a flattened morphology 
(Figure  6A). On Partition surfaces, stretching of the bacteria 
between adjacent pillars was even more visible. The penetration 
of the pillars into the cell wall was also detected, especially in 
the cells residing on top of the pillars (Figure 6A). The bacteria 
also bent the pillars underneath them (Figure 4B), which might 
impose additional mechanical forces to the bacterial cell wall.[49] 
The bacteria adhered to the Sparse specimens, were observed 
to be both stretched between the lateral sides of adjacent pil-
lars and punctured by the sharp tips of the pillars (Figure 6A). 
The cells were even present in the interspaces between the 
clustered pillars as some of these spaces exceed the size of the 
bacteria (≈800 nm in diameter). Cells with normal morphology 
were hardly present on this type of surface. These findings 
were confirmed by the quantitative results of the CFU counting 
that showed that there is a significant difference between the 
flat Ti and bTi (Partition and Sparse) in terms of the number 
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of bacteria capable of forming a colony after being cultured on 
these samples (Figure  6C). As expected, none of the surfaces 
had an influence on the viability of non-adherent bacteria 
(Figure S2D, Supporting Information).

Moreover, performing the PrestoBlue assay at four different 
time points indicated that the bacterial metabolic activity is 
significantly lower on all bTi surfaces as compared to flat Ti at 
least after the first hour after culture (Figure  6D). This differ-
ence was also observed at 4, 8, and 18 h of culture. Comparing 

the different types of bTi, the metabolic activity of the bacteria 
increased until 4 h and then remained at the same level until 
8 h after which it declined.

3. Discussion

Developing cell-instructive biomaterials could shift the para-
digm in fabrication of orthopedic implants. The introduction 

Figure 2. A) The immunocytochemical staining of vinculin (green), actin (red), and nucleus (blue, merged with the last two channels) for the MC3T3-E1 
preosteoblast cells cultured on the flat Ti, Porous, Partition, and Sparse bTi specimens after 1 day. All surfaces except Sparse support the spreading of 
cells. Unlike the polygonal cell morphology on those samples, the majority of the cells are highly elongated on the Sparse specimens. Moreover, the 
colocalization of FAs and actin fibers can be detected in the Porous and Partition groups but not on the surface of the Sparse specimens. Scale bar = 
30 µm. B) The metabolic activity of the preosteoblast cells cultured on the flat Ti and bTi surfaces measured by the PrestoBlue assay over 14 days. The 
increased metabolic activity of the cells with time indicates the cytocompatibility of all surfaces. ** p < 0.01, **** p < 0.0001.

Small 2021, 17, 2100706



2100706 (6 of 15)

www.advancedsciencenews.com

© 2021 The Authors. Small published by Wiley-VCH GmbH

www.small-journal.com

of bactericidal bSi surfaces[45] drew attention to the use of (ICP) 
RIE for the fabrication of high aspect ratio pillars on the sur-
face. Consequently, bactericidal bTi has been introduced as a 

promising biomaterial for preventing IAIs.[48] To date, numerous 
studies[46,47,50] have focused on the biological properties of bSi 
and bTi surfaces, trying to optimize the dimensions of the pillars  

Figure 3. The morphological characteristics and early response of the preosteoblast cells cultured on the flat Ti and bTi surfaces after 1 day of culture. 
A) Spreading area. The cells spreading area significantly decreased for taller and more separated pillars. B) Cell aspect ratio. The elongation of the cells 
(i.e., their aspect ratio) gradually increased when going from the flat specimens to the Sparse specimens. C) Cell nucleus area. The cell nuclei were 
observed to be smaller on the bTi surfaces, especially in the case of the Porous group. Moreover, the fully rounded morphology of the nucleus on the 
surface of the Porous specimens slightly shifted to a more elongated morphology on the Partition and Sparse specimens (subfigure F). D) Number of 
focal adhesions per cell. Cells residing on bTi specimens formed significantly lower number of focal adhesions compared to the flat Ti (regardless of 
the type of topography). E) Focal adhesion area. The cells residing on the Porous bTi were found to form smaller FAs as compared to those inhabiting 
the surface of flat Ti and other types of bTi. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. F) The gray-scale images of the cytoskeleton. The 
organization of the cytoskeleton can be seen in the form of parallel actin fibers (shown by red arrows) on flat Ti and Porous bTi. Actin fibers appear to 
be partially organized in the case of the Partition specimens. No organization was observed in the case of the Sparse specimens. Scale bar = 20 µm.
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by changing one single processing parameter (i.e., etching 
time). It was reported that fine changes in the characteristics of 
the such etched structures may influence their biological proper-
ties.[51] Yet a wider range of surfaces can be produced by taking 
advantage of other (ICP) RIE processing parameters.[44] There-
fore, the optimum etched surfaces for a certain or multi ple bio-
functionality are yet to be established. Moreover, the literature 
offers limited data over the interactions of bTi surfaces with 

mammalian cells, especially those involved in the regenera-
tion of bone tissue. Not much is known about the relationship 
between the early and long-term responses of the cells inter-
acting with different bTi surfaces. Therefore, we tried to further 
explore the fabrication process (i.e., the chlorine-based maskless 
ICP RIE of Ti) and generate a couple of distinct bTi surfaces in 
an attempt to find a surface that provides the best dual-function-
ality (from both osteogenic and bactericidal points of view).

Figure 4. A closer look at the interaction of the preosteoblasts and bacterial cells with bTi surfaces. A) The top- and tilted-view SEM images of the 
directional regions of the preosteoblast cells. The cells can easily hold on to the abundant physical features present on the Porous surface as their 
anchorage points. On the Partition surfaces, it is not yet difficult to find enough anchorage points. The bending of the pillars can also be seen under-
neath the area in which FAs have been formed preferentially. The cells residing on the Sparse surfaces develop extremely long membrane extensions 
in search of more contact points. Scale bar = 2 µm. B) The interactions of S. aureus with the bTi surfaces. Scale bar = 500 nm. C) The heat map of the 
size distribution of FAs on the flat Ti and bTi surfaces.
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3.1. Looking at the Ti Pillars from a Physicochemical Perspective

Among the ICP RIE processing parameters, the temperature 
and pressure of the chamber are two variables that significantly 

impact the etching rate and morphology of the resulting struc-
tures.[44] At higher pressures, the energy of ions and radicals 
decreases as a result of increased number of collisions between 
them, which eventually decreases the etching rate (i.e., yields 

Figure 5. The long-term osteogenic response of the preosteoblast cells cultured on the flat Ti and bTi surfaces. A) The immunocytochemical staining of 
Runx2 and visualization of calcium deposits in the matrix by Alizarin red S assay after 9 and 14 days of culture, respectively. Scale bar = 5, 15, and 100 µm, 
for representative images of surface topographies, Runx2 and Alizarin red S, respectively. While the Porous and Partition bTi groups supported the expres-
sion of Runx2 as an early marker of osteogenic differentiation, the Sparse group inhibited it. B) Runx2 expression. Although the average stained area for 
Runx2 was significantly different between flat Ti, Porous, and Partition, the last two significantly increased C) the total mineralized area on the surfaces. 
Overall, the Partition bTi specimens showed the highest osteogenic potential among the different surfaces considered here. ** p < 0.01, **** p < 0.0001.
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shorter pillars for a constant etching time). Increasing the 
temperature enhances the etching rate of the sidewalls of the 
initially formed pillars, resulting in further separation and 

lower compactness of the pillars. By changing these two condi-
tions, we generated surfaces with increased pillar heights and 
interspaces between the clustered pillars. These changes are, 

Figure 6. The bactericidal properties of flat Ti and bTi surfaces. A) The representative live/dead and SEM images of S. aureus cells cultured on surfaces 
for 18 h. Green and red cells indicate viable and dead bacterial cells in the live/dead images, respectively. While S. aureus has a normal coccoid shape 
on flat Ti, unusual flattened and ruptured morphologies were observed on the bTi surfaces. Scale bar = 20 µm and 500 nm for the live/dead and SEM 
images, respectively. B) The quantification of non-viable bacterial cells based on live/dead images. All surfaces exhibited killing efficiencies significantly 
higher than that of the flat surface, with the Sparse group being the most efficient antibacterial surface. C) The results of CFU counting showed a similar 
trend regarding the bactericidal properties of the bTi surfaces. D) The metabolic activity of the bacterial cells cultured on the flat Ti and bTi surfaces, 
measured by the PrestoBlue assay over 18 h. All the bTi surfaces significantly decreased the bacterial metabolic activity from the first hour of culture. 
At 4 h, higher metabolic activity was measured but it did not continue increasing. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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however, not systematic as the height and interspace changed 
simultaneously in each bTi design. Yet, each surface was dis-
tinct from the rest by its unique combination of the height 
and organization of the pillars. Therefore, the biological prop-
erties of these surfaces should be associated with a combi-
nation of both of those parameters and not with the isolated 
effects of either. The height of the pillars increased from less 
than 400 nm to more than 1400 nm whereas the diameter was 
always less than 100 nm leading to an enhanced aspect ratio of 
the resultant structures. The interspace between the clustered/
connected pillars also increased with the increase in height.

The chemical characterization of the bTi surfaces showed 
that the pillars mainly consist of Ti and O. The presence of an 
oxide layer on the surface has been confirmed by X-ray pho-
toelectron spectroscopy analysis in other ICP RIE studies.[48,51] 
Furthermore, during the etching process, chlorine as the main 
etchant gas, the aluminum-made chamber wall, the quartz 
carrier wafer, and the organic solvents used for cleaning can 
respectively introduce negligible amounts of Cl, Al, Si, and C 
to the final etched Ti surface. Nevertheless, the bio-inertness of 
titanium is still preserved in form of TiOx as the main compo-
nent of the etched structures.[44]

All bTi surfaces used in this study were found to be superhy-
drophilic. The trend of the measured water contact angle of the 
surfaces was in line with a previous study[44] that showed that 
decreasing the temperature and, thus, the formation of more 
compact nanostructures leads to larger water contact angles as 
compared to the specimens fabricated at higher temperatures 
(e.g., 40 °C). Hasan et al.[48] have shown that the wettability of 
bTi enhances with an increased surface roughness. Similarly, 
the rougher samples in our study (Partition and Sparse) are 
the most hydrophilic surfaces. Yet the opposite trend in the 
relationship between wettability of bTi surfaces and the sur-
face roughness in another study[51] suggests that the wettability 
model applicable to these types of surfaces is largely dependent 
on the dimensions of the pillars, as well as their interspacing.[52]

3.2. Adaptation of Preosteoblast Cells to bTi Surfaces

The results of this study together with other previous studies 
form a body of evidence to refute any possible cytotoxicity of 
bTi surfaces as long as the aspect ratio of the pillars remains 
below 20.[53,54] Based on the metabolic activity measurements 
and microscopic observations, preosteoblast cells could easily 
proliferate on all types of the bTi studied here. However, the 
cells varied in terms of their morphology and cytoskeleton 
organization, which influence the behavior of preosteoblasts as 
anchorage-dependent cells. Cells try to find as much suitable 
anchorage points as possible upon which the integrins can opti-
mally bind to the protein ligands adsorbed on the surface.[29,55] 
On the Porous specimens, there are plenty of physical features 
that cells can reach onto without stretching their membrane 
extremely. This is starting to change on the Partition samples 
where cells need to develop membrane extensions in the form 
of filopodia to attach on the taller and partitioned pillars. The 
Sparse samples do not provide cells with close-enough fea-
tures. Consequently, the cells tend to minimize their spreading 
area and keep connected via very long extensions leading to 

the elongated shapes observed.[55] The gradual increase in the 
aspect ratio of the cells from flat Ti to Sparse surfaces should, 
therefore, be considered in this context.

The formation of FAs and the global cytoskeletal remod-
eling via the formation of actin bundles play a crucial role in 
determining the ultimate cell fate.[56] Even the smallest sur-
face features (2–4  nm in height) made of titanium have been 
shown to trigger a rapid reorganization of the cytoskeleton.[57] 
The mechanical forces exerted to the cells are transferred to the 
cell nucleus via the complex chains of integrins, FAs, and actin 
fibers, and then processed via different pathways and feedback 
loops. The analysis of FAs showed that by developing more 
directional protrusions in the cells residing on the Partition and 
Sparse specimens, FAs are regularly formed in the proximity 
of these polarized regions. This phenomenon is corroborated 
by previous studies that showed that the anisotropy of FAs dis-
tribution increases as the cell aspect ratio increases.[58,59] On 
the flat Ti, however, the formation of FAs could be detected at 
the periphery of the cells and also in the more internal regions 
of the cell body (closer to the cell nucleus). Moreover, on these 
surfaces, FAs were mainly oval-shaped and aligned with the 
actin fibers along their long axis (Figure  2A). The colocaliza-
tion of FAs and actin fibers indicates the maturation of FAs 
and the establishment of a strong adhesion by coupling to the 
actin fibers (i.e., stable FAs with slow turnover rate).[55,60] On 
the contrary, the FAs of the cells residing on the Partition and 
Sparse specimens were relatively round and not yet mature. 
The colocalization of FAs and actin fibers is hardly recognizable 
on the Sparse samples. It can be assumed that short-lasting 
colocalization is another sign of a more migratory state in the 
cells residing on the Sparse specimens.[55] The actin fibers are 
well-oriented only inside the well-spread cells on the flat Ti 
and Porous specimens. On the other surfaces, the cells may 
be either already in the polarization phase or the contractile 
spreading phase, according to their morphology and cytoskel-
etal organization (Figures  2A and  3F).[61] In the contractile 
spreading phase, the actin bundles are still being formed and 
the cells intend to form strong adhesion to the surface. The 
abundant presence of filopodia in these cells and their smaller 
areas indicate such effort by the cells. It can, therefore, be con-
cluded that the cells undergo a more difficult or slower adap-
tation to the Partition and Sparse surfaces as compared to the 
other surfaces.

3.3. FA-Mediated Mechanical Interactions with the Surface

The difference in the size of FAs (denoted by their area) on dif-
ferent surfaces may also indicate different levels of mechanical 
tensions exerted to the cells. The average size of FAs is signifi-
cantly larger on the Partition, Sparse, and flat Ti groups as com-
pared to the Porous specimens. That is likely because the cells 
struggle to effectively adhere to very smooth surfaces (e.g., flat 
Ti) or to highly separated pillars of the Sparse group, which is 
why they form larger FAs. The dynamic and force-dependent 
process of recruiting proteins, such as vinculin[62] to the FA sites 
is yet to be fully understood.[63] Not only could this process be 
cell type-dependent[11] but may also vary when studying the dif-
ferent types of surface topography and different culturing times. 

Small 2021, 17, 2100706



2100706 (11 of 15)

www.advancedsciencenews.com

© 2021 The Authors. Small published by Wiley-VCH GmbH

www.small-journal.com

For instance, similar to the results of this study, the MC3T3-
E1 cells have been shown to form larger FAs on surfaces with 
increased pillar interspacing.[64] In comparison, hMSCs form 
larger FAs as their spreading area increases[65] while neuronal 
stem cells exhibit an increased expression of FAs (increasing 
the adhesion) on grooves and pillars with smaller interspacing 
as compared to their more separated counterparts.[66] Neverthe-
less, the variations in the size of FAs in this study indicate dif-
ferent local traction forces that the cells exert to the pillars. It 
has been shown that although a correlation between the size 
of FAs and traction forces exists during the initial stages of 
adhesion, the same does not apply to mature adhesions.[67] In 
other words, mature FAs can withstand extremely increased 
tensions (up to sixfold) without any changes in their size. As 
described above, the FAs of cells residing on the Porous sam-
ples are mature long-lasting ones while the FAs present on the 
surface of the Sparse specimens are rather nascent adhesions. 
Moreover, super-resolution imaging has shown that some of 
the studies that had concluded such correlations between the 
size of FAs and the generated force, had, in fact, considered 
multiple small adhesions as a large adhesion.[68] The further 
evaluations of the adhesion forces using novel AFM-based 
methods and computational analysis are necessary to improve 
our understanding of FA-mediated mechanical interactions of 
cells with such pillars.[69]

The size and distribution of FAs also affect the nuclear mor-
phology and remodeling as the nuclear dynamics are controlled 
by the tensions that are exerted at the adhesion points and 
propagate through the actin fibers to their nuclear cap.[70,71] It 
has been argued that applying higher tensions to the cell nuclei 
via smaller FAs, which are unevenly distributed and, therefore, 
stretch the nuclei to some extent, enhances the osteogenic dif-
ferentiation.[71] In our study, heterogeneous distribution of FAs 
in Partition and Sparse samples has changed the fully rounded 
morphology of cell nuclei in many cells toward a more elon-
gated morphology (Figure 3F). The changes in the size and ori-
entation of nuclei together with the forces exerted via FAs may 
explain the long-term osteogenic response of the cells on the 
different surfaces.

3.4. Osteogenic Properties of bTi from a Mechanotransduction 
Perspective

The mechanotransduction pathways by which the environ-
mental mechanical stimuli cause alterations in the expression 
of certain genes and the transcription of their correspondent 
proteins have been spotlighted but are not completely under-
stood yet. A plethora of subcellular components is involved in 
these processes starting from the integrins bound to the mem-
brane and continuing all the way to the inside of the nucleus. 
For instance, focal adhesion kinase (FAK) is known to play 
a vital role in the regulation of other components and can 
trigger a lot of such intracellular pathways.[63,72] FAK is associ-
ated with the β-subunit of integrins, especially the β1 subunit 
and is able to promote the expression of Runx2 via the FAK/
extracellular signal-regulated kinase pathway[73] and also by trig-
gering the mitogen-activated protein kinases cascade.[16,74] It  
has been shown that in MSCs cultured on a variety of surfaces, 

Runx2 expression is correlated with the reinforcement of 
FAs.[75] The results of Runx2 staining in our studies can be 
perceived accordingly. Unlike the flat Ti, Porous, and Partition 
groups, perinuclear Runx2 was not detected in the Sparse group 
where there was no cytoskeleton organization and FAs were 
less stable. FAK is also regarded as the upstream of RhoA acti-
vation, which affects cell contractility, spreading, and eventually 
the osteogenic differentiation of MSCs via the RhoA/ROCK 
pathway.[16] Our results suggest that the inhibition of FAK 
phosphorylation could be the reason for the downregulation of 
Runx2 in the Sparse samples. Nevertheless, further studies are 
required to examine this hypothesis. The analysis of calcium 
deposits in the matrix after 2 weeks of culture revealed that 
Porous and Partition surfaces highly enhance matrix minerali-
zation as compared to flat Ti. Although an increased number 
of FAs is generally considered beneficial for osteogenesis,[76] 
our findings highlight the importance of surface topography 
as Porous surface is significantly more osteogenic than flat Ti 
despite its fewer and smaller FAs. The higher potential of Parti-
tion as compared to Porous might also be associated with the 
different levels of cell spreading and contractility, which influ-
ences mechanotransduction pathways more in favor of osteo-
genesis on the Partition surfaces. A bTi surface consisting of 
high aspect ratio pillars with a second tier of shorter pillars has 
been recently shown to increase the calcium deposition in the 
matrix of human adipose-derived stem cells (hASCs).[54] Similar 
to our findings, hASCs had formed fewer FAs as compared to 
polished titanium samples.[54] Another important intracellular 
signaling pathway to consider is Yes-associated protein (YAP)/
transcriptional coactivator with PDZ-binding motif (TAZ). A 
higher percentage of YAP localized in the cell nucleus has been 
shown to be related to an increased formation of FAs and cell 
tension.[76] Further dedicated experiments are needed to answer 
questions about the specific role of integrins, mechanotrans-
duction pathways, and culture conditions[77] in the expression of 
late osteogenic markers induced by bTi surfaces.

In summary, not fully-separated Ti pillars with an approxi-
mate height between 700 and 1000 nm showed the highest 
potential for inducing matrix mineralization in preosteoblasts. 
This may be associated with the changes in cell morphology 
and strong attachment to the surface facilitated by stable FAs. It 
is noteworthy that the findings related to the adaptation and the 
osteogenic response of cells in this study cannot be necessarily 
generalized to other cell types, such as primary osteoblasts or 
hMSCs. Further independent studies are required to elucidate 
the specific responses of those cells to bTi surfaces.

3.5. Early Interactions of Bacteria with bTi

Bactericidal properties are one of the core values of RIE-mod-
ified surfaces. The commonly accepted theories regarding the 
early stage interactions of the bacteria with such surfaces have 
been explained previously.[42] In the present study, no signs of 
pillar penetration were observed in the S. aureus bacteria inter-
acting with the Porous specimens as all the pillars were con-
nected to each other at their tips. Still, bacteria stretched their 
cell envelope to be able to find anchorage points on the surface 
(Figure 4B). While 25 ± 5% of the adhered bacteria were dead 
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on the Porous specimens, the percentage of the dead bacteria 
reached its peak (42 ± 7%) for the Sparse group where a combi-
nation of the direct penetration of the pillars into the cell wall, 
the bending of the pillars, the stretching of the cell wall between 
adjacent pillars, and the sliding down between the pillars were 
observed (Figure  4B). The killing efficiency of these bTi sur-
faces is expected to be even higher against Gram-negative bac-
teria such as E. coli and P. aeruginosa due to their thinner cell 
wall and rod-shaped morphology that increase their suscepti-
bility to the sharp tips of the pillars.[24,45,46] Although the killing 
efficiency of the Sparse specimens against S. aureus is similar 
to Ti etched for 10 min in the study by Linklater et al.,[51] higher 
killing efficiencies have been also reported for both bSi and bTi, 
in which the height and arrangement of the pillars are compa-
rable to the Sparse group.[48,53] It is noteworthy that the killing 
efficiency of a surface could vary against different strains of a 
species due to the differences present in the strain-dependent 
characteristics of the cells including their motility.[78]

It has been shown that the number of dead S. aureus cells on 
bTi surfaces significantly increases over time (from ≈20% after 
4 h to more than 75% after 24 h).[48] A similar conclusion can 
be made for our experiments. The metabolic activity of the bac-
terial cells attached to bTi surfaces is significantly lower than 
those attached to the flat Ti at any time point. However, com-
paring the metabolic activity of bacterial cells within the bTi 
groups, it increases up to 4 h and then decreases therefrom. 
It might confirm that the first 4 h is the window of opportu-
nity within which bactericidal topographies can inhibit bacterial 
colonization on the surface. We cannot, however, attribute the 
decreased metabolic activity solely to the death of bacterial cells. 
Assuming that the different types of bTi surfaces in this study 
exert forces of different magnitudes to the bacterial cells, it 
would be expected that different signaling pathways may come 
into play and regulate the cell adhesion, motility, metabolic 
activity, genomics, and proteomics of the bacteria.[79–82] Further 
studies are required to scrutinize the killing mechanisms of 
such surfaces by using a mechanistic approach.

Overall, comparing the responses of the preosteoblast cells 
and bacteria to that of the bTi surfaces investigated in this 
study showed that the Partition surfaces with a pillar height 
of 700–1000  nm and a partially-separated organization exhibit 
both bactericidal and osteogenic properties. Such a surface was 
capable of killing a significant percentage of the adherent bac-
teria while promoting the osteogenic response of cells. These 
observations suggest that achieving a specific design with bal-
anced bactericidal and osteogenic properties is possible within 
the capabilities of ICP RIE. In summary, etching the titanium 
surfaces for 10  min with a combination of Cl2 and Ar gasses 
(flow rates: 30 and 2.5 sccm, respectively), at a high tempera-
ture (i.e., 40 °C), and under a moderate chamber pressure (i.e., 
2.0 Pa) produces pillars with differential effects on the bacteria 
and mammalian cells.

4. Conclusion

In summary, we investigated the dual-functionality of a series 
of bTi surfaces as well as the possible mechanisms behind 
those functionalities. Superhydrophilic etched Ti surfaces 

containing pillars with distinct heights and spatial organization 
were produced by changing the pressure and temperature of 
the chamber during the ICP RIE process. Although all groups 
of the modified Ti surfaces studied here were cytocompatible 
for the MC3T3-E1 preosteoblast cells, they induced significantly 
different cell shapes, area, aspect ratio, nucleus area, cytoskel-
etal organization, patterns of FA formation, and the extent of 
matrix mineralization. When the pillars were very tall and sepa-
rated (i.e., Sparse surfaces), the cells possessed the least area 
possible and exhibited extremely elongated shapes. Moreover, 
the actin fibers were no longer well-oriented and the colocaliza-
tion of FAs and actin fibers was lost. On the other hand, on the 
Porous and Partition surfaces, the cells were well-spread with 
polygonal shapes. More stable FAs indicated that they may have 
more intensively transduced the forces exerted to the cells to 
the nuclei, improving the matrix mineralization most probably 
by triggering FAs-mediated mechanotransduction pathways. 
Bacteria responded differently to these surfaces too. Sparse 
surfaces showed the highest killing efficiency against the bac-
teria. A combination of direct penetration of the pillars into 
the cell wall and cell wall stretching between adjacent pillars 
was observed in this group. Overall, the results of this study 
show that various ICP RIE conditions can be used to create Ti 
surfaces that are capable of instructing mammalian cells while 
killing bacteria. Based on our findings, the Partition surfaces 
establish a balance between osteogenic and bactericidal proper-
ties, which makes it a good candidate for further studies in vivo 
as a prerequisite for its final use in clinical settings.

5. Experimental Section
Fabrication and Characterization of bTi Samples—Fabrication: Annealed 

titanium foils with a thickness of 125 µm (99.96% purity, Goodfellow, 
UK) were cut to the size of a 4-inch (diameter  =  10.2 cm) silicon wafer 
and were polished by chemical-mechanical polishing (CMP Mecapol 
E460, Saint-Martin-le-Vinoux, France). The surface was then coated with 
a photoresist to protect it against damages. The titanium wafer was 
further cut into 8  ×  8 mm2  pieces using a Disco dicer (Disco Hi-Tec 
Europe GMbH, Germany). The photoresist layer was subsequently 
removed by acetone and the samples were cleaned in ethanol and 
isopropyl alcohol (IPA). The samples were spin-dried prior to surface 
modification by ICP RIE. An ICP RIE machine (PlasmaLab System 100, 
Oxford Instruments, UK) was used to create three types of structures on 
the titanium surface, which were distinct in terms of their morphological 
parameters and organization. Therefore, the polished samples were 
glued with diffusion oil on a 4-inch quartz wafer as the carrier wafer. The 
etching process was performed with Cl2 and Ar gases while the pressure 
of He (i.e., the back-cooling gas) was kept at 1066  Pa. The following 
processing parameters were the same for all three types of modified 
surfaces: ICP source power  =  600 W, RF power  =  100 W, etching 
time  =  10 min, Cl2 flow rate  =  30 sccm, and Ar flow rate  =  2.5 sccm. 
However, the temperature and pressure of the chamber were changed 
for each type of surface as follows: 0 °C and 4.0 Pa for the first group, 
40 °C and 2.0 Pa for the second condition, and 40 °C and 0.5 Pa for the 
third condition. Following the etching process, the samples were cleaned 
in acetone, ethanol, and IPA, respectively (each step lasted 30 min), and 
were then spin-dried for further characterization and experiments.

Morphological Characterization: The etched surfaces were imaged by 
SEM (Helios NanoLab 650, FEI, US). Top and tilted view (35°) images 
were acquired at different magnifications to assess the morphology and 
spatial organization of the resultant pillars. The mean roughness (Ra) 
and root mean squared roughness (Rq) were also estimated for each 
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sample as the mean ± SD of the values measured for three images of 
100 µm2 each by AFM (JPK Nanowizard 4, Bruker, Germany) using a 
high aspect ratio probe (TESPA-HAR, Bruker, Germany) in the tapping 
mode.

Surface Chemical Composition: The elemental chemical composition of 
the surfaces was determined using energy-dispersive X-ray spectroscopy 
(EDS) performed inside the SEM (Helios Nanolab 650, FEI, US). The 
major chemical elements were identified from the EDS spectra.

Surface Wettability: The wettability of the flat Ti surface (i.e., polished, 
non-treated Ti surfaces) and bTi surfaces were evaluated by measuring 
the static water contact angle in duplicate using a drop shape analyzer 
(DSA 100, Kruss, Germany). A volume of 1.5 µL deionized water with a 
falling rate of 60 µL min−1 was placed on the surface using a syringe. The 
images were recorded after 5 s.

Preosteoblast Cell Response to bTi Surfaces—Pre-Culture of Cells 
and Cell Seeding: Preosteoblast MC3T3-E1 cells (Sigma Aldrich, 
Germany) were cultured in alpha minimum essential medium 
(α-MEM) supplemented with 10% (v/v) fetal bovine serum and 1% 
(v/v) penicillin-streptomycin (all from Thermo Fisher Scientific, US). 
The medium was refreshed every 2 days. The samples were sterilized 
by immersion in 70% ethanol and exposure to UV light for 20  min. 
Upon reaching confluence, cells were detached from the cell culture 
flask using 1X trypsin-EDTA solution (Thermo Fisher Scientific, US) 
and were cultured on both flat Ti and bTi surfaces (2 × 104 cells per 
sample) in a 48 well-plate (Greiner, Bio-One, The Netherlands), and 
were incubated at 37 °C and 5% CO2 (Life Technologies, US). This cell 
culture procedure was followed for all the cell experiments described 
in the following sections. In the case of experiments taking longer 
than 1 day, the medium was supplemented with 50 µg mL−1 ascorbic 
acid (1:1000) and 4mm  β-glycerophosphate (1:500) (both from Sigma 
Aldrich, Germany) from day 2 onward. All experiments, described in 
the following sections, were independently performed two times, each 
time in quadruplicates.

PrestoBlue Assay: The metabolic activity of the cells seeded on flat Ti 
and bTi surfaces was measured by a PrestoBlue assay after 1, 4, 7, 11, 
and 14 days of culture. Therefore, all surfaces (n  = 4 per group) were 
incubated in 250 µL α-MEM supplemented with 25  µL PrestoBlue 
reagent (Thermo Fisher Scientific, US) for 1  h  at 37 °C and 5% CO2. 
Thereafter, 100 µL of the supernatant from each well was transferred to 
a 96 well-plate (Greiner, Bio-One, The Netherlands) in duplicate. The 
fluorescence was measured at an excitation wavelength of 530 nm and 
an emission wavelength of 595  nm with a Victor X3 microplate reader 
(PerkinElmer, Groningen, The Netherlands).

Immunocytochemical Analysis of Preosteoblast Cells: In order to 
evaluate the short-term response of these cells to bTi surfaces and their 
morphological changes, the actin filaments, nucleus, and FAs of the 
cells were stained after 1 day of culture. The specimens were first washed 
twice with 10X PBS (Sigma Aldrich, Germany) and the cells were fixated 
using a 4% (v/v) formaldehyde solution (Sigma Aldrich, Germany). 
The cell membrane was permeabilized by adding 0.5% Triton X-100/
PBS (Sigma Aldrich, Germany) at 4 °C for 5 min and then the samples 
were incubated in 1% BSA/PBS (Sigma Aldrich, Germany) at 37 °C for 
5 min. Subsequently, the samples were incubated in anti-vinculin mouse 
monoclonal primary antibody (1:100 in 1% BSA/PBS, Sigma Aldrich, 
Germany) and rhodamine-conjugated phalloidin (1:1000 in 1% BSA/PBS, 
Thermo Fisher Scientific, US) for 1 h at 37 °C. The cells were then washed 
three times (5 min each time) with 0.5% Tween-20/PBS (Sigma Aldrich, 
Germany) before being incubated in Alexa Fluor 488, donkey anti-
mouse polyclonal secondary antibody (1:200 in 1% BSA/PBS, Thermo 
Fisher Scientific, US) for 1 h at room temperature. The specimens were 
washed again three times with 0.5% Tween-20/PBS (5 min each time), 
followed by 5 min washing with 1X PBS. To simultaneously visualize the 
cell nuclei and properly mount the samples on microscopic glass slides, 
10 µL Prolong gold antifade reagent containing DAPI (4′,6-diamidino-2-
phenylindole) (Thermo Fisher Scientific, US) was laid on the surfaces 
and then five different locations of each sample were imaged using a 
fluorescence microscope (ZOE fluorescent cell imager, Bio-Rad, The 
Netherlands). For the SEM observations, the stained samples were 

washed twice with distilled water for 5 min and then dehydrated in 50%, 
70%, and 96% ethanol solutions for 15, 20, and 20  min, respectively. 
Eventually, the samples were dried overnight at room temperature and 
were gold-sputtered before SEM imaging.

Investigation of the Osteogenic Properties of bTi Surfaces: To investigate 
the long-term osteogenic response of preosteoblast cells, the expression 
of some of the early and late osteogenic markers (i.e., Runx2 and 
calcium deposits) was studied.

For immunocytochemical staining of Runx2 (at day 9 of culture), a 
procedure similar to the previous section was followed. After fixation 
and permeabilization, the cells were incubated in recombinant anti-
Runx2 rabbit monoclonal primary antibody (1:250 in 1% BSA/PBS, 
Abcam, UK). The cells were then incubated in Alexa Fluor 488, donkey 
anti-rabbit polyclonal secondary antibody (1:200 in 1% BSA/PBS, Thermo 
Fisher Scientific, US). Washing, mounting, imaging, and dehydration 
processes were followed similarly as described above.

Alizarin red S staining was performed on day 14 of culture to assess 
the deposition of calcium in the cells’ matrix. Briefly, cells were washed 
and fixated as described above. The specimens were then incubated in 
2% (w/v) Alizarin red S solution (Sigma Aldrich, Germany) for 30 min in 
the dark. The specimens were then rinsed five times with distilled water 
before being imaged by a ZOE fluorescent cell imager (Bio-Rad, The 
Netherlands) (five different locations of the surface).

Fluorescent Image Analysis: ImageJ 1.53c (NIH, US) and FA analysis 
server[83] were used to extract and quantify data from the fluorescent 
images. Each image overlay was split into separate channels for further 
evaluation of the nucleus, F-actin, and other proteins (i.e., vinculin). 
By thresholding the grayscale images of F-actin and vinculin, the cell 
spreading area, cell nucleus area, and the number and area of FAs were 
quantified through the Analyze Particles command. By fitting ellipses 
to the cell area, the minor and major diameters were measured and 
used to determine the aspect-ratio of the cells. A previously described 
method[84] was used to quantify the number and area of FA (for fully 
separated ones). Briefly, for 15 cells per study group, the background 
was subtracted from the greyscale images under the Sliding Paraboloid 
option with a rolling ball radius of 50 pixels. The local contrast of 
the image was then enhanced by running the CLAHE plugin with a 
block size of 19, histogram bins of 256, and a maximum slope of 6. 
To further minimize the background, the mathematical exponential 
function (EXP) was applied through the process menu. Thereafter, 
the brightness, contrast, and threshold were automatically adjusted 
before measurements using the Analyze Particles command. Similar 
image processing was performed to quantify the expression of Runx2. 
The number of mineralized nodules and their total area on the surface 
was quantified by running the Analyze Particles command on the images 
of Alizarin red S assay.

Bacterial Studies—Preparation of Bacterial Cultures: Gram-positive 
S. aureus bacteria (RN0450 strain) (BEI Resources, US) were grown 
on brain heart infusion (BHI) (Sigma Aldrich, US) agar plates at 37 °C 
overnight. A pre-culture of bacteria was prepared by inoculating a single 
colony in 10 mL autoclaved BHI, shaken at 140 rpm at 37 °C. The bacterial 
cells were collected at their logarithmic stage of growth and the optical 
density of the inoculum at 600 nm wavelength (OD600) in the medium 
solution was first measured by a WPA Biowave II spectrophotometer 
(Biochrom, UK) and was then adjusted to a value of 0.1 (equivalent to 
4 × 108 CFU mL−1) to be cultured on the flat Ti and bTi surfaces. All 
surfaces were sterilized by immersion in 70% ethanol and exposure to 
UV light for 20 min. 250 µL of the bacterial inoculum was added to each 
surface in a 48 well-plate (Cell Star, Germany) (i.e., 108 CFU per sample). 
All experiments, described in the following sections, were independently 
performed two times, each time in triplicate.

Bacterial Metabolic Activity (PrestoBlue Assay): To follow the metabolic 
activity of the adherent bacterial cells seeded on flat Ti and bTi surfaces, 
the PrestoBlue assay was performed at 1, 4, 8, and 18 h of culture, 
using the same replicates for all the time points. At each time point, 
all surfaces were incubated in 250 µL of BHI broth supplemented with 
25  µL PrestoBlue cell viability reagent (Thermo Fisher Scientific, US) 
for 1 h at 37 °C. Thereafter, 100 µL of the medium from each well was 
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transferred to a 96 well-plate (Cell Star, Germany) in duplicate. The 
fluorescence was measured at an excitation wavelength of 530 nm and 
an emission wavelength of 595 nm using a Synergy 2 microplate reader 
(BioTek, US).

Furthermore, to visualize the morphological state of bacterial cells 
on the surfaces and investigating the interactions between bacteria 
and surfaces, the specimens were imaged by SEM after 18 h of culture. 
To this end, the adhered bacterial cells were fixated by immersion in a 
PBS solution containing 4% formaldehyde and 1% glutaraldehyde (both 
from Sigma Aldrich, US) at 4 °C for 1 h. Subsequently, the samples 
were dehydrated by washing with MilliQ water for 10 min, 50% ethanol 
for 15  min, 70% ethanol for 20  min, and 96% ethanol for 20  min, 
respectively. Eventually, they were soaked in hexamethyldisilazane 
(Sigma Aldrich, US) for 30  min. After being air-dried, a thin layer of 
gold was sputtered on the samples before imaging by SEM at different 
magnifications and the tilt angles of 0° and 45°.

Live/Dead Staining: To investigate the bactericidal properties of the 
surfaces, the live/dead staining of the adhered bacteria was performed 
using L7012 Live/Dead  BacLight Bacterial Viability Kit (Invitrogen, US) 
after 18 h of culture according to the manufacturer’s instructions.[44] 
Briefly, the non-adherent bacteria were removed by removing the 
medium from wells. The samples were then washed twice by 0.85% 
(w/v) NaCl solution. Subsequently, the adherent bacteria were stained 
by a 1:1 mixture of SYTO 9 green-fluorescent and propidium iodide 
red-fluorescent stains for 15 min at room temperature to distinguish 
between the live and dead bacteria based on their membrane integrity. 
Following the staining, the samples were rinsed again with 0.85% (w/v) 
NaCl solution and were then imaged (magnification: 20×) by a Luca R 
604 widefield fluorescence microscope (Andor Technology, UK). Five 
different areas of each sample were imaged and the number of live 
and dead bacteria was quantified using the ImageJ Analyze Particles 
command. The percentage of the dead cells per surface was reported as 
the killing efficiency of the surface.

CFU Counting: CFU counting was performed as a complementary 
method to compare the bactericidal properties of flat Ti and bTi 
surfaces. After 18 h of culture, the supernatant BHI broth was collected 
to quantify the number of non-adherent bacterial cells. 100 µL aliquots 
of tenfold serial dilutions were plated on BHI agar plates and CFUs 
were manually counted after overnight incubation at 37 °C. On the 
other hand, the bacterial cells adhered to each sample were collected 
by sterile cotton swabs and were ultrasonicated in 1 mL PBS for 15 min 
using an Elmasonic S 30 ultrasonic cleaning unit (Elma Schmidbauer 
GmbH, Germany). The detached bacterial cells were plated on Petrifilm 
aerobic count plates (3M, US) and were incubated at 37 °C overnight. 
The red dots appeared on the petrifilms as indicators of viable cells were 
manually counted.

Statistical Analysis: For all of the above-mentioned experiments, the 
raw data were first tested for normal distribution using the D’Agostino-
Pearson omnibus normality test in Prism version 8.4.3 (GraphPad, US). 
In the cases where the sample size was too small for such a test, the 
Shapiro–Wilk normality test was performed. The Brown–Forsythe and 
Welch ANOVA test was then performed, followed by the Dunnett’s T3 
multiple comparisons test to determine the statistical significance 
of the differences between the means of the different experimental 
groups. Since the results of the surface wettability and Runx2 staining 
experiments were found to be not normally distributed, the non-
parametrical Kruskal–Wallis test was performed, followed by the Dunn’s 
multiple comparisons test. In addition, the results of the PrestoBlue 
assay for both mammalian and bacterial cells were analyzed using the 
two-way ANOVA test, followed by the Tukey's multiple comparisons 
post-hoc analysis. A p-value below 0.05 was considered to indicate 
statistical significance.
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