
1. INTRODUCTION
Metallic biomaterials are widely used for biomedical pur-
poses such as orthopedic implants, dental applications or 
cardiovascular devices. The main reason biomedical alloys 
are preferred for these applications despite the develop-
ment of lighter and advanced materials is their mechanical 
properties [1,2]. Especially for orthopedic applications such 
as hip and knee implants, the mechanical durability and 
the ability to easily tailor mechanical properties of metals 
through altering their microstructure provide an important 
advantage for metallic biomaterials over other alternatives 
[1,2]. However, due to issues such as potential corrosion, 
toxic ion release, bacterial layer formation as well as me-
chanical mismatch with surrounding tissue or insufficient 
biomechanical fixation, their biocompatibility is yet to be 
improved [1-4].

For biocompatibility, as in all types of materials, material 
surface is of utmost importance for metals as well, as the 
first biomaterial-tissue interaction takes place at the surface 
[5,6]. Surface properties such as roughness, topographical 
features, wettability and surface energy are the important 
surface related parameters which determine initial biocom-
patibility response in terms of biomechanical fixation, osse-
ointegration, corrosion and ion release [5-7]. Among these 
parameters, the effect of surface roughness is more com-
monly investigated in relation with surface energy [8,9]. As 

opposed to the general understanding that increased surface 
roughness is expected to also increase cellular attachment 
due to increased surface energy, recent studies have shown 
that organization of the topographical features on the sur-
face may more effectively determine cell response [8-12]

Moreover, some of the recent studies have started exploring 
the effect of microstructural properties of metallic materials 
on their biocompatibility [7, 10-12]. Commonly, effects of 
microstructural mechanisms on the material properties of 
metallic materials are usually explored with a focus on me-
chanical properties and deformation behavior. However, re-
cent studies have shown that, microstructural properties of 
metallic materials can also be critical for determining their 
biocompatibility at different levels [7, 10-12]. For instance, 
ex situ biocompatibility was observed to be influenced by 
the presence of dislocations through localization of oxide 
particles around dislocation networks, which may affect ion 
release [7]. Surface topography and surface energy were also 
shown to be affected by microstructure at the micro and na-
noscale, which in turn influenced cell attachment and pro-
liferation behavior [10-12]. 

With this motivation, the current study aims to get a pre-
liminary understanding of the effect of surface micro modi-
fication on the biocompatibility of metallic biomaterials. For 
this purpose, a conventional biomedical alloy; 316L stainless 
steel was investigated by forming controlled micro-defor-
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mation areas on the sample surfaces and the effect of each 
micro-deformation area on cell attachment was examined.

2. MATERIALS AND METHODS
The 316L steel samples, for which the chemical composition 
is given in Table 1, were cut in pieces of 3mm height from 
a 5mm radius cylindrical rod. The surfaces of each sample 
were then prepared for surface micro deformation via grind-
ing and polishing. 

Controlled micro-deformation areas with different patterns 
of micro-indentations were formed on 316L stainless steel 
samples by using a Vickers micro hardness testing device. 
Details of the formed micro-deformation areas in terms of 
the applied load, formed indent size and the length of the 
spacings between indent centers are given in Table 2.  A con-
trol sample without any micro-deformation areas was also 
investigated for comparison, which is referred to as the ‘ref-
erence’ sample. The obtained surfaces were examined with 

Hitachi Regulus 8230 Field Emission Scanning Electron Mi-
croscope (FESEM) and surface roughness measurements 
were performed with a Mitutoyo mechanical contact needle 
profilometer.

Table 2. Properties of the micro-deformation areas formed on 316L 
sample surface.

Sample
Applied load and expo-

sure period

Average 
indent size 

(µm)

Average spacing 
between indent cen-

ters (µm)

Reference - - -

1 1KgF, 5 Seconds 80 100

2 1KgF, 5 Seconds 80 200

3 0.5KgF, 5 Seconds 60 100

4 0.5KgF, 5 Seconds 60 200

For the in vitro tests, Saos-2 cells (osteosarcoma cell line) 
were seeded on the reference sample surface and on the the 
micro-deformation areas of the patterned samples with a 
density of 5000 cells per sample. Cells were fixated on the 
sample surfaces with the use of a glutaraldehyde agent, fol-

Table 1. Chemical composition of the investigated 316L stainless steel in weight percent.

Element Fe C Mn P S Cr Ni Mo Cu Si N

Weight per-
cent (%)

Balance 0,027 1,76 0,042 0,029 16,80 10,12 2,12 0,38 0,27 0,08

Figure 1. FESEM images from the initial microstructural characterization of the micro-deformation areas of; (a) Sample-1, (b) Sample-2, (c) Sample-3, (d) 
Sample-4.
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lowing incubation periods of 5 and 10 days. Cell morpholo-
gies were then examined in detail via FESEM. With the use 
of the FESEM images, cell count on each micro-deformation 
area was performed and converted to number of cells per 
millimeter square (mm2) area for comparison.

3. RESULTS AND DISCUSSION
Initial structural characterizations of the formed micro-de-
formation areas of the four patterned sample surfaces were 
performed via FESEM (Figure 1). These initial examina-
tions evidenced that the indentation size and spacings were 
formed as planned and no unexpected structural irregulari-
ties were observed within or around the micro-deformation 
areas (Figure 1).

The results of the surface profilometry analysis of the formed 
patterns and the reference sample surface listing the average 
surface roughness (Ra) and the maximum depth (Rz) creat-
ed by the indentations for each pattern are given in Table 3. 
(Since no indentations were formed on the reference sam-
ple, Rz value was not measured for this sample.)

Table 3. Results of surface profilometry analysis

Sample Average Ra (µm) Maximum Rz (µm)

Reference 0.32 -

1 1.19 9.96

2 0.99 9.74

3 0.79 7.37

4 0.49 5.81

The surface profilometry analysis results revealed all of 
the micro-deformation areas exhibit much higher average 
roughness values as compared to the reference sample. 
Moreover, comparing the deformed sample surfaces with 
each other, it was observed that average surface roughness 
increases with increasing indent size and the application 
of a larger amount of load results in deeper indents which 
translate to higher Rz values as observed in samples 1 and 2 
in comparison to samples 3 and 4. On the other hand, com-
paring the effect of spacing length between the indentations, 
it can be argued that roughness increases as the space be-
tween indentation centers decrease, which can be observed 
for samples 1 and 3 as compared to samples 2 and 4.

In order to get an understanding of the effects of varying 
surface properties on cell attachment behavior as a function 
of time, the Saos-2 cells fixated on each sample were ob-
served in detail via FESEM following incubation periods of 
5 and 10 days. The cells localized on the patterned area were 
investigated at different magnifications, where the over-
all cellular behavior on the whole micro-deformation area 
(Figure 2 and Figure 4) and on individual indents (Figure 3 
and Figure 5) were examined in detail. The cell attachment 
behavior on the reference sample surfaces following incuba-
tion periods of 5 and 10 days were also investigated and are 
given in Figure 6.

Comparing the micro-deformation areas to the reference 
surface, it was observed that all the samples with surface 

Figure 2. FESEM images of the Saos-2 cells fixated on the overall micro-deformation areas of (a) Sample-1, (b) Sample-2, (c) Sample-3, (d) Sample-4; 
following 5 days of incubation.
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processing exhibited higher cell density on their micro-de-
formation areas as compared to the reference sample on the 
5th day of incubation, suggesting a positive effect stemming 

from micro-deformation (Figure 6 (a)). On the other hand, 
attachment behaviors of the Saos-2 cells fixated on pat-
terned samples exhibited significant differences depending 

Figure 3. FESEM images of the Saos-2 cells around individual indents of (a) Sample-1, (b) Sample-2, (c) Sample-3, (d) Sample-4; following 5 days of 
incubation.

Figure 4. FESEM images of the Saos-2 cells fixated on the overall micro-deformation areas of (a) Sample-1, (b) Sample-2, (c) Sample-3, (d) Sample-4; 
following 10 days of incubation.
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on the micro-deformation pattern and varying roughness 
values. (Figures 2-5). Specifically, according to Figure 2, 
on the 5th day of incubation; a higher number of cells were 
apparent on samples 3 and 4, which exhibit lower surface 
roughness and shallower indents as compared to samples 
1 and 2. The closer look on individual indents also yielded 
a similar result with higher cell density located within and 
around the indents of samples 3 and 4. These results showed 
that, up to 5 days of incubation, increased surface roughness 
had a negative effect on cell attachment for the samples with 
micro-deformation.

However, on the 10th day of incubation, a completely dif-

ferent cellular behavior was observed. The general view of 
the patterned areas exhibited higher numbers of cells on 
samples 1 and 2 this time, as compared to samples 3 and 4 
(Figure 4). Moreover, higher densities of cells were appar-
ent within and around individual indents of samples 1 and 2 
as well, in comparison to samples 3 and 4 (Figure 5). These 
findings indicated that increased surface roughness exhib-
ited a positive effect on cell attachment on the 10th day of 
incubation, contradicting the observations from day 5 of in-
cubation. Therefore, it can be argued that, in addition to sur-
face roughness, another parameter affecting this behavior is 
indent characteristics. Specifically, the larger indent size of 

Figure 5. FESEM images of the Saos-2 cells around individual indents of (a) Sample-1, (b) Sample-2, (c) Sample-3, (d) Sample-4; following 10 days of 
incubation.

Figure 6. FESEM images of the Saos-2 cells on the reference sample surface (a) following 5 days of incubation, (b) following 10 days of incubation.
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samples 1 and 2 enabled localization of a higher number of 
cells over time, which also contributed to increased cellular 
attachment on these surfaces through 10th day of incubation. 
On the other hand, the cell density on the surface of the ref-
erence sample appeared to be lower as compared to the pat-
terned surfaces, demonstrating the positive effect of surface 
micro-deformation on cell attachment behavior on the 10th 
day of incubation as well.

In order to make a quantitative evaluation in addition to vi-
sual observations, the number of cells on the patterned area 
of each sample on each incubation period were counted and 
presented as a bar graph comparing the numbers of cells per 
mm2 area (Figure 7). These quantitative results support the 
observations from the FESEM images as well. Specifically, 
this graph also reveals an inverse correlation between sur-
face roughness and cell attachment at the early stage of in-
cubation, whereas at the later stage of incubation, increased 
surface roughness appears to promote cellular attachment 
and proliferation for the surfaces with micro-deformation. 
Also, the higher numbers of cells per mm2 on all of the mi-
cro-deformation surfaces in comparison to the reference 
sample surface, support the FESEM observations where 
surface-micro-deformation processing in general appear to 
promote cellular attachment.

Moreover, this graph provides a basis for comparing the 
samples with the same indent size (namely sample 1 vs. 2 
and sample 3 vs. 4) with each other. According to this com-
parison, initially at both incubation periods, the numbers of 
cells were higher on sample 1 than sample 2. Sample 1 ex-
hibited the highest surface roughness and in many studies 
higher surface roughness was observed to positively influ-
ence cellular attachment due to the increased surface en-
ergy [8, 9]. However, comparing the percentage change in 
the number of cells over time, the number of cells increased 
by 174% on sample 1, while a significant increase of 380% 
was apparent on sample 2. This observation is an important 
indicator of how a direct correlation may not always be pres-
ent between surface roughness and cell attachment. The cell 
count comparisons from the 5th day of incubation also evi-
dence a similar finding where surfaces with lower roughness 
values resulted in higher numbers of cell attachment. On the 
other hand, from the comparison between samples 3 and 4, 
whose indent sizes are the same, it can be observed that this 
time the sample with the higher surface roughness, namely 
sample 3, appears to promote cellular attachment and prolif-
eration more than sample 4, with similar percentage chang-
es over time. Lastly, comparing samples 1 and 3 with sam-
ples 2 and 4 in order to get an understanding of the effect of 
indent spacing; it can be argued that closer indent spacing 
also exhibits a more positive effect on cell attachment.

Overall, these results indicate that, in addition to surface 
roughness, the indent size and the spacing are also import-
ant parameters affecting the surface energy and thus cell 
attachment behavior on the surface. Moreover, the surface 
energy changes stemming from micro-structural mecha-

nisms which are induced by the formation of these micro 
indents, are also expected to be effective in the observed re-
sults of cell attachment and proliferation behavior. Similar 
results where the effects of the structural features and mi-
cro-structural mechanisms were more prominent in terms 
of affecting cellular behavior as compared to surface rough-
ness were reported in literature as well [10-12]. Therefore, it 
can be argued that surface energy changes stemming from 
microstructural mechanisms constitute another important 
factor affecting cellular response and should be investigated 
in detail in the future studies.

 
Figure 7. The number of cells per mm2 area on the reference sample 

surface and micro-deformation area of each sample on the 5th and 10th 
days of incubation.

4. CONCLUSION
The findings of this study revealed that cell attachment and 
proliferation behaviors were not only influenced by surface 
roughness, but also by the specifics of the surface features 
of the different micro-deformation areas. Specifically, the 
indent size and spacings were also found to play a deter-
mining role on the cell attachment and proliferation behav-
ior. Moreover, these results suggest that the effects of mi-
cro-structural mechanisms on surface energy, which were 
induced by micro-deformation, can also influence the cellu-
lar behavior and this effect should be investigated in detail 
in the future studies.
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