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Abstract

Biointerface design can greatly influence cell behavior. Therefore, in this
study we examined the effects of three surface characteristics, roughness,
chemistry, and wettability, on osteoblastic cell differentiation. We examined
osteoblastic differentiation on titanium (Ti) samples with four levels of rough-
ness (average roughness: 148.6 + 23.1, 42 + 6.2, 14.3 £ 5.5, 7.2 + 1.6 nm) with
or without a nanolayer coating of polydopamine (PDA). In vitro osteogenic
differentiation was evaluated by quantifying alkaline phosphatase (AP) activ-
ity of human fetal preosteoblastic (hFOB 1.19) cells. The change in surface
chemistry of Ti samples as a result of PDA coating was assessed by XPS anal-
ysis and water contact angle measurement. Results demonstrated that PDA
treated samples were more hydrophilic, compared to untreated samples, and
this was substrate roughness independent. Moreover, with the exception of
the substrate with an oriented texture of surface nanotopography (RTi-4), the
presence of a PDA nanolayer increased AP activity independent of substrate
roughness. Our results suggest that surface chemistry and wettability, induced
by a PDA nanolayer coating, had a greater effect on osteoblastic differentia-
tion than did surface roughness.

Keywords

Surface Chemistry, Roughness, Polydopamine, Wettability,
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1. Introduction

The interaction between bone biosubstitutes and cells is an important considera-
tion when developing novel bone regeneration strategies because this interaction

plays a key role in the success or failure of the bone biosubstitutes. This empha-
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sizes the importance of examining the effect of biointerface properties on cellu-
lar behavior [1]. Among biointerface properties, surface roughness, wettability,
and chemistry are three crucial parameters [2]. For example, titanium is widely
used as a bone biosubstitute for dental and orthopedic application due to its fa-
vorable mechanical properties and biocompatibility [3] [4] [5]. Furthermore,
manipulation of titanium’s biointerface properties including roughness, wetta-
bility [5] and surface chemistry [5] [6] has the potential to regulate cell behavior.

Surface roughness, ranging from micro to nanoscale, of a bone biosubstitute is
an important biointerface property and plays an important role in osseointegra-
tion, biomechanical fixation, and cell behavior [1]. As regards cell behavior, sur-
face roughness can affect cell behavior [7]. For instance, titanium surfaces with
micron size roughness (<10 um) have the potential to increase osteoblastic cell
adhesion, proliferation, differentiation and mineralization [8] [9]. Within a
mean roughness (Ra) range of 1 - 6 um, rougher surfaces (Ra = 5.70 um) have a
greater effect on osteoblastic proliferation than smoother surfaces (Ra = 1.12
um) [7]. Khang et al [10] examined the effect of flat, nanometer, and sub-micron
surface features of titanium with root mean square roughness (Rq) within the
range of 0 - 12 nm on osteoblast cells adhesion. They found that osteoblasts dis-
play stronger adhesion to sub-micron and nanometer surface scales of titanium
compared to flat surfaces.

In addition to surface roughness, surface wettability (or surface energy) is
another important biomaterial characteristic that can influence cell adhesion and
activity [11]. The wettability of a surface can be defined by measuring the water
droplet contact angle. A contact angle less than 90 degrees and more than 90 de-
grees are representative of a hydrophilic and a hydrophobic surface, respectively
[12]. Osteoblastic cells display greater adhesion, and consequently greater viabil-
ity, on hydrophilic surfaces than on hydrophobic surfaces [13].

A biocompatible [14] nanolayer of polydopamine (PDA), which can be ap-
plied as a coating to any material, has the potential to change the surface chemi-
stry of the material [15] [16]. PDA nanolayers can induce surface bioactivity [14]
[16] which would lead to a strong chemical bonding between bone biosubstitutes
and bone tissue [17]. They can also serve to create multifunctional surfaces on
the bone biosubstitute to promote bone regeneration via immobilization of ac-
tive biomolecules such as bone morphogenic protein (BMP-2) [18]. The advan-
tages of PDA nanolayers for surface modification of bone biosubstitutes are hig-
hlighted in a review article by Huang et al [19].

Based on the importance of biointerface properties including roughness, sur-
face chemistry, and wettability on regulation of cell behavior, the aim of this
study was to evaluate which factor (surface roughness, chemistry, or wettability)

has a greater effect on osteoblastic cell differentiation.

2. Experimental Procedures

2.1. Titanium Preparation

To create different degrees of roughness on the surface of titanium (uncoated
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rough Ti samples), titanium samples were machined from 99.7% commercially
pure Ti (Sigma-Aldrich) into 10 mm x 10 mm x 2 mm squares. They were then
cast in epoxy (Buehler) and sequentially polished to four degrees of roughness
on a Buehler Ecomet 300 grinder-polisher. The first level was polished with 220
grit silicon carbide grinding paper (58 pm avg. d, Buehler) until plane. The
second level was polished with 220 grit then 600 grit (15 pm avg. d, Buehler).
The next two levels were further polished with nanocrystalline diamond suspen-
sion (3 pm avg. d, Buehler) and colloidal silica (0.06 pm avg. d, Buehler). After
polishing, the samples were cut out of the epoxy and ultrasonically degreased in
acetone twice for 10 minutes each time. They were then washed for 10 minutes
in isopropyl alcohol and finally deionized water. The labels for the uncoated
rough Ti samples (RTi-1 to 4) are shown in Table 1.

To create samples with different surface chemistries (surface modified Ti), Ti
substrates with different degrees of roughness (uncoated rough Ti samples) were
coated with a self-assembled PDA nanolayer. Ti substrates were incubated for 24
hours at 37°C in a 2 mg-mL™' dopamine-hydrochloride solution in 10 mM tris
buffer, pH adjusted to 8.5 according to Lee et al [15]. The coated samples were
thoroughly rinsed with deionized water and air dried for 24 h. These samples
were labeled CTi-1 to 4 (Table 1).

2.2. Characterization of Surface Roughness, Chemistry and
Wettability

Atomic force microscopy (AFM, Bruker FastScan), in the tapping mode at a
scanning frequency of 0.5 Hz, was used to examine the topography and surface
roughness of Ti substrates after mechanical polishing. X-ray photoelectron spec-
troscopy (XPS, PHI Versa Probe III), using a monochromatic Al Ka X-ray
source (1486.6 eV) under the working pressure of 107 Pa, was used to examine
the surface chemistry of PDA treated and untreated Ti samples. Survey scan
spectra were measured at pass energy of 280 eV. Static water contact angle of the
samples was also quantified with a Ramé-Hart goniometer, using 5 pl of distilled

water.

Table 1. The labels used to identify investigated samples.

Labels Description of Ti sample’s preparation

RTi-1 220 grit silicon carbide

RTi-2 220 and 600 grit silicon carbide

RTi-3 220 and 600 grit silicon carbide and 3 pm diamond solution

RTi-4 220 and 600 grit silicon carbide, 3 pm diamond solution, and 0.06 pm colloidal silica

CRTi-1 Same as RTi-1 and PDA coated
CRTi-2 Same as RTi-2 and PDA coated
CRTi-3 Same as RTi-3 and PDA coated
CRTi-4 Same as RTi-4 and PDA coated
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2.3. Examination of Osteoblastic Differentiation

Material samples for in vitro studies were sterilized by exposing the samples to 2
hours of UV radiation. To evaluate in vitro osteoblastic differentiation, human
fetal pre-osteoblastic hFOB 1.19 cells were seeded on samples at a density of 76 x
10° cells/well and cultured in DMEM/F12 with 10% FBS, 1% Antibiotic-Antimyotic,
10° M menadione, 100 pg-mL™" ascorbic acid, and 10" M 1, 25-dihydroxy vita-
min D3 for 7 d in 5 % CO, at 39.5°C, with media replaced every 2 days. Alkaline
phosphatase (AP) activity, an indicator of osteoblastic differentiation, was quan-
tified by assessing the conversion of p-nitrophenyl phosphate to p-nitrophenol
[20]. Absorption was measured with a microplate reader (iMarkTM Microplate
Reader, Bio-rad USA) at 415 nm, and the specific enzyme activity was estimated
from a p-nitrophenol standard curve after normalization to total protein content
(PierceTM BCA Protein assay Kit).

2.4. Statistical Analysis

All quantitative data in this study are presented as mean + standard deviation.
Significant differences in data were analyzed by ANOVA, followed by Tukey’s
post hoc test or Student-Newman-Keuls Method. The differences were consi-

dered significant if p < 0.05.

3. Results and Discussion
3.1. AFM Analysis

To examine the effect of mechanical polishing we used AFM in the height mode
(Figure 1). Different mechanical polishing processes led to Ti surfaces with dif-
ferent topographies. Average roughness (Ra) and root mean square roughness
(Rq) of the Ti samples that were exposed to different types of mechanical po-
lishing are shown in Figure 2. The Ra for RTi-1, RTi-2, RTi-3, and RTi-4 sub-
strates was 148.6 + 23.1, 42 * 6.2, 14.3 £ 5.5, 7.2 + 1.6 nanometers, respectively.
The Rq for RTi-1, RTi-2, RTi-3, and RTi-4 substrates was 188.2 + 32.2, 51.14 +
9.5,24.3 £ 13.2, and 12.5 * 3.3 nanometers, respectively.

The height profile along the white line marked for each AFM image is shown
in Figure 3. There is a trend of reduced height, from micro to nanoscale, of the
peak to valley topography from RTi-1 to RTi-4 surfaces. Although there was no
significant difference between Ra of RTi-3 and RTi-4 and Rq of RTi-3 and RTi-4
(Figure 2), the height profile for these two samples (Figure 3(c) and Figure
3(d)) demonstrated that surface topography on RTi-4 is more uniform. Moreo-

ver, surface nanotopography on RTi-4 associates with an oriented texture.

3.2. XPS Analysis

PDA coating, as a result of the oxidation of dopamine [15], can result in differ-
ing thicknesses, ranging from 10 to 100 nm, on substrates depending on the ma-
terial interface and incubation time [21]. XPS can determine the chemical com-

position of a surface with a penetration depth of less than 10 nm [22]. Due to
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Figure 1. AFM images of uncoated Ti surfaces with four degrees of roughness; (a) RTi-1;
(b) RTi-2; (c) RTi-3; (d) RTi-4.
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Figure 2. Uncoated Ti samples displayed a gradual decrease in average roughness (Ra)
and root mean square roughness (Rq) as a result of mechanical polishing. n = 5; * p < 0.05
compared to RTi-1; # p < 0.05 compared to RTi-2.

nanometric features of the PDA layer, XPS analysis was done to demonstrate
successful formation of a PDA nanolayer on the surface of the Ti substrates.
Figure 4 shows XPS spectra from the surface of RTi-1 and CRTi-1 samples as
representative of an uncoated Ti and a coated Ti with PDA nanolayer, respec-

tively. Three elements including Ti, O, and C were detected on the surface of
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Figure 3. Height profile along the white line marked in each AFM image; (a) RTi-1; (b)
RTi-2; (c) RTi-3; (d) RTi-4.
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Figure 4. XPS spectra from the surface of (a) RTi-1 (uncoated Ti) and (b) CRTi-1 (coated
Ti with PDA monolayer).

RTi-1 (Figure 4(a)). The presence of titanium and oxygen on the surface of
RTi-1 is related to a native oxide layer (TiO,) which naturally covers titanium
surfaces [16]. Exposure of titanium to air or water leads to an instantaneous
formation of a titanium oxide layer (4 - 6 nm) on its surface [23]. The presence
of carbon on the surface results from environmental contamination, as has been
reported in several studies [16] [24]. No signals related to Ti were detected in the
XPS spectrum of CRTi-1 (Figure 4(b)), but three peaks including C, O, and N
were detected on the surface and these presumably originated from the chemical
composition of the PDA nanolayer. This suggests that the PDA nanolayer masks
the signals from substrate (Ti) and presents a surface with different surface che-

mistry from the substrate.
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3.3. Wettability

The With the exception of sample RTi-4, surface roughness did not significantly
affect contact angle of uncoated Ti samples. These results are in agreement with
the results reported by Yan et al [23] that showed no obvious relationship be-
tween water contact angle and average roughness (Ra) of Ti-6Al-4V alloy sam-
ples in the range of 280 nm and 9.5 nm. The RTi-4 sample compared to other
uncoated Ti samples (RTi-1 to 3) had a significantly lower water contact angle,
which indicates that the RTi-4 sample is more hydrophilic and consequently has
higher surface energy [10] compared to other uncoated Ti samples. This may be
attributed to the texture of surface nanotopography as nanotopographic surfaces
with more oriented texture display higher surface energies [25].

All Ti surfaces coated with PDA had lower contact angles (~52°) than un-
coated Ti surfaces (~73°) (Figure 5), indicating that PDA treatment increased
surface hydrophilicity. This can be attributed to the exposed hydrophilic groups,
including hydroxyl (-OH) and amino (-NH,) groups on the surface of the PDA
nanolayer [14]. Moreover, All PDA coated Ti samples had the same surface hy-
drophilicity as revealed by their similar contact angles. This indicates that the
surface hydrophilicity of PDA coated Ti samples was independent from rough-
ness of Ti substrates.

Increasing wettability and consequently surface energy not only improves the
interaction of blood with surfaces, but also promotes the spreading and binding
of fibrin and matrix proteins. This would positively affect cell attachment and
tissue healing [25]. It has been reported that adjusting initial protein interactions
is a critical factor in increasing osteoblast-like cell adhesion on the hydrophilic

surfaces [13].

[C] Ti with different roughnesses
(2] PDA coated Ti with different roughnesses
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Figure 5. Water contact angle measurements for uncoated and PDA coated Ti samples. n
= 6; * indicates significant difference, p < 0.05 between surfaces with and without PDA
within the same roughness group; # indicates significantly different, p < 0.05 from all
other roughness groups (RTi-1, RTi-2, RTi-3).
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In the case of hFOB cells, the key role of surface wettability on hFOB cell ad-
hesion was highlighted by Lim et al [26] [27] as they showed that hydrophilic
surfaces (6 < 65°) result in greater cell attachment than do less hydrophilic sur-
faces with > 65°. This emphasizes the importance of a PDA coating nanolayer
on Ti surfaces. We found that all Ti surfaces coated with PDA showed lower
contact angles (~52°) than uncoated Ti surfaces (~73°) (Figure 5). Therefore,
changing the surface chemistry of Ti surfaces with PDA coating nanolayers led
to a change in wettability of Ti surfaces which is favorable for hFOB cell adhe-

sion.

3.4. Alkaline Phosphatase (AP) Activity

Differentiation of osteoblasts was evaluated by quantifying AP activity [16] [28].
We found that surface roughness did not affect hFOB AP activity in cells on Ti
that had or had not been coated with PDA (Figure 6). However, with the excep-
tion of group 4 (sample RTi-4 and CRTi-4), AP activity was greater in cells cul-
tured on PDA coated samples compared to uncoated samples for all roughness
groups.

Previous studies demonstrated that osteoblastic cells (MC3T3-E1l cells) on
PDA coated anodized Ti displayed a greater level of cell spreading and cell adhe-
sion compared to cells on uncoated anodized Ti [16]. They also displayed greater
expression of vinculin [16]. Thus the increase wettability in our PDA samples
may lead to increased osteoblastic differentiation by increasing cell adhesion and
spreading. Indeed, increased cell spreading leads to increased contractility which
may enhance osteogenic differentiation [29].

Although the CRTi-4 sample was more hydrophilic than the RTi-4 sample
(Figure 5), cells on both surfaces displayed similar AP activity (Figure 6). This
may be related to the oriented texture of surface nanotopography of RTi-4 sam-

ple. Future studies will examine this possibility.

[C] Ti with different roughnesses
50 [Z] PDA coated Ti with different roughnesses

* * b

AP activity (U/g protein)
)
Wi

RTi-1 CRTi-1 RTi-2 CRTi-2 RTi-3 CRTi-3 RTi-4 CRTi-4

Figure 6. Normalized AP activity of hFOB cells on uncoated and PDA coated Ti samples
after 7 d culturing at 39.5°C. (n = 3; * p < 0.05 vs uncoated Ti samples).
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4. Conclusion

Our results demonstrate that manipulation of surface chemistry (and surface
wettability) by coating with a PDA nanolayer plays a more important role in
promoting osteoblastic differentiation than does manipulation of surface rough-
ness of the substrate (Ti). Thus, manipulation of surface chemistry by PDA coat-
ing may be a simple, economical, and more effective technique to enhance the
ability of complex geometries, including novel scaffolds, to promote osteoblastic

differentiation and osteogenesis.
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