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Control of biocompatibility and cellular function for osteoblasts

by tunable stainless steel nanostructure

Student: meng-je Shie Advisor: Dr. Guewha Steven Huang
Graduate for Nanotechnology
Deparment of Materials Science and Engineering

National Chaio Tung University

ABSTRACT

Nanopore layers by anodization have received considerable attention
in biomedical -application.-Previous studies have demonstrated increased
osteoblast (bone-forming-cell) adhesion and function on nanopore
layers compared with unanodized counterparts. More recently, one study
showed ' nanopore diameterdetermined cell fate. The stainless steel
material 1S known to be much more beneficial for bone growth than
others material, so there is increasing demand to explore the response of
osteoblast on stainless steel ‘with nanopore layer. For this reason, we
evaluated MG63 osteoblast behavior on different diameter nanopore
layers with stainless steel. Cell morphology, viability, adhesion and
mineralization were evaluated.

The results showed that the diameter of 40nm and 100nm provided

an effective length scale for cell morphology, viability, focal adhesion,



alkaline phosphatase activity, and mineralization. The cell morphology
and viability showed good expression on 40nm and 100nm, best adhesion
and actin filament occurred at 40nm. The mineralization rates of cells
cultured on stainless steel nanopore layers increased with increasing pore
diameter from 40 to 100 nm, which may be attributed to different length
and nanometer-scale roughness of the nanotube layers.

Our study reveals a synergistic role played by the nanotopographies
in osteoblast functions -and- provides insight to the design of better

biomedical implant surfaces.
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Introduction

It is well known that the surface characteristics and topology of
biomedical implants play critical roles in cell or extracellular matrix
interactions with the implants. The surface material plays primary role in
controlling cellular behaviors, such as focal adhesion [1-3]. Metals and
alloys are the most common materials used as surgical implants, such as
cobalt-chromium alloys, tantalum (Ta), niobium (Nb) and titanium (Ti)
have been used for implants, since they have excellent corrosion
resistance[4]. Cytotoxicity is often dependent on the ionization tendency
of the metals used, and the biocompatibilities of refractory metals are
evaluated [4].Stainless steel in particular show: properties which make
them suitable as surgical implant materials[5-16]. It has been suggested
that microtopographies can promote bone-to-implant contact via such
mechanisms as mechanical interlocking[17] and enhancement of
osteoblast functions by these microtopographies[18, 19], such as
nanorod[20, 21], grooves[22], nanodot[23], nanoflower[24]. In addition,
cells are also grown on random structures such as nanofibers[25] or metal

surface[26]that mimic active structure of extracellular matrix.



The interactions between cells and nanotopographies are of
Increasing interest as a nanotopographies may be more efficient in
promoting cell functions[27] and nanotubes have attracted much
attention[28-39]. Nanotubes with the suitable tube dimensions have been
observed to enhance bone cell functions[28-37, 40, 41], even though
there is still some controversy. These nanotubes can also serve as carriers
for drugs such as growth factors[37, 38, 42], antibacterial agents[29, 33]
and other drugs[38] and show promise in bone implant applications.

Bone  tissues are .composed ~of _nanostructures including
non-collageneous organic proteins, fibrillar collagen and hydroxyapatite
crystals,  microstructures including lamellae, osteons and Haversian
systems, as_well as macrostructures suchas-cancellous and cortical
bones[43]. From the biomimetic viewpoint, a hierarchical structure
composed of microand nanoscale components may provide a more
suitable surface topography for cell functions as it can better mimic the
structure of the natural extracellular matrix. There have been some
attempts to fabricate such micro/nanostructures for biomedical
applications such as tissue engineering scaffold, implant surfaces.

In this study, nanoscaled periodic surface structures were generated



on medical stainless steel AISI 304L stainless steel and their influence on
osteoblastic cells was observed. We fabricated nanpore on stainless steel
surface by anodization, the pore size of stainless steel is controllable and
uniformly distributed; the diameter of pores depends on the voltage
applied. The current study is based on hypothesis that nanotopography
may modulat and control the growth, proliferation and biological function
of osteoblast and nanopore have attracted much attention. The templates
that nanopore nanostructure fabricated on stainless steel have good
biocompatibility. It could serve as a convent platform to optimize the
bone-implant interface. Association of nanopography with clinical

outcome will be investigated and discussed.



Experimental Methods

1.1 Cell culture

To eliminate possible contamination of nano-micro particles, the cell
culturing was performed in a class-10 clean room. MG63 cells were
cultured in Dulbecco’s Modified Eagle’s Medium complimented with

10% FBS and incubated at 37 &C, 5% CO..

1.2 Chemicals

Glutaraldehyde and osmium tetroxide were purchased from Electron
Microscopy - Sciences  (USA). Anti-vinculin- mouse antibody was
purchased from Abcam (USA). Alexa Fluor 594 phalloidin, Alexa Fluor
488 goat anti-mouse 1gG, were purchased from Invitrogen (USA).
Trypsin was purchased from Sigma (USA). Bromodeoxyuridine drug and
antibody were purchased from Millipore. Other chemicals of analytical

grade or higher were purchased from Sigma or Merck.



1.3 Fabrication of nanopore arrays

The 304L stainless steel samples were rather thick
(25mmx25mmx2mm) with a thread for the electrical contact. This
austenitic polycrystalline steel contains (w%): Cr: 18.68, Ni: 10.14, Mn:
1.72, Mo: 0.35, Cu: 0.15, N: 0.072, C:0.018 and Fe balanced. The
samples were mechanically polished -with abrasive papers (grade 500,
1200, 2400 and 4000) followed by diamond pastes of decreasing grade (3,
1 and 0.25m). Between each polishing, they were rinsed with acetone,
ethanol and distilled water under ultrasonic bath for 10min[44].

As soon as this mechanical polishing was achieved, electropolishing
was performed in an electrolytic bath, whose temperature was maintained
between —5 and 15 «C for 30.minutes. The electrolyte was composed of a
mixture of 40mL of perchloric acid and 760mL of ethylene-glycol
monobutylether. The perchloric acid was used to achieve the proper low
pH for promoting the ionization of metallic atoms into metallic cations
instead of oxides formation. The ethylene-glycol monobutylic ether
ensures a high viscosity of the electrolyte.

Samples (anodes) were positioned vertically in front of the counter



electrode, which was a rectangular carbon cathode, by far larger than the
anode . These two electrodes were linked up to a DC generator. This
power supply provided either a control of the current intensity delivered
at an imposed constant bias voltage or vice versa. The anodization
applied voltages were 30, 45, 60, 70, 75 volt for 40, 100, 180 , 200 ,
220 nm nanopores array; the electrolytic solution was stirred by a rotating
magnet . After the electropolishing, the samples were rinsed with large
amounts of distilled water, then cleaned during the electrolyte overnight.
The_dimension and homogeneity of nanodot arrays were measured

and calculated from images taken by JEOL JSM-6500 TFE-SEM.

1.4 The cells viability assay.

Cells were harvested and fixed with 4% paraformaldehyde in PBS for
30 minutes followed by PBS wash for three times. And membrane was
permeated by incubating in 0.1% Triton X-100 for 10 min, followed by
PBS wash for three times. The sample was incubated with
4',6-diamidino-2-phenylindole (DAPI) and phalloidin for 15 minutes at

room temperature followed by PBS wash for three times.



1.5 Scanning electron microscopy (SEM)

The harvested cells were fixed with 1% glutaraldehyde in PBS at 4
QC for 20 minutes, followed by post-fixation in 1% osmium tetraoxide for
30 minutes. Dehydration was performed through a series of ethanol
concentrations (10-min incubation each in 50%, 60%, 70%, 80%, 90%,
95%, and 100% ethanol) and air dried. The specimen was sputter-coated
with platinum and examined by JEOL JSM-6500 TFE-SEM at an

accelerating voltage of 5 k-electron voltage (eV).

1.6 Immunostaining

Cells were harvested and fixed with 4% paraformaldehyde in PBS for
15 minutes followed by PBS wash for three times. Membrane was
permeated by incubating in 0.1 % Triton X-100 for 10 min, followed by
PBS wash for three times, blocked by 1 % BSA in PBS for 1 hr, and PBS
wash for three times. The sample was incubated with anti-vinculin
antibody (properly diluted in 0.5 % BSA) and phalloidin for 1 hr,
followed by incubating with Alexa Fluor 488 goat anti-mouse antibody

for 1 hr followed by PBS wash for three times and examined by .



1.7 Alizarin Red S stain

The Mg63 cells on substrate were washed PBS and fixed with 4%
paraformaldehyde for 10 min. After washed by DI water the fixed cells
were soaked in 2% Alizarin Red s in DI water (adjusted to pH for 4.2) at
37 «C for 20 minute and washed with DI water to remaining stains. \We
randomly picked fifty cells for each condition and calculated the area of

stain per cell relative to the area of stain per cell on flat surface.

1.8 Alkaline phosphatase(ALP) assay

Cultured MG63 were lysed in 1X lysis buffer (Tris-Cl (Ph 7.4),
NaCl,EDTA, triton X-100, PMSF, proteinase “inhibitor cocktail tablet
(Roche), H20) and scraped, and spun down at 12000 g for 2 mins at 4°C .
Then, the supernatants were removed andplaced into new Eppendorf
tubes and we used UV/OD to define the proteins concentration. After
we knew the proteins concentration we mixed 20ul sample buffer and
100 pl pNPP substrate solution then incubated in dark for 30 minutes.
After the incubation period, read the plate at 405 nm on a multiwell plate

reader.



1. Results and Discussions

2.1 Fabrication of nanopre arrays for the growth of

MG63

Stainless steel plays an important role on biomedical applications,
due to its corrosion resistance and excellent mechanical properties. Its
scope of application ranges from clinical devices such as stents and
artificial joints to surgical tools. One of the major tasks of biomaterial
research is the functionalization of the material surface to improve the
biocompatibility according to a specific application. To investigate the
effect of the aspect ratio of the nanopore structure on cell behavior,
various nanopore array surface consisting of nanopores that varied in
diameter were fabricated[44].

Figure 1 A shows SEM images of stainless steel 304L nanopore
layers fabricated by anodization in 5 wt % perchloric acid at different
anodization voltage for 30 minute in — 5 and 15 <C. It is apparent from
Figure 1 the diameter of nanotube layers is approximately 40, 100, 180,

200, and 220 nm under 30, 45, 60, 70, and 75 V. As shown in Figure 1 B,



this characteristic diameter increases linearly with the value of the applied

voltage. Such a linear variation was also reported for anodic aluminium

and titanium oxides.
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Figure 1. Stainless steel nanopore arrays were fabricated by AAO
processing. (A) High resolution scanning electron micrographs of

nanopore surface: Flat, 40-nm, 100-nm, 180-nm, 200nm and 220nm(B)

the inter-pore distance increases linearly with bias voltage.
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2.2 Nanotopography modulated cell viability and
morphology of MG63

To evaluate the viability of osteoblast, MG63 were cultured on
fabricated nanopore arrays and on flat stainless steel 304L at the density
of 250 cells per square centimeter. Cell viability on the specimens during
the 24 h (day 1), 72 h (day 3) and 120 h (day 5) of incubation is shown in
Figure 2. Density of viable cells was obtained from composite pictures
Figure 3 At each time interval adopted in this study, the adherent cell
numbers on the each size of nanopore surfaces are larger than that on the
smooth surface. The cell numbers are slight different between each size
surface, the cell number on the 100nm nanopore surface is slightly higher
than the other size surfaces on 24 hours. After-incubation for 72 h and
120 h cell numbers on the 40nm and 100nm is obviously higher than on
the 180, 200 and 220 nm nanopre array-surface. On day 3 and day 5 cell
numbers significant increase of growth was observed with cells grown on

100 nm and 40 nm nanopore array when compared to flat surface.

12



Day 1 Day 3 Day 5

Figure 2.Immunostaining to show distribution of DAPI of osteoblast

40nm

100nm

180nm

200nm

220nm

cultured on nanopore arrays. The cell were seeded on flat, 40 nm, 100 nm,

180 nm, 200 nm and 220 nm nanopore arrays.
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Figure 3.The cell density of osteoblasts grown on various sizes of
nanopore arrays harvested on Day 1, 3, and 5. Cell density was derived
from counting the number of cells stained by DAPI . * =TTEST ,

p<0.005
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Morphology is an important index for cell growth. Nanotopography
is known to modulate cell morphology of MG63 cells. Biochemical and
genetic evidence indicated that apoptosis occurs to cells with abnormal
morphology.

In order to observe the morphology of Mg63 on stainless steel
surface, MG63 osteoblast were cultured on fabricated nanopores and
flat stainless steel at the density of 1000 to 1300 cells per square
centimeter . Cells were harvest on day 1, 3 and 5 after seeding. SEM was
performed to examine the morphology of cells(Figure 4). Surface area
were measured and compared to cells grown on flat 'surface(Figure 5)
Cell density on 100nm nanopore is higher than other size on day 1 and 3,
and there are slightly different between the other size .

There are minor differences on morphology for cell growth on
different nanostructures. The variation of cell morphology was also
dependent on incubating time. On day 1, cell surface area increase on
40nm than flat , cell area decreased with nanopore size increased. On day
3, significant increase of surface area increased was observed on 40nm
and 180nm. On day 5, surface area increase on all size nanopore array

than flat.

15



In summary, the higher cell density was observed on 100nm nanopoe
array, and cell growth on 40nm nanopore exhibited better morphology in

flatness and extend area. Maybe cell area decrease because high cell

density on 100nm and day5.
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Figure 4.Morphology of MG63 osteoblast cultured on nanopore
arrays. Mg63 cells were grown on Flat,10-nm,50-nm,100-nm,and 200-nm
nanopore arrays for 1 day ,3 days, and 5 days and their morphology

imaged by scanning electron microscopy.
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Figure 5.SEM statistics showed cells area. p<0.005. The surface area

(per cell) seeded on nanopore with control after 1 day, 3 day and 5 day.
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2.3Nanotopography modulate cell adhesion and

cytoskeleton of MG63

Topography and surface chemistry might share a common pathway to
direct cell behavior. Focal adhesions are mediated by cell adhesion
through receptor-ligand binding. Number of focal adhesions is the
hallmark for cell attachment and can be evaluated by the immunostaining
against Vinculin. - To evaluate cell adhesion and cytpskeleton
reorganization, immunostaonong specific to vinculin and actin filaments
was performed (Figure 6,7). Focal adhesion numbers, focal adhesion area
per cell, focal adhesion area per focal adhesion contact point and
cytoskeleton area were measured (Figure 8).

On day 1, 2-fold increase in focal adhesion number and focal
adhesion area per cell for 40-nm compared to flat surface was observed.
On day 3, significant increase of focal adhesion number and focal
adhesion area per cell for 10-nm and 50-nm was observed. Focal
adhesion area per focal adhesion contact point show slight different in
compose of surface different and incubating time.

Cytoskeleton organization indicated the growth state of culture cell .

On day 1 cell growth on each surface exhibited well define actin

19



filaments in the cytoplasm, on day 3, increase of actin filament for cell

growth on 40nm and 100nm nanopore.
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Figure 6.Immunostaoning to show distribution of vinculin ('a ), actin
filament ( b ) and mergence of vinculin and actin filment( ¢ ) in cell
culture on 40nm,100nm,180nm,200nm and 220nm nanopore and on flat

surface. Cell were seeded on the nanostructure for 1 day before harvest.
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Figure 7.Immunostaoning to show distribution of vinculin ( a ), actin
filament ( b ) and mergence of vinculin and actin filment( ¢ ) in cell
culture on 40nm,100nm,180nm,200nm and 220nm nanopore and on flat

surface. Cells were seeded on the nanostructure for 3 day before harvest.
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Figure 8. Stastic of focal adhesion numbers, focal adhesion area per
cell, focal adhesion area per focal adhesion contact point and
cytoskeleton area . MG63 was culture on various nanopore array for 1

day and 3 day. * =p-value , p<0.005
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2.4Nanostructure modulated mineralization and

differentiation of MG63

Mineralization can be assessed by a number of means including
fluorescent calcein binding[45], Von Kossa staining[46], and Alizarin red
S (ARS) incorporation[47-49]. Both Von Kossa and ARS staining allow
simultaneous evaluation of mineral distribution and inspection of fine
structures by phase contrast microscopy. ARS staining Is particularly
versatile.in that the dye can be extracted from the stained monolayer and
readily assayed. ARS is also used to identify calcium in tissue sections.
Matrix mineralization occurs as a consequence of calcium phosphate
deposition and can be used as marker for osteogenic differentiation .

For analyzing mineralized nodule formation, osteoblastic cells were
cultured for 7 days, 10 days and 14 days and fixed with 10%
neutral-buffered formalin and visualized by Alizarin red staining as
described previously(Figure 9) and quantification of staining by count red

area of osteoblast normalize by cell area.

25



Figure 10 shows mineralization results of osteoblast after 7, 10, 14
days of culture. The calcium mineral deposition was increasing with
increased tube diameter and reached highest on 100 nm nanotubes, then
decreasing with increased tube diameter and reached lowest on 220
nanopore after 7 days: culture. The calcium- mineral deposition of
osteoblast cultured on 40nm, 100 nm and 180nm nanopore was higher
than the flat, however, the- calcium mineral deposition of osteoblast
cultured_on 200 nm and 220 nm nanopore was lower than the flat. The

highest calcium mineral deposition was on.100nm nanopore.
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dish

100nm

220nm

Figure 9.Mineralization of cultured MG63 by Alizarin Red S stain.
MG63 cells are seeded on nanopore and growth for 7,10 and 14 days. The

mineral was stained as bright red by Alizarin Red S staining.
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Figure 10.Correlation between mineralization versus size of nanopore.
Mg63 is cultured on various sizes of nanopore for 7,10 and 14 days. The
Alizarin Red 'S staining procedure is performed. Mineralization is
calculated using the area of bright red. Relative mineralization is

calculated relative to flat surface.
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The functional activity of the MG63 cells was examined by
measuring the ALP activity. ALP activity is an important parameter to
access the normal functionality of cells on a surface; hence, the activity
was measured for 7, 10 and 14 days of culture(Figure 11).

There were detectable amounts of alkaline phosphatase activity by
osteoblasts cultured on all substrates tested in the present study after 7
days. In contrast, alkaline phosphatase activity was significantly greater
on 100nm nanopore after 7 days of culture. Alkaline phosphatase activity
was also-significantly greater when osteoblasts were cultured on 100nm
nanopore but less on 200nm and 220nm nanopore than on flat after 10
days. At 14 days of culture, synthesis of alkaline phosphatase by
osteoblasts on-40nm, 100nm, 180nm nanopore was 80, 120, and 50%
greater than on flat, respectively. The highest alkaline phosphates activity

was observed on 100nm nanopoe array.
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Figure 11. The ALP activity of MG63 osteoblast cultured on different
diameter nanopore layers for 7, 10 and 14 day (the ALP activity =

absorbancef/total protein content): *p < 0.05 compared with flat.
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I1l. Conclusions

In this work, we demonstrated that ordered and controlled nanopore
of stainless steel by anodization provided a useful model to explore
behavior of cells on nanophase regime. The MG63 osteoblast adhere well
on 40-100 nm diameter of nanotube layers, but not on 180-220 nm
diameter of nanopore layers.

The viability and morphology of cells cultured on different size
nanopore layers were significant increasing on. 100nm -and 40nm
nanopore surface, which was mostly caused by the different length and
nanometer-scale roughness of the nanopore layers. Furthermore, the ALP
activity and mineralization of MG63 .osteoblast were obviously
suppressed when the tube diameter was 100nm. Thus, further studies are
directed towards a response assessment of various cell types cultured on
different nanopore layers, which would be helpful for designing better

biomaterials.
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