Osteoblast attachment and mineralized nodule formation
on rough and smooth 45S5 bioactive glass monoliths
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Abstract: Human primary osteoblast responses to smooth
and roughened bioactive glass of 4555 (Bioglass™) compo-
sition (46.1% SiO,, 26.9% CaO, 2.6% P,0s, 24.4% Na,O) were
analysed in vitro. The smooth and rough surfaces had R,
values and peak to valley distances of 0.04, 4.397, 2.027, and
21.328 um, respectively. Cell attachment and morphology
was observed using phalloidin staining of the actin cytoskel-
eton and revealed significant differences between smooth
and rough surfaces. Cells that were spiky in appearance on
the rough compared to the smooth surface formed an orga-
nized actin matrix much later on the rough surface. Scan-
ning electron microscopy revealed many cell filipodia ex-
tending from more rounded cell bodies on the rough
surface. A significantly greater number of nodules on the
rough surface was observed, and these were shown to min-

eralize when supplemented with beta-glycerophosphate
and dexamethasone. Raman spectroscopy confirmed the
presence of hydroxyapatite in the mineralized cultures
showing a definite peak at 964 cm™'. FTIR analysis showed
hydroxyapatite formation occurred more rapidly on the
rough surface. This study demonstrates that although initial
cell morphology was less advanced on the roughened sur-
face, the cells were able to form mineralized nodules in
greater numbers. This may have implications to bone tissue
engineering using bioactive glasses. © 2004 Wiley Periodi-
cals, Inc. ] Biomed Mater Res 68A: 640-650, 2004
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INTRODUCTION

Bioactive glasses were first reported by Hench et al.!
in 1971, and were originally composed of oxides of
calcium, phosphate, silica, and sodium. Due to their
ability to bond to living bone, ? various bioactive
glasses and ceramics have undergone extensive re-
search in the field of bone repair and bone tissue
engineering.” Bioactive glasses rapidly form a hy-
droxyapatite layer on the surface in simulated body
fluids, which lends to their bone-bonding ability."*”

Topography is known to influence cell responses.®
A wide variety of cells are able to detect changes in the
surface topography, and much research has been
aimed at grooves and ridges of varying dimen-
sions.”'® Producing materials with grooved, and
roughened surfaces has therefore undergone exten-
sive research to try to control cell behavior on poten-
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tial implant materials. Osteoblasts have been investi-
gated on a variety of roughened surfaces.''™*

Raman spectroscopy is a well-established technique
for studying biological samples and living cells in
cultures."*™*° It has also been used to detect mineral-
isation of mouse calvaria cells."”

This study investigates human osteoblast attach-
ment and nodule formation on Bioglass™ monoliths
with a smooth or roughened surface. Mineralization of
nodules was analyzed using alizarin red staining and
also Raman spectroscopy of live osteoblast cultures.

METHODS

4555 Bioglass monoliths measuring 15 mm diameter X 2
mm depth, with one side bearing a 3-um finish, were gen-
erously provided by David Greenspan, US Biomaterials.
Monoliths were preincubated in culture medium for 24 h
prior to cell seeding.

Surface topography

The surface topographical features of the monoliths were
analyzed by optical interferometry using a NewView200
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Figure 1. Zygo 3D surface analysis of the smooth 4555 sample. (A) 2D profile, (B) 3D profile. Peak to valley distance (PV)
was found to be 4.397 pm and R, value was 0.045 um. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

microscope (Zygo Corporation). A 10X objective and 2X
zoom were used for a lateral resolution of 1.12 pum. Various
positions on the samples were measured to ensure that the
images were representative of the whole surface.

Osteoblast culture

Human primary osteoblasts (HOBs) were isolated as de-
scribed previously from excised femoral heads after total hip
replacement surgery.'®'® Trabecular bone was cut into frag-
ments of approximately 3 X 3 mm and washed several times
in phosphate buffered saline (PBS) to remove blood cells and
debris, with a final wash in culture medium.

Fragments were then cultured in complete Dulbecco’s
Modified Eagles Medium (DMEM) containing 10% foetal
bovine serum (FBS) with 2% penicillin/streptomycin and
0.85 mM ascorbic acid. The fragments were incubated at
37°C in a humidified incubator with 5% CO,. After culture

for 7-10 days, fragments were subjected to trypsin (0.02%)
and collagenase (0.162 U/mL) digestion for 20 min at 37°C
on a roller mixer. The resulting cell suspension was then
centrifuged at 1000 rpm and enzyme digestion of the frag-
ments repeated. This process was performed a total of five
times and cells pooled. HOBs were cultured as described
above on Bioglass samples or on tissue culture plastic or
Thermanox™ discs as positive controls, at a density of
80,000 cells/cm>.

Actin cytoskeleton staining

Cells were cultured for 15, 30, 60, and 90 min, 4 and 48 h
on Bioglass or Thermanox™ controls. Samples were washed
in PBS and fixed with 4% paraformaldehyde for 10 min at
room temperature. Samples were washed again and perme-
abilized for 5 min at —20°C. Cells were then washed in 1%
bovine serum albumin (BSA) in PBS and stained with 10
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Figure 2. Zygo 3D surface analysis of the rough 4555 sample. (A) 2D profile, (B) 3D profile. Peak to valley distance (PV) was
found to be 21.328 um and R, value was 2.027 um. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

pg/mL FITC-conjugated phalloidin (Molecular Probes, En-
gene, OR) for 20 min at room temperature. Samples were
washed in BSA/PBS and counterstained with 5 pg/mL pro-
pidium iodide in PBS. Samples were washed again and
mounted under glass coverslips with Vectashield and viewed
using a BioRad confocal microscope.

Determination of degree of spreading and actin
organization

After actin staining as above, cells were viewed using a
confocal microscope at X200 and X400 original magnifica-
tion and scored according to the Sinha method.*® Cells dis-
playing faint staining with no discernible actin filament
organization were labeled “Type I,” cells displaying cortical
filaments below the cell membrane with some radially oriented
filaments were termed “Type II,” and cells displaying distinct
well-formed actin filaments parallel to one another and the

long axis of the cell were termed “Type III.” For each sample
(prepared in triplicate) five fields of view were observed and
counted to quantify level of spreading and actin organization.

Scanning electron microscopy

Cells were cultured on Bioglass™ and Thermanox™ discs
for 90 min and fixed in 1.5% glutaraldehyde for 30 min at
4°C. Cells were then postfixed in 1% osmium tetroxide for
1 h at 4°C. Cells were dehydrated through a series of in-
creasing concentrations of ethanol and dried using hexam-
ethyldisilazane (HMDS). Samples were sputter coated with
gold and viewed using a Cambridge Stereoscan S360 scan-
ning electron microscope operated at 10 kV.

Nodule formation

The number of nodules formed on the surfaces was as-
sessed by light microscopy. Samples were viewed at 5 days
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Figure 3. Confocal fluorescence micrographs showing actin staining of osteoblasts cultured on Thermanox™ control (A, D,
G, ], M), smooth (45S) (B, E, H, K, N) and rough (45R) (C, F, I, L, O) Bioglass for 30 (A, B, C), 60 (D, E, F), 90 (G, H, I) minutes,
4(J,K,L)and 48 h (M, N, O). Originial magnification X200 (except ], which is X400). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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and 14 days using a light microscope, and the number of
nodules formed in each well counted.

Mineralization—alizarin red and raman
spectroscopy

Cells were cultured with or without 10 mM beta-glycero-
phosphate (BGP) and 100 nM dexamethasone (Dex) (Sigma,
Dorset UK). Staining of calcium deposits was performed
using Alizarin Red S (Sigma, Dorset, UK). Cells were cul-
tured for time points up to 28 days then rinsed in PBS and
fixed in 70% ice cold ethanol, rinsed in distilled water, and
stained for 2 min in 1% Alizarin Red S solution. Cells were
then rinsed in distilled water several times and mounted
under glass cover slips using PBS/glycerol.

Confirmation of the presence of hydroxyapatite was per-
formed using Raman spectroscopy. Raman spectra were
measured with a Renishaw 2000 spectrometer connected to
a Leica microscope. The microscope was equipped with a
long working distance (2 mm) water immersion objective,
magnification 63X, NA 0.9. A high-power near-infrared la-
ser was used for excitation: 100 mW at 785 nm. At this
wavelength, long time periods of irradiation can be carried
out without damaging the cells.'* The spectra were collected
over 40 s. During the Raman experiments the cultures were
kept in PBS.

Hydroxyapatite formation on bioglass™ surface

Fourier transform infrared spectroscopic (Genesis II FTIR,
Spectronic Unicam) analysis was conducted using KBr pel-
lets (1:100 weight ratio). Scans were taken between 1600-400

—1
cm” .

RESULTS

Surface topographical features of the smooth and
rough surfaces differed as shown in Figures 1
(smooth) and 2 (rough). Peak to valley distance of the
smooth sample measured 4.397 pm compared to
21.328 pm for the rough surface. The Ra values mea-
sured 0.045 wm for the smooth surface and 2.027 pm
for the rough surface.

Cell attachment and spreading was evaluated using
actin cytoskeletal staining (Fig. 3) and cell scoring (Fig. 4).

A marked difference in degree of spreading was
observed when comparing Thermanox™ control (Th),
smooth Bioglass (45S), and roughened Bioglass (45R).
After 30 min of attachment, cells on the Th [Fig. 1(A)]
and 45S [3(B)] surfaces were similar in morphology
and actin organization, whereas cells on the 45R [3(C)]
surface appeared “spiky” in morphology, with prom-
inent actin staining in projections from the main cell
body. These observations were more evident after 60
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Figure 4. Graph showing percentages of Type I cells (A),
Type 1I cells (B) and Type III cells (C), i.e., level of actin
organization, after culture for 15 min to 48 h. Analysis of
variance with Tukey-Kramer posttest was carried out on
samples where n = 3 * standard error of the mean. Values
are denoted significantly different where p = < 0.05 (*), p =
<0.001 (**) and p = <0.0001 (***).

[Fig. 3(D), (E), (F)] and 90 min culture [Fig. 3(G), (H)
and (I)]. After 4 h in culture, again the Th [Fig. 3(J)]
and 4565 [Fig. 3(K)] were similar in morphology with a
well-organized actin cytoskeleton demonstrating
Type II and Type III cells. Cells on the 45R sample
[Fig. 3(L)], however, showed few radially or parallel
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Figure 5. Scanning electron micrographs of HOBs cultured on Thermanox™ (A) X 750, 455 (B) X 3400, and 45R (C, X 1400
and D, X 2800) for 90 mins. Arrows highlight filopodia on the 45R surfaces.

orientated actin fibers, instead the fibers were orien-
tated along the long axis of the cell and at the cell
periphery. By 48 h cells on the Th [Fig. 3(M)] and 45S
[Fig 3(N)] were fully spread demonstrating Type III
morphology with all cells showing parallel actin fiber
arrangement. Cells on the 45R sample [Fig. 3(O)] were
very different in appearance with many cells still bear-
ing a Type I and II morphology. Quantification of
actin organization is shown in Figure 4. Percentage of
Type I cells is shown in 4(A), Type II cells in 4(B), and
Type 3 cells in 4(C). Cells cultured on Thermanox™
control and 45S surface had similar actin organization
throughout the time points studied, with cells chang-
ing rapidly from Type I through to Types Il and III. On
the 45R surface, however, the majority of cells re-
mained in the Type II conformation, even after 48 h of
culture.

The spiky morphology of cells cultured on the 45R
surface was also evident when analyzed by scanning
electron microscopy (Fig. 5). Cells cultured on Ther-
manox™ (A) and 45S (B) showed a smooth, flattened
morphology compared to the spiky and more three-
dimensional main cell body as shown in (C) and (D).

Nodule formation was observed on both 455 and
45R, but no nodules were seen in the time period
covered on Th samples. Quantification of numbers of
nodules formed is shown in Figure 6, where it can be
seen that a significantly higher number of nodules
were seen on the 45R sample at 5 and 14 days.

These nodules were then analysed for mineraliza-

tion using alizarin red staining of calcium deposits, as
shown in Figure 7, where a positively stained nodule
can be seen. Raman spectroscopy was then used to
confirm hydroxyapatite formation within the nodules
as shown in Figures 8 and 9. Raman spectra of osteo-
blasts on smooth and rough Bioglass™ discs without
being fed with BGP and Dex are shown in Figure 8.

The Raman spectra contain contribution from all
components of cells: proteins, nucleic acids, lipids,
and carbohydrates.'® The peak assignment is given in
Table 1.'°
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Figure 6. Graph showing number of nodules formed on
Thermanox™ control, smooth and rough Bioglass after 5
and 14 days in culture. Analysis of variance with Tukey—
Kramer posttest was carried out on samples where n = 3 *
standard error of the mean. Values are denoted significantly
different where p = <0.001 (**) and p = <0.0001 (***). No
nodules formed on the tissue culture plastic control over the
time period studied.
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Figure 7. Light micrograph of alizarin red staining of nod-
ules after culture on 4555 and supplementation with beta-
glycerophosphate and dexamethasone for 12 days. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 9 shows the Raman spectra of bone nodules
formed on rough and smooth Bioglass from cells sup-
plemented with BGP and Dex. In this case, a stronger
peak is present at 964 cm ! (compared to that in Fig.
8), which corresponds to the symmetric stretching vi-
bration of P-O in PO} tetrahedra of hydroxy apatite
crystals.”' The magnitude of this peak is much stron-
ger than the peaks corresponding to organic molecules
in cells. This peak indicates a high degree of mineral-
ization of the bone nodule when the osteoblast me-
dium was supplemented with BGP and Dex.

Hydroxyapatite formation was observed on both
rough and smooth surfaces after 24-h incubation in
culture medium using FTIR. As shown in Figure 10(a)
and 10(b), the rough surface showed prominent HA
formation (594, 584, 571 cmfl), whereas very little HA
formation was observed on the smooth surface, as
shown in Figure 11, in the time period tested.

DISCUSSION

Cell attachment and spreading is known to affect
the long-term phenotype of anchorage dependent
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Figure 8. Raman spectra of osteoblasts on Bioglass without
BGP and Dex: (a) smooth surface, (b) rough surface.
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Figure 9. Raman spectra of osteoblasts on BG fed with
BGP: (a) smooth surface, (b) rough surface.

cells,'> where highly organized and orientated extra-
cellular matrix was observed on smooth surfaces com-
pared to rough surfaces. Cell morphology as shown
by scanning electron microscopy and cytoskeletal
staining differs depending on the substrate to which
the cells are attached.'? Osteoblasts, for example, are
well documented in the literature, and it can be seen
that on some surfaces they appear extremely flattened
and on other surfaces they have a more three-dimen-
sional morphology.? The topography of a surface can
profoundly effect cell attachment and spreading, and
it is generally thought that a roughened surface is
preferential to strong bone bonding at the tissue—-im-
plant interface.""*

In this study we examined osteoblast responses to a
smooth 4555 monolith and a roughened 4555 mono-
lith. Significant differences in cell morphology were
observed using scanning electron microscopy and
confocal and fluorescence microscopy of actin stain-
ing. Cells appeared more spread and more flattened
against the substrate surface on the 455 compared to
the 45R. Cells on the 45R surface, in fact, did not reach
what is thought to be the ideal level of actin organi-
zation, i.e., a “Type III” conformation even after 48 h
of culture. The study then went on to determine what
effect these differences have on nodule formation and
mineralization. The number of nodules formed on the
two surfaces was also significantly different, with a
greater number of nodules being formed on the
roughened surface (45R). Why this is so, we cannot yet
explain, however, the less flattened and spread mor-
phology or a more three-dimensional morphology
may promote faster nodule formation and a higher
number of nodules formed.

Cells that have a more “spiky” or stellate appear-
ance have been observed in the literature when cul-
tured on roughened surfaces.'” It is known that filop-
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TABLE 1
Peak Assignment for Raman Spectra (A, G, C, T-Adenine, Guanine, Cytosine,
Thymine; str., tw., br.-Stretch, Twist, Breadth)?

o Assignment
Peak Position
(em™) DNA/RNA Proteins Lipids Carbohydr
1659 Amide I a-helix C=C str.
1449 CH def CH def CH def
1300 =CH def
! Amide 1T =CH def
1230
1095 PO, str. Chain C—C str. C—C str
1005 Ring br Phe
937 C—C BK str. a-helix
788 O—P—O str. O0—P—0
782 U,C,T ring br
729 A
669 T,G
645 C—C tw Tyr
623 C—C tw Phe

odia or microspikes of cells are used in sensing the
substrate. Microspikes of neurons extend over signif-
icant distances to determine areas suitable for attach-
ment.?* Therefore, the roughened surface in this study
appears to show cell filopodia exploring the substrate
topography for areas to which a greater surface area of
the cell can adhere. Dalby et al. have observed similar
morphologies of osteoblasts cultured on HAPEX,
which has varying degrees of roughened topogra-
13

phy.

Itala et al.* analyzed silica gel and calcium phos-
phate formation on microroughened bioactive glass
surfaces of three different compositions (13-93: 53%
5i0,, 6% NayO, 20% CaO, 12% K,O, 5% MgO, 4%
P,Os; 1-98: 55%, 4%, 22%, 9%, 5%, 4%, respectively,
and 1% B203; 3-98: similar to 1-98). They found that
formation of the silica gel layer was accelerated on the
roughened surfaces, which they explain is due to the
enhanced Si leaching from the surface as a result of
their chemical etching procedure. However, the for-
mation of calcium phosphate layer was equal between
control and microroughened glass surfaces. They also
determined that the roughened surfaces significantly
enhanced the attachment of human osteoblast-like
MG-63 osteosarcoma cells during the first 24 h of
incubation but did not have an effect on their prolif-
eration rate or morphology.

In our study, when cultures were supplemented
with dexamethasone and beta-glycerophosphate, the
formation of mineralized nodules was observed. Nod-
ules were positively stained with alizarin red, which
binds to calcium deposits. No difference in mineral-
ization was observed between the rough and smooth
surfaces. It is interesting to note, however, that no
nodule formation was observed in cultures on Ther-
manox™ controls. It must be noted that we only stud-
ied up to 14 days and it is likely that nodules would

form at later time points on the Thermanox™. Due to
the presence of calcium in the Bioglass composition,
this also can stain red, and therefore make observation
of true mineralized nodules and areas of cells difficult.
We therefore confirmed not only the presence of cal-
cium within these nodules using Raman spectroscopy,
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Figure 10. FTIR spectra (A and B) of 45S5 rough surface
showing hydroxyapatite formation.
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but also that this calcium was present in the form of
hydroxyapatite.

The formation of hydroxyapatite on the smooth and
rough surfaces was analyzed by FTIR to determine if
there were any differences. HA formation was more
rapid on the rough surface, with very little apparent
on the smooth surface, showing that a rough surface
was better for forming HA with these samples and
conditions. The Si peak (rough) near 460 cm ' is still
large, indicating that the HA layer is thin or possibly
discontinuous. The faster HA formation on the rough
surface may have contributed to the cell morphology
and nodule formation, and this is being investigated.

This study demonstrates a marked difference in
morphology on roughened and smooth surfaces and
that initial morphology of osteoblast spreading effects
nodule formation but not mineralization of these nod-
ules. We also demonstrate the use of Raman spectros-
copy in live osteoblast cultures to analyze mineraliza-
tion with greater specificity than traditional alizarin
red staining. Future research will include other de-
grees of topography, gene expression analysis, and
further investigation of mineralization by Raman
spectroscopy. These results show that the roughness
of the samples studied (compared to a smooth surface)
improves human primary osteoblast nodule forma-
tion. Generally in the literature a highly spread cell
morphology is regarded as optimum, yet in this study
we show that a less spread, spiky morphology appears
to lead to increased nodule formation. The roughness
of sample may be beneficial in vivo, as it may promote
more rapid bone formation at the tissue-implant in-
terface if used for bone tissue engineering or regener-
ation. The bioactive glass investigated in this study
was in monolithic form: however, the roughness effect
observed could be translated to powder form, foamed
scaffolds, or fibers to enhance the osteoblast effect in
vitro and potentially in vivo.

The authors would like to thank Tim Ryder and Margaret
Mobberley (Department of Histopathology, Charing Cross
Hospital, London) for kind assistance with the scanning
electron microscopy, Daniel Clupper, Department of Mate-

649
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Chater, Department of Materials, Imperial College, for as-
sistance with the Zygo analysis.
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