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Raman Spectroscopic Evaluation of Composition of Matrix Synthesized
by Osteoblasts under Microvibration Stimulation

Katsuya Sato,"* Takeo MINAMIKAWA, " Takeshi Yasur™

Abstract In this study, we used Raman spectroscopy to observe the process of osteoblast calcification under
microvibration stimulation. Osteoblast cultures were prepared under three conditions: the control group was
cultured statically without vibration stimulation, and the 45-Hz vibration group and 90-Hz vibration group were
stimulated by microvibration at 45 Hz and 90 Hz, respectively, for 30 minutes per day with an acceleration
amplitude of 0.2 G. The incubation periods were 7, 9, 11 and 14 days, and observations were conducted using
Raman spectroscopy after fixation. In the 45-Hz vibration group, calcification was accelerated. This group
produced a large amount of highly crystalline phosphate with large crystal size and a low proportion of hyal-
uronan precursor and carbonate. In the 90-Hz vibration group, differentiation into mature osteoblasts was not
rapid. This group produced more non-crystalline phosphate containing more hyaluronan precursors and car-
bonate than the other groups. The results suggest that microvibration stimulation promotes calcification, and
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that the composition of the calcified area may differ depending on the vibration conditions.
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1. Introduction

In bone tissue, osteoclasts constantly resorb old bone ma-
trix, and osteoblasts synthesize new bone matrix to replace
it. This metabolic activity is called bone remodeling, and
an imbalance in bone remodeling is one of the causes of
osteoporosis. Osteoporosis is a disease characterized by a
decrease in bone mass and deterioration of the microstruc-
ture of bone tissue, and is known to increase the risk of
fracture as a result of increased bone fragility [1]. Osteo-
porosis induces bone fractures due to falls, etc., and is a
factor that decreases the quality of life of the elderly [2, 3].
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Osteoporosis is one of the most important diseases in the
aging society. Currently, estrogen replacement therapy
and alendronate therapy are used as pharmacological
treatments for osteoporosis. However, estrogen replace-
ment therapy has adverse effects such as risk of breast
cancer [4], and alendronate therapy has adverse effects
such as esophageal and oral disorders [5]. Therefore,
non-pharmacological methods including physical exercise
and strength training are used in combination with alen-
dronate therapy to reduce adverse effects by controlling
the dosage of drugs.

Bone is known to adjust its mass and microstructure
in response to the demands of mechanical loading [6].
Mechanical signals such as force or deformation stimu-
late bone formation and reduce bone resorption. Experi-
mental studies using animal models have reported that
microvibration stimulation improves bone quality in 0s-
teoporosis model mice [7] and promotes bone formation
in bone defects [8]. However, the mechanism by which
microvibration stimulation regulates bone metabolism
remains unknown. The effective vibration conditions
also vary from study to study, and at present there is no
consensus on the most effective vibration conditions.

Raman spectroscopy is a noninvasive and quantita-
tive measurement technique. By analyzing the spectra
obtained from Raman spectroscopy, information such as
molecular structure, crystal composition and crystallini-
ty can be obtained. Raman spectroscopy has been used to
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evaluate bone in osteoporosis and osteoarthritis [9, 10],
as well as to evaluate substrate calcification in cultured
cells [11-13]. In this study, we used Raman spectroscopy
to observe the composition and calcification of the ma-
trix produced by cultured osteoblasts . We also evaluated
the effect of microvibration stimulation on the matrix.
KUSA-AT cells, a mesenchymal stem cell line, were in-
duced to differentiate into osteoblasts and produce bone
matrix. Three groups of cell cultures were prepared: no
vibration group, 45-Hz vibration group, and 90-Hz vi-
bration group. Raman spectroscopy was used to measure
multiple points in the culture dish to evaluate the calcifi-
cation of the entire dish. Raman mapping was also per-
formed to evaluate the degree of phosphate crystallinity
and mineral to matrix ratio in the calcified matrix.

2. Methods

2.1 Cell culture

In this study, we used KUSA-A1, a mesenchymal stem
cell line. Cells [14] were preincubated in culture flasks
containing a-MEM (Wako, Japan) supplemented with
10% fetal bovine serum (FBS) as the culture medium.
The culture conditions were humidified air at 37°C and
5% CO,. A glass bottom dish with a grid (Iwaki, Japan)
was used for seeding cells and observing substrate pro-
duction. This glass bottom dish is printed with a grid
with intervals of 150 pm, allowing fixed-point observa-
tion and evaluation at the same location on the dish.
KUSA-AT cells were cultured until sub-confluent and
then seeded at a density of 2.0 x 10° cells/ml in a glass
bottom dish. After seeding, the osteoblast differentiation
induction medium was used. Osteogenic reagents (2.5
mM B-glycerophosphate, 10 nM dexamethasone, 50 pg/
ml L-ascorbic acid) and 60 mg/l kanamycin sulfate, an
antibiotic, were added to the a-MEM with 10% FBS.

In this experiment, osteoblast cultures were pre-
pared under three conditions. The control group was
cultured statically without vibration. The 45-Hz vibra-
tion group and 90-Hz vibration group were stimulated
with micro-vibrations at 45 Hz and 90 Hz, respectively,
for 30 min per day at an acceleration amplitude of 0.2 G.
All three groups were cultured for days 7, 9, 11 and 14.
After the prescribed incubation period, cell samples were
fixed with 4% paraformaldehyde and used for observa-
tion. Raman spectroscopy measurements of the prepara-
tions were performed in a glass bottom dish filled with
PBS.

2.2 Microvibration loading device

In this study, we developed an original microvibration
stimulation loading device (Fig. 1) that can provide mi-
crovibration stimulation in a CO, incubator (Fig. 2). This
device consists of an audio cone speaker unit (PW80K,

Speaker unit Jig
Vibrating plate

Mounting plate Grass bottom dish

Fig.2 Microvibration loading device in a CO, incubator.

Fostex, Japan) with the center cone removed and a jig
attached to it. The jig is connected to a vibration plate,
which excites horizontal vibration. The vibrating plate is
supported by a flexible gel and can move freely in the
horizontal direction. A glass bottom dish seeded with
cells is fixed to the vibrating plate with double-sided
tape.

Regarding the operation of the device, a sine wave
voltage signal was output from a function generator
(AG-253, Kenwood, Japan), and the signal was ampli-
fied by an audio amplifier (WP-C104, Panasonic, Japan)
to drive a speaker. To test the operation of the device, a
glass bottom dish filled with water as a dummy mass was
fixed on top of the vibration plate, and an acceleration
sensor was used to confirm that the specified acceleration
amplitude and frequency were generated.

2.3 Phase contrast microscopy

A phase contrast microscope (CKX-41, Olympus, Japan)
with dry 4x objective lens was used to observe the sub-
strate produced by osteoblasts. A digital camera (DP-71,
Olympus, Japan) was attached to the microscope to re-
cord the observed images. In the acquired phase contrast
images, the areas of calcification of the matrix produced
by osteoblasts were opaque and therefore appeared dark.
Image J software (NIH, USA) was used to binarize the
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images and measure the area of the darkened areas as
calcified matrix. The acquired images were graded at 8
bits, and the binarization threshold was set at 124. This
value is the average of the binarization thresholds of the
acquired images according to Otsu’s method [15]. The
dark areas measured also included the grid drawn on the
glass bottom dish. Therefore, the area of the grid alone
was measured beforehand and subtracted to obtain the
area of the calcified area.

2.4 Raman spectroscopy

A Raman microscope (Raman-11, Nanophoton, Japan)
was used for Raman spectroscopy measurements. A 532
nm laser was used as the excitation light source. The
objective lens was a water immersion 60x lens (N.A.
1.0). One pixel in an image acquired by Raman mapping
corresponds to approximately 0.35 pm. Measurements
were taken over the spectral range from 606.0 cm™! to
1818.0 cm™" with a spectral resolution of 1 cm™. The
acquired data were analyzed using specialized software
(Raman Viewer, Nanophoton, Japan). The acquired Ra-
man spectrum had a peak at 958 cm™! derived from hy-
droxyapatite, which is a substrate for matrix production
by osteoblasts, and a peak at 950 cm ™! derived from Si-O
contained in the glass. Therefore, we first obtained the
spectrum of the glass bottom dish alone, and then per-
formed pre-processing steps to subtract the spectrum.
Other preprocessing steps were cosmic ray noise remov-
al and smoothing, and baseline correction.

In this study, Raman spectroscopy measurements
were performed using two different measurement meth-
ods: point measurement and Raman mapping. The mea-
surement conditions for each method are described be-
low.

In the point measurement, the laser power was 20.5
mW, the exposure time was 30 seconds, and the number
of integration times was 2. Raman spectra were acquired
at 20 random locations/dish. The acquired spectra were
averaged and used for analysis. The spectra were nor-
malized by the CH,-derived peak (1447 cm™) for com-
parison of spectra among samples. The CH, peak in the
Raman spectrum is derived from lipids and proteins as
biomolecules. In the Raman spectra obtained in this ex-
periment, the CH, peak showed the least variation and
was almost constant in all groups of samples. Therefore,
the CH, peak was used as a standard for comparing the
peak height of the entire Raman spectrum.

For Raman mapping, a two-dimensional mapping of
a 135.6 um x 25.25 um area was performed with a laser
power of 20.6 mW and an exposure time of 10 seconds/
line. Ten observation sites were randomly selected for
each group. In the acquired Raman mapping image, the
area with high Raman peak intensity for phosphate (958

cm ') was selected, and the Raman spectrum was ac-
quired in the selected area measuring 2.4 um x 2.4 um (7
x 7 pixels). The acquired Raman spectra were averaged
for analysis. In the analysis of Raman spectra, two indi-
ces were used: the mineral to matrix ratio and the degree
of phosphate crystallinity. For the mineral to matrix ra-
tio, we calculated the peak intensity ratio between the
phosphate (958 cm™!) peak and the amide 1 band (1600
— 1700 cm™), which is considered to be derived from
protein. Amide 1 is a bond found in a variety of proteins,
but in this study, it was used specifically to evaluate the
mineral to matrix ratio in osteoblastogenic substrates, as
it reflects the secondary structure of collagen. Sub-band
curve fitting was also performed to evaluate the crystal-
linity of the phosphate. The inverse of the full width at
half maximum was calculated for the obtained phosphate
sub-bands and used as an index of crystallinity [16, 17].

2.5 Statistical analysis

One-way analysis of variance (ANOVA) was used for
statistical analysis, followed by Tukey’s method for mul-
tiple comparison tests. All data are expressed as mean +
standard deviation. The statistical significance level was
set at P < 0.05, and significant differences are indicated
by " in the graphs.

3. Results

3.1 Phase contrast microscopy

Figures 3, 4 and 5 show the phase contrast images of the
control, 45-Hz vibration and 90-Hz vibration groups,
respectively, on days 7, 9, 11 and 14. In each group, the
area of the calcified area (which appears white or light
brown in the phase contrast images, while the glass sur-
face appears to be dark bluish gray) increased with in-
crease in number of days of incubation. The phase con-

Control

500 pm

Fig. 3 Phase contrast images for the four incubation peri-
ods in the control group.
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45Hz Vibration

Fig. 4 Phase contrast images for the four incubation peri-
ods in the 45-Hz vibration group.

90Hz Vibration

Fig. 5 Phase contrast images for the four incubation peri-
ods in the 90-Hz vibration group.

trast images on the 14th day of incubation were binarized
(Figure 6, corresponding to images of day 14 in Figs.
3-5), and the areas of the calcified areas were measured.
The images are pseudo-colored, with light areas shown
in light blue and dark areas in red. Table 1 shows the
percentage of calcified areas obtained from the measure-
ments. The 90-Hz vibration group had the largest area of
calcification, followed by the 45-Hz vibration group. The
area of calcified area in the control group was smaller
than those in the microvibration groups.

3.2 Raman spectroscopy point measurement

The results of point measurements by Raman spectros-
copy are described. Figures 7, 8 and 9 show the average
Raman spectra obtained from measurements at 20 points
in each group, offset by the incubation period. In each
group, the phosphate peak (957 cm™') gradually in-
creased as the incubation period lengthened. Figure 10

Control 45Hz Vibration

Fig. 6 Binarized phase contrast images at day 14 of the in-
cubation period, with calcified areas displayed in
pseudo-color.

Table 1 Percentage of calcified areas measured from
phase-contrast observation images.

Percentage of calcified area [%]

Control 1.17
45 Hz vibration 15.76
90 Hz vibration 21.99
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Fig. 7 Raman spectra for the four incubation periods in the
control group.

shows enlarged average Raman spectra around the phos-
phate peak of each group on the 14th day of incubation.
The 45-Hz vibration group showed the highest peak
height, followed by the control group, and the 90-Hz vi-
bration group had the lowest peak height.

3.3 Raman spectroscopy Raman mapping
Next, the measurement results of Raman mapping are
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Fig. 8 Raman spectra for the four incubation periods in the
45-Hz vibration group.
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Fig. 9 Raman spectra for the four incubation periods in the
90-Hz vibration group.
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Fig. 10 Enlarged Raman spectra of the three groups at day
14 of incubation, with bands near the phosphate
peak.

described. Figure 11 shows an example of a phase con-
trast image and an image mapping the signal intensity of
the phosphate peak (958 cm™) at that location. As shown
in the figure, there is a distribution of the Raman signal
intensity of phosphate even in the opaque region (calci-
fied region) in the phase contrast image. Figure 12
shows the average Raman spectra obtained by selecting
locations with high Raman signal intensity for phosphate
among the 10 Raman mappings obtained for each group.
The obtained Raman spectra were analyzed for mineral
to matrix ratio (phosphate/amide 1) and phosphate crys-
tallinity. Figures 13 and 14 show the measurements and
results of mineral to matrix ratios for the three groups on
day 14 of incubation. The mineral to matrix ratio was
highest in the 90-Hz vibration group and tended to be
lower in the 45-Hz vibration group and the control
group, but the differences were not statistically signifi-

Fig. 11 An example of phase contrast image and Raman
mapping of a part of the image. X-Y mapping of
the signal intensity of the phosphate peak is shown.
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Fig. 12 Raman spectrum obtained by selecting areas with
high signal intensity of phosphate peaks from the
image obtained by Raman mapping. The incuba-
tion period was 14 days, and the spectra of the
three groups are offset.
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Fig. 13  Graph showing the phosphate peak and the amide

1 peak used to calculate the mineral to matrix ratio
on the Raman spectrum.
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Fig. 14 Comparison of mineral to matrix ratios in the three
groups, incubation period was 14 days.

cant. Figure 15 shows the magnified Raman spectra for
the phosphate peak used to calculate crystallinity of
phosphate, and Fig. 16 is a plot of the inverse of the full
width at half maximum of the phosphate band calculated
to evaluate the crystallinity of phosphate. There was a
statistically significant difference in crystallinity only
between the control group and the 45-Hz vibration
group. Hence, the degree of crystallinity tended to in-
crease in the group that received microvibration stimula-
tion.

4. Discussion

Phase contrast microscopy revealed that the amount of
substrate produced by microvibration-stimulated osteo-
blasts increased in both the 45-Hz and 90-Hz vibration
groups. Bone metabolism is regulated by hormones and
cytokines in vivo, as illustrated by the fact that osteopo-
rosis is caused by estrogen deficiency. The mechanism
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Fig. 15 Graph of Raman spectra magnified near the phos-
phate peak used to calculate the crystallinity of
phosphate.
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Fig. 16 Comparison of phosphate crystallinity, incubation
period is 14 days.

by which microvibration stimulation activates bone me-
tabolism may be regulation by sensing mechanical stress
in tissues and organs other than bone and secretion of
bone metabolism factors. However, as shown by the re-
sults of this study, substrate production increased even
when microvibration stimulation was applied to cultured
osteoblasts. This result suggests that osteoblasts per se
possess mechanisms to respond to microvibration stimu-
lation and upregulate their own osteogenic activity.

In the phase contrast images, the area of opaque re-
gions (presumably calcified regions) was the largest in
the 90-Hz vibration group. On the other hand, Raman
spectroscopy point measurements showed that the 45-Hz
vibration group had the highest peak signal intensity of
the phosphate band, while the 90-Hz vibration group had
a lower peak intensity than the control group. One possi-
ble reason for these findings is that 90-Hz microvibration
stimulation upregulates substrate production by osteo-
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blasts, but the phosphate in the substrate produced may
be immature. In point measurements, measurements
were made at 20 random points on the glass bottom dish,
and the spectra obtained were averaged and evaluated.
Therefore, the areas that were counted as opaque areas in
the phase contrast image may have contained large
amounts of substrate composed of very immature phos-
phate. Compared to the 90-Hz vibration group, the 45-
Hz vibration group showed more substrate production
and higher Raman peak intensity of phosphate in both
phase contrast imaging and Raman spectroscopy.

Next, the results of the analysis of the spectra ob-
tained from the Raman spectroscopy mapping images
are discussed. The mineral to matrix ratio was highest in
the 90-Hz vibration group, and the ratio in the 45-Hz vi-
bration group also tended to be higher than the control
group, but none of the differences were statistically sig-
nificant. In the Raman mapping measurement, spectra
were obtained by selecting areas with high Raman peak
intensities of phosphate in the mapping images. Calcifi-
cation of the substrate produced by osteoblasts does not
proceed uniformly throughout, but is heterogeneous.
However, Raman mapping selects the most calcified ar-
eas in each group. As a result, there may not be much
difference among the three groups. In this sense, mi-
crovibration stimulation increases osteoblast substrate
production and promotes calcification, but may have lit-
tle effect on the composition of substrate in the calcified
area, as reflected by the mineral to matrix ratio.

Subsequently, we discuss the crystallinity results ob-
tained from the Raman mapping measurements. The high-
est crystallinity of phosphate was observed in the 45-Hz
vibration group, with a statistically significant difference
compared to the control group; the 90-Hz vibration group
also showed a trend toward higher crystallinity, although
the difference was not statistically significant. These re-
sults suggest that microvibration stimulation may have an
effect on the calcification of osteoblast-produced sub-
strates to produce more mature and crystalline substrates.
This suggests that microvibration stimulation may have
both quantitative and qualitative effects on osteoblast sub-
strate production, which is very useful for the practical
application of microvibration stimulation to promote arti-
ficial bone formation.

The results of the experiments in this study showed
that microvibration stimulation increased osteoblast sub-
strate production and promoted calcification. In particu-
lar, 45-Hz vibration had potent promoting effects on the
amount of substrate production, Raman peak intensity of
phosphate, and crystallinity. Although comparisons were
made for only two different frequencies, it is clear that
different frequencies of microvibration stimulation have
very different effects on osteoblast substrate production.

In the future, it is necessary to clarify the effects of mi-
crovibration stimulation for a wider range of frequen-
cies. Furthermore, the vibration conditions of microvi-
bration stimulation include not only frequency but also a
wide variety of parameters such as vibration intensity,
duration of stimulation, number of times of stimulation,
and pause period. Among these very diverse combina-
tions of many parameters, the search for the optimal
combination to promote bone formation is not easy. This
is especially true for animal models that require long
experimental periods and experimental resources. There-
fore, it is useful to use a simplified in vitro experimental
system of cell cultures to search for optimal stimulation
parameters.

5. Conclusion

In this study, osteoblasts were cultured under microvibra-
tion stimulation, and substrate production was evaluated
by phase contrast microscopy and Raman spectroscopy.
The results obtained from phase contrast images showed
that substrate production by osteoblasts increased when
microvibration was applied, and the highest substrate pro-
duction was observed in the 90-Hz vibration group. The
Raman spectroscopy point measurements showed the
highest Raman peak intensity of phosphate in the 45-Hz
vibration group, whereas the peak intensity in the 90-Hz
vibration group was lower than that in the control group.
These results suggest that 90-Hz vibration stimulation in-
creases substrate production by osteoblasts, but the sub-
strate produced may be immature. Spectral measurements
based on Raman mapping showed that microvibration
stimulation, especially at 45 Hz, had the effect of increas-
ing crystallinity of phosphate in the substrate produced by
osteoblasts.
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