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Introduction

Abstract. The aim of this study is to evaluate the osteoblastic collagen synthesis under mechanical stimulation
using second-harmonic-generation (SHG) microscopy. We apply SHG microscopy to monitor the collagen fibers
synthesized by osteoblast-like cells (MC3T3-E1) without the need for fixation and staining. To quantitatively
evaluate the influence of mechanical stimulation on osteoblastic collagen synthesis, we compare SHG images
of osteoblast-synthesized collagen fibers with and without a cyclic stretch stimulus applied using a lab-made
stretching device. We acquire SHG images every 7 days for 3 weeks at different stimulus conditions (5 min/day
and 3 h/day with a strain magnitude of 5% and a frequency of 0.5 Hz). Image analysis of the average
SHG intensity indicates that the amount of osteoblastic collagen synthesis is significantly enhanced by the
cyclic stretch compared with the nonstretched condition, while there is no significant difference between the
two mechanical stimulation conditions. Furthermore, the maturity of the collagen fibers in the early stage of
bone formation is not affected by the mechanical stimulation. The results can be used in bone regenerative

medicine to apply feedback control of collagen synthesis by artificial stimulation. © The Authors. Published by SPIE
under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of
the original publication, including its DOI. [DOI: 10.1117/1.JB0.24.3.031019]
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is minimally invasive. Previously, we demonstrated in situ

Bone cells, such as osteoblasts, osteoclasts, and osteocytes, play
important roles in bone metabolism, such as bone formation
and resorption. Bone matrix consists of hydroxyapatite and
type I collagen, and the latter occupies ~90% of bone matrix.
However, as bone metabolism is quite slow, it is difficult for
elderly to heal damaged bone or increase the sufficient amount
of bone during a short period.? Therefore, there is a considerable
need for bone tissue engineering and regenerative medicine to
locally replace damaged bone in older patients.

For the regenerated bone, it is essential for the osteoblasts to
effectively generate the collagen fibers. It has been shown that
the amount of collagen produced by osteoblasts can be signifi-
cantly increased by applying a mechanical stimulus.*® To apply
a suitable mechanical stimulation for collagen fiber production,
it is necessary to noninvasively monitor the collagen dynamics
under mechanical stimuli. Conventionally, staining methods
have been widely used to visualize collagen fibers in the
tissue.”® However, invasiveness due to fixation and staining
makes it difficult to apply this method for in situ monitoring of
collagen fiber production by osteoblasts over time. Recently,
second-harmonic-generation (SHG) microscopy has been
used to visualize the collagen fibers in situ without the need
for fixation and staining.*'° SHG light is generated specifically
from collagen molecules in biological tissues. Additionally,
SHG microscopy has high selectivity and good image contrast
for collagen molecules as well as high spatial resolution, optical
three-dimensional (3-D) sectioning, moderate penetration, and
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time-series SHG imaging of collagen fibers synthesized by
osteoblasts.!! However, this experiment was performed under
a standing culture condition without a mechanical stimulus.

In this work, we performed in sifu time-series SHG imaging
of collagen fibers synthesized by osteoblasts under cyclic stretch
using a lab-made cell-stretching device. We then quantitatively
evaluated the production of collagen fibers by image analysis of
the SHG microscopy.

2 Materials and Methods

2.1 Cell Culture

MC3T3-E1 osteoblast-like cells (Riken BRC, Tsukuba, Japan)
were precultured in alpha-minimum essential medium (a-MEM)
(Nacalai tesque, Kyoto, Japan) containing 10% fetal bovine
serum (FBS) (Nacalai tesque, Kyoto, Japan) and were main-
tained at 37°C and 5% CO, in a humidified incubator until sub-
confluent. Cells were then seeded onto a polydimethylsiloxane
(PDMS) rubber chamber (STB-CH-04, STREX, Osaka, Japan)
coated with fibronectin (Wako, Osaka, Japan) at a density of
5.0 x 10* cells/cm? and cultured in the culture medium that
contains a-MEM supplemented with 10% FBS, 1% penicil-
lin-streptomycin (Nacalai tesque, Kyoto, Japan). MC3T3-
El is an osteoblast precursor cell line. We added an osteo-
blast-inducer reagent to the culture medium (composition
of 1% ascorbic acid, 0.2% hydrocortisone, and 2% f-
Glycerophosphate) (TaKaRa, Shiga, Japan) to differentiate
cells into osteoblast-like cell and to maintain the differentiated
state of cell during experiment. Cells were statically incubated

March 2019 « Vol. 24(3)


https://doi.org/10.1117/1.JBO.24.3.031019
https://doi.org/10.1117/1.JBO.24.3.031019
https://doi.org/10.1117/1.JBO.24.3.031019
https://doi.org/10.1117/1.JBO.24.3.031019
https://doi.org/10.1117/1.JBO.24.3.031019
https://doi.org/10.1117/1.JBO.24.3.031019
mailto:katsuyas@tokushima-u.ac.jp
mailto:katsuyas@tokushima-u.ac.jp
mailto:katsuyas@tokushima-u.ac.jp
mailto:katsuyas@tokushima-u.ac.jp

Sato et al.: Quantitative in situ time-series evaluation of osteoblastic collagen synthesis under cyclic strain. ..

for 1 day before stretch application to ensure sufficient cell
adhesion. The culture medium was exchanged semiweekly.

2.2 Application of Mechanical Stimuli

To apply stretch stimulus to the cells, we developed a custom
cell-stretching device as shown in Fig. 1. The device consists
of a stepping motor and a ball screw. The rotational motion
of the stepping motor is transmitted into linear reciprocating
motion by the ball screw. The PDMS chamber with the cells
was mounted on the stretching device. The entire device was
put into the CO, incubator during the experimental period.
Cell culture periods were set to 1, 2, and 3 weeks. During
these periods, stretch stimulus was applied to the cells for
5 min/day or 3 h/day with 5% strain magnitude and 0.5 Hz load-
ing frequency. The cells cultured statically (no stretch applica-
tion) in the PDMS chamber were defined as the control group.
The number of samples in each stretch condition group is three.

2.3 Collagen Staining and Observation

To compare the image obtained using conventional collagen
staining method and the image obtained by our SHG micros-
copy setup, we performed another experiment. Cells were
fixed at 1 and 2 weeks culture periods with and without stretch-
ing stimulation (1 h/day, 5% strain magnitude, and 0.5-Hz
frequency) using 4% paraformaldehyde, and stained with the
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collagen stain kit (TaKaRa, Shiga, Japan), which contains sirius
red dye. Stained collagen was observed using the phase contrast
inverted microscope (CKX-41, Olympus, Tokyo, Japan) with
x4 dry objective lens and recorded with the digital camera
(DP71, Olympus, Tokyo, Japan). Obtained RGB color images
were converted into cyan, magenta, yellow, and black (CMYK)
four color model. We assessed the depth of sirius red staining
color using the key plate value of CMYK image.

2.4 Experimental Setup for Second-Harmonic-
Generation Microscopy

We used SHG microscopy to evaluate the amount and maturity
of collagen fibers synthesized by the osteoblasts as shown in
Fig. 2. The optical setup of the SHG microscope was essentially
the same as was previously reported.!! A mode-locked
Ti:Sapphire laser light (pulse duration at the focal point of
19 fs, center wavelength of 787 nm, repetition frequency of
81.8 MHz, laser power of 20 mW measured at the optical
path which guides laser to the microscope) is focused on the
sample by an objective lens for water immersion (NA = 0.90,
WD = 2 mm). The laser spot was scanned in a two-dimensional
plane on the sample surface using galvano mirrors with relay
lenses. The SHG signal was collected by the photo multiplier
tube (PMT) (Photon counting head, H8259, Hamamatsu pho-
tonics K. K., Shizuoka, Japan), which was mounted on back-
ward to the sample. In all experiments, PMT detector gain
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Fig. 1 (a) Schematic of the cell stretch device, (b) mechanism to convert rotational motion into linear

motion, and (c) photograph of the cell stretch device.
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Fig.2 (a) SHG microscopy experimental setup. The light source is an ML-Ti:S laser and its pulse width is
18.9 fs at the focal spot, and laser power is 20 mW. The laser light is scanned two-dimensionally by
Galvano mirrors (256 x 256 pixels), and the scanning area is expanded by sequential image acquisition
using a mechanical control stage. The total image size is 1040 um x 1040 um and the total number of
pixels is 1,048,576 (256 x 256 x 16). (b) Mechanism of occurring SHG light. The SHG light occurs only
from noncentrosymmetric materials (e.g., collagen fibers). The wavelength of the incident light is
converted to half wavelength by entering the collagen fiber.

was set constant. The scanning area was 260 pm X 260 pm with
a 256-pixel resolution in each direction. Scanning rate was
also set constant for all experiments. The scanning area was
expanded to include 16 total images acquired sequentially
with an electromechanically controlled stage, resulting in
a total imaging area of 1040 pm X 1040 ym comprising
1,048,576 total pixels (256 X 256 X 16).

2.5 Statistics

We used Student’s z-test to evaluate the effect of mechanical
stimulation on osteoblastic collagen synthesis. We assumed a
statistical significance threshold of 0.05 for all experimental
data.

3 Results

3.1 Comparison of Conventional Collagen Staining
Image and Second-Harmonic-Generation
Microscopy Image

Figure 3 shows the phase contrast images of Sirius red staining
collagen synthesized by MC3T3-El cells in culturing periods of
1 and 2 weeks with and without stretching stimulation. Figure 4
shows SHG microscopy images of cells that were fixed with 4%
paraformaldehyde. SHG imaging was performed before sirius
red staining. The observed area and magnification did not
match between the phase contrast image and the SHG image.
These images obtained using two kinds of different methods
show qualitatively good agreement of distribution of osteoblas-
tic synthesized collagen. Figure 5 shows the histogram of SHG
signal intensity in the obtained SHG images. As shown in the
graph, according to the culturing time periods and application of
stretch stimulation, the peak and foot of right side (meaning high
SHG signal intensity) in the histogram curve shift toward
the right. Figure 6 shows the correlation diagram between the
mean value of SHG signal intensity and the mean key plate
value of CMYK image calculated from the sirius red-stained
collagen image. There is a good correlation between the
SHG microscopy image and conventional sirius red staining
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Fig. 3 Osteoblasts synthesized collagen stained by sirius red dye.
The area of stained collagen and the color depth of sirius red dye
are increased according to the culturing time period and the applica-
tion of stretching mechanical stimuli.

image. From these results, we concluded that our SHG micros-
copy setup can be used to assess the amount of osteoblastic col-
lagen synthesis without fixation and staining, and to conduct
in situ time-series evaluation.

3.2 Definition of Matured Fibrillar Collagen Using
Second-Harmonic-Generation Signal Intensity

In Figs. 4(a)—4(c) shows the representative images that reflect
the maturation process of osteoblastic-synthesized collagen
in vitro obtained by the SHG microscopy. These images are
cropped from the entire SHG image, respectively. In the
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Fig. 4 SHG image of fixed cell and collagen. SHG imaging was con-
ducted before sirius red staining. The observed region was not same
with that of resius red stained image presented in the Fig. 3. The area
and the intensities of SHG signal are increased according to the cul-
turing time period and the application of mechanical stimuli. These
SHG images show qualitatively good agreement with the sirius red
stained image. (a), (b) and (c) Representative magnified images of
collagen. Cropped region is indicated by the red rectangle in the entire
SHG image. (a) There are distributed mist-like SHG signals, but
fibrous structure cannot be observed. This SHG image might detect
nonfibrillar collagen synthesized by osteoblastic cells. (b) SHG sig-
nals with fragmented thin fibrous structure can be observed. We
speculate that is an immature fibrillar collagen. (c) There are thick
and dense fibrous structure. We considered that this SHG image
detects matured collagen fibers. (d) Representative SHG image
that is used to define the threshold SHG signal intensity range.
The cropped region shown by the red rectangle in (d) is used to
calculate average SHG intensity and standard deviation.

SHG image obtained at 1 week culture period with stretch
stimulation [indicated as Fig. 4(a)], there are distributed mist-
like SHG signals, but fibrous structure cannot be observed.
This SHG image might detect nonfibrillar collagen synthesized
by osteoblastic cells. On the other hand, in the SHG image at 2
weeks without stretch stimulation (control sample) [Fig. 4(b)],
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Fig. 5 Histograms of SHG signal intensity of SHG images obtained
from fixed cell samples. According to the culturing time periods and
application of stretch stimulation, the peak and foot of right side in
the histogram curve shift toward the right.
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Fig. 6 Correlation diagram between the mean value of SHG signal
intensity in fixed cell samples and the mean key plate value of CMYK
image calculated from the sirius red stained collagen image. There is
a good correlation between the SHG microscopy image and conven-
tional sirius red staining image.

SHG signals with fragmented thin fibrous structure can be
observed. We speculate that this is an immature fibrillar colla-
gen. As shown in Fig. 4(c), the SHG image obtained at the
2 weeks culture period with stretch stimulation, there are thick
and dense fibrous structures. We considered that this SHG
image detects matured collagen fibers.

Based on these observation results, to evaluate the amount of
collagen fibers synthesized by cultured osteoblasts under differ-
ent loading conditions, we set the certain threshold range of
SHG signal intensity to detect the matured collagen fibers.
Figure 4(d) shows a representative SHG image of well-matured
fibrous collagen fibers synthesized by osteoblastic cells in our
study. We cropped one region in which matured collagen fibers
exist. The histogram of SHG signal intensity in the cropped
region is shown in Fig. 7. The mean value of SHG signal

March 2019 « Vol. 24(3)



Sato et al.: Quantitative in situ time-series evaluation of osteoblastic collagen synthesis under cyclic strain. ..

1.8
1.6 ’Ll
o] o
1.4 <
12
2
21
5
g
3,08 i
<3
o
o 0.6 i
04 i ‘ ‘ "
0.2 il i ‘ ‘ M
0 ' ‘ ‘ [ —
0 25 50 75 100 125 150 175 200 225 250

SHG intensity [Photon count]

Fig. 7 Histogram of SHG signal intensity calculated from the cropped
SHG image, which represents the matured collagen fibers.

intensity from the matured collagen fibers was 90 with a stan-
dard deviation of 45. As this threshold range served as a cri-
terion to determine whether the collagen fibers had matured,
we used the values that the number of pixels whose SHG inten-
sity was within the threshold range was divided by the total

1 weeks

2 weeks

number of pixels in the SHG image to evaluate the amount
of osteoblastic collagen synthesis.

3.3 In Situ Time-Series Evaluation of Collagen
Synthesis Using Second-Harmonic-Generation
Microscopy

We performed SHG imaging of collagen fibers synthesized by
cultured osteoblasts under three different conditions (control,
stretch for 5 min/day, and stretch for 3 h/day) as shown in
Fig. 8. The representative magnified images are shown as
Figs. 8(a)-8(c), respectively. Cropped regions are indicated
by red rectangles in the entire SHG image. The collagen fibers
were synthesized and secreted by osteoblasts with the lapse of
time. As shown in Fig. 8(a), the nucleus appeared as a dark
round area. More importantly, the brightness of the SHG images
for each condition increased over time, indicating a temporal
change of collagen distribution during the culturing period as
shown in Figs. 8(b) and 8(c).

Figure 9 shows the number of pixels that had a measured
SHG intensity within the threshold range for each week at
each test condition. The graph shows the percentage of pixels

3 weeks

Control

- 140

- 120
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- 60

- 40

- 20
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(a) Control 1week

(b) 5 min/day 2week

8 s
(c) 3 h/day 3week

Fig. 8 SHG images of collagen synthesized by osteoblasts at each culturing time periods and each
mechanical stimulus conditions. (a), (b), and (c) Magnified representative images of collagen fibers
in each culturing time periods and mechanical stimulation conditions.
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Fig. 9 Total number of pixels within the threshold range (an SHG
intensity value of 95 + 45), which was considered to matured collagen
fibers. These values were normalized by dividing the total number of
pixels in the scanned area. Data represent the mean + standard
deviation. *Symbol indicates a significant difference (p < 0.05,
Student’s t-test).

within the threshold range calculated from the total number of
pixels in each SHG images (1,048,576 pixels). The temporal
change in the number of pixels in which SHG signal intensity
was within the threshold range for each group was compared.
Although the control group exhibited an increase in the number
of pixels determined as a collagen fiber, the rate of increase was
significantly smaller than those of under stretch conditions.
In both stretch condition groups, the number of pixels within
the threshold range increased significantly compared with the
control group. This result implies that the amount of collagen
fibers synthesized by osteoblasts was enhanced by the mechani-
cal stimulation. For all three culture periods (1 to 3 weeks),
there was a significant difference between the control group and
both stretched groups. However, no significant difference was
observed between the two stretch condition groups.

To investigate the differences in collagen fiber maturity more
precisely, we calculated the mean SHG intensity for those pixels
determined as a collagen fiber. The maturity of collagen fiber
includes fiber thickness, degree of cross linking and alignment
of microfibrils in the collagen fiber. We hypothesized that more
matured collagen fiber exhibits higher SHG signal intensity.
Figure 10 shows the mean SHG intensity for the pixels deter-
mined as a collagen fiber as a function of time period in three
groups. Although the number of pixels which SHG signal inten-
sity was within the threshold range increased steadily during the
culture periods (Fig. 9), the mean SHG intensity values for those
pixels were almost constant during those three culture periods.
This result suggests that the amount of osteoblastic collagen
synthesis was steadily increased during the culture period
and enhanced by the application of mechanical stimulation,
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Fig. 10 Relationship between the mean values of the SHG intensity
for the pixels within the threshold range. Data represent the mean +
standard deviation. There was no significant difference between all
culturing time periods and all stimulation condition groups.

whereas the maturity of the collagen fibers was not affected
by the mechanical stimulation and culturing time period.

4 Discussion

Many studies have been conducted to investigate the effect of
mechanical stimuli (e.g., cyclic strain or fluid flow) on osteo-
blastic activities.'>'* Kasper et al.'* investigated the cellular
response to cyclic strain in human-bone-derived cells and
reported that the cell proliferation and collagen type I carbox-
yterminal propeptide (CICP) production were increased by the
strain stimulation. Jackson et al.'® researched the influence of
mechanical strain and fluid flow on the time-course of change
of gene expression in osteoblastic cells over several weeks. They
reported that the collagen mRNA expression of loaded samples
were steadily up-regulated compared with unstimulated sam-
ples. However, in their study the collagen synthesis was mea-
sured using invasive methods (e.g., Western blotting using
antibodies), therefore, the measurement of long-term results
was not conducted with the same sample. Our results are con-
sistent with the findings of these studies while using a noninva-
sive imaging method. In a previous study, we succeeded in
visualizing the collagen fibers synthesized by osteoblasts
using SHG microscopy without any fixation.'! In this study,
we succeeded in imaging collagen fibers synthesized by osteo-
blasts under cyclic stretch stimulation over time. Results showed
the amount of collagen fibers produced by the stretched groups
was significantly higher compared with the statically cultured
group. Our noninvasive in situ monitoring technique for osteo-
blastic collagen synthesis could be used for the future bone
regenerative medicine with artificial control of osteoblastic
bone formation using mechanical stimulation. Noninvasive
monitoring enables us to adjust and optimize the mechanical
stimuli condition to enhance osteoblastic bone forming activity
according to the result of assessment based on SHG microscopy
images.
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As reported in other studies, osteoblasts increase their colla-
gen synthesis when mechanical stimulation is applied, and our
results support this osteoblastic cellular response. Bancroft
et al.!® and Yan et al.!” demonstrated that the osteoblasts change
their activities (e.g., cell proliferation and cell secretion) accord-
ing to the magnitude of the applied mechanical stimulus and the
number of stimulation cycles. In contrast, in this study there was
no insignificant difference in the amount of collagen fibers
between the 5 min/day and 3 h/day stretching groups. Bancroft
et al. measured the amount of material secreted by osteoblasts
under fluid flow for 16 days. They applied the shear fluid flow
continuously, while we applied the stretch stimulation to the
cells intermittently with defined durations per day. The longest
stretching duration in our study is estimated at 63 h, which
roughly corresponds to 3 days in the study by Bancroft et al.
They reported that there was no significant difference between
each flow condition at day three. Moreover, several studies dem-
onstrated that shear fluid flow induced more sensitive cellular
response and specific cellular secretion such as No, prostaglan-
din E2 compared with stretch stimulus.'®!® Therefore, the
experiment duration used in this study might not be sufficiently
long enough to produce significant differences between the two
stretch condition groups. Another possibility is the limitation of
statistical power in our experimental setup. The number of sam-
ples in each experimental condition was 3. It could be insuffi-
cient to detect a statistically significant difference between the
samples of 5 min/day stimulation group and 3 h/day group.
We have to conduct further experiments and add the number of
samples to discuss about the influence of mechanical stimuli
condition to the osteoblastic collagen synthesis.

It was reported that the cell proliferation rate reached a maxi-
mum value at a certain stimulation period.?’ Another study
reported that osteoblastic alkaline phosphatase activity exhibited
different responses to continuous or discontinuous treatment of
hormone.?! Cells might be habituated against long-term continu-
ous mechanical stimuli, and there was no significant difference
in the amount of collagen fibers between the two stretch con-
dition groups in this study.

We measured the mean value of the SHG intensity for the
pixels defined as collagen fiber to evaluate collagen fiber matu-
rity. Although the amount of collagen fibers increased during the
culture period in all three groups, the mean values of the SHG
intensity calculated from the pixels within the threshold range
remained nearly constant. There is a qualitative relationship
between the maturity of the high-order structure of collagen
fibers and the intensity of the SHG signal;*>* therefore,
we speculate that the collagen synthesized by the osteoblasts
in the early stage of bone formation did not have as much
high-order structure characterized as the collagen in mature
bone matrix. Additionally, mechanical stretch stimulation might
not enhance the maturation of collagen synthesized by osteo-
blasts in the early stages of bone formation.

5 Conclusions

We conducted in situ time-lapse observations of collagen syn-
thesized by osteoblasts using SHG microscopy without any fix-
ation and staining to evaluate the influence of mechanical
stimulation on osteoblastic collagen synthesis. Results showed
for all mechanical stimulation condition groups the amount of
collagen fibers increased with time. Although there was a sig-
nificant difference between the stretched groups and the static
culture group, there was no significant difference between the
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two stretch groups with different stretch durations per day.
Meanwhile, mean values of the SHG intensity calculated
from the pixels that contained mature and well-structured
collagen fibers remained nearly constant during the entire cul-
ture period. These results suggest that while osteoblastic colla-
gen synthesis is increased by stretch application, mechanical
stimulus might not affect the maturity of collagen fibers in
the early stage of bone formation.
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