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Spheroid

Fig. 6. Macroscopic analyses for the in vivo study. Gross observations of femoral condyles at 8 and 16 weeks after

surgery. Bar = 5 mm.

Morphological findings visualised either by confocal
microscopy (Fig. 3F) or by fluorescence microscopy show
that the S8Ys and ACs were randomly distributed without
any particular pattern, independent of the cell component
ratio, in all structures. The morphologic appearance of a
completed spheroid structure after 36 h culture is shown
under fluorescence microscopy in Fig. 4A.

For histological analysis, spheroids with various
mixing ratios subjected to 3 days HDSS were evaluated
with toluidine blue and safranin O staining. The cross
sections of the spheroid samples elucidate the internal
location and distribution of the cells and ECM such as
proteoglycans and glycosaminoglycans. In addition, the
results of immunohistochemistry for collagen ECM in the
spheroids provide an indication of the degree of similarity
with normal cartilaginous tissue. In the histological results,
there were no prominent differences in the staining patterns
among any of the specimens with differing cell component
ratios. A normal phenotype for cartilage was indicated
by both safranin O-positive glycosaminoglycan-rich
areas and metachromatic sites, evoked by toluidine blue.
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However, the histological results found no spheroids with
a normal cartilage phenotype, regardless of the cellular
component ratio. In the cross-sectional area of all of the
spheroids, ECM was sparsely and irregularly stained with
safranin O and toluidine blue, suggesting a small amount
of glycosaminoglycans and proteoglycans (Fig. 4A) and,
furthermore, was positive for type I and type II collagen
(Fig. 4A). Interestingly, this phenomenon also occurred for
spheroids made up solely of ACs or 8Ys (0:100 SY:AC
and 100:0 SY:AC).

Gene expression

To investigate the expression of type [ and type Il collagen,
similar samples of spheroids with the five different mixing
ratios were prepared to elucidate the effect of time during
HDSS. Real time PCR analysis (RT-PCR) showed that both
type I and type Il collagen was expressed in each spheroid,
regardless of cellular component ratio (Fig. 4B). The time
courses (initiation vs. day 3) for mRNA expression of type
T and type II collagen in the HDSS constructs showed an
irregular pattern.
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Fig. 7. Histological analyses. (A) Results for the i vivo study of toluidine blue and séfranin O staining; and type I and
type II collagen. Bar = 1 mm. (B) Histological observations of the implanted site 8 weeks after allotransplantation.

Bar = 500 pm. (C) Magnified image of the black box. The black arrowhead indicates the interface between normal
cartilage tissue and the regenerated tissue, and the white arrowhead indicates a chondrocyte clustering area. Bar =

200 pym.

Examination of the transplanted spheroids

As the optimal ratio of ACs and SYs for in vivo
implantation, we selected 75:25 SY:AC spheroids for in
yivo implantation study. We transplanted the 2- to 3-day
spheroids to the total-thickness-defect model. It required
55.1 +6.4 h to prepare the spheroidal transplants firm
enough to be handled with micropipette aspiration, using
HDSS for the implantation experiments. The operations
were uneventful and all of the rabbits immediately resumed
normal cage activity. No signs of arthritis, such as cartilage
erosion or severe synovial proliferation, were observed in
any of the knees that were operated on.
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Based on macroscopic observations, the spheroid-
implanted group had better integration of host cartilage, and
the defects repaired by the spheroids were smoother than
in the non-transplanted control group (Fig. 6). The defects
in the spheroid-implanted group were filled with smooth
white tissue compared with the non-transplanted control
group. The borders of the reparative tissue were also visible
and the colour of the tissue was slightly different from that
of the surrounding normal cartilage. However, the defects
in the non-transplanted control group remained empty or
covered in reddish tissue. The global macroscopic scores
for the spheroid-implanted group (6 knee joints) were
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statistically better than (8 weeks; p =0.0130, 16 weeks; p
= (.0110) those for the non-transplanted control group (6
knee joints) (Fig. 5A).

In the spheroid-implanted group, the defects were
filled with reparative tissue in contrast to those of the
non-transplanted control group. In addition, the repair site
appeared to be filled with cartilaginous tissues, which were
strongly stained with safranin O and toluidine blue, positive
for type I collagen, and negative for type I collagen (Fig.
7A). The reparative tissue had a smooth surface and was
connected with adjacent normal cartilage at § and 16 weeks
after the operation. No infiltration of inflammatory cells
within the subchondral bone was seen. In contrast, the
surface of the non-transplanted control group (Fig. 7A) was
irregular and the thickness of the tissue was less than that
of the spheroid-implanted group. In the non-transplanted
group, the defects were filled mainly with fibrous tissue
concealing the lower portion of the repair tissue. The
intensity of safranin O and toluidine blue and anti-type
1I collagen, as well as the areas of staining, were lower
in the non-transplanted control group. Basal and lateral
integration of the grafts were good (Fig. 7B, C). Black
arrowheads (Fig. 7C) indicate the interface between normal
cartilage tissue and the regenerated cartilaginous tissue at
the site of the implanted spheroids. Complete filling of
the defect and integration at the rim was observed with
highly positive immunohistochemistry for collagen type
IL. A cluster formation of several chondrocytes around the
interface of the regeneration area was observed (Fig. 7C).
Furthermore, Wakitani’s scores (Fig. 5B) for the spheroid-
implanted group (6 knee joints) were significantly better
than (8 weeks; p = 0.0005, 16 weeks; p = 0.0278) those of
the control group (6 knee joints) at 8 and 16 weeks. The
untreated defects had poorer scores at 8 weeks than at 16
weeks.

Discussion

Since synovium-derived mesenchymal stem cells (SY-
MSCs) were first identified and successfully isolated in
2001 (De Bari ef al., 2001) as a new origin among MSC
families, they have been increasingly regarded as a versatile
therapeutic cell species for musculoskeletal regeneration,
particularly for reconstruction of cartilage, bone, adipose
tissue, tendons, muscles, etc. In addition to having general
multipotency in common with the MSC community, SY-
MSCs excel compared to other-sourced MSCs in their
higher proliferation and superiority in chondrogenesis
(Sakaguchi ef al., 2005; Fan ef al., 2009). Furthermore,
their multipotent capacity is not influenced by donor age,
cell passages, or cryopreservation (De Bari et al., 2001).

In this study, we chose SYs as a partial replacement
for ACs as a mixture component, and were able to
fabricate mixed SY-AC constructs as spheroid aggregates.
SYs appear to be a promising cell source for cartilage
regeneration, since synovium-derived cells have also
been chosen as a substantial source for chondrogenesis
(Shimomura et al., 2010). Compared to other sources
of MSCs, SY-MSCs show higher proliferative and
chondrogenic ability, and large amounts of SY-MSCs
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can be easily obtained from small amounts of synovial
tissue. In clinical applications, cell numbers obtained from
biopsies are quite limited, and there are disadvantages in
performing cell proliferation with AC alone. The HDSS
system rapidly generates scaffold-free artificial tissue
with relatively few cells compared with other systems. In
addition, the synovial tissue has a high self-regenerative
ability. When SY's are used as a partial cell component for
clinical ACL, it is expected that a method can be developed
that will minimise sacrifice of undamaged cartilage within
the same joint.

SYs display higher proliferative capacity than ACs
(Fig. 2B), which is consistent with the results of previous
studies (De Bari ef al., 2001; Sakaguchi ef al., 2005; Fan
et al., 2009). Technically, we note that we used SYs for
HDSS rather than SY-MSCs, as we did not prove that our
SYs were SY-MSCs and differentiation assays, such as for
chondrogenesis, were not performed.

The delivery of the spheroids using micropipette
aspiration was straightforward, because their size range
was small enough to place injectable units through the
syringe or micropipette tips.

The results of in vitro morphological analysis, including
confocal microscopy, fluorescence microscopy, and
histological findings, indicated that the SYs and ACs were

“irregularly and randomly located within the spheroids. The

phenotypes of the interior of the spheroids were far from
the normal cartilage phenotype regardless of the cellular
component ratio. The ECM was defective and sparsely
stained with safranin O and toluidine blue in addition to
insufficient intensity of positive staining for type I and
type Il collagen in immunohistochemistry, suggesting

-small amounts of glycosaminoglycans, proteoglycans, and

collagen fibres. The same pattern of results was observed
for spheroids composed of AC alone (100:0) and SY alone
(0:100).

The results of the gene expression analysis showed
strong expression of collagen ECM (type I and type II)
for all conditions (Fig. 4B). As this was assessed using
RT-PCR, we were not able to determine the exact relative
levels of expression of the ECM gene for all conditions.
Additional analyses, such as RT-PCR, are needed to
quantify exactly the relative expression level of ECM
among the different cellular ratios. We suppose that there
are several explanations for the different results of ECM
expression obtained using histological analysis and RT-
PCR. Although we can speculate that the real accumulation
of ECM secreted by the cells in each spheroid does not
always correspond to the results of the RT-PCR analysis,
these are mere ECM mRNA expression levels, which do
not always coincide with the real secretion of the ECM
protein after translation. Therefore, the difference between
the immunohistochemistry and RT-PCR results regarding
ECM levels may represent differences between the levels
of transcription and translation of ECM. We are not certain
of the reason for this discordance at present. Shear stress
resulting from HDSS may be related to this phenomenon.
However, we need to perform additional analyses to verify
the reasons for this discrepancy substantially. Conversely,
as histological analysis only provides fragmentary
information of spheroids, 2D cross sections of spheroids
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have, thus far, been limited for 3D spheroids that exhibit
random distribution of ACs and SYs. In addition, the results
of the RT-PCR analysis reflect the complete information
of 3D spheroids.

Chondrocyte 3D culture techniques such as pellet
culture, bioreactor culture have been developed to obtain
a large amount of cultured cells with a well-maintained
cartilage phenotype. Manipulation of the culturing
environment for chondrocytes presents the most feasible
mechanism for optimising cell behaviour and phenotype
(Lin et al., 2006). Using an ordinary pellet culture, after 2
weeks, the ECM in the pellets was comparable with that
of normal cartilage. Chondrocyte redifferentiation from
monolayer-cultured chondrocytes has been demonstrated
to occur in neocartilage over 14 days (Zhang et al., 2004).
However, our scaffold-free spheroids are still immature
de novo cartilage grafts, which are expected to regenerate
into normal cartilaginous tissue in sifu and in vivo within
full-thickness osteochondral defects as soon as they are
prepared through HDSS. The HDSS period (2-3 days) in
the present study was shorter than usual in vitro culture
length for chondrogenesis (14-21 days). It is suggested that
neo-cartilage in 3D culture is observed after 14-21 days of
continuous culture, Together with the previous literature,
this reflected the fact that the duration of our 3D culture was
too short to allow re-differentiation from the monolayer
culture of ACs and SY's passaged continuously (Nagase
ef al., 2008; Zhang et al., 2004). Furthermore, our system
can yield mass production of transplantable chondrogenic
tissue. However, most of the pellet culture systems are not
designed to produce transplantable tissue; rather, they are
an analytical tool that usually leads to the formation of a
single aggregate per experiment.

. The co-culture of ACs and MSCs has gained
considerable attention recently. Monolayer co-culture of
immortalised human ACs with immortalised human MSCs
in the absence of exogenous TGF-f resulted in chondrocytic
differentiation of the MSCs, based on collagen type II
protein expression (Chen ef al., 2009), and the MSCs
were committed to chondrocytes, which are influenced by
the cellular microenvironment and the paracrine signals
of chondrocytes (Grassel and Ahmed, 2007). The HDSS
system provides this radical microenvironment to MSCs
from ACs. However, we suggest that our HDSS culture
system shortens the preparation time for fabricating a
considerable quantity of spheroids, and can substantially
shorten the total time required for an ex vivo procedure.
Moreover, a high-density culture of chondrocytes, which
promotes cell to-cell contact, has been significantly
associated with extracellular matrix biosynthesis (Watt,
1988). In the present study, ACs and SYs were cultured
together in a high-density suspension state on a non-
adhesive culture plate while maintaining continuous
suspension conditions; the cells then adhered to each
other to develop spheroidal cell mixtures, producing
limited ECM due to the short culture time. The molecular
mechanism for cell adhesion under rapid formation of
spheroid may involve several molecules such as integrins
(a10, a3, and B1) (Gigout et al., 2009; Mitani ef al., 2009,
Shimaya et al., 2010), fibronectin (Mitani et al., 2009),
N-cadherins (Djouad ef al., 2007; Quintana ef al., 20609).
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However, in general, a high-density culture may limit
the amount of mass transfer. At present, our system, with
a product size small enough for injection, is superior for
delivering transplants. In the animal experiments, articular
cartilage defects in which SY-AC spheroids were implanted
in vivo showed improved histological findings (Figs. 5B
and 7). The allografied spheroidal aggregates differentiated
slowly to chondrocytes in the articular cartilage defects
and produced an extracellular matrix similar to that of
hyaline cartilage, thereby maintaining the chondrocyte
phenotype. The implanted spheroids exhibited proliferation
and differentiation activity in the articular cartilage defects,
resulting in the formation of hyaline cartilage.

No signs were observed of immunologic rejection or
degeneration of the reparative tissue during the observation
period. As a potential limitation of the present study, we
did not perform detailed laboratory investigations to detect
specific immunologic reactions such as development of
antibodies or cell-mediated responses.

We choose 75:25 SY:AC spheroids to transplant for
cartilage regeneration. According to the previous literature
(Ochi et al., 2002; Shimomura et al., 2010), spheroids
composed of AC alone and SY alone may have the potential
to produce hyaline cartilage for in vivo implantation,
furthermore, other ratios of SY:AC may also have the
potential to produce reparative tissue for regenerate
cartilage; however, In the view point of utility of SYs
as a partial replacement for ACs in ACI, we applied this
ratio(75:25) in the present implantation study since this
formation maximise the merit and efficacy of using SYs of
high proliferation with less invasive procedure and donor
site morbidity among other SY:AC ratios. Further in vivo
studies is needed to determine the exact nature of implanted
spheroids including transplantation with different other
ratios of SY:AC and monitoring the transplants fate with
fluorescent labelling.

Interestingly, numerous cluster formations of
chondrocytes near the interface with the regenerative tissue
were observed. This clustering phenomenon is a sign of
repair in early osteoarthritis (Frenkel and Di Cesare, 1999).
This result indicates that scaffold-free spheroids inserted
into osteochondral defects show high regenerative capacity.
Koga et al. (2008b} described the viscosity and adhesive
properties of SYs in an ex vivo analysis in rabbits and
demonstrated that the number of attached cells increased
in a time-dependent manner; more than 60 % of the cells
attached within 10 min under normal gravity. Similarly,
we held the defects stationary after implantation for more
than 10 min (15 min) without additional fixation such as a
periosteal patch. Accordingly, dislocation of spheroids and
leakage from the implanted sites were minimal. The present
results are consistent to some extent with the earlier report
(Koga et al., 2008b). However, the mechanical strength
properties of regenerated articular cartilage still remain to
be investigated through in vivo studies on larger animals
(i.e., sheep or pigs).

We confirmed that in the early stage of transplantation,
effective restoration of articular cartilage is seen with
reparative mixed cells derived from MSCs and ACs,
which can induce recruited MSCs into ACs and trigger
chondrogenesis (Kaneshiro et al., 2006; Nagai ef al.,
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2008b), and achieved good restoration results over the
long term. We therefore hypothesised that good cartilage
repair may be achieved by providing a proper quantity of
an initiator (ACs) and a comparable quantity of materials
(SY-MSCs or bone marrow-derived MSCs) to induced
ACs in the osteochondral defect, no matter whether it is
full-thickness or partial.

To the best of our knowledge, no previous studies
have demonstrated the feasibility of cellular transplants
consisting of different cells or origins of cells. The HDSS
maintains ACs and SYs in a high-density suspension for
a short period of time and yields 3D minimal building
units of spheroids. Frequent cell-cell contact, as permitted
by growth at high density, stimulates the formation of
aggregates. This technology may have an advantage in
a clinical setting, because it is scaffold-free and uses no
artificial substances. With this new technique, broad lesions
can be treated free of scaffolds and artificial biomaterials.
Effective use of SYs and minimal invasiveness are
anticipated advantages of this novel method for replacement
of chondrocytes in ACI.

Conclusions

Using the HDSS method, we can successfully prepare a
large quantity of cellular spheroids in a short period using
mixed ACs and SY's, whose high proliferation potency and
differentiation potency does not change. The allografted
grafts exhibited differential activity to chondrocytes
showing in vivo extracellular matrix production. These
results suggest an ability to achieve regeneration of
articular cartilage through implantable spheroids as a
therapeutic minimal building unit.
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Discussion with Reviewers

Reviewer I: The results showed that there was no
noticeable difference in the chondrogenic matrix synthesis
in any AC/SY combination and that the matrix formed was
not particularly chondrogenic. Please comment.
Authors: As there was no noticeable difference in the
synthesis of the chondrogenic matrix in any AC/SY
combination in the present study, we chose an SY:AC
ratio of 75:25 for spheroids based on the utility of SYs as
a partial replacement for ACs. This formation maximised
the merit and efficacy of using SY's of high proliferation
with less invasive procedure and donor site morbidity
among other cellular ratios using SYs based on quantity of
tissue demanded. In this study, the matrix formed did not
seem particularly chondrogenic in the in vifro condition;
however, our scaffold-free spheroids were confirmed as
being an immature state of cartilage grafts, which are
expected to regenerate into normal cartilaginous tissue in
situ and in vivo.

Reviewer I: Has any type of X immunofiuorescence been
carried out?

Authers: In this study, we have not performed
immunohistochemistry for type X collagen in the
spheroids that are associated with chondrocyte hypertrophy
and matrix mineralisation. However, we think that this
immunohistochemistry is worth performing to obtain
precise information on the state of spheroids regardless of
the duration of the in vitro culturing of cartilaginous tissue.

290

Spheroids of synovium-derived cells and chondrocytes

Reviewer I: Does the PKH26 remain evident in the
processed samples? If so, could you use this to detect
which cells have contributed to repair or could another
marker be used that will allow the cells to be tracked
during defect repair? This would also show if cells have
migrated from the bone marrow as the defect penetrated
the sub-chondral bone.

Authors: Yes, obviously the PKH fluorescent cell linker
dye remained in the processed samples for in vitro
evaluation of the morphology and distribution of cells
within the spheroids of mixed ACs and SYs. However, we
have not performed in vivo tracing using this fluorescent
dye, as mentioned previously. In addition, similarly, we
could use a specific marker that allows the tracking of cells
that migrated from the bone marrow during the repair of the
defect. However, we have not performed this experiment
either. Further experiments regarding this curiosity will
be expected to reveal the exact mechanism involving
ACs, SYs and cells from bone marrow that represents the
complicated phenomenon of cartilage regeneration.

Reviewer I: If the spheroids were kept in culture for a
longer time period, are any differences seen in matrix
production between the different ratios of AC/SY cells?

Awuthers: In this study, we did not perform long-term

‘culture (over 3 days) with the spheroids kept in the HDSS

culture system. However, we expect chondrogenesis
of spheroids in the 3D HDSS culture condition with an
extended culturing period (over 2-3 weeks) (Zhang er al.,
2004, text reference). Our culture system yields a similar
state of 3D culture, such as pellet culture, but this system
gives rise additionally to shearing stress generated by
the circular flow of the culture medium. Therefore, we
expect that our system differs from ordinary 3D cultures.
Additional comparative studies between our method and
conventional 3D culture methods are needed to establish
the differences, and such studies are being carried out at
present.

www.ecmjournal.org
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The Influence of Ho:YAG Laser Irradiation on

Intervertebral Disc Cells
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Background and Objective: Various types of laser
have been reported for percutaneous laser disc decom-
pression (PLDD). The aim of this study was to understand
the effects on intervertebral disc cells following Ho:YAG
laser irradiation, using a three-dimensional culture
model, and consider appropriate irradiation conditions.
Study Design/Materials and Methods: Intervertebral
discs from the lumbar spine were obtained from 36 female
Japanese white rabbits and processed to obtain isolated
cells in three-dimensional cultures. Photoacoustic and
photothermal effects were investigated by irradiating
three-dimensional cultures with Ho:YAG laser at 27 or
54 J. Residual cell counts after irradiation were estimated
based on DNA content according to fluorometric assay.
Lactate dehydrogenase levels were also investigated as a
marker of damage to cell plasma membranes. Finally,
proteoglycan synthesis was measured by rapid filtration
assay of 358 incorporation, as an index of matrix
synthesis.

Results: Residual cell count tended to be higher in the
27-J group. Plasma membrane damage was higher and
remained high longer after irradiation in the 54-J group.
Proteoglycan synthesis was higher in the 27-J group than
in the 54-J group, with some conditions (e.g., 90 mdJ/pulse
condition) showing marked activation of proteoglycan
synthesis maintained for a long time after irradiation.
Conclusions: Three-dimensional culture models of inter-
vertebral disc cells are useful for clarifying relationships
between cell reactions and photoacoustic and photother-
mal effects after laser irradiation. Total energy is closely
related to optimization of irradiation conditions, which
may allow optimization of cytoprotection and promotion
of matrix synthesis in clinical practice. Lasers Surg. Med.
43:921-926, 2011. © 2011 Wiley Periodicals, Inc.

Key words: percutaneous laser disc decompression; three
dimensional culture; intervertebral disc cell; irradiation
condition

INTRODUCTION

Percutaneous laser disc decompression (PLDD) is effec-
tive in cases of subligamentous extrusion-type interverte-
bral disc herniation in which high pressure is maintained
within the disc. Various types of laser for PLDD have

© 2011 Wiley Periodicals, Inc.

been reported at the clinical or experimental level, includ-
ing Nd:YAG laser [1-3], frequency doubled Nd:YAG
laser (KTP:YAQG) [4], Ho:YAG laser [5,6], and semiconduc-
tor laser [7]. This indicates the high interest in lasers as a
low-invasive treatment for intervertebral disc hernia.

We report a series of studies to identify appropriate
irradiation conditions using Ho:YAG laser. Compared
with Nd:YAG laser, which has the characteristics of a
coagulation laser, Ho:YAG offers superior tissue vaporiza-
tion and a much lower thermal effect. Even with Ho:YAG
laser, however, the effect on cells is substantial, and the
appropriate irradiation conditions we describe here are
conditions under which the adverse effects from photo-
thermal and photoacoustic influences are small and the
self-repair ability of tissue is activated.

Nd:YAG laser is the most commonly used type of laser
in PLDD. With a wavelength of 1.064 wm, this laser can
reach deep into tissue, up to several centimeters depend-
ing on power. This means that careful thought must be
given to coagulation and necrosis beyond the range of
irradiation. In contrast, Ho:YAG laser has a wavelength
of 2.1 pm and reaches a depth in tissue of < 0.5 mm
[8-10]. Tissue permeability is low, tissue vaporization is
excellent, and the effect on surrounding tissue is minimal.
With Nd:YAG laser, the tissue vaporization that occurs
with Ho:YAG laser is not seen, and with laser irradiation
of small enclosed spaces like that within intervertebral
discs, greater tissue damage tends to result from heat re-
tention. From an investigation of 387 patients before and
after laser disc decompression, Tonami et al. [11] reported
osteonecrosis in an adjacent vertebra in four patients
based on magnetic resonance imaging. Adverse effects on
the intervertebral disc and vertebral body also occurred
with this method, causing strong low back pain that
had not been present preoperatively. Another report
described a patient who experienced intense pain in a
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lower limb during laser disc decompression, and who dis-
played considerable enlargement and burn scar of the
nerve root of that disc in an additional microscopic discec-
tomy conducted 4 weeks later [12]. The need for salvage
operation after PLDD has also been reported [13]. Investi-
gation of appropriate laser irradiation conditions is thus
very important from the perspective of preventing ad-
verse effects. We have studied the effects of laser irradia-
tion on intervertebral disc cells using a three-dimensional
culture model of intervertebral disc cells [14,15].

If the indications are strictly selected and the procedure
is performed properly, PLDD offers a low-invasive surgi-
cal method for intervertebral disc hernia. However, de-
spite extensive reading we have seen no studies on
irradiation conditions that have focused on post-irradia-
tion cell reactions. The aim of this study was to under-
stand the effects on intervertebral disc cells following
Ho:YAG laser irradiation, using a three-dimensional
culture model, and consider appropriate irradiation
conditions.

MATERIALS AND METHODS

Preparation of Three-Dimensional Culture

Intervertebral dises from the lumbar spine were
obtained from 36 female Japanese white rabbits weighing
about 1 kg. Intervertebral discs were shredded with scis-
sors and digested in Dulbecco’s modified Eagle’s medium
(DMEM) (Nissui Pharmaceutical, Tokyo, Japan) con-
taining 0.2% (w/v) pronase E (Kaken, Tokyo, Japan) for 1
hour and then in DMEM containing 0.025% (w/v) bacteri-
al collagenase P (Boehringer Mannheim, Mannheim,
Germany) for 4 hours (16). The digested tissue was passed
through a cell strainer (Becton Dickinson Labware,
Franklin Lakes, NJ) with a pore size of 40 pm. The fil-
trate was centrifuged at 1,500 rpm for 5 minutes. Isolated
cells were washed three times with DMEM. The cells

Experimental Setup

Single silica fiber

(core diameter 200pm)

Lens

SATO ET AL.

were seeded in 96-well culture plates at cell densities of
1 x 10%ml and incubated within 1% agarose gel contain-
ing DMEM supplemented with 10% fetal bovine serum
(Gibco BRL, Grand Island, NY). An equal amount of the
medium was added onto the gel at 37°C in an atmosphere
of 5% COgz and 95% air.

Experimental Setup for Monitoring of
Photoacoustic and Photothermal Effect

The Ho:YAG laser used (SEO1-2-3 HO2100; Schwartz
Electro-Optics,. Inc., Orlando, FL) had a wavelength of
2.1 pm and pulse width of 250 pseconds. Cells were divid-
ed by the total energy (= laser energy x pulse number of
shots) used into a 27-J group and 54-J group for the inves-
tigation. Parameters were fiber tip irradiation energy of
40-180 mdJ/pulse, shot number varied from 150 to 1,350,
repetition rate of 5 Hz, and total energy at the given
levels.

The setup consisted of Ho:YAG laser guided to a quartz
glass fiber (diameter, 200 pm), and irradiation from the
surface of a three-dimensional culture model with the me-
dium removed (Fig. 1). The irradiation condition in clini-
cal settings is set as “the amount of energy that can
vaporize 1 g of nucleus pulposus” and total energy was
scaled out from there for application to the experimental
system. The experiment was conducted at 54 J, which is
close to clinical conditions, and at half that amount, 27 J.
Irradiation conditions were photoacoustics measured
via piezoelectric film PVAF film (Durapore PVDF 5UM
WH PIL47MM 100/PK; Millipore, Billerica, MA) and
photothermal effect monitored using thermography (Neo
Thermo TVS-620; NipponAvionics Co., Ltd., Tokyo,
Japan). Agarose gel containing chondrocytes that had
been incubated on a 96-well plate (diameter: 6.4 mm x
height: 10 mm) was removed from the plate and placed
so that the fiber ends and the center part of the agarose

Ho : YAG laser
LASER1-2-3H02100,
SEO Inc., USA.
Wavelength : 2.1pm
Pulse width : 250us

NI filter

i Laser Parameters ;
i Total energy : 273,54 J H
; Irradiation energy : 40 ~ 180 md/puise |
| Repetition rate : 5Hz !

Y

Digital storage
oscilloscope

| Thermography -

Fig. 1. Experimental setup.
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gel surface were barely touching. The state under laser
irradiation was measured from the true lateral surface of
the gel by direct thermography at the distance of 30 cm
from the lateral surface of the gel. Thus, we accomplished
2-D temperature mapping of the gel. Tests were per-
formed with a sample size of n = 8 in each group at three
different stress amplitudes and thermal loads.

As the effect from photoacoustics, stress amplitude
(P(t)) was calculated from Equations (1) and (2) below
with piezoelectric film data [16]:

F(t) = MX_%%M 1

P(t) =542 x V(£) @)

F(¢), detected stress at transducer; V(¢), output voltage of
transducer; Cd, loading capacitance of oscilloscope; Cp,
capacitance of transducer; dt, strain constant for PVdF.

For photoacoustics, thermal load (Q) was defined as
in Equation (3) below and calculated by integrating the
volume of the portion that reached a temperature >50°C
on thermography [15]:

0= / (> ="C volume ratio)sr @)

DNA Content as a Marker of Residual Cells

DNA content was used as an index of residual cell count
in wells. Cells were harvested after irradiations and
treated with a papain solution at 60°C overnight. The pa-
pain solution was prepared by dissolving papain at a con-
centration of 125 pg/ml in 0.1 M phosphate-buffered
saline (pH 6.0) with 5 mM cysteine-HCI and 5 mM
Na; EDTA. The DNA content in specimens was then
determined according to the methods of Kim et al. [17]
by fluorometric assay using Hoechst 33258 (Polyscience,
Warrington, PA).

Evaluation of Damage to the Plasma Membrane

Lactate dehydrogenase (LDH) is a stable cytoplasmic
enzyme present in all cells, and is rapidly released into
the cell culture supernatant upon damage to the plasma
membrane. Levels of this enzyme thus reflect loss of mem-
brane integrity and offer an indicator of cell death. Using
a Cytotoxicity Detection Kit (Boehringer Mannheim),
LDH release was measured in culture supernatants by
enzyme-linked immunosorbent assay [18,19]. This test
was performed with a sample size of n = 8 in each group.
LDH rate was calculated according to formula (4):

LDH realease (%)

__ [experimental value—low control value]
" Thigh control value—low control value]

x 100 (@)
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Evaluation of Matrix Synthesis Ability

Proteoglycan synthesis was used as an index of matrix
synthesis, and was measured by rapid filtration assay of
353 incorporation [20]. The three-dimensionally cultured
cells and DMEM containing 2°S-sulfate at 10 pCi/ml were
incubated for every 12 hours (12-hour pulse labeling)
from 0 to 48 hours after laser irradiation, and quantified
by scintillation counting. This assay was applied to mea-
sure the matrix-synthesizing ability of damaged target
cells. This test was performed with a sample size of n = 8
in each group.

RESULTS

Residual Cell Count

When the amount of vaporization from the laser is
large, the residual cell count (%DNA content) is low.
In the 54-J total energy group, this value was 60-70%,
and tended to decrease as the amount of energy per shot
increased. In the 27-J group, in contrast, %DNA content
was about 80% in all cases. Residual cell count thus
tended to be higher in the 27-J group with a small amount
of vaporization (Fig. 2).

Cell Damage

In the 27-J group, LDH release was 10-35% and the
injury to cells was mild. The value was particularly low
12 hours after irradiation, at about 10% in all cases,
and little cytotoxicity was evident. In the 54-J group, high
values of >40% were seen from 12 hours after irradiation,
reaching >60% more than 24 hours after irradiation.
Damage to cells was great (Fig. 3).

% DNA Content

80 -

60 -

20 -

54J 27J

Fig. 2. Use of %DNA content as a marker of surviving cells
after laser irradiation. In the 54-J total energy group (n = 8),
%DNA content was 60-70%, and tended to decrease as the
amount of energy per shot increased. In the 27-J group
(n = 8), in contrast, %#DNA content was about 80% in all
cases. (e.g., 180 x 300: 180 md/pulse x 300 shots = total
54 J).
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LDH Release

12h40*

36h 90*

Fig. 3. LDH release as a marker of cell membrane damage.
In the total energy 27-J group (n = 8), LDH release was 10—
35% and the injury to cells was mild. In the 54-J group
(n = 8), values were >40% from 12 hours after irradiation
and reached >60% more than 24 hours after irradiation. The
damage to cells was great. Red area: Groups of 54 J, Blue
area: Groups of 27 J, (ex; 12 hours 40*; 40 mdJ/pulse x675 or
1,350 shots = total 27 J or 57 J irradiation after 12 hours).

Matrix Synthetic Capacity

Proteoglycan synthesis was low overall in the 54-J
group, and synthesis was inhibited by the high level of
cell damage. In the 27-J group, in contrast, cases of high
synthetic activity were seen, depending on the irradiation
conditions (Fig. 4). Matrix-synthesizing capacity at 12
hours after irradiation was large, and cell activity was
thought to be modified considerably. In the 90-mdJ/pulse
condition in particular, activation of proteoglycan synthe-
sis was maintained a long time after irradiation compared
with other conditions.

Influence of Photoacoustic Effect

Figure 5 shows the relationship between the photoa-
coustic effect and LDH release and proteoglycan synthe-
sis. Linear correlations were obtained in both the 27- and
54-J groups, and this experiment clarified the influence of
the photoacoustic effect on cells. Proteoglycan synthesis
in particular was thought to be susceptible to influences
from the photoacoustic effect.

Influence of Photothermal Effect

Figure 6 shows the relationship between the photother-
mal effect and LDH release and proteoglycan synthesis. A
weak linear correlation with LDH release was seen in the
54-J group, but no other correlations were seen in either
the 27- or 54-J groups.

SATO ET AL.

PG Synthesis

Fig. 4. Proteoglycan synthesis as a marker of synthesis of ex-
tracellular matrix. Proteoglycan synthesis was low overall in
the 54-J group (n = 8), and synthesis was inhibited by the
high level-of cell damage. In the 27-J group (n = 8), in con-
trast, some cases showed high synthetic activity depending
on the irradiation conditions. Red area: Groups of 54 J, Blue
area: Groups of 27 J, (ex; 12 hours 40™; 40 mJ/pulse x675 or
1,350 shots = total 27 J or 57 J irradiation after 12 hours).

DISCUSSION

We have previously focused on the fact that the cells
contained in intervertebral discs form a chondron-like
morphology in tissue similar to articular cartilage, and
confirmed that the biological status of these cells in the
body could be reproduced in three-dimensional culture
[21-23]. Then, by three-dimensional culture of the compo-
nent cells of intervertebral discs, as an aggregate of
heterogenous cells from the inner and ocuter layers of
the intervertebral disc, a homogenous cytoplasm was
obtained. The essentially different features of the inner
and outer layers of the annulus fibrosus were confirmed
to have been eliminated [21]. In other words, the uniform
cell populations created by three-dimensional culture
could be used to evaluate cell damage and matrix synthe-
sis of cells in an environment similar to that of tissue.
With the use of this three-dimensional model, complex
cell reactions in the body resulting from laser irradiation
can be evaluated in vitro.

From the results for DNA content and LDH release,
damage to cells appeared mild in the 27-J group. Howev-
er, findings suggested that in the 54-J group, necrosis
occurs over a wide range out from the center in the early
phase after irradiation. With proteoglycan synthesis,
some cases showed maintenance of high synthetic activity
over a long period depending on the irradiation conditions
in the 27-J group. This indicates that with appropriate
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Fig. 5. Correlation between PG synthesis/LDH release and
stress amplitude. Linear correlations were obtained in both
the 27- and 54-J groups (n = 8 each). Proteoglycan synthesis
in particular was considered susceptible to influences from
the photoacoustic effect. Tests were performed at three differ-
ent stress amplitudes.

irradiation conditions, intervertebral disc cells are acti-
vated without causing total cell death, and local matrix
synthesis flourishes, suggesting that this is a condition in
which decreased pressure is obtained from tissue vapori-
zation of the irradiation site with laser irradiation, while
at the same time increasing the reparative abilities of the
tissue around the irradiation site. Tissue damage from
PLDD may thus be able to be minimized. This kind of cell
activation effect does not exist in conventional percutane-
ous nucleotomy, in which the nucleus pulposus is
extracted using a punch, and is thought to be a character-
istic effect of laser irradiation. In an actual clinical situa-
tion, we believe that laser irradiation should not
performed continuously from beginning to end. It should
be performed in intervals; tissue-cooling time should be
set; and laser irradiation should be broken up several
times. Local heat retention needs to be monitored in a
timely manner, but no medical devices currently enable
detailed and appropriate monitoring of the laser irradia-
tion tip. We look forward to the development of medical
devices that enable monitoring of local status to provide
clinical feedback on irradiation conditions, so that one of
the characteristic effects of lasers, the elevation of proteo-
glycan synthesis, can be fully displayed.

A threshold level is known to exist in the thermal load.
With 54 J, LDH release reaches >60% and proteoglycan
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Fig. 6. Correlation between PG synthesis/LDH release and
thermal load. A weak linear correlation with LDH release
was seen in the 54-J group (n = 8), but no other correlations
were found. Tests were performed in each group at three dif-
ferent thermal loads.

synthesis is also low, suggesting that extensive damage
occurs in many cells within environments that are al-
ready above the threshold. However, to understand the
thermal load in greater detail, more refined methods will
be necessary with closer monitoring, not just in the high
range above a certain standard temperature (>50°C in
this study).

Laser irradiation produces both photothermal and pho-
toacoustic effects, but the impact on cells is conjectured to
differ depending on the total energy. Total energy is close-
ly related to optimization of irradiation conditions, and
irradiation conditions in the 27-J group are beneficial
from the perspectives of a cytoprotective effect and promo-
tion of matrix synthesis, and may be conditions that can
be extrapolated to clinical practice. Evaluation methods
in this study that enabled in vitro measurement and
evaluation of cell reactions caused by both photothermal
and photoacoustic effects from laser irradiation may be
useful in optimizing laser irradiation conditions.

In conclusion, the three-dimensional culture model of
intervertebral disc cells is excellent for clarifying the rela-
tionship between cell reactions, photoacoustic effect, and
photothermal effect resulting from laser irradiation. In
addition, total energy is closely related to optimization of
irradiation conditions, and irradiation conditions in the
27-J group were beneficial from the perspectives of cyto-
protection and promotion of matrix synthesis, and may be
conditions that can be extrapolated to clinical practice.
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A Diagnostic System for Articular Cartilage Using
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Background and Objectives: Osteoarthritis involves
dysfunction caused by cartilage degeneration, but objec-
tive evaluation methodologies based on the original
function of the articular cartilage remain unavailable.
Evaluations for osteoarthritis are mostly based simply on
patient symptoms or the degree of joint space narrowing
on X-ray images. Accurate measurement and quantitative
evaluation of the mechanical characteristics of the carti-
lage is important, and the tissue properties of the original
articular cartilage must be clarified to understand the
pathological condition in detail and to correctly judge the
efficacy of treatment. We have developed new methods
to measure some essential properties of cartilage: a photo-
acoustic measurement method; and time-resolved fluor-
escence spectroscopy.

Materials and Methods: A nanosecond-pulsed laser,
which is completely non-destructive, is focused onto the
target cartilage and induces a photoacoustic wave that
will propagate with attenuation and is affected by
the viscoelasticity of the surrounding cartilage. We also
investigated whether pulsed laser irradiation and the
measurement of excited autofluorescence allow real-time,
non-invasive evaluation of tissue characteristies.

Results: The decay time, during which the amplitude
of the photoacoustic wave is reduced by a factor of
1/e, represents the key numerical value used to character-
ize and evaluate the viscoelasticity and rheological
behavior of the cartilage. Our findings show that time-
resolved laser-induced autofluorescence spectroscopy
(TR-LIFS) is useful for evaluating tissue-engineered
cartilage.

Conclusions: Photoacoustic measurement and TR-LIFS,
predicated on the interactions between optics and living
organs, is a suitable methodology for diagnosis during
arthroscopy, allowing quantitative and multidirectional
evaluation of the original function of the cartilage based
on a variety of parameters. Lasers Surg. Med. 43:421-
432, 2011, © 2011 Wiley-Liss, Inc.

Key words: osteoarthritis; photoacoustic measurement;
time-resolved autofluorescence spectroscopy; tissue-engi-
neered cartilage
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INTRODUCTION

Osteoarthritis is thought to affect about 30 million
people in Japan [1], but is not a direct threat to life. How-
ever, this condition both affects activities of daily living
and diminishes quality of life among sufferers, so the
associated human and social loss is difficult to estimate.
The disease involves dysfunction caused by cartilage
degeneration, but objective methodologies of evaluation
based on the original function of the articular cartilage
are currently unavailable. Evaluations that are currently
used to establish conservative therapies or the prognosis
of surgery as a treatment for osteoarthritis are merely
based on patient symptoms or the degree of joint space
narrowing on X-ray images. Accurate measurement and
quantitative evaluation of the mechanical characteristics
of cartilage (viscosity, elasticity, and lubrication) are
important, and the tissue properties of the original articu-
lar cartilage need to be recognized if the pathological con-
dition is to be understood in detail and treatment effects
judged accurately. The development of such evaluation
technologies is thus required to facilitate a functional
diagnosis of osteoarthritis. If these evaluations can be
achieved non-invasively, an accurate understanding of
the pathologies should be possible, allowing the planning
and performance of treatments for locomotor apparatus
diseases that accompany the degeneration of cartilage,
such as osteoarthritis. Such evaluations would also be
useful as objective tools in situations such as the clinical
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trials of new drugs. A better understanding of the patho-
logical condition in detail and determination of prognosis
based on a body of clinical data should thus be possible.
This will in turn facilitate the careful planning of treat-
ments according to the specific pathological conditions of
individual patients, improving activities of daily living,
and enhancing the lives of many people.

Recent studies have suggested ultrasonography (US) as
a sensitive method for determining cartilage thickness
[2,8], structural properties [4], surface roughness [5], and
enzymatically induced, specific degeneration of the super-
ficial collagen network [6-8]. Mechanically, the collagen
network is primarily responsible for the dynamic proper-
ties of cartilage by constraining transversal expansion,
whereas proteoglycans contribute predominantly to inter-
stitial fluid flow and the equilibrium response of cartilage
[9,10]. Structural and mechanical properties vary within
and between different articular surfaces [11,12]. Hattori
et al. [13,14], reported a method to assess joint cartilage
using US. By limiting examination to the mechanical
properties of joint surfaces, cartilage can be assessed by
indentation testing [15-17]. For the clinical diagnosis of
mechanical properties, as with indentation testing, US
requires arthroscopy. Quantitative intra-articular US
imaging [18-20] and Optical coherence tomography
[21,22] have been already been applied in vivo during
knee surgery. MRI excels at geographical mapping, and
while one advantage is the ability to gather a wide variety
of extra-articular data, unlike US or indentation testing,
viscoelastic properties cannot be directly measured. Nor-
mal and abnormal signals on images are simply compared
to indirectly estimate mechanical properties. Several
quantitative MRI techniques have recently been intro-
duced for the non-invasive assessment of structural and
mechanical properties of articular cartilage [23]. T2 map-
ping is sensitive to the integrity of collagen networks, col-
lagen content, and fibril orientation [24-26]. T1 mapping
in the presence of Gd-DTPA2 contrast agent, namely
delayed gadolinium-enhanced MRI of cartilage (dGEM-
RIC), reflects the proteoglycan distribution in cartilage
via the inverse distribution of ionic contrast agent [27,28].

The method of assessing cartilage function using a non-
invasive pulsed laser that we have been analyzing is a
technique focusing on interactions with the body when
the laser is applied to cartilage. In other words, this pho-
toacoustic method is a technique for measuring viscoelas-
tic properties based on how sound waves travel and
attenuate through the body and resembles US. Time-
resolved laser-induced autofluoreseence spectroscopy (TR-
LIFS) measures autofluorescence generated through ot-
her interactions, and analyzes the properties of character-
istically collagen-rich cartilage tissue matrix using the
same laser irradiation. In other words, with our proposed
method employing pulsed laser irradiation, interactions
are measured by two different methods to obtain more
biological information than US or indentation testing
(Table 1). Relaxation times as measured by the photoa-
coustic method agreed well with the intrinsic viscoelastic
parameters, with a correlation coefficient of 0.98, when
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TABLE 1. Comparison of Major Cartilage Measurement Devices

MRI
Unable

Laser (LIPA + TR-LIFS)

Ultrasound

Indenter

Possible (average from

Possible (average from

Possible (up to superficial layer)

Direct measurement of

surface to deep layers)

surface to deep layers)

large impacts of force application

and superficial layer

Possible

viscoelasticity properties

Possible Unable

Possible

Agsessment of surface structures

(fibrillation, etc.)
Compostional information

Possible

Possible (distinguishable

Possible (imaging)

Unable

(imaging)
Unnecessary

COL1 and COL2)

Necessary

(collagen content)
Arthroscopic environment

Necessary

Necessary

LIPA, laser-induced photoacoustic measurement; TR-LIFS, time-resolved laser-induced autofluorescence spectroscopy; COL1, collagen type 1; COLZ, collagen type 2.

Viscoelasticity can be measured directly using an indenter, ultrasound system, or laser. However, these devices all require arthroscopy. Conversely, MRI excels at

estimated indirectly based strictly on image changes, and delineating fine joint surface structures is difficult. Using a laser, COL1 can be differentiated from COLZ2.

geographical mapping and is advantageous for gathering a wide variety of extra-articular information, but the mechanical properties of abnormal gignals can only be
This method is thus suited for assessing tissue properties.



