HO:YAG LASER IRRADIATION ON INTERVERTEBRAL DISC CELLS

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 » = 8 in each group at three
different stress amplitudes and thermal loads.

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

_ V(t) x (Cd + Cp)

F(t) Fr

(1

P(t) = 54.2 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 (€}) 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)dr 3

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
Nag 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] «100  (4)
~ |high control value—low control value]
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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 ®°S-sulfate at 10 p.Ci/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).
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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 mdJ/pulse x 300 shots = total
54 J).
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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 mJ/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.

118

SATO ET AL.

PG Synthesis

36h90*

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 outer 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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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 characteristics.

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 opties 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 autofliorescence spectroscopy; tissue-engi-
neered cartilage

© 2011 Wiley-Liss, Ine.

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 funectional
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 alsc 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
[2,3], 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. [18,14], 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. Noz-
mal and abnormal signals on images are simply compared
to indirectly estimate mechanical properties. Several
quantitative MRI technigues 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 agsessing 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 autofluorescence 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

Assessment of surface structures

(fibrillation, etc.)
Compostional information

Possible

Possible (distinguishable

Pogsible (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; COL2, 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

geographical mapping and is advantageous for gathering a wide variety of extra-articular information, but the mechanical properties of abnormal signals can only be

estimated indirectly based strictly on image changes, and delineating fine joint surface structures is difficult. Using a laser, COL1 can be differentiated from COL2.

This method is thus suited for assessing tissue properties.



NON-DESTRUCTIVE DIAGNOSTIC SYSTEM FOR CARTILAGE

tissue-engineered cartilage tissues cultured for various
periods (up to 12 weeks) were used as samples. By com-
paring the results of biochemicalf/analyses and biome-
chanical studies, we confirmed the photoacoustic signal as
a good indicator for evaluating extracellular matrix for-
mation in orderto determine the characteristics of tissue-
_engineered cartilage [29-38]. We also developed a method
for extracellular matrix characterization using TR-LIFS,
which enabled simultaneous measurements with mechan-
ical properties using the photoacoustic method [39-41].
We propose the application of these unique measure-
ments and evaluation methodologies [29-41], which we
have developed in vitre to non-invasively assess regener-
ating cartilage (tissue-engineered cartilage) and to
diagnose cartilage degeneration. When used in clinical
settings, our laser measurement method requires arthro-
scopy, but the amount of information obtained is greater
than that provided by other devices (Table 1). This
method may thus be a useful assessment technigque in
clinical studies that closely assess cartilage.

MATERIALS AND METHODS

Scattering, reflection, and increase in temperature
attributable to absorption and the production of fluor-
escence and acoustic waves are regarded as the main
effects when light or laser beams irradiate living organs
to be measured (Fig. 1) [42]. A non-invasive and selective
diagnostic device that uses optics via a fiber optic cable
has recently attracted attention. This device is based on a
technology that takes advantage of interactions between
optics and living organs. Use of these interactions enables
simultaneous collection of not only morphological infor-
mation, but also various physiological and biochemical
data, so the potential for use as a diagnostic device is
greater than that of techniques based on a single type of
information, such as ultrasonic waves. Bioinstrumenta-
tion and imaging with a laser beam, which have recently
attracted attention, show features that facilitate the
application of this technology to medical fields. We have
focused on the interactions between living organs and
optics (particularly photoacoustic waves and fluor-
escence), measured a variety of parameters related to
these interactions when induced by the same laser, and
developed a system that allows the simultaneous evalu-
ation of the mechanical characteristics and properties of
tissue (Fig. 2) [32,33,38].

Evaluation of Mechanical Chavacteristics Using a
Photoacoustic Method

Tissue viscoelasticity affects the propagation and
attenuation of the stress waves induced by pulsed laser
irradiation [29]. The relaxation time of the stress wave,
calculated as the time in which the amplitude of the stress
wave decreases by a factor of 1/e, gives the intrinsic relax-
ation parameters (7/G) of the tissue, where 7 is the
viscosity and G is the elasticity. We have proposed a basic
principle whereby the mechanical characteristics of the
tissue can be measured using photoacoustic parameters,
In this measurement technique, the relazation time of the
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faser Beam

Reflection

Fig. 1. Mutual interaction between light and a living body.
The scattering, reflection, and increase in temperature
attributable to absorption and the production of fluorescence
and acoustic waves are regarded as the main effects when
light or laser beams irradiate living organs to be measured.
The figure was cited and modified from Bicengineering: Prin-
ciples, Methodologies, and Applications ISBN: 978-1-60741-
762-0 Authors: M. Sato et al., Editors: A. Garcia et al., pp.
179190, 2010 Nova Science Publishers, Inc. Chapter 7.

stress that acts on a linear viscoelastic object (consisting
of a spring and a dashpot) is related to the viscoelastic
parameters of the object, and to the damping time of the
stress waves generated by irradiation with a nanosecond
pulse laser. Relaxation time is theoretically related to the
viscoelastic ratio [42]. The relaxation time (1) is calculated
using the Levenberg-Marquardt algorithm, a nonlinear
least-squares method, as follows. When the stress wave
intensity is attenuated only by its reflection at the bound-
aries and its relaxation during its transmission through
viscoelastic materials, then the time course of the stress
wave intensity is expressed by the following equation
[341:

Is=1Is xR x exp (::ﬁ)

where I is the intensity of the stress wave at ¢ = 0, R is
the product of reflectivity (the product of the internal
reflectivity at the interface at both ends of the sample), £;
is the time after laser irradiation, and t is the damping
time of the stress wave and corresponds to the viscoelastic
ratio.

As the optimum wavelength of the laser beam was
unknown at the beginning of this study, we used an opti-
cal parametric oscillator (Spectra-Physics, Tokyo, Japan)
with the original probe (Fig. 3) and set the oscillation
wavelength within the range of 250-355 nm, with
collagen and protein as the optical absorbers.
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A measurement system
for viscoelastic characteristics

N\

Spectroscopy
system

A measurement system
for characterization of extracelluar mairix

S ¥V

Laser beam

Pulsed laser beam

i

Time-Resolved Laser- TEate
induced Fluorescence
Spectroscopy analyses
without any reagents
< Tissue properties

Wave length

Fig. 2. Simultaneous measurement system: photoacoustic measurement of viscoelastic
characteristics and fluorescent measurement with time-resolved autofluorescence spec-
troscopy. From a practical perspective, a commercially available 3rd (355 nm) harmonic Q-
switched Nd:YAG laser (pulse width, 5~6 nanoseconds) was used for the excitation light
source in the present study. The light beam was focused with a lens and then coupled to a
gilica fiber of 400 pm in core diameter. Transmitted light energy was maintained at approxi-
mately 50 pd/pulse. Thermoelastic waves induced by the light pulses were detected by a
piezoelectric transducer we designed ourselves, which consisted of a P(VAF/TrFE) film of
55 pm in thickness. Output signals of the transducer were amplified with a low-noise ampli-
fier (bandwidth, 1 kHz—-100 MHz; gain, 46 dB) and acquired with a multi-channel digital
oscilloscope (bandwidth, 1 GHz). The relaxation time, calculated as the time for the thermo-
elastic wave amplitude to decrease by a factor of 1/e, gave the relaxation parameters (n/G) of
tissue, where n is viscosity and G is elasticity. Time-resolved fluorescent spectroscopy was
obtained by a photonic multi-channel analyzer with intensified CCD. For time-resolved
measurement, a trigger signal was controlled by a 4-channel digital signal generator. Fluor-
escent features of the developed measurement system are as follows: wavelength range,
200-860 nm; wavelength resolution <8 nm; exposure time, 19 milliseconds; gate time,
10 nanoseconds. The parameters of measured fluorescence, obtained using MatLab soft-
ware, were peak wavelength at fluorescence maximum, fluorescent spectral bandwidth at
half-maximal amplitude FWHM), and integrated intensity of time-resolved spectrum. The
figure was cited and modified from Bioengineering: Principles, Methodologies, and Appli-
cations ISBN: 978-1-60741-762-0 Authors: M. Sato et al., Editors: A. Garcia et al., pp. 179
190, 2010 Nova Science Publishers, Inc. Chapter 7.

Safety Test

To assess the safety of the photoacoustic measurement
method, we used a cell proliferative activity test in culti-
vated domestic rabbit chondrocytes and examined the
effects on chondrocytes of laser beam irradiation to induce
photoacoustic signals. As irradiation conditions of the
laser were based on the third harmonic frequency of a @

switch Nd:YAG laser with a wavelength of 355 nm, the
following five groups were established and examined: (1)
a group treated under clinically used radiation conditions
(100 wd/mm?, 30 shots, n = 6); (2) a group treated under
conditions in which the pulse energy was 1.5-times
greater than that used clinically (150 pJ/mm?, 30 shots,
n = 6); (3) a group treated under conditions in which the
number of pulse shots was 50 times higher than the
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Design of the probe

Unification of sensor Thinning proba

eiement of optical fiber

Trial manufacture of the probe

Fig. 3. Development of the probes. We developed a probe in which the optical output was
introduced via a quartz glass optieal fiber (core diameter 400 nm; Thorlabs Japan), and the
P (VAF/TrFE) of a piezoelectric polymer film was used to detect the photoacoustic waves. In
this polymer film, the laser irradiation side and the measuring side were originally opposite,
so only transparent objects could be evaluated in vitro. However, with repeated trial and
error, we developed an integrated optical fiber reflective probe that allowed measurements
to be made in vivo, specifically during arthroscopy, by situating the probe at the center and
placing the sensors peripherally around it in a circle. The figure was cited and modified from
Bioengineering: Principles, Methodologies, and Applications ISBN: 978-1-60741-762-0
Authors: M. Sato et al., Editors: A. Garcia et al., pp. 179-190, 2010 Nova Science Publishers,

Inc. Chapter 7.

number used clinically (150 wd/mm?, 1,500 shots, n = 6);
(4) a positive control group to which 70% ethanol was
added to completely kill the cells (n = 4); and (5) a nega-
tive control with no laser irradiation (n = 4). Notably, the
pulse energy used to treat group (2) represented the maxi-
mum output of this device. A WST-8 assay (Dojindo
Laboratories, Kamimashiki, Kumamoto, Japan) was used
for the cell proliferative activity test. We applied the
abovementioned conditions to cultivated cells sown in a
96-well plate and cultured at 37°C under 5% COs, with all
measurements made after 1 hour.

Comparative Studies of Mechanical Properties for
Tissne-Engineered Cartilage Measured by
Photoacoustic Method and Intrinsic Viscoelastic
Measurements

Tissue-engineered cartilage made from chondro-
eytes cultured using scaffold. Twelve knee joints were
obtained from 4-week-old female Japanese White rabbits,
each weighing about 1 kg. Articular cartilage was separ-
ated from the joint with a scalpel and digested for 4 hours
in Dulbecco’s modified Eagle’s medium (DMEM) (Nissui
Pharmaceutical, Tokyo, Japan) containing 0.0125% (w/v)
bacterial collagenase P (Roche, Mannheim, Germany) and
0.05% actinase E (Kaken Pharmaceutical, Tokyo, Japan).
The digested tissue was passed through a cell strainer
(BD Biosciences, Wobum, MA) with a pore size of 40 pm.
The filirate was centrifuged at 1,500 rpm for 10 minutes
to separate the cells. Cells were then seeded at high
density (1 x 10° cells per scaffold) into an ACHMS scaf-
fold (atelocollagen honeycomb with a membrane seal;
diameter, 11 mm; thickness, 2 mm) [41,43,44], which we

Cellular viability {cell proliferation) {a.u.)

a . - i . s ‘
108 prdfmm? 150 gdfmm? 100 gdfmm? positive control Megative contrnl
30 shots 30shots  1,500shots inalcobel) {uithout irradiat

Fig. 4. Effect of laser irradiation (energy per mm? on cell
viability (ecell proliferation). Results of a cell proliferation
assay using WST-8. Data were obtained 1 hour after incu-
bation and inoculation. Group A: 108 mJ/mm?, 30 shots (this
condition is standard in our studies). Group B: 150 mJ/mm?,
30 shots (this condition represents maximum fluence of this
laser system). Group C: 100 md/mra®, 1,500 shots. Group D:
Positive control (immersion in aleohol). Group E: Negative
control without irradiation. Ervor bars show standard devi-
ation (n = 4-6). Results for Group E showed no significant
differences from those for the other laser irradiation groups
(Groups A-C). The figure was cited and modified from Lasers
in Surgery and Medicine 38:249-255 (2008) Authors: M. Ishi-
hara, M. Sato et al.
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had developed for three-dimensional and high-density
culture in 48-well plates (Sumitomo Bakelite, Tokyo, Ja-
pan) by centrifugation at 500 rpm for 5 minutes and then
cultured in DMEM-F12 (Iwaki, Tokyo, Japan) supple-
mented with 10% fetal bovine serum at 37°C in an atmos-
phere of 5% COs in air and 100% relative humidity. After
the indicated periods of incubation, tissue-engineered car-
tilages using ACHMS scaffold (Fig: 5) were studied biome-
chanically using the photoacoustic method (n = 6) and
intrinsic viscoelastic measurements (n = 6).

Biomechanical Study

Photoacoustic method. The third harmonic fre-
quency of a @ switch Nd:YAG laser (wavelength, 355 nm;

A

H25mm |

SATO ET AL.

pulse width, 5-6 nanoseconds; Excel Technology, Tokyo,
Japan) was used at a constant repetition rate of 10 Hz.
The beam was focused using a lens and then coupled to a
silica fiber with a core diameter of 400.pm. Transmitted
light energy was maintained at approximately 50 pd/
pulse. Stress waves induced by the light pulses were
detected at the back surface of the sample by a piezoelec-
tric transducer consisting of P(VAF/TrFE) film, 4 mm in
diameter and 55 wm in thickness. Output signals of the
photoacoustic transducer were amplified using a low-
noise amplifier (bandwidth, 1 kHz-100 MHz; gain, 46 dB)
and acquired with a multichannel digital oscilloscope
(bandwidth, 1 GHz). Relaxation time T, which was calcu-
lated as the time required for stress wave amplitude to

B

Fig. 5. Tissue-engineered cartilage using ACHMS scaffold. This figure shows a comparison
of scanning electron microscopic (SEM) images of tissue-engineered cartilage cultured for 3
and 12 weeks. The lower magnification image of cartilage cultured for 3 weeks (C) shows a
loose extracellular matrix in the honeycomb-shaped partition. In the higher-magnification
image of cartilage cultured for 3 weeks (A), a network of collagen fibrils and interspersed
proteoglycan is shown. In the images of cartilage cultured for 12 weeks (B and D), a tight
extracellular matrix in the honeycomb partition is shown. Images differ considerably from
those of cartilage cultured for 8 weeks, in which collagen and proteoglycan cannot be distin-
guished. Formation of an extracellular matrix is obvious. The figure was cited from Tissue
Engineering Volume 11, Number 7/8, 2005, Mary Ann Liebert, Inc. Authors: M. Ishihara,

M. Sato et al.
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decrease by a factor of 1/e, was measured. Relaxation time
shows a relationship with the viscous-to-elastic modulus
rate (tan §) when o is defined as the frequency of a stress
wave: T = (o - tan 81 [31].

Intrinsic viscoelastic measurements. Intrinsic vis-
coelastic properties of the same samples as those used for
the photoacoustic measurements were examined with a
rheometer, a conventional viscoelastic analyzer, and the
data were compared to those obtained using the photoa-
coustic method. Measurements using a rheometer were
made at an environmental temperature of 20°C and an
initial stress of 80 Pa [31].

The recorded waveform of the photoacoustic signal of
the engineered cartilages cultured for 12 weeks is shown
in the monitor of a digital oscilloscope in Figure 2. The
signal shows a pulse sequence that is due to multiple
acoustic reflections at the accustic boundaries. When
attenuation of the stress wave intensity is affected only by
reflection at the boundaries and relaxation during trans-
mission through the viscoelastic material, the peak inten-
sity of each wave packet is expressed as an exponential
function. Using the Levenberg-Marquardt algorithm, a
nonlinear least-squares method, relaxation time can be
derived as the time for the stress wave intensity to
decrease by a factor of 1/e.

Evaluation of degenerated cartilage. To produce
experimentally degenerated cartilage, we created carti-
lage with different degrees of degradation by extracting
22 osteochondral plugs (diameter, 12 mm) from four
swine patellar cartilage and processing them with trypsin
(trypsin-1 x EDTA; Invitrogen, Carlsbad, CA) to cause
an outflow of proteoglycan, reflecting changes in the
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mechanical characteristics of the tissue in vivo. Trypsin
was applied for up to 24 hours at a concentration of 1 mg/
ml. We assessed degenerated ecartilage using the photoa-
coustic measurement method. After measurements had
been made, samples were fixed in 10% formalin solution
for histological study. Samples (0 hours: n = 6, 6 hours:
n = 6, 12 hours: n' = 6, 24 hours: n = 4) were sectioned to
4-pm thick slices for microscopic observation and stained
with toluidine blue.

Evaluation of Osteochondral Defects in Rabbit
Articular Cartilage Using Photoacoustic
Measurement Method

We demonstrated the capability of photoacoustic
measurement for viscoelastic characterization. Since tis-
sue viscoelasticity affects the propagation and attenu-
ation of photoacoustic waves generated in the tissue, the
relaxation times of the photoacoustic waves give the vis-
coelastic ratio of the tissue. The relaxation times of photo-
acoustic waves of articular cartilage tissues engineered
under various culture conditions were closely correlated
with intrinsic viseoelastic ratio measured by using a con-
ventional viscoelastic analyzer (R > 0.98, Fig. 6). In order
to apply the photoacoustic measurement method to evalu-
ation of the regeneration of articular cartilage as a
method to validate the surgery, the method should enable
not only evaluation of engineered tissue during cultiva-
tion in vitro but also evaluation after transplantation of
engineered tissue in vivo. We performed regenerative
medicine using the rabbit osteochondral defect model and
tissue engineered cartilage using ACHMS scaffold (n = 8,
Fig. 5).

Evaluation of Cartilage Using Time-Resolved
Autofluorescence Spectroscopy

For time-resolved autofluorescence spectroscopy, we
used the third harmonic frequency of the Q switch
Nd:YAG laser for the excitation light intreduced via an
optic fiber, in a manner similar to that used in the photo-
acoustic measurement method. We used a charge-coupled
device (CCD) sensor with an image intensifier as the pho-
todetector, while controlling the spectroscopic system that
could be measured by a nanosecond order with a 4-chan-
nel digital pulse generator. Fluorescence peak intensity,
half bandwidth, peak wavelength, fluorescence volume,
and fluorescence life were calculated as the measurement
parameters. The articular cartilage of Japanese white
domestic rabbits (n = 4), the outer layer of the annulus
fibrosus (n = 4), and commercially available type I and
type II collagen (powder; Teda Chemical, Tokyo, Japan,
n = 4, respectively) were used as the target samples.

RESULTS

Determination of Optimal Wavelength

Photoacoustic signals could thus be measured at any
wavelength within this range [29,31]. The shorter wave-
lengths within this range can magnify absorption by
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Fig. 7. Photoacoustic evaluation of characteristic viscoelastic changes with cartilage
degeneration. Trypsin treatment of the tissue caused marked loss of proteoglycans in
the cartilage, as shown in A and B. (a) Toluidine blue staining of a normal porcine cartilage
specimen. (b) Toluidine blue staining of a cartilage specimen treated with trypsin for
12 hours. The specimen shows an extensive loss of proteoglycans in the tissue. Changes in
the extracellular matrix simultaneously caused change in viscoelasticity of the cartilaginous
tissue. The degree of change in viscoelasticity corresponded to the degree of change in the
extracellular matrix. C: Relaxation times measured by the photoacoustic measurement
method as a function of trypsin treatment time (hours). Error bars show standard deviation
(0 hours: n = 6, 6 hours: n = 6, 12 hours: n = 8, 24 hours: n = 4). The figure was cited and
modified from Lasers in Surgery and Medicine 38:249-255 (2006) Authors: M. Ishihara,

M. Sato et al.

living organs, so peak values of the initiated photoacous-
tic waves can be increased and the initiation depth of
the photoacoustic wave set at a shallower level. However,
in practical terms, a small, portable, and inexpensive
excitation light source is desirable, so we devised a
system in which the third harmonic frequency of a @
switch Nd:YAG laser (wavelength, 855 nm; pulse
width, 5-6 nanoseconds; Excel Technology) was used
[39,40]. We developed a probe in which the optical output
was introduced via a quartz glass optical fiber (core
diameter, 400 nm; Thorlabs Japan, Tokyo, Japan), and
the poly(polyvinylidene fluoride) copolymer (P(VAE/
TrFE)) of a piezcelectric polymer film (Nishiki Trading
Company, Tokyo, Japan) was used to detect the photoa-
coustic waves [40]. In this polymer film, the laser irradia-
tion side and measuring side were originally opposite, so
only transparent objects were able to be evaluated in
vitro. However, with repeated trial and error, we devel-
oped an integrated optical fiber reflective probe that
allowed measurements to be taken in vivo, specifically
during arthroscopy, by situating the probe at the center

and placing the sensors peripherally around the probe in
a circle (Fig. 3).

Effect of Laser Irradiations

We confirmed a lack of significant differences between
any laser-irradiated group and the non-irradiated group,
and found that laser irradiation in this study had no effect
on cell proliferative activity (Fig. 4) [40].

Mechanical Properties of Tissue-Engineered
Cartilage Measured by Photoacoustic Method and
Intrinsic Viscoelastic Measurements

In Figure 6, relaxation times are compared to intrinsic
viscoelastic parameters (tan §) measured with a rheome-
ter. The intrinsic relaxation parameter of native cartilage
measured with the rheometer is also plotted in Figure 6.
Tissue-engineered cartilage cultured for a longer period
showed smaller relaxation times. The relaxation times
obtained by photoacoustic measurement agreed well with
the measured intrinsic relaxation parameters, with a cor-
relation coefficient of 0.98. Compared to native cartilage,
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cartilage cultured for the longest period (12 weeks)
showed an 85% smaller viscoelastic parameter [31].

Photoacoustic Evaluation of Characteristics of
Degenerated Cartilage

Figure 7 shows the positive correlation between damp-
ing time and trypsinization time [40]. Specifically, damp-
ing time increased with increasing trypsinization time. In
other words, viscosity increased and elasticity decreased.
Histologically, the stainability of tissue with toluidine
blue also decreased with trypsinization and the loss of
proteoglycans, suggesting that the course of tissue
changes involved in cartilage degeneration can be moni-
tored using the photoacoustic measurement method.

Monitoring the Posi-Operative Regenerative
Process of Articular Cartilage Using Photoacoustic
Measurement Method

We confirmed that the usefulness of the photoacoustic
method for repeated measurement of viscoelastic proper-
ties of regenerative articular cartilage after allografted
tissue-engineered cartilage. The photoacoustic measure-
ments enabled the determinations of viscoelasticities of
regenerative cartilage during the total time course after
surgery (Fig. 8).

Compositional Information of Cartilage Using
Time-Resolved Autofluorescence Spectroscopy

The articular cartilage exhibited a spectrum close to
that of type II collagen, and peak wavelengths and half
bandwidths were also similar [33,38]. Conversely, the
outer layer of the annulus fibrosus exhibited a spectrum
close to that of type I collagen, and peak wavelengths and
half bandwidths were alsc similar (Fig. 10) [42,43]. This
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indicates that the collagen composition of tissue ean be
measured, as collagen is an autofluorescent substance
used in vivo in a non-contact manner. This is significant,
as the content ratio of type I to type II collagen is particu-
larly important in diagnosing the degree of cartilage
degradation.

DISCUSSION

Based on the above results, we applied the photoacous-
tic.measurement method to evaluate the articular carti-
lage under the arthroscopy. We received the approval of
the Institutional Review Board of Tokai University Hospi-
tal concerning the photoacoustic measurement method,
and applied the method to some kinds of arthroscopic
surgeries. The surgeon can easily have a true figure of
photoacoustic waveform using the real-time monitoring.
The measuring photoacoustic waveform in the monitor
can be changed to make larger or smaller by switching
(Fig. 9). The measurable thickness was limited from
approximately 1.5 to 6 mm in the present experimental
condition. In this range of the cartilage thickness, the
effect of the thickness on the accuracy of the measure-
ment was ignorable.

Many elderly people who suffer from lifestyle-related
diseases are also affected by osteoarthritis and are often
unable to perform exercises that would normally be
within their physical capacity, due to joint pain and
limited range of motion. This is particularly serious in
patients with diabetes, hyperlipidemia, or obesity, and
the disease may be exacerbated because osteoarthritis
reduces the ability to exercise, even when exercise
therapy is .available. In osteoarthritis, evaluating the
prognosis of conservative therapy or the treatment effects
after surgery often depend on the symptoms of the
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Fig. 9. Clinical application of photoacoustic measurement. A:
The measuring photoacoustic waveform can be checked by
the monitor of arthroscopy. B: The integrated optical fiber of
reflective. probe was 4mm in diameter (Fig. 3). C: The
measuring photoacoustic waveform in the monitor can be
changed to make larger or smaller by switching.
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patient, so the pathological condition is not accurately
understood. Surgical treatments such as artificial joint
replacement are currently performed on patients in the
terminal phase, whereas patients in the initial to middle
phases are treated conservatively, often without any clear
aims.

The present studies have demonstrated that the mech-
anical characteristics and properties of articular cartilage
can be evaluated simultaneously during arthroscopy
using a non-invasive intense pulsed laser (Table 1). We
are now developing a device for this application by {rial
and error. If such a device is. developed, accurate
measurement of the mechanical characteristics involved
with the original function of the articular cartilage and
the associated tissue properties will be possible during
arthroscopy, and anyone could perform such quantitative
functional “evaluations. This will enable an accurate
understanding of the pathological features of osteoar-
thritis and careful planning and implementation of treat-
ments. This technology could also allow quantitative
measurement and evaluation of mechanical character-
istics and tissue properties simultaneously, to assess
treatment effects such as those of a variety of drugs, in
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Fig. 10. Analyses with time-resolved autofluorescence spectroscopy. Fluorescence peak
intensity, full width at half maximum (FWHM), peak wavelength, fluorescence volume, and
fluorescence life were calculated as the measurement parameters. The articular cartilage of
Japanese white domestic rabbits, the outer layer of the annulus fibrosus, and commercially
available type I and type Il collagen were used as target samples. Articular cartilage exhib-
ited a spectrum close to that of type II collagen, and peak wavelengths and half bandwidths
were also similar. Conversely, the outer layer of the annulus fibrosus exhibited a spectrum
close to that of type I collagen, and peak wavelengths and half bandwidths were also similar.
This indicates that the collagen composition of tissue can be measured, as collagen is an
autofluorescent substance used in vivo in a non-contact manner. The figure was cited and
modified from Bioengineering: Principles, Methodologies, and Applications ISBN: 978-1-
60741-762-0 Authors: M. Sato et al.,, Editors: A. Garcia et al., pp. 179-190, 2010 Nova

Science Publishers, Inc. Chapter 7.
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addition to the conventional evaluation of clinical symp-
toms such as pain or inflammation around the joints. We
believe that this methodology will be useful in the objec-
tive evaluation of articular cartilage in investigations
such as clinical trials of new drugs. This diagnostic sys-
tem is a methodology used during arthroscopy, and so
cannot be a completely non-invasive evaluation [41]. How-
ever, if quantitative data are collected during arthroscopy
treatments, the effects of a variety of conservative thera-
pies will be able to be predicted, based on the severity of
cartilage degeneration. Planning and performance of
treatments on an individual basis will thus be possible.
Accordingly, we are certain that the development of this
technology and practical diagnostic devices will improve
activities of daily living and quality of life for patients,
and thus contribute to a healthy life expectancy.

CONCLUSION

1. A photoacoustic measurement method using a non-
invasive nanosecond-pulsed laser allows evaluation of
the mechanical characteristics of cartilage, and time-
resolved autoflucrescence spectroscopy allows the
evaluation of tissue properties for analysis.

2. This measurement system, based on interactions
between optics and living organs, is an evaluation
methodology suitable for making diagnoses during
arthroscopy.
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