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 biochemical analyses and biome-
chanieal 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 technique 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 alse 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. Bicinstrumenta-
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 Characteristics Using a
Photoacoustic Methed

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 (3/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 relaxation time of the

423

Laser Beam
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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.
179-190, 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 viscoelastie
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 (7) 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
[84]:

Is=1Iy xR x exp (:;té\);

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 7 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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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 pamn in core diameter. Transmitted light energy was maintained at approxi-
mately 50 pJd/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 7 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 <3 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
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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 pJ/mrm? 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 nJd/mm? 30 shots,
n = 8); (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
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Fig. 3. Development of the probes. We developed a probe in which the optical output was
introduced via a quartz glass optical fiber {core diameter 400 nm; Thorlabs Japan), and the
P (VAF/TTFE) 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,

Ine. Chapter 7.

number used clinically (150 pJ/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 ne laser itradiation (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% COg, with all
measurements made after 1 hour.

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

Tissue-engineered cartilage made from chondro-
evtes 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) (Nissul
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 filtrate 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
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Fig. 4. Effect of laser irradiation (energy per mm?) on cell
viability (eell proliferation). Results of a cell proliferation
assay using WST-8. Data were obtained 1 hour after incu-
hation and inoculation. Group A: 100 moJ/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 mJ/mm?, 1,500 shots. Group D:
Positive control (immersion in alcohol). Group E: Negative
control without irradiation. Error 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 (2006) 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

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

A
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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 pm 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 3 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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Fig. 6. Comparison of relazation times measured by the pho-
toacoustic method and values of (w - tan 8! (intrinsic viscoe-
lastic properties) measured with a rheometer as a function of
culture time (w = 0.75 MHz). (B) Relaxation times; (4)
values of (- tan §)~% The correlation coefficient is 0.98.
Error bars indicate the standard deviation. To compare vis-
coelasticities of engineered tissue and native tissues, the
value of (cotan 8t for articular cartilage from a rabbit is
plotted (n = 6). The figure was cited and modified from
Tissue Engineering Volume 11, Number 7/8, 2005, Mary Ann
Liebert, Inc. Authors: M. Ishihara, M. Sato et al.

decrease by a factor of 1/e, was measured. Relaxation time
shows a relationship with the viscous-to-elastic modulus
rate (tan 8) when o is defined as the frequency of a stress
wave: T' = (o - tan 8§71 [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 acoustic 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 cartilage 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 viscoelastic 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 @ switch
Nd:YAG laser for the excitation light introduced 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 caleculated 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; Ieda 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 = 6, 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 Q
switch Nd:YAG laser (wavelength, 355 nm; pulse
width, 56 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(VdF/
TrFE)) of a piezoelectric 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
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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 frypsinization 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 Post-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 also similar (Fig. 10) [42,43]. This
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indicates that the collagen composition of tissue can be
measured, as collagen is an autofluorescent substance
used in vivo in a non-contact manner. This is significant,
as thecontent 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 surgecn 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
(Pig. 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 chesity, 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. 8. The results of photoacoustic measurement of pre- and post-operative cartilage. A
total time course of pseudo-regenerative medicine using rabbit model was able to be moni-

tored by photoacoustic method.
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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. 8). C: The
measuring photoacoustic waveform in the monitor can be
changed to make larger or smaller by switching.

SATO ET AL.

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 trial
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 II 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 autofluorescence 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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Abstract

evaluated using immunohistochemical analyses.

intensely for VEGF.

Introduction: In this study, we investigate the efficacy of repairing an osteochondral defect in rabbit knee joints
by administering bevacizumab, a humanized monoclonal anti-vascular endothelial growth factor (VEGF) antibody.

Methods: An osteochondral defect was created on the patellar groove of 20 Japanese white rabbits that were
classified into two recipient groups: group B, administration of bevacizumab (100-mg intravenous injection on the
day of surgery and 2 weeks later), and a control group (defect only). Rabbits were killed 1 and 3 months
postoperatively. Sections were stained with safranin O. Repair sites were evaluated using the modified O'Driscoll
International Cartilage Repair Society grading system. The expression of chondromodulin (ChM)-l and VEGF was

Results: At 1 month postoperatively, the repair site in group B was filled with cartilaginous tissue. At 3 months, the

repair site retained this cartilage phenotype. At 1 month in the controls, the defects were mainly filled with fibrous
fissue. At 3 months, the defect was replaced by fibrous tissue and ‘bone. Over the 3-month period, histological
scores were significantly higher in group B than in the controls. At 1 month, group B showed intense positive
results for Chivi-l in the bottom of the repair tissue. VEGF was also identified in the same area. In the controls, no
ChM-l was observed in the repair tissue. Conversely, the remodeling hypertrophic chondrocyte layer stained

Conclusions: Intravenous administration of bevacizumab contributes to better repair of articular cartilage in an

osteochondral defect model. We suggest the possibility of facilitating articular cartilage repair with anti-VEGF
antibody rather than using cultured cells or artificial scaffolds.

A

Introduction

Mature articular cartilage shows limited capacity for
regeneration after degeneration or injury [1]. For this
reason, various treatments have been developed in
anticipation of restoration by regenerative medicine. At
present, techniques using penetration of subchondral
bone [2-5], microfracture [6-9], mosaicplasty [10-12],
cell transplantation [13-16], and implantation of tissue-
engineered cartilage with various scaffold materials
[17-22] or without scaffold [23-27] have been developed

# Correspondence: sato-m@is.icc.u-tokalacjp
Department of Orthopaedic Surgery, Surgical Science, Tokal University
School of Medicine, 143 Shimokasuya, Isehara, Kanagawa 259-1193, Japan

( ) BieMed Central

to overcome this obstacle. Penetration of subchondral
bone such as drilling and microfracture to be filled with
reparative cells from bone marrow is a method that has
been developed to stimulate spontaneous healing [18].
This procedure attempts to achieve repair via the
mechanism of endochondral ossification. However, the
defect to be filled with reparative cells shows a large
amount of vascular invasion, and the tissue tends to be
replaced by bone and a surface of fibrocartilaginous
repair tissue {28].

Successful regeneration of any tissue requires the pre-
sence of reparative cells with the potential to differenti-
ate into the phenotypes required to restore the damaged

© 2010 Nagal et al; licensee BioMed Central Ltd. This Is an cpen access article distributed under the terms of the Creative Comnmons
Attribution License thtipy//creativecommons.org/licenses/by/2.05, which permits unrestricted use, distribution, end reproduction in
any medium, provided the criginal work is propetly cited.
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site, but a microenvironment that supports the prolifera-
tion and differentiation of those cells is also needed
[28,29]. In anticipation of favorable articular cartilage
repair in the osteochondral defect model, reparative
cells must be provided with an environment to acquire
the properties of natural articular cartilage. We recently
constructed a 3-D, scaffold-free, tissue-engineered carti-
lage [24] and transplanted this cartilage in only the
superficial layer region of the osteochondral defects as
an initiator of cartilage differentiation in reparative cells
[23] and achieved good restoration effects in the long
term [29]. We confirmed that in the early stage of trans-
plantation, a good restoration effect of articular cartilage
is seen with reparative cells derived from marrow that
acquire antiangiogenic properties [23]. We therefore
hypothesized that good cartilage repair may be achieved
by inhibiting the bioactivity of vascular endothelial
growth factor (VEGF) in the osteochondral defect. A
recent investigation examined the effect of treatment
with anti-VEGF humanized monoclonal antibody (beva-
cizumab), which was developed as a treatment for
malignant tumors [30]. Bevacizumab binds to VEGF
secreted by angiogenic tumors and thereby inhibits
VEGF binding to the VEGF receptor in vascular
endothelial cells, reportedly restraining cancer growth
by inhibiting angiogenesis [31,32].

The objective of this study is to investigate the efficacy
of repair in an osteochondral defect model of the rabbit
knee joint following administration of bevacizumab, a
humanized monoclonal anti-VEGF antibody, without
using cultured cells or artificial scaffolds.

Materials and methods

Animal experiments were approved by the ethics review
board of Tokai University and were performed in accor-
dance with the guidelines on animal use of Tokai
University.

Repair of the osteochondral defect

Twenty Japanese white rabbits (female, 16-18 weeks old,
weighing approximately 3 kg) were used in this study.
The rabbits were anesthetized by exposure to sevoflur-
ane and O, gas. After receiving a medial parapatellar
incision to both legs, each patella was dislocated laterally
and an osteochondral defect {diameter, 5 mm; depth,
3 mm) was created on the patellar groove of the femur
in both legs using a drill and a biopsy punch (Kai Indus-
tries, Seki, Japan). The bottom of the subchondral bone
was shaved to a plane using the biopsy punch until
bleeding was seen from the marrow. Rabbits were classi-
fied into two recipient groups: Group B, with adminis-
tration of bevacizumab (10 rabbits; 100-mg intravenous
injection administered on the day of surgery and 2
weeks later); and controls (10 rabbits; defect only). After
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recovery from surgery, all animals were allowed to walk
freely in their cages without any splints,

Histological evaluation of cartilage repair
Rabbits were killed 1 and 3 months postoperatively by
an overdose of intravenous anesthetic. The distal part of
the femur was excised and fixed with 4% paraformalde-
hyde for 7 days. Each specimen was decalcified in a
solution of 10% ethylenediaminetetraacetic acid (EDTA)
in distilled water (pH 7.4) for 2-3 weeks, then embedded
in paraffin wax and sectioned perpendicularly (4.5-m
sections) through the center of the defect. Each section
was stained with safranin O for glycosaminoglycans.
Immunohistochemistry was performed as described
previously [23,33]. Briefly, sections were deparaffinized
according to standard procedures. Sections were treated
with 0.005% proteinase (type XXIV; Sigma-Aldrich Co.,
St. Louis, MO, USA) for 30 min at 37°C for antigen
retrieval. For chondromodulin-I (ChM-I), primary goat
polyclonal antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) diluted 1:200 in phosphate-buffered sal-
ine (PBS) and 1% bovine serum albumin (BSA) was
placed on the section overnight at 4°C. For VEGF, a pri-
mary mouse monoclonal antibody (Upstate, Lake Placid,
NY, USA) diluted 1:50 in PBS and 1% BSA was placed
on the section overnight at 4°C. Slides were washed
with PBS after incubation for 1 h at room temperature
with biotin-conjugated goat antimouse secondary anti-
body for VEGF and with biotin-conjugated donkey anti-
goat secondary antibody for ChM-I. Next, slides were
treated with horseradish peroxidase-labeled streptavidin
for 1 h and then soaked in 0.05% solution of diamino-
benzidine in Tris HCl buffer (pH 7.6) containing 0.005%
hydrogen peroxide. Finally, slides were counterstained
with Mayer’s hematoxylin. Safranin O-stained sections
were scored by two individuals under blinded condi-
tions, according to a modified O'Driscoll {34] Interna-
tional Cartilage Repair Society (ICRS) grading scale [26]
(Table 1).

Statistical analysis

Results are presented as the means + standard deviation
(SD). Histological score was analyzed by the Mann-
Whitney U test. Values of P < 0.05 were considered sta-
tistically significant for any differences.

Results

Histological evaluation of repair tissue

Operations were uneventful, and all rabbits immediately
resumed normal cage activity. In Group B, major infec-
tion was identified in one knee at 1 month after surgery
and in three knees at 3 months. These infected knees
were omitted from the study. As a result, nine knees at
1 month and seven knees at 3 months were assessed
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Table 1 Histological grading system®
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Tissue morphology (Ti)
formation of tidemark (Tide)

Intactness of calcified cartilage layer,

Lateral integration of implanted materiaf (Latl)

4 = Mostly hyaline cartilage
intact

3 = Mostly fibrocartilage

1 = <25% of the calcified cartilage layer

2 = 25-49% of the calcified cartilage

1 = Not bonded

2 = Bonded at one end/partially both ends

layer intact

2 = Mostly noncartilage 3 = 50-75% of the calcified cartilage 3 = Bonded at both sides
layer intact

1 = Exclusively noncartilage 4 = 76-90% of the calcified cartilage Basal integration of implanted material (Basl)
layer intact

Matrix staining (Matx) 5 = Complete intactness of the calcified 1= <50%

cartilage layer

1 = None Subchondral bone formation (Bform) 2 = 50-70%

2 = Slight 1 = No formation 3 = 70-90%

3 = Moderate 2 =Slight 4 = 91-100%

4 = Strong © 3 = Strong inflammation (InfH)

Structural integrity (Stru)
architecture (SurfH)

1 = Severe fibrillation
2 = Moderate fibrillation

1 = Severe disintegration

2 = Cysts or disruption

3 = No organization of
chondrocytes

4 = Beginning of columnar
organization of chondrocytes
5 = Normal, similar to healthy
mature catfilage

4 = Normal

Chondrocytes clustering in implant 1= <25%
(Clus})
1 = 25-100% of cells clustered 2 = 26-50%
= <25% of the cells clustered 3 =51-75%
3 = No clusters 4 = 76-90%
5=91-110%

Histologic appraisal of surface

3 = Slight fibrillation or irregularity

Histologic appraisal defect filling (FilH)

1 = Strong inflammation

3 = Slight inflammation
5 = No inflammation
Histologic grading system {Hgtot}

Some of the histologic variables:
Tissue morphology (Ti)
Matrix staining (Matx)

Structural integrity (Stru)

Cluster formation (Clus)

Tidemnark opening (Tide)

Bone formation (Bform)

Histologic surface architecture (SurfH)
Histologic degree of defect filling (FiiH)

Lateral integration of defect-filling tissue (Basl) and
histologic signs of inflammation (Inf)

presentation of variables and the grading system based on a modified International Cartilage Repair Society (ICRS) grading scale [26] developed by O'Driscoll,

Keeley and Salter {34].

from Group B, compared to 10 knees in controls at
both 1 and 3 months.

At 1 month after surgery, defects in both Group B and
the controls were filled with reparative cells. In Group
B, the repair site appeared to be filled with cartilaginous
tissue, which was stained with safranin O (Figures la
and 1b). Lateral integration was well bonded at both
sides of the surrounding cartilage. The surface of the
repair site showed several smooth fibrous cell layers,
and rounded chondrocytes formed inside the repair tis-
sue in a convex pattern. The lower portion of the repair
tissue contained hypertrophic chondrocytes that were
remodeling the subchondral bone. Thus, the defects
showed sequential construction of sbundant inhomoge-
neous extracellular matrix from the surface by fibrous
cells (or fibrocartilage cells), rounded chondrocytes and
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hypertrophic chondrocytes. Similarly, in-the controls,
defects consisted of inhomogeneous extracellular matrix
from fibrous cells (or fibrocartilage cells), rounded chon-
drocytes and hypertrophic chondrocytes; however, no
tendency toward uniform constitution was apparent.
The defect was not filled with repaired tissue (Figures
1c and 1d). At 3 months in Group B, the repair site
maintained a cartilage phenotype and was well inte-
grated with the surrounding cartilage (Figure 2).
Repaired tissue showed a columnar organization. The
surface of the repair site retained a smooth and convex
formation similar to the surrounding cartilage. In the
controls at 3 months, the repair site had been replaced
with fibrous tissue and bone (Figure 3), and in the sur-
rounding adjacent cartilage there was evidence of
osteoarthritic changes with loss of cartilage.
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Bevacizumab group 18 Control group 1M

Figure 1 Photomicrographs showing safranin O staining at 1 month after surgery. (a, b) The defect treated with bevacizumab. (¢, d) The
defect untreated as the control, Scale bars, 1 mm in (a) and (¢) and 250 pm in (b) and (d).
.

Bevacizumab group 3M

() (o) ,], (d)

Figure 2 Photomicrographs show safranin O staining at 3 months after surgery. The defect was treated with bevacizumab. Bars, 1 mm in
{a) and 250 ym in (b, ¢ and d}.
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Control group 310

250 um in (b, ¢ and d).

Figure 3 Photomicrographs show safranin O staining at 3 months after surgery. The untreated defect in the control. Bars, 1 mm in {a) and

ﬁ ¢ (f‘)

Evaluation of ChM-l and VEGF expression

At 1 month, Group B showed intense positive results for
ChM-I at the bottom of the repair tissue in the remo-
deling hypertrophic chondrocyte layer, representing the
border between cartilage and bone (Figure 4a). ChM-I
had accumulated in the interterritorial space of the
repaired matrix (Figure 4a). In the controls, no ChM-I
was observed in the repair tissue (Figure 4b). Conver-
sely, the remodeling hypertrophic chondrocyte layer was
intensely positive for VEGF in both Group B and in the
controls (Figures 4¢ and 4d).

Histological scoring of repair tissue

We evaluated the repair site using a modified version of
the grading system developed by O'Driscoll, Keeley and
Salter [34]. In this system, 11 histologic categories were
evaluated and scored: tissue morphology (Ti), matrix
staining {Matx), structural integrity (Stru), cluster for-
mation (Clus), tidemark opening (Tide}, bone formation
(Bform), histologic appraisal of surface architecture
(SurfH), histologic appraisal of the degree of defect fill-
ing (FilH), lateral integration of defect-filling tissue
(Latl), basal integration of defect-filling tissue (Basl) and
histologic signs of inflammation (InfH). The total score
ranged from 11 (no repair) to 45 (normal articular carti-
lage) (Table 1).
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At 1 month, inside the repair tissue in Group B, Ti
was mostly hyaline cartilage in seven of nine cases, with
high cellularity of rounded chondrocytes and mostly
fibrocartilage in two of nine cases. Conversely, in the
controls, 4 of 10 cases showed mostly hyaline cartilage,
4 of 10 cases were mostly fibrocartilage and 2 of 10
cases were mostly noncartilage. For Matx in Group B,
six of nine cases were strong, two of nine cases were
moderate and one case showed slight staining. In the
controls, 5 of 10 cases were strong, 3 of 10 cases were
moderate and 2 of 10 cases showed slight staining. In
Group B, Stru of the defect filling revealed the begin-
ning of columnar organization of chondrocytes in six of
nine cases and no organization of chondrocytes in three
of nine cases. In the controls, 3 of 10 cases showed the
beginning of columnar organization, 4 of 10 cases
showed no organization and 3 of 10 cases showed cysts
or disruptions. In both groups, Clus was not observed
except in one instance. In one instance, there was a
small amount of Clus in both groups. Alse, in both
groups, Tide was opened in all instances. In Group B,
subchondral Bform was not recognized in four of nine
cases, slightly recognized in four of nine cases and
strongly recognized in one of nine cases. In the control
group, subchondral Bform was not recognized in 8 of
10 cases and was slightly recognized in 2 of 10 cases.
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Chta-l

W bl

Figure 4 Chondromodulin (ChM)-I and vascular endothelial growth factor (VEGF) localized in cartilage at 1 month after surgery. (a, c)
The defect treated with bevacizumab. (b, d) The defect in the control. (a) In the bevacizumab group, ChM-l immunostaining is detected in the
interterritorial matrix of the remodeling site. (b) In the control group, ChiM- immunostaining is not detected in the remodeling site. (c, d) In both
groups, VEGF immunostaining is detected in the remodeling site of the reparative cells. Bars, 100 pum in (a) and {b) and 25 um in (¢) and (d).

SurfH in Group B was normal in five of nine cases and
showed slight fibrillation or irregularity in four of nine
cases; in the control group, 1 of 10 cases was normal, 6
of 10 cases showed slight fibrillation or irregularity, 2 of
10 cases showed moderate fibrillation or irregularity and
1 of 10 cases showed severe fibrillation or disruption.
FilH in Group B was complete in six of nine cases and
nearly complete in three of nine cases. In controls, FilH
was complete in 2 of 10 cases, nearly complete in 4 of
10 cases, moderate in 2 of 10 cases and nearly empty in
2 of 10 cases. Latl in Group B was bonded on both
sides in seven of nine cases and bonded at one end or
partially at both ends in two of nine cases. In controls,
Latl was bonded on both sides in 1 of 10 cases, bonded
at one end or partially at both ends in 6 of 10 cases and
not bonded in 3 of 10 cases. Basl was good in all cases
for both groups. In Group B, no inflammation was
observed in all cases for InfH. The control group
showed no inflammation in 5 of 10 cases, slight inflam-
mation in 4 of 10 cases and strong inflammation in 1 of
10 cases. As a result, at 1 month, the total score was sig-
nificantly higher for Group B than for the controls. In
terms of individual scores, SurfH, FilH and Latl for
Group B were significantly higher than in controls.

278

In Group B, Ti at 3 months showed mostly hyaline
cartilage in six of seven cases. In one of seven cases, tis-
sue was mostly fibrocartilage. Conversely, in the con-
trols, 3 of 10 cases were mostly hyaline cartilage, with
mostly fibrocartilage in 1 of 10 cases and exclusively
noncartilage in 6 of 10 cases. For Matx, six of seven
cases in Group B showed strong staining and one of
seven cases showed moderate staining; in the controls, 3
of 10 cases were strong, one instance was moderate and
6 of 10 cases were nonstaining. In Group B, Stru of the
defect filling revealed tissue similar to healthy mature
cartilage in three of seven cases, beginning columnar
organization of chondrocytes in-three of seven cases and
no organization of the chondrocytes in one of seven
cases. In the controls, only one instance was similar to
healthy mature cartilage, 2 of 10 cases were beginning
columnar organization, 1 of 10 cases had no organiza-
tion and 6 of 10 cases showed severe disintegration. In
Group B, Clus was not observed. In controls, 2 of 10
cases showed no clusters, 2 of 10 cases showed some
clusters and 6 of 10 cases showed abundant cluster cells
or nonchondrocytes. Tide in Group B was complete in
three of seven cases, nearly complete in two of seven
cases, half degree in one of seven cases and nearly
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absent in one of seven cases; in the controls, 1 of 10
cases was complete, 2 of 10 cases were nearly complete,
1 of 10 cases was half degree and 6 of 10 cases were not
recognized as containing a calcified cartilage layer.
Bform was recognized in both groups, except for one
instance in each. In one instance, there was a slightly
Bform in both groups. SurfH in Group B was normal in
five of seven cases and showed slight fibrillation or irre-
gularity in two of seven cases; in the controls, 1 of 10
cases was normal, 1 of 10 cases showed slight fibrillation
or irregularity, 2 of 10 cases showed moderate fibrilla-
tion or irregularity and 6 of 10 cases showed severe
fibrillation or disruption. FilH in Group B was complete
in all instances. In the controls, FilH was complete in 4
of 10 cases, moderate in 1 of 10 cases, nearly empty in
1 of 10 cases and almost empty in 4 of 10 cases. Latl in
Group B were bonded at both sides in six of seven cases
and bonded at one end in one of seven cases. In the
. controls, Latl was bonded both sides in 1 of 10 cases,
bonded at one end or partially both ends in 2 of 10
cases and not bonded in 6 of 10 cases. Basl was good in
all cases in both groups. For InfH, no inflammation was
observed in any cases in either group. At 3 months, the
total score for Group B was significantly higher than
that for the controls. In terms of individual scores, Ti,
Matx, Stru, Clus, SurfH, FilH and Latl were significantly
higher for Group B than for the control group (Table 2).

Discussion

VEGF is overexpressed in numerous solid angiogenic
tumors and hematological malignancies. Interrupting
the VEGF pathway has thus become a major focus of
oncology research [35]. The first approved antiangio-
genic therapy was bevacizumab, a humanized

Table 2 Histological scores for cartilage repair at 1
month and 3 months after surgery®

1 month 3 months
Group B Control Group B Control
Ti 377 £ 04 32007 385 £03* 210 £ 14
Matx 355 + 07 330+ 08 371 £07% 210+ 14
Stru 366+ 05 30008 428 + 0.7% 241 £ 16
Clus 288+03 290+ 03 300 £ 00% 160 £08
Tide 100 £ 00 100+ 00 385+ 14 220+ 16
Bform 166 £ 0.7 1.20 = 04 285+ 03 290+ 03
SurfH 3.55 £ 05% 270 £ 08 371 £ 04* 170 + 1.0
FilH 466 + 05% 370+ 10 500 % 00% 290+ 19
Latl 277 + 047 1.80 = 06 285 £ 03% 160 £ 08
Basi 400 £ 00 400 + 0.0 400 + 00 400 £ 00
InfH 500+ 00 380+ 13 500 = 00 500+ 00
Hgtot 3655+ 2.1* 3050 + 4.1 40.14 £ 2.5% 27.7 £ 100

®values are means = SD. The total score range is from 11 {no repair) to 45
(normal articular cartilage).
*Denotes significance at P < 0.05.

279

Page 7 of 10

monoclonal anti-VEGF antibody. Following the success
of a pivotal trial, the FDA approved bevacizumab for
use in combination with intravenous 5-fluorouracil-
based chemotherapy as a treatment for patients with
first-line or previously untreated metastatic cancer of
the colon or rectum [36]. Bevacizumab is anticipated to
be useful not only for cancer treatment but also as a
major advance in antiangiogenic therapy.

Generally, osteochondral defects have access to
reparative cells of the bone marrow [37]. This connec-
tion allows infiltration of the bone by mesenchymal
stem cells (MSCs) from the bone marrow, which can
then proliferate and differentiate. MSC-derived chondro-
cytes subsequently appear during endochondral ossifica-
tion and are invaded by the vasculature and marrow,
and eventually the defects are replaced by subchondral
bone [28,38]. In summary, MSC-derived chondrocytes
are spontaneously recruited as reparative cells in osteo-
chondral defects and are replaced by bone with high
levels of vascular invasion. However, articular cartilage
is a naturally avascular tissue, except during skeletal
development, when endochondral bone formation
occurs. We speculate that MSCs may use different
courses of differentiation to become bone or cartilage,

based on environmental differences in vascularization

and avascularization. We recently reported that MSCs
that acquire antiangiogenic properties achieve good car-
tilage restoration [23]. Furthermore, previous research
has shown that VEGF expression by chondrocytes in
osteoarthritic joints may be related to articular cartilage
destruction [39-46]. High-dose VEGF may induce the
onset and progression of arthritis [47,48]. Also, expres-
sion of high levels of VEGF during the terminal stages
of chondrogenesis leads to endochondral ossification
through angiogenesis [49,50]. We therefore studied the
restoration of articular cartilage by blocking VEGF sig- -
naling with bevacizumab in a model of osteochondral
defects in Japanese white rabbits.

At 1 month after surgery in both Group B and the
controls, defects were recruited with reparative cells
from the marrow and synovial tissue, and this was com-
posed of differentiated chondrocytes, hyperchondrocytes
and fibrous cells. These heterogeneous cells stained
positive for safranin O and showed various levels of
structured organization. From the surface, these struc-
tures consisted of a fibrous or fibrocartilage layer, a hya-
line cartilage layer and a hypertrophic chondrocyte layer
in both groups. As a result, no significant differences
were apparent between the two groups at 1 month post-
operatively in Ti, Matx or Stru. However, at 1 month
after surgery, the defects were repaired by hyaline carti-
lage (seven of nine cases) in Group B, a result of block-
ing VEGF, whereas in the controls, the defects were
repaired with that of various tissues, including hyaline
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cartilage (4 of 10 cases), fibrocartilage (4 of 10 cases)
and noncartilage (2 of 10 cases). There was no delay in
subchondral bone formation in Group B when blocking
VEGF. For autologous reparative cells, basal integration
was good and most inflammatory signs were absent
from both groups. On the other hand, FilH, Latl and
SurfH were significantly higher for Group B than for the
controls. Actually, at 1 month after surgery, six of nine
cases in Group B showed convex surfaces of these
repaired tissues in surrounding articular cartilage, com-
pared to only 2 of 10 cases in the controls. These results
indicate that blocking VEGF preserves the accumulation
of reparative cells in the defect. This is supported by
studies showing that VEGF treatment prevents conden-
sation of chondrogenic mesenchyme during early limb
bud development through abnormal vascularization [51].
As a sufficient number of reparative cells made contact
with the surrounding cartilage layer, lateral integration
was considered to be good. Also, repaired tissue taking
a convex form consisted of a smoother surface than
repaired tissue with a concave form.

Defects had been repaired by the formation of various
tissues in the controls at 3 months after surgery, which
included hyaline cartilage (3 of 10 cases), fibrocartilage
(1 of 10 cases) and exclusively noncartilage (6 of 10
cases). On the other hand, when blocking VEGF, defects
were repaired mostly with hyaline cartilage (six of seven
cases), with only one case being mostly fibrocartilage.
To emphasize this, no cases showed replacement by
fibrous tissue or bone. Similarly, 1 month after surgery,
the controls showed repair without consistent tissue
morphology, while Group B showed repair with consis-
tency of tissue morphology. At 3 months postopera-
tively, Ti, Matx, Stru and Clus were significantly higher
for Group B than for the controls. In both Group B and
the controls, Tide was generally closed and bone forma-
tion was gradually observed. Continuous basal integra-
tion was also good and most signs of inflammation were
not apparent in either group. Tissue that was repaired
in the form of fibrous tissue and bone tended to show
moderate or severe fibrillation of surface architecture
and low defect filling. Therefore, SurfH and FilH were
significantly higher for Group B than for the controls.
As mentioned before, a sufficient number of reparative
cells were in contact with the surrounding cartilage
layer, and lateral integration was considered to be good.
As a result, at 3 months, the total score was significantly
higher for Group B than for the controls.

Interestingly, ChM-I was expressed in the early stage
of tissue repair after bevacizumab administration. ChM-
I reportedly stimulates chondrocyte proliferation and
proteoglycan synthesis in vitro and inhibits proliferation
of vascular endothelial cells in vitro and in vive [52,53].
Kitahara et al. [53] suggested that in their mouse model,
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ChM-I acts to inhibit vascular invasion in the immature
state of articular cartilage, and levels of ChM-I gradually
decrease with age thereafter. Hiraki et al. [52] reported
that ChM-I is expressed in the avascular zone of carti-
lage in developing bone, but is not present in calcifying
cartilage. Such findings suggest a regulatory role of
ChM-I in vascular invasion during endochondral bone
formation. :

In this study, ChM-I was expressed at the bottom of
the repair site invaded near the vasculature. ChM-I
accumulated in the interterritorial space of the repaired
matrix and was surrounding the cells that expressed
VEGF. ChM-I is thought to form a barrier to inhibit
vascular invasion from subchondral bone, indicating
that it facilitates the acquisition of articular cartilage
through the process of MSC differentiation in endo-
chondral ossification. However, the shift from angiogen-
esis to antiangiogenesis is not determined entirely by
ChM-I and VEGEF. Inducers of endogenous angiogenic
molecules also exist in the process of endochondral ossi-
fication, and these include VEGF [53], fibroblast growth
factor 2 [54], transforming growth factor [55] and tissue
matrix metalloprotease 9 [56].

In other studies, VEGF has been reported to be neces-
sary for chondrocyte survival during cartilage develop-
ment. In VEGF-deficient mouse models, massive cell
death is observed in the joint and epiphyseal regions of
cartilage during cartilage development [57,58]. In this
study, we blocked VEGF temporarily to initiate repara-
tive cells. To avoid complete inhibition of the bioactivity
of VEGF in reparative cells, we blocked VEGF on the
day of surgery and 2 weeks later. As a result, 1 month
after surgery, reparative cells actually expressed VEGF in
Group B (Figure 4c). Moreover, expression of ChM-I as
an antiangiogenic factor was observed in the layer of
reparative cells involved in blood vessel invasion from
subchondral bone (Figure 4a). It is important to con-
sider the efficacy of various VEGF treatments in the bal-
ance of angiogenesis-antiangiogenesis during
chondrogenic differentiation of MSC-derived reparative
cells. In other words, repair of articular cartilage may be
achievable by adjusting optimal VEGF signaling. In a
recent study, Kubo et al. [39] reported good cartilage
restoration using muscle-derived stem cells that trans-
fected with the genes of Flt-1 (a VEGF antagonist) and
bone morphogenetic protein (BMP) 4 in a mouse osteo-
chondral defect model. However, the techniques applied
in that study were complicated, as they required isola-
tion of stem cells from muscular tissue, gene transduc-
tion and cell culture in vitro, as well as cell
transplantation. Conversely, the present technique
involves the simple means of achieving cartilage restora-
tion by intravenous administration of bevacizumab, a
treatment already cleared for clinical application. Hence,
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this method would be applicable in many medical facil-
ities. Thus, vascularization of the tissue environment
after injury or degeneration would be improved to a
more advantageous situation of cartilage repair if VEGF
were blocked. Accordingly, without depending on cells
or tissue transplantation, this approach would augment
the curative effects of existing approaches such as
microfracture or drilling.

The half-life of bevacizumab in the circulation of
humans is reportedly 17-21 days. The approved dose of
bevacizumab in humans is 5 mg/kg, and the clinical
administration interval is more than 2 weeks [30]. Beva-
cizumab is cross-reactive with rabbit VEGF, but has
eightfold lower affinity for rabbit VEGF than for human
VEGF [59]. Therefore, in this study, we investigated
bevacizumab at the dose of 40 mg/kg administered on
the day of surgery and 2 weeks later. As a future con-
sideration, we plan to investigate the dosage and dura-
tion of bevacizumab administration. We will also
address the side effects of infection by applying mini-
mally invasive surgery with an arthroscope and using
antibiotics.

Conclusions

Temporary intravenous administration of the humanized
monoclonal anti-VEGF antibody bevacizumab in an
osteochondral defect model results in positive restora-
tive effects. We suggest that this approach would be
useful to achieve repair of articular cartilage without the
need for cells or tissue transplantation.
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