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ABSTRACT

Laser irradiation of hyaline cartilage result in stable shape changes due to temperature dependent stress relaxation. In this
study, we determined the structural changes in chondrocytes within porcine nasal septal cartilage tissue over a 4-day period
using a two-photon laser scanning microscope (TPM) following Nd:YAG laser irradiation (X= 1 .32 pm) using parameters
that result in mechanical stress relaxation.(6.OW, 5.4 mm spot diameter). TPM excitation (780 nm) result in induction of
fluorescence from endogenous agents such as NADH, NADPH, and flavoproteins in the 400-500nm spectral region. During
laser irradiation diffuse reflectance (from a probe HeNe laser, ?= 632.8 nm), surface temperature, and stress relaxation were
measured dynamically. Each specimen received one, two, or three sequential laser exposures (average irradiation times of 5,
6, and 8 seconds). The cartilage reached a peak surface temperature of about 70°C during irradiation. Cartilage denatured in
50% EtOH (20 minutes) was used as a positive control. TPM was performed using a mode-locked 780nm Titanium:Sapphire
(Ti:Al203) beam with a, 63X, I .2 N.A. water immersion objective (working distance of 200mm) to detect the fluorescence
emission from the chondrocytes. images of chondrocytes were obtained at depths up to I 50 microns (lateral resolution — 35

im x 35 tm). Images were obtained immediately following laser exposure, and also after 4 days in culture. In both cases,
the irradiated and non-irradiated specimens do not show any discernible difference in general shape or autofluorescence. In
contrast, positive controls (immersed in 50% ethanol), show markedly increased fluorescence relative to both the native and
irradiated specimens, in the cytoplasmic region.
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1. INTRODUCTION

In reconstructive procedures within the head and neck, autogenous cartilage grafts harvested from heterotopic sites
are used to rebuild the damaged framework of facial and airway structures. Often, the graft must be carved, sutured, or
morselized in order to recreate the shape of the missing structure. The drawback to these techniques is that excess normal
tissue is often discarded, and significant donor site morbidity may result. As a cartilage-sparing alternative, laser irradiation
can be used to reshape cartilage grafts into complex shapes, via thermal-mediated stress relaxation.

Mechanical stress relaxation occurs during laser heating; internal stress Ic(t)I (the force exerted by the cartilage
resisting external deformation) initially increases, peaks, and then rapidly decreases prior to cessation of laser irradiation'
(Figure 1). At the same time, diffuse reflectance 1(t) from a visible wavelength probe laser follows a similar temporal
pattern to a(t), in that it too peaks and decreases. Previously, we demonstrated that non-contact optical monitoring could be
used to assess real-time changes in tissue mechanical properties during laser irradiation and control the reshaping process2.
The peak in 1(t), observed during laser irradiation, indicates the onset of stress relaxation and can be used to modulate laser
power or terminate irradiation.

While the biophysical changes accompanying laser reshaping have been characterized 1,38, the effect of laser
irradiation on chondrocyte viability and metabolism has not been extensively studied. Conventional light microscopy has
been used to examine intact irradiated cartilage specimens, however, tissue fixation and exogenous dyes are necessary, and as
a result serial examination ofthe same specimen over time is not possible.
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Optically thick, living tissue can be imaged using confocal laser scanning
microscopy (CLSM), which overcomes many of the limitations of conventional
light microscopy. However, CLSM has drawbacks including: 1) photobleaching
from the high intensity laser energy, 2) phototoxicity to tissue due to high laser
power, 3) relatively shallow penetration depth, 4) need for exogenous stains, and 5)
often, the need for tissue fixation. In CLSM, image quality is often reduced because
of the concern that excessive laser light exposure may result in photobleaching and
phototoxicity of the tissue specimen. Hence, there is often a trade-off between
image quality and the number of optical sections generated in a 3-dimensional
image, the number of scans per image, and/or the number of scans over time9.
While ultra-violet (UV) CLSM eliminates the need for exogenous diffusion limited
fluorescent stains, the optical •design is complex, expensive, and only partially
compensates for inherent chromatic aberrations. Further, UV light causes
significant photobleaching and photochemical toxicity.

Two Photon Laser Scanning Microscopy (TPM) is a relatively new
technique that overcomes many of the limitations of both UV and conventional
CLSM. In TPM, two near-infrared (NIR) photons excite fluorophores normally
excited by a single photon of half the wavelength. The deeper-penetrating near-IR
wavelengths excite endogenous fluorophores which would normally be stimulated
only by shallow-penetrating UV photons, allowing for the generation of images at
substantial depths in living tissues. Phototoxicity is reduced because excitation
occurs only within the diffraction-limited focus of the beam (eliminating out-of-
focus interference), and of the short pulse duration (—iOOfs) of the high-intensity
NIR laser. The NIR laser beam is raster-scanned across a focal plane within the
tissue while photomultiplier tubes (PMTs) collect emitted UV light. As a
consequence, optical sections oftissue specimens at substantial depths (up to several
hundred microns) are obtained, without the need for exogenous dyes and tissue
fixation, and with limited phototoxicity'°. Endogenous cellular fluorophores
(principally NADH, NADPH, and flavoproteins) emit in the 400-500 urn region of
the spectrum, and the signal intensity is proportional to the concentration of these
metabolites. TPM is REDOX imaging and thus can be used to gauge cellular
metabolism. TPM has been used to image such tissues as the cornea" and inner ear
hair cells'2, and to image in situ physiological processes including glucose
metabolism in pancreatic beta cells'3 and capillary blood flow in the neocortex'4.
With TPM the cytoplasm/nucleus interface is imaged with high resolution.
Dividing cells can be distinguished from quiescent cells, thus providing a non-
invasive method to measure cell division rate".

In this study, we used TPM to image the changes in chondrocyte
autofluorescence in porcine nasal septal cartilage following ND:YAG laser (A 1.32
sm) mediated stress relaxation. Moreover, we placed the cartilage in tissue culture
for 4 days, and compared the TPM images of these specimens with images of native
cartilage specimens maintained in culture for the same time duration. The objective
of this study was to assess the metabolic activity and viability of chondrocytes

following laser-mediated stress relaxation. Porcine nasal septum consists primarily of hyaline cartilage. Within the tissue,
small chondrocyte aggregates (usually 2-4 cells) are embedded within an extensive matrix containing ground substance and
collagen fibers. Chondrocytes are contained within the lacuna, a defect in the matrix structure (Figure 2). The matrix
immediately surrounding the lacuna is often referred to as the territorial matrix, and contains a high concentration of acidic,
sulfated proteoglycans. The intracellular structure of chondrocyte is similar to most eukaryotic cells. A well-defined nucleus
is surrounded by an extensive rough endoplasmic reticulum and Golgi apparati. In transmission electron microscopy, nucleoli
and numerous mitochondria are identified. In larger chondrocytes, large lipid droplets within the cytoplasm may be a
prominent feature'5.
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Figure 1 : Laser-Mediated Cartilage
Reshaping. A flat cartilage specimen
(a) is held in a reshapingjig (b)
during Nd:YAG laser irradiation to
create a new shape (c) as surface
temperature (I), internal stress (ii),
and backscattered HeNe probe laser
light (iii) are recorded. When surface
temperature reaches about 70°C
(arrow) a change in slope of the
temperature curve is observed
suggesting a change in tissue thermal
properties. With the onset of laser
irradiation, internal stress initially
increases, then at 70°C, internal
stress begins to rapidly decrease
(large arrow) as reshaping begins (ii).
Alterations in measured
backscattered probe light (iii) mirror
corresponding changes in internal
stress.
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2.1 Tissue harvest

Nasal septal cartilage was obtained from freshly euthanized pigs from a local abattoir (Lizaraga's Processing, Chino,
CA) as previously described'. The specimens were cut into rectangular slabs (25x 10 x 2 mm) using a custom guillotine
microtom&, and stored in physiological saline at ambient temperature for about 2 hours prior to laser irradiation.

2.2 Biophysical measurements

Diffuse reflectance 1(t) from a HeNe probe laser ( 632.8 nm, 1 5mW, Melles Griot, Irvine, CA), radiometric
surface temperature S(t), internal stress cs(t) were measured during laser irradiation as previously described (Figure 3) .
The specimens were irradiated with a Nd:YAG laser (X1 .32 rim, 50 Hz Pulse Repetition Rate, NewStar Lasers, Auburn,
CA), delivered via a 600 tm core diameter multimode optical fiber. The laser spot size was estimated to be 5.4 mm (power
density, 25 W/cm2). S(t) was monitored using a thermopile sensor (Thermalert MI-40, response time of 120 ms (95%),

spectral sensitivity of 7.6-1 8 tim, Raytek, Santa Cruz, CA). The detection system was calibrated as previously described3.

2.3 Experimental protocol

A schematic of the experimental protocol is illustrated in Figure 4. Cartilage specimens were divided into two
experimental protocols: group A) imaged immediately following tissue harvest or laser irradiation, and group B) irradiated
and then placed in tissue culture for 4 days prior to imaging. Specimens within each study group were irradiated one, two, or
three times with the laser (with a cooling time interval of 5minutesbetween each pulse). The duration of each laser exposure
was determined by observation of the peak value for 1(t) on the read-out of the lock-in amplifier; the laser irradiation was
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Figure 2: Schematic drawing of a chondrocyte. N-nucleus, M-matrix, L-lacuna, m-mitochondria, rER-rough
endoplasmic reticulum, G-Golgi. D-Iipid droplet _________________________

2. MATERIALS AND METHODS



terminated after the peak was identified. Thus, the
time varied somewhat from sample to sample;
however, the average irradiation time for the first,
second, and third exposures were 5, 6, and 8 seconds,
respectively.

Following irradiation, a 6 mm disc was
excised from the irradiated region of the specimen,
using a biopsy punch. Nicking an edge of the
irradiated surface of the disc with a razor blade
resulted in a discernible mark that in turn allowed
specimen orientation.

2.4 Tissue culture

The excised discs were placed individually
into 24 well culture plates and washed 3 times (15
minutes per wash) with an antibiotic rinse containing
gentamycin (200 mg!L) and amphotericin B (22.4
mg/L) in phosphate buffered saline (PBS) (w/o
calcium and magnesium). The samples were then

incubated (37°C, 5% C02) in Dulbelco's Modified Eagle's Medium (DMEM) (Life Technologies/Gibco, Grand Island, NY)
containing 10% fetal calf serum (FCS), gentamicin (10 mg/mL), penicillin (100 ig/mL), streptomycin (lOOig/mL), and L-
glutamine (29.2 g/mL). After 4 days in culture, the specimens were imaged using TPM.

2.5 TPM imaging

The TPM device in our laboratory is based on the system constructed by So et al at the Laboratory for Fluorescence
Dynamics (LFD) at the University of illinois at Urbana, Champagne. The system contains a SW Verdi laser (Coherent,
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Santa Clara, CA), which acts as a pump for the two photon, pulsed excitation source, Titanium: Sapphire (Ti: A1203) laser
(Mira 900F, Coherent, Santa Clara, CA). Neutral density filters are used to control the average power after the Ti: Sapphire
laser, so that the low powers necessary for cell survival could be maintained at the sample, while still maintaining sufficient
peak power for two-photon excitation to occur. A mode-locked, 100 femtosecond, 76 MHz pulse train exiting the Ti:
Sapphire laser is expanded and collimated using two lenses to overfill the back aperture of the microscope objective. TPM
was performed using a mode-locked 780nm beam to optimally detect fluorescence from endogenous metabolic components
such as NADH, NADPH, and flavoproteins in the 400-500 nm spectral region. The sample was placed on an inverted Zeiss
Axiovert I 00 microscope (Zeiss, Thornwood, NY). A small drop of PBS is used to cover the sample, and to minimize
refractive mismatches. The Ti: Sapphire beam is scanned across the sample, using a PC-controlled X-Y scanner (Series
603X, Cambridge Technology, inc., Watertown, MA). A Zeiss 63X, 1 .2 NA. water immersion objective (working distance
of200mm) was used.

The induced fluorescence from the tissue passes through a short pass dichroic beam splitter and is directed to a
single photon counting detection system that consists oftwo PMTs (Hamamatsu Corp., Bridgewater, NJ) which are arranged
perpendicularly, and separated by a long-pass dichroic beamsplitter. One PMT is optimized for green light (R7400P), and
the other for red light (R7400P-Ol). This makes it possible to simultaneously detect fluorescence in two different wavelength
regions.

TPM images of the specimens were obtained at depths of up to 150 microns (35 tm x 35 tm, lateral resolution).
Images were obtained in cartilage specimens irradiated with one, two, or three sequential ND:YAG laser exposures, both
immediately (within 180 minutes) following irradiation, and after 4 days in tissue culture. Native cartilage (negative control
specimens) was imaged identically. Cartilage immersed in 50% EtOH for 20 minutes (and rehydrated in phosphate buffered
saline for 1 0 mm.) served as a positive control.

3. RESULTS
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An example of the biophysical measurements recorded during photothermal heating is illustrated in Figure 5. The
changes in diffuse reflectance M(t) (a.u.) and internal stress Ao(t) (a.u.) from baseline values during sequential laser
exposures are illustrated in Figure 5 a. For clarity, S(t) is plotted independently (Figure 5 b). Peak surface temperatures of
56, 64, and 70°C were recorded during the first, second, and third laser pulses corresponding exposure times of 5.0, 6.6, and
8.3 sec. The time intervals between the onset of laser irradiation and the identification of a peak in AI(t) and Aa(t) increased
with each successive irradiation as previously observed'6. Because laser irradiation was terminated when the peak in 1(t) was
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Figure 5 : plots of biophysical measurements recorded during sequential laser exposures. in (a) the changes in diffuse reflectance
AI(t) (arbitrary units) and internal stress &(t) (arbitrary units) from baseline values are plotted; in (b) surface temperature S(t) (°C)
is plotted.
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observed on the lock-in amplifier signal monitor, laser pulse durations were longer than the elapsed time at which the peaks
in AI(t) and o(t) were observed. For the first two laser exposures, the maxima fi)r both light and stress curves occurred
simultaneously. In contrast, the peak for M(t) precedes the peak for 0(t) h' about 0.4 seconds during the third laser
exposure.

Representative TPM images of chondrocvtes within laser irradiated cartilage grafts are illustrated in Figures 6-7.
1(t). S.(t). and a(t) were recorded during the irradiation of each specinien with results similar to those illustrated in Figure 5.
In Figure 6. TPM images of chondrocytes immediately after laser irradiation (group A) are illustrated. The montage is a
composite of chondrocytes in cartilage specimens after (a) one. (h) two. or (c) three laser exposures. (d) non-irradiated native
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Figure (: TPM images of porcine
chondroevies immediatcl after
irradiation ( roup A ) ( 'hondroevi es ih at
underwent one exposure I a). two
exposures I H. and three exposures )c). a
non—irradiated, negative con i ro ( d . and
an ethanol—exposed. positi\ C control e
are shown.

F iure 7: [PM images of chondrocvtes tollowing laser irradiation, and 4 days in tissue culture ((roup 13). Images of cells lollowing
exposure Ia). 3 exposures (H. and 0) a non-irradiated. negati\c control )c). are depicted.



tissue (negative control) and, (e) ethanol-denatured (positive control). Note the striking difference in fluorescence between
native tissue and ethanol-denatured specimens. Figure 7 consists of images of laser irradiated chondrocytes after being
maintained in tissue culture for four days (group B): (a) one laser exposure, (b) three laser exposures; and (c) native tissue.
Images of cartilage following two laser exposures were not obtained due to extensive specimen warping of these samples in
culture that precluded TPM imaging.

Large oval regions with low signal intensity are identified in many cells (Figure 6 c-d, Figure 7 a-c), and are likely
the nuclei, though it is possible that they may also be large lipid droplets, which are common in large chondrocytes'5.
Autofluorescence was observed diffusely in the cytoplasm in all specimens with the exception of the presumed nuclear
regions; this high signal intensity (e.g. Figure 6 b) is likely due to the presence of mitochondria, which are rich with NADH
and NADPH. Areas of relatively weak signal (e.g. Figure 7 a, where the nucleus in the lower half of the cell is surrounded
by a thin, low intensity rim) may be regions where organelles such as the endoplasmic reticuli and Golgi apparatus are
concentrated.

The lipid-rich cell membrane of the chondrocyte does not autofluoresce and hence forms a low signal intensity rim
around the chondrocyte. The matrix immediately adjacent to the cell membrane often does not fluoresce as intensely as
matrix further from the cell, and may delineate the territorial matrix. (see Figures 6 a, b, d, e; 7 b). The territorial matrix is
known to have a high concentration of proteoglycans, and the concentration of collagen in this region may be lower, resulting
in less fluorescence than other more collagen-rich regions of the matrix.

4. DISCUSSION

TPM was used to study the near-term changes in chondrocyte structure following laser irradiation, in order to
determine whether significant structural/metabolic injury occurs within the cell after reshaping. Though studies examining
tissue viability following laser irradiation have been performed, most of these only compare the physiologic or structural
tissue response (as determined using histologic, biochemical, or molecular assays) with laser fluence and pulse
duration'7'18"9. Our study differs from these investigations in that we monitored the thermal, optical, and mechanical
properties of cartilage during laser irradiation, and thus were able to correlate the TPM images with changes in these
biophysical properties. The onset of accelerated stress relaxation (representing a change in matrix structure) was used to
terminate laser irradiation in each case.

In this pilot study, chondrocytes were imaged with TPM following Nd:YAG laser irradiation using parameters that
result in tissue reshaping (stress relaxation). Functional images were constructed from the excitation of endogenous
fluorophores providing a means to study chondrocyte metabolism. Prior studies have demonstrated that cellular emissions
result primarily from the excitation of cellular NADPH and NADH (concentrated within the mitochondria), which provide
an indirect measure of cellular respiration and metabolism20. Flavoproteins located in the cytoplasm also function as
fluorophores. Within the tissue matrix, collagen fibers readily fluoresce.

Few differences are observed between the laser-irradiated specimens (Figure 6 a-c) and native tissues (Figure 6 d)
immediately after heating. Further, one, two, or three laser exposures does not alter the pattern of autofluorescence. In cells
maintained in tissue culture (four days), there appears to be little difference in fluorescence between laser-irradiated
specimens (Figure 7 a, b) and native specimens (Figure 7 c), or between the specimen exposed to (a) one laser pulse, or (b)
three pulses. Chondrocytes imaged immediately and after four days also looked similar to one another.

Marked differences in fluorescence intensity between the positive (Figure 6 e) and negative controls (Figure 6 d)
were observed. The ethanol-exposed chondrocytes diffusely fluoresce, when compared to native (Figures 6 d; 7 c) and
irradiated cells (Figures 6 a-c; 7 a-b). This likely is indicative of ethanol-induced chondrocyte necrosis, which may involve
processes such as enzymatic degradation, protein denaturation and degradation, and organelle lysis.

In contrast to previous work that measured chondrocyte proteoglycan (PTG) synthesis following laser irradiation16
(using a similar experimental protocol as this study), no 'dose response" relationship between chondrocyte structure (TPM
images) and laser dosimetry was observed. The lack of any clear difference between one, two, or three laser pulses is
surprising, as previous studies have demonstrated that the metabolic rate of stromal keratocytes in humans increased
markedly after the tissue was injured21. This may be in part due to the selective nature of microscopy in that only a limited
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number of cells are observed; we focused primarily on imaging cells with intact cellular architecture. Functional]
biochemical assay techniques (such as pulse-chase radiolabellmg) measure the bulk response of a tissue to exogenous agents
or changes in the physical environment (in this case, photothermal heating). Selective visualization of cells within the laser
irradiated matrix may in part account for these observations. However, it is important to note that at least some cells in laser
irradiated specimens did not look different from their respective controls.

5. CONCLUSION

Tissue viability can be evaluated using methods that characterize structural and functional aspects of cellular
function. TPM is a unique method that allows for in vitro imaging to depths of several hundred microns where structural
detail is provided based on concentration of fluorophores, principally molecules involved in respiratory transport. This
preliminary investigation examined the changes in tissue autofluorescence following photothermal heating. In the sample of
chondrocytes examined in this study, no differences in the pattern or intensity of fluorescence was observed between controls
and irradiated specimens regardless of the number of laser exposures, and following four days in tissue culture. While these
results are at variance with functional assays that demonstrate a dose response relationship, it is important to note that at least
some chondrocytes are still intact with normal fluorescence patterns, despite repeated photothermal heating. Future work
includes a thorough survey of irradiated tissue with TPM and the acquisition of fluorescence spectral information. This will
allow identification ofphysiological changes within cells by looking at spectral alterations of endogenous fluorophores.
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