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ABSTRACT

Objective: To evaluate the technique of native collagen fluorescence imaging for assessing the extent of welded
areas for tissues exposed to different near-infrared (NIR) laser wavelengths. Background: Native fluorescence
imaging may be used to identify the distribution of collagen and elastin in tissues. Our past work demonstrated
that different welding strengths were obtained under the same laser power conditions using different NIR
wavelengths. The role of collagen in tissue welding experiments is not well understood. Methods: Two new NIR
tunable lasers were used to weld canine skin. The welded areas on the surface and in cross sections were ana-
lyzed by measuring the spatial distribution of native collagen fluorescence at 380 nm excited by 340 nm radia-
tion. Results: The results show that native collagen fluorescence imaging is a useful technique for analyzing the
extent of tissue welds produced under a range of laser exposures. Fluorescence imaging reveals the depth of
laser interaction with the tissue as well as evaluating collateral damage to the tissue surface. The welded vol-
ume obtained in skin using Cunyite laser exposure at 1,430 nm is deeper than that produced with Forsterite
laser exposure at 1,250 nm. The post welded tensile strength for the same power density is greater for the Cun-
yite lasers. Ablated tissue on the surface is more prevalent with Forsterite laser welding at 1,250 nm than with
Cunyite at 1,430 nm. Conclusion: Native collagen fluorescence can distinguish between tissue welds that have
been produced by different NIR wavelengths. Tissue welding using 1,430nm radiation is more effective than
that using 1,250nm.

INTRODUCTION clearly revealed, due to collagen denaturation by laser irradia-
tion and the subsequent loss of its native fluorescence. Collagen

luorescence spectroscopy allows the measurement of elec-  fluorescence imaging offers a novel way to easily detect in situ

tronic transitions of various chromophores in the complex
tissue structure. There are several natural fluorophores that ex-
ist in tissue which, when excited with ultraviolet light, fluoresce
in the ultraviolet and visible regions of the spectrum. Collagen
is an important photoactive molecule in tissue.! Native fluores-
cence imaging of an intrinsic molecule or tissue component in
the sample may be performed with different selected emission
and excitation wavelengths. In our recent study,? native fluores-
cence imaging was performed on the cross section of tissue that
had been exposed to intense laser radiation. The collagen emis-
sion wavelength (A.) of 380 nm was monitored for an excitation
wavelength (A.) of 340 nm. The laser exposed region was

the distribution and quantitative changes in collagen.

In this paper, we report on the use of native collagen fluores-
cence imaging to assess the extent of collagen denaturation in a
region of tissue that has been repaired using the laser tissue
welding (LTW) technique.

LTW can be achieved by directing a low-energy laser beam
of appropriate wavelength at the edges of the tissue cut.? Laser
surgery has been reported to have many advantages over con-
ventional suture techniques, such as less foreign body reaction,
more rapid healing, less constriction, and reduced surgical
time.+7 Although success has been achieved in experimental
and clinical applications of laser welding, there remain several

!Institute for Ultrafast Spectroscopy and Lasers and New York State Center for Advanced Technology for Ultrafast Photonic Materials and Ap-
plications, Departments of Physics and Electrical Engineering, The City College and Graduate School of the City University of New York, New

York, New York.

“Department of Pathology, New York Eye and Ear Infirmary, New York, New York.

117




118

key areas in which the procedure can be improved to extend its
usage in the medical field. Previous studies indicate that the
bursting strengths of laser-assisted blood vessel anastomoses
are reduced compared to conventional suture repair.®?
Aneurysm formation has been reported to be in the 6-29%
range®.10.11 for laser welding procedures. To improve the tensile
strength of laser-repaired tissue, some authors reported that the
addition of some protein solders, such as albumin!213 and fi-
brin!4.15 has enhanced the laser-welded tissue strength. Thermal
damage to tissue surrounding the welded volume can be re-
duced through the use of photoactive dyes. Dyes such as indo-
cyanine green!® and fluorescein isothiocyanate (FITC)!7.18 have
been used to localize the light absorption to the desired tissue
region, thereby eliminating unwanted secondary tissue injury.
These modifications in the laser welding technique are not
without their drawbacks; for instance, the use of protein solders
increases the likelihood of contamination and viral infection
and dyes are possibly toxic and carcinogenic. Our approach to
laser welding using tunable lasers in the 1,200- to 1,500-nm
wavelength range offers the ability to form strong tissue bonds
without introducing potentially harmful foreign elements.!?

Our previous laser welding study without the use of an addi-
tive or foreign agent demonstrated that different welding results
are obtained with the same laser conditions but using different
near-infrared (NIR) wavelengths. Our results show that a
greater water absorption wavelength is correlated to a higher
tensile strength of the laser-welded tissue. Tunable NIR lasers,
such as, Cr:forsterite,20 tunable from 1,150 to 1,350 nm, and
Cunyite (Cr:Ca,GeQy),?! tunable from 1,350 to 1,500 nm, can
be used for tissue welding based on absorption of water and na-
tive chromophores in tissue. The selection of particular NIR
wavelengths can improve welding and avoid thermal injury to
tissue. LTW may be possible using the absorption bands of wa-
ter in the 1,150- to 1,500-nm spectral region without additional
proteins or dyes. An attractive feature Cr#* lasers for LTW is
that they offer more versatility in selecting precise depth pene-
tration. The tuning range of Cr#+ lasers overlaps a region of
varying water absorption; this property may be used advanta-
geously. The tissue depth to which the laser light is effective for
the welding process is governed by the strength of the tissue ab-
sorption that is dominated by water in this wavelength region.
By tuning the laser wavelength, a continuous range of penetra-
tion depths may be accessed depending on the effective water
absorption.

The objective of this study is to evaluate the technique of na-
tive collagen fluorescence imaging for comparing welding re-
gions generated with Cunyite and Forsterite lasers at different
wavelengths. This work will help to elucidate the effect of na-
tive tissue water absorption on the weld depth and ultimate
bond strength.

MATERIALS AND METHODS

Cunyite and Forsterite lasers provide continuous beams of
tunable NIR radiation. The emission wavelength of the Cunyite
laser was tuned from 1,350 to 1,500 nm with a maximal power
output of 320 mW at 1,430 nm. The emission wavelength of the
Forsterite laser was tuned from 1,130 to 1,370 nm with a maxi-
mal power output of 450 mW at 1,250 nm.
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The laser welding setup is shown in Fig. 1. The beam was de-
livered in a noncontact manner. It was focused with a short fo-
cal length lens (f = 70 mm) producing a spot size of 0.4 mm,
positioned at 50 mm from the lens. The wavelength was mea-
sured with a spectrometer (Rees, Instruments, Godalming, UK).
The power out of the focus lens was measured with a power
meter (Scientech 372, Boulder, CO). The laser wavelengths,
which were selected for the tissue welding, were dependent on
the maximal power output of these two laser prototypes: 1,430
nm for the Cunyite tunable laser, and 1,250 nm for the
Forsterite. For the Cunyite tunable laser, the power was 220
mW. The power density was 175 W/cm?2. For the Forsterite tun-
able LTW, the power was kept at 400 mW from the out-of-fo-
cus lens. The power density was 318 W/cm2. With these laser
conditions, the highest tensile strengths were achieved for skin
welding using these two lasers. The details on the use of this
critique method to detect the tensile strength were described in
our previous work.!?

The canine skin sample was harvested atraumatically from
animals being etherized from another study that did not involve
the skin tissue. The institutional animal review board approved
the use of available animal tissue (Protocol No. 8803). After
shaving the fur, a cut was made of size 5 X 5 mm. Two skin
pieces were placed border to border on a translation stage.
Laser welding was performed between two skin pieces with
scanning laser irradiation. The stage was moved forward at ap-
proximately 5 mm/30 sec, then back at the same speed and for
the same length. A 5-mm fusion line was performed. No con-
ventional suture was performed. The total exposure time was
one minute. The energy fluence was 10.5 kJ/cm? for Cunyite
tunable laser welding, and 19.1 kJ/cm? for Forsterite.

After LTW was performed, the surfaces of the skin samples
were mounted on a quartz slide for native collagen fluorescence
imaging as well as back-illuminated photography. Then, the
samples were kept at —20°C for 15 min. While the sample was
frozen, a cross-section (X-Z plane, see Fig. 2a) through the cen-
ter of the welded line and perpendicular to the X-Y plane was
selected for imaging the welded region. The fluorescence imag-
ing and daylight back-illuminated photography were performed
on the cut cross-section of the joint region of the sample on the
X-Z surface (Fig. 2a).

A schematic diagram of the native collagen fluorescence
imaging setup is shown in Fig. 2b. The excitation light beam

Forsterite or
Cunyite Laser

Tissue Sample

Lens
(f=70 mm)

FIG. 1. Forsterite and Cunyite laser setup for tissue welding.
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FIG. 2. (a) Repaired skin sample in cross section for fluores-
cence imaging. Laser beam xirradiates the skin (Z-Y plane) sur-
face for tissue welding. The cross section (X-Z plane) through
the center of the welded line and perpendicular to the X-Y plane
is the imaged (X-Z) cross-section surface. (b) Fluorescence
imaging setup to probe the tissue weld joint. A light beam from
the Xenon Lamp is passed through the broad band filter and
transmitted by the Optical Fiber to excite sample surface. The
emitted beam is passed through a narrow-band Excitation Filter
(340 nm for collagen imaging, and 380 nm for elastin imaging).
The fluorescence from the sample is collected by UV Lens #1
and imaged onto an /mage Intensifier. The Emission Filter at
380 nm selects the collagen signal, and at 450 nm selects the
elastin signal and is inserted at the front of the UV Lens #1. The
signals are amplified by the image intensifier. The intensified
fluorescence image is then imaged by Lens #2 onto the CCD
camera. A personal computer is used to digitize, display, and
analyze the image profiles. (¢) Back-illuminated photography
setup. The glass plate is placed at the front of the UV Lens #1
instead of the emission filter to obtain the same focus and size
image as for fluorescence imaging. The sample is illuminated
with room daylight.

from a high-intensity xenon lamp (300 W) was sent through a
broadband filter to reduce heat and then it was transmitted by an
optic fiber (Excitation Fiber). Before exciting the surface of the
sample, the light beam was sent through a narrow band filter
A. = 340 nm (Excitation Filter). The central portion of the 10-
nm bandwidth light beam was used to illuminate the sample.
The fluorescence from the sample was collected by a 105-mm
focal length UV-Nikkor camera lens (Lens #1) in the back-scat-
tering geometry and focused into an image intensifier. A nar-
rowband filter A, = 380 nm (Emission Filter) was inserted at
the front of the UV camera lens for fluorescence imaging of the
sample. After the signal was amplified by the image intensifier,
the fluorescence image was re-imaged with a lens (Lens #2)
onto a CCD camera (Photometrics CH350, Tucson, AZ). Three
pictures per second can be obtained from this imaging system.
To improve the signal to noise, each image was averaged over
10 pictures. A personal computer was used to digitize and ana-
lyze the image. The controlling software generated and dis-
played the fluorescence maps.

The setup used for white-light illuminated photography of
the joint is shown in Fig. 2c. A glass plate was placed in front of
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Lens #1 instead of the emission filter to obtain the same focus
and image size as in fluorescence imaging. The sample was il-
luminated with room lights.

After obtaining native fluorescence and white-light imaging,
the tissue samples were fixed in 10% phosphate-buffered for-
malin. The tissues were dehydrated in graded ethanol solution
and xylene, and embedded in paraffin. Each of the lesions was
sectioned at 5 um. Sections from the lesion were stained with
Gill’s hematoxylin eosin, picrosirius red F3BA, and Orcein
stains. The specimen stained with picrosirius red F3BA was ex-
amined with a polarizing microscope (Reichert, Vienna, Aus-
tria) The other specimens were examined with a normal optical
microscope (Vanox-T, Olympus, Japan). Both microscopes
were equipped with a color video camera with 3 CCD chips
(DXC-97 MD, Sony, Japan) for obtaining histology images.

RESULTS

The effect of the Cunyite tunable laser at 1,430 nm on skin
welding was observed as a slight discoloration and translucence




120

at the fusion line with 175 W/cm? power density. The average
initial post-welded tensile strength value was 0.65 = 0.12 N
(n = 10). In the case of the Forsterite tunable laser at 1,250 nm,
no color changes were observed with =0 N tensile strength,
when the same power density as the Cunyite laser was used.
When the power density of the Forsterite laser was increased to
318 W/cm?, the resultant LTW gave a 0.28 = 0.10 N tensile
strength (n = 10). There was a statistical significance in the av-
erage initial post-welded tensile strength between these two
groups (t=7.223, p<0.01). In skin welding with the
Forsterite tunable laser at 1,250 nm skin welding, a slight tissue
ablation in the surface of the welded tissue occurred. The
welded site became darkened (Fig. 3a’).

The native collagen fluorescence images and the white-light-
illuminated photographs of the welded samples on the surface
are shown in Fig. 3. With Cunyite laser welding, the two pieces
of skin were completely welded. The welded site was invisible
on the white-light photograph (Fig. 3a), but the welded region
can be seen as a 0.5-mm-wide black line on the fluorescence
image (Fig. 3b), due to reduction of the native collagen fluores-
cence. With Forsterite laser welding, there was carbonization
on the welded tissue surface. A clear black line was seen on the
welded site on the white-light photograph (Fig 3a’). This region
became a little wider line on the collagen fluorescence image,
due to tissue ablation plus loss of native collagen fluorescence
(Fig. 3b").
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The cross sections of the native collagen fluorescence images
and white-light illuminated photographs of the welded samples
are shown in Fig. 4. The welded site was not evident on the
photograph after Cunyite laser welding (Fig. 4a). In the native
fluorescence image (Fig. 4b), the welded site became a fluores-
cence void due to the collagen denaturing by laser heating and
the consequent loss of fluorescence. The depth of the welded
region from the skin surface to the deepest point is 1.7 = 0.4
mm (n = 10). Forsterite laser welding produced a shallower
weld depth of 0.4 = 0.3 mm (n = 10). The dark region observ-
able on the white-light and fluorescence images (Fig. 4, a’ and
b’) is a crater formed on the tissue surface, a result of tissue ab-
lation during the welding procedure (Fig. 4a"). The crater ap-
pears deeper in the fluorescence image, in this case the dark re-
gion is composed of the ablated crater plus the loss
fluorescence associated with the denaturing of the native colla-
gen (Fig. 4b").

Histology with picrosirius red F3BA stain with and without
illumination by polarized light is shown in Fig. 5. Tissue abla-
tion on the skin surface (uppermost) is more evident after
Forsterite laser welding (Fig. 5a’) than for Cunyite (Fig. 5a).
Under unpolarized illumination, the stained tissue structure at
the welded site becomes homogenized. The denatured collagen
fibers on the junction cannot be identified without polarized
light illumination. Polarized light illumination gives insight
into the extent of the denatured collagen in the welded region

FIG. 3. Surface images of welded skin tissue. (a) Cunyite laser at 1,430 nm welding; the two pieces of skin were completely
welded. The welded site was invisible on the back-illuminated photograph. (b) On the collagen fluorescence image, a 0.5-mm-
wide black line was seen due to loss of native collagen fluorescence. (a’) Forsterite laser at 1,250 nm welding; there was car-
bonization in the welded tissue surface. A clear black line was seen on the welded site on the back-illuminated photograph. (b’) On
the collagen fluorescence image, a little wider line was seen due to the tissue ablation plus a loss of native collagen fluorescence in
the surrounding tissue. The boundary between tissue ablation and loss of collagen fluorescence cannot be distinguished in this pic-

ture.
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FIG. 4. Cross-section images of welded skin tissue. (a) Cunyite laser at 1,430 nm welding; the welded site was not clear on the
back illuminated photograph. (b) On the collagen fluorescence image, a deep crater is visible on the fluorescence image due to the
loss of native collagen fluorescence at the welded site. (a") With Forsterite laser welding, there was a small crater on the surface of
sample at the back-illuminated photograph, due to tissue ablation. (b") On the collagen fluorescence image, a slightly bit deeper
crater was demonstrated, due to the tissue ablation plus a loss of native collagen fluorescence in the surrounding tissue.

due to the loss of birefringence experienced by collagen in the
denaturing process. The crater of the void in collagen birefrin-
gence is more apparent after Cunyite laser welding (Fig. 5b)
than Forsterite (Fig. 5b"). The crater depth and size in these his-
tological results are quite similar to these in native collagen flu-
orescence imaging (Fig. 4, b and b"). The difference in the ex-
tent of collagen denaturing apparent when comparing Fig. 4b
and Fig. 5b is explained by the increased contrast that fluores-
cence imaging affords between regions of total and partial col-
lagen denaturing. In Fig. 4b, fluorescence from collagen present
in the tissue adjacent to the junction is strong despite a partial
denaturing of the collagen in this region whereas the total dena-
turing at the site of the junction is conspicuous by the absence
of fluorescence. Although the junction can be observed in the
histology data shown in Fig. 5b, it is not so clearly defined as it
appears in Fig. 4b. This is because the partially denatured colla-
gen regions adjacent to the junction appear gray in the histology
data.

DISCUSSION

The studies reported here were designed to demonstrate the
effective localization in welding an area of tissue using the na-
tive collagen fluorescence as a noninvasive imaging method.

The relationship between water absorption wavelengths and the
welded depth, which is of concern in repairing tensile strength
after laser welding, is revealed.

It is believed that thermal or photochemical reactions or a
combination of the two are involved in LTW.3 It now seems
reasonable to assume that most of the native tissue welding ef-
fect of laser light can be attributed to collagen denaturation and
binding from the thermal dissipation of the energy in the tis-
sue.#22-2¢ This study with the native collagen fluorescence
imaging method confirms that collagen fibers on welded junc-
tions are denatured after laser tissue welding. Because tissues
are composed primarily of water,2’ their water absorption char-
acteristics become important in tissue welding. Our observation
from previous work suggests that the wavelength dependence
of the weld’s tensile strength can be related to water absorption
wavelengths. The greater water absorption is correlated to the
higher tensile strength.!® These results are obtained from a di-
rect measurement of tensile strength with a digital force gauge
after laser skin welding without a morphologic support.

In the present study, a collagen native fluorescence imaging
technique is used to visualize the welded area in the tissues
welded with different wavelengths. Comparison of the fluores-
cence images (Fig. 4, b and b") for the 1,250- and 1,430-nm ex-
posed tissues reveals two obvious differences. First, the effec-
tive depth of the welded region is greater for long-wavelength
exposure (1,430 nm) to that produced using shorter-wavelength
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FIG. 5. Histological cross sections of skin tissue after Cunyite (left) and Forsterite (right) tunable laser welding showing the
welded joint. Sections (a) and (a’) are stained using picrosirius red F3BA and viewed without polarized light. The tissue structure
at the welded joint becomes homogenized. The denatured collagen fibers in the junction cannot be identified. Under polarized light
(sections b and b"), stained collagen fibers cannot be seen on the welded junction, due to collagen denaturing and the loss of its nat-
ural birefringence. The welded junction appears as a crater. Note there is a much deeper crater on the welded area using Cunyite
laser welding than that of Forsterite. (Original magnification X 16.)

light (1,250 nm) and, second, the surface damage post-welding
due to tissue ablation is more extensive for shorter-wavelength
exposure. These results may be explained in terms of the inher-
ent optical properties of the tissue exposed, namely absorption
and scatter. In general, longer wavelengths will experience less
scattering than shorter wavelengths in the same medium. In our
experiment, this results in the longer-wavelength light retaining
its focussed beam property deeper into the tissue. This property,
together with the enhanced absorption experienced at 1,430
over 1,250 nm, leads to the more efficient transfer of light en-
ergy to the tissue to form the tissue bond. This result can well
explain why 1,430-nm welding produces a greater tensile
strength than for 1,250 nm for canine skin welding in this study.
Moreover, 1,250-nm welding needs almost two times more en-
ergy than 1,430 nm (19.1 kJ/cm? vs. 10.5 kJ/cm?) and causes
tissue ablation on the surface of the welded site, which is a
harmful effect of LTW.

The Forsterite and Cunyite tunable lasers emit radiation in
the NIR desired spectral range, where there is less scattering
and deeper penetration than for visible light lasers,26 such as
Argon (1 to 2 mm) and other lasers, such as Nd:YAG lasers (3
to 4 mm)?’ and the middle infrared CO, laser (0.02 mm).28
These Cr#*-based laser beams have penetration depths varying
from 2 to 5 mm, depending on the wavelength. Water and adi-

pose in the tissue can maximally absorb laser energy to heat and
induce binding from collagen and elastin. These Cr**-based
lasers may be suitable for both thin-wall tissues, such as small
blood vessel anastomoses, as well as for thicker-wall tissue
welds, such as skin, digestive tubes, and the urinary system,
when the appropriate wavelength is chosen. The two lasers can
be tuned to various wavelengths from 1,150 to 1,500 nm to ad-
just the welded depths. Output of these lasers has several key
advantages over single-wavelength lasers.26 The irradiation can
be tuned to the absorption bands of different tissue constituents,
such as the 1,203-nm band for adipose and the 1,350-nm band
for water. In addition, their second harmonic output (575-750
nm) can be turned to the hemoglobin band in blood vessels.28.29
Different kinds of tissues can be welded by selecting different
NIR wavelengths. An additional advantage in the use of these
lasers is using quartz fiber optics to deliver the beams, which a
surgeon can easily operate.

We have shown that native collagen fluorescence imaging is
a valuable tool for evaluating the effectiveness of the LTW
technique under different operating conditions. In the future, a
truly noninvasive method of generating depth information on
collagen denaturing below the tissue surface is envisioned by
using a two-photon excitation technique to generate collagen
fluorescence.
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