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1. Introduction

Laser tissue welding (LTW) is a procedure for fusing
or uniting edges of two opposing animal or human
tissue segments by the laser photoexcitation of their
native chromophores and water, only light acts as the
bonding catalyst. The fusion of the incised tissues as
a result of near-infrared (NIR) laser interaction was
found to be almost as effective as conventional su-
tures with silk. Heat generated from the laser energy

absorption by combination vibrational modes of
water causes, either directly or indirectly, the forma-
tion of cross-links between proteins in the tissues on
either side of the weld line. No extrinsic agents (dyes
or solder) were used in this study of bonding in LTW.
This vibration excitation method for bonding the tis-
sues can be used for those structures that are difficult
to suture; examples include blood vessels, gallblad-
der, visceral structures, nerves, and arterial anasto-
moses. LTW can also be used in endoscopic surgery.
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Near infrared (NIR) continuous wave laser radiation at
the 1,450 nm wavelength was used to weld porcine aorta
and skin samples via the absorption of combitional vi-
brational modes of native water in the tissues. The fluor-
escence spectra were measured from the key native mo-
lecules of welded and non-welded tissues at specific
excitation and emission wavelengths from collagen, elas-
tin, and tryptophan. The changes in the fluorescence in-
tensities and differences in Stokes shift (Dnss) of key na-
tive fluorophores were measured to differentiate the
Huang-Rhys parameter values (S) of the chromophores.
The strength of coupling depends on the local electron-
vibration intra-tissue molecular environment and the
amount of polar solvent water surrounding the net
charges on collagen, elastin, and tryptophan. The S val-
ues for both non-welded and welded tissues were almost
the same and less than 3, suggesting minimal changes in
the local molecular environment as a result of welding.

Energy configuration coordinate diagram and transitions
of an organic molecule depicting the effects of tissue po-
lar solvents and net changes surrounding native fluoro-
phores on their Stokes shifts and Franck-Condon energy
states.
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Over the past few years, LTW technology has been
successfully shown to reduce the risk of foreign body
reaction; to minimize the chances of serious infec-
tions, local immune reactions, or toxicity; to reduce
surgical time; to improve wound healing; to reduce
the amount of scar tissue formation; to shorten oper-
ating time; and to be ideally suited for applications in
which suturing and stapling are difficult [1–3].

The welding of the tissue occurs by the fusion of
collagen fibers [2–4]. Collagen is the main structural
protein of the body. Collagen molecules, after secre-
tion by the cells, accumulate into characteristics fi-
bers responsible for the functional integrity of such
tissues as cornea, bone, skin, cartilage, and tendon.
Collagen contributes to the structural framework of
other tissues, such as blood vessels and most organs.
Cross-links between adjacent molecules are a prere-
quisite for the collagen fibers to survive the physical
stresses to which they are exposed. Collagen forms a
triple helical structure, and the most common triplet
combination in collagen is Gly-Pro-Hyp [5–9]. NIR
LTW involves the partial denaturation and renatura-
tion of collagen that results from the laser-tissue in-
teraction. Collagen is measured using fluorescence.

The molecular mechanisms underlying LTW due
to optical excitation are depicted in Figure 1. Alfa-
no’s group used the NIR absorption band of water
at 1,450 nm for the energy transfer to the structural
proteins of cell membranes for the molecular relink-
ing of cut tissues [10, 11]. During welding, water in
the tissue absorbs the NIR laser energy by vibra-
tional overtones and combinations of water modes
(v1, v2, v3) and subsequently heats the collagen mole-
cules via energy transfer as the temperature rises to
60 �C. NIR laser energy at 1,450 nm excites the com-
bination vibrational mode (‘1, 0, 1’) of water [12,
13], thereby disrupting the H-bonding in collagen
molecules, resulting partial reversible denaturation.
The reformation of covalent and/or noncovalent
bonding of the tissue protein molecules takes place
as the tissue cools [8, 9].

Fluorescence spectroscopy is a noninvasive meth-
od used to measure electronic and vibrational transi-
tions of various photoexcited chromophores in com-
plex host tissue structures [14]. In tissue, several
natural fluorophores are: collagen, elastin, and tryp-
tophan, which can be photoexcited by ultraviolet
light. In the ultraviolet and visible regions of the
spectrum, the fluorescence can be detected. Native
fluorescence imaging identifies molecules in tissue
samples from the use of different emission and exci-
tation wavelengths. The shifts of absorption and
emission of fluorophores in host determines the
strength of interaction between electrons of fluoro-
phores and surrounding host molecules. The Huang-
Rhys parameter S determine the strength of interac-
tion and quantifies lattice relaxation of electronic
states of photoexcited molecule.

In this paper, the fluorescence spectroscopy was
used before and after LTW to measure and analyze
the effects of LTW on biochemical composition of
tissues and changes in collagen, tryptophan, and
elastin. The strength of electronic-vibration states in
the tissue were measured by Huang-Rhys (S) param-
eters for welded and unwelded tissues. The peak
excitation and emission wavelengths of these key
fluorophores collagen, elastin, tryptophan in native
tissues and laser-welded tissues were identified by
fluorescence spectroscopy. Stokes shifts and Huang-
Rhys parameters (S) were measured to determine
the minimal effects of LTW on molecular scale.

Figure 1 A schematic depiction of the Molecular mechan-
isms of laser tissue welding ––: The arrows show the sites
of interchain and intrachain H-bonds that are reversibly
dissociated as a result of energy transfer from water mole-
cules excited by “hn” of NIR laser radiation.
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The fluorescence spectra were acquired from
welded porcine aortas and skin at three pairs of ex-
citation and emission wavelengths. These wave-
lengths corresponded to the excitation and emission
bands of collagen, elastin, and tryptophan. The
changes in fluorescent intensity and Stokes shifts of
these three molecules in normal and laser-welded tis-
sues were studied in order to evaluate the extent of
denaturation of proteins as a result of LTW. The
electronic transitions take place more rapidly than
the nucleus motion since electrons are lighter than
nuclei. The Born-Oppenheimer principle separates
the electron from vibration wave function. The spec-
tral shifts in absorption and emission are due to
overlap of initial and final vibrational wave functions
in the transition. The strength of electron and vibra-
tion interaction is proportional to Huang-Rhys pa-
rameter S, which shifts the energy state location in
configuration coordinates Q due to local surround-
ing host dipoles [15]. The Franck-Condon states are
related to the excited state molecule characterized
by the altered spatial distribution of the electrons
that is not the minimum energy configuration of the
excited state as a result of absorption of a photon
[16, 17]. Here, only electron distribution is affected,
not the positions of nuclei or bond lengths and an-
gles, because the absorption timescale is approxi-
mately one femtosecond; hence, there is no net
change in the molecular geometry (see Figure 2).
Upon activation in the excited state, readjustment of
the molecular structure occurs. The optical proper-

ties of the native tissue chromophores are affected
by solvation, due to the polar nature of water and
the charges on the molecules in tissues that alter the
molecular geometry. Therefore, the Franck-Condon
energies are affected.

The electronic and vibrational states of the or-
ganic molecules are best represented in electron
ground states (S0) and excited states (S1) in energy
versus configuration coordinate space Q as shown in
Figure 2 [18–21]. The Stokes shift is the difference
between the absorption peak and the emission peak.
The differences in Stokes values are due to differ-
ences in excitation energies of electrons, due to elec-
tron-solvent interaction. The Huang-Rhys parameter
(S) is the measure of the strength of the level of in-
teraction between excited and ground states of elec-
trons. The electron states of the molecule center in
host are coupled to the vibrations by electron-vibra-
tion interaction [21]. The motion of electron and vi-
bration in ground state and excited state are repre-
sented by E–Q diagram shown in Figure 2. The S
value can be obtained by measuring the Stokes shift
of the chromophore from the excitation and emis-
sion maxima. The Stokes shift is:

EStokes ¼ h DnStokes ¼ ðhnAbsorptionÞ � ðhnEmissionÞ ð1Þ

and

h DnStokes ¼ 2Shnq ð2Þ

where “S” is the Huang-Rhys factor and “nq” is the
average vibrational frequency. The displacement of
the excited state from the ground state minima ‘Q0”
that depends on “S” value and is given by:

Q0 ¼
ffiffiffiffiffiffi
Sh

nq

s
ð3Þ

The formation of luminescence bands from ions,
atoms, and molecules inside the host are repre-
sented by transitions of electrons and vibrations in
Figure 2. The resonance energy transfer from ex-
cited electrons between molecules of collagen and
water with collagen is of the Förster type; it is re-
lated to S by activation energy Ea ¼ ES=4 and För-
ster distance R0 � 8 nm [16–21]. The dynamics of
vibrational energy transfer from photoexcited ions
to host vibrations is described experiments by De-
mos [22] and Calistru [23]. The distance between
collagen and water with collagen was less than or
equal to 10 nm. For LTW, the NIR absorption by
water involves combinations and overtones (n1, n2,
n3) of symmetric stretch n1 at 3280 cm�1, asym-
metric stretch n3 at 3491 cm�1 and bending mode n2

at 1624 cm�1. At 1472 nm, the absorption is due to
vibrations of (1, 0, 1) [12, 13].

Figure 2 (online color at: www.biophotonics-journal.org)
Energy configuration coordinate diagram and transitions
of an organic molecule depicting the effects of tissue polar
solvents and net changes surrounding native fluorophores
on their Stokes shifts and Franck-Condon energy states.
The downward-curved dotted arrows denote vibrational
relaxation states which vary with surrounding solvent
properties. The Huang-Rhys factor (S) is the measure of
the strength of coupling between shift of the ground and
excited states in the fluorophore’s manifold.
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2. Methods and materials

2.1 Sample preparation

The animal experiments done in this study were ap-
proved by the IACUC of the City College of New
York. The porcine aorta and skin samples used for
the LTW were purchased from a USDA-approved
animal slaughterhouse (Countryside Quality Meats,
Inc., Union City, MI). The porcine tissues were
shipped on wet ice to our laboratory. The received
samples were washed with 0.9 percent saline solu-
tion. The aortas were opened by incision along their
long axes; the skin was shaved. The samples were
cut into rectangular pieces of 20 � 100 mm, prepared
with the long axis of the rectangle parallel to the
long axis of the entire tissue. Then, these pieces were
sectioned parallel to the circumference of the aorta
into specimens measuring 20� 10 mm. Each speci-
men was bisected into 10� 10 mm pieces, which
were then welded using an eight-line pattern. The
beam was focused on the half thickness (� 1 mm) of
the tissue.

2.2 Laser system

Figure 3 is a schematic representation of the laser
welding system used in this study. The erbium fiber
laser used was a B & W Tek model BWF2 (B & W
Tek, Inc., Newark, DE) that emits at a wavelength
of 1,455 nm and has a maximum power level of 2 W.
The emission wavelength of the erbium fiber laser in
the NIR range corresponds to one of the absorption
bands of water. The water absorption band peak oc-
curs at 1,450 nm from the combination of vibrations
of (1, 0, 1). This absorption band covers a range

from 1,380 to 1,600 nm. For the erbium fiber laser, a
red LED, included as a component in the B&W Tek
laser, was coupled into the fiber and used to align
the NIR welding light.

The porcine aorta samples were placed on glass
microscope slides and fixed on the translational
stage of a motion control system manufactured by
Aerotech, Inc. (Pittsburgh, PA), which comprised
the following components: a Unidex 500 PCI-based
controller, a DR500 motor driver and chassis, an
ATS100-050 linear stepping motor, an ATS50-50 lin-
ear stepping motor, test software and a software de-
velopment kit, cables, and brackets. The function of
the motion control system was to physically move
the tissue under the laser beam in a pattern directed
by the movement software. A Thorlabs MeterMate
power meter (Thorlabs, Newton, NJ) was used to
measure the laser power at the end of the objective
lens prior to performing each of the tissue welds.

2.3 Tissue welding parameters

All of the porcine tissue samples were welded with
NIR laser radiation at the 1,450 nm wavelength and
with 300 mW–900 mW of power. The total number
of patterns per weld was 56, and each pattern had
eight lines. In each pattern, four lines were focused
directly on the weld line, two lines were at þ/�35 mm
and another two lines were at þ/�70 mm from the
weld line, thus covering a total of 140 mm across.

2.4 Raman spectroscopy

The average phonon frequency, nq, was obtained by
measuring the Raman spectra to determine ni from
collagen, elastin, and tryptophan chemicals. The
weighted average phonon value is calculated by
using the following formula:

nq ¼
P

ainiP
i¼1

ai
ð4Þ

where “ai” is the height of the Raman peak at ni

2.5 Fluorescence spectroscopy

The fluorescence spectra of welded and non-welded
porcine aortas and skin tissues were measured with
an LS 50B fluorescence spectrometer (Perkin-Elmer
Corporation, Shelton, CT). Three pairs of fluores-
cence emission and excitation spectra (Table 1) were
obtained from the external and internal surfaces ofFigure 3 The schematic diagram of LTW setup.
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the welded and non-welded porcine aortas and skin
tissues. The LS 50B has a broadband-pulsed xenon
flash lamp for excitation and dual monochromators
for independent control of excitation and emission
wavelengths. It also has a gated photomultiplier tube
to detect the emitted signals. All emission and exci-
tation spectra presented in this paper were obtained
with identical instrument parameters (slit widths of
2.5 nm for both emission and excitation spectra, inte-

gration times, optical filters, a scanning speed of
120 nm/minute, etc.). The fluorescence data was ac-
quired as ASCII files by the PC attached to the LS
50B. These data files were plotted and analyzed
using Origin 7.0 software (Originlab Corp., North-
ampton, MA). The tissue samples were pumped with
280 nm wavelength while measuring emissions cover-
ing from 300 to 500 nm. The tissue depths pumped is
�0.5 mm. The peaks found at 340, 380, and 410 nm
belonged to tryptophan, collagen, and elastin, re-
spectively.

3. Results

The fluorescence spectra from welded and non-
welded porcine aorta and skin specimens are shown
in Figures 4 and 5. The tissues, excited with a

Table 1 Parameters of excitation and emission ranges of
the key fluorophores in the tissues.

Fluorophore Excitation spectra
range in nm

Emission spectrum
range in nm

Collagen 280–360 360–400
Tryptophan 230–300 320–380
Elastin 300–400 380–450
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Figure 4 The fluorescence spectra external and internal surfaces of non-welded (a and c) and welded (b and d) porcine
aorta tissues excited at 280 nm.
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a) b)

c) d)

Figure 5 The fluorescence spectra external and internal surfaces of non-welded (a and c) and welded (b and d) porcine
skin tissues excited at 280 nm.

Table 2 Fluorescence Stokes changes in external side of porcine aorta.

Tissue sample and Fluorophore Peak Excitation
(nm)

Peak Emission
(nm)

Stokes Shift
(nm)

Huang Rhys
factor

Porcine aorta Collagen welded ext side 335.0 396.0 61.0 1.96
Porcine aorta Collagen non-welded ext side 345.0 372.0 28.0 0.90
Porcine aorta Elastin ext welded side 340.0 422.0 82.0 2.34
Porcine aorta Elastin non-welded ext side 343.0 413.0 70.0 2.02
Porcine aorta Tryptophan ext welded side 270.0 367.0 97.0 2.88
Porcine aorta Tryptophan non-welded ext side 270.0 376.0 106.0 3.07

Table 3 Fluorescence Stokes changes in internal side of porcine aorta.

Tissue sample Fluorophore Peak Excitation
(nm)

Peak Emission
(nm)

Stokes Shift
(nm)

Huang Rhys
factor

Porcine aorta Collagen welded int side 333.0 379.0 46.0 1.55
Porcine aorta Collagen non-welded Int side 343.0 401.0 58.0 1.79
Porcine aorta Elastin welded int side 345.0 408.0 63.0 1.83
Porcine aorta Elastin non-welded Int side 349.0 421.0 72.0 2.00
Porcine aorta Tryptophan welded int side 270.0 373.0 103.0 3.00
Porcine aorta Tryptophan non-welded Int side 280.0 376.0 96.0 2.68

V. Sriramoju and R. R. Alfano: Fluorescence and Stokes shift spectroscopic analysis of laser-welded tissues190

Journal of 

BIOPHOTONICS

# 2012 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.biophotonics-journal.org



280 nm wavelength, revealed a broad band of emis-
sions with peaks corresponding to the emission
bands of collagen, elastin, and tryptophan. The fluor-
escence spectroscopic curves were acquired from
both outer and inner surfaces at the weld line of all
tissue specimens. Both the aortas and skin specimens
were observed to exhibit buckling on their outer sur-
faces facing the welding laser; the skin suffered more

severe buckling than the aortas. This phenomenon in
skin may have been because skin has large quantities
collagen; aortic tissue has an abundance of elastin,
which has greater heat resistance than collagen. Ex-
amination of the fluorescence spectra of the aortas
revealed a higher degree of uniformity than skin.

a)

b)

Figure 6 (a, b): Huang-Rhys factor in differences between
welded and non-welded porcine aorta external and inter-
nal surfaces.

a)

b)

Figure 7 (a, b): Huang-Rhys factor in differences between
welded and non-welded porcine skin external and internal
surfaces.

Table 4 Fluorescence Stokes changes in external side of porcine skin.

Tissue sample Fluorophore Peak Excitation
(nm)

Peak Emission
(nm)

Stokes Shift
(nm)

Huang Rhys
factor

Porcine skin Collagen welded Ext side 350.0 396.0 46.0 1.41
Porcine skin Collagen non-welded Ext side 348.0 378.0 30.0 0.97
Porcine skin Elastin welded Ext side 345.0 417.0 72.0 2.05
Porcine skin Elastin non-welded Ext side 345.0 420.0 75.0 2.12
Porcine skin Tryptophan welded Ext side 271.0 376.0 105.0 3.03
Porcine skin Tryptophan non-welded Ext side 270.0 375.0 105.0 3.05
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4. Discussion

The Stokes shift values were obtained from the ab-
sorption and emission maxima from the fluores-
cence spectra shown in Figures 4 and 5. The
Huang-Rhys parameter (S) values were calculated
and displayed in Figures 6 and 7. Tables 2 to 5 show
the fluorescence and absorption peaks, Stokes shifts,
and S values from the various tissue samples. The
Stokes shift changes in welded and non-welded por-
cine aortas. The S � 3 shows weak coupling. In ad-
dition, after welding, the collagen, elastin, and tryp-
tophan intensities also decreased. The spectra from
porcine skin showed that the external surface was
less uniform than the internal surface. This effect
could be due to the roughness and presence of resi-
dual hairs on the external surface of the skin. For
both external and internal surfaces, no major differ-
ences were found in Stokes shift between the
welded and non-welded skin. The dips in fluores-
cence spectra is attributed to self absorption due to
presence of hemoglobin in the tissue [24]. The most
intense transition of hemoglobin’s absorption in uv/
blue fluorescence is at about 430 nm corresponding
to the Soret band. The dip is shown in some of the
data (see Figures 4 a–d). The fluorescence intensi-
ties of collagen, elastin, and tryptophan decreased
in the welded samples. This may have resulted from
a loss of water and changes in the scattering of
light. The previous results by our group (10) with
1450 nm CW, NIR laser on “ex vivo” porcine aorta
and skin with similar welding parameters achieved
successful welds with good tensile strengths. More-
over, 1500 nm wavelength fs pulse LTW gave better
results for in vivo experiment [25]. In those studies
histopathological evaluations laser welded tissues
using optical and scanning electron microscopy re-
vealed no significant thermal injury of tissues, no
changes in cellular morphology and no structure
and orientation of collagen fibers. It is concluded
that the laser powers used will not cause the total
denaturation of the proteins. In any such event of
total protein denaturation due to laser, will not re-
sult in the tissue fusion.

6. Conclusion

Using the native fluorescence of tissue allows the
evaluation of local changes in collagen, elastin, and
tryptophan. Fluorescence spectroscopy can be used
to develop a noninvasive diagnostic tool for in vivo
evaluation of weld quality and collagen during LTW
and also to understand fundamental molecular me-
chanisms. The small changes in S values (less than or
almost equal to 3) for both welded and non-welded
tissues from this study indicate that collagen, elastin,
and tryptophan undergo subtle changes on the mole-
cular scale as a result of laser photoexcitation during
LTW. Native fluorescence demonstrates the molecu-
lar changes in tissues after the heat treatment. Ra-
man scattering showed similar results [25] of mini-
mal effects for LTW using fs pulses at 1500 nm. With
this approach, it is possible to evaluate in vivo laser
treatments for laser photocoagulation, interstitial hy-
pothermia, welding, collagen growth and plastic sur-
gery.
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Table 5 Fluorescence Stokes changes in internal side of porcine skin.

Tissue sample Fluorophore Peak Excitation
(nm)

Peak Emission
(nm)

Stokes Shift
(nm)

Huang Rhys
factor

Porcine skin Collagen welded int side 338.0 374.0 36.0 1.21
Porcine skin Collagen non-welded int side 337.0 372.0 35.0 1.19
Porcine skin Elastin welded int side 340.0 422.0 82.0 2.34
Porcine skin Elastin non-welded int side 334.0 422.0 88.0 2.55
Porcine skin Tryptophan welded int side 270.0 370.0 100.0 2.94
Porcine skin Tryptophan non-welded int side 270.0 345.0 75.0 2.37
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