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Molecules such as water, proteins and lipids that are contained in biological tissue absorb mid-
infrared (MIR) light, which allows such light to be used in laser surgical treatment. Esters, amides
and water exhibit strong absorption bands in the 57 ym wavelength range, but at present there
are no lasers in clinical use that can emit in this range. Therefore, the present study focused on the
quantum cascade laser (QCL), which is a new type of semiconductor laser that can emit at MIR,
wavelengths and has recently achieved high output power. A high-power QCL with a peak
wavelength of 5.7 um was evaluated for use as a laser scalpel for ablating biological soft tissue.
The interaction of the laser beam with chicken breast tissue was compared to a conventional CO,
laser, based on surface and cross-sectional images. The QCL was found to have sufficient power to
ablate soft tissue, and its coagulation, carbonization and ablation effects were similar to those for
the CO4 laser. The QCL also induced comparable photothermal effects because it acted as a
pseudo-continuous wave laser due to its low peak power. A QCL can therefore be used as an
effective laser scalpel, and also offers the possibility of less invasive treatment by targeting specific
absorption bands in the MIR region.

Keywords: Quantum cascade laser; mid-infrared wavelength; CO, laser; biological soft tissue;
laser—tissue interaction.
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1. Introduction

1.1. Development of quantum
cascade lasers

Quantum cascade lasers (QCLs) are a new type of
semiconductor laser that utilize sub-band tran-
sitions in semiconductor multilayer structures.
Typical semiconductor lasers are based on a p-n
junction, and photons are generated by recombi-
nation of electrons and holes. The emission wave-
length of such lasers is determined by the bandgap
of the semiconductors used in the active region and
has an upper limit of about 2.5 yum. On the other
hand, light emission from a QCL occurs by tran-
sitions between sub-bands formed in an artificially
designed semiconductor multilayer structure
(quantum cascade). It is possible to tune the emis-
sion wavelength over a wide range because it is
determined primarily by the thickness of the indi-
vidual layers.! In 1994, Faist et al. succeeded in
fabricating a QCL with a peak emission wavelength
of 4.3 um based on intersub-band transitions in an
InGaAs/InAlAs multiple quantum well and super-
lattice structure.”? In 2001, continuous wave
(CW) room-temperature emission at mid-infrared
(MIR) wavelengths was reported,” followed by
terahertz emission in 2002. Thus, QCLs are
capable of emission at both mid- and far-infrared
wavelengths.

The MIR region is important because many
molecules exhibit strong characteristic absorption
bands at these wavelengths, associated with
stretching and bending vibration modes. Studies
have been carried out on the use of QCLs for
detecting trace amounts of atmospheric gases and
also for breath analysis.””” Recently, considerable
progress has been made with regard to increasing
the output power of QCLs. In 2011, Bai et al.
achieved an average power of 5.1 W in CW mode for
a QCL with a peak emission wavelength of 4.9 ym
operating at room temperature.®

1.2. MIR lasers in laser surgery

Biological tissue contains molecules such as
water, proteins and lipids, which absorb MIR light
due to excitation of vibration and rotation modes
of their molecular bonds, and this can be used
for laser surgical treatment. Conventional lasers
currently in clinical use include Ho:YAG (wave-
length: 2.1 ym), Er,Cr:YSGG (2.79 um), Er:-YAG

(2.94 pm) and CO; (10.6 um) lasers.”'? However,
there are strong absorption bands in the 5-7 ym
wavelength range associated with esters (~ 5.75 um),
amides (~ 6 ym) and water (~ 6 ym) that cannot
be taken advantage of using such lasers.'? It is
therefore considered likely that improved cutting
efficiency and biological tissue removal would be
possible using a laser that can emit at such
wavelengths.

As discussed above, there are no laser devices in
current clinical use that can emit at wavelengths of
5-7 um. Although CO lasers are capable of emission
wavelengths of 4.7-8.2 ym,'* they are rarely used in
clinical practice because of the toxicity of CO. Free
electron lasers (FELs) can also emit MIR regions
and many studies have been conducted.'” 'Y How-
ever, FELs are too large to be practical for clinical
applications. Other alternatives are wavelength
conversion using nonlinear optical techniques such
as difference-frequency generation (DFG)?’ or
optical parametric oscillator (OPO),”! and as
Raman-shifted lasers.???? There are some reports of
pre-clinical studies using these lasers.

1.3. Objective of this study

The present study focused on the QCL, since it is a
compact semiconductor-based laser, it has recently
become capable of high output power, and it can
easily be made to emit in the desired wavelength
range of 57 um. If it can be confirmed that the
output power is sufficient, it is considered to have
considerable potential as a laser treatment device
for cutting and coagulating biological tissue.

The objective of this study was therefore to
evaluate a high-power QCL with a peak emission
wavelength of 5.7 um for use as a laser scalpel for
ablating biological soft tissue. The effect of the
laser beam on chicken breast tissue was investi-
gated and compared with that of a conventional
medical CO, laser, because CO, laser is most
commonly used as a laser scalpel in many hospital
departments.

2. Materials and Methods
2.1. Samples

The chicken breast tissue used for the laser ir-
radiation tests was cut into pieces 2—3 cm in size. Its
absorption coefficient (p,) at the peak emission
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Fig. 1. Output spectrum of QCL.

wavelength of the two lasers was first determined
using pieces with sizes of approximately 1cm that
were sliced to a thickness of about 10 um using a
freezing microtome (CM1850, Leica Microsystems
Co. Ltd., Germany). The sliced sections were placed
on BalF, substrates and their thicknesses were
measured using a confocal laser scanning micro-
scope (LEXT OLS3100, Olympus, Japan). The
absorbance spectrum was measured using a Fourier-
transform infrared spectrometer (MB3000, ABB,
Switzerland) coupled with an infrared microscope
(uMax, Pike Technologies, USA). From the
measured thickness d and absorbance A, u, was
calculated using Eq. (1).

A A

pr— pr— . 1
Ha = Jloge ~ 0.434d (1)

The density p of the chicken breast was deter-
mined to be 1.06g/cm®, based on the measured
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volume and mass. This was used for estimating
temperature rise of the samples in Sec. 4.1.

2.2. Light sources and irradiation
method

The QCL (prototype) was manufactured by
Hamamatsu Photonics, K.K., Japan and has a peak
emission wavelength of 5.7 pm. It produces a pulsed
output when a square wave current is injected. The
pulse width and the repetition rate can be varied
between 20-500 ns and 1-1000 kHz, respectively. In
this study, they were respectively set to 500 ns and
1000kHz (duty ratio: 50%) for stable operation at
maximum output power. The injection current to
the laser element was 1.0 A. Figure 1 shows the
measured output spectrum of the laser in air, which
extends over a wavelength range of about 5.6—
5.9 um, with the maximum intensity occurring at a
wavelength of 5.76 pm.

Figure 2(a) shows the optical setup used for QCL
irradiation. The height of XYZ stage was adjusted
so that the focus of the parabolic mirror was on the
surface of the samples. Using the knife-edge method,
the beam size was determined to be 180 x 280 ym?
(full width at half maximum). The average power
density was set to 1250 or 2500 W /cm? (the energy
per pulse: 0.495 or 0.990 nJ /pulse, single pulse flu-
ence: 1.25 or 2.50mJ/cm?/pulse) and the ir-
radiation time was 1, 2 or 5s. A motorized stage
(SGSP20-20(XY), SIGMA KOKI, Japan) was used
for cross-sectional observations, and it moved line-
arly at a constant rate. The scanning speed was 280,
140 or 56 pm/s, and was calculated by dividing the
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Fig. 2. Optical setup used for QCL and CO, laser irradiation.
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Fig. 3. Absorption coefficient for chicken breast tissue.

beam size (280 ym) by the irradiation time per spot
(1,2 or 5s).

The CO, laser was a medical/dental CO, device
(Lezawin CH S, J. Morita Mfg. Corp., Japan) with
a peak emission wavelength of 10.6 um. Figure 2(b)
shows the optical setup used for CO, laser ir-
radiation. The beam size was 300 x 260 ym?, and
the same power densities and irradiation times were
used as in the case of the QCL. The scanning speed
of the motorized stage was 260, 130 or 52 um/s.

2.3. Observations

After laser irradiation, the surface of the samples
was imaged using a digital camera (PowerShot G9,
Canon, Japan). For cross-sectional observations,
the samples were frozen, sliced to a thickness of
about 10 um using the freezing microtome, and
stained with hematoxylin and eosin (HE staining).
Cross-sectional images were then obtained using an

optical microscope (BIOREVO BZ-9000, Keyence,
Japan). The coagulation width and ablation depth
were measured from the surface and cross-sectional
images.

3. Results

3.1. Absorption coefficient for chicken
breast tissue

The measured thickness of the chicken breast
tissue was 11.0 £ 1.4 um (n = 20). Figure 3 shows
1, as a function of wavelength, obtained from the
absorbance spectrum. At the peak emission
wavelengths of 5.76 and 10.6 yum for the QCL
and the CO, laser, u, was 150 and 210cm™!,
respectively.

3.2. Irradiation effects produced
by QCL

Figure 4 shows surface and cross-sectional images of
the chicken breast tissue following QCL irradiation.
From Fig. 4(a), it can be seen that coagulation,
carbonization and ablation occurred for all ir-
radiation conditions. The area affected was larger
than the beam size and increased with irradiation
time. The cross-sectional images of the stained
samples shown in Fig. 4(b) indicate that the abla-
tion depth also increased with irradiation time.
Figure 5 shows the dependence of the coagulation
width and the ablation depth on the irradiation
time. At 2500 W/ cm?, the ablation depth was larger

irradiation time

2s

average power density
1250 W/ecm?

2500 W/cm?

Fig. 4. Effects of QCL irradiation on chicken breast tissue. (a) Surface view and (b) cross-sectional view.
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than the coagulation width, and increased more
strongly with irradiation time.

3.3. Irradiation effects produced
by CO; laser

Figure 6 shows surface and cross-sectional images of
the samples irradiated by the CO, laser. As with
QCL irradiation, coagulation, carbonization and
ablation occurred. However, a larger amount of
carbonization was induced by COs laser irradiation.
From the cross-sectional images in Fig. 6(b), the
ablation depth was also larger for the CO, laser.
Figure 7 shows the dependence of the coagulation
width and the ablation depth on the CO, laser ir-
radiation time. For both 1250 and 2500 W /cm?, the
ablation depths were larger for the CO, laser than

irradiation time

2s

Fig. 6. Effects of CO, laser irradiation on chicken breast tissue. (a) Surface view and (b) cross-sectional view.
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Fig. 7. Relationship between CO, laser irradiation time and
(a) coagulation width and (b) ablation depth.

for the QCL. However, similar coagulation widths
were observed for both lasers.

4. Discussion

4.1. Interaction between chicken breast
tissue and laser beam

The interaction between the samples and the laser
beams is now considered based on the absorption
properties of chicken breast tissue. The pu, shown in
Fig. 3 was determined under dry conditions. The
samples used for the irradiation tests had a water
content of about 70%, which is typical for chicken
breast tissue. To compensate for this, 0.3 times the
1, value for dry tissue was added to 0.7 times the p,

(Continued)

b
8

—dried chicken breast lissue
= =watar
-=-=30% dried chicken breast tissue + 70% water

L)
=1
8
-

g

g

absorption coefficient [om )
=
2

(=]

wavelength [um]

Fig. 8. Absorption coefficient for dry chicken breast tissue,
water and 30% dried chicken breast tissue + 70% water.

value for water to give the equivalent p, value for
wet tissue. Figure 8 shows pu, for wet tissue, dry
tissue and water. The presence of water is seen to
have a strong influence. At a wavelength of 5.76 and
10.6 pm, the p, value for wet tissue is 350 and
520cm !, respectively, which indicates that the
CO4 laser beam is more strongly absorbed than the
QCL beam. It should be noted that the samples
become dry as the irradiation time increases, so that
1, becomes close to the value for dry tissue. Co-
agulation and carbonization are also considered to
affect the p, value.

The light penetration depth ¢,(=1/p,) for dry
tissue is calculated to be 66 and 48 ym at a wave-
length of 5.76 and 10.6 um, respectively. For wet
tissue, these values are 29 and 19 ym. The thermal
relaxation time Ty, iS given by

62 1

= = — 2
Ttherm Aoy 404/112 ) ( )
where « is the thermal diffusivity, which depends on

the water content in the samples. For soft tissue
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with a water content of 0% and 70%, « has been
reported to be 1.02 x 103 and 1.42 x 103 cm?/s,
respectively.?* Therefore, T, for dry chicken
breast tissue is calculated to be 11 and 5.6 ms at a
wavelength of 5.76 and 10.6 um, respectively. For
wet tissue, these values are 1.4 and 0.65 ms. Because
the CO, laser operates in CW mode, the interac-
tion time 7, between the laser beam and the
sample is equivalent to the irradiation time. Since
Tint > Tiherm, CO2 laser irradiation induces photo-
thermal effects in the samples. On the other hand,
since the QCL operates in pulsed mode, it might be
thought that no such photothermal effects would be
produced. However, a single pulse is insufficient to
cause ablation and thus tissue removal relies on the
accumulation of heat from multiple pulses. The
QCL thus acts as a quasi-CW laser, and photo-
thermal effects are induced in the samples. The
temperature increase associated with such photo-
thermal effects gives rise to reactions such as co-
agulation, vaporization and carbonization, which is
consistent with the results for the irradiated
samples in the present study.
The temperature rise AT in biological tissue due
to absorption of laser energy is given by
ap— (= B Foere. 5
pc
where R is the reflectance, F' is the irradiation
energy density, z is the depth from the irradiated
surface and c is the specific heat of the tissue.?” For
MIR wavelengths, R can be considered to be 0. The
value of ¢ depends on the water content in the
samples. For a water content of 0% and 70%, it has
been reported to be 1.70 and 3.45J/g/K, respect-
ively.?* Figure 9 shows AT as a function of z for wet
and dry tissue under QCL or CO, laser irradiation
for an average power density of 1250 W/cm?® and an
irradiation time of 0.1 ms (Fy = 125mJ/cm?). This

=—QCL, 30% dried chicken breast lissue + T0% water

= =QCL, dried chicken breast lissue

——C0y laser, 30% dried chicken breast lissue + T0% water
— =C0s laser, dried chicken breast lissue
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Fig. 9. Temperature rise AT as function of depth z in sample
for Fy = 125 mJ/cm?.

Coagulation and ablation of soft tissue by QCL

calculation assumes that all of the laser beam
energy is used to increase the temperature. In fact,
as the temperature increases, the tissue coagulates,
carbonizes and vaporizes. In particular, when the
temperature reaches about 374°C, which is the
critical point for water,?® the tissue is strongly
ablated due to volume expansion (vaporization and
the associated reaction force). In addition, we did
not consider heat diffusion to surrounding tissue
because the irradiation time of 0.1ms is shorter
than Tem (0.65-11ms). For z > 60 um, AT for
CO,, laser irradiation is smaller than that for QCL
irradiation. However, in the present study, it was
found that the ablation depth was larger for the
CO, laser. This is thought to be because the CO,
laser energy is absorbed more strongly in the surface
region of the sample, giving rise to significant
vaporization of water and soft tissue, thus enhan-
cing the ablation rate.

4.2. Potential of QCL for laser surgery

As described in Secs. 3.2 and 3.3, both types of laser
caused similar effects in the samples, although the
ablation depth was larger for the CO, laser. In ad-
dition, in Sec. 4.1, it was shown that both laser
beams are expected to interact with the samples in a
similar way. Thus, a QCL operating at 5.7 um can
also be used as a laser scalpel. However, it is shown
that the QCL induced large amounts of thermal
damage as well as the CO5 laser. In the other studies
using different MIR lasers, laser ablation of soft
biological tissue with much smaller thermal damage
has already been achieved.?'>* Therefore, QCL is
not the best laser system in regard to thermal
effects. However, QCLs are considered to be still
useful because they are very compact and simple
compared to other laser systems. Improving thermal
effects by QCL irradiation is thus an important
problem. For limiting thermal damage, higher peak
power is required because if the targeted tissue can
be vaporized by one pulse, the heat is removed
before it diffuses into surrounding tissues.

In some situations where less invasive treatment
is required, lasers operating in the 5-7 ym wave-
length range may even offer some advantages.
Recently, selective ablation of atherosclerosis
lesions using a QCL at a wavelength of 5.7 um has
been investigated.?” This is based on an absorption
band at 5.75 um associated with the stretching vi-
bration mode of C=0O bonds in cholesteryl esters.
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Less invasive caries treatment at a wavelength of
5.8 um has also been studied.”® In both studies, a
nanosecond pulsed laser beam produced by DFG
was used. However, such a system is too large to use
in actual clinical practice, so that a QCL is an
attractive alternative. When less invasive treatment
is required, a laser beam with a smaller wavelength
spread is desirable for treatments that target
specific molecules. The QCL used in the present
study had a Fabry-Perot type resonator (FP-QCL),
giving rise to a relatively large spread of 5.6-5.9 pm.
To overcome this, a distributed feedback QCL
(DFB-QCL) can be used, in which a specific wave-
length is amplified because the resonator is in the
form of a diffraction grating. Therefore, a narrow
wavelength spectrum can be realized using a DFB-
QCL, although the output power is generally lower
than that for a FP-QCL. Thus, additional measures
are needed such as stacking multiple laser elements
and using a cooling system.

Although the QCL used in the present study was
cooled with liquid nitrogen, a more convenient Peltier-
cooled QCL has already been developed.?” In ad-
dition, the same hollow-core optical fiber that is used
with Er:YAG dental lasers and CO, medical/dental
lasers can be used to deliver MIR light. Therefore, a
surgical QCL device is considered to be realizable, and
by optimizing the output wavelength spread, opens
up the possibility of less invasive treatment.

5. Conclusion

The output power of a QCL with a peak emission
wavelength of 5.7 um was found to be sufficiently
high to ablate biological soft tissue. Since it oper-
ated as a pseudo-CW laser, it produced the same
photothermal effects as a conventional CO, surgical
laser, leading to coagulation, carbonization and
ablation. In addition to its use as a laser scalpel, a
QCL offers the possibility of less invasive treatment
by targeting specific MIR absorption bands.
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