
Mid-infrared absorption by soft tissue sarcoma
and cell ablation utilizing a mid-infrared

interband cascade laser

Eric Larson,a Madeline Hines,b Munir Tanas,c Benjamin Miller,d

Mitchell Coleman,b,d and Fatima Toor a,e,*
aUniversity of Iowa, Electrical and Computer Engineering Department, Iowa City,

Iowa, United States
bUniversity of Iowa Hospitals and Clinics, Department of Radiation Oncology, Iowa City,

Iowa, United States
cUniversity of Iowa Hospitals and Clinics, Department of Pathology, Iowa City,

Iowa, United States
dUniversity of Iowa Hospitals and Clinics, Department of Orthopedics and Rehabilitation,

Iowa City, Iowa, United States
eUniversity of Iowa Hospitals and Clinics, Holden Comprehensive Cancer Center,

Experimental Therapeutics Program, Iowa City, Iowa, United States

Abstract

Significance:Mid-infrared (MIR) light refers to wavelengths ranging from 3 to 30 μm and is the
most attractive spectral region for ablation of soft and hard tissues. This is because building
blocks of biological tissue, such as water, proteins, and lipids, exhibit molecular vibrational
modes in the MIR wavelengths that result in strong MIR light absorption. To date, researchers
investigating MIR lasers for surgical applications have used bulky light sources, such as free
electron lasers, nonlinear light generators, and carbon dioxide lasers. We demonstrate the use
of a tiny (a few microns wide, a few millimeters long) MIR interband cascade laser (ICL) for
surgical thermal ablation applications.

Aim: Our goal is to demonstrate the use of an ICL for surgical thermal ablation and demonstrate
its efficacy in ablating normal fibroblasts and primary undifferentiated pleomorphic sarcoma
tumor cells (C1619).

Approach: We conducted Fourier transform infrared spectroscopy analysis of healthy and can-
cerous tissue samples, which indicated that the absorption of tumor tissue is higher than healthy
tissue around 3.3-μm wavelength. These results enabled us to select an ICL emission wave-
length, λ, of 3.3 μm to probe normal fibroblast and primary undifferentiated pleomorphic
sarcoma cell survival after ICL exposure.

Results: We show that the absorption of tumorous tissue is higher than that of healthy tissues
around the 3-μm MIR wavelength. We demonstrate that the ICL is able to ablate cancer cells at
very low-power levels that can be clinically implemented but that this effect does not appear to be
specific to C1619 when compared to normal fibroblasts.

Conclusions: Our study demonstrates that ICLs may represent an exciting new avenue toward
precise laser-based thermal ablation.
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1 Introduction

Mid-infrared (MIR) light refers to wavelengths ranging from 3 to 50 μm1 and is the most attrac-
tive spectral region for ablation of both soft and hard tissues. This is because molecules such as
water, proteins, and lipids that are contained in biological tissue exhibit molecular vibrational
modes in the MIR wavelengths that result in strong MIR light absorption.2–4 Due to the strong
MIR light absorption in tissue, substantial heating of small areas is achieved, which enables low
collateral thermal damage and very precise excision of biological tissue. MIR also has a rela-
tively shallow absorption depth of 10 to 100 μm5 compared to near-IR lasers currently used in
laser surgeries, which penetrate the tissue at 2000 to 2500 μm.6 Thus, MIR lasers are not well
suited to bulk tumor treatment, but may provide precision ablation after resection of the majority
of the tumor by ablating to a shallow absorption depth in remaining tumor beds surrounding
sensitive anatomic sites, such as around nerves. Metastatic cancers often invade microscopic,
vital, and complex anatomy that is not suitable for large-scale resections favored for cancers,
such as sarcomas. MIR laser technologies that can precisely damage tissue that could harbor
invasive cancer cells may be of great value to patients with invasive sarcomas.

Lasers are well recognized as having promise in a variety of high-precision surgical ablation
applications. They can be used to remove specific structures while preserving surrounding tissue
because of their ability to focus radiation into a small area at wavelengths tuned to be selectively
absorbed by a given target tissue. According to the American Cancer Society and the National
Cancer Institute, the most common lasers used in ablating tumors or activating drugs are carbon
dioxide (CO2) lasers (λ ¼ 10.6 μm), argon (Ar) lasers (λ ¼ 350 to 1100 nm), and neodymium:
yttrium aluminum garnet (Nd:YAG) lasers (λ ¼ 1064 nm).7,8 Notably, none of these common
surgical lasers probe the absorption of key tissue components, such as amides and water, which
have strong absorption bands around the 3- and 6-μm wavelengths. The sub-epithelium/
sub-epidermis soft tissue ablation threshold energy density spectrum, shown in Fig. S1 in the
Supplementary Material, indicates that around the 3- and 6-μm wavelengths, the ablation thresh-
old is significantly reduced, which means that lasers emitting at these wavelengths are able to
effectively ablate soft tissue photothermally at much lower doses than the CO2 lasers, which are
the most common surgical lasers on the market today. A primary reason for the low ablation
threshold of soft tissue at the 3- and 6-μm wavelengths is that water exhibits strong absorption at
these two wavelengths.9 The high absorption by water at these wavelengths results in extremely
short absorption depths (∼few microns) in soft tissue, which also enables precise cuts, incision,
excision, and coagulation of extremely small tissue volumes with reduced collateral damage.

To date, researchers investigating MIR lasers for surgical applications have used bulky light
sources such as free electron lasers; nonlinear light generators, such as chalcogenide crystal-
based lasers; and CO2 lasers.5,10,11 These lasers are typically housed either in separate rooms
(such as the basement of the hospital building where the operating room is located) or in large
containments within the surgical room for safety reasons. The laser radiation from these other
rooms or containments is brought to the surgical bed using optical fibers that experience bending
and transmission losses and as a result may not provide the freedom of motion that is necessary
in a surgical situation. The bulky laser systems also occupy a large footprint within the surgical
room, which is not ideal.

The innovation in this work is the use of a λ ∼ 3.3-μm interband cascade laser (ICL) that to
date has not been used in biomedical applications due to lack of availability. ICLs were invented
in the 1990s by Professor Rui Yang of the University of Oklahoma12 and are just now becoming
commercially available. The advantages of ICLs include compact size (a few micrometers by a
few millimeters), room-temperature operation, and high output power (∼0.5 W13). In this work,
we demonstrate the potential use of ICLs for the development of a compact handheld laser scal-
pel suitable for a large variety of laser ablative applications.

The use of a λ ∼ 3.3-μm ICL is also strategic for investigating selective ablation of tumor
tissue relative to healthy tissue. Other researchers have reported14–16 strong absorption of tumor
tissue of different cancer types as having a signature absorption around 3.03- to 3.57-μm (or
3300 to 2800 cm−1) wavelength band. This wavelength band is representative of stretching
vibration of proteins, such as amide A and amide B, and symmetric and antisymmetric methyl-
ene (vsCH2 and vasCH2) stretching bands of lipids and proteins.
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We first report on the Fourier transform infrared (FTIR) spectroscopy characterization of six
sarcoma patient tissue samples obtained from tumors and surrounding healthy areas to study the
molecular-level behavior of the tissues in the MIR wavelengths. Recently, FTIR and Raman
spectroscopy approaches have been used to study cancerous specimens in MIR wavelengths,
since these vibrational spectroscopic techniques allow for detecting biochemical changes in the
blood and tissue samples at molecular level.16,17 Through our FTIR measurements, we identify
several MIR wavelengths for which cancerous tissue exhibits greater absorbance than healthy
tissue. Next, we report on the results obtained using a commercially available ICL with emission
wavelength ðλÞ ∼ 3.3 μm and 30-mWmaximum output power, a relatively low-power MIR laser
emitting at a wavelength where the ablation threshold is known to be minimum, to probe normal
fibroblast and primary undifferentiated pleomorphic sarcoma cell survival after laser exposure.
Significant cell death is seen in both groups, but preferential killing of sarcoma cells was not
observed. This study demonstrates that ICLs may represent an exciting new avenue toward pre-
cise laser ablation.

2 Materials and Methods

2.1 Tissue Samples for Infrared Spectroscopy

We obtained six myxofibrosarcoma tissue samples from patients banked at the Iowa Residual
Tissue Repository through an IRB-approved (ID #: 201512776) Iowa Connective Tissue
Proliferative Disorder Clinical Data and Tissue Sample Collection Project. All patients signed
an informed consent form before the tissues were collected post-surgery and stored as formalin-
fixed paraffin-embedded tissue. Anonymity of the patient data was maintained by removing the
HIPAA PHI identifiers. For each patient sample, we obtained a sample of tumor tissue as well as
neighboring healthy tissue. Tissues were embedded in paraffin and then sliced to a thickness of
5 μm and mounted on silver (Ag)/tin oxide (SnO2)-coated MIR reflective MirrIR slides (Kevley
Technologies, Inc., Ohio) for FTIR measurements. MirrIR slides are recommended for FTIR-
based tissue analysis, instead of the traditional glass slides used in optical microscopy analysis,
because MirrIR slides have near-perfect MIR reflection and zero MIR transmission, enabling
high-quality collection of MIR tissue spectral data.18 Corresponding tissue samples were
mounted on glass slides and then stained with hematoxylin and eosin for optical microscopy
examination by a trained and certified pathologist, Dr. Munir Tanas at the University of Iowa
Hospitals and Clinics, to confirm the predominant (>65% of tissue) presence of either tumor or
normal tissue.

2.2 Infrared Spectroscopy

MIR reflection spectra were collected using an FTIR Nicolet Magna 760 equipped with a
mercury cadmium telluride (HgCdTe) liquid nitrogen cooled detector. Spectra were collected
in the range of 4000 to 400 cm−1 (λ ¼ 2.5 to 25 μm) with a spectral resolution of 8 cm−1 and
with four interferograms averaged. All spectra were collected from samples at room temperature.
Figure S2 in the Supplementary Material illustrates the FTIR chamber with the sample mount
and relevant optics utilized to conduct the specular reflectance measurements of the tissue sam-
ples mounted on MirrIR slides. We then used the relationship between absorption and reflection,
that is, absorption ¼ 1 − reflection, to obtain the absorption spectra from the measured reflection
spectra.

2.3 Fibroblast and Cancer Cell Lines

All cell lines were cultured in humidified incubators at 37°C, 5% CO2, 5% and oxygen (O2) to
simulate a physiological environment. Cultures were maintained in culture media as follows:
45% DMEM (Dulbecco’s modified Eagle medium), 45% F12 nutrient mixture, and 10% fetal
bovine serum (all from Gibco, Thermo Fisher Scientific, Inc.). For primary fibroblast cultures,
bovine knees were obtained (Bud’s Custom Meats, Inc., Iowa), and normal bovine fibroblasts
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(NBF) were isolated from bovine knee synovia via collagenase/pronase digestions (0.01 mg∕ml,
Sigma Aldrich, Co.) in serum-free media (50% DMEM, 50% F12) overnight, followed by cen-
trifugation and then plating onto culture flasks. Primary undifferentiated pleomorphic sarcoma
tumor cells (C1619) were a generous gift of Dr. Rebecca Dodd.19

For laser exposures, all cells were plated into a 96-well microplate (Corning® 96 Well TC-
Treated Microplates size 96 wells, polystyrene, flat bottom) with one empty well between each
set of test wells to decrease the risk of heating multiple wells at the same time with the laser or
accidentally cross contaminating wells. The cell lines were plated separately on 96-well dishes
and grown to an equal confluency prior to exposure of 80% to 90%. This high confluency was
used to minimize differences in cell cycle distribution between the two cell lines, which grow at
very different rates. Cell counts were confirmed using a hemocytometer.

2.4 Laser Exposure

A λ ∼ 3.3-μm Fabry–Perot ICL (IF3300CM2, Thorlabs, Inc., New Jersey) was used for these
studies. The representative emission spectrum and light–current curve of the ICL are shown in
Fig. S3 in the Supplementary Material, which confirms that the laser emission is centered at
3.33 μm� 0.01 μm and has a maximum power output of 30 mW, which corresponds to
93.75 mW∕cm2 of irradiance as defined by the 0.32-cm2 area of the microwells in which the
cells were hosted. The MIR ICL was mounted on a temperature-controlled LDMC20 laser
mount from Thorlabs. The laser was operated using Thorlabs’ ITC4000 Laser Diode Current
and Temperature Controller. The faceplate of the LDMC was removed during exposures to min-
imize the distance from the laser to the cells. The laser was thermoelectrically cooled (TEC) to
15°C using the ITC4000 temperature controller and maintained at this temperature throughout
the cell line exposure experiments to maintain constant laser power across experiments.

Immediately prior to laser radiation exposure, 96-well microplates were removed from the
incubator and culture media was removed from individual wells to prevent absorption by media.
After ICLMIR radiation exposures, 100 μl of media was returned to each well. To determine the
possible impact of 21% ambient oxygen exposure on the cells in the microplate wells during
laser exposure, six control wells with media removed for 180 s but with no laser exposure were
included in each microplate. Microplate wells populated with cells but with no media removal
were also included.

Individual plates had three samples of each cell type for each laser exposure time. The
30-, 60-, and 90-s samples were radiated on one plate while the 180-s trials were done on a
plate that was still in the incubator while the first plate was being exposed to reduce the amount
of time the cells were out of the incubator. After completion of all laser exposures, 100 μl of
serum-free media with no phenol red was added to each well and the dish was returned to the
incubator for 1 h prior to cell viability measurements.

2.5 Automation of Laser Exposure

To ensure accurate laser exposure times, we developed a computer-controlled shutter system
using 3D-printed components from our lab. This system allowed us to automate the opening
and closing of the shutter for precise periods of time as well as to move the stage on which
the 96-well microplate was placed an exact distance with respect to the laser mount. The shutter
system also allowed us to keep the ICL powered up and maintained at a constant temperature of
15°C throughout the experiments, which alleviated any variations in the ICL’s MIR light output.
The shutter system consisted of two linear stage actuators controlled by two motor drivers and a
third motor driver to control a shutter connected to an Arduino Uno. The setup is shown in Fig. 1.
The Arduino Uno was connected via USB to a Microsoft Windows workstation during the
experiment, and the shutter and stage actuators were controlled via a serial input. We wrote
Python script to control and operate the shutter and the stage on which the 96-well microplate
was placed. Figure S4 in the Supplementary Material shows the block diagram for the micro-
controller and the motors circuitry.

The shutter was used to control ICL laser exposure times accurately. While the laser was kept
on at all times and maintained at a constant temperature through the TEC controller, the shutter
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opened or closed for desired periods of time to expose or cover each microplate well. After a
specific microplate well received the appropriate laser exposure, the stage upon which it was
placed was moved precisely using the automated stage actuators.

It is important to note that the 3D-printed shutter was made of acrylonitrile butadiene styrene
(ABS), which is absorbed by the 3.3-μm laser output and was effective in blocking the laser light
from reaching the wells when the shutter was closed. Moreover, the 96-well plate was made of
polystyrene which also absorbs 3.3-μm laser radiation; therefore, the laser output did not pen-
etrate the cells in the adjacent wells through the sides of the wells. We confirmed the 100%
absorption of the 3D-printed ABS-based shutter and polystyrene microplate at 3.3-μm MIR
wavelength using the FTIR in our lab (spectra not included).

2.6 MTS Assay

To assess cell viability after laser exposures, we used the 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Abcam plc,
Massachusetts). This assay relies upon dye uptake, subsequent reduction, and retention in live
cells that does not occur within dead cells. This absorbance is measured at 490 nm and conducted
in the same 96-well microplate in which the cells were exposed to laser radiation. One hour after
laser exposure, we added 10 μl of the MTS reagent to 100 μl of media already within the wells
and then returned the plate to the incubator. ATECAN plate reader read absorbance at 490 nm.
We also measured the absorbance of three wells with reagents without cells as controls. We
averaged the absorbance of each set of wells exposed to a specific laser radiation dose and sub-
tracted these values from the average of the no-cell control wells to compare the absorbance
resulting from different laser doses.

2.7 Confocal Microscopy

For confocal microscopy images of normal and exposed cells, we plated 20,000 cells per well of
a two-well chamber slide. We aspirated the porcine media from each chamber immediately
before exposure, exposed the center of each chamber to a laser at 17 mW for 90 s (1.5 J of
energy), and then re-added media to the chamber as rapidly as possible. One hour after exposure,
we aspirated the media from all wells to remove debris, then added the viability dye calcein AM
(4 μM) and the dead cell stain ethidium homodimer (2 μM) (both from Life Technologies,
Thermo Fisher, Inc.) for 30 min in serum-free and phenol-red-free culture medium. Cells were
then imaged with an Olympus FV1000 confocal microscope at a total magnification of 40×
(4× objective), centered on the site of exposure.

Fig. 1 Photo showing the temperature-controlled laser mount, the 3D-printed shutter, the 96-well
microplate placed on a stage, the driver motors, and the stage actuators. The opening/closing of
the shutter and the precise location of the stage with respect to the laser mount were automated
through a Windows workstation running a Python script.

Larson et al.: Mid-infrared absorption by soft tissue sarcoma and cell ablation utilizing. . .

Journal of Biomedical Optics 043012-5 April 2021 • Vol. 26(4)



3 Results and Discussion

3.1 Histopathology of Healthy and Sarcoma Tissues

Given the heterogeneity of the sarcoma cancer tissue, we tested six different patient samples to
determine the absorption profile of healthy versus cancerous tissues of each sample. Table S1 in
the Supplementary Material lists the patient demographics, diagnosis, tissue type, and anatomi-
cal location of the cancer. The sample set had gender diversity as well as anatomical location
variation. However, the diagnosis was similar for all patients, myxofibrosarcoma.

We collected optical microscopy images of the healthy and cancerous tissue samples. The
data are included in Fig. S5 in the Supplementary Material. The comparison of the optical images
confirms a distinct difference between healthy and cancerous tissues as expected. Cancerous
tissues clearly have the cell structure completely disrupted while it is well maintained in the
neighboring healthy tissue samples. The optical microscopy analysis was primarily qualitative
to confirm the structural differences in cancerous and healthy tissue samples.

Next, we conducted FTIR reflection measurements of the healthy and cancerous tissue sam-
ples mounted on MirrIR slides using the setup shown in Fig. S2 in the Supplementary Material.
One MirrIR slide had just the mounting media, the IR spectra of which was also measured and
subtracted from the tissue spectra. Figure 2 shows the post-processed spectral data of the tumor
to healthy tissue absorption ratio as a function of wavelength. The tissue ratio spectra are overlaid
on the water absorption spectra in Fig. 2 to confirm that none of the tissue spectra features are due
to water absorption, which has a strong absorption band near 3-μm wavelength. Overall, Fig. 2
indicates that all six tumor tissues exhibit higher MIR absorption than their neighboring healthy
tissue, as indicated by the higher than 1 absorption ratio around the 3- to 3.5-μm MIR wave-
lengths. Furthermore, there are three specific absorption bands that stand out in the spectral data
due to their high absorption magnitude.

Fig. 2 MIR spectra of tumor to healthy tissue absorption ratio (left y -axis) obtained from the analy-
sis of FTIR measurements for the wavelengths of 2.6 to 3.8 μm. Ratio of 1 represents equal MIR
absorption in tumor and healthy tissues and any ratio value larger than 1 indicates higher absorp-
tion in tumor tissue relative to healthy tissue at that specific MIR wavelength. The tissue absorption
ratio spectra are overlaid on water absorption (gray dashed, right y -axis) spectrum obtained from
Ref. 9. Three spectral regions are highlighted to represent the relevant stretching vibration groups
of tissue proteins: amide A (blue-shaded region), amide B (green-shaded region), and methylene
(υCH2) (red-shaded region).
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The first absorption band at ∼3.035 μm (or 3295 cm−1) is representative of the stretching
vibration of amine (vNH) groups of proteins and indicates that the protein formulation is in the
form of amide A, as previously shown by others.20,21 The second absorption band at ∼3.295 μm
(or 3034.90 cm−1) indicates that the tissue proteins also have the configuration of amide B. In
the case of amide B, the β-sheet protein structure predominates,21 which means that the effect of
the NH group of the peptide bond─NHCO─ is stronger than C═O, unlike in amide A, where the
effect of C═O in the peptide bond is stronger. The third absorption band around 3.450 to
3.530 μm (or 2900 to 2830 cm−1) is representative of symmetric and antisymmetric methylene
(vsCH2 and vasCH2) stretching bands of lipids and proteins.

22,23 Notably, these three absorption
bands have been reported to be dominant in different cancer type tissues by other researchers,15,16

which adds confidence in our spectral analysis.
The heterogeneity of the tissue structure for each of the patients in Fig. 2 is apparent in the MIR

absorption spectra, where the absorption ratio across 2.8 to 3.6 μm varies for each sample. For
example, in patient samples S10099 and MS1543, the tumor tissues exhibit higher absorption than
neighboring healthy tissues, only for the amide A band. From the optical microscopy images of the
tumor tissues for these two patient samples, shown in Fig. S5 in the Supplementary Material, it is
evident that the cell structure is rather sparse in the tumor tissues for both cases. For patient sample
S10097, tumor tissue exhibits higher absorption in the amide A band than the amide B band, while
for patient samplesMS1722, MS1932, andMS1689, absorption in the amide B band is higher than
in the amide A band. The coexistence of both A and B protein conformations illustrates the preva-
lence of different hydrogen bonds that hold the protein strands together.24 It is known that the
hydrogen bond is important in stabilizing the protein helix and that any change implies that the
physiological environment has changed. Several researchers have demonstrated that these changes
in hydrogen bonds are very important in characterizing disease and its progression.20,25–27 Finally,
the FTIR spectral analysis enabled us to select an ICL emission wavelength of λ ∼ 3.3-μm laser
that would be effective in ablating tumor tissue selectively.

3.2 Cell Viability Analysis of ICL-Exposed Cell Lines

To study the duration of exposure to ICL radiation needed to kill cells cultured in a monolayer,
we used the maximum power output of 30 mW from the λ ∼ 3.3-μm ICL. With the microplate
well surface area of 0.32 cm2, this corresponds to 93.75 mW∕cm2 of irradiance. Both the C1619
and NBF cell lines were exposed to the 3.3-μm laser radiation. Three different exposure times
were chosen: 30, 90, and 180 s, which corresponds to 2.81, 8.44, and 16.87 J∕cm2 of radiant
exposure, respectively. Figure 3(a) shows the absorbance data of both cell lines using the MTS
assay measured using the TECAN plate reader and normalized to control wells receiving no laser
radiation. Data confirm that 30-mW laser radiation at a 3.3-μm emission wavelength can kill up
to 50% of cells effectively with p < 0.05 via two-way ANOVA. No statistical difference is found
between the mortality rate of the two cells types after normalization.

To confirm changes in cell viability, we performed confocal microscopy on cultures of cells
stained with calcein AM to indicate live cells and ethidium homodimer to indicate dead cells.
Figure 3(b) shows a representative confocal microscopy image of the cell culture with no laser
radiation exposure and Fig. 3(c) represents an image after exposure to 1.5 J of laser radiation. We
note very little ethidium homodimer staining and an apparent lack of cellular material in
Fig. 3(c). Combined with the short duration of the experiment, this suggests that cellular material
had lifted off of the plates or rinsed away during staining, and implicates a necrotic cell death
rather than more regulated forms of death.

These data suggest that, while FTIR identified 3.3 μm as a promising candidate, this wave-
length did not provide preferential killing of cultured cancer cells over normal cells or any differ-
ential effect with MIR lasers. This lack of differential killing could be related to the culture system
utilized, i.e., differences in FTIR absorbance observedmay be related to tissue composition and not
inherent differences of cancer cells relative to normal cells. In addition to potential differences in
composition of the surrounding extracellular matrix itself, tumors also possess erratic and at times
very poor blood supplies, and these differences may explain our FTIR result. Nonetheless, the
power levels used in this experiment to ablate cancer and normal cells were very low and resulted
in significant cell death at sites of exposure. This may prove therapeutically valuable in specific
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settings where shallow penetration of small areas is needed, such as within tumor beds that remain
after resection around sensitive structures. Future studies may be able to refine these observations
by utilizing live tissues with a mix of normal cells, tumor stroma, and tumor cells.

4 Conclusion

In this work, we present FTIR characterization of sarcoma and healthy tissues obtained from six
patients of diverse demographic backgrounds but similar diagnoses. We demonstrate that the
absorption of tumorous tissue is higher than neighboring healthy tissue around 3-μmMIR wave-
lengths, specifically in the amide A, amide B, and methylene absorption bands. Using this data,
we then conduct studies on a cancer cell line (C1619) to study the efficacy of a relatively low-
power (30 mW) ICL in ablating cell lines. We confirm cell death after ICL radiation exposure
using MTS assay and confocal microscopy analysis.
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of cells in this experimental setup were not killed.

Larson et al.: Mid-infrared absorption by soft tissue sarcoma and cell ablation utilizing. . .

Journal of Biomedical Optics 043012-8 April 2021 • Vol. 26(4)



materials for this paper. It is the University of Iowa Conflict of Interest Policy that each year
investigators disclose publicly actual or potential significant financial interest that would rea-
sonably appear to be directly and significantly affected by the research activities.

Acknowledgments

The authors acknowledge Constance Erickson and Suram Liyanage from the University of Iowa
Electrical and Computer Engineering Department for the optical and FTIR characterization of
sarcoma tissues. We also acknowledge the generous gift of the primary sarcoma cell line pro-
vided by Dr. Rebecca Dodd. In addition, we acknowledge the University of Iowa Hospitals and
Clinics tissue repository staff, Melissa Curry (Clinical Trials Research Associate), Mariah
Leidinger (Research Specialist), and Rita Sigmund (Biorepository Specialist) for support with
tissue procurement and mounting on MirrIR slides. Finally, we acknowledge Melanie Laverman
(Scientific Writer and Editor) of the Iowa Technology Institute for help with editing the paper.
This work was supported by a Sarcoma Seed Grant from the Multidisciplinary Sarcoma
Oncology Group at the University of Iowa Hospitals and Clinics. Additional support was pro-
vided by the National Institute of Arthritis and Musculoskeletal and Skin Diseases (Award
No. R00 AR070914-04).

Code, Data, and Materials Availability

All relevant spectral, laser testing, and microscopy data can be made available upon request.

References

1. “Optics and photonics—spectral bands,” ISO 20473:2007 (2007).
2. S. G. Warren and R. E. Brandt, “Optical constants of ice from the ultraviolet to the micro-

wave: a revised compilation,” J. Geophys. Res. Atmos. 113(D14), D14220 (2008).
3. A. Barth, “Infrared spectroscopy of proteins,” Biochim. Biophys. Acta 1767(9), 1073–1101

(2007).
4. K. Ke et al., “Mid-infrared absorption spectroscopy and differential damage in vitro between

lipids and proteins by an all-fiber-integrated supercontinuum laser,” Opt. Express 17(15),
12627–12640 (2009).

5. V. S. Serebryakov et al., “Mid-IR laser for high-precision surgery,” J. Opt. Technol. 82(12),
781–788 (2015).

6. J. A. Palesty et al., “Nd:YAG laser surgery for the excision of pilonidal cysts: a comparison
with traditional techniques,” Lasers Surg. Med. 26(4), 380–385 (2000).

7. “Lasers in cancer treatment,”American Cancer Society, 2019, http://m.cancer.org/treatment/
treatmentsandsideeffects/treatmenttypes/lasers-in-cancer-treatment (accessed 26 November
2019).

8. “Lasers in cancer treatment,” National Cancer Institute, 2019, https://www.cancer.gov/
about-cancer/treatment/types/surgery/lasers-fact-sheet (accessed 26 November 2019).

9. D. J. Segelstein, “The complex refractive index of water,” 1981, https://omlc.org/spectra/
water/data/segelstein81.txt.

10. Y. Xiao et al., “Wavelength-dependent collagen fragmentation during mid-IR laser abla-
tion,” Biophys. J. 91(4), 1424–1432 (2006).

11. S. B. Mirov et al., “Frontiers of mid-IR lasers based on transition metal doped chalcoge-
nides,” IEEE J. Sel. Top. Quantum Electron. 24(5), 1–29 (2018).

12. R. Q. Yang, “Infrared laser based on intersubband transitions in quantum wells,”
Superlattices Microstruct. 17(1), 77–83 (1995).

13. M. Kim et al., “High-power continuous-wave interband cascade lasers with 10 active
stages,” Opt. Express 23(8), 9664–9672 (2015).

14. H. Yao, X. Shi, and Y. Zhang, “The use of FTIR-ATR spectrometry for evaluation of sur-
gical resection margin in colorectal cancer: a pilot study of 56 samples,” J. Spectrosc. 2014,
1–4 (2014).

Larson et al.: Mid-infrared absorption by soft tissue sarcoma and cell ablation utilizing. . .

Journal of Biomedical Optics 043012-9 April 2021 • Vol. 26(4)

https://doi.org/10.1029/2007JD009744
https://doi.org/10.1016/j.bbabio.2007.06.004
https://doi.org/10.1364/OE.17.012627
https://doi.org/10.1364/JOT.82.000781
https://doi.org/10.1002/(SICI)1096-9101(2000)26:4%3C380::AID-LSM6%3E3.0.CO;2-X
http://m.cancer.org/treatment/treatmentsandsideeffects/treatmenttypes/lasers-in-cancer-treatment
http://m.cancer.org/treatment/treatmentsandsideeffects/treatmenttypes/lasers-in-cancer-treatment
http://m.cancer.org/treatment/treatmentsandsideeffects/treatmenttypes/lasers-in-cancer-treatment
http://m.cancer.org/treatment/treatmentsandsideeffects/treatmenttypes/lasers-in-cancer-treatment
https://www.cancer.gov/about-cancer/treatment/types/surgery/lasers-fact-sheet
https://www.cancer.gov/about-cancer/treatment/types/surgery/lasers-fact-sheet
https://www.cancer.gov/about-cancer/treatment/types/surgery/lasers-fact-sheet
https://www.cancer.gov/about-cancer/treatment/types/surgery/lasers-fact-sheet
https://omlc.org/spectra/water/data/segelstein81.txt
https://omlc.org/spectra/water/data/segelstein81.txt
https://omlc.org/spectra/water/data/segelstein81.txt
https://omlc.org/spectra/water/data/segelstein81.txt
https://doi.org/10.1529/biophysj.106.084616
https://doi.org/10.1109/JSTQE.2018.2808284
https://doi.org/10.1006/spmi.1995.1017
https://doi.org/10.1364/OE.23.009664
https://doi.org/10.1155/2014/213890


15. M. Kyriakidou et al., “FT-IR spectroscopy study in early diagnosis of skin cancer,” In Vivo
31(6), 1131–1137 (2017).

16. K.-Y. Su and W.-L. Lee, “Fourier transform infrared spectroscopy as a cancer screening and
diagnostic tool: a review and prospects,” Cancers 12(1), 115 (2020).

17. G. W. Auner et al., “Applications of Raman spectroscopy in cancer diagnosis,” Cancer
Metastasis Rev. 37(4), 691–717 (2018).

18. V. Zohdi et al., “Importance of tissue preparation methods in FTIR micro-spectroscopical
analysis of biological tissues: ‘traps for new users’,” PLoS One 10(2), e0116491 (2015).

19. J. M. Blum et al., “Distinct and overlapping sarcoma subtypes initiated from muscle stem
and progenitor cells,” Cell Rep. 5(4), 933–940 (2013).

20. A. Barth and C. Zscherp, “What vibrations tell us about proteins,” Q. Rev. Biophys. 35(4),
369–430 (2002).

21. A. F. Mavrogenis et al., “Fourier transform infrared spectroscopic studies of radiation-
induced molecular changes in bone and cartilage,” Expert Rev. Qual. Life Cancer Care
1(6), 459–469 (2016).

22. F. Lyng et al., “Vibrational microspectroscopy for cancer screening,” Appl. Sci. 5(1), 23–35
(2015).

23. R. G. Snyder, S. L. Hsu, and S. Krimm, “Vibrational spectra in the C–H stretching region
and the structure of the polymethylene chain,” Spectrochim. Acta Part A Mol. Spectrosc.
34(4), 395–406 (1978).

24. V. Dritsa et al., “An infrared spectroscopic study of aortic valve. A possible mechanism of
calcification and the role of magnesium salts,” In Vivo 28(1), 91–8 (2014).

25. L. Brancaleon et al., “Attenuated total reflection-Fourier transform infrared spectroscopy as
a possible method to investigate biophysical parameters of stratum corneum in vivo,”
J. Invest. Dermatol. 116(3), 380–386 (2001).

26. J. Anastassopoulou et al., “Microimaging FT-IR spectroscopy on pathological breast
tissues,” Vib. Spectrosc. 51(2), 270–275 (2009).

27. M. Kyriakidou et al., “An FT-IR spectral analysis of the effects of γ-radiation on normal and
cancerous cartilage,” In Vivo 30(5), 599–604 (2016).

Eric Larson is a Master of Science student in the Electrical and Computer Engineering
Department at University of Iowa. He received his BSE in electrical engineering from
University of Iowa in 2020 and a BBA in finance in 2017. His current interests include optics
and radio frequency electronics.

Mitchell Coleman received his BSE degree in biomedical engineering and PhD in free radical
and radiation biology from the University of Iowa. In 2018, he was appointed as an assistant
professor in the Department of Radiation Oncology’s distinguished Free Radical and Radiation
Biology Program. His research interests include redox and mitochondrial biology associated
with orthopedic trauma and other normal tissue injuries.

Fatima Toor is an associate professor of electrical and computer at the University of Iowa.
She is also an associate member of the experimental therapeutics program at the Holden
Comprehensive Cancer Center, the University of Iowa Hospitals and Clinics. She received
her BS degree in engineering sciences and physics (double major) from Smith College,
Massachusetts, in 2004. She received her MA and PhD degrees in electrical engineering from
Princeton University in 2006 and 2009, respectively. Her research interest includes development
of optoelectronics for biomedical applications. She is a member of SPIE, associate editor for the
SPIE Journal of Photonics for Energy, and serves on the SPIE Publications Committee.

Biographies of the other authors are not available.

Larson et al.: Mid-infrared absorption by soft tissue sarcoma and cell ablation utilizing. . .

Journal of Biomedical Optics 043012-10 April 2021 • Vol. 26(4)

https://doi.org/10.21873/invivo.11179
https://doi.org/10.3390/cancers12010115
https://doi.org/10.1007/s10555-018-9770-9
https://doi.org/10.1007/s10555-018-9770-9
https://doi.org/10.1371/journal.pone.0116491
https://doi.org/10.1016/j.celrep.2013.10.020
https://doi.org/10.1017/S0033583502003815
https://doi.org/10.1080/23809000.2016.1254553
https://doi.org/10.3390/app5010023
https://doi.org/10.1016/0584-8539(78)80167-6
https://doi.org/10.1046/j.1523-1747.2001.01262.x
https://doi.org/10.1016/j.vibspec.2009.07.005

