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Abstract: The interaction of light with biological tissues is an intriguing area of research that has
led to the development of numerous techniques and technologies. The randomness inherent in
biological tissues can trap light through multiple scattering events and provide optical feedback to
generate random lasing emission. The emerging random lasing signals carry sensitive information
about the scattering dynamics of the medium, which can help in identifying abnormalities in tissues,
while simultaneously functioning as an illumination source for imaging. The early detection and
imaging of tumor regions are crucial for the successful treatment of cancer, which is one of the major
causes of mortality worldwide. In this paper, a bimodal spectroscopic and imaging system, capable of
identifying and imaging tumor polyps as small as 1 mm?, is proposed and illustrated using a phantom
sample for the early diagnosis of tumor growth. The far-field imaging capabilities of the developed
system can enable non-contact in vivo inspections. The integration of random lasing principles with
sensing and imaging modalities has the potential to provide an efficient, minimally invasive, and
cost-effective means of early detection and treatment of various diseases, including cancer.
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1. Introduction

Biological tissues are considered as disordered photonic structures because they con-
tain complex and irregular arrangements of cells and tissues, which lead to diffusive light
scattering [1,2]. This diffusive scattering results in an increased dwell time of light within
the tissues and can be utilized as the feedback mechanism required for obtaining lasing
emission in the presence of an appropriate gain medium [3]. This unconventional method
of achieving lasing through multiple scattering induced by the inhomogeneities in the
medium is termed as random lasing. The strength of light localization and lasing feedback
is primarily determined by the degree of disorder in the medium. The emission characteris-
tics, such as lasing threshold, linewidth, peak position, and intensity, are highly sensitive
to changes in the disorder [4,5]. Random lasing thus has the potential to offer insights
into the scattering dynamics and light propagation in disordered media such as biological
tissues [6].

In 2004, Polson et al. pioneered the demonstration of random lasing emission in
biological tissues and, since then, it has been realized in various biological tissues including
human organs, such as the brain, breast, thyroid, etc. [3,7-10]. Being highly sensitive to
disorder, random lasing has been demonstrated to be useful in detecting even nanoscale
structural changes and deformations in bones [11]. A recent study has also shown that
random lasing emission can be used to differentiate different types of tissues, such as
fat, nerves, muscle, and skin, even under normal room light conditions [12]. Recently,
Wang et al. successfully demonstrated random lasing in tissues that had been impregnated
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with an organic dye [13]. These findings provide the scope for using random lasers in
various biomedical applications such as in vivo diagnosis and monitoring of diseases,
tissue differentiation during laser surgeries, human antibody sensing, and so on. The use
of fluorescent anticancer drug molecules that bind to intracellular targets like estrogen
receptors to achieve random lasing holds great promise for photodynamic therapies [14].

Cancer is unarguably one of the leading causes of death worldwide and much interest
was generated when random lasing signals showed potential in distinguishing cancerous
tissues from healthier ones [13]. Random lasing emission from cancerous tissues was found
to contain more laser lines than healthier ones, arising from the increased number of laser
resonators brought on by the increased disorder in cancerous tissues. The power Fourier
transform of the emission spectra provides information about the cavity length of the laser
resonator in the tissue, facilitating the mapping of cancerous regions [15]. By analyzing the
lasing parameters, like lasing threshold and modes of lasing, it is also possible to determine
the malignancy grade of the cancer, offering a valuable tool for tissue classification in
diagnostic applications [13]. When cancer is diagnosed at its early stages, the chances
of survival are very high [16,17]. In the early stages of cancer, the abnormal growth is
referred to as a primary tumor. Tumors can either be benign or cancerous [18]. A cancerous
tumor will grow further and spread to other parts of the body, leading to fatal health
conditions. The size of the tumor is one of the important prognostic factors to determine its
malignancy potential and is inversely related to the chance of survival [18]. Larger tumors
are more likely to develop into cancer. Though smaller tumor polyps are likely to be benign,
some of them grow over time to become adenomatous or cancerous, and it is difficult to
determine whether it becomes so without performing a biopsy [19]. In the case of solid
tumors, for example colorectal tumors, which develop in the inner linings of the colon
or rectum, polyps with a size greater than 2 cm have approximately a 40% risk of being
cancerous [20]. Hence, it is advised to remove even smaller polyps to eliminate the risk
from such growth. The detection of such smaller polyps will enable the early diagnosis of
tumors. However, polyps of millimeter sizes are difficult to identify, even using state-of-the-
art techniques like colonoscopy. Hence, several techniques are being developed to study
the morphological, biochemical, and biomechanical changes in tumor regions and their
microenvironments [21-25]. It has been found that tumor progression causes changes in
the local refractive index, biomechanical properties, surface roughness, and viscoelasticity
of the tissues [26-28]. Changes in these properties will modify the scattering scenario and
thus can be detected using random lasing.

Together with early detection, high-resolution imaging of tumor regions is equally
important for cancer diagnosis and treatment. A technique incorporating sensitive detec-
tion and concurrent imaging will facilitate image-guided feedback for diagnosing and
monitoring cancer growth. The high photon degeneracy and low spatial coherence of
random lasers make them appealing for imaging applications. Recent research reports
show that random lasers could generate speckle-free images even in highly scattering
environments [29-31]. Random lasers have been used for high-contrast in vitro dental
imaging in the backscattering configuration to image through turbid media, for imaging
dynamic phenomena like the blood flow patterns in mouse ear skin, and for other imaging
applications [32].

Recent research demonstrated how surface corrugations on polymer substrates affect
random lasing [33]. Distinct features were observed in the lasing spectra, threshold, and
linewidth characteristics with surface roughness variations. Random lasing studies based
on such morphological and surface-level variations in tissues pave the way to the devel-
opment of novel and minimally invasive diagnostic tools. In this context, we propose a
random laser-based diagnostic technique comprising the imaging and sensing capabilities
of random laser to create a bimodal interrogation system for the precise and early-stage
detection of tumors. Here, we focus the investigation on random lasing characteristics that
are dependent on surface-level variations associated with tumor progression. The initial
investigation of the proposed method is conducted by theoretically modeling tumorous
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tissues and exploring the influence of surface corrugations on its light transport properties,
followed by experimental validation on a phantom sample. A bimodal spectroscopic and
imaging system is designed based on the random lasing principles. The lasing emission
from the dye-impregnated phantom tissue is concurrently utilized as an illumination source
to image the tumor and for spectral analysis. The instantaneous spectral feedback and
image guidance will assist in the precise identification of the surgical margins, and hence,
this technique will have huge potential, not only for cancer diagnosis, but also for the
realization of minimally invasive, image-guided, therapeutic laser surgeries for cancer
removal in the future.

2. Materials and Methods
2.1. Theoretical Modelling

The scattering and light localization properties in healthy and tumorous tissues were
theoretically investigated using the finite-difference time-domain (FDTD) numerical simu-
lation method. A commercial software package, Ansys Lumerical, which is a 3-dimensional
(3D) Maxwell’s electromagnetic equation solver based on FDTD, was employed for the
simulation of the structures and theoretical analysis [34]. A biological tissue model of
the inner layer of the colon was simulated using the refractive index data of mucosa [35].
This is particularly relevant because tumors typically originate from the epithelial layer
of the mucosa. Furthermore, the mucosa is the tissue that is directly observed during en-
doscopy [36]. Due to computational limitations, a smaller section of the tissue, measuring
1.5 um x 1.5 pm x 50 um, was simulated. However, a perfectly matched layer (PML)
boundary condition was employed to define the simulation domain on all sides. This
minimized light reflections at the boundary by efficiently absorbing the incident light. A
non-uniform conformal variant 0 meshing was employed in the simulation for improved
accuracy and better resolution of interfaces.

Based on refractive index data obtained from healthy colon tissues, the real part of the
refractive index at the wavelength of interest (570 nm) was 1.3439 [35]. With the progres-
sion of tumors, there is an observed increase in the refractive index. The refractive index
contrast (An = ny — ny, where n; represents the refractive index of the tumor region and 7,
represents that of the healthy region) at the 570 nm wavelength was approximately 0.015
for both the high-grade tubulovillous adenoma (a pre-cancerous polyp with heightened
risk of malignant transformation) and for the low-grade adenocarcinoma (cancerous polyp)
that develops in the tubulovillous background [35]. Therefore, in order to simulate the
tumorous region, a flat polyp of 1 um x 1 pm size was realized within the healthy tissue
region with the refractive index value set to 1.3589. The mesh order for the tumor region
was configured as 1, while for the healthy region, it was set to 2. This is important because
materials with a lower mesh order are given precedence over those with a higher order
when overlapping regions are meshed in the simulation. In comparison to healthy tissue
regions, tumorous regions are reported to exhibit a two-fold increase in the height of both
micro- and nano-scaled structures [37]. Additionally, there is a two-fold elevation in the
total surface area to volume ratio and porosity. Consequently, for simulation purposes,
the root mean square (rms) amplitude of surface irregularities was set to 15 pm for the
healthy region and 30 um for the tumorous region. The 3D simulation setup is shown in
Figure 1a. The inset shows the top view of the tissue surface with the simulated cancerous
tissue region in the center (shown in blue shade).
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Figure 1. (a) The simulation window showing the 1 um x 1 um sized tumorous region in healthy
colon tissue. The tissue is illuminated using a TFSF source above and the E-field profile monitor
analyzes the electric field distribution. The inset shows the top view. (b) The normalized electric
field intensity profile at the surface of the healthy tissue model and (c) the normalized electric field
intensity profile at the surface of the model with simulated tumorous tissue.

The background refractive index of the simulation region was set to be 1. A total-
field /scattered-field (TFSF) source with emission centered at 570 nm with a 100 nm span
was used to illuminate the tissue surface. While the actual experiment utilized a Gaussian
laser beam, it is worth noting that due to the significantly smaller size of the simulated
region in comparison to the interrogation area, it is safe to approximate the illumination
to be a plane wave. Moreover, it is common practice to use TFSF sources in simulations
for random and lossy structures. A 3D frequency-domain field and power monitor was
placed in such a way that it covered the entire surface. The field profile monitor provides
information on the light propagation and localization at the surface. The simulation was
carried out both with and without the presence of the tumorous region for comparative
analysis. Figure 1b and 1c show the simulation results of the electric field distribution
on the healthy tissue model and on the model with the tumor growth, respectively. The
maximum electric field intensity (normalized to the incident field intensity) recorded on
the healthy tissue was 9.37, whereas it was 34.2 at the tumor region. Evidently, the electric
field localization is 3.6 times stronger on the cancerous tissue as compared with the healthy
tissue. The increased surface roughness and corrugations in the tumor region promote
more optical scattering within the surface plane, leading to the strong localization of light.
This enhanced localization can be harnessed to provide better feedback for random lasing.
Consequently, due to the sensitivity of random lasing properties to light localization, these
variations in surface structures can indeed impact the lasing parameters.

2.2. Phantom Tissue Model of Tumor Polyp

A phantom tissue is a simulated tissue that resembles and mimics the properties of
real tissues. For a proof-of-concept demonstration of the proposed idea, a commercial
phantom tissue sample purchased from Simulab Corporation, Seattle, WA, USA was used
for the investigations. The early-stage tumor was realized on the phantom tissue sample as
a millimeter-sized polyp growth with higher surface roughness. The tumor polyp created
had an area of approximately 1 mm? and a thickness of 0.5 mm, which is similar to the
initial tumor growth stages. Figure 2a shows the actual photograph of the phantom tissue
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with the regions under investigation highlighted. Figure 2b shows a microscopic image
of the tumor polyp, the height profile, and a 3D image, which were recorded using a
laser scanning confocal microscope (VK-X1000, Keyence (Osaka, Japan), 5x magnification,
0.13 NA). The surface roughness (S,) value was measured to be 14 pum for the healthy tissue
region and 35 um for the tumor region.

a

Tumor

Healthy

3D image

Figure 2. (a) Photograph of the phantom tissue with the healthy and tumor regions marked. (b) The
optical microscopic image, surface height profile, and 3D image of the tumor growth simulated on
the tissue surface recorded using a laser scanning confocal microscope. The color represents the
height map.

The gain medium for random lasing was prepared by dissolving 6 mg of rhodamine
6G (R6G) in 1 mL dimethyl sulfoxide (DMSO) and the tissue samples were soaked in it. It
should be noted that the R6G gain medium used for this proof-of-concept demonstration
is not suitable for live cell imaging. In real tissue samples, biocompatible fluorescent
anticancer drugs and organic dyes could be used to generate random lasing [13,14]. The
phantom tissue sample was initially investigated for lasing using a standard random
lasing experimental setup [33]. 532 nm second harmonic emission from an Nd:YAG laser
(VIBRANT 355 II, OPOTEK Inc., Carlsbad, CA, USA) running at 10 Hz repetition rate and
5 ns pulse duration was used as the excitation source. The laser beam was focused using a
cylindrical lens (f = 7 cm) onto the sample. The emission spectra and intensities from the
healthy and tumor tissue regions with increasing energies of the pump laser were recorded
using a snapshot fiber optic spectrometer (USB 4000, Ocean optics, Orlando, FL, USA)
and are shown in Figure 3. The simulated tumor region showed a distinct threshold in
the emission at around 1.95 mJ pump energy. A rapid increase in the intensity, as well as
linewidth narrowing to 7 nm were observed beyond this threshold. On the other hand,
such a lasing behavior was not observed from the healthy regions, even at much higher
pump energies, up to 5.3 mJ.
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Figure 3. Emission intensities from tumorous and healthy regions with increasing pump energies.

It is important to emphasize that the tumor polyp possesses a refractive index identical
to the healthy region in this measurement. Consequently, the observed emission behavior
is solely attributed to the influence of surface corrugation. Any changes associated with the
refractive index contrast are not factored into this consideration [38—40]. In reality, however,
the refractive index contrast will also be a contributing factor, potentially further enhancing
the lasing behavior.

2.3. Random Laser Based Bimodal Spectroscopic and Imaging System

A bimodal system utilizing the random lasing emission from dye-impregnated tissues
for spectral analysis and concurrent imaging of the tissue surface was designed and fab-
ricated. The schematic representation of the experimental system developed is shown in
Figure 4. The phantom tissue sample was mounted on an XYZ motorized translation stage
(T-LS28M, Zaber Technologies, Vancouver, BC, Canada). The 532 nm pulsed laser emission
from the Nd:YAG laser (VIBRANT 355 II, OPOTEK Inc.) was directed using a pellicle beam
splitter (BP145B1, Thorlabs, Newton, NJ, USA) and focused using a 10 x microscopic objec-
tive (Plan N, 0.25 NA, Olympus, Tokyo, Japan) onto the tissue sample. The large working
distance (10.6 mm) of the objective, enabled non-contact inspection. A plano-convex lens
with a focal length of 7.5 cm was placed in the beam path before the pellicle beam splitter
to decouple the focusing plane and imaging plane. This ensured a larger illumination area
at the imaging plane. The fluorescence emission from the sample was collected using the
same microscope objective and was directed to a tube lens (TTL 200, Thorlabs) through the
pellicle beam splitter. A notch filter centered around 532 nm (NF 533-17, OD 6 at a center
wavelength of 533 & 2 nm, Thorlabs) was employed in the imaging path to eliminate the
532 nm pump beam reflected and scattered from the sample. The images were recorded
using a scientific complementary metal oxide semiconductor (sCMOS) camera (Neo 5.5,
Andor, Belfast, UK). To monitor the spectral response, a part of the emission beam was
directed to the fiber optic head of the handheld snapshot spectrometer (USB 4000, Ocean
optics) using another pellicle beam splitter (BP145B1, Thorlabs), as shown in Figure 4.

The resolution of a microscopic imaging system holds utmost significance for its
intended applications. In general, the spatial resolution of a wide-field microscopic system
is inherently constrained by diffraction. The theoretical resolution limit of a wide-field
imaging system is given by 0.61A;/NA;, where A; is the wavelength of the light and
NA; is the numerical aperture of the objective lens used for imaging [41]. In the current
imaging configuration, which used a microscopic objective with an NA of 0.25, collecting
fluorescent emission at a wavelength of around 560 nm, the theoretical resolution limit
is calculated to be 1.4 um. It is imperative to account for the resolution of the camera
sensor as well, which is primarily determined by the pixel size of the sensor. The Nyquist
resolution limit for an image sensor is defined as 2 times the effective pixel size, expressed
as 2x pixel size/magnification. In the case of the sCMOS camera used in the system, the
sensor consisted of an array of 2560 x 2160 pixels, with each pixel having a dimension
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of 6.5 um x 6.5 um. Paired with the 10x magnification objective, the Nyquist limit for
this camera would be 1.3 pm, which is smaller than the theoretical optical resolution
limit of 1.4 um. This implies that the system developed is fully capable of achieving the
theoretical spatial resolution limit. The spatial resolution of the microscopic imaging
system was experimentally evaluated by imaging a standard 1951 USAF high-resolution
test chart (2”7 x 2" negative test target, Edmund Optics, Barrington, NJ, USA). The system
was capable of resolving group 8 element 3 of the test chart, corresponding to a spatial
resolution of 1.55 um, with an area of interrogation of 1.6 mm x 1.4 mm in a single frame.

Camera _

TL FW
BS /7 )

Spectrometer
NF ewmuy

MO

Sample

Translation stage

Figure 4. A schematic representation of the developed bimodal detection system. BS: beam splitter,
MO: microscope objective, NF: notch filter, TL: tube lens, L: lens.

3. Results and Discussion
Image and Spectral Acquisition Using the Bimodal System

The phantom tissue sample containing the simulated tumor growth was excited with
532 nm laser pulses focused to an area of approximately 1.6 mm x 1.4 mm using the micro-
scope objective. The image/signal acquisition time of the sCMOS camera and spectrometer
were set to 0.1 s. Images were recorded in the fluorescence imaging configuration, which
is one of the most commonly used imaging modalities in biomedical imaging [42—45].
The sample was translated in 1 mm steps in the X- and Y-directions using the motorized
translation stage. Images, as well as the spectral data of the sample were recorded at each
step location. The recorded images were stitched together using a commercial scientific
image analysis software, Image-Pro® Premier (v 9.0), and the final stitched image generated
is shown in Figure 5a. As the imaging plane was set to the phantom tissue surface, the
upper surface of the tumor appears defocused. Nevertheless, the boundaries of the tumor
are clearly visible in the image recorded. Images were also captured by translating the
sample in the Z-direction, recording different planes of the tumor. Figure 5b shows the
images recorded from different Z-planes. The corresponding Z-distances are marked in the
figure, considering the phantom tissue surface to be the Z = 0 plane.
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Z (um)

Figure 5. (a) Image of the phantom tissue surface containing the simulated tumor obtained by
stitching the individual frames recorded. (b) Images recorded at different Z-planes of the tumor.

The image depicted in Figure 5a was generated by stitching 25 (5 x 5) images. The
spectral data at each of these locations were also recorded simultaneously using the snap-
shot spectrometer. The recorded spectra are shown in Figure 6a in the same sequence of the
images shown in Figure 5a. The emission spectrum corresponding to the tumor region is
highlighted in red in Figure 6a.

While healthy tissue regions emit normal fluorescence, the presence of higher disorder
in the tumor region leads to the emergence of a distinct lasing peak on top of the fluores-
cence emission. Figure 6b shows the deconvoluted emission peaks corresponding to the
emission spectrum in the tumor region, revealing the random lasing emission centered at
570 nm with a linewidth of 5 nm. The power Fourier transform (PFT) of the emission spec-
trum is analyzed to deduce the path length of the photons undergoing scattering [15,33].
Figure 6¢ shows the computed PFT spectra of the emission from both the healthy and
tumor regions (shown in black and red colors, respectively). The first peak in the PFT
corresponds to the path length of the stable resonant mode within the random cavity, which
was evaluated to be 15.4 um for the tumor region. In contrast, the PFT from the healthy
region is devoid of stable resonant paths, which explains the absence of lasing emission
from the healthy tissues. These results indicate that the corrugations on the tissue surface
provide the necessary cavity feedback for lasing, and changes to the morphological and
surface properties can affect the light localization and lasing emission. As random lasing
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measurements provide vital information about the cavity length and degree of disorder
in the tissues, they may even be used for categorizing the cancer based on its malignancy
grade [15]. In addition to the surface variations, the disorder developed within the bulk
of the tissues during tumor growth can also contribute to the random lasing and further
enhance the emission characteristics [13]. Therefore, the random lasing parameters from
the tissues could be utilized to interrogate the changes in the tissue characteristics and
tumor detection.
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Figure 6. (a) Emission spectra recorded at each frame corresponding to the image shown in Figure 5a.
The spectrum obtained at the tumor region is highlighted in red. (b) Deconvoluted spectral compo-
nents of the emission spectra obtained from the tumor region. (c) Power Fourier transforms of the
emission spectra from the healthy and tumor regions.

The concept of this bimodal detection system using random lasing principle utilizes
the emission from dye-impregnated tissues as a light source for imaging and for sensing the



Biosensors 2023, 13, 1003

10 of 12

tumorous regions. The capability to image the tissues along with spectral feedback can be of
utmost importance for early diagnosis. Another advantage of this technique is that it does
not require selective staining of tumor regions, unlike other fluorescence-based diagnostic
methods, as the detection in this scheme is based on the inherent roughness variation in
the tumorous tissues. The capability of the random lasing illumination source for artifact-
free imaging in scattering environments is an added advantage of the proposed method.
Recently, there has been a surge in the adoption of artificial intelligence (Al) assisted tech-
niques in the field of bio-diagnostics, which offer cost-effective, scalable, and efficient
solutions [46,47]. In the context of colon cancer detection, Al-based methodologies are em-
ployed in biomarker screening, gene detection, histopathologic classification, etc. [48,49].
By leveraging the images and spectra captured by the random laser based bimodal system,
intelligent analytical methods can be applied for precise identification and early-stage
diagnosis. This integrated approach could offer a comprehensive and multi-modal strat-
egy, holding the potential to significantly enhance diagnostic accuracy, revolutionizing
traditional diagnostic techniques like colonoscopy.

4. Conclusions

A random laser-based technique to detect early-stage tumor growths based on the
surface modifications of tumorous tissues is conceptualized, developed and illustrated.
Initial investigations using numerical simulations explicitly indicate that the increased
surface corrugations of tumor regions support strong localization of electric field energy.
Experimental investigations carried out on phantom tissue samples showed that the spec-
tral responses from the healthy and tumor regions are quite distinct. Significantly, the
tumor region exhibited random lasing emission even at lower pump energies, while the
healthy tissues continued to emit fluorescence signals. Analysis of the emission spectra
through PFT calculations revealed the existence of stable resonant paths in the tumor region,
attributed to the increased disorder. This higher degree of disorder is responsible for the
observed lasing emission, which was notably absent in the healthy tissue region. Further,
a bimodal diagnostic system incorporating imaging and spectroscopic detection modali-
ties was designed and developed. The random laser emission from the dye-impregnated
tissues provides the spectral signature for tumor detection and, at the same time, acts as
an illumination source for imaging the tissues. Results from these investigations show
that random lasing signals can be used to identify and image polyps as small as 1 mm?
and hence could facilitate early diagnosis of tumor growth. The provision of simultaneous
imaging of the tissues along with sensitive detection can leverage the scope of random
lasers for endoscopic applications. This also opens up novel possibilities for random lasing
feedback-based visually guided and spectroscopically controlled automated laser surgery
systems based on artificial intelligence for removing tumor growths.

Author Contributions: Conceptualization, R.G., C.S.S.S., C.V. and VM.M.; methodology, R.G. and
C.S.S.S,; investigation, R.G. and C.S.S.S,; visualization, R.G. and C.S.S.S., writing—original draft
preparation, R.G.; writing—review and editing, C.S.S.S., C.V. and V.M.M.; supervision, C.V. and
V.M.M,; funding acquisition, V.M.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This project is financially supported by Ministry of Education, Singapore, under its Aca-
demic Research Fund Tier 1 (RG119/21).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: R. G thanks NTU-India connect for the joint-degree program. She was earlier with
the Department of Physics, Indian Institute of Technology Madras (IITM), Chennai 600036, India.



Biosensors 2023, 13, 1003 11 of 12

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yoo, KM,; Tang, G.C.; Alfano, R.R. Coherent Backscattering of Light from Biological Tissues. Appl. Opt. 1990, 29, 3237. [CrossRef]
[PubMed]

2. Wiersma, D.S. Disordered Photonics. Nat. Photonics 2013, 7, 188-196. [CrossRef]

3. Polson, R.C.; Vardeny, Z.V. Random Lasing in Human Tissues. Appl. Phys. Lett. 2004, 85, 1289-1291. [CrossRef]

4. Cao, H. Lasing in Random Media. Waves Random Media 2003, 13, R1-R39. [CrossRef]

5. Gayathri, R.; Monika, K.; Murukeshan, V.M.; Vijayan, C. Low Threshold Incoherent Random Lasing with Spectral Overlap
Optimization of Size-Tuned Plasmonic Nanorods. Opt. Laser Technol. 2021, 139, 106959. [CrossRef]

6.  Gayathri, R.; Suchand Sandeep, C.S.; Vijayan, C.; Murukeshan, V.M. Lasing from Micro- and Nano-Scale Photonic Disordered
Structures for Biomedical Applications. Nanomaterials 2023, 13, 2466. [CrossRef] [PubMed]

7. Lahoz, F,; Acebes, A.; Gonzalez-Hernandez, T.; de Armas-Rillo, S.; Soler-Carracedo, K.; Cuesto, G.; Mesa-Infante, V. Random
Lasing in Brain Tissues. Org. Electron. 2019, 75, 105389. [CrossRef]

8.  Song, Q. Xiao, S.; Xu, Z.; Liu, J.; Sun, X,; Drachev, V.; Shalaev, V.M.; Akkus, O.; Kim, Y.L. Random Lasing in Bone Tissue. Opt. Lett.
2010, 35, 1425. [CrossRef]

9.  Chen, Y.-C.; Chen, Q.; Fan, X. Lasing in Blood. Optica 2016, 3, 809. [CrossRef]

10. Mogharari, N.; Sajad, B. Random Laser Emission Spectra of the Normal and Cancerous Thyroid Tissues. Iran J. Sci. Technol. Trans.
A Sci. 2019, 43, 2055-2060. [CrossRef]

11.  Song, Q.; Xu, Z.; Choi, S.H; Sun, X.; Xiao, S.; Akkus, O.; Kim, Y.L. Detection of Nanoscale Structural Changes in Bone Using
Random Lasers. Biomed. Opt. Express 2010, 1, 1401. [CrossRef] [PubMed]

12.  Hohmann, M.; Dérner, D.; Mehari, F.; Chen, C.; Spédth, M.; Miiller, S.; Albrecht, H.; Klampfl, F.; Schmidt, M. Investigation of
Random Lasing as a Feedback Mechanism for Tissue Differentiation during Laser Surgery. Biomed. Opt. Express 2019, 10, 807.
[CrossRef] [PubMed]

13.  Wang, Y.; Duan, Z.; Qiu, Z.; Zhang, P.; Wu, J.; Zhang, D.; Xiang, T. Random Lasing in Human Tissues Embedded with Organic
Dyes for Cancer Diagnosis. Sci. Rep. 2017, 7, 8385. [CrossRef] [PubMed]

14. Lahoz, F; Martin, LR.; Urgellés, M.; Marrero-Alonso, J.; Marin, R.; Saavedra, C.J.; Boto, A.; Diaz, M. Random Laser in Biological
Tissues Impregnated with a Fluorescent Anticancer Drug. Laser Phys. Lett. 2015, 12, 045805. [CrossRef]

15.  Polson, R.C.; Vardeny, Z.V. Cancerous Tissue Mapping from Random Lasing Emission Spectra. J. Opt. 2010, 12, 024010. [CrossRef]

16. Arnold, M.; Rutherford, M.; Lam, F,; Bray, F; Ervik, M.; Soerjomataram, I. ICBP SURVMARK-2 Online Tool: International
Cancer Survival Benchmarking. Lyon, France: International Agency for Research on Cancer. Available online: http://gco.iarc.fr/
survival /survmark (accessed on 12 September 2023).

17.  Murukeshan, V.M.; Narayanan, S.; Sujatha, U. Integrated Simultaneous Dual-Modality Imaging Endospeckle Fluoroscope System
for Early Colon Cancer Diagnosis. Opt. Eng. 2005, 44, 110501. [CrossRef]

18. Dai, W,; Mo, S.; Xiang, W.; Han, L.; Li, Q.; Wang, R.; Xu, Y.E.; Cai, G. The Critical Role of Tumor Size in Predicting Prognosis for
T1 Colon Cancer. Oncologist 2020, 25, 244-251. [CrossRef]

19. Bujanda, L.; Cosme, A.; Gil, L; Arenas-Mirave, J.I. Malignant Colorectal Polyps. World ]J. Gastroenterol. 2010, 16, 3103-3111.
[CrossRef]

20. Saha, S.; Shaik, M.; Johnston, G.; Saha, S.K.; Berbiglia, L.; Hicks, M.; Gernand, J.; Grewal, S.; Arora, M.; Wiese, D. Tumor Size
Predicts Long-Term Survival in Colon Cancer: An Analysis of the National Cancer Data Base. Am. J. Surg. 2015, 209, 570-574.
[CrossRef]

21. Li,M.; Dang, D.; Xi, N.; Wang, Y.; Liu, L. Nanoscale Imaging and Force Probing of Biomolecular Systems Using Atomic Force
Microscopy: From Single Molecules to Living Cells. Nanoscale 2017, 9, 17643-17666. [CrossRef]

22. Ciesluk, M.; Pogoda, K.; Deptuta, P.; Werel, P.; Kutakowska, A.; Kochanowicz, J.; Mariak, Z.; Lyson, T.; Resze¢, J.; Bucki, R.
Nanomechanics and Histopathology as Diagnostic Tools to Characterize Freshly Removed Human Brain Tumors. Int. ]. Nanomed.
2020, 15, 7509-7521. [CrossRef] [PubMed]

23. Abramczyk, H.; Imiela, A.; Brozek-Pluska, B.; Kopec, M. Advances in Raman Imaging Combined with AFM and Fluorescence
Microscopy Are Beneficial for Oncology and Cancer Research. Nanomedicine 2019, 14, 1873-1888. [CrossRef] [PubMed]

24. Liu, Y.; Mollaeian, K.; Shamim, M.H.; Ren, J. Effect of F-Actin and Microtubules on Cellular Mechanical Behavior Studied Using
Atomic Force Microscope and an Image Recognition-Based Cytoskeleton Quantification Approach. Int. J. Mol. Sci. 2020, 21, 392.
[CrossRef] [PubMed]

25. Runel, G.; Lopez-Ramirez, N.; Chlasta, J.; Masse, I. Biomechanical Properties of Cancer Cells. Cells 2021, 10, 887. [CrossRef]

26. DeLuna, F; Wang, B.; Sun, L.-Z.; Ye, ].Y.,; Cadena, M. Cellular Refractive Index Comparison of Various Prostate Cancer
and Noncancerous Cell Lines via Photonic-Crystal Biosensor. In Proceedings of the Imaging, Manipulation, and Analysis
of Biomolecules, Cells, and Tissues XVII, San Francisco, CA, USA, 2-7 February 2019; SPIE: Bellingham, WA, USA, 2019;
Volume 10881, p. 19.

27. Wang, Y,; Xu, C,; Jiang, N.; Zheng, L.; Zeng, J.; Qiu, C.; Yang, H.; Xie, S. Quantitative Analysis of the Cell-Surface Roughness and

Viscoelasticity for Breast Cancer Cells Discrimination Using Atomic Force Microscopy. Scanning 2016, 38, 558-563. [CrossRef]


https://doi.org/10.1364/AO.29.003237
https://www.ncbi.nlm.nih.gov/pubmed/20567404
https://doi.org/10.1038/nphoton.2013.29
https://doi.org/10.1063/1.1782259
https://doi.org/10.1088/0959-7174/13/3/201
https://doi.org/10.1016/j.optlastec.2021.106959
https://doi.org/10.3390/nano13172466
https://www.ncbi.nlm.nih.gov/pubmed/37686974
https://doi.org/10.1016/j.orgel.2019.105389
https://doi.org/10.1364/OL.35.001425
https://doi.org/10.1364/OPTICA.3.000809
https://doi.org/10.1007/s40995-019-00691-8
https://doi.org/10.1364/BOE.1.001401
https://www.ncbi.nlm.nih.gov/pubmed/21258558
https://doi.org/10.1364/BOE.10.000807
https://www.ncbi.nlm.nih.gov/pubmed/30800516
https://doi.org/10.1038/s41598-017-08625-3
https://www.ncbi.nlm.nih.gov/pubmed/28827570
https://doi.org/10.1088/1612-2011/12/4/045805
https://doi.org/10.1088/2040-8978/12/2/024010
http://gco.iarc.fr/survival/survmark
http://gco.iarc.fr/survival/survmark
https://doi.org/10.1117/1.2117487
https://doi.org/10.1634/theoncologist.2019-0469
https://doi.org/10.3748/wjg.v16.i25.3103
https://doi.org/10.1016/j.amjsurg.2014.12.008
https://doi.org/10.1039/C7NR07023C
https://doi.org/10.2147/IJN.S270147
https://www.ncbi.nlm.nih.gov/pubmed/33116485
https://doi.org/10.2217/nnm-2018-0335
https://www.ncbi.nlm.nih.gov/pubmed/31305216
https://doi.org/10.3390/ijms21020392
https://www.ncbi.nlm.nih.gov/pubmed/31936268
https://doi.org/10.3390/cells10040887
https://doi.org/10.1002/sca.21300

Biosensors 2023, 13, 1003 12 of 12

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

Baker, E.L.; Bonnecaze, R.T.; Zaman, M.H. Extracellular Matrix Stiffness and Architecture Govern Intracellular Rheology in
Cancer. Biophys. J. 2009, 97, 1013-1021. [CrossRef]

Redding, B.; Choma, M.A.; Cao, H. Speckle-Free Laser Imaging Using Random Laser Illumination. Nat. Photonics 2012, 6, 355-359.
[CrossRef]

Ma, R;; Rao, Y.J.; Zhang, W.L.; Hu, B. Multimode Random Fiber Laser for Speckle-Free Imaging. IEEE ]. Sel. Top. Quantum Electron.
2019, 25, 1-6. [CrossRef]

Gayathri, R.; Suchand Sandeep, C.S.; Gummaluri, V.S.; Mohammed Asik, R.; Padmanabhan, P.; Gulyas, B.Z; Vijayan, C.; Vadakke
Matham, M. Plasmonic Random Laser Enabled Artefact-Free Wide-Field Fluorescence Bioimaging: Uncovering Finer Cellular
Features. Nanoscale Adv. 2022, 4, 2278-2287. [CrossRef]

Lee, YJ.; Yeh, TW,; Yang, Z.P; Yao, Y.C.; Chang, C.Y,; Tsai, M.T.; Sheu, ] K. A Curvature-Tunable Random Laser. Nanoscale 2019,
11, 3534-3545. [CrossRef]

Gummaluri, V.S.; Gayathri, R.; Vijayan, C.; Matham, M.V. Bio-Inspired Wrinkle Microstructures for Random Lasing Governed by
Surface Roughness. Opt. Lett. 2021, 46, 1033. [CrossRef] [PubMed]

Lumerical Inc. Available online: http:/ /www.lumerical.com/ (accessed on 12 June 2023).

Giannios, P.; Koutsoumpos, S.; Toutouzas, K.G.; Matiatou, M.; Zografos, G.C.; Moutzouris, K. Complex Refractive Index of
Normal and Malignant Human Colorectal Tissue in the Visible and Near-Infrared. J. Biophotonics 2017, 10, 303-310. [CrossRef]
[PubMed]

Choi, C.W.,; Hwang, ].H. Mucosal Incision-Assisted Endoscopic Biopsy as an Alternative to Endoscopic Ultrasound-Guided
Fine-Needle Aspiration/Biopsy for Gastric Subepithelial Tumor. Clin. Endosc. 2020, 53, 505-507. [CrossRef] [PubMed]
Bharadwaj, S.S. Mechanical Markers of Colon Cancer, a Diagnostic Model; University of Florida: Gainesville, FL, USA, 2013.

Wang, Z.; Popescu, G.; Tangella, K.V.; Balla, A. Tissue Refractive Index as Marker of Disease. J. Biomed. Opt. 2011, 16, 1. [CrossRef]
Liu, PY.; Chin, L.K,; Ser, W.; Chen, H.E,; Hsieh, C.M.; Lee, C.H.; Sung, K.B.; Ayi, T.C.; Yap, PH.; Liedberg, B.; et al. Cell Refractive
Index for Cell Biology and Disease Diagnosis: Past, Present and Future. Lab Chip 2016, 16, 634—644. [CrossRef]

Liu, H.; Beauvoit, B.; Kimura, M.; Chance, B. Dependence of Tissue Optical Properties on Solute-Induced Changes in Refractive
Index and Osmolarity. J. Biomed. Opt. 1996, 1, 200-211. [CrossRef]

Born, M.; Wolf, E.; Bhatia, A.B.; Clemmow, P.C.; Gabor, D.; Stokes, A.R.; Taylor, A.M.; Wayman, P.A.; Wilcock, W.L. Principles of
Optics: Electromagnetic Theory of Propagation, Interference and Diffraction of Light; Cambridge University Press: Cambridge, UK, 1999.
[CrossRef]

Sanderson, M.].; Smith, I.; Parker, I.; Bootman, M.D. Fluorescence Microscopy. Cold Spring Harb. Protoc. 2014, 2014, pdb.top071795.
[CrossRef]

Suchand Sandeep, C.S.; Sarangapani, S.; Hong, X.J.].; Aung, T.; Baskaran, M.; Murukeshan, V.M. Optical Sectioning and High
Resolution Visualization of Trabecular Meshwork Using Bessel Beam Assisted Light Sheet Fluorescence Microscopy. J. Biophotonics
2019, 12, €201900048. [CrossRef]

Gaethje, H. Advances in Fluorescence Microscopy. Opt. Photonik 2007, 2, 56-59. [CrossRef]

James, J.; Murukeshan, V.M.; Woh, L.S. Integrated Photoacoustic, Ultrasound and Fluorescence Platform for Diagnostic Medical
Imaging-Proof of Concept Study with a Tissue Mimicking Phantom. Biomed. Opt. Express 2014, 5, 2135. [CrossRef]

Chen, L.; Yu, L.; Liu, Y.;; Xu, H.; Ma, L.; Tian, P; Zhu, J.; Wang, E; Yi, K; Xiao, H.; et al. Space-Time-Regulated Imaging Analyzer
for Smart Coagulation Diagnosis. Cell Rep. Med. 2022, 3, 100765. [CrossRef] [PubMed]

Bhardwaj, A.; Kishore, S.; Pandey, D.K. Artificial Intelligence in Biological Sciences. Life 2022, 12, 1430. [CrossRef] [PubMed]
Sénchez-Peralta, L.F,; Bote-Curiel, L.; Picén, A.; Sanchez-Margallo, EM.; Pagador, J.B. Deep Learning to Find Colorectal Polyps in
Colonoscopy: A Systematic Literature Review. Artif. Intell. Med. 2020, 108, 101923. [CrossRef] [PubMed]

Yin, Z.; Yao, C.; Zhang, L.; Qi, S. Application of Artificial Intelligence in Diagnosis and Treatment of Colorectal Cancer: A Novel
Prospect. Front. Med. 2023, 10, 1128084. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.bpj.2009.05.054
https://doi.org/10.1038/nphoton.2012.90
https://doi.org/10.1109/JSTQE.2018.2833472
https://doi.org/10.1039/D1NA00866H
https://doi.org/10.1039/C8NR09153F
https://doi.org/10.1364/OL.417148
https://www.ncbi.nlm.nih.gov/pubmed/33649650
http://www.lumerical.com/
https://doi.org/10.1002/jbio.201600001
https://www.ncbi.nlm.nih.gov/pubmed/27091794
https://doi.org/10.5946/ce.2020.187
https://www.ncbi.nlm.nih.gov/pubmed/33027581
https://doi.org/10.1117/1.3656732
https://doi.org/10.1039/C5LC01445J
https://doi.org/10.1117/12.231370
https://doi.org/10.1017/CBO9781139644181
https://doi.org/10.1101/pdb.top071795
https://doi.org/10.1002/jbio.201900048
https://doi.org/10.1002/opph.201190254
https://doi.org/10.1364/BOE.5.002135
https://doi.org/10.1016/j.xcrm.2022.100765
https://www.ncbi.nlm.nih.gov/pubmed/36206751
https://doi.org/10.3390/life12091430
https://www.ncbi.nlm.nih.gov/pubmed/36143468
https://doi.org/10.1016/j.artmed.2020.101923
https://www.ncbi.nlm.nih.gov/pubmed/32972656
https://doi.org/10.3389/fmed.2023.1128084

	Introduction 
	Materials and Methods 
	Theoretical Modelling 
	Phantom Tissue Model of Tumor Polyp 
	Random Laser Based Bimodal Spectroscopic and Imaging System 

	Results and Discussion 
	Conclusions 
	References

