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A B S T R A C T   

In this paper, we propose an efficient label-free in vivo photoacoustic (PA) imaging of melanoma using a 
condensed near infrared-I (NIR-I) supercontinuum light source. Although NIR-II spectral window is advanta
geous such as longer penetration depth compared to the NIR-I region, supercontinuum light sources emitting 
both NIR-I and NIR-II region could lower the efficiency to target melanoma because of low optical power density 
in the melanoma’s absorption spectra. To exploit efficient in vivo PA imaging of melanoma, we demonstrated the 
light source emitting from visible (532–600 nm) to NIR-I (600–1000 nm) by optimizing stimulated Raman 
scattering induced supercontinuum generation. The melanoma’s structure is successfully differentiated from 
blood vessels at a high pulse energy of 2.5 µJ and a flexible pulse repetition rate (PRR) of 5–50 kHz. The proposed 
light source with the microjoules energies and tens of kHz of PRR can potentially accelerate clinical trials such as 
early diagnosis of melanoma.   

1. Introduction 

Melanoma is a fetal cancer that develops from the melanocytes that 
are found predominantly in the skin. Although malignant melanoma can 
be surgically treated in the early stage with a success rate of 80%, it is 
still challenging to treat it after the metastatic stage [1]. Therefore, 
innovative clinical technologies are required for the early diagnosis 
and/or prognosis of melanoma. In the past, invasive excisional or inci
sional biopsies were mainly performed in clinical practice for early 
diagnosis of melanoma which can damage even healthy skin and leave 
behind scars. To overcome biopsies’ invasibility and improve the ac
curacy of diagnosis, various noninvasive imaging techniques have been 
demonstrated such as dermoscopy [2,3], reflectance confocal 

microscopy (RCM) [4,5], and optical coherence tomography (OCT) [6, 
7]. Dermoscopy, the most traditional method, is highly dependent on 
the operators’ perspective with subjective interpretation requiring suf
ficient training, therefore, additional meta-analysis is inevitable for 
objective diagnosis [8]. Although the RCM and the OCT are relatively 
recent methods, they have low penetration depth according to their pure 
optical properties [9] and have a drawback in perspectives of molecular 
selection. 

Photoacoustic (PA) technique has also been suggested as a compet
itive noninvasive tool for monitoring the blood vessels and tumor- 
targeted agents owing to its potential in cellular and molecular- 
specific imaging [10–13]. Because the optical energy deposition 
related to optical absorption coefficients is proportional to the 
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magnitude of the PA signal, the multiple pigments can be distinguished 
by varying the wavelength of excitation laser. In the circulating tumor 
cells (CTCs) test, which is an alternative to assaying lymph nodes or 
bone marrow, the PA technique enables distinguishing melanoma from 
the blood to improve the test sensitivity. This technique (so-called 
photoacoustic flow cytometry) has been consistently reported for 
monitoring metastatic melanoma cells [14–19]. In addition to CTCs, PA 
imaging of subcutaneous melanoma has been demonstrated both ex vivo 
[20–22] and in vivo studies [23–29]. 

Although the PA images of melanoma can be obtained with a single 
wavelength at the visible or NIR range, it is difficult to differentiate 
melanoma from the blood vessels with a single laser. With a visible laser, 
high background PA signals from blood vessels interfere the high- 
contrast melanoma image. Also, a single wavelength in the NIR-I re
gion can image the melanoma, however, surrounding blood vessels 
cannot be obtained. Therefore, the dual spectral band [23,24] or dual 
single wavelength laser [30] have been required to enhance the sensi
tivities by distinguishing between the melanoma and the blood vessels. 
Even though the NIR-II (1000–1700 nm) has a deeper penetration ac
cording to the reduced photon scattering compared with the visible (e.g., 
532–600 nm) or the NIR-I spectral region (e.g., 600–1000 nm) [31], the 
NIR-I window can be potentially the best optical window considering 
melanoma’s optical absorption having enough penetration depth in 
biomedical tissue [32,33]. Therefore, for an efficient manner, pulsed 
light source emitting a 532–1000 nm spectral band could have poten
tially the best performance for the simultaneous PA measurements of the 
blood vessels and the melanoma. 

PA techniques of melanoma detection have gradually developed 
aiming at clinical applications such as hand-held [28,29,34] and various 
PA modalities [35,36], but it is still suffered from a slow imaging speed 
and efficient spectral bands. In PA technologies, the imaging speed is 
essentially limited by the pulse repetition rate (PRR) of the light source. 
Several kinds of pulsed light sources have been used for melanoma 
detection. Conventional bulk solid-state lasers have a slow PRR below 1 
kHz generally because the average threshold power of pump light in
creases linearly with PRR causing degradation of the optical parametric 
oscillator’s (OPO) performance by the thermal effect [37,38]. Ulti
mately, since the PA technique aims to be translated into clinical 
application, the research of fully integrated PAM [39–41] and 
high-speed PAM [42–47] have been actively progressed. Fiber-based 
light sources such as the supercontinuum (SC) sources [48–59] and 
stimulated Raman scattering source (SRS) sources [60–69] have been 
suggested for high-speed multispectral or functional PA imaging. The 
nonlinear effect can be maximized at a relatively low pump threshold 
power owing to the advantages of the nonlinear effective length and 
effective area with an optical fiber-based configuration [70]. Thus, the 
broadband spectrum can be implemented using a microchip laser or 
diode-pumped fiber laser (μJ scale of pulse energy at hundreds of kHz of 
PRR) instead of using a bulk solid-state laser (mJ scale of pulse energy at 
tens of Hz). However, the extremely broad spectrum of the SC light 
sources causes lower energy density in the NIR-I spectral region causing 
lower PA signals from the blood vessels and the melanoma. Thus, in vivo 
functional melanoma PA imaging has been so far challenging due to the 
lack of a light source having high energy density and PRR in the NIR-I 
spectral window. 

Fig. 1 represents the necessity of a condensed NIR-I SC source. The 
absorption coefficient spectra of endogenous agents to be considered for 
in vivo PA imaging of melanoma are shown in the upper graph. Since the 
absorption peaks of oxy- and deoxyhemoglobin (at normal concentra
tions in blood, i.e., 150 gL− 1) are in the visible region, melanin has 
relatively higher absorption in the NIR-I region so that melanoma can be 
efficiently differentiated from around blood vessels. In the NIR-II region, 
the absorption coefficient of melanin continues to decrease, but the 
water absorption coefficient gradually increases, interrupting targeting 
melanoma. Even though conventional ultra-broadband SC source in
cludes NIR-I spectral band, their extremely broad spectrum causes the 

lower optical power distribution in that range. 
In the lower graph in Fig. 1 shows the energy spectral diagram of SC 

sources filtered by bandpass filter for in vivo/in vitro PA experiment. 
Dasa et al. [50] developed the high-pulse energy SC source ranging for 
multi-spectral PAM imaging of lipids. They demonstrated the six exci
tation bands (1650–1850 nm) by performing in vivo Xenopus laevis 
tadpoles with a pulse energy of 4–22 nJ/nm. Buma et al. [57] performed 
the multispectral OR-PAM of a fixed Drosophila larva using SC source 
with the spectrum of 1050–1714 nm. Although the energy at 1050 nm is 
highest over ~6 μJ, the low absorption coefficient of lipids causes poor 
image contrast. The efficient spectral energy band of lipids ranging from 
1225 to 1714 nm was 6–24 nJ/nm. These two groups adapted the pulse 
energy of several nJ/nm at least for in vivo PA studies. Shu et al. [55] 
adapted the SC light to the combine PAM and OCT. The output optical 
power filtered from 500 to 800 nm was 3 mW at a PRR of 25 kHz, which 
is corresponding to 0.4 nJ/nm for in vivo mouse ear and ex vivo porcine 
blood. Chang et al. [58] performed the multispectral PAM and OCT, 
also. The visible band (500–600 nm) is used for functional PAM. Even 
though in vivo PA imaging of melanoma was achieved, the melanoma 
was imaged together with blood vessels with similar PA intensity in 
transmission mode OR-PAM. Therefore, a light source that has NIR-I 
spectral window with sufficient pulse energy is required to avoid the 
strong absorption spectrum of hemoglobin and water for efficient mel
anoma imaging. 

In this study, we propose a NIR-I SC source can efficiently differen
tiate melanoma from the background tissues (e.g., blood vessels) in in 
vivo PA imaging. We first performed a phantom study with photothermal 
agents fabricated nanoparticles (NPs) to confirm the feasibility of the 
proposed NIR-I SC source. For the in vivo study, melanoma cells were 
subcutaneously injected into the mouse and demonstrated the label-free 
melanoma imaging with 5 kHz A-line rate. Photoacoustic microscopy 
(PAM) using an NIR-I SC source can offer a novel opportunity for high- 
speed in vivo PA imaging and early detection of skin cancer (e.g., mel
anoma) with pulse energy of several μJ. Recently, deep learning 
methods have been actively applied to biomedical PA imaging field to 
facilitate the clinical translation [74,75]. With this potential research 
environment, it is promising that identifying the accurate lesion size and 
location surrounded by blood vessels will be helpful in tumor staging 
diagnosis. We expect that its simple configuration, high-speed (over 
5 kHz), and optimized energy (~ 2.5 µJ) within the NIR-I range can 
accelerate clinical trials for early diagnosis of melanoma. 

Fig. 1. Necessityof light source with a condensed NIR-I energy for efficient in 
vivo PA imaging of melanoma. Absorption coefficient spectra of melanin (black) 
[71], oxyhemoglobin (red), deoxyhemoglobin (green) [72], and water (blue) 
[73] are represented in the upper graph. α, absorptioncoefficient. In the lower 
graph, the energy spectral diagram of SC source for in vivo/in vitro PA studies in 
the literature is schematized [50, 55, 57, 58]. 
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2. Material and methods 

2.1. Optimization of a condensed NIR-I SC source 

To simultaneously image blood vessels and melanoma with a single 
light source, an optimization process was performed, as shown in Fig. 2 
(a). Since the spectra of the visible region for hemoglobin and the NIR-I 
region for melanoma are required, the wavelength of the pump source 
(λpump) was selected as 532 nm, the most common in the visible region. 
And, for red-shift to the NIR-I region, a normal dispersion regime (Fig. 2 
(b)) that dominantly causes the cascaded SRS effect was adopted instead 
of the anomalous dispersion regime which is generally used to imple
ment SC generation. That is, the case that λpump is shorter than the zero- 
dispersion wavelength (λZDW) so that the dispersion (D) of the optical 
fiber is negative. Note that λZDW is the wavelength where no group delay 
dispersion occurs, which is determined by the material and structure of 
the optical fiber. Therefore, we planned to adopt the normal dispersion 
fiber (NDF), which has λZDW longer than 532 nm and effective area (Aeff) 
larger tens μm2 (Photonic crystal fiber used in ultra-broad SC generation 
has extremely small Aeff and core diameters down to 1 µm [76]). The 
main factors affecting the SRS effect in optical fiber are represented in 
Fig. 2(c)). In addition, considering the Raman threshold pump power 
(Pth) can be approximated at ~16Aeff kp

− 1Leff
− 1gr

− 1 [70], low concentration 
GeO2 doped silica was considered as the fiber core material regarding 
the Raman gain coefficient (gr). This is because fibers doped with oxide 
glasses with high gr can form sharp Raman Stokes up to λZWD due to the 
extremely efficient SRS effect. It was reported that the sharp SRS stokes 
were generated up to 1320 nm (near the λZDW) by using a 523 nm pump 
source with a 1 km of higher concentration GeO2-doped silica fiber (gr =

2.9 ×10− 13 mW− 1 @523 nm) [77]. Similarly, since we designed the 
broadened SC generation in the NIR-I region, non-polarization main
taining fiber (Non-PMF) was chosen. The randomly changing polariza
tion of the signal and pump wave causes the polarization factor (kp) to 
decrease. This effect also suppresses the extremely efficient SRS by 
increasing the Pth. As a NDF that satisfies all of these requirements, 
standard single mode fiber (SMF-28, 3.6 mol% GeO2, Aeff = ~85 µm2) 
was finally adopted, after then, the optimization of fiber length was 
progressed. First, the ratio of NIR-I spectrum energy density (RNIR-I) to 

the full spectrum was required to be greater than the visible spectrum 
(RVIS) ratio. After then, the longest shifted wavelength (λmax) was aimed 
to reach 1000 nm. Fig. 2(d) shows the full spectrum of NIR-SC source at 
the NDF’s lengths of 30 m, 50 m, and 100 m. Due to the SRS seeds the SC 
growth [78], the output spectra show different aspects compared with 
the typical SC source (or SRS source) used in the previous PA studies. We 
could observe that the longer the effective area, the weight of the NIR-I 
spectrum increased. At the NDF’s length of 100 m, the spectral broad
ening finally occurred up to 1000 nm. Considering the NIR-I energy and 
the potential for imaging depth improvement, we selected a 100 m-NDF. 
This feature can benefit for distinguishing the blood vessels and mela
noma cells because both the energy distributions of the visible lights and 
NIR-I range are sufficient for in vivo PA imaging. 

2.2. Experimental setup 

Fig. 3(a) presents a schematic diagram of the PAM system using NIR-I 
SC source for label-free melanoma imaging. A Q-switched Nd:YAG 
microchip laser (SPOT-10–100–532, Elforlight), which was operated 
with a flexible PRR of 5–50 kHz at 1.8 ns pulse duration. The output 
beam was collimated and refocused by using a 1:1 magnification ach
romatic doublet pair (AC127–025-AB, Thorlabs). To filter the NIR-I 
spectrum, the long-pass filter (FGL610H, Thorlabs) was installed by a 
motorized filter wheel between the fiber-end and lens pair. The focused 
beam was excited and then was aligned confocally using a focused 
transducer with a center frequency of 25 MHz through an optical/ 
acoustic combiner (OAC). For volumetric imaging of the target, a two- 
axis linear stage was used by performing a zigzag scan along the x-y 
plane. During the imaging, the PRR of the light source was set to 5 kHz 
according to the low scanning speed of the linear stage. The image speed 
can be further improved by using a high-speed galvanometer scanner 
[79], a polygon mirror scanner [80], or slider-crank scanner [81]. Also, 
there is room for further improvement of the imaging efficiency by using 
the optical fiber delay or a high-speed optical filter to illuminate the dual 
spectral band with a single scanning. The generated PA signals were 
then amplified and acquired using two serially connected amplifiers and 
using a digitizer with a bandwidth of 100 MHz, respectively. 

By applying the optimization study, a fiber length of 100 m was 

Fig. 2. (a) Optimization process flowchart of a 
condensed NIR-SC source. (b) Dispersion curve 
diagram in normal dispersion (D < 0). (c) Main 
factors affecting SRS effect in the optical fiber. 
(d) The full spectrum of NIR-SC source at the 
NDF’s lengths of 30 m, 50 m, and 100 m. The 
visible region (500-650 nm) is colored light 
green, and the NIR-I region (650-1000 nm) is 
pink. λpump, wavelength of pumpsource; λZDW, 
zero dispersion wavelength of the fiber; λmax, 
the longest shifted wavelength; D, dispersion; 
gr, Raman gain coefficient; Aeff, effective core 
area; kp, polarization factor; Leff, effective 
length; RVIS/NIR-I, the ratio of visible/NIR-I 
spectrum energy density to the full spectrum.   
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selected to perform in vivo PA experiment. As shown in Fig. 3(b), the 
entire spectrum of the proposed NIR-I SC source emits the light from 
532 nm to 1000 nm showing multi-discrete SRS wavelengths in the 
visible region (532, 545, 558, 572, 587, 603 nm) and broad NIR-I con
tinuum spectrum (600–1000 nm). Note that we used the entire spectrum 
for the blood vessel imaging to maximize PA signals, since it has a broad 
optical absorption through the visible to NIR-I spectral window. Further, 
the in vivo PA image of the melanoma’s structure was differentiated 
using only the NIR-I spectrum (Fig. 3(c)) filtered by a long-pass filter 
(cut-off at 600 nm) to minimize PA signals from the blood vessels. Both 
the spectra were measured with the compact CCD spectrometer and the 
maximum pulse energy of the full and the filtered NIR-I spectra were 
measured to be 3.4 µJ and 2.5 µJ, respectively. 

3. Results 

3.1. Phantom study 

To demonstrate the feasibility of the proposed NIR-I SC source, we 
first performed a phantom study using the hyaluronan-stabilized iron- 
platinum nanoparticles (FePt@HA NPs) as NIR-I photothermal agents, 

which exhibit similar absorption characteristics similar to melanin. 
Fig. 4 shows the in vitro evaluation of the photothermal agents using an 
optimized source. Fig. 4(a) shows the top-view image of the phantom 
and the corresponding PA image acquired using the NIR-I SC spectrum. 
Six phantom samples were filled with pretreated cancer cells; five 
samples contain different concentration of FePt@HA NPs (12.5, 25, 50, 
100, and 200 μg/ml) and the rest of sample was mixed with 4% gelatin 
only. As shown in Fig. 4(b), the amplitude of the PA signal increased 
with an increasing concentration NPs, depicting the potential of the NIR- 
I SC source to act as an excitation laser for NP-mediated photothermal 
therapy (PTT) in conjunction with photothermal agents such as the 
FePt@HA NPs. For a more practical demonstration, in vivo PA experi
ment was also performed (see supplement Fig. S1), which also indicates 
that the NIR-I SC source can potentially monitor photothermal agents for 
PA imaging-guided PTT [82]. 

3.2. Label-free PA imaging of melanoma tumor 

This study aimed to demonstrate melanoma imaging using the pro
posed NIR-I SC source. Thus, we first performed am in vitro experiment 
on melanoma cells placed on a glass dish to measure their sizes and 
melanin concentrations. As shown in the optical microscopy (OM) image 
(Fig. 5(a)), the cell size of a single melanoma (SM) has a wide range 
(10–30 µm diameter). The corresponding PA image (Fig. 5(b)) clearly 
shows the melanoma cell distribution as well as the melanin excretion by 
melanoma cells. The melanin concentration can be estimated using the 
PA signal amplitudes, and we confirmed that. There were 15-fold vari
ations in melanin concentrations among the melanoma cell samples 
from the results. The PA signals were not observed from the non- 
pigmented melanoma cells, regardless of the concentration of mela
noma cells, because of the non-absorption of light by the non-pigmented 
melanoma cells. 

Fig. 6 presents in vivo functional optical-resolution photoacoustic 
microscopy (OR-PAM) images of subcutaneous melanoma distribution 
and the surrounding blood vessels in the mouse skin. MAP PA images 
(Figs. 6(b) and 6(c)) were acquired at a PRR of 5 kHz for 5 min. The 
scanning step sizes were 2 µm and 40 µm along the x and y directions. As 
shown in Fig. 6(b), both morphological information of melanoma and 
blood vessels were detected simultaneously because both hemoglobin 
and melanin have substantial strong absorption in this spectral range. 
Micro-vessels with diameters of less than 40 µm (20 pixels), presumably 
resulting from angiogenesis, can be observed to surround the melanoma. 
Fig. 6(c) shows the morphology of melanoma clearly by using the 
filtered NIR-I spectrum (600–1000 nm) because of the minimal optical 
absorption of blood vessels. Melanoma occupies an area of approxi
mately 22 mm2 in the PA image with field of view (FOV) of 
10 × 10 mm2. Fig. 6(d) represents the superposition of two PA images of 
Fig. 6(b) and (c); thereby, clearly distinguishing the melanoma and its 
surrounding vasculature. As shown in Fig. 6(e), the 3D volumetric PA 
image can be also acquired (10 × 10 × 0.9 mm3) from the data set of 

Fig. 3. (a) Schematic of the PAM system using NIR-I SC source. (b) Full spec
trum and (c) the filtered NIR-I spectrum used for PA imaging. OL: Objective 
Lens; NDF: Normal Dispersion Fiber; MLPF: Motorized Long-Pass Filter; L1–2: 
Achromatic Lenses; CL: Corrective Lens; FT: Focused Transducer; WD: Water 
Dish; DAQ: Data Acquisition; OAC: Optical/Acoustic Combiner. 

Fig. 4. In vitro PA imaging of photothermal agents (FePt@HA NPs) using NIR-I SC source. (a) Phantom and corresponding PA images at various concentrations. (b) 
Evaluation of PA signal response corresponding to each concentration. 
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Fig. 6(d) using 3D Photoacoustic Visualization Studio (3D PHOVIS) 
software [83]. 

At the full spectrum, the average ratio of the melanoma to the 
background is 16.94 ± 0.70, and the average ratio of melanoma to the 
surrounding blood vessels is 0.98 ± 0.03 in PA signal amplitude. Thus, 
the difference in PA signal amplitude of melanoma and the blood vessels 
is not very significant, which makes it difficult to differentiate them. 
Using only the NIR-I spectrum, the average ratio of the melanoma to the 
background is still maintained at 16.61 ± 0.73, whereas the average 
ratio of the melanoma to the blood vessels is enhanced to 6.29 ± 0.88 (~ 
6 times higher). Therefore, the melanoma can be distinguished from its 
surrounding vasculature and visualized according to their different ab
sorption spectra using dual-band excitation; thereby, enabling the esti
mation of the melanoma tumor distribution. This result demonstrates 
that OR-PAM using the proposed NIR-I SC source can efficiently detect 
and evaluate melanoma. 

Further, we performed continuous cell tracking over a week to 
monitor melanoma migration and proliferation. To verify the noninva
sive in vivo melanoma monitoring, the label-free B16 melanoma cells 
were longitudinally visualized using OR-PAM. The mouse ear is 
considered to be a sufficient model for validating the system due to its 
similarity with the human skin and lack of motion artifacts [84]. As 

shown in Fig. 7(a)-(c), PA images with FOV of 13 × 7 mm2 area are 
acquired at a PRR of 5 kHz. The scanning step sizes were 2 and 20 µm in 
the x, y directions, respectively. B16 melanoma cells were injected 
subcutaneously into the left ear of the mouse and imaged on day 3 and 
10 using the NIR-I SC source in two spectral regions: in the full spectrum 
(532–1000 nm) and in the NIR-I spectrum (600–1000 nm). The result of 
spectral analysis in NIR spectrum illumination differentiates melanoma 
cells from other tissue components. All the OR-PAM images in Fig. 6 are 
composites of the two MAP images within these two spectral ranges. The 
spatial distribution of label-free melanoma (yellow bar), was quantified 
on day 3 and 10 after the injection, respectively. On day 3, melanoma 
cell signals were prominently observed in the PA image. The SNR of the 
melanoma tumor region was 22 dB on day 3, and the tumor size was 
approximately 4 mm2. On day 10, the PA signals from the melanoma 
cells were diminished compared to those on day 3. The SNR of the 
melanoma tumor region decreased to 16 dB. Fig. 7(d) shows quantita
tive analysis of in vivo PA imaging results. The spatial positions of the PA 
signals obtained from melanoma cells were summed and displayed as 
yellow bar. Moreover, PA signals from the background were referred to 
in the gray bar as the control group. The total PA signal amplitude of 
melanoma cells decreased by 2-fold while those of the background tis
sues remained in the same values. Because the PA signal is proportional 

Fig. 5. PA monitoring of B16 melanoma cells in vitro. (a) Optical microscopy (OM) image (b) MAP PA image. Single melanoma (SM).  

Fig. 6. In vivo PA images of a subcutaneously inoculated B16-melanoma in an immunocompromised nude mouse (on the back). (a) Photograph of the melanoma. 
MAP image of the blood vessels and melanoma cells at (b) the full spectrum and (c) the filtered NIR-I spectrum. (d) Superposition of two MAP PA images ((b) is 
colored in gray and (c) is colored in red). (e) 3D volumetric PA image acquired from the data set of (d). 
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to the concentration of melanoma cells, half of the melanoma cells were 
estimated to have undergone cell death on the period of days 3–10. 
Through the experimental results, the feasibility of non-invasive in vivo 
monitoring of label-free melanoma cells has been shown with a capa
bility to quantify the melanoma cells with high sensitivity using the 
proposed NIR-I SC source. 

4. Discussion 

Over the last decade, nanosecond pulsed SC sources have been pro
posed for PA imaging [48–58] (see supplement Table S1). Some SC 
sources have been developed as OCT detection lasers in the combined 
PAM and OCT system owing to their broadband properties [49,55,56, 
58]. However, in this study, we focused on developing the light source 
for PA excitation. 

Majority of the SC studies have reported using anomalous dispersion 
regime (positive dispersion) with highly nonlinear fiber to efficiently 
generate a broader continuum spectrum [85]. In particular, the combi
nation of a 1064 nm pump laser and photonic crystal fiber (PCF) with 
λZDW at 1047 nm or 1060 nm has been generally used in multispectral 
PA studies. Multispectral property of the SC effect is utilized for spectral 
PA measurement in various spectral regions, for instance, the hemo
globin concentration and oxygen saturation were sensed photo
acoustically with an extracted visible lights (530 and 610 nm) [51] and 
multispectral PAM (i.e., blood, lipid) was performed using filtered 
visible to NIR-I spectrum (500–800 nm) [55] and NIR-II 
(1050–1714 nm) [57] spectral windows. However, the 
ultra-broadband spectrum, extending from 400 to 2400 nm, can make it 
difficult to achieve condensed pulse energy in a specific wavelength 
region of interest especially for the melanoma detection. In 2015 and 
2018, Ferrari et al. [52] and Buma et al. [57] reported a continuum 
spectrum for PA imaging with a normal dispersion regime using a pump 
wavelength below the λZDW of the optical fiber. In both the output 
spectra, the SRS effect occurred predominantly at the beginning and 
continuum induced by four-wave-mixing (FWM) appeared to gradually 
shift toward the red-end with an increasing incident pump energy. 

To confine the fiber-coupled energy to a specific NIR-I spectral 
window (600–1000 nm), we selected the normal dispersion regime 
(λpump-λZDW <0, negative dispersion). The fiber had a longer λZDW (i.e., 
1310 nm) than λpump (i.e., 532 nm). Thus, the pump wavelength lies in 
the normal dispersion region of the fiber waveguide where there is no 
nonlinear phase-matching. Using the pump lights with ultrashort pulses 
(10–100 fs) having a high peak power of over 10 MW, SC generation 

induced by self-phase modulation (SPM) tends to lead dominantly [86]. 
When pumping with an ns pulse, the SPM is negligible, and both the SRS 
and the parametric FWM effects dominate in optical fiber [87]. The 
FWM gain can be broadened because of the parametric pump photons 
near λZDW. The rapid spectral broadening of the Raman orders of the 
pump is estimated because of the integrated impact of modulation 
instability and the soliton effects [88]. Based on these studies, we 
focused on the characteristic of asymmetric spectral broadening to 
attain the desired energy value because the energy distribution in the 
region of interest (especially the NIR-I region) is a critical requirement in 
subcutaneous melanoma imaging. 

This study demonstrated, for the first time, both in vivo PA moni
toring of melanoma cells and blood vessels at several kHz by emitting 
visible and NIR-I spectral bands. The optical absorption of melanin in 
the NIR-I spectral range (600–1000 nm) is efficient for the generation of 
highly sensitive PA images of melanoma tumors from surrounding blood 
vessels. We monitored melanoma cells over a long period (over 1 week) 
and demonstrated the feasibility of NIR-I light source in the in vitro and 
in vivo experiments. Because other optical imaging modalities have their 
own drawbacks such as the perspective of operators (dermoscopy) and 
limited molecular selection (RCM, OCT), in vivo PA imaging of label-free 
melanoma cells can provide various advantages simultaneously (depth- 
resolved imaging, cell tracking ability, high sensitivity to the sur
rounding blood vessels and background tissue). Therefore, a PAM sys
tem equipped with a high-speed NIR-I SC source can propose a potential 
to enhance the imaging speed for clinical trials of melanoma imaging. To 
contribute to the clinical translation, our future efforts will focus on 
developing a high-energy light source with several tens of microjoules 
for human melanoma imaging, which would be demonstrated in the AR- 
PAM system. 

5. Conclusion 

We demonstrated the efficient label-free in vivo PA imaging of mel
anoma cells and blood vessels simultaneously using a high-speed NIR-I 
SC source. The key features are (1) condensed energy density in NIR-I 
spectral region (for melanoma imaging), (2) high pulse energy of up 
to 3.4 µJ at 532–1000 nm (2.5 µJ at 600–1000 nm), (3) high repetition 
rate, and (4) fiber-based simple system implementation. Here, we 
focused on emitting the SC light source cut-off at 1000 nm wavelength 
which can effectively target the melanoma cells rather than ultrabroad 
continuum generation even covering NIR-II spectral region. The imaging 
speed can be further increased using the proper light scanning system 

Fig. 7. Monitoring the growth of melanoma before and after injection of B16 melanoma cells. (Top) Photographs and (Bottom) corresponding OR-PAM images. (a) 
Before injection. (b) After injection of B16 melanoma cells on day 3 and (c) day 10. (d) Quantitative analysis of PA signals obtained from the melanoma cells. 
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such as a galvanometer scanner and polygon mirror scanner. The pro
posed light source aiming for label-free subcutaneous melanoma imag
ing was conducted with a simple microchip laser at 532 nm with a cost 
effective NDF. We expect that these advantages contribute to high-speed 
melanoma detection with high sensitivity for preclinical and clinical 
trials. 
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