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Abstract. In this study, the change of tumors’ chemical composition in the temperature range of 20 ~70oC is quantified for 
photothermal tumor therapy by photoacoustic spectroscopy (PAS) with the wavelengths of 700~1000 nm. Based on the 
measured photoacoustic signals, two absorption peaks at the wavelengths of 750nm and 950nm are identified. It is also 
observed that high temperature (>55oC) is able to induce the physical and chemical degeneration of tumors. According to the 
in vitro tests, a new chemical species, met-hemoglobin, which is absent in normal blood, is generated at high temperature 
with enhanced near-infrared absorption. 
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1. Introduction 

Photoacoustic spectroscopy (PAS) is a spectral approach that allows for direct measurements of 

tissue chromophores and other physiology parameters using multiple-wavelength laser illumination. 

PAS is based upon the photoacoustic effect, in which the laser-produced temperature rise and 

subsequent thermoelastic expansion of tissues generate acoustic waves which is detected by ultrasound 

transducers along multiple boundary positions. PAS was first used to measure the physical parameters 

of gas and now has become an essential tool to quantify tissue physiological functions, disease 

progression, responses to intervention and photothermal cancer therapy [1–6]. If we search the term 

“photoacoustic spectroscopy” using PubMed, we will find that the number of publications on PAS has 

increased from several in 1970 to almost a thousand to date. 

In addition, photothermal therapy is a laser-based mini-invasive technique with extensive clinical 

and pre-clinical applications. It utilizes high continuous light intensity to irradiate the diseased tissues, 
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which is able to convert light energy to heat, causing localized thermal destruction of tissues [7,8]. The 

definition of the critical temperature of hyperthermia, coagulation, vaporization, carbonization and 

fusion induced by laser has been proposed for in vivo study of photothermal cancer therapy [9]. Based 

on this, the temperature ranging from 42
o
C to 50

o
C is generally called hyperthermia, in which the 

tissues or organs will become necrotic if the laser irradiation lasts for a few minutes. And if 

temperature is over 60o
C, the irradiation will lead to condensation of tissues and necrocytosis of cells 

as well as the denaturation of protein and collagen. This study will utilize PAS to measure and monitor 

the physiology parameters and chemical composition variations of tumors during photothermal 

therapy. Due to the use of multiple laser wavelengths, PAS is able to provide more accurate 

measurements of functional parameters including changes of hemoglobin and other species. Finally, in 

vitro tests will be used to demonstrate and validate PAS method for photothermal therapy. 

2. Materials and methods 

2.1. The theoretical foundation of PAS 

Based on the photoacoustic effect, PAS uses a short pulse laser to illuminate the absorbers in tissues 

to generate the acoustic waves. The measured photoacoustic (PA) pressure that satisfies the temporal 

stress confinement is written as [1–5]: 
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in which β is the expansion coefficient, c is the speed of sound, Cp is the specific heat, μa is the 

absorption coefficient of medium, F0 is the initial optical fluence, and z is the one-dimensional 

incident depth at position z along the laser illumination direction. If the optical fluence F at different 

penetration depth is defined, the following equation will be obtained: 
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Additionally, the light absorbed energy density is written as: 
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It is noted from Eqs. (1)-(3) that the PA signal (pressure) is proportional to the light absorbed energy 

density G along the laser source incident direction: the maximum light energy is converted into 

thermal energy, i.e., the strongest PA signal. Here introduces a Grüneisen parameter Г, 

 

p
Cc

2β=Γ  (4) 

Y. Liu et al. / Quantification of the chemical composition variations of tumors in photothermal therapy3412



    

                             (a)                                                                   (b) 

Fig. 1. (a) The chicken breast and (b) the blood clot. 

 

For soft tissues with temperature T between 10-55o
C, the expansion coefficient β is linearly 

proportional to T [10,11], 
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in which A and B are constants. As such, Eq. (1) can be further written as: 
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in which T(z) is the temperature distribution of tissues. If the initial temperature distribution of tissues 

T0 is assumed, Eq. (7) can be achieved: 
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In terms of Eqs. (6) and (7), the following Eq. (8) is obtained, 
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in which C=A/B, D=(A+BT0)/B are parameters that are dependent on tissue properties, and P(z) Т=Т0 is 

the PA pressure profile recorded at the initial temperature. It is noted from Eq. (8) that the PA signal 

amplitudes is linearly proportion to the temperature. However, it only works well when the 

temperature is between 10-55o
C. When the temperature is above 55

o
C, photochemical and 

photothermal modifications will exert an impact on the chemical constituents of blood, which will be 

validated by our new findings in Section 3. By querying data, we have found that a new chemical  
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(a) 

 

(b)                                                                                       (c) 

Fig. 2 (a) The experimental setup for exploring the physical and chemical mechanism of photothermal tumor therapy by PAS. 
(b) The diagram of two fiber coupling into a fiber by SMA interface. (c) The diagram of optical fiber dispersion. 

 

species called met-hemoglobin is generated, which is closely related with the enhanced near-infrared 

absorption [12]. 

2.2. Materials 

For the in vitro test, the blood clot as tumor simulation samples was buried inside the chicken breast, 

as plotted in Figure 1. 

The experimental setup for PAS of photothermal tumor therapy is shown in Figure 2. The Nd: YAG 

laser (Surelite I-10, Continuum) with Optical Parametric Oscillator (OPO) (Surelite OPO plus, 

Continuum) was used for optoacoustic wave generation with a wavelength of 700~2000 nm, a 

repetition frequency rate of 10Hz, a pulse width of 5ns and the output energy of about 4 mJ. The diode 

laser treatment apparatus (ML-4030D) were used for photothermal tumor therapy, which could 

provide the power range of 1~30 W with the adjustable period of 0.5 W and the output wavelength of 

810 nm. The fiber 1 was connected to the diode laser with the core diameter of 400 μm and maximum 

power threshold of 30 W. The fiber 2 was linked to the OPO laser by the FC interface, and the core 
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diameter of fiber 2 is 600 μm and the maximum power threshold is 6 W. The light beam from OPO is 

divided into two beams by splitter mirror: one is received by photodiode, displayed on the oscilloscope 

and then stored by a computer for calibration; the other one just focuses on the port of fiber 2 through 

a short focal length lens. Fiber 1 and fiber 2 were coupled by SMA interface formation of fiber 3, 

which had both the therapy and monitor functions, as displayed in Figures 2(b) and 2(c). The 

transmission wavelengths of optical fibers are between 500 and 2000nm. The dispersion end (length of 

1.5 cm) of fiber 3 and the thermode (core diameter of 0.3 mm) were inserted into the tumor location of 

the sample. The upper surface of the sample was coupled with the soffit of the water bank by plastic 

wrap to reduce the sound attenuation between different media. The depth-resolved photoacoustic 

signals from the sample were collected by focused water immersion ultrasound transducer 

(Panametrics-NDT): the bandwidth of transducer ranges from 3.7 to 6.14 MHz, the center frequency is 

5MHz and the water path is 25.654 mm, which means that the relative position of the probe with 

respect to the sample is about 25 mm. Then the signals were transferred to the ultrasonic receiver 

(5800 R, Parametric-NDT) for amplitude limit, filtering and amplifying. Finally, the signals were 

showed on the digital oscilloscope (TDS3054C, Tektronix). In order to improve the signal-to-noise 

ratio, the signals on the digital oscilloscope were taken averages of 16 times and then saved in the 

computer for the follow-up data processing. The stepper motor (SC300-2B, Zolix) could accurately 

control bracket by driving the electronic translation machine (TSA200-B, Zolix), for the 2D scanning 

of the sample. 

3. Results 

Figure 3 plots the near-infrared absorption spectra of the tumor simulation sample at various 

temperatures, in which x-axis represents different wavelengths while y-axis represents the 

photoacoustic signal amplitude with unit mV at different temperatures. It is observed from Figure 3 

that there are two absorption peaks of blood: one is at 750 nm and the other is at 950 nm. This 

observation is in good agreement with the previous findings [13–15]. 

Figure 4 presents the relationship between the photoacoustic signals and temperatures at the 

wavelengths of 750 nm (Figure 4(a)) and 950 nm (Figure 4(b)) for two absorption peaks of blood in 

Figure 3. It is observed from Figure 4 that when the temperature is in the range of 20~55o
C, a linear 

relationship exists between the photoacoustic signal amplitudes and the temperatures. However, this is 

not the case for the temperature over 55
o
C, where signals are increasing greater and quicker compared 

with those from 20~55
o
C. In addition, according to the previous findings [10], when temperature is 

over 60 o
C, the irradiation will lead to condensation of tissues and necrocytosis of cells as well as the 

denaturation of protein and collagen. These results and findings suggested that a new chemical species 

was produced and the linear relation between the signals and the temperature was no longer kept. By 

querying data, the new chemical species should be met-hemoglobin because the met- hemoglobin is 

implicated in the enhanced near-infrared absorption of blood [12–15]. And we believe the met-

hemoglobin has larger absorption coefficient when the wavelength of pulsed laser source is larger than 

600nm [16] In particular, several studies have demonstrated that in photothermal therapy the laser 

energy can alter the absorption characteristics of blood [17], in which the conversion of blood to a 

combination of met-hemoglobin and thrombus temporarily increases absorbance by approximately 3-5 

times over that of normal blood [18,19]. Therefore, the mechanism and findings from previous work 

are in good agreement with ours. 
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Fig. 3. The near-infrared absorption spectra of tumor simulation sample at various temperatures. 

 

(a) 

 

(b) 

Fig. 4. (a) The relationship between photoacoustic signal amplitudes and temperatures at wavelengths 750 nm; (b) 950 nm. 

 

Figures 5(a) and 5(b) displays the 2D scanning image of blood clot at wavelengths 750 nm and 950 

nm, respectively, with temperature at 60
o
C, in which the x-axis is the sweep point (every bit of the step 

length is 0.1 mm and the total scanning length is 3 cm) while the y-axis represents the sampling 

numbers on the oscilloscope (every 1000 points are 2 μs). From Figure 5, the signals are in the range 

of point 50 to point 200, and the length of dispersion end of fiber 3 is 1.5 cm, which demonstrates that  
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Fig. 5. (a) The 2D scanning image of blood clot with 750 nm at 60oC; (b) with 950 nm at 60oC. 

 

the signals are from the excitation light source. Moreover, the strongest signals were generated by the 

blood clot. The grey values of image represent the information of photoacoustic signals and the values 

of color bar are equivalent to the amplitude of the photoacoustic signal. One can see from Figure 5 that 

the maximum amplitude of photoacoustic signal is 0.0497 V with the wavelength of 750 nm at 60o
C, 

which also correlates well with the findings in Figure 3. If the relationship between the amplitude of 

photoacoustic signal and temperature is quantified, the grey-scale map of photoacoustic signal can be 

transformed into the image of temperature distribution. 

4. Discussion 

This study explored the photochemical degeneration of tumors during photothermal therapy by PAS. 

Two absorption peaks of blood were observed in vitro: one is 750 nm and the other is 950 nm. When 

the temperature is below 55o
C, the two peaks occur due to the absorption of deoxy-hemoglobin, in 

which the photoacoustic signal amplitudes are proportional to the temperatures. However, when the 

temperature was over 55o
C, a new chemical species was generated with the enhanced near-infrared 

absorption, destroying the linear relationship between the signals and the temperatures. In addition, 2D 

scanning images of the blood clot were also obtained at the wavelengths of 750 nm and 950 nm with 

temperature of 60
o
C. 

A series of in vitro tests are conducted in this study to evaluate the performance of PAS systems. 

Though it works very well in terms of the quantitative findings, the controlled environments of in vitro 

tests are different from that of the non-controlled in vivo cases. As such, further investigations are 

required to extend the present study to in vivo pre-clinical small animal studies for cancer early 

detection and treatment. In addition, functional near infrared spectroscopy (fNIRS) can also quantify 

the physiological parameters of biological tissues [20–22]. However due to the low resolution of the 

diffuse light, the quantitative accuracy of PAS is much better than that from fNIRS, particularly for 

photothermal therapy related studies. 

  Additionally, our further investigation will be focused on quantifying the chromophore 

concentrations including oxy-hemoglobin concentration and deoxy-hemoglobin concentrations, and 

now efforts are spared to need incorporate the photon diffuse equation to separate the optical 

absorption coefficient from photon fluence [3]. 
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