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Abstract 

Photothermal therapy (PTT) has been emerging as an effective, minimally invasive approach 

to treat cancers. However, a method to quantitatively evaluate the treatment effect after Laser-

Induced Thermotherapy (LITT) is needed. In this study, we used 808 nm laser radiation with 3 

different power densities to treat the breast cancer tissue from 4T1 cell lines in a mouse model. 

The viscoelastic properties of the treated cancer tissues were characterized by a 2-term Prony 

series using a ramp-hold indentation method.  We observed the instantaneous shear modulus 𝐺0 

was significantly higher for the treated cancer tissues than that of the untreated tissue when 

treated with a power density of 1.5 W/cm2, but significantly lower with a power density of 2.5 

W/cm2. The long-term shear modulus 𝐺∞ was also significantly higher for the cancer tissue at 1.5 

W/cm2, compared to the untreated tissue.  The treatment effects were verified by estimating the 

cell apoptosis rate using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL).  

Our results indicate that the viscoelastic properties of the tissue could potentially be used as 

biomarkers for evaluating the LITT treatment effect.  In addition, we also observed a strain-

independent behavior of the treated cancer tissue, which provided useful information for applying 

in vivo imaging method such as MR elastography (MRE) for treatment evaluation based on 

biomechanical properties.  

 

Keywords: breast cancer; Laser-Induced Thermotherapy; biomechanics; viscoelastic 

properties; treatment evaluation. 
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1 Introduction  

Cancer becomes an important leading cause of death in developing countries. Tumor 

resistance to various conventional treatments leads to rapid tumor growth and high possibility of 

tumor recurrence and metastasis. Breast cancer is the prevailing cancer with the highest number 

of reported cases each year, and with the highest occurrence rate for females [1].  The incidence 

of breast cancer in the world is increasing at 3% annually, and the age of the patient population 

is decreasing [2]. Clinical treatments for breast cancer include radical surgery, chemotherapy, 

and radiotherapy. Among these, therapies such as chemotherapy and radiotherapy have adverse 

side effects, especially in systemic chemotherapy [3].  Recently, photothermal therapy (PTT), a 

minimally invasive therapeutic approach, has emerged as a useful tool for treating cancer.  PTT 

uses near-infrared (NIR) light-absorbing agents to convert photons into heat for inducing ablation, 

degeneration, and necrosis of the cancer tissues [4,5].  PTT has many advantages such as a 

high selectivity of the treatment target, minimal side effects, and maximal preservation of the 

benign tissue [6,7]. It is possible to modulate the power density with respect to the tumor size, 

thus enhancing the efficacy of inducing cell apoptosis [8-11]. Therefore, PTT has great potential 

to serve as an effective tool for treating breast cancer. However, an effective way to evaluate the 

Laser-Induced thermotherapy (LITT) treatment effect, quantifying the changes of the cancer 

tissue after treatment, is needed for accurate clinical evaluations and applications.  

Common practices of assessing the therapeutic effect of breast cancer treatment include 

diagnostic imaging such as magnetic resonance (MR) imaging or CT scan (The Response 

Evaluation Criteria In Solid Tumors (RECIST) guideline) [12]. Based on the observations of the 

images, the tumor size, lesions changes, and metastatic regions are assessed for evaluating the 

treatment effect [13, 14]. However, the observations are often qualitative and largely depend on 

the experience of the observer. In the cellular level, estimation of the tumor cell apoptosis using 
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terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) are usually used  [15, 16].  

Although cellular level evaluations could provide more quantitative assessment, it involves 

complicated sectioning and staining procedures which takes days to be obtained.  Therefore, an 

effective, quantitative, and efficient way to evaluate the treatment effects is desirable.   

It is known that biomechanical properties of the cancer tissues and cells are closely related 

to cancer pathology and metastasis state [17-21]. For breast cancer tissues, studies have found 

cancer tissues to be stiffer than the normal tissues [22-24]. Additionally, in terms of viscoelastic 

properties, significant differences were found between the cancerous and normal tissues [20, 25, 

26]. Besides ex vivo mechanical testing, in vivo imaging techniques such as MR elastography 

(MRE) and ultrasound elastography were also used to distinguish the breast cancer based on the 

biomechanical features [27-32]. However, ex vivo mechanical testing serves as an indispensable 

way for guiding the modeling and verification for in vivo measurements. Among the many ex vivo 

testing techniques, indentation proved to be an effective way for tissue characterization [33-35]. 

In this study, we characterized the viscoelastic properties of the breast cancer tissue after 

LITT.  Treatment effect was evaluated by comparing the viscoelastic properties of the treated and 

untreated tissues for the three different power densities applied. Cellular apoptosis were 

evaluated by estimating the ratio of the apoptosis cells. Implications of the viscoelastic properties 

on the treatment effect and the cellular level responses were discussed.  

 

2 Materials and Methods 

2.1 Animal model 

Eighteen (n=18) healthy female nude mice aged 4-5 weeks were used in this study. All mice 

were raised in the Laboratory Animal Center of Soochow University (SPF grade, certificate No. 
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SCXK 2002–0008). Each mouse received subcutaneous injections of 4T1 cell line (Shanghai Cell 

Bank of Chinese Academy of Sciences) for tumor implantation. The cells were re-suspended with 

phosphate-buffered saline (PBS) solutions at a concentration of 107 mL-1. A cell suspension of 50 

μL was injected on both sides of the hind legs of the mice. The mice were raised for 10-14 days 

till palpable solid tumors with a diameter of 8-10 mm were detected (Figure 1a).  All of the animal 

procedures and protocols were approved by the Institutional Animal Care and Use Committee of 

the Soochow University and conducted in accordance with the National Institutes of Health Guide 

for the Care and Use of Laboratory Animals. 

2.2 Laser-Induced Thermotherapy (LITT) 

To evaluate the treatment effect, the tumors were treated with a laser system (MDL-N-808-

10W ， Changchun New Industries Optoelectronics Technology Co. Ltd.). The mice were 

anesthetized by intraperitoneal injection of pentobarbital (50 mg/kg) for in-vivo LITT using an 808 

nm Near-infrared (NIR) laser (Figure 1b). Statuses of the treated tumors were monitored with a 

real-time imaging system. The 18 mice were divided into 3 equal groups to receive irradiation with 

a power density of 1.5 W/cm2, 2.0 W/cm2, and 2.5 W/cm2 for 10 minutes, respectively. For each 

mouse, the subcutaneous tumor on one of the implanted legs was irradiated with laser and the 

irradiation side was chosen randomly. The tumor on the other leg was left untreated. Statuses of 

the treated tumors were monitored with a real-time imaging system and the temperature change 

was recorded via an NIR camera.  

2.3 Sample preparation  

About 6 hours after irradiation, solid tumors from both sides of the legs were removed after 

the mice were euthanized by cervical dislocation (Figure 1c).  A total of 36 solid tumor samples 

were harvested with a thickness of 4.64±0.76 mm. Each sample was stored in PBS solution and 
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transferred to the indentation tester immediately after surgical resection. The indentation tests 

were performed at room temperature (~20ºC). 

2.4 Indentation test and parameter estimation 

A custom-built indentation device was used to characterize the viscoelastic properties of 

the cancer tissue (Figure 1d). The indentation test protocol was adopted from a previous study  

[36]. Briefly, indentation strains of 2%, 4%, 6%, 8%, and 10% with respect to the sample thickness 

were carried out with a strain rate of ~0.1 𝑠−1 for each sample. The force-displacement curves of 

the ramp-hold tests were acquired, and the data were fitted with a 2-term Prony series. Then, the 

reaction forces during the ramp (0 ≤ 𝑡 ≤ 𝑡𝑟) stage and the relaxation (𝑡𝑟  ≤ 𝑡) stage were [36] 

  𝐹 =

{
 
 

 
 8𝑅𝑋𝑉(𝐶0𝑡 −∑𝜏𝑖𝐶𝑖 (𝑒

−
𝑡
𝜏𝑖 − 1)

2

𝑖=1

) (0 ≤ 𝑡 ≤ 𝑡𝑟)

8𝑅𝑋𝑉(𝐶0𝑡𝑅 +∑𝜏𝑖𝐶𝑖𝑒
−
𝑡
𝜏𝑖 (𝑒

𝑡𝑅
𝜏𝑖 − 1)

2

𝑖=1

) (𝑡𝑟  ≤ 𝑡)

, (1)  

where 𝑅 is the radius of the indenter, 𝑋 is the compensation factor for the infinite half space 

assumption, 𝑉 is the indentation velocity, 𝐶0, 𝐶𝑖, and 𝜏𝑖 are model parameters of the 2-term Prony 

series for shear modulus. The corresponding instantaneous shear modulus 𝐺0  and long-time 

shear modulus 𝐺∞ can be computed by 

 𝐺0 = 𝐺(0) = 𝐶0 + ∑ 𝐶𝑖
2
𝑖=1  and 𝐺∞ = 𝐺(∞) = 𝐶0. (2)  

Both the ramp and relaxation sections of the piecewise function were used for parameter 

estimations. The objective function with equal weights for the ramp and relaxation sections was 

used to estimate the viscoelastic parameters by fitting Eq. (1) to the reaction force versus time 

data. An in-house MATLAB (MathWorks, Natick, MA, USA) program was used to minimize the 

fitting error by using the “fmincon” function.    
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2.5 Histology and statistical analyses 

Apoptosis of the cancer cells is one of the criteria to evaluate the treatment effect. Therefore, 

TUNEL was used for the apoptosis characterization. We first harvested the tissues in 

formaldehyde solution after indentation test. Then, a total of 36 treated subcutaneous cancer 

tissues were embedded with paraffin and sectioned. The tissue sections were stained with TUNEL 

apoptosis assay kit (Beyotime Institute of Biotechnology, Shanghai, China) before microscopy 

observation. 

For a fixed field of view (FOV) in one stained slice, the ratio of the apoptosis cells 𝜙𝑎𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠 

was estimated by the fractional area of the apoptosis cells with respect to the whole area of all 

cells  

 𝜙𝑎𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠 =
𝐴𝑎𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠

𝐴 − 𝐴𝑔𝑎𝑝
,  (3)  

where 𝐴𝑎𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠 is the area of the apoptosis cells in the FOV, 𝐴𝑔𝑎𝑝 is the gap spaces in the stain 

slices, and 𝐴 is the overall area of the FOV.  The differences were compared by estimating 6 

different FOVs from each mouse of the 3 power density group.  

A two-way analysis of variance (ANOVA) test of the 𝐺∞  and 𝐺0  values followed by a 

Bonferroni test (significance level of 0.05) was used to evaluate the significances of the treatment 

effect and the strain levels for each power density applied. The effects of power densities were 

compared by calculating the ratios of the 𝐺∞ and 𝐺0 values for the treated and untreated tumor 

samples. A two-way ANOVA was also used for evaluating the influences of the power densities. 

The significance of 𝜙𝑎𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠 was evaluated using a student t-test (significance level of 0.05).  
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3 Results 

3.1 Tumor temperature during LITT treatment  

The temperature distribution of the mouse body showed a concentration of high temperatures 

at the tumor site after LITT treatment (Figure 2a). Visible bright spots indicating the tumor 

locations were observed for the power densities of 2.0 W/cm2 and 1.5 W/cm2. Records of 

temperature variation over time at the tumor sites showed monotonically increasing trend for the 

three power densities applied (Figure 2b). The maximum temperature observed was about 62.0º

C, 53.0ºC and 44.0ºC for the power density of 2.5 W/cm2, 2.0 W/cm2, and 1.5 W/cm2 after 10min 

of irradiation, respectively. 

3.2 Viscoelastic properties of the treated and untreated tissues 

Experimental force-displacement curves from the ramp-hold test of indentation were fitted 

with Eq. (1) to estimate the viscoelastic parameters (Figure 3a). Variations of the experimental 

data were shown by plotting the average relaxation curves and deviation regions (Figure 3b).  

The estimated viscoelastic model parameters for the tissue samples with power densities of 

1.5 W/cm2, 2.0 W/cm2, and 2.5 W/cm2 are summarized in Table 1, Table 2, and Table 3, 

respectively. Comparing the treated and untreated cancer tissues showed both 𝐺0 and 𝐺∞ values 

were higher for the treated samples with a power density of 1.5 W/cm2, at all strain levels (Figure 

4).  For LITT with 2.0 W/cm2, the differences between the treated and untreated tissues became 

smaller, with the mean 𝐺0 value of the untreated tissues larger than that of treated in 2% strain. 

For 2.5 W/cm2, the 𝐺0 values kept decreasing for the treated tissues, which were smaller than 

that of the untreated tissues for all strain levels.  A similar trend was also observed for the 𝐺∞ 

values. The maximum and minimum 𝐺0 values observed for the 1.5 W/cm2, 2.0 W/cm2, and 2.5 

W/cm2 were 3.32 kPa and 2.27 kPa, 2.36 kPa and 2.18 kPa, 2.16 kPa and 1.89 kPa, respectively. 
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For 𝐺∞, the maximum and minimum values were 0.91 kPa and 0.47 kPa, 1.20 kPa and 0.44 kPa, 

1.07 kPa and 0.52 kPa, respectively.  

 The two-way ANOVA tests showed that, in terms of both 𝐺0  and 𝐺∞  values, significant 

differences were found between the treated and untreated tissues for the 1.5 W/cm2 group, but 

not for the 2.0 W/cm2 group. Only the 𝐺0 values were significantly different between the treated 

and untreated tissues for the 2.5 W/cm2 group. In terms of 𝐺0 values, no significant differences 

were found between each indentation strain levels for all the power density groups. In terms of 

𝐺∞ values, the only significant differences were observed between 2% and 10% strain in the 2.0 

W/cm2 and 2.5 W/cm2 groups, and between 2% and 8% strain in the 2.5 W/cm2 group. 

The influence of the applied power density was shown by the ratios of 𝐺0 and 𝐺∞ values, 

defined as the treated moduli divided by the untreated moduli (Figure 5).  Two-way ANOVA tests 

showed significant differences between power densities of 2.5 W/cm2 and 2.0 W/cm2 for both 

ratios.  A significant difference was also observed between 2.5 W/cm2 and 1.5 W/cm2 for the 𝐺0 

ratios. 

For the relaxation of 60% of the peak indentation force, we observed the maximum relaxation 

time were 10.97 s, 29.13 s and 53.67 s for the 1.5 W/cm2, 2.0 W/cm2 and 2.5 W/cm2 groups, 

respectively. The minimum relaxation times were 2.92 s, 3.20 s and 4.44 s, respectively (Table 

4). Two-way ANOVA tests of the relaxation time showed no significant differences of the 60% 

relaxation time between the treated and untreated tissues for the 1.5 W/cm2 and 2.0 W/cm2 groups 

(Figure 6a-b). However, significant differences of the relaxation time were found for the 2.5 W/cm2 

group (Figure 6c).  

3.3 Apoptosis ratio 

TUNEL stain showed that there are great differences when tumors suffered from different 

irradiation power densities (Figure 7). Under 400x microscopy, we can find the apoptosis ratio of 

each sample from treated and untreated groups. The estimated 𝜙𝑎𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠  values were 
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10%±12.39%, 19%±7.83%, and 21%±8.45% for the power densities of 1.5 W/cm2, 2.0 W/cm2, 

and 2.5 W/cm2 (Table 5). For the untreated group, the estimated 𝜙𝑎𝑝𝑜𝑝𝑡𝑜𝑠𝑖𝑠  values were 

8%±9.13%, 4%± 5.00%, and 5%±7.28% respectively. 

4 Discussion 

In this study, we characterized the mechanical properties of breast cancer tissue from 4T1 

cell lines after LITT with a mouse model. Using an indentation method, we observed viscoelastic 

properties could be used to distinguish the treated and untreated cancer tissues, and the 

differences between the power density of 1.5W/cm2, 2.0W/cm2 and 2.5W/cm2. Comparisons of 

the measured viscoelastic moduli at different strain levels showed largely linear behavior. Analysis 

of the apoptosis ratio of different power density showed to be closely related to the mechanical 

properties of the tissue. 

4.1 Viscoelastic properties of the treated cancer tissues 

Studies have already shown that mechanical properties could be used to distinguish normal 

and cancer tissues [23, 28, 37-39]. Most of the studies investigated the elastic properties of the 

human breast cancer tissue.  Although clinically relevant, it is hard to carry out systematic 

treatment evaluations. In this animal-based study, we characterized and compared the 

viscoelastic properties of the breast cancer tissue after laser treatment.  Although LITT has 

emerged as an effective tool, limited studies have been carried out with respect to its treatment 

evaluation. We found that after thermotherapy, the elastic properties of the tissues were within 

the range of the previous results.  

 For 𝐺0 and 𝐺∞ values, no significant differences were observed across the strain levels of 

4%-10%. The only 3 cases that had significant differences were related with 2% indentation. This 

showed that the LITT treated breast cancer tissue had strain-independent properties for the short-

term and long-term responses. This is similar to that of the tissues without LITT. These strain-
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independent properties indicate that the breast cancer tissue after LITT treatment could be 

modeled and measured for in vivo measurements such as MR elastography [28, 40]. In fact, our 

results provide the first ex vivo measurements to support the linear viscoelastic assumptions of 

the breast cancer tissue after LITT.  

Pre-applied stress or strain could affect the measured properties of the breast cancer tissue 

[21, 24]. This nonlinear behavior of the breast cancer tissue is similar to many other biological 

tissues in the large strain regime [35, 41]. In this study, we did not observe an apparent increase 

of the 𝐺0 and 𝐺∞ values for the treated tissues as the strain level increased. This showed that the 

treated tissues did not have a larger nonlinear behavior as the untreated tissues. The variations 

of the relaxation time of the treated tissues also indicate that the time-domain nonlinear effect is 

also needed for viscoelastic modeling of the cancer tissue.  

4.2 Treatment evaluations  

Commonly used treatment evaluation methods for the treatment of breast cancer such as 

measurement of tumour size, checking metastasis state could only provide qualitative estimate.  

We showed that biomechanical properties of the treated breast cancer tissue are closely related 

to the power density applied and the cancer cell apoptosis. These results could be used for 

imaging methods such as MRE for in vivo treatment evaluation. In fact, elastography method 

using ultrasound has been used to assess the relative change of the tumor stiffness to predict the 

early treatment response to chemotherapy [42].  In addition, unlike the ex vivo testing methods 

such as TUNEL stain that takes days of work to be fixed, stained, and observed, biomechanical 

characterization methods provide a potentially more efficient and convenient alternative. 

As the power density value increased, the 𝐺0 value of the treated tumor tissue decreased 

compared to the untreated tissue. The treated tumor tissues were significantly stiffer than the 

normal tissues with 1.5W/cm2 laser irradiation, but became significantly softer with 2.5W/cm2. The 

transition 2.0W/cm2 showed no significant differences between the treated and untreated tissues.  
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This tissue level biomechanical feature is consistent with the TUNEL observation with the cell 

apoptosis increased with the power densities applied. Since the tumor tissue is stiffer than the 

normal tissue in its natural state, these results indicate that LITT with 1.5W/cm2 did not introduce 

much treatment effect while the LITT with 2.5W/cm2 induced large enough apoptosis for the tissue 

level changes. Studies have shown that extra cellular matrix (ECM) plays a key role in determining 

the tissue stiffness [43]. Therefore, we postulate that the application of LITT not only induced the 

apoptosis of the cancer cells, but also destroyed the ECM structures of the tissue. 

Significant differences in the long-term shear modulus 𝐺∞  were only observed at the 

1.5W/cm2. However, only the tissues after LITT with 2.5W/cm2 showed to have significant different 

60% relaxation time. This indicates that the apoptosis of the cancer cells did not contribute to the 

long-term elastic behavior as much as the short-term behavior. The larger relaxation time, 

especially for the 2.5W/cm2 group, also showed that the tissue tends to take a longer time to 

recover, which is another indication of the ECM damage by LITT. 

4.3 Limitations and future studies 

Factors, such as tumor growth, sample moisture and tissue homogeneity, could contribute 

to the experimental errors. For the untreated tumor tissues, tissue was not checked for necrosis, 

which may influence the tissue properties. In addition, TUNEL stain may suffer from FOV 

selections deviated from the actual treated region or selection of necrosis areas. Future studies 

include investigation of the ECM in the breast cancer tissue after treatment, and 

mechanotransduction studies of the cancer tissues. 

 

5 Conclusions 

Viscoelastic properties of the breast cancer tissue treated by LITT were measured using a 

custom-built indentation device. Comparisons between the short-term shear moduli 𝐺0 based on 

a 2-term Prony series showed they had significant values in distinguishing treated and untreated 
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tumor tissues for the power densities of 1.5 W/cm2 and 2.5 W/cm2. The ratios of 𝐺0 between the 

treated and untreated tumor tissues also showed significant differences between the 2.5 W/cm2 

group and the other two power density groups. The long-term shear moduli 𝐺∞ also showed 

significant differences to distinguish the treated and untreated tumor tissues for the 1.5 W/cm2 

group, and the corresponding ratios to distinguish the treatment of 2.5 W/cm2 vs. 2.0 W/cm2. 

Analysis with estimates of cell apoptosis indicated that the degenerations of the tumor cells could 

contribute to the short-term biomechanical responses of the cancer tissue.  In addition, for both 

shear moduli, strain-independent behaviors were observed for the treated cancer tissues. This 

indicates that in vivo imaging methods such as MRE could also be used to measure the treated 

breast cancer tissues. These results provide insights into the biomechanical responses of the 

breast cancer tissue after LITT, which is helpful for modeling the treatment procedure in the tissue 

level. Results also indicate that the viscoelastic properties could potentially serve as biomarkers 

for treatment evaluation. The measured parameters could also help validating and improving 

image-based elastography method such MRE for treatment evaluation. 
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Figure 1. Mouse and schematic diagram of irradiation and indentation test.  

Figure 2. Temperature curve and Laser photothermal imaging. 

Figure 3. Typical experimental and fitted curves. 

Figure 4. Comparisons of the treated and untreated tissues in terms of power density. 

Figure 5. Comparisons of ratio from dividing the modulus of the treated tissue with that of the 

untreated tissue. 

Figure 6. TUNEL staining and apoptosis calculation. 

Figure 7. Comparisions of relaxation time of the treated and untreated tumor tissues. 
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Figure 1.(a) Two solid tumors (red arrows) implanted on both sides of the rear leg of a mouse 
after injection of 4T1 cancer cells subcutaneously. (b) Irradiation of the implanted tumor with an 
808 nm laser. (c) A tissue sample of solid tumor dissected for measurements. (d) Indentation of 
a tissue sample with a cylindrically shaped indenter. 
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Figure 2. (a) Distributions of the mouse body temperature during photothermal imaging. The 
highest temperature was observed at the tumor site after 10 min of LITT with a power density of 
2.5 W/cm2. (b) The temperature of the treated tumor over time under power densities of 1.5 
W/cm2, 2.0 W/cm2, and 2.5 W/cm2. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

20 

 

Figure 3. (a) Typical experimental and fitted force-displacement curves for indentation strain 
levels of 2%, 4%, 6%, 8%, and 10%. The R2 values of the fittings were 0.99 for all cases. (b) A 
typical average force relaxation curve of 6 tumor samples with an indentation strain level of 6% 
(1.5W/cm2). The shaded area indicates the standard deviation of the measured relaxation 
curves . 
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Figure 4.Comparisons of the treated and untreated cancer tissues in terms of (a, c, e) 

instantaneous shear modulus 𝐺0, and (b, d, f) long-term shear modulus 𝐺∞ (mean±95% 

confidence interval). The power density applied were (a, b) 1.5 W/cm2, (c, d) 2.0 W/cm2, and (e, 
f) 2.5 W/cm2. 
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Figure 5. Ratios of (a) 𝑮𝟎 and (b) 𝑮∞ values at each indentation strain level for the three 

irradiation power densities (mean±95% confidence interval). The ratio was defined by dividing 

the modulus of the treated tissue with that of the untreated tissue. 
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Figure 6. Relaxation time of the treated and untreated tumor tissues for the power density groups 

of (a) 1.5 W/cm2, (b) 2.0 W/cm2, and (c) 2.5 W/cm2. The relaxation time was estimated based on 

the 60% relaxation of the average indentation force.  
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Figure 7. TUNEL stain using 400x microscopy for (a, c, e) the treated tumor tissues and (b, d, f) 

the corresponding labeled live and apoptosis cells.  The normal tumor cells were labeled with 

green color and the apoptosis cells were labeled with red color. Power densities of (a, b) 1.5 

W/cm2, (c, d) 2.0 W/cm2, and (e, f) 2.5 W/cm2 are illustrated. 
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Table 1. Viscoelastic properties of the breast cancer tissue from 1.5W/cm2 untreated and 
treated groups with 95% confidence intervals. 

 
Indentation 

strain 
G∞ (kPa) C1 (kPa) C2 (kPa) τ1 (s) τ2 (s) G0 (kPa) R2 

U
n

tr
e

a
te

d
 

2% 0.26±0.09 0.93±0.31 0.59±0.20 1.72±0.44 55.98±12.30 1.78±0.58 0.98 

4% 0.46±0.16 0.69±0.19 0.34±0.12 1.87±0.54 54.12±8.54 1.49±0.45 0.98 

6% 0.55±0.20 0.66±0.17 0.32±0.11 2.16±0.47 49.63±9.73 1.53±0.43 0.98 

8% 0.52±0.15 0.61±0.18 0.28±0.08 2.89±0.77 69.91±27.34 1.41±0.36 0.98 

10% 0.56±0.15 0.55±0.17 0.42±0.19 9.77±12.06 43.00±16.65 1.53±0.40 0.98 

T
re

a
te

d
 

2% 0.47±0.27 1.90±0.94 0.95±0.44 1.18±0.76 59.03±16.10 3.32±1.60 0.97 

4% 0.77±0.30 1.04±0.50 0.62±0.18 11.29±16.20 56.77±22.32 2.42±0.87 0.98 

6% 0.87±0.27 0.98±0.43 0.50±0.20 2.46±0.57 59.70±7.33 2.35±0.85 0.99 

8% 0.90±0.29 0.90±0.27 0.48±0.20 2.88±0.48 59.75±2.76 2.27±0.75 0.99 

10% 0.91±0.26 0.86±0.34 0.53±0.19 11.70±16.04 50.61±19.34 2.29±0.61 0.98 
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Table 2.  Viscoelastic properties of the breast cancer tissue from 2.0W/cm2 untreated and 

treated groups with 95% confidence intervals. 

 
Indentation 

strain 
G∞ (kPa) C1 (kPa) C2 (kPa) τ1 (s) τ2 (s) G0 (kPa) R2 

U
n

tr
e

a
te

d
 

2% 0.38±0.21 1.60±1.29 0.55±0.11 1.54±0.67 64.54±13.43 2.53±1.40 0.98 

4% 0.73±0.26 0.84±0.17 0.40±0.12 1.96±0.19 52.67±2.85 1.97±0.53 0.98 

6% 0.79±0.34 0.66±0.19 0.36±0.11 2.78±0.30 58.22±4.69 1.82±0.62 0.99 

8% 0.81±0.37 0.63±0.22 0.40±0.14 13.36±18.65 52.27±18.56 1.84±0.63 0.98 

10% 0.78±0.39 0.59±0.24 0.40±0.16 12.85±16.72 55.95±19.90 1.78±0.70 0.99 

T
re

a
te

d
 

2% 0.44±0.21 1.23±0.72 0.70±0.25 10.49±16.58 55.78±24.78 2.36±1.15 0.98 

4% 0.78±0.21 0.90±0.35 0.50±0.13 2.23±0.76 60.51±9.67 2.18±0.65 0.99 

6% 0.97±0.31 0.69±0.19 0.52±0.21 12.23±16.85 53.54±18.85 2.18±0.61 0.99 

8% 1.05±0.34 0.76±0.13 0.42±0.11 3.06±0.62 67.08±2.23 2.22±0.55 0.99 

10% 1.20±0.44 0.71±0.21 0.54±0.19 14.51±19.37 56.53±19.74 2.44±0.77 0.99 
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Table 3.  Viscoelastic properties of the breast cancer tissue from 2.5W/cm2 untreated and 

treated groups with 95% confidence intervals. 

 
Indentation 

strain 
G∞ (kPa) C1 (kPa) C2 (kPa) τ1 (s) τ2 (s) G0 (kPa) R2 

U
n

tr
e

a
te

d
 

2% 0.48±0.13 1.47±0.72 0.76±0.16 2.29±1.03 65.59±11.24 2.71±0.87 0.99 

4% 0.88±0.27 1.09±0.35 0.59±0.19 2.26±0.43 58.93±5.01 2.56±0.80 0.99 

6% 0.94±0.28 1.20±0.48 0.55±0.16 2.01±0.82 52.91±6.74 2.69±0.88 0.98 

8% 1.05±0.38 0.98±0.13 0.51±0.14 2.94±0.76 63.32±2.72 2.54±0.62 0.98 

10% 1.08±0.36 0.88±0.25 0.64±0.17 14.22±19.53 51.06±17.68 2.60±0.70 0.99 

T
re

a
te

d
 

2% 0.52±0.22 0.84±0.11 0.53±0.14 1.67±0.65 58.92±10.88 1.89±0.44 0.98 

4% 0.81±0.27 0.88±0.33 0.41±0.11 1.88±0.32 60.51±10.22 2.10±0.70 0.98 

6% 0.93±0.33 0.69±0.14 0.37±0.12 2.60±0.51 64.66±7.19 1.99±0.57 0.99 

8% 0.96±0.25 0.66±0.13 0.37±0.13 2.64±0.77 64.69±9.51 1.99±0.46 0.99 

10% 1.07±0.35 0.63±0.19 0.45±0.16 11.71±15.31 61.10±21.08 2.16±0.64 0.99 
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Table 4. Relaxation time for 60% of the peak indentation force. 

 Indentation strain 1.5W/cm2 2.0W/cm2 2.5W/cm2 

U
n

tr
e

a
te

d
 

2% 3.02±0.50 3.20±1.90 4.44±1.98 

4% 5.47±2.08 8.25±3.68 6.96±1.05 

6% 7.98±4.30 18.28±13.80 10.55±3.99 

8% 8.65±5.50 21.61±21.34 11.88±7.71 

10% 7.48±3.93 19.50±20.83 11.95±5.67 

T
re

a
te

d
 

2% 2.92±1.51 4.41±1.86 6.41±2.84 

4% 5.29±2.45 12.19±6.25 12.38±3.50 

6% 9.84±2.80 22.43±9.81 22.50±8.77 

8% 10.44±3.34 23.54±15.04 53.67±36.29 

10% 10.97±4.71 29.13±11.17 45.17±25.18 
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Table 5.  Cell apoptosis ratio for each sample with the irradiation power density of 1.5 W/cm2, 

2.0 W/cm2, and 2.5 W/cm2. 

 1.5 W/cm2 2.0 W/cm2 2.5 W/cm2 

 

 

 

Treated 

3% 26% 16% 

0% 30% 25% 

20% 11% 27% 

5% 19% 23% 

30% 16% 7% 

0% 11% 30% 

 

 

 

Untreated 

10% 6% 2% 

0% 0% 0% 

0% 0% 0% 

18% 0% 6% 

0% 12% 2% 

19% 7% 19% 

 


