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초록: 본 연구는 피부조직을 모방한 아크릴아마이드 기반 팬텀을 사용하여 광열치료에서 근적외선 빛이 얼마나 깊이             

투과하는지를 평가하였다. 인도시아닌그린, IR788, PA2, 금 나노 막대와 같은 다양한 광열제를 팬텀에 첨가하였다.            

근적외선 레이저 조사하에서 광열제의 온도 변화를 다양한 팬텀 뚜껑의 높이에 따라 측정하였으며, 이에 따라 온도              

감소는 뚜껑의 두께와 비례한다는 결과를 얻었다. 또한 온도변화와 투과율이 직접적으로 관련이 있었으며, Pearson            

상관계수 또한 높은 값을 가졌다. 광열제의 광열 전환 효율을 계산하였고, 그 중 금 나노 막대가 팬텀에서 근적외선                

레이저 조사로부터 가장 에너지 흡수율이 높았다.  이 결과로부터 아크릴아마이드 기반 팬텀은 조직 조건하에서의            

광열치료에서 광열제의 성능을 연구하기 위한 중요한 플랫폼을 제공할 수 있을 것이라 기대한다. 

Abstract: This study evaluated how deeply near-infrared light (NIR) can penetrate skin tissue in photothermal therapy 

(PTT) using an acrylamide-based phantom that mimics skin tissue. We loaded the phantom with varied photothermal 

agents (PTAs) such as indocyanine green (ICG), IR788, PA2, and gold nanorod (AuNR). The temperature change of the 

PTAs under a NIR laser irradiation was assessed at different phantom lid thicknesses, resulting in temperature drop is pro-

portional to lid-thickness. Moreover, Pearson's correlation coefficient indicated that the temperature change and trans-

mittance were directly related, having high values. The trends observed in the study were consistent with the respective 

photothermal conversion efficiency values of the PTAs. The results suggest that AuNR is superior to ICG and IR788-

sIPN as a PTA for absorbing energy from laser irradiation in the phantom. The acrylamide-based phantom provides a 

valuable platform for further research into the performance of PTAs for PTT under tissue conditions.

Keywords: phantom, photothermal therapy, near-infrared, indocyanine green, gold nanorod.

Introduction

Photothermal therapy (PTT), which involves the energy 

conversion of near-infrared (NIR) electromagnetic wave into 

heat, can induce local tumor ablation through hyperthermia 

phenomena.1,2 This method has been observed to bring about 

tumor cell death by destroying the cell membrane and dena-

turing proteins.3,4 Maintaining hyperthermia, which involves 

raising the temperature of the tumor site to over 50 ℃, has    

been shown to promote these effects.5,6 PTT offers a distinct 

advantage over other therapeutic methods, such as surgery, 
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chemotherapy, and radiotherapy, as it allows for the localized 

exposure of a tumor area under an NIR laser, thereby reduc-

ing side effects.7-9 More often, PTT can be used for the treat-

ment of skin cancer, including melanoma and carcinoma.10

However, its efficacy is limited when dealing with tumors 

deeply located beneath skin tissue due to the significant weak-

ening of NIR light penetration caused by hemoglobin, water, 

and melanin.11,12 Moreover, the effective penetration depth of 

PTT is restricted to only few millimeters under the surface of 

the skin tissue owing to scattering by substances within the 

skin tissue.13 Therefore, it is necessary to develop tissue-like 

phantoms to establish and refine quantitative details prior to 

in vivo testing or clinical trials.

Photothermal agents (PTAs) are used to mediate PTT for 

the thermal ablation of cancer, and can be classified into two 

categories: organic and inorganic materials.14 Examples of 

organic PTAs include indocyanine green (ICG) and IR780.15

In contrast, inorganic PTAs include gold nanorods (AuNRs), 

silver nanoparticles, and carbon nanotubes, which exhibit strong 

absorption of NIR light corresponding to NIR laser irra-

diation.16-18 However, the use of organic and inorganic com-

pounds as PTAs is limited by their poor water solubility and 

rapid elimination from the body.19 To overcome these limitations, 

it is necessary to encapsulate the PTAs inside nanoparticles to 

improve their solubility and stability.20-22

Tissue-like phantoms are a valuable tool for predicting the 

thermal response of tissue upon exposure to NIR laser, as 

they offer a means to understand the propagation and absorp-

tion of light and subsequent rise in tissue temperature.23 Liq-

uid tissue-like phantoms are widely used for this purpose, as 

they are flexible, easy to fabricate and offer adjustable optical 

properties by controlling the mixing ratio of the absorber 

(e.g., India ink, Evans blue, and Naphthol Green) and scat-

tering agent (e.g., Intralipid, Liposyn, and polystyrene micro-

spheres) in the phantom solution.24-26

Although various materials have been used to prepare 

phantoms that mimic the scattering properties of biological 

tissue, Intralipids have been frequently used due to their ease 

of handling and low cost.27 Polyacrylamide-based phantoms 

are stable at 60 ℃ and transparent in the NIR region.28,29          

These phantoms can also be mixed with Intralipid to achieve 

the desired optical properties.30 Furthermore, Intralipids are 

turbid and have no strong absorption at visible wavelengths, 

making them well-characterized and extensively studied.31,32 

Therefore, acrylamide-based phantoms with Intralipid have 

scattering coefficients similar to those of biological tissue in 

the NIR and are thus primarily used as tissue-mimicking phan-

tom media.

To achieve successful PTT using PTAs, it is crucial to con-

sider the transmittance and temperature control from the skin 

surface to the deep tissue when exposed to a NIR laser. 

Therefore, it is essential to study the correlation between the 

transmittance of near-infrared wavelengths and temperature 

in a turbid medium exposed to NIR lasers. By understanding 

the relationship between tissue’s optical properties and light 

energy distribution, the temperature distribution can be pre-

dicted, which is critical for effective PTT.33 In particular, the 

temperature rise must be tightly controlled, as excessive heating 

can lead to tissue damage or destruction.34 Therefore, studies 

that investigate the correlation between the optical properties 

of tissue and temperature distribution in a turbid medium are 

crucial for safe and effective PTT.

In this study, we developed a skin tissue-mimetic phantom 

using several PTAs that were loaded and covered with lids 

ranging in thickness from 0 to 3.0 mm. The tissue-like phan-

tom was fabricated with viscoelastic properties comparable to 

those of human skin, making it a suitable platform for deter-

mining the depth of NIR light penetration in PTT (Scheme 1). 

Performance of mostly used PTAs within the platform was 

then evaluated with experimental data and statistics, which fur-

ther lead to the creation of a temperature prediction system. 

Our findings demonstrate the significance of utilizing a tissue-

like phantom to assess the effectiveness of PTAs and offer a 

valuable tool for determining the optimal PTA to use in PTT.

Experimental

Materials and Methods. Reagents: N,N,N',N'-tetrameth-    

ylethylenediamine (TEMED, 99.0%), Intralipid (20% emulsion), 

Scheme 1. Schematic illustration for measurement of near-infrared 

(NIR) penetration depth and photothermal efficiency of photothermal

agents using an IR thermal sensor in tissue-mimicking phantoms.
 Polym. Korea, Vol. 47, No. 5, 2023
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ammonium persulfate (APS), Pluronic F127 (Mn 12600), and 

pentaerythritol tetraacrylate (PETA) were obtained from Sigma 

Aldrich (MO, USA), while acrylamide/bis-acrylamide solution 

(AM solution, 19:1, 30%) was acquired from BioRad (CA, 

USA). ICG was purchased from Tokyo Chemical Industry 

(Tokyo, Japan), and Lumogen® IR788 was generously offered 

by BASF AG (Germany). All aqueous solutions were purified 

using ultra-pure deionized water (DW) obtained from a Mil-

lipore system (≥18 MΩ, Milli-Q, Millipore, Germany).

Fabrication of Phantom. The fabrication of acrylamide      

phantom followed the method described with a slight mod-

ification in composition and scale.26 To prepare the pre-gel 

solution, Intralipid-10% (0.66 mL), 10% APS (0.098 mL), 

DW (7.2 mL), and TEMED (0.068 mL) were added to the AM 

solution (7.0 mL). The resulting mixture was gently vortexed 

and poured into a well template, allowing it to gel for 2 h. 

Upon its removal from the mold, the phantom was washed 

with DW and then four PTAs were separately loaded into the 

wells. The lids varying in six thickness was fabricated using 

the same method with spacers and glass plates.

Preparation of Photothermal Agents. AuNR and PA2 were       

synthesized using previously reported methods.35,36 The IR788-

sIPNs and PA2-sIPNs were prepared following the protocol 

described in our published reports.21,22 In brief, F127 (0.5 g) 

and IR788 or PA2 (3 wt% ratios of F127) were dissolved in 

chloroform in a glass vial, and PETA (2.5 wt% ratios of F127) 

was dissolved in chloroform in a separate glass vial. After 

complete evaporation of organic solvents using a rotary evap-

orator, an F127-dye film, and a PETA film were obtained. The 

F127-dye film was hydrated by adding 4.5 mL of DW to the 

vial, followed by stirring at 24 ℃ using an orbital shaker (200           

rpm, 12 h). The F127-dye solution was then transferred to the 

PETA-filmed vial and stirred for another 12 h. The vial was 

filled with argon gas and heated at 60 ℃ for 10 min. Sub-            

sequently, a cover glass was placed over the vial, which was 

exposed to UV radiation from a Lumen Dynamic Omnicure 

series 200 UV lamp with a 320-500 nm filter at a power of 1.5 

W/cm2 at 50 ℃ for 6 min to crosslink the F127 micelle core.            

Finally, the UV-exposed solution was slowly cooled down at 

24 ℃ and filtered using a 0.2 μm Minister® syringe filter (Sar-           

torius Stedim, France) to remove residual PETA and free dyes. 

Viscoelasticity Characterization of Phantom. The rhe-     

ological properties were measured using an ARES-G2 rhe-

ometer (TA Instruments, USA) with a 25 mm stainless-steel 

parallel-plate geometry and advanced Peltier system for con-

trolled temperature. To prevent the slip during the test, sample 

was loaded as solution and then the sample became gel in the 

geometry. Strain sweep test was carried out to check the linear 

viscoelastic (LVE) regime at a frequency of 1 rad/s and tem-

perature of 25 ℃. Frequency sweep test was carried out at a     

fixed strain amplitude of 0.005 (0.5%) within LVE regime and 

temperature of 25 ℃, and frequencies from 0.1 to 100 rad/s.     

The transmittance and absorption spectra were measured using 

a spectramax M2 spectrophotometer (Molecular Devices, CA, 

USA).

Temperature Measurement in Phantom Gels Under     

NIR Laser Irradiation. To evaluate the photothermal effect     

of ICG, IR788-sIPN, and AuNR, the substances were diluted 

to appropriate concentrations to achieve a maximum tem-

perature of 60 ℃ upon exposure to an 808 nm laser (Chang-     

chun New Industries Optoelectronics Technology Co., Ltd. 

Jilin, China) at a power density of 1.5 W/cm2 for 5 min. Sub-

sequently, 100 μL of a 2 mg/mL ICG solution, 3% IR788-

sIPN (diluted 2-fold), and AuNR were added to the phantom 

well and exposed to an 808 nm laser (1.5 W/cm2, 5 min). 

During this process, temperature changes were monitored 

every 5 s using a previously reported AMG8833 device.37

Results and Discussion

Characterization of Acrylamide-Based Phantom. The    

rheological properties of the acrylamide-based phantom were 

evaluated to determine its similarity to human skin tissue. From 

frequency sweep test, the storage modulus (G') of the phantom 

gels show plateau and are much larger than loss modulus (G'') 

at entire frequency range (see Figure 1(a)). The G'' are not 

measured due to too low a value at low frequency ranges). As 

results, tan δ (≡G''/G') was very low value (<<10-2). This fre-

quency independence of storage modulus and low tan δ value 

indicate that the phantom gel is elastic materials like rubber or 

elastomer. The storage modulus of the phantom was measured 

at different angular frequencies. The storage modulus of the 

phantom was found to be 52.2 kPa, which is comparable to the 

measured value of 56 kPa for human dermis in skin tissue (7% 

error rate). These findings indicate that the phantom closely 

mimics the physical properties of human skin tissue, which is 

vital for accurately assessing the effectiveness of PTT.

Figure 1(b) shows the optical characteristics of the phantom 

lid with varying thicknesses. The transmittance of visible-near 

infrared (vis-NIR) light within the wavelength range of 400- 

900 nm was observed to vary in relation to the thickness of 

the lid. The 808 nm wavelength laser is widely utilized in 
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PTT due to its favorable properties. It is worth noting that the 

mean transmittance at 808 nm decreases with an increase in 

lid thickness. Specifically, at a lid thickness of 0.75 mm, the 

mean transmittance reduces to 39.05%, while at a lid thick-

ness of 2 mm, the mean transmittance is less than 10% (Fig-

ure S1). These results indicate that the lid thickness has a 

significant effect on the penetration of NIR light and could 

affect the photothermal conversion efficiency (PCE) of PTAs 

in the phantom. 

Optical Properties of Photothermal Agents. The optical      

properties of organic and inorganic PTAs were first evaluated. 

ICG (Figure 2(a)), IR788 (Figure 2(b)), and PA2 (Figure 2(c)) 

are organic photothermal materials that belong to the class of 

heptamethine cyanine dyes, while 44.9 ± 10 × 10 ± 1.6 nm 

(length × width) AuNR (Figure S2) is an inorganic photo-

thermal material that is also widely used in various appli-

cations.38,39 IR788 and PA2 were loaded into F127-sIPN owing 

to poor solubility in aqueous solution, while ICG and AuNR 

showed good dispersity in water. Then we analyzed the absor-

bance of PTAs using a Vis-NIR spectrophotometer (Figure 

2(d)). ICG, IR788-sIPN, and AuNR show strong absorption in 

the NIR range of 750-900 nm. Interestingly, it was observed 

that the absorption spectrum of PA2, following its loading into 

F127-sIPN to enhance its aqueous solubility, exhibited a blue 

shift, and the marked absorption band around 808 nm was 

absent. Consequently, ICG, IR788-sIPN, and AuNR remarkably 

increase optical absorption in the NIR region, which proves 

the role of photothermal agents for NIR-induced photothermal 

therapy.

Temperature Changes Under Exposed NIR Laser. Fol-     

lowing confirmation of the strong absorption of the PTAs at 

around 800 nm, we proceeded to investigate their photothermal 

effect under subsequent 808 nm laser irradiation at a power 

density of 1.5 W/cm2 for a duration of 300 s. The NIR laser 

was pointed to the phantom, which was positioned at a dis-

tance of 10 mm within a well size of 7 mm. Temperature 

changes were monitored on the side of the phantom using an 

IR-sensored device for continuous temperature recording (Fig-

Figure 1. Physical properties of acrylamide-based phantom: (a) storage modulus (G'), loss modulus (G''), and tan (δ) value of phantom as 

a function of frequency; (b) Visible-near infrared (vis-NIR) transmittance spectra at various thickness of phantom lid (0.75, 1.0, 1.5, 2.0, 2.5, 

and 3.0 mm, respectively).

Figure 2. Chemical structure of (a) ICG; (b) PA2; (c) IR788; (d) Vis-NIR absorbance spectra of ICG, IR788-sIPN, AuNR, and PA2-sIPN 

solutions.
 Polym. Korea, Vol. 47, No. 5, 2023
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ure S3). ICG, IR788-sIPN, and AuNR exhibited a rapid tem-

perature increase until 100 s, with the maximum temperature 

being reached at approximately 300 s under 808 nm laser irra-

diation (Figure S4). Under 808 nm laser irradiation for a dura-

tion of 300 s, ICG, IR788-sIPN, and AuNR achieved their 

maximum temperatures of approximately 60 ℃, while water       

heated to 39.9 ℃ (Figure S5). We also investigated the effect          

of lid thickness on the temperature changes, with a linear 

decrease observed as the thickness of the lid increased (Figure 

S6). Notably, when the thickness of the lid reached 3.0 mm, 

the highest temperatures attained by ICG, IR788-sIPN, and 

AuNR were 44.2, 40.2, and 42.0 ℃, respectively, which closely         

approximates the temperature of water at 39 ℃ (Figure S7A).         

This could be attributed to the NIR light exhibited a substantial 

degree of scattering at this thickness. Consequently, a sig-

nificant reduction in transmittance occurred, impeding any fur-

ther increase in temperature. We also evaluated whether PA2-

sIPN could raise the temperature under NIR laser exposure, 

despite its low absorption at 808 nm. However, the temperature 

of PA2-sIPN under NIR laser irradiation did not rise sig-

nificantly, remaining at 37.80 ℃, which is similar to that of          

water (Figure S7(a) and (b)). Thus, ICG, IR788-sIPN, and 

AuNR can be heated up to above 50 ℃, the temperature          

required for PTT under NIR laser, in the skin tissue-mimetic 

phantom with lid thickness of up to 1.5 mm (Figure 3(a) to (c)).

Correlation Between Transmittance and Temperature.    

To assess the impact of the acrylamide phantom gel platform 

on the performance of PTAs, we conducted a comparison of 

the phantom’s transmittance at 808 nm wavelength and the 

temperature change of the PTAs at different lid thicknesses. 

These values were expressed as percentages, with a maximum 

value of 100% represents the phantom’s transmittance and 

the temperature change of the PTAs at a thickness of 0 mm 

(without lid). The latter expressed using the variable %ΔT, 

which is defined as:

(1)

Where T  d
max and T  d

start  represent the maximum temperature 

of PTA and starting temperature of PTA during irradiation at 

a lid thickness of d, respectively, while T 0 the maximum or 

starting temperature of PTA at a lid thickness of 0 mm. We used 

this variable to calculate the Pearson correlation coefficient (r) 

for each PTA in order to quantify the relationship between tem-

perature change and transmittance at various lid thicknesses, as 

shown in the following equation:

(2)

Here, the subscript i denote individual sample points, while 

the variable with a bar accents represents the sample mean. 

Table 1 shows that all PTAs had a correlation coefficient of 

>0.89, indicating a strong direct relationship between tem-

perature change and transmittance. Among the PTAs tested, 

IR788-sIPN exhibited the highest correlation coefficient, which 

%ΔT
Tmax

d
Tstart

d
–

Tmax

0
Tstart

0
–

------------------------ 100%×=

r
%ΔTi %ΔT–( )∑ %Transmi %Transm–( )

%ΔTi %ΔT–( )
2
%Transmi %Transm–( )

2

∑

------------------------------------------------------------------------------------------------------------=

Figure 3. The temperature of (a) ICG; (b) IR788-sIPN; (c) AuNR with different thickness of the lid under 808 nm laser irradiation at 300 s.

Table 1. Correlation Coefficient, Linear Fitting Parameter Values, 

and Lid Thickness for 50 ℃ of Each PTA

Contents r
Slope
(a)

Intercept
(b)

Lida

(mm)

ΔT ICG 0.89 -0.0783 8.184 2.1

ΔT IR788-sIPN 0.98 -0.0637 6.355 1.7

ΔT AuNR 0.93 -0.0820 7.868 1.9

aThickness values reaching 50 ℃ for each PTA were calculated by    

fitting the experimental data.
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was the closest to 1, indicating that IR788-sIPN behaves sim-

ilarly to transmittance in the phantom platform and has almost 

the same rate of a temperature change.

To further investigate the behavior of %transmittance and 

%ΔT in a phantom system with increasing lid thickness, we 

created Figure S8 and S9. Interestingly, both parameters exhibit 

a negative correlation with the thickness of the lid. This sug-

gests that a thicker lid hinders the penetration of the light 

source, thereby reducing the amount of transmitted and absorbed 

light by the PTA, leading to the lower temperatures. These 

findings are consistent with the PCE values of each PTA 

(Table S1). It is important to note that for %ΔT, since the 

mathematical model used to compare the results takes into 

account the presence of the lid, Figure S9 starts at a thickness 

of 0.75 mm.

In this acrylamide phantom platform, we found out that lid 

thickness exhibits an exponential relation with %transmittance, 

while %ΔT, for all PTAs has a linear relationship with lid thick-

ness. By fitting equations to both graphs (see supplementary 

information for detailed formulation), we can express the rela-

tionship between temperature change and transmittance suing 

following equation:

(3)

With aPTA and bPTA represent the slope and intercept of each 

PTA, respectively, and can be found in Table 1. The equation 

shows that %transmittance and %ΔT are related exponentially, 

allowing for the prediction of how the temperature of a PTA 

would behave against transmittance within an acrylamide 

phantom platform with varying lid thickness under 808 nm 

laser irradiation. Higher values of aPTA and bPTA lead to higher 

%ΔT, indicating that PTAs will lose less heat as the lid thickens, 

compared to PTAs with lower aPTA and bPTA values. An excel 

file containing this prediction system is available in supple-

mentary information for quick estimation in terms of PTAs, 

initial temperature, and penetration depth.

Conclusions

In conclusion, acrylamide-based phantoms that mimic the 

viscoelasticity and optical property of skin tissue are effective 

tools for studying the penetration depth of NIR light in PTT. 

Since the phantom contains an opaque Intralipid, the thickness 

of the lid affects the transmittance of NIR light, with the quan-

tity of transmittance decreasing as the lid thickness increases. 

By appropriately diluting organic (ICG, IR788, PA2) or inor-

ganic (AuNR) PTAs, we were able to achieve the initial tem-

perature of 60 ℃ upon exposure to an NIR laser, allowing us    

to evaluate the temperature change caused by varying lid thick-

ness. Our results demonstrate that these PTAs can attain tem-

peratures above 50 ℃, which is the minimum threshold    

required for effective PTT, in skin tissue-mimicking phantoms 

with lid thicknesses of up to 1.5 mm. Moreover, our data 

reveal a direct exponential relationship between the tempera-

ture change of PTA and transmitted light, as proven by high 

value of Pearson’s correlation coefficient (> 0.89) and rear-

rangement of fitting model equations. Overall, our findings 

provide valuable insights into how popular PTAs behave in tis-

sue-like phantoms, which may ultimately enable the devel-

opment of more potent PTT for various therapeutic applications.
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