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Abstract The paper presents a method to use the photothermal phase difference to map metal nanoparticle (NP) reagent with

optical coherence tomography (OCT). The depth-resolved, real-time, and highly localized light-to-heat conversion can be traced by

recording the photothermal phase. For adiabatic absorption, the photothermal phase difference represents the localized light

absorption characteristics of the NPs. In order to prove the effectiveness of our method, we firstly used FD-OCT imaging system to

do agar phantom experiments with different concentrations of NP reagent. The results show that the photothermal phase difference

can be used to distinguish different concentrations of NP reagent in agar model. Subsequently, a 3-month-old male C57BL / 6J

mouse weighing about 25 g was used to verify the feasibility of our method for reconstructing the distribution of NP reagent in

tissues. Before the experiment, 0.12 ml chloral hydrate with a concentration of 0.15 g/ml was used for anesthesia, and then 100 ml

NP solution with a concentration of 60 μg/L was injected into the bladder of mice through a trocar inserted into the urethra. After

about 4 hours, the mouse bladder was used to reconstruct the photothermal image. By analyzing the OCT structural image of mouse

bladder, we can clearly observe two distinguishable layers. The first layer is detrusor and the second layer is muscularis mucosa. The

results are consistent with those reported. In conclusion, we have proved theoretically and experimentally that the distribution of NP

reagent in tissues can be reconstructed by photothermal phase difference. Owing to thermal expansion and thermal refractive index

effect, the photothermal phase difference can produce local temperature changes in the tissue. For adiabatic absorption, the

photothermal phase difference is related to the concentration of NPs. Therefore, it has been used to distinguish different

concentrations of NP in the model and reconstruct the distribution of NP in the bladder of mice.
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Recently, metal nanoparticles (NPs), on account
of their unique optical properties, have attracted
considerable interest in the biomedical field owing to
several applications, such as tumor labels, biological
imaging reagents[1-4]. Complete light energy
absorption can be induced in the NPs by illuminating
them with an excitation laser at a frequency that
matches with their collective plasmon resonance.
Because the metal NPs have a very low optical
quantum yield, the light energy mainly converts into
heat, which simultaneously diffuses to the
surrounding. This heat causes thermal expansion and
thermal refractive index effect. The phase modulation
technique has been demonstrated to map the contrast
between the NP reagents in phantoms or biological

tissues. This results in a change in the optical path and
introduces a photothermal phase for performing
optical coherence tomography (OCT) of the tissues[5].
Fast Fourier transform algorithm was used to obtain
the amplitude of the photothermal vibration excited
by a modulation laser[6-8]. However, the lower
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modulation frequency is required to obtain a high
signal-to-noise ratio and it takes a long acquisition
time. Another disadvantage is that the resolved phase
amplitude depends not only on the heat generation,
which is related to the light absorption, but also on the
heat relaxation, which depends on the ambient
environment. Therefore, it cannot be used to fully
explain the light absorption characteristics of the NP
reagents. In this paper, we propose an approach to
map the NP reagents using the photothermal phase
difference as the image parameter. Compared with the
phase modulation, the proposed new method can
completely determine the light absorption and
accurately map the NP reagents.

1 Materials and methods

When a NP phantom is illuminated by a square
wave excitation laser, the heat energy balance
equation at the illuminated location is expressed as[8-9]:

dΔT
dt = A - BΔT, 0 ≤ t ≤ τ0 (1)

where ΔT is the temperature change at the illuminated
location, A is the rate of energy absorption and
proportional to the concentration of the NP, B is the
rate constant associated with heat loss, t is time, and
τ0 is the illumination duration of the light. Using the
initial condition, ΔT (0) = 0, the general solution of

equation (1) is obtained as:

ΔT ( t ) = AB (1 - e-Bt ), 0 ≤ t ≤ τ0 (2)

Equation (2) shows that the temperature change
depends on the rate of energy absorption A and rate of
heat loss B. For the case of a very short illumination
duration, the exponential term can be approximated
to: e-Bt ≈ 1 - Bt, and the increased temperature can be
represented as ΔT ( t ) = At. It means that the

temperature increases linearly with the illumination
time and the light absorption is an adiabatic process.
For a long illumination time, the exponential term
becomes zero. The temperature reaches the terminal
value ΔT ( t ) = A B and the illuminated location

attains thermal equilibrium.
When the excitation laser is turned off, the

temperature reaches the maximum value ΔT (τ0 ) and A
disappears in equation (1). Thus, the temperature
variation can be acquired from equation (1) as:

ΔT ( t ) = ΔT (τ0 )e-Bt, t > τ0 (3)

Equation (3) shows that the temperature

exponentially decays after the light is turned off. The
heat relaxation depends on B, which is determined by
the environment and not the NPs.

Applying the Fourier-domain OCT (FD-OCT)
detected light to the laser excited location of the NPs,
the depth-resolved interference fringes B ( z,t ) recorded

by a linear charge-coupled device (CCD) can be
written as B ( z,t ) = r0 ( z )cos (2n0k0 z + Δφ ( z,t ) ), where

Δφ ( z,t ) denotes the photothermal phase. This Δφ(z, t)

arises from the thermal expansion and thermal
refractive index effect and is given by[7]:

Δφ ( z,t ) = (2k0L0 dndT + 2k0L0n0 β )ΔT ( z,t ) (4)

where k0 is the wave vector, β is the volumetric

coefficient of expansion, L0 is the initial physical path
length, and n0 is the refractive index. These
parameters can be viewed as constants. Thus, the
temperature variation ΔT ( z,t ) = α0Δφ ( z,t ) is linearly

dependent on the photothermal. If the light absorption
is an adiabatic process, the photothermal phase
linearly increases with the illuminating time. The
depth-resolved A( z ) can be obtained from the

photothermal phase difference using:
A( z ) = α0 [ Δφ ( z,τ0 ) - Δφ ( z,0) ] (5)

where Δφ ( z,τ0 ) is the photothermal phase recorded at

time τ0 and Δφ ( z,0) is the initial phase. Since A( z ) is

related to the depth-resolved NP concentration, it can
be used to map the distribution of the NP reagents[10].

2 Experiment and results

To demonstrate the feasibility of our proposed
theory, we used phantom and mouse bladder for in
vitro imaging of the NP agent. The FD-OCT
experimental system is described as follows: a
superluminescent diode (SLD) was used as the
detected light source with a central wavelength of
1 310 nm and bandwidth of 46 nm. It provided an
axial resolution of 13 µm in air. In the sample arm, the
detected beam and excitation laser with a wavelength
of 808 nm and maximum output power of 400 mW
were combined using a dichroic mirror via an XY pair
of scan mirrors. Here, the beams were focused using a
30 mm focal length achromatic objective lens. The
diameter of the 808 nm beam was ~50 μm at the
focused point. A computer was used to synchronously
control a linear CCD and generate the square wave to
excite the heat laser.

Firstly, we measured the photothermal phase of
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the NP phantom using M-scan to verify equation (4).
The experimental phantom was a mixture of agar
(2%), Au NP particle solution (1% with a
concentration of 40 μg/L), and water (97%). In our
experiment, the acquisition rate of the CCD was set to
8.717 kHz and the total acquired time was 114.7 ms.
The excited laser was delayed by 17.72 ms to be
triggered relative to the start time of the linear CCD.
Figure 1a shows the photothermal phase with an
illumination duration of 35.12 ms. The blue line is the
trigger signal, black line represents the photothermal
phase, and red line shows the fitting profile according
to equation (2) (increased phase part) and equation (3)
(decay phase part). Figure 1a suggests that the
illuminated location attains thermal equilibrium,
according to equation (2) (regarding long illumination
duration). After the light was turned off, the phase
exponentially decays back, as demonstrated by
equation (3). Our results are consistent with the
experimental results reported in [9]. In this study[9], a
thermocouple was used to trace the temperature
change of the NP phantom during the time when the
excited light was turned on and off. The dynamic

evolution of the photothermal phase agreed with the
temperature variation recorded by the thermocouple.
This shows that the photothermal phase is linearly
related to the local temperature change as depicted by
equation (4). Compared with the previously reported
method, our technique can provide a depth-resolved,
real-time (microsecond scale), and highly localized
(micron scale) light-to-heat conversion trace. Figure
1b shows the photothermal phase signal with an
illumination duration of 9.29 ms. The black line
shows the raw data and red line is the fitting profile. It
clearly shows that the photothermal phase increases
linearly with time, as demonstrated in equation (2)
(regarding short illumination duration). The slope of
the photothermal phase is equal to the rate of energy
absorption A. Figure 1b shows that the photothermal
phase can record the adiabatic process. Further, by
comparing the increased phase part with the decay
phase part in figure 1a and 1b, we can find that the
heat relaxation duration was longer than the light
absorption time. Therefore, the phase modulation
amplitude cannot represent the light absorption
characteristics of the NP reagents.

Figure 2 shows the different concentrations of
the NP phantoms using the photothermal phase
difference as the image parameter. Four cylindrical
phantoms with the diameter 1.2 mm were made (agar
(2%), Au NP particle solution (1% with the different
concentrations: no NPs, 20 μg/L, 40 μg/L, and
60 μg/L) and water (97%)). These four phantoms
were placed side by side on a glass plane. The output

power of the excitation laser was 30 mW. At every
acquired position, only the increased part of the phase
was recorded. The total acquired time for the M-scan
was 15.94 ms. The excitation laser was delayed by
4.52 ms to be triggered and the illumination duration
was τ0=11.42 ms. The phantoms were covered with a
mineral oil to avoid water evaporation during the
experiment. Figure 2a shows the OCT structural

Fig. 1 Photothermal phase signal with an illumination duration of 9.29 ms
(a) Blue profile is the trigger signal, black profile is the photothermal phase excited by the light with duration 35.12 ms, and red profile is the fitting

profile based on equation (2) and (3). (b) Black and red profiles are the photothermal phase and their fitting profile excited by the light with duration

9.29 ms, respectively.
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image of the NP phantoms, where NP concentrations
from left to right are 10 μg/L, 20 μg/L, 40 μg/L, and
60 μg/L. No obvious difference in the OCT structural
image is observed. It shows that the NPs do not affect
the light scattered in the phantoms. Figure 2b shows
the photothermal phase difference image of these
phantoms. Different concentrations can be
differentiated and the intensity of the image increased
according to the concentration of the NPs. The
photothermal phase Δφ ( z,τ0 ) is the averaged value

recorded from 14.13 ms to 15.94 ms; the initial phase
Δφ ( z,0) is the averaged value during 4.52 ms before

the excitation laser was triggered. Because the top of
the phantoms were covered by mineral oil, the signal
at the top of the phantoms was weaker than that at the
bottom. The experimental results indicate that the
photothermal phase difference can distinguish amang
the different concentrations of the NP reagents in the
phantoms.

The photothermal phase image of the mouse
bladder is shown in Figure 3. We used a three month
old male C57BL/6J mouse that weighed 23-28 g. It

was anesthetized with 0.12 ml chloral hydrate at a
concentration of 150 g/L. Then, 100 ml NP solution
with 60 μg/L concentration of the NPs were injected

Fig. 2 Comparison of photothermal phase difference images of NP phantoms with different concentrations
(a) OCT structural image of the phantoms with different concentrations (from the left to right: 0 μg/L, 20 μg/L, 40 μg/L, and 60 μg/L). M refers to the

mineral oil layer. (b) Photothermal phase difference image.

Fig. 3 Photothermal image reconstruction of the mouse bladder
(a) Structural image of the mouse bladder; D presents the detrusor muscle of the bladder; M presents the muscularis mucosa of bladder.

(b) Photothermal phase difference image of the mouse bladder.



罗佳雄，等：小鼠膀胱内金属纳米粒子的光热光学相干层析成像2021；48（6） ·719·

into the bladder of mice through a trocar inserted into
the urethra. After 4 hours, the mouse bladder was used
to reconstruct the photothermal image. Figure 3a
shows the OCT structural image of the mouse bladder,
where we can clearly observe two distinguishable
layers. The first layer at the surface is the detrusor
muscle of the bladder; the second layer is the
muscularis mucosa of the bladder. The results agree
with the previous results reported in [11]. Figure 3b
shows the photothermal phase difference image of the
bladder. Compared with the OCT structural image, the
signal of the detrusor muscle layer is stronger than
that of the muscularis mucosa layer. It shows that the
NP was deposited on the detrusor muscle layer. This
result is logical because the muscularis mucosa layer
is close to the urinary tract inside the bladder. Thus,
we can infer that the photothermal phase difference
could be used to map the NP agent distribution in a
tissue.

3 Discussion and conclusion

In conclusion, we theoretically and
experimentally demonstrate the reconstruction of the
NP agent distribution in a tissue using the
photothermal phase difference. Owing to the thermal
expansion and thermal refractive index effect, the
photothermal phase can yield the local temperature
variation in a tissue. For adiabatic absorption, the
photothermal phase difference is related to the
concentration of NPs, and was thus, used to image the
concentration of NPs in the phantoms and NP agent
distribution in the mouse bladder. In addition, the
imaging is limited by the thickness of the sample. In
this paper, the reconstruction of NP agent distribution
in the mouse bladder can meet the requirements of
thickness for imaging system.
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小鼠膀胱内金属纳米粒子的光热
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摘要 本文提出了一种利用光热相差对金属纳米粒子（NP）试剂进行光学相干层析成像（OCT）的方法 . 通过记录光热相

位，可以跟踪深度可分辨、实时和高度局部化的光热转换 . 对于绝热吸收，光热相差代表了NP的局部光吸收特性 . 为了验

证该方法的有效性，我们首先利用FD-OCT成像系统对不同浓度的NP试剂进行了琼脂体模实验 . 结果表明，光热相位差可

以用来区分琼脂体模中不同浓度的NP试剂 . 随后，一只体重约为25 g的3月龄雄性C57BL/6J小鼠被用来验证在组织中重建

NP试剂分布方法的可行性 . 实验前先使用0.12 ml浓度为0.15 g/ml的水合氯醛麻醉，然后通过插入尿道的套管针将100 ml浓

度为60 μg/L的NP试剂注入小鼠膀胱内 . 大约4 h后，用小鼠膀胱重建光热图像 . 通过分析小鼠膀胱的OCT结构图像，可以

清晰地观察到两个可分辨的层 . 第一层为逼尿肌，第二层为黏膜肌层 . 总之，我们从理论和实验证明了利用光热相差可以重

建NP试剂在组织中的分布 . 由于热膨胀和热折射率效应，光热相差会引起组织局部温度的变化 . 对于绝热吸收，光热相差

与NP试剂的浓度有关 . 因此，该方法可用于区分模型中不同浓度的NP试剂，并重建NP试剂在小鼠膀胱中的分布 .

关键词 光热相差，纳米粒子剂，光学相干层析成像，绝热吸收
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