
Interstitial photoacoustic technique and computational
simulation for temperature distribution and tissue
optical properties in interstitial laser photothermal

interaction

Zhifang Li*, Haiyu Chen†, Feifan Zhou‡, Hui Li*,§,|| and Wei R. Chen*,‡,¶,||

*College of Photonic and Electronic Engineering, Fujian Normal University
Fujian Provincial Key Laboratory of Photonic Technology

Key Laboratory of Optoelectronic Science and Technology for Medicine
Ministry of Education, Fuzhou, Fujian 350007, P. R. China

†Department of Cardiovascular Surgery, Fujian Provincial Hospital
Fujian Medical University, Fuzhou, Fujian 350000, P. R. China

‡Biophotonics Research Laboratory
Center for Interdisciplinary Biomedical Education and Research
University of Central Oklahoma, Edmond, Oklahoma 73034, USA

§hli@fjnu.edu.cn
¶wchen@uco.edu

Received 2 October 2016
Accepted 19 February 2017
Published 23 March 2017

Interstitial laser immunotherapy (ILIT) is designed to use photothermal and immunological inter-
actions for treatment of metastatic cancers. The photothermal e®ect is crucial in inducing anti-tumor
immune responses in the host. Tissue temperature and tissue optical properties are important factors
in this process. In this study, a device combining interstitial photoacoustic (PA) technique and
interstitial laser photothermal interaction is proposed. Together with computational simulation, this
device was designed to determine temperature distributions and tissue optical properties during laser
treatment. Experiments were performed using ex-vivo porcine liver tissue. Our results demonstrated
that interstitial PA signal amplitude was linearly dependent on tissue temperature in the tempera-
ture ranges of 20–60�C, as well as 65–80�C, with a di®erent slope, due to the change of tissue optical
properties. Using the directly measured temperature in the tissue around the interstitial optical ¯ber
di®usion tip for calibration, the theoretical temperature distribution predicted by the bioheat
equation was used to extract optical properties of tissue. Finally, the three-dimensional temperature
distribution was simulated to guide tumor destruction and immunological stimulation. Thus, this
novel device and method could be used for monitoring and controlling ILIT for cancer treatment.
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1. Introduction

Laser immunotherapy (LIT)1 was developed to treat
late-stage, metastatic cancers through local laser
irradiation and immunological stimulation. LIT has
exhibited great potential both in preclinical stud-
ies2–6 and in preliminary clinical trials.7,8 Interstitial
laser immunotherapy (ILIT) using an interstitial
¯ber with a cylindrical active di®usion tip could be
an attractive alternative approach for deep-seated
tumors and for patients with highly pigmented skins.
In ILIT, the photothermal e®ect induced immune
responses by destroying and interrupting tumor cells
through temperature elevation in target tissue.

Most studies focused on the forward model of
optical-thermal interaction between tissue and
laser.9,10 And temperature distribution in biological
tissues has been of interest in photothermal pro-
cesses. Current noninvasive methods to measure
tissue temperature include infrared thermogra-
phy,11–13 ultrasound thermograph,14 and magnetic
resonance thermometry (MRT).15–17 Infrared ther-
mography could provide sensitive and real-time
detection. However, it can only measure surface
temperature. Ultrasound thermograph could reach
deep tissues, but it had relatively low sensitivity
and accuracy. And temperature measurement based
on water proton resonance frequency (PRF) in
MRT has been used for interstitial laser thera-
py.15,16 MRT provided noninvasive three-dimen-
sional temperature distribution with high
sensitivity. However, it had relatively low temporal
resolution and its cost and complexity severely
limited its practical applications.

Recently, the PA technique has been used to
measure optical properties and temperature distri-
bution in biological tissues. Most of these studies
have focused on temperature measurements with
single-wavelength pulse laser excitation, without
considering the e®ect of temperature changes on
tissue properties.18,19 PA tomography has been ap-
plied for noninvasive temperature measurement,
since the PA signal amplitude is linearly dependent
on temperature in the range from 10�C–55�C.18,20,21

In addition, a dual-wavelength PA technique has
been developed to monitor tissue optical properties
during thermal treatment, based on the observation
that the ratio of PA signals generated by the two
wavelengths is independent of temperature.23 How-
ever, most studies focus only on measured PA signals
in the sample boundary24 with enhanced light

absorption in target tissue.18 The PA response from
tissues far from the boundary or without photo-
absorbers often has low signal intensity.18

Since the photothermal e®ect depends on the
tissue temperature and tissue optical properties, the
temperature distribution and change of optical
properties in tumors need to be simultaneously
monitored, and the laser parameters need to be
controlled accordingly, to optimize ILIT. In our
study, we investigate the temperature distribution
using PA signal and Pennes equation to provide a
feedback to optical-thermal interactions. Interstitial
PA imaging with computational simulation is used
for simultaneous monitoring of temperature and
optical properties during interstitial laser photo-
thermal interaction. In this method, a continuous-
wave laser light and a pulsed laser light were de-
livered to the target area through the same optical
¯ber di®usion tip, for therapeutic photothermal ir-
radiation and temperature measurement, respec-
tively. During the interstitial laser photothermal
interaction, the maximum temperature increase
occurs in the tissue surrounding the cylindrical ac-
tive ¯ber tip, as measured using the PA technique.
In addition, the three-dimensional temperature
distribution in tissue is simulated using the Pennes
heat equation.

2. Methods and Samples

2.1. Experimental setup

The experimental setup for the combined PA
detection and photothermal treatment system was
shown in Fig. 1. The light of a pulsed Nd:YAG laser
(Surelite I-10, Continuum, 810 nm) with an OPO

Fig. 1. Experimental setup. FC: Fiber coupler, F: Fiber, BS:
Beam Splitter, PD: Photodiode, UT: focused ultrasound trans-
ducer, SM: Stepper motor.
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oscillator (Surelite OPO plus) and the light of a
continuous-wave diode laser (ML-4030D, 810 nm)
were converged to a ¯ber coupler (FC) with a core
diameter of 1000�m and delivered to the target
tissue with an active cylindrical di®usion tip of 1.0 cm.

The diode laser with a power of 10W in this
experiment was used to generate heat in target
tissue. Interstitial irradiation by the diode laser
lasted for a duration of 10min. The pulsed laser
light was used to generate PA signals with a repe-
tition frequency of 10Hz and a pulse width of 6 ns.
The pulsed light beam was divided into two beams
by a beam splitter (BS). One beam was received by
a photodiode (PD) and displayed on the oscillo-
scope for calibration. The other beam was directed
to the ¯ber coupler.

Porcine livers were procured from freshly
slaughtered animals in a large slaughterhouse fa-
cility. And ¯ve samples were used for this experi-
ment. The results were expressed by mean and
standard deviation (X�SD). The size of the liver
sample was 4 cm� 4 cm� 1 cm. The sample was
placed at room temperature (22�C). The upper
surface of the sample was coupled with a water bank
by plastic wrap to reduce sound attenuation be-
tween di®erent media (Fig. 1). The depth-resolved
(z axial) photoacousitc signals from the sample were
collected by a focused ultrasound transducer (UT)
(V381, Panametrics) with a center frequency of
3.5MHz. The transducer used has a bandwidth of
0–7MHz, focal length at 3.5MHz of 6 cm, diameter
of 1.9 cm, and focus zone of 3 cm. In addition, the
distance between the sample and transducer was
6 cm. The signals were transmitted to an ultrasonic
ampli¯er (5800 R, Parametric-NDT) and displayed
on a digital oscilloscope (TDS3054C, Tektronix). A
stepper motor (SM) (SC300-2B, Zolix) was used to
accurately control the sample bracket by driving the
electronic translation machine (TSA200-B, Zolix) for
2D scanning of the sample in the x–y plane.

In order to improve scanning speed and signal-to-
noise ratio (SNR), the signals on the digital oscil-
loscope were sampled without averaging and were
analyzed using wavelet.25 In our experimental
setup, the pulsed laser light with a repetition fre-
quency of 10Hz, and scanning step size of 0.1mm
were used to measure PA signal along the ¯ber tip
of 1 cm. It took 10 s to measure the PA signal along
¯ber tip of 1 cm. The axial and lateral spatial res-
olution of PA imaging were 0.3mm and 2mm,
respectively.25

2.2. Single integrating-sphere system
for optical properties of tissue

Tissue optical properties were measured by a single
integrating-sphere system shown in Fig. 2. The
single integrating-sphere system consisted of a laser
(ML-4030D, 810 nm), a light attenuator, a beam
splitter, an optical power meter (Newport, 1918-R),
an integrating sphere (Labsphere, Co. U.S.A.), and
detectors. The diameter of the sphere was 152.4mm.
The diameter of entrance and exit port of the inte-
grating-sphere was 25.4mm, and Si photodiode. The
laser beam passed through light attenuators and
expanded into a collimated laser beam, the diameter
of beam was 10mm. Then light beam passed through
the beam splitter: one beam was detected by optical
power meter and the other beam was perpendicular
to the sample. The single integrating-sphere system
shown in Fig. 2(a) was used for measuring the ab-
sorption coe±cient.26 When the sample was placed
in the exit port, the integrating-sphere was only used
to measure the di®use re°ectance Rd of the sample.
When the sample was placed in the entrance port,
the integrating sphere was only used to measure the
di®use transmittance Td. The di®use re°ectance of
the sample was given by Rd ¼ ðKs

Kp
ÞRr, where Kp is

the di®use re°ection value of the standard target,Ks

is the di®use re°ection value of the sample, and Rr is
the re°ection coe±cient of the standard target. The
di®use transmittance of the sample could be expres-
sed as Td ¼ Is

I0
, where Is is the di®use transmission

value of the sample and I0 is the total transmission
value. The absorption coe±cient �a of the sample
was determined by using Kubelka–Munk theory26

based on the measurement of di®use re°ectance and
transmittance.

�a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � 1

p

2ðxþ 1Þd ln
1�Rdðx� yÞ

Td

� �
;

where x ¼ 1þR2
d þT 2

d =2Rd, y ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 � 1

p
and, d is

the thickness of sample (0.3mm). The attenuation
coe±cient can be measured by the single integrating-
sphere system as shown in the Fig. 2(b). In our ex-
periment, the thickness of sample was 0.01, which
was less than the mean free path. Based on Lam-
bert–Beer law, attenuation coe±cient was given by:

�t ¼ �a þ �s ¼ � 1
dc
lnðIcI Þ, where Ic is the collimat-

ed transmission value of the sample and I was the
initial light intensity. The scattering coe±cient was
�s ¼ �t � �a.

Interstitial photoacoustic technique and computational simulation
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2.3. Theoretical foundation of PA

measurement of tissue temperature

PA detection used a short pulse laser to illuminate
the absorbers in tissues to generate acoustic waves.
The measured PA pressure that satis¯es the tem-
poral stress con¯nement is given by27

P ðzÞ ¼ ��aF ðz; �a; �s; gÞ; ð1Þ
where � is the Grüneisen parameter, �a is the ab-
sorption coe±cient, �s is the scattering coe±cient, g
is the anisotropic factor, F ðz; �a; �s; gÞ is the local
optical °uence, and z is the incident depth, as
shown in Fig. 1.

During interstitial laser irradiation, both tissue
temperature and tissue optical properties can
change due to absorbed light energy. The parameter
� depends on both tissue temperature and tissue
type/status. However, its average value showed no
obvious di®erences whether the tissue is normal or
coagulated.28 Thus, � is only a function of temper-
ature T for most biological tissues.

2.4. Simulation of tissue temperature

distribution

In our study, the continuous-wave laser light emitted
from an interstitial di®usion tip was approximated as

fourth degree polynomial function distributed along
the tip.30 Photon propagation from the source was
described by di®usion approximation9:

�Dr2�ðrÞ þ �a�ðrÞ ¼ sðrÞ; ð2Þ
where � is the light power density (W cm�2Þ, D is the
di®usion coe±cient (cm�1Þ,D ¼ ½3ð�a þ �sð1� gÞ��1,
and s is the source term (W cm�3Þ.

The Pennes bioheat equation was used to simu-
late the temperature ¯elds of tissue10:

� � c � @T ðr; tÞ
@t

¼ r � ½k � rT ðr; tÞ� þ �b � cb � !b � ½Tartðr; tÞ
� T ðr; tÞ� þ Sðr; tÞ; ð3Þ

where T is the temperature [�C], � is the tissue
density [kg cm�3], c is the tissue speci¯c heat
[J kg�1�C�1], k is the tissue thermal conductivity
[W cm�1�C�1], r is the position vector [cm], t is the
time [s], Tart is the temperature of arterial blood
[�C], S is the deposited light power [W cm�3], and
determined by S ¼ �a�ðrÞ � !b is the tissue average
volumetric blood perfusion rate [kg s�1 cm�3], �b is
the density of blood, and cb is the speci¯c heat of
blood [J kg�1 C�1]. For an ex vivo tissue with no
perfusion, b can be assumed to be 0.

(a)

(b)

Fig. 2. Single integrating-sphere system for measurement of (a) absorption coe±cient and (b) attenuation coe±cient.

Z. Li et al.
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The thermal damage in tissue was described by
damage parameter, �, which is dimensionless, ex-
ponentially dependent on temperature, and linearly
dependent on time of exposure.10 The interstitial
laser ablation induced spatial-temporally dynamic
optical properties of tissue, which depended on
damage parameter �.10 Damage parameter � can
be expressed as �ðr; tÞ ¼ R �

0
Ae�Ea=RT ðr;tÞdt, where

A [s�1] is the frequency factor, Ea [J/mole] is the
activation energy, R [J mole�1k�1] is the universal
gas constant, and T ½K] is the temperature. Damage
� is dimensionless, exponentially dependent on tem-
perature, and linearly dependent on time of exposure.

The temperature simulation was performed using
Eqs. (2) and (3), with the tissue optical and thermal
properties given in Tables 1 and 2.

2.5. Fitting optical properties of liver
tissue during laser treatment

To calibrate the PA technique for temperature de-
termination, we used a thermocouple with a needle
probe (core diameter 0.3mm) for direct tempera-
ture measurement. The needle probe was placed
inside the target tissue at a distance of 0.8mm from
the center of the active cylindrical tip (Fig. 3). The
detected super¯cial PA signal approximated the

superposition of the PA signals from the depth of
zero to 0.3mm, since the axial spatial resolution of
PA imaging was 0.3mm. The temperature of tissue
surrounding the ¯ber tip measured by the PA
technique was the same as that measured by the
thermocouple on the opposite side of the ¯ber tip
due to symmetry. Therefore, the directly measured
temperature could be used to calibrate the tem-
perature measured by the PA transducer.

Optical properties (�a and �sÞ of the tissue
during laser irradiation could be extracted by
comparing temperature measurements by the PA
technique inside the laser irradiated tissue with the
simulated temperature distribution from an in-
verse heat transfer analysis (Eq. (3)) using COM-
SOL MULTIPHYSICS. In the simulation, the
¯nite element method has been used to solve the
light and bioheat transfer and their couple inter-
actions. The minimum and maximum mesh sizes
were 0.1mm and 0.2mm, respectively, and time
interval is 1 s. In the light transfer simulation,
initial value was of zero, and boundary condition
satis¯ed Robin boundary.29 In bioheat transfer
simulation, initial room temperature was set at
22�C and boundary was open. In the simulation,
the values of the optical properties (Table 1) cov-
ered the range of the optical properties of native
and coagulated liver tissue (Table 3) measured
by single integration-sphere system. At the two
extreme physiological conditions, the anisotropy
factor for liver tissue remained the same, as shown
in Table 3.

To extract dynamic values of the optical prop-
erties, we used an objective function based on the
least square residual ¯t:

LSQð�a; �sÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPM

i¼1 ½Tpi � Tið�a; �sÞ�2
q

M
; ð4Þ

where M is the total number of measured tem-
peratures along the di®usion ¯ber tip, Tpi and Ti

represent the PA-measured temperature and simu-
lated temperature, respectively, of the tissue in close
vicinity of the di®usion ¯ber tip. During the tem-
perature simulation, the values of the absorption
and scattering coe±cients were adjusted between
that of native and coagulated status. The optical
properties of the tissue under laser irradiation were
determined by minimizing the objective function
LSQ in Eq. (4).

Table 1. Optical properties of porcine liver.

Status
Absorption
coe±cient �a

Scattering
coe±cient �s

Anisotropic
factor (g)

Min value 0.05mm�1 5mm�1 0.93

Max value 0.12mm�1 39mm�1 0.93

Table 2. Thermal and physiological properties of porcine liver.9

� c k A Ea R

Liver tissue 1.05 3.59 0.00566 7.39� 1039 2.577� 105 8.314

Fig. 3. The positions of the needle probe in relationship with
the interstitial ¯ber tip.

Interstitial photoacoustic technique and computational simulation

1750011-5

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
8.

11
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
09

/1
3/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



3. Results

3.1. Correlation between temperature

and PA signal

During laser light exposure, temperatures close to
the active ¯ber tip were measured by thermocouple
and the PA amplitudes at a symmetric position, as
shown in Fig. 4. The correlation curve in Fig. 4
showed three distinct regions. In Region I, the
temperature was linearly proportional to PA am-
plitude from 20.2�C to 60.0�C, with a ¯tting
equation of: T1 ¼ 1:1� PA-30.2. In Region III, the
temperature was also linearly related to PA ampli-
tude range from 65.0�C to 80.8�C, with a ¯tting
equation of: T3 ¼ 2:6� PA-179.6. As shown in
Fig. 4, the thermal process (the linearity of increase)
in Regions I and II are noticeably di®erent, indi-
cating a change of thermal and optical properties of
the tissue. Between 60�C to 65�C there was a
transition region. In Region II, optical properties of
liver tissue began to change. The results in Fig. 4

allowed us to determine tissue temperature based on
PA signals.

3.2. Temperature distribution by PA

measurement and simulation

Figure 5 shows the temperature distributions in ¯ve
tissue samples (four measurements for each sample)
along the active ¯ber tip determined by PA signals
immediately after laser irradiation and by simula-
tion with least square residual ¯t. The objective
function for the simulation using di®erent absorp-
tion and scattering coe±cients was given in Fig. 6
with the minimal objective function at 0.075mm�1

and 13.0mm�1, which were used for the simulation
given in Fig. 5(d). From Table 3, the PA-measured
optical properties were lower than integrating
sphere results may be caused by two mainly rea-
sons. One is that the thickness of sample was much
smaller than the axial resolution of PA system,
when the attenuation coe±cient was measured by
the integrating-sphere system. The other is that the
lasers used were di®erent in the PA system and in
the integrating-sphere system. Although the wave-
length of two laser were the same, the pulse laser
was used in the PA system, and the continuous laser
was employed in the integrating-sphere system. In
addition, the di®usion equation used to describe the
light transfer in tissue was more sensitive to di®u-
sion coe±cient D than scattering coe±cient and
absorption coe±cient.

3.3. Three-dimensional temperature
distribution by simulation

With the absorption and scattering coe±cients
obtained using least square ¯tting (Fig. 6), the
three-dimensional temperature distribution was
simulated using Eq. (3). Figure 7 showed tempera-
ture distributions at cross-sections of di®erent depths.
The highest temperatures after laser irradiation were
dependent on the distance from the active tip.

Fig. 4. Temperature versus PA amplitude during the ten-
minute exposure of continuous laser light. Temperature in
terms of PA amplitude has three distinct parts. In parts I and
III, the temperatures are linearly proportional to PA ampli-
tude. Part II is the transition part.

Table 3. Comparison of the optical properties of liver determined by method in this study with single integration system.

Status Method
Absorption
coe±cient �a

Scattering
coe±cient �s

Anisotropic
factor (g)

Native Single integration system 0.07 � 0.01mm�1 6.1 � 0.07mm�1 0.93 � 0.01
Our method (photoacoustic) in this study 0.063 � 0.006mm�1 5.5 � 0.79mm�1

Coagulated Single integration system 0.095 � 0.01mm�1 13.3 � 0.1mm�1 0.93 � 0.01
Our method (photoacoustic) in this study 0.075 � 0.008mm�1 13.0 � 1.87mm�1

Z. Li et al.
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4. Discussions

Gruneisen parameters � depend on both the tem-
perature and tissue type, but as indicated by
authors in Ref. 28, the lack of a signi¯cant di®erence
existed in Gruneisen parameters � of native and
coagulated tissue to tissue sample variability. For

simplicity, we assume in the temperature range
relevant to study, � is independent to the tissue
type. For a more accurate study, the tissue type,
particularly the water contents of samples, should
be considered.

Our simulation was able to extract the dynamic
absorption and scattering coe±cients of target tis-
sue during laser photothermal interaction, as shown
in Figs. 5 and 6. Furthermore, simulation can pro-
vide three-dimensional temperature maps.

At a temperature of 41–43�C or above, thermal
interaction can induce di®erent immunological
responses.31 At a temperature of over 60�C, tissue
condensation, cell necrosis, and protein denatur-
ation may occur. Therefore, temperature is an im-
portant factor in immunologically oriented
phototherapy, such as ILIT. When ILIT is used for
tumor treatment, target tissue temperature should
be monitored and laser irradiation should be con-
trolled for optimal e®ects.

This proposed PA-thermal coupling device is ideal
for ILIT. Its novelty lies in its simplicity. The laser
beam sources for treatment and temperature detec-
tion are uniquely coupled to irradiate the target
tissue with spatial and temporal synchronization.

Fig. 5. Temperature distributions along ¯ber tip determined by PA signals (experimental) and computational simulation (the-
oretical) with (a) �a ¼ 0:07mm�1 and �s ¼ 14:0mm�1, (b) �a ¼ 0:08mm�1 and �s ¼ 13:0mm�1, (c) �a ¼ 0:065mm�1 and
�s ¼ 15:0mm�1, (d) �a ¼ 0:075mm�1 and �s ¼ 13:0mm�1, (e) �a ¼ 0:085mm�1 and �s ¼ 10:0mm�1.

Fig. 6. The obtained objective function values for various
scattering coe±cients. The objective function is the smallest
when �a ¼ 0:075mm�1 and �s ¼ 13:0mm�1.
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It is relatively easy and inexpensive to simulta-
neously obtain accurate tissue temperature and op-
tical properties for real-time feedback and online
control of laser photothermal therapy. The system
can guide laser immunotherapy to achieve desirable
thermal e®ects. Therefore, this technique has high
clinical relevance. However, the measurement in this
method was not real-time. In fact, we simulated the
process and estimated the temperature and optical
properties at least 60 s after laser light irradiation,
since the tissue temperature increased sharply during
the ¯rst 60 s and then slowly plateaued.32 In the fu-
ture work, we will use a GPU to accelerate the post-
process and to increase the scanning speed of the
array transducer to achieve a near real-time estimate.

It should be noted that an important character-
istic of liver tissue is that it is richly perfused. Blood
is the main absorber in the visible and near IR range
of optical radiation and hemoglobin is known to
transform at higher temperature into methemoglo-
bin, which induces the change of optical properties
of tissue.33–36 In this study, using ex vivo liver tissue,

the dynamics of blood perfusion was not considered.
In future studies, blood perfusion will be considered
in the simulation and direct measurement in vivo
will be used to calibrate the proposed device and
method.

5. Conclusion

In this study, a special device was proposed to
combine the interstitial PA technique and intersti-
tial laser phototherapy for therapy and detection.
Furthermore, combining PA detection and compu-
tational simulation, we developed a method to ob-
tain the three-dimensional temperature distribution
in target tissue during laser treatment. Our results
demonstrate that the interstitial PA signal ampli-
tude is dependent on tissue temperature in the
range of 20–80�C, with distinctive patterns. The
correlation between temperature and PA signals
can be used to determine tissue temperature in the
range relevant to photothermal therapy.

(a) (b)

(c) (d)

Fig. 7. (a) x–y temperature image at di®erent z depths of (a) 0mm, (b) 0.5mm, (c) 1.5mm and (d) 2.5mm. Scale bar ¼ 5mm.

Z. Li et al.
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