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We developed and fabricated a noncontact broadband all-optical photoacoustic microscopy
(BD-AO-PAM) with a microchip laser and an all-fiber low coherence interferometer. Currently,
the available detection bandwidth of the BD-AO-PAM is 67 MHz, and the lateral resolution meas-
ured by carbon fibers reaches 11 um. Furthermore, the imaging capability of the BD-AO-PAM was
testified by imaging hairs embedded in scattering gel and in vivo blood vessels of a mouse ear. The
experimental results demonstrate that the BD-AO-PAM can image the tissues with high spatial re-
solution in vivo, which can be used as portable noncontact PAM for biomedical applications.
© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4906748]

Photoacoustic microscopy (PAM) is a hybrid high-
resolution and high-contrast noninvasive imaging modality
that images optical absorption contrast based on the photoa-
coustic (PA) effect.' PAM has been applied in subcutaneous
microvasculature imaging, brain functional imaging, and
early detection of tumors.>* Besides, PAM has been used to
monitor the blood oxygenation of vessels with high sensitiv-
ity and high specificity.>” At present, almost all of the PAMs
were still using the ultrasound transducer to detect the PA
signals in contact fashion. Owing to the strong attenuation of
ultrasound waves in air, the coupling media, such as water or
ultrasound gel, has to be added between the sample and
ultrasound transducer, which limits the biomedical applica-
tion of PAM in ophthalmology and surgical navigation.
Optical detection of ultrasound is a promising ultrasound
detection modality, which can provide high detection sensi-
tivity of ultrasound® and broadband width.” Meanwhile, the
optical detection method can detect the ultrasound signal in
noncontact fashion.® Therefore, compared with traditional
PAM, PAM based on optical detection method has the poten-
tial to detect PA signal with high axial resolution and
noncontact fashion. Because of the noncontact character of
PAM based on optical detection method, it could be conven-
iently used in many special applications such as the disease
diagnosis in ophthalmology and imaging of the affected area
in surgical operation.

In past years, more and more optical methods have been
presented by using coherent detection approach to measure
the vibration velocity and displacement of object surface®*"!
or by using polymer-film-based Fabry-Perot interferometer to
sense the pressure waves.'>!? Recent methods employed a
time domain optical coherence tomography (OCT)'* and an
intrasweep phase-sensitive OCT'> for PA signal detection.
But these methods could only provide bandwidth-limited
ultrasound detection as well as the PZT ceramic transducer.
Moreover, the former method was working in the homodyne

Y Author to whom correspondence should be addressed. Electronic mail:
xingda@scnu.edu.cn. Tel.:4-86-20-85210089. Fax: 4-86-20-85216052.

0003-6951/2015/106(4)/043701/4/$30.00

106, 043701-1

mode and had to passively detect the ambient vibrations to
obtain the highest sensitivity detecting point, which seriously
limited the imaging speed and stability of the system. In this
letter, we report a noncontact broadband all-optical photoa-
coustic microscopy (BD-AO-PAM) fabricated with microchip
laser and all-fiber low coherence interferometer. In the system,
a piezoelectric actuator was added into the reference arm of
the low coherence interferometer and generated fast and regu-
lar vibrations which can improve the imaging speed and pro-
vide stable detecting point. Three dimension (3D) imaging of
phantoms and the microvasculature of mouse ear in vivo dem-
onstrate that the BD-AO-PAM achieved improvement in the
imaging speed, imaging quality, and spatial resolution.

The ultrasound detection process of the noncontact
BD-AO-PAM is based on an all-fiber low coherence interfer-
ometer, which resolves the phase difference between refer-
ence and sample arm along time, giving access to rapid
small path length changes such as interface displacement
due to a transient PA wave. The intensity /(¢) of the low co-
herence interferometer from the reflective sample surface in
the sample arm is given by

1(1) o cos(g(r)) = cos(g(r) + @pa(r))

— cos (2:—” (Azolt) + AZPAm)), M

40

where Azy(t) is the optical path difference between reference
and sample arm when the PA excitation laser is off, Azp,(?)
is the PA pressure-induced surface displacement that allows
us to reconstruct the distribution of absorbing sample constit-
uents, and 4 is the center wavelength of the detection laser.
In order to accurately extract the PA signal from the coher-
ence signal, the system has to be working in homodyne
mode, i.e., when @, (t) = kn*7/2, the system has the great-
est detection sensitivity for acoustic wave. Generally, Az(¢)
is within the coherence length of the light source, but the am-
bient vibrations often cause an additional optical path length
change, which sometimes can be more than what is expected
to detect and resulting in a fluctuating sensitivity for the

© 2015 AIP Publishing LLC
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system. To address the problem of ambient vibrations, a pie-
zoelectric actuator drove the reference mirror and generated
the vibrations which would be faster and more regular than
ambient vibrations. So the changes of the additional optical
path length would become more regular and faster. And the
highest sensitivity points can be easily locked. In doing so,
the imaging speed and quality can be improved.

The schematic of the experimental setup is shown in
Fig. 1(a). The all-fiber low coherence interferometer consists
of a superluminescent diode with a central wavelength
of 1310nm and a spectral bandwidth of 45nm, an optical
circulator, and a 2 x 2 fiber coupler. A microchip laser
(HLX-I-FOO05, Horus Laser) at 532 nm was used to excite PA
signals in the sample. The pulse width of the excitation laser
was ~10ns. To improve the imaging speed and the stability
of the system, the piezoelectric actuator was used to drive
the reference mirror and generate fast and regular additional
vibrations. Because the highest sensitivity of the low coher-
ence interferometer to the vibration is at the point where the
optical path length equals to kn = /2, i.e., the output of the
photodetector (PDB420C, Thorlabs, USA) is crossing zero,
the excitation laser trigger was locked at the zero point by
the control card (PCI-1716, Advantech). A trigger signal
from the microchip laser was sent to the data acquisition
card (NI5124, National Instruments) simultaneously for sam-
pling the PA signals. The timing diagrams triggering the sig-
nals acquisition were shown in Fig. 1(b). Fig. 1(c) shows the
PA signal obtained from a black tape. To further improve
the detection sensitivity of the system, the imaged area of the
sample was covered with a thin layer of mineral oil.

The detection bandwidth of the noncontact BD-AO-
PAM was measured by detecting the PA signal from the red
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FIG. 1. Schematics and images those describe the experimental setup and its
signals acquisition. (a) Schematic of the experimental setup. (b) Timing dia-
grams for triggering the signals acquisition shown in (a). (c) A PA signal
detected from a black tape sample.
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ink film plated on a transparent thin ployethylene film. The
PA signal (no averaging) of the red ink film is shown in the
inset of Fig. 2(a). The response spectra of the PA signal is
shown in Fig. 2(a), and the —6dB bandwidth is 67 MHz,
which is close to the bandwidth of photodetector (75 MHz).
According to the formula: Ry = O.88'VS/A1°,16 the axial re-
solution of the noncontact BD-AO-PAM system is estimated
to be 19.7 um. Fig. 2(b) is the B-scan image in the x-z plane
of the red ink film, the full width half magnitude (FWHM) of
the profile along z direction is ~20.6 um, which matches
well with theoretical resolution. The results demonstrate that
the BD-AO-PAM can provide detection bandwidth of up to
67 MHz. At present, the detection bandwidth of the BD-AO-
PAM is limited by the photodetector, employing wider band-
width photodetector and shorter laser pulse could further
improve the detection bandwidth of the BD-AO-PAM.

To quantify the lateral resolution of the noncontact
BD-AO-PAM, we imaged two ~6 um diameter crossed car-
bon fibers using a scanning step of 3 um at rate of 40 Hz, and
each step averaged 10 times. Fig. 3(a) shows a maximum
amplitude projection (MAP) image of the two carbon fibers.
In this report, all MAP images were formed by projecting
the maximum PA amplitudes along the z axis to the x-y
plane. Fig. 3(b) shows the profile of the vertical fiber along x
axis, demonstrating that the lateral resolution of our system
is at least as fine as 11 um. The signal-to-noise ratio (SNR),
measured from Fig. 3(a), is as high as 19 dB.

We next verified whether the noncontact BD-AO-PAM
is capable of imaging the absorption targets within the scat-
tering phantom. To make the phantom, we used four hairs
embedded within a scattering gel at depths approximately
between 0 and 1 mm. The scattering gel was made of agar
mixed with 1% Intralipid, which gave a scattering back-
ground similar to typical highly scattering tissue. Fig. 4(a)
shows a MAP image of the phantom, and the edge of the
hairs is distinct. The depth of the hairs in the scattering gel,
z, was extracted using the delay time of the PA amplitude, as
shown in Fig. 4(b). The hairs were clearly distributed from 0
to I mm in the scattering gel. Meanwhile, the noncontact
BD-AO-PAM has 3D imaging capability, the result is shown
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FIG. 2. Detection bandwidth of the noncontact BD-AO-PAM. (a) Spectrum
of the PA signal. Inset: the PA signal of red ink film plated on a transparent
thin ployethylene film detected by the noncontact BD-AO-PAM. (b) B-scan
image in the x-z plane of the red ink film. The total time for obtaining the
PA image is 5 s.
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FIG. 3. Lateral resolution of the noncontact BD-AO-PAM. (a) PA image of
two crossed 6 um diameter carbon fibers. The total time for obtaining the PA
image is 18.3 min. (b) Distribution of the PA amplitude (dots) along the
dashed line in (a). The solid line is a Gaussian fitted curve. Inset: micro-
scopic photograph of the carbon fibers sample.

in Fig. 4(c); the spatial morphology of the hairs is clearly
displayed.

To further demonstrate the ability of the noncontact BD-
AO-PAM, we used it to image blood vessel of a BALB/c
mouse ear in vivo. The hair was removed from the ear with
commercial hair remover (Payven Depilatory China).
Sodium pentobarbital (40 mg/kg; supplemental, 10 mg/kg/h)
was administered to keep the mouse motionless during the
experiment. All experimental animal procedures were car-
ried out in accordance with the guidelines of the South China
Normal University. The laser fluence incident on the skin
surface was controlled below 12 mJ/cm? in the experiment.
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FIG. 4. Photoacoustic image of scattering phantom: (a) Photoacoustic MAP
image of the four hairs. The total time for obtaining the PA image is 16.7
min. (b) Depth map of the scattering phantom. (c) Snapshot of a 3D anima-
tion showing the four hairs in (a). Inset: photograph of the imaging area.
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FIG. 5. In vivo photoacoustic image of microvasculature of a mouse ear. (a)
Photoacoustic MAP image of the microvasculature of a mouse ear. The total
time for obtaining the PA image is 16.7 min. Inset: photograph of the imag-
ing area. (b)—(d) B-scan image of microvasculature corresponding to the
three white dotted line in (a).

Fig. 5(a) shows the results about microvasculature of mouse
ear acquired from an area of 1.6 x 1.6mm” (200 x 200 pixels).
The diameter of the blood vessel pointed by the white arrow
in the figure is about 12 ym, and the SNR is as high as 24 dB.
Figs. 5(b)-5(d) show the B-scan image of blood vessel corre-
sponding to the three white dotted line in (a), and the differ-
ent size scales of blood vessel along z axis can be clearly
distinguished. The results suggest that the noncontact BD-
AO-PAM has the capacity to image the microvasculature
with high spatial resolution in vivo.

All above experimental results show that the PA images
of mimic phantoms and biological tissues are reconstructed
with high spatial resolution through the noncontact BD-AO-
PAM system, which can contribute to promoting the applica-
tion of PAM. The noncontact BD-AO-PAM uses an all-fiber
low coherence interferometer to detect PA signals, and it can
be conveniently integrated with OCT and fluorescence imag-
ing to form a multimode imaging system. A multimode
imaging system can simultaneously provide more compre-
hensive anatomical and functional information of biological
tissues: This is our next work.

In summary, a noncontact BD-AO-PAM system, consist-
ing of a microchip laser and an all-fiber low coherence inter-
ferometer, was developed. The system provided broad
detection bandwidth and high imaging resolution, which real-
ized lifelike microvascular imaging on animal model in vivo.
More importantly, the all-optical character and noncontact
fashion of the system makes it easy to integrate a portable sys-
tem and should be valuable for biomedical applications.
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