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microscopy of superficial microvasculature using
a compact visible laser diode excitation
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Abstract: We have developed laser-diode-based optical-resolution
photoacoustic microscopy (LD-OR-PAM) of superficial microvasculature
which has the desirable properties of being compact, low-cost, and label-
free. A 300-mW visible pulsed laser diode was operated at a 405 = 5 nm
wavelength with a pulse energy as low as 52 nJ. By using a 3.6 MHz
ultrasound transducer, the system was tested on carbon fibers with a lateral
resolution of 0.95 um and an SNR of 38 dB. The subcutaneous
microvasculature on a mouse back was imaged without an exogenous
contrast agent which demonstrates the potential of the proposed prototype
for skin chromophores. Our eventual goal is to offer a practical and
affordable multi-wavelength functional LD-OR-PAM instrument suitable
for clinical applications.
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1. Introduction

Recently, optical-resolution photoacoustic (PA) microscopy (OR-PAM) has made significant
progress in anatomical, functional, and metabolic contrast imaging [1-3]. It has approached
the stage where clinical instrumentation may become available in the near future. In
comparison with conventional optical microscopy, OR-PAM can provide higher optical
absorption contrast and label-free imaging capability at specific wavelengths for major
subsurface skin chromophores [4-8]. One of the main drawbacks that may hinder clinical
adoption is the need for bulky and expensive Q-switched nanosecond-pulsed solid-state laser
systems which wusually employ wavelength-tunable accessories for molecular and
spectroscopic imaging, such as an optical parametric oscillator.

An attractive alternative is a semiconductor laser source which is relatively simple,
inexpensive, compact, and robust for noninvasive PA imaging [9,10]. Moreover, it is widely
available in the visible (VIS) to near-infrared (NIR) spectrum with a pulse repetition
frequency up to a megahertz. The technological challenge of this alternative is that the low
output peak power is typically limited to < 200 W to avoid catastrophic optical damage
(COD) at the emission facet of the laser diode. Some commercial pulsed laser diodes (10-200
W peak power) operating in the NIR region of 750-1550 nm have been investigated before
with a coded excitation [11-15] and/or hundreds of signal averaging [16—19] for a detectable
signal-to-noise ratio (SNR). In the past two years, the NIR pulsed laser diode has been
employed with hundreds of signal averaging on an OR-PAM mode, which needs relatively
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low pulse optical energy to achieve a micron-scale lateral resolution [20-22]. In the VIS
region (400-650 nm), blood has a relatively strong absorption (> 10 cm™') and the background
absorption of water in tissue is weak (< 0.01 cm™), which could be applied for label-free PA
imaging of superficial vasculature. Most available VIS laser diodes have a lower power
output of a few hundred milliwatts and operate in continuous-wave (CW) mode. In this work,
we present a VIS laser-diode-based OR-PAM (LD-OR-PAM) system using a low-cost pulsed
laser diode excitation which has a compact size of 1.8 x 1.2 x 1.2 cm’. In comparison to our
NIR LD-OR-PAM [21,22], it has a lower pulse energy (52 nJ vs. 14 pJ) and a higher lateral
resolution (0.95 um vs. 1.5 um). After low-pass filtering, the effective PA signal has an upper
SNR of ~22 dB without signal averaging. Ex vivo imaging of subcutaneous microvasculature
on a mouse back has been demonstrated without an exogenous contrast agent. The image
contrast was improved primarily due to stronger absorption of the VIS wavelength by blood,
which can provide label-free biomolecule detection with high sensitivity and specificity. The
preliminary proof-of-concept prototype represents an encouraging step towards a clinical
transition of OR-PAM technology.

2. Methods and materials

A VIS-pulsed laser diode (SLD3237VFR, Sony, Japan) was used as a PA excitation source at
a wavelength of 405 = 5 nm. It is the first blue-violet laser diode with a pulsed output peak
power of 350 mW or higher. The laser diode uses a new end-face coating material to raise the
optical output threshold and prevent COD. It achieves operation at a high temperature up to
90°C with a 3.8 mm diameter mount as shown in Fig. 1(a). Figure 1(b) shows a photograph of
the laser diode excitation assembled with collimating lens, and its compact volume is only 1.8
x 1.2 x 12 cm’. The collimated laser has a beam diameter of ~4 mm and a full-angle
divergence of 2.0 mrad. The pulse width of the diode laser is measured to be 174 ns as shown
in Fig. 1(c), and the pulse repetition rate is 1 kHz. An aspheric objective lens (C671TME-405,
Thorlabs, USA) with a numerical aperture (NA) of 0.60 was employed to achieve microscope
optical illumination, which has a working distance of 2.12 mm. The CA of the objective lens
is 4.80 mm, and the effective focal length is 4.01 mm. The custom-built driving circuit of the
laser diode also has a compact size of 7 x 4 cm?, and the total laser diode excitation is fixed
on a miniature three-dimensional (3D) motorized stage for raster scanning.
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Fig. 1. (a) Photo of the compact laser diode compared with a quarter coin. (b) Photo of the
assembled laser diode excitation. (c) Pulse width of the laser diode.

The schematic diagram of the VIS LD-OR-PAM prototype is depicted in Fig. 2. An
ultrasonic transducer (V382-SU, Olympus, Japan) was used as a PA sensor with a center
frequency of 3.6 MHz and a —6 dB bandwidth of 61.8%. A plastic tube filled with ultrasound
gel was fixed on the upper end of the transducer so that the phantom could be placed on it
with a piece of micro cover glass. The ultrasound gel was used to couple the sound from the
phantom to the transducer. The excited PA wave was detected in forward mode and converted
into a voltage signal by the transducer, and further amplified by a low-noise preamplifier.
Then the voltage signal was followed by a pulse-receiver and a low-pass filter with a cutoff
frequency of about 7.0 MHz for optimizing the SNR. A pulsed clock was sent to trigger a 12-
bit digitizer card for a series of data acquisitions. The trigger signal was synchronized with the
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clock-out signal from the laser diode driver. In the 3D scanning process, the raster scanning
was implemented by translating the total laser diode excitation along the horizontal x-y plane.
In the experiments, the ultrasound velocity was assumed to be 1.5 pum/ns for imaging
reconstruction.
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Fig. 2. Schematic diagram of the VIS LD-OR-PAM system.
3. Results

Due to the low power of the VIS laser diode, special attention should be paid to the noise
level of the VIS LD-OR-PAM system. Figure 3(a) gives a typical time-resolved transient
pressure along the z-axis captured from a human hair. It can be seen that the effective PA
signal and acoustic reflection was hidden in the background noise, and the detectable SNR
can be improved by performing signal averaging. For comparison, Fig. 2(b) gives the
corresponding transient pressure after a 7.0 MHz low-pass filtering. It can be seen that the
high-frequency stochastic noise has been filtered effectively, and the effect of signal
averaging further minimized the noise. The PA signal is dominated by the frequency
components below ~5.7 MHz bandwidth according to the reciprocal of the pulse width of 174
ns, resulting in a predominance of lower frequency-dependent acoustic attenuation. The
effective PA signal has a peak-to-peak voltage of ~50 mV and an upper SNR of ~22 dB.
Meanwhile, the trigger signal has a peak-to-peak voltage more than 160 mV with a duration
time of ~2.0 ps. In addition to the stochastic thermal noise, a signal averaging of 16 times was
implemented to deal with the unwanted interference signals stemming from the drivers of the
laser diode and motorized stages.
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Fig. 3. (a) Time-resolved PA signal from a human hair averaged 1 time and 16 times. (b)
Corresponding PA signal after low-pass filtering averaged 1 time and 16 times. LPF: Low-pass
filtering.

To measure the lateral resolution of the VIS LD-OR-PAM system, the edge of a carbon
fiber (AGM-94, Asbury Carbons, USA) was imaged in water medium as shown in Fig. 4(a),
inset with its optical microscopy image (diameter, ~7 um) by a 40 x objective. The sharp edge
of the carbon fiber is clearly imaged with a SNR as high as 38 dB, and the PA amplitude of
the fiber center has a slight reduction due to its cylindrical shape. Figure 4(b) gives a cross-
sectional profile of the image at y = 10 um, and the edge-spread function (ESF) was estimated
by averaging the edge of the carbon fiber along the y-axis. The line-spread function (LSF)
was extracted from the derivative of the ESF and was fitted to a Gaussian function [A*exp(-
((x-B)/C)*], where A = 23.88, B = 12.48, and C = 0.5633. According to the full-width-half-
maximum (FWHM), the lateral resolution was estimated to be ~0.95 um.
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Fig. 4. (a) MAP image of a ~7 pm carbon fiber edge. Inset: optical image with a 40X objective.
(b) Lateral resolution of the VIS LD-OR-PAM defined by the averaged edge-spread function
(ESF) and its derivative.

To demonstrate the imaging capability of the proposed system, we imaged a milled carbon
fiber network as small as capillary-sized blood vessels. The carbon fibers were suspended in
the viscous ultrasound gel. An imaging field-of-view (FOV) of 80 x 50 um” was scanned with
a step size of 1 um. Figure 5(a) gives a cross-sectional image of the carbon fiber network in a
superficial layer which has a distance (in the z-axis) of ~5.07 mm to the transducer. The depth
information along the z-axis was derived from the acoustic flight time of the PA waves. It can
be seen that the relative position and surface flaws of the carbon fibers were clearly
visualized. Because of the high-NA objective in VIS LD-OR-PAM, some carbon fibers will
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be away from the optical focal zone. Figure 5(b) gives a MAP image which was obtained by
scanning the laser spot along the z-axis with a 5-um step. It can be seen that several missing
carbon fibers appear in the desired imaging range, and some image blurring may be caused by
a difference between the focal zone and z scanning step.

Fig. 5. (a) Cross-sectional image of the carbon fiber network. (b) MAP image by depth-
scanning; arrows and ellipses denote carbon fibers and surface flaws, respectively. NPA:
Normalized photoacoustic amplitude.

MAX

NPA

100 um
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Fig. 6. (a) Photo of subcutaneous microvasculature on a mouse back. (b) Ex vivo MAP image
acquired with VIS LD-OR-PAM; arrow denotes a blood capillary with a diameter of ~15 pm.

The label-free imaging feasibility of VIS LD-OR-PAM was validated by resolving
subcutaneous microvasculature on a mouse back ex vivo. Before the experiment, the hair was
gently removed from the skin with depilatory lotion as shown in Fig. 6(a), and a thin la%/er of
ultrasound gel was applied to the mouse skin. An imaging FOV of 990 x 330 pm~ was
scanned with a step size of 5 um and a signal averaging of 512 pulses. In Fig. 6(b), the PAM
image of the microvasculature agrees with the photograph taken with a camera. However,
small vessels are observed only in the PAM image. The branches of the major blood vessel
(diameter, ~100 pum) are clearly resolved. Some vessels, such as the vessel labeled with the
black arrow, have a diameter of ~15 pm and, hence, are capillaries. Also, some blood vessels
are degraded due to the blood coagulation. However, the current transmission-mode OR-PAM
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can image only a thin sample and is not suitable for in vivo applications. By contrast,
reflection-mode OR-PAM is not limited by the sample thickness. A number of methods have
been reported previously for reflection model PAM, including ring-shape transducer, optical-
acoustic combiner, and dark-field objective, respectively [23]. With similar modifications, our
VIS LD-OR-PAM system can be adapted to operate in reflection mode, which can potentially
be applied to more anatomical sites in vivo.

4. Discussions and conclusions

Noise is the fundamental limitation of PAM detection with a low-power laser diode excitation
which mainly arises from thermal noise of the ultrasonic transducer and electronic noise of
the electronic devices. The amplitude of the PA signal is directly proportional to the pulse
energy of the laser when the stress confinement condition is satisfied. For example, a Q-
switched laser pulse (5 mJ energy output) would produce a SNR that is five orders of
magnitude (50 dB) greater than that generated by the current laser diode, ignoring optical and
acoustic attenuation. Certainly, the noise could be improved by performing abundant signal
averaging over a short period of time at the expense of imaging speed. Alternatively, another
noise reduction solution is to decrease the detection frequency and bandwidth of the ultrasonic
transducer and its associated electronics [23,24]. Low-frequency narrow-band ultrasonic
transducers can readily achieve a high filtering efficiency of the noise contributions from the
medium and transducer. For example, in the CW excitation mode of a laser diode, a 2.45
MHz narrow-band ultrasonic transducer can be used with a lock-in amplifier to improve the
SNR to as high as 43 dB without signal averaging, compared with its pulsed excitation
counterpart with a detection bandwidth of tens of megahertz [11].

On the other hand, the axial resolution of PAM is directly related to the transducer
bandwidth of time-resolved ultrasonic detection, which is usually linearly proportional to the
center frequency of the transducer, f;. Thus, higher axial resolution could be achieved with a
greater fy. The current VIS LD-OR-PAM system has achieved submicron lateral resolution,
but due to the low fy, its axial resolution only reaches a level of a few hundred microns, which
is the most conspicuous limitation of 3D imaging with a highly asymmetric voxel. To enhance
the axial resolution, the usual way is to increase the f; by using a shorter burst laser beam, and
the current laser diode could achieve a duration of 30 ns at a 50% duty cycle. Although
promising, the finest axial resolution still remains much worse than the lateral resolution (~15
pm axial resolution at 75 MHz) [25]. In addition, the high-frequency ultrasound will also
inversely decrease the detection SNR and penetration depth because of acoustic dispersion
and attenuation. So far, ~1.2 um axial resolution has been reported with a 1.2 GHz ultra-high
frequency transducer for an imaging range of tens of microns (~400 dB/mm at 1 GHz) [26].
Therefore, simply increasing the transducer frequency doesn’t appear to be an effective
approach to a more symmetric voxel in an axial direction. Fortunately, there are still several
other viable methods to improve the axial resolution to several microns for OR-PAM, such as
deconvolution [27], slow-sound coupling [28], and Grueneisen relaxation [29]. Frequency
encoding technique has been used to achieve 1.0 um axial resolution of bovine erythrocytes
with a 5 MHz ultrasonic transducer in OR-PAM [30].

The lateral resolution of OR-PAM is only determined by the optical wavelength and the
NA of the optical objective lens, unlike that of AR-PAM which is related to the f;. In practice,
the lateral resolution of the current LD-OR-PAM system is about 1.7 times more than the
root-mean-square spot radius of the objective lens (~0.57 pm at 408 nm), probably because of
the large laser emitting area of the laser diode, which emits a non-rotationally symmetric
beam with a large divergence angle of 19 degrees in the perpendicular axis (‘fast axis’) and 9
degrees in the parallel axis (‘slow axis’). Certainly, a micrometer-level pinhole could be used
for spatial filtering to improve the spot quality at the cost of optical energy loss. Alternatively,
an optimized design of focusing optics similar to the optical head of Blu-ray data storage may
be another choice. For example, the same model laser diode combined with a fiber-axicon has
been explored for direct-laser writing fabrication with a precision of = 0.5 pm [31].
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At 405 nm, the maximum permissible exposure (MPE) on the skin surface by pulsed laser
is ~22.46 mJ/cm® (1.1 x C, x £ J/em® within an exposure duration ¢ between 100 ns and 10
s, where C, = 1 for 400 < A < 700 nm), as governed by the American National Standards
Institute (ANSI) safety standard [32]. In the VIS LD-OR-PAM system, the laser diode was
operated with a laser duration of 174 ns and laser energy of 52 nJ per pulse. Regardless of the
optics loss, the peak power density at the focus spot was ~4.2 x 10’ W/cm?, which is at least
three orders of magnitude lower than that of two-photon microscopy (10'°-10'2 W/cm?).
Assuming that the depth of the laser focus is 50 pm below the skin surface, the calculated
surface optical fluence is ~1.85 mJ/cm®, almost 12 times of magnitude less than the ANSI
safety limits. Generally, the weaker the optical fluence, the lower chance of tissue thermal
damage there will be, even under the ANSI safety threshold. In addition, the molar extinction
coefficient of hemoglobin (Hb) and oxyhemoglobin (HbO2) has its highest absorption peak in
the 405-420 nm blue regions (up to 500 mM 'em™) for blood imaging. However, the
penetration of blue light is superficial due to tremendous absorption of skin chromophores
such as melanin. Moving to the 500 nm range, there are three absorption peaks of Hb and
HbO?2 at 538, 550, and 578 nm (53-55 mM'ecm™). There is an order of magnitude less than
that in the blue region, but it still represents tremendous absorption in comparison to the NIR
region (e.g., 850, 905, and 1550 nm for a commercial high-power laser diode). Therefore, the
further development of VIS LD-OR-PAM has the significant potential to provide noninvasive
functional imaging with multi-wavelength laser diodes.

In summary, we demonstrated the potential of a compact and label-free OR-PAM using a
low-cost VIS pulsed laser diode. The lateral resolution was estimated to be ~0.95 pm for
imaging carbon fibers with a SNR up to 38 dB. The subcutaneous microvasculature on a
mouse was clearly resolved without any contrast agent. The proposed VIS LD-OR-PAM has
been demonstrated as a promising tool for label-free imaging in superficial tissue. Our next
work will focus on reflection-mode real-time VIS LD-OR-PAM with laser fast-scanning and
multi-wavelength laser diodes.
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