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Abstract: We developed a reflection-mode subwavelength-resolution
photoacoustic microscopy system capable of imaging optical absorption
contrast in vivo. The simultaneous high-resolution and reflection-mode
imaging capacity of the system was enabled by delicately configuring a
miniature  high-frequency ultrasonic transducer tightly under a
water-immersion objective with numerical aperture of 1.0. At 532-nm laser
illumination, the lateral resolution of the system was measured to be ~320
nm. With this system, subcellular structures of red blood cells and B16
melanoma cells were resolved ex vivo; microvessels, including individual
capillaries, in a mouse ear were clearly imaged label-freely in vivo, using the
intrinsic optical absorption from hemoglobin. The current study suggests
that, the optical-absorption contrast, subwavelength resolution, and
reflection-mode ability of the developed photoacoustic microscopy may
empower a wide range of biomedical studies for visualizing cellular and/or
subcellular structures.
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1. Introduction

Photoacoustic imaging is capable of noninvasively mapping the optical absorption properties of
biological tissue, by detecting transient thermo-elastic expansion induced acoustic
(photoacoustic) waves from the absorption of pulsed optical energy [1,2]. Optical-resolution
photoacoustic microscopy (OR-PAM) refers to the form of photoacoustic imaging that utilizes
tightly focused light for photoacoustic excitation, which thus enables optical-diffraction limited
lateral (transverse) resolution down to micrometer or even submicrometer scale [3-6].
Therefore, OR-PAM can label-freely image microvasculature at the capillary level based on the
intrinsic optical absorption from hemoglobin; in addition, using spectroscopic photoacoustic
measurement, it can spectrally identify a variety of endogenous and/or exogenous
chromophores [7-9]. To date, OR-PAM has successfully demonstrated the capability of
providing optical-absorption-based anatomic, functional, and molecular information, and found
broad applications in vascular biology [10], neurology [11], and ophthalmology [12].

According to the detection configuration of photoacoustic signals, OR-PAM can be further
classified into transmission mode and reflection mode [3—6]. In transmission-mode OR-PAM,
the photoacoustic excitation (laser illumination) and ultrasonic detection are at the opposite
sides of the imaging target, which limits its application to only in vitro cell samples or thin
biological tissue of body extremities (e.g., the ear) [3,5]. In contrast, OR-PAM in reflection
mode configures its laser illumination and ultrasonic detection at the same side of the imaging
target [4,6]. As a result, it allows the imaging of many more anatomic sites, including the brain
and the eye. However, it is quite challenging for reflection-mode systems to realize fine
subwavelength resolution due to the very limited working distance of optical objectives with
high numerical aperture (NA) [3,13]. Until now, the reported highest resolution of
reflection-mode OR-PAM is about 500 nm with an optical objective of 0.63 NA at 532-nm
laser illumination [6].

Here, we designed and implemented a simple and compact optical-acoustic configuration to
realize subwavelength (~1/2 of the laser wavelength) resolution for reflection-mode OR-PAM.
The combined advantages of reflection-mode imaging and subwavelength resolution were
enabled by delicately configuring a miniature high-frequency ultrasonic transducer tightly
under a water-immersion optical objective with a NA of 1.0. Using the system, both ex vivo
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imaging of subcellular structures in cell samples and in vivo label-free imaging of mouse skin
microvasculature were demonstrated.

2. Methods and materials

Figure 1(a) shows the schematic diagram of the reflection-mode subwavelength-resolution
PAM system. As the photoacoustic excitation source, a pulsed Nd:YAG laser (SPOT-532,
Elforlight; wavelength: 532 nm; pulse duration: 1.8 ns) was used. The output laser beam was
reshaped to about 2.0 mm in diameter by an iris, and spatially filtered through a 5-pm pinhole.
After collimated by a collimator, the laser beam was steered by a two-dimensional (2D)
galvanometer scanner (6210H, Cambridge Technology), and delivered through a scan lens [f=
35 mm, L1 in Fig. 1(a)] and a tube lens [f =200 mm, L2 in Fig. 1(a)] to a water-immersion
objective (XLUMPLFLN 20XW, Olympus; NA = 1.0).

Objective

/""/

Tmns_dlicer holder
=

Fig. 1. (a) Schematic diagram of the reflection-mode subwavelength-resolution photoacoustic
microscopy system. (b) Photograph of the configured imaging probe consisting of a high-NA
objective and a miniature high-frequency ultrasonic transducer. GM: galvanometer scanner; L1:
scan lens; L2: tube lens.

In order to achieve coaxial photoacoustic excitation and detection (for optimizing the
detection sensitivity), we designed and implemented a compact optical-acoustic configuration
as shown in Fig. 1(b). A customized miniature ultrasonic transducer (PZT ceramic composite;
central frequency: 42.6 MHz; fractional bandwidth: 60%; length x width x thickness: 0.6 mm X
0.5 mm x 0.2 mm,; Blatek, State College, USA) was placed tightly under the center of the
optical objective to detect the excited photoacoustic waves. Using a home-made transducer
holder [the right panel of Fig. 1(a)], the transducer and objective were combined compactly as
shown in Fig. 1(b), enabling coaxial photoacoustic excitation and detection. At the center of the
holder bottom [the upper right panel of Fig. 1(a)], we created a rectangular optical window
(larger than the output optical aperture of the objective) for delivering the illuminating laser
beam for photoacoustic excitation, and a thin stainless steel bridge (width: 0.3 mm; thickness:
0.1 mm) for holding the ultrasonic transducer. Both the objective and the ultrasonic transducer
were immersed in a water-filled dish, with an imaging window made of a thin layer of
low-density polyethylene (LDPE) film at its bottom.

The detected photoacoustic signals were amplified by a low-noise amplifier
(ZFL-500LN-BNC + , Mini-Circuits), and digitized by a data acquisition card at a sampling
rate of 250 MS/s (12 bit; ATS9325, Alazar). The entire imaging probe, consisting of both the
objective and the ultrasonic transducer, was mounted at a motorized z scanner (MTS25,
Thorlabs) for depth scanning. A National Instruments card (PCle-6320) was used to trigger the
photoacoustic laser firing and data acquisition, as well as to control the scanning of the
galvanometer and the z scanner.

With the developed photoacoustic microscopy, in vivo imaging of the microvasculature in
mouse ears (BALB/c, 25 g, female) was performed. Before imaging, the mouse was
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anesthetized by intraperitoneal (i.p.) injection of a cocktail of Ketamine (87 mg/kg body
weight) and Xylazine (13 mg/kg body weight); then, the hair of the mouse ear was gently
depilated, and the skin was cleaned with deionized water. All experimental animal procedures
were carried out in compliance with the laboratory animal protocols approved by the Animal
Studies Committee of the Shenzhen Institutes of Advanced Technology, the Chinese Academy
of Sciences. For ex vivo imaging, the photoacoustic excitation laser irradiated onto the cell
samples was ~15 nJ per pulse. The laser energy delivered onto the animal skin for
photoacoustic excitation was measured to be ~80 nJ per pulse. Assuming the laser was focused
~50 pm beneath the skin surface, the light intensity on the tissue surface is about 0.7 mJ/cm?,
which is well below the laser safety limit defined by the American National Standards Institute.

3. Results and discussions

Because the ultrasonic transducer and the bridge of the holder stopped part of the photoacoustic
excitation light, we simulated its influence on laser focusing based on the Fraunhofer
diffraction theory. Figure 2(a) shows the light intensity profiles in the focal plane with and
without the ultrasonic transducer, respectively. Compared with the optical energy distribution
without the ultrasonic transducer, the inserted miniature transducer led to a slightly decreased
light intensity peak and a slightly narrowed full width at half maximum (FWHM) (note that
both changes are extremely small though), which is consistent with the results from the optical
apodization effect [14—16]. The simulation suggests that the insertion of the miniature
ultrasonic transducer under the objective has essentially negligible influence on the laser
focusing.
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Fig. 2. (a) Theoretical optical diffraction profiles with and without the ultrasonic transducer (UT)
under the objective; (b) Subwavelength-resolution PAM image of graphite nanoparticles of a
mean diameter of ~80 nm; (c) Lateral resolution of subwavelength-resolution PAM estimated by
Gaussian fitting of the photoacoustic amplitude along the red dot-line in Fig. 2(b); (d)
Subwavelength-resolution PAM imaging of a copper net with holes of 95 pm in diameter and
bars of ~30 um in width.

To measure the lateral resolution of subwavelength-resolution PAM, we imaged graphite
nanoparticles with a mean diameter of ~80 nm. Figure 2(b) shows three representative
individual nanoparticles imaged by subwavelength-resolution PAM. In Fig. 2(c), the
photoacoustic amplitude values of a typical nanoparticle [along the dotted line in Fig. 2(b)]
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were fitted by a Gaussian function, defining the lateral resolution of subwavelength-resolution
PAM at ~320 nm according to its FWHM. On the other hand, the axial resolution of the system
was measured to be ~29 um, determined primarily by the ultrasonic detection bandwidth.

To estimate the field of view (FOV) of subwavelength-resolution PAM, we imaged a
copper net with holes of 95 um in diameter and bars of ~30 pm in width, as shown in Fig. 2(d).
From the image, the FOV of subwavelength-resolution PAM is estimated to be roughly 700 um
in diameter, slightly smaller than the nominal FOV of the objective (1.1 mm). This is
presumably due to both a relatively small ultrasonic detection FOV [17,18] and the restrictions
from the scan lens and the tube lens. Note that, a slight distortion is observed in the edges of the
image, due to the use of a doublet scan lens without aberration corrections.

To demonstrate the subcellular resolution capability of subwavelength-resolution PAM, we
imaged red blood cell (RBC) and B16 melanoma cell samples (Fig. 3). Because of the strong
optical absorption of hemoglobin in RBCs, subwavelength-resolution PAM offers very high
contrast for RBC imaging [Fig. 3(a)]. Moreover, the donut shape of individual RBCs was
clearly resolved, owing to the high resolution of our system. The photoacoustic amplitudes
along the dotted line in one RBC in Fig. 3(a) were plotted in Fig. 3(c), showing a dual-peak
profile consistent with the donut structure visualized in Fig. 3(a). In addition, the photoacoustic
amplitude profile of the RBC shows a sharp edge, further validating the high lateral resolution
of subwavelength-resolution PAM. Compared with the RBCs image [Fig. 3(b)] from a
conventional bright-field optical microscope (OM) with a NA of 0.65 from Olympus,
subwavelength-resolution PAM demonstrates ~25-dB better contrast-to-noise ratio. This
difference comes from their respective imaging contrast mechanism. Subwavelength-resolution
PAM is specifically sensitive to optical absorption, while OM does not differentiate absorption
and scattering. Note that the two images of subwavelength-resolution PAM and OM are not
from the same FOV in the sample.
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Fig. 3. Subwavelength-resolution PAM imaging of individual RBCs and B16 melanoma cells ex
vivo. (a) and (b) show the subwavelength-resolution PAM and OM images of RBCs,
respectively; (c) Photoacoustic amplitude profile of one RBC along the marked dotted line; (d)
and (e) show the subwavelength-resolution PAM and OM images of B16 melanoma cells,
respectively.

Figures 3(d) and 3(e) show the subwavelength-resolution PAM and OM images of the B16
melanoma cells, respectively. Before imaging, the cells were cultured on a glass slide and then
fixed by polyoxymethylene for 20 minutes. In the subwavelength-resolution PAM image [Fig.
3(d)], the bright dots correspond to the melanosomes that contain melanin, which can produce
high-amplitude photoacoustic signals as a result of the strong melanin optical absorption [19].
In contrast, the melanosomes appear dark in the OM image because of relatively weak light
transmission. Similarly, the imaging contrast of melanin with subwavelength-resolution PAM
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is significantly improved over that with OM. In these experiments, the imaging areas were
limited to ~50 um X 50 pm within the center of the FOV. As a result, no obvious image
distortions are observed in the results shown in Fig. 3.

The in vivo image of the mouse ear acquired by subwavelength-resolution PAM is shown in
Fig. 4. In Fig. 4(a), the microvasculature, including both major blood vessels and capillaries,
can be clearly visualized. In the region marked by the white dashed square in Fig. 4(a), we can
identify some discrete RBCs traveling along a capillary. Figure 4(b) shows the close-up image
of those RBCs with estimated diameters of ~6-7 pm. Since subwavelength-resolution PAM
enables well-resolved individual RBCs in vivo, the system, in conjunction with spectroscopic
photoacoustic measurement, has the potential to provide important functional information in
vivo, such as sickle cell disease, blood flow in capillaries, and even dynamic oxygen
consumption at the single-cell level [20].

Normalized PA Amplitude

Fig. 4. In vivo subwavelength-resolution PAM of a mouse ear. (a) Maximum amplitude
projection (MAP) subwavelength-resolution PAM image of the mouse ear microvasculature; (b)
Close-up of the white dashed square area in Fig. 4(a) where individual RBCs can be identified;
(c) Representative cross-sectional images at different depths; (d) Volumetric rendering of the
data set (Media 1).

In photoacoustic imaging, the depth information is usually derived from the time of flight of
the photoacoustic waves. However, the high-NA objective in subwavelength-resolution PAM
has led to an optical focal zone (~1 pum) much smaller than the desired imaging range. As a
result, if only x-y raster scanning is performed, some vessels will be out of focus, or even
missing. Here, to maintain high lateral resolution over a relatively large imaging depth, we
introduced a motorized z scanner in the system [Fig. 1(a)]. As a result, as shown in Fig. 4(c), a
series of cross-sectional subwavelength-resolution PAM images can be obtained by scanning
the imaging probe to focus the laser at different depths of interest. By stacking these
cross-sectional images together, a three-dimensional (3D) subwavelength-resolution PAM
image can then be formed, as shown in Fig. 4(d).

The total imaging acquisition time increases due to the additional z scanning. Fortunately,
the 2D laser scanning enabled by the galvanometer is much faster over conventional
mechanical scanning. In this work, the subwavelength-resolution PAM microvascular image at
each depth of interest consists of 400 x 400 pixels, taking 4 seconds with a laser pulse repetition
rate of 40 kHz (as used in this study). To acquire a volumetric data set, cross-sectional images
from twenty layers were obtained through z scanning with a 5-um step. Thus, the total imaging
duration for acquiring a 3D image was only ~80 seconds, representing a significant
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improvement over previously reported OR-PAM systems based on mechanical scanning
[2,3,13].

4. Conclusions

In the future, to improve the field of view (FOV) of the system, we are planning to develop a
hybrid scanning method for subwavelength-resolution PAM [21], for example, to translate the
entire imaging probe (including the galvanometer scanners, the optical objective, and the
ultrasonic transducer) with a motorized scanner.

In subwavelength-resolution PAM, the compact optical-acoustic configuration allows laser
focusing at high NA and photoacoustic signal detection in reflection mode. Therefore, in
principle, subwavelength-resolution PAM can be readily integrated with other widely used
biomedical optical imaging technologies, such as optical coherence tomography (OCT),
confocal microscopy, and multi-photon microscopy. OCT relies on back-scattering photons
from the tissue, and is able to non-invasively visualize fine cross-sectional layers based on its
high axial resolution [17]; confocal/multi-photon microscopic technologies demonstrate
extraordinary sensitivity to fluorescence contrasts, and are capable of acquiring structural,
functional, and molecular imaging at cellular and sub-cellular levels [22]. Therefore, the
integration of subwavelength-resolution PAM with these sophisticated optical imaging
techniques is expected to provide comprehensive physiological and pathological information of
biological tissue in vivo, by revealing multiple complementary optical contrasts.
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