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Abstract. We present a new-generation optical-resolution confocal
photoacoustic microscope, consisting of a 0.25-numerical aperture
optical microscope objective and a 75-MHz center-frequency spheri-
cally focused ultrasonic transducer. Experiments verified that this mi-
croscope has a transverse resolution of 2 um, which is the highest to
our knowledge among all photoacoustic imaging systems. In situ im-
aging of mouse ears shows the feasibility of resolving individual red

blood cells in microvessels using the current system. © 2010 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.3339912]
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1 Introduction

As an emerging high-resolution imaging modality, photoa-
coustic microscopy (PAM) images optically absorbing micro-
structures by detecting transient acoustic waves generated
from laser-induced thermal-elastic expansion.! Current main-
stream high-resolution optical imaging techniques mainly in-
clude confocal microscopy (CM), multiphoton microscopy,
and optical coherence tomography (OCT). The first two tools
mostly exploit fluorescence contrast and generally require in-
troduction of exogenous dyes for imaging. OCT provides in
vivo tissue microanatomy based on optical scattering, which
carries little information about the underlying physiological
functions and molecular cell biology. In contrast, PAM is di-
rectly sensitive to optical absorption, which is a quantitative
measure of many physiologically important endogenous mol-
ecules (e.g., hemoglobin and melanin) as well as various
widely used optical contrast agents (e.g., indocyanine green).
As a result, PAM, although in its early stage, has rapidly
found broad biomedical applications in mapping the morphol-
ogy and function of microvasculature,”” detecting cutaneous
melanoma,”* visualizing reporter gene expression,5 imaging
brain function,’ etc. It has been predicted that PAM will join
the mainstream of optical microscopy in the near future as a
complement to current microscopic techniques.7

In traditional PAM systems, both the transverse and axial
resolutions are defined by ultrasonic detection. It is difficult to
achieve a transverse resolution of <10 wm with ultrasonic
focusing without compromising the imaging depth, because of
the limited ultrasonic numerical aperture (NA) and the over-
whelming attenuation of high-frequency ultrasound beyond
100 MHz in biological tissue. To overcome this obstacle, our
group recently proposed optical-resolution PAM, whose trans-
verse resolution is defined by a tight optical focus. Using an
optical microscope objective with a NA of 0.1, 5-um trans-
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verse resolution was experimentally obtained, and microvas-
culature was imaged down to the single-capillary level.®

In this paper, we report our recent development of a new
generation of optical-resolution PAM with further improved
transverse resolution of ~2 um. By improving the resolution,
we wish to visualize individual red blood cells in microves-
sels and further work toward subcellular photoacoustic imag-
ing. In the following discussion, we will refer to this new
system as 2-um PAM.

2 Methods

In the 2-um PAM, the object is irradiated by 1.2-ns-wide
laser pulses at the wavelength A of 532 nm generated by a
diode-pumped Nd:YVO, laser (SPOT-100-532, Elforlight).
For optimal operation of the imaging system, the pulse rep-
etition rate is controlled between 1 and 5 kHz. The imaging
probe (Fig. 1), which integrates components for delivering
and focusing light, sensing photoacoustic waves, and holding
the object, is configured in transmission mode to minimize the
resolution deterioration caused by various optical aberrations.
In the first-generation optical-resolution PAM,? light was de-
livered in free space; thus, the object had to be moved in order
to form an image. In contrast, in our 2-um PAM, a single-
mode optical fiber (P1-460A-FC-2, Thorlabs) guides light to
the imaging probe, which not only enables scanning the probe
instead of the object to reduce motion artifacts, but also en-
sures that the optical beam quality is sufficient to achieve an
optical diffraction limited focus. The laser pulse energy deliv-
ered through the fiber is measured to be ~10 nJ. The laser
beam is first converged by an aspheric lens and then focused
by a microscope objective (10X, Leitz Wetzlar) into the test
object. The objective used here has an NA of 0.25, 2.5 times
higher than the one used in the previous system, which in turn
means a 2.5 time improvement in transverse resolution, in
theory. The object is usually loaded on a glass slide. The
generated photoacoustic wave is detected by a spherically fo-
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Fig. 1 Schematic of the imaging probe in the 2-um PAM system.

cused  75-MHz  ultrasonic  transducer  (V2022BC,
Panametrics-NDT; focal length: 5 mm). The signal is first
amplified by two amplifiers (ZX60-3018G and ZFL-500,
Mini-Circuits) and then acquired to a computer by a 12-bit
200-MS/s high-speed digitizer (PCI-5124, National Instru-
ments). During experiments, a drop of deionized water is ap-
plied between the sample and the transducer for efficient
acoustic coupling. The optical objective and the focused trans-
ducer are prealigned confocally and coaxially. Before imag-
ing, fine tuning is performed by maximizing the PA signal
from a black calibration target.

We followed an imaging protocol similar to the one de-
scribed in Ref. 9. At each transverse location, we take a time-
resolved measurement of the PA waves for 1 us. The time of
arrival translates to depth along the z-axis (axial direction)
through the acoustic speed in the object (e.g., 1540 m/s in
soft tissue). Envelope detection is performed on each mea-
surement to extract the PA amplitude employing the Hilbert
transformation. A 3-D dataset is obtained by an x-y (trans-
verse) raster scan of the imaging probe (x: the fast scan axis;
y: the slow scan axis). Currently, it takes 12 min to acquire a
volumetric dataset covering a 1 X 1 mm transverse area with
a 1.25-um step size. The volumetric PA amplitude is usually
visualized in several ways: (i) an x-z tomogram of a cross
section of the object showing depth-variant structures; (ii) an
Xx-y tomogram representing a layer of the object at certain
depth; (iif) a maximum amplitude projection (MAP) image
resembling a top-down view of the object, where the maxi-
mum PA amplitude along each depth measurement is pro-
jected to the x-y plane; and (iv) various 3-D presentations.

3 Results
3.1 Evaluation of Transverse Resolution

In the 2-um PAM, the transverse resolution is limited by the
radial size of the optical focal zone. An ideal objective lens
focuses a plane wave to a diffraction-limited Airy pattern,
whose size is determined only by the NA and the optical
wavelength.

Given the aforementioned system parameters, the blurring
of a point absorber can be predicted by the full width at half
maximum (FWHM) of the Airy disk, which is 1.1 um ac-
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Fig. 2 Experimental validation of transverse resolution of the 2-um
PAM system. (a) MAP image of a gelatin sample mixed with nano-
cages. (b) Transverse spread profile of a typical nanocage. Blue circle:
experimental measurements. Black line: Gaussian-fit of the experi-
mental data. (c) MAP image of a 1951 USAF resolution test target
(groups 6 and 7). (d) Close-up view of MAP image of group 7 element
6 of the test target. (Color online only.)
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cording to FWHM=0.51\/NA. In an initial experiment, we
imaged a gelatin sample mixed with gold nanocages, a prom-
ising contrast agent for photoacoustic imaging, at a low con-
centration. The gold nanocages have a typical edge length of
50 nm,'" and thus can be considered as point absorbers here.
The MAP image shows [Fig. 2(a)] that the 2-um PAM has
the sensitivity to detect single nanocages, although their ab-
sorption is not maximized at 532 nm. The transverse profile
of a typical nanocage image gives the transverse spread func-
tion of the system, and its Gaussian fit has a FWHM of
1.5 um [Fig. 2(b)]. This value is 37% higher than the theo-
retical prediction. This discrepancy is probably caused by op-
tical spherical aberration in the 1.0-mm-thick glass slide and
the object. Employing a higher NA objective lens can further
improve the transverse resolution, if optical spherical aberra-
tion is minimized.

In another experiment, we imaged a positive 1951 USAF
resolution test target (NT38, Edmund Optics) [Fig. 2(c)]. As
shown in Fig. 2(d), we were able to clearly resolve the small-
est elements in this target (group 7 element 6, 228 lp/mm),
where the gap between two absorptive bars is 2.2 um wide.
This result further confirms that the current system has
achieved a transverse resolution of ~2 um.

3.2 Evaluation of Axial Resolution

In the 2-um PAM, axial structures are resolved by the time-
resolved ultrasonic measurement. Figure 3(a) shows a typical
axial spread profile of the same nanocage viewed in Fig. 2(b).
Because the nanocage (~50 nm in size) is much smaller than
axial resolution, we treat this profile as the axial point-spread
function of the imaging system. The FWHM of the photoa-
coustic envelope was estimated to be 41 um.

In reality, if two point absorbers are located close to each
other along the axial axis, their photoacoustic signals will add
in amplitude instead of in envelope. As a result, we expect to
be able to distinguish the two absorbers at a separation much
smaller than 41 um. Because of the difficulty in making a
phantom to test this hypothesis, we did a numerical shift-and-
sum simulation. We assumed that each of the two point ab-
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Fig. 3 Axial resolution of the 2-um PAM system. (a) Axial spread
profile of a typical nanocage. Blue line with circle: experimental mea-
surement. Black solid line: envelope of the experimental data. (b)
Configuration of numerical shift-and-sum experiment. (c) Simulated
photoacoustic signal and envelope when d=20 um. Blue dashed
line: photoacoustic signal. Black solid line: envelope of the signal. (d)
CNR versus d. Blue circles: calculated CNR. Black dashed line:
CNR=1. (Color online only.)

sorbers generated a photoacoustic signal shown in Fig. 3(a),
and the axial distance between them was d [Fig. 3(b)]. A
movie in Video 1 illustrates the evolution of the photoacoustic
envelope as d decreases. Figure 3(c) proves that the photoa-
coustic envelope still possesses two distinct peaks represent-
ing the two absorbers when d=20 wm. To be more quantita-
tive, we defined a standard using the contrast-to-noise ratio
(CNR). The contrast was defined as the difference in photoa-
coustic envelope between the smaller of the two peaks and the
valley between them. The noise was defined as the standard
deviation in photoacoustic envelope calculated from the ex-
perimental measurement without absorbers. The simulation
shows that we can still distinguish the two absorbers with
CNR=1 when d=14 um [Fig. 3(d)], which is a better esti-
mation of the axial resolution. Furthermore, with an experi-
mentally measured photoacoustic signal from a planar absorb-
ing object, the estimated axial resolution values using both the
FWHM and shift-and-sum standards were similar to the above
estimates.
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Video 1 Animation showing how the measured photoacoustic signal
and envelope evolve when the two absorbers move toward each other
(MPEG, 1.05 MB). [URL: http://dx.doi.org/10.1117/1.3339912.1].
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Fig. 4 Microvasculature in mouse ear imaged using the 2-um PAM
system: (a) MAP image, (b) 3-D view of three representative x-y to-
mograms, and (c) close-up view of a typical dot in (a).

3.3 Imaging Microvasculature in a Mouse Ear

We employed the 2-um PAM to image an ear of a Swiss-
Webster mouse (Hsd:ND4, Harlan Laboratories, Indianapolis,
IN; body weight, 30 g) in situ shortly after death. The hair on
the ear was removed, but no optical clearing agent was ap-
plied. The mouse ear is a widely used model for studying
cutaneous microcirculation.' The MAP image [Fig. 4(a)]
showed that the 2-um PAM was able to depict the detailed
morphology of microvasculature, similar to the first-
generation optical-resolution PAM. More interestingly, we
also observed a large number of “dots,” and most of them
appeared to align along blood vessels. Using the three-
dimensional information carried by the photoacoustic dataset,
we examined transverse (x-y) tomograms at different depths
[Video 2 and Fig. 4(b)]. At transverse planes out of focus, we
saw smooth vasculatures. Approaching the focal plane, we
saw increasing details. The dots actually appeared in the focal
plane. We believe that they were red blood cells in the vessels
that were located in the optical focal zone. A close-up view of
a typical dot [Fig. 4(c)] showed that it had a size of 8.7
X 3.1 um. Because the transverse resolution is 2 um, this
observed size does match the known size of a typical red
blood cell in capillaries, which is 7.5 X2 um.

Finally, we tested the imaging depth of the 2-um PAM by
imaging two carbon fibers, which were placed above and be-
low a 300-um-thick region of an excised mouse ear close to
the head. The ear was illuminated from below, and the carbon
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Video 2 Animation shows the x-y tomograms of a mouse ear at dif-
ferent depth z (MPEG, 204 KB).
[URL: http://dx.doi.org/10.1117/1.3339912.2].
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Fig. 5 x-z cross-sectional photoacoustic image of two carbon fibers
placed above and below a 300-um-thick mouse ear (cf: carbon fibers.
bv: blood vessels).

fiber above the ear was placed in the focal plane. An averaged
x-z cross-sectional image using 100 acquisitions is shown in
Fig. 5. We were able to visualize both carbon fibers. This
implies that the 2-um PAM can penetrate deeper than
300 wm in highly scattering biological tissue such as the skin.
The top fiber gives a weaker image (although in focus), be-
cause of the attenuation of ballistic photons in tissue.

4 Discussions

Existing photoacoustic methods for studying individual cells
are mainly limited to a sensing technique called photoacoustic
flow cytometry.12 It monitors photoacoustic signals from indi-
vidual pigmented cells at a fixed location in blood or lymph
vessels and promises to detect early-stage cancer metastasis.
Monitoring red blood cells flowing in microvessels usually
requires a topical application of optical clearing agent. Our
2-pum PAM is the first photoacoustic imaging system to our
knowledge that is able to image individual red blood cells in
microvessels without optical clearing.

The 2-um PAM uses safe radiation for photoacoustic ex-
citation. The pulse energy was measured to be 10 nJ at the
exit of the single-mode delivery fiber. If the focal plane is
tuned to 100 wm below the skin, then the surface optical
fluence is calculated to be <0.5 mJ/cm?, almost three orders
of magnitude less than the ANSI-recommended maximum
permissible exposure of 20 mJ/cm? for visible light."”> We
have not observed any photodamage in biological samples for
a prolonged period after experiments. In a clear medium, the
peak fluence at the focus could reach 300 mJ/cm?. A similar
optical fluence at 530 nm was used in vivo in Ref. 12, and
was also reported not to cause notable cell damage.

The present 2-um PAM has a maximum imaging speed of
~1 fps, which is mainly limited by the slow mechanical scan-
ning of the imaging probe. The red blood cells flow at a speed
up to 1 mm/s in capillaries. Thus, higher imaging speed is
necessary in order to follow flowing individual red blood cells
in vivo. Potential solutions to this problem include but are not
limited to (i) galvanometer scanning the optical focal spot
within the broader focal zone of a single-element transducer'*
and (i) combining galvanometer scanning of light and fast
ultrasonic detection using transducer array technology.

Different from acoustic-resolution PAM,’ optical-
resolution PAM, including the present 2-um PAM, relies on
optical focusing to achieve improved lateral resolution and
works in the optical ballistic regime. Here, we briefly com-
pare optical-resolution PAM with other existing commercial
three-dimensional ballistic optical microscopy, which mainly
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include CM, two-photon microscopy (TPM), and OCT. First,
the amplitude of the lateral point spread function (PSF) is
proportional to the optical intensity distribution at the focus in
optical-resolution PAM and OCT, while the amplitude of the
lateral PSF in CM and TPM is proportional to the square of
the optical intensity distribution.'>'® As a result, if the same
excitation wavelength and objective NA are used, the lateral
resolution of optical-resolution PAM is the same as that of
OCT and ~1.4 times that of CM and TPM. However, to
excite the same fluorophore, TPM must use a wavelength
twice as long as CM does. In this case, the lateral resolution
of TPM is ~1.4 times that of CM. Second, CM and TPM
generally require introduction of extragenous fluorescent con-
trast agents for in vivo imaging, which may not only disturb
native physiological environment but also limit the frequency
of longitudinal studies. OCT mainly exploits the optical scat-
tering contrast. Thus, optical-resolution PAM complements
existing techniques by noninvasively investigating physi-
ological functions associated with endogenous chromophores,
such as hemoglobin and melanin.

The axial resolution of current optical-resolution PAM is
mainly limited by the acoustic-detection bandwidth, and it is
an order of magnitude worse than optically defined lateral
resolution in the present 2-um PAM system. We can improve
the axial resolution by using a higher-frequency ultrasonic
transducer with a broader detection bandwidth, at the cost of
penetration due to acoustic attenuation. Also, variation in the
acoustic speed in tissue may deteriorate the axial resolution.
Fortunately, the speed of sound is relatively constant in most
soft tissue. For example, the difference between acoustic
speeds in epidermis and dermis is ~3%."

5 Conclusion

In summary, we have developed a new generation of optical-
resolution PAM that has an unprecedented transverse reso-
lution of ~2 wm. The axial resolution was estimated to be
~14 pm, and the maximum penetration depth was tested to
be at least ~300 wm in highly scattering biological tissue.
Preliminary in situ studies on a mouse ear showed that it is
feasible to visualize individual red blood cells in microves-
sels. The transverse resolution can be improved by employing
a higher NA objective lens and carefully controlling optical
aberrations. With future improvements in imaging speed, we
expect that this new imaging technology will find broad in
vivo applications in quantifying capillary flow, oxygenation,
and potentially the metabolic rate of oxygen at the single-cell
level, and will provide new insight into microcirculation
studies.
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