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Abstract. Conventional optoacoustic microscopy (OAM) instruments have at their core a nano-
second pulse duration laser. If lasers with a shorter pulse duration are used, broader, higher
frequency ultrasound waves are expected to be generated and as a result, the axial resolution
of the instrument is improved. Here, we exploit the advantage offered by a picosecond duration
pulse laser to enhance the axial resolution of an OAM instrument. In comparison to an instru-
ment equipped with a 2-ns pulse duration laser, an improvement in the axial resolution of 50% is
experimentally demonstrated by using excitation pulses of only 85 ps. To illustrate the capability
of the instrument to generate high-quality optoacoustic images, en-face, in-vivo images of the
brain of Xenopus laevis tadpole are presented with a lateral resolution of 3.8 ym throughout the
entire axial imaging range. © The Authors. Published by SPIE under a Creative Commons Attribution
4.0 International License. Distribution or reproduction of this work in whole or in part requires full
attribution of the original publication, including its DOI. [DOIL: 10.1117/1.JB0O.27.11.110501]
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1 Introduction

Optical imaging techniques used in modern biology, such as confocal, multi-photon, or light-
sheet microscopy' require either the use of exogenous probes or genetic manipulations’ to
achieve the desired optical contrast. Optoacoustic microscopy (OAM) is a hybrid imaging tech-
nique employing the absorption of light by intrinsic components of the sample to achieve the
desired optical contrast. Exhaustive literature is already available on the use of OAM to image
complex biological samples.>*

In most reports on OAM,>® the excitation optical source is a laser delivering pulses of a
typical duration of several nanoseconds, used in conjunction with a single-element ultrasound
transducer (UT). The values of the pulse energy and duration provided by the source, and the
acoustic bandwidth of the transducer, are of paramount importance for achieving high-quality
OAM images in terms of signal-to-noise ratio (SNR) and axial resolution. When a very large
bandwidth transducer is employed, the axial resolution is limited by the bandwidth of the gen-
erated acoustic waves.” So far, the techniques used to enhance the axial resolution have involved
either the use of numerical methods requiring long post-processing times or high-frequency
UTs.®” The number of reports demonstrating improvement in the axial resolution by manipu-
lating the bandwidth of the acoustic waves is limited and typically restricted to situations where
the bandwidth is enhanced by reducing the duration of the pulses from hundreds to several
nanoseconds.”® Using numerical simulations, it has been demonstrated that a 3-ps pulse duration
laser is more efficient in generating high-frequency acoustic signals than a 3-ns pulse duration
laser, however, no improvement in axial resolution was reported.'® To our knowledge, enhance-
ment in axial resolution by reducing the pulse duration below several nanoseconds has not been
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experimentally demonstrated yet. Here, we show that an OAM imaging instrument, equipped
with a Q-switched microchip laser, delivering short pulses of 85 ps at 532 nm, can provide
a better axial resolution than when equipped with a supercontinuum optical source delivering
excitation pulses of 2 ns, and operating at the same wavelength as the ps laser. The capability of
the OAM instrument equipped with the ps-based Q-switched microchip laser to produce high-
resolution OAM images is illustrated by images of the brain of the Xenopus laevis tadpole.

2 Methods and Materials

In-vivo imaging was performed on four Xenopus laevis tadpoles at developmental stage 37/38
(Nieuwkoop and Faber 1956). Xenopus laevis fertilized eggs were purchased from EXRC
(Portsmouth, UK) and raised in tap water treated with a commercially available aquarium water
conditioner at 20°C. The tadpoles were immobilized in a-bungarotoxin (Invitrogen), placed in
saline solution during imaging experiments and remained immobilized during imaging acquis-
ition. All experimental procedures on living tadpoles were approved by the University of Kent
Animal Welfare and Ethical Review Body, reference: 0037-SK-17.

The schematic diagram of the OAM instrument used in this work is shown in Fig. 1. The
optical source (OS1) is a frequency-doubled Q-switched microchip laser emitting at 532 nm
(Picophotonics Ltd, Tampere, Finland) capable to generate optical pulses of typically 85 ps and
variable output power. OS1 was operated at 60 nJ per pulse and a pulse repetition rate of 50 kHz.
The average optical power on the sample was 3 mW. OS2 is a supercontinuum optical source
(SuperK Compact, NKT Photonics, Denmark) delivering pulses of 2 ns duration with a repeti-
tion rate of 20 kHz. Both OS1 and OS2 delivered the energy per pulse.

The TTL signals (TTL1/2) are used to trigger the digitization of the electrical signal at the
output of the low noise amplifiers (LNA) (ZFL-500LN+, Mini Circuits), by a 12-bit data acquis-
ition board, DAQ1 (National Instruments, Model PCI-5124). DAQ1 was operated at a sampling
rate of 200 MS/s. The lasers were used sequentially by switching the position of the flipping
mirror (FM). The samples were submerged in water to facilitate acoustic coupling. The sample
holder (SH) is mounted on a high-resolution 3D translation stage (TS) to position the sample
accurately.

OS2 (ns-laser)

L
OS1 (ps-laser

BS

l

TTL2 TTL1

Fig. 1 (a) Schematic diagram. OS1: picosecond laser; OS2: supercontinuum optical source; C1:
reflective collimator; SH: sample holder; FM: flipping mirror; PD: photodetector; GS: orthogonal
galvo-scanners; DAQ1,2: data acquisition cards; LNA: low noise amplifiers; UT: ultrasound
transducer; OL: objective lens. TS: translation stage; TTL1,2: TTL signals synchronized with the
emission of the pulses. (b) Picture showing the UT and SH.
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The acoustic waves are detected by a high-frequency Polyvinylidene Fluoride ultrasonic
transducer (50-MHz central frequency, 53% bandwidth at 6 dB, Model PA1199, Precision
Acoustics) placed in contact with the water. The sample lies on an optical window of 0.22-mm
thickness, whereas the excitation beam illuminates the sample from below. The electrical signal
generated by the transducer is amplified by the two LNAs, before digitization by DAQI.

As a relatively low central frequency transducer and optical focusing were used to achieve
high lateral resolution, our instrument operates in an optical resolution (OR-) OAM regime.

To illustrate the capability of the instrument to produce high-quality images in terms of SNR
and spatial resolution, in the picosecond regime, we imaged the brain of Xenopus laevis tadpole.
The energy per pulse we operated at was 60 nJ, so within ANSI safety standards, which limits the
pulse energy to maximum of 1 uJ for OR-OAM instruments.'" During imaging, the tadpoles
were immobilized and positioned in the SH, (SH in Fig. 1). B-scan images, in the XZ plane,
of 400 x 500 pixels” were produced and displayed in real-time at a frame rate of 62.5 Hz (8 ms
to capture data and 8 ms to process it). Therefore, XYZ volumes of 400 x 400 x 500 pixels?
were generated in 6.4 s. To preserve the lateral resolution throughout the entire axial imaging
range, volumetric data were collected for various focusing axial positions of the optical beam
inside the tadpole by shifting the SH (in increments of 50 um) with respect to the objective lens
(OL in Fig. 1).

3 Results and Discussion

Several experiments were conducted to evaluate the capabilities of our OAM instrument.
To evaluate the lateral resolution, a sharp edge of a positive USAF target was imaged. Using
the image produced, the edge spread function [magenta curve in Fig. 2(a)], and the line spread
function [green line in Fig. 2(a)] were calculated. The lateral resolution, defined as the full-
width-at-half-maximum (FWHM) of the line spread function, was found to be 3.8 um, close
to the expected theoretical value (3.1 pm using Rayleigh’s criterion'?). In Figs. 2(b) and 2(c), we
show the capability of the instrument in terms of its axial depth of field (DOF), and lateral field
of view (FOV), respectively. The axial DOF showed in Fig. 2(b) has been provided by the
manufacturer of the transducer, whereas the lateral FOV [Fig. 2(c)] was measured by imaging
a carbon fiber tape with OS1. As shown in Fig 2(b), when the OAM signal drops by 3 dB, the
axial range is around z,,,, = 1.5 mm, which represents a sufficiently long axial imaging range to
cover a large variety of biological samples, including the Xenopus laevis tadpole, which is
<1 mm in thickness. As a focused ultrasonic transducer was employed, the OA signal recorded
at various lateral positions on the sample shows a maximum in the middle of the image. The
lateral FOV, estimated from Fig. 2(c) was 1 X 1 mm?Z.

To experimentally measure the axial resolution, a carbon fiber tape was imaged using both
the microchip ps laser, OS1 and the supercontinuum ns source, OS2. Both sources operate at the
same central wavelength of 532 nm, however, over different spectral ranges. The ps laser, with
an intrinsic bandwidth of a couple of nanometers, delivers sufficient energy per pulse to obtain
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Fig. 2 (a) Experimentally measured edge (magenta) and line (green) spread functions.
(b) Detected acoustic signal versus axial position (data provided by the manufacturer of the
transducer). (c) Lateral FOV, measured by imaging a carbon fiber tape.
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Fig. 3 Typical OA signals generated by exciting a carbon fiber with a 2-ns pulse duration [green
curve in (a)] and 85-ps pulse duration laser [red curve in (b)]. The envelopes of the two signals are
presented in pink and blue, respectively. From the signals presented in (a) and (b), the acoustic
spectra generated by using OS1 and OS2 were calculated in (c). By measuring the FWHM of
the two spectra, we could infer axial resolutions of 25 and 51 um, respectively. The fact that the
two spectra are not identical in terms of central frequency and bandwidth shows that, the axial
resolution is not determined by the bandwidth of the transducer alone.

high-quality images in terms of SNR. To obtain images of similar quality, the light from the
supercontinuum source was filtered by a bandpass filter of 25-nm bandwidth. As shown in
Fig. 3(a), when pulses of 2-ns duration were employed, the FWHM of the acoustic signal was
found to be 35 ns, which, given the speed of sound in soft tissues of ~1480 m/s, corresponds to
an axial resolution of 51 ym. Differently, for an 85-ps pulse duration, the FWHM of the acoustic
signal was found to be 17 ns, therefore, an axial resolution of 25 ym [Fig. 3(b)]. This shows that
when the bandwidth of the transducer employed is sufficiently wide, the axial resolution can be
adjusted by tunning the duration of the pulses. These results were consistent with those obtained
in subsequent measurements by imaging different regions of the sample. In Figs. 3(a) and 3(b),
only one typical result is presented.

Both picosecond and nanosecond pulse duration optical sources allowed for similar opto-
acoustic SNRs of 42.9 and 43.8 dB, respectively. In terms of the axial resolution achievable
with the two lasers, a 50% enhancement is obtained when using the picosecond pulses in
comparison to the nanosecond pulses, when higher frequency acoustic waves are generated as
illustrated in Fig. 3(c). The ps-induced optoacoustic signal shows a central frequency at around
41 MHz [Fig. 3(c), red curve], whereas the nanosecond-induced optoacoustic signal shows a
central frequency at around 30 MHz [Fig. 3(c), blue curve]. To perform these measurements,
the same ultrasonic transducer and sample were employed.

Figure 3(c) shows that the spectrum of the acoustic waves collected using OS1 (red) is larger
than the spectrum collected using the OS2 (blue). As a further manifestation of different spectra
generated, the centers of the two spectra do not coincide, more acoustic energy is generated by
the OS1 closer to the central frequency of the transducer of 50 MHz than when using OS2.

In Fig. 4, en-face, high-resolution optoacoustic images at different axial positions inside the
tadpole are presented, along with an optical microscopy en-face image [Fig. 4(a)]. The en-face
OAM images were produced by using the maximum intensity projection algorithm. Images
obtained at different focusing positions of the optical beam were color-coded (i.e., colors cor-
respond to different focusing positions) and then combined into a composite image such as that
depicted in Fig. 4(b). In Figs. 4(c)—4(e), three en-face images are presented, which are spaced by
200um from each other’s axial position. In Fig. 4(c), the focus of the beam is inside the eye,
therefore, sharp images of the tadpole’s eye and part of the otic capsule are visible. As a high
concentration of melanin is localized in the eye, a high amplitude optoacoustic signal is expected
to be generated by the ocular tissue. When the focal plane of the OL is shifted inside the tadpole
by 200 um, the blurred shapes of the midbrain and the forebrain appear [Fig. 4(d)], whereas a
sharp image of the eye is not resolved in this focal plane. Moving another 200-ym inward, the
hindbrain is displayed, as shown in Fig. 4(e). A flowchart illustrating the procedure employed
to record the images and the post-processing steps needed to produce the overlayed images is
presented at the top of Fig. 4 (part A).
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Fig. 4 Part A: flowchart describing the imaging protocol and the post-processing steps. Part B:
(a) microscope image of the tadpole’s head over which the OAM image showed in (b) is over-
lapped. (b) Composite en-face image obtained by merging images collected at 24 axial positions
separated by 50 um. (c)-(e) Single-plane images showing significant examples of defined brain
structures that appear as the focal plane is shifted deeper into the tadpole. The axial separation
between (c) and (d), and (d) and (e) is 200 pm. It is noteworthy that (a) has the same lateral size as
(b) and (c) has the same lateral size as (d) and (e). Part C: (f) and (g) B-scan images of the carbon
tape produced using the ps and the ns lasers, respectively. Axial size (along the horizontal direc-
tion): 1.6 mm. Lateral size (vertical direction): 50 um. (h) and (i), typical en-face images of the
tadpole’s eye produced using the ps and the ns lasers, respectively. In both cases, the light is
focused inside the eye. The artifact in (i) is due to a structural defect of the optical window.

In Figs. 4(f) and 4(g), we demonstrate B-scan images of the carbon fiber tape produced using
the ps and the ns lasers respectively. The axial resolution in Fig. 4(f) is better than in Fig. 4(g).
The apparent better depth penetration observable in Fig. 4(f) is possibly due to, (i) the fact that
the two images were collected in different experimental conditions (light focused deeper when
using the ps laser) and, (ii) not all the wavelengths emitted by the ns laser are probably absorbed
by the sample, and therefore, do not contribute to the OAM signal to the extent that the spectrum
content of the ps laser is absorbed.

To the best of our knowledge, this level of detail of the tadpole’s brain shown in Fig. 4 has not
been demonstrated yet by any other research group using an OAM instrument equipped with a
ps pulse duration laser.

4 Conclusion

In this letter, we demonstrated that the axial resolution of any OAM instrument can be improved
by narrowing the pulse duration of the excitation laser, therefore high-axial resolution images
can be produced. More precisely, we experimentally proved that by using a Q-switched micro-
chip laser delivering 85-ps pulses, the axial resolution is 50% better than when employing a 2-ns
pulse duration laser. It is expected that by using narrower laser pulses, the axial resolution to be
improved even further. By simulation, a 3-ps pulse duration laser has been shown' to generate
frequencies well above 270 MHz. In principle, if the conditions to produce the photo-acoustic
effect are fulfilled, extremely low pulse duration lasers can be used to develop high-axial res-
olution instruments. Extreme short pulses however for similar energies, may exhibit such high
peak pulse power that nonlinear optical effects may limit further reduction of the pulse duration.
Compared to other types of optical sources used in OAM, such as frequency-converted ns
Q-switched lasers'!'* or supercontinuum, fiber systems'>!'® the microchip laser employed,
although at the moment is only capable to operate at a single wavelength, offers other advanta-
geous features, such as a higher pulse repetition rate than standard Q-switched systems, and/or
higher pulse energy compared to mode-locked systems. Moreover, the laser has a small footprint
(15 x 15 x 12 cm?®), arather simple architecture, and low cost, which makes it advantageous also
compared to solutions based on amplified gain-switched lasers. Although the ps laser employed
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here only operates at 532 nm, we must point out that 532 nm is a very popular wavelength used
for opto-acoustic imaging as light at this wavelength is absorbed by a plethora of chromophores
present in biological samples. Finally, a quite high repetition rate suggests that the chip laser
employed here can be a highly sought-after optical source for OAM. To take full advantage of
the enhancement in axial resolution, further investigations are needed as soon as faster OA trans-
ducers become available, and more shorter laser pulse technologies are developed. As of now,
we need to mention two limitations of the instrument we developed due to the repetitive nature of
the experiments conducted. First, to achieve constant high lateral resolution along the axial
direction, and therefore be able to differentiate the anatomical brain structures of the tadpole,
repetitive imaging at 50 ym increments was required and second, although the B-scan images
were produced in real-time, the combined image shown in Fig. 4 required post-processing. To
overcome these limitations, higher pulse repetition rates must be used in an instrument equipped
with a fast-focusing capability (such as the use of a liquid lens, instead of the manual adjustment
we performed) and harness the computing power of the graphics cards to improve the post-
processing time.

Disclosures

The author(s) declare no competing interests.

Acknowledgments

GN and GM thank the support of the University of Kent. AGhP and AB acknowledge the support
of BBSRC, “5SDHiResE” project, BB/S016643/1; AGhP and MG acknowledge the European
Union’s Horizon 2020 research and innovation programme (Marie Sklodowska-Curie grant
NETLAS 860807). AGhP further acknowledges the NIHR Biomedical Research Centre at
Moorfields Eye Hospital NHS Foundation Trust, UCL Institute of Ophthalmology, and the
Royal Society Wolfson research merit award. SK acknowledges the support from The
Physiological Society UK (Research Grant 2019). MKD acknowledge support from Union’s
Horizon 2020 research and innovation programme (Marie Sklodowska-Curie grant, 722380).
AGhP, AH, and MG acknowledge Business Finland (TEMPO, 168/31/2020). AB also acknowl-
edges the support of the Royal Society, project PARSOCT, RGS/R1/221324 and the support of
the Academy of Medical Sciences/the Welcome Trust/the Government Department of Business,
Energy and Industrial Strategy/the British Heart Foundation/Diabetes UK Spring-board Award
SBF007\100162.

References

1. J. Ripoll, B. Koberstein-Schwarz, and V. Ntziachristos, “Unleashing optics and optoacous-
tics for Developmental Biology,” Trends Biotechnol. 33, 679-691 (2015).

2. T. Peresse and A. Gautier, “Next-generation fluorogen-based reporters and biosensors for
advanced bioimaging,” Int. J. Mol. Sci. 20, 6142 (2019).

3. S. Jeon et al., “Review on practical photoacoustic microscopy,” Photoacoustics 15, 100141
(2019).

4. M. K. Dasa et al., “Multispectral photoacoustic sensing for accurate glucose monitoring
using a supercontinuum laser,” Opt. Soc. Am. J. B: Opt. Phys. 36, A61-A65 (2019).

5. K. Irisawa et al., “Influence of laser pulse width to the photoacoustic temporal waveform
and the image resolution with a solid-state excitation laser,” Proc. SPIE 8223, 79 (2012).

6. T. Agano et al., “Effect of light pulse width on frequency characteristics of photoacoustic
signal — an experimental study using a pulse-width tunable LED-based photoacoustic im-
aging system,” Int. J. Eng. Technol. 7, 4300-4303 (2018).

7. L. V. Wang and S. Hu, “Photoacoustic tomography: in-vivo imaging from organelles to
organs,” Science 335, 1458-1462 (2012).

8. P. Burgholzer, J. Bauer-Marschallinger, and M. Haltmeier, “Breaking the resolution limit
in photoacoustic imaging using non-negativity and sparsity,” Photoacoustics 19, 100191
(2020).

Journal of Biomedical Optics 110501-6 November 2022 « Vol. 27(11)


https://doi.org/10.1016/j.tibtech.2015.08.002
https://doi.org/10.3390/ijms20246142
https://doi.org/10.1016/j.pacs.2019.100141
https://doi.org/10.1364/JOSAB.36.000A61
https://doi.org/10.1117/12.907714
https://doi.org/10.14419/ijet.v7i4.19907
https://doi.org/10.1126/science.1216210
https://doi.org/10.1016/j.pacs.2020.100191

Nteroli et al.: Enhanced resolution optoacoustic microscopy using a picosecond high repetition rate. . .

10.

11.

12.
13.

14.

15.

16.

E. M. Strohm, M. J. Moore, and M. C. Kolios, “High-resolution ultrasound and photo-
acoustic imaging of single cells,” Photoacoustics 4, 36-42 (2016).

J. Yao et al., “High-speed label-free functional photoacoustic microscopy of mouse brain
in action,” Nat. Methods 12, 407-410 (2015).

W. Liu and J. Yao, “Photoacoustic microscopy: principles and biomedical applications,”
Biomed. Eng. Lett. 8, 203-213 (2018).

E. Hecht, Optics, 4th ed., Pearson International Edition (2002).

S.-W. Cho et al., “High-speed photoacoustic microscopy: a review dedicated on light
sources,” Photoacoustics 24, 100291 (2021).

G. Hu et al., “Tunable multidimensional multiplexed Q-switched pulse outputs from a linear
fiber laser with a bidirectional loop,” Opt. Laser Technol. 141, 107138 (2021).

M. K. Dasa et al., “All-fibre supercontinuum laser for in vivo multispectral photoacoustic
microscopy of lipids in the extended near infrared region,” Photoacoustics 18, 100163
(2020).

M. Bondu et al, “Multispectral photoacoustic microscopy and optical coherence tomogra-
phy using a single supercontinuum source,” Photoacoustics 9, 21-30 (2018).

Journal of Biomedical Optics 110501-7 November 2022 « Vol. 27(11)


https://doi.org/10.1016/j.pacs.2016.01.001
https://doi.org/10.1038/nmeth.3336
https://doi.org/10.1007/s13534-018-0067-2
https://doi.org/10.1016/j.pacs.2021.100291
https://doi.org/10.1016/j.optlastec.2021.107138
https://doi.org/10.1016/j.pacs.2020.100163
https://doi.org/10.1016/j.pacs.2017.11.002

