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Optical-resolution photoacoustic microscopy can visualize

wavelength-dependent optical absorption at the cellular level. However, this
technique suffers from alimited depth of field due to the tight focus of the
optical excitation beam, making it challenging to acquire high-resolution
images of samples with uneven surfaces or high-quality volumetric images
without zscanning. To overcome this limitation, we propose needle-shaped
beam photoacoustic microscopy, which can extend the depth of field
toaround a 28-fold Rayleigh length via customized diffractive optical
elements. These diffractive optical elements generate a needle-shaped beam
with awell-maintained beam diameter, a uniform axial intensity distribution
and negligible sidelobes. The advantage of using needle-shaped beam
photoacoustic microscopy is demonstrated via both histology-like imaging
of fresh slide-free organs using a266 nm laser and in vivo mouse-brain
vasculature imaging using a 532 nm laser. This approach provides new
perspectives for slide-free intraoperative pathologicalimaging and in vivo
organ-level imaging.

Over the past decades, rapid developments in optical imaging tech-
nologies have revolutionized life science. For high-resolution opti-
cal imaging, a tight optical focus is usually needed to achieve the
diffraction-limited resolution in optical microscopy, resulting in a
limited depth of field (DOF). This narrow DOF causes the degradation
of lateral resolution at a distance away from the optical focal plane. It
hinders the fast high-resolution imaging of slide-free specimens with
irregular surfaces or three-dimensional (3D) volumetric imaging of
organs, which usually requires time-consuming axial scanning at multi-
ple planes as well as complicated image processing. For time-sensitive
imaging applicationslike intraoperative histology or cerebral haemo-
dynamics, the capability to directly image irregular surfaces with a
large DOF at high resolution is desired. However, a large DOF with a
tight optical focus for high-resolutionimaging is not easily achievable.

To address the need for an extended DOF in high-resolution micro-
scopes, researchers have explored different approaches. Anextended
DOF can be achieved via dynamic remote focusing or decoupled illu-
minationand detection (for example, asin alight sheet microscope) .
Nonetheless, this requires complicated geometry and increases the
system complexity and cost. Alternatively, multi-plane microscopes
have been implemented through spatial and spectral multiplexing
techniques’'°. However, 3D multi-plane imaging is susceptible to
misalignment of the detection channels and demands accurate cali-
bration of the image planes before imaging. Fourier ptychographic
microscopy uses a simple configuration and adopts a wavefront cor-
rection strategy to extend the DOF computationally". However, the
image-reconstructionalgorithmfor Fourier ptychographic microscopy
uses a thin sample target transilluminated with oblique plane waves,
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Fig.1|Principle of NB-PAM with a customized DOE. a, DOE phase pattern for
an NB composed of multiple phases of Mfoci. b, Principle of a DOE combining
Mfocito form the desired NB. ¢, y-z profile of a Gaussian beam with a focal spot
size of 1.2 umat 266 nm (left) and x-y profiles (right) at different z positions.
Scale bars, 10 um. d, y-z profile of the NB generated by the DOE for the

200 x 1.2 pm NB at 266 nm (left) and x-y profiles (right) at different z positions.
Scale bars, 10 um. The colour scale applies to both cand d. e, Experimental setup

.

of the NB-PAM system. BS, beam sampler; PH, pinhole; CL, correction lens;

UT, ultrasonic transducer; DAQ, data acquisition. f,g, Principle of conventional
GB-PAM (f) and NB-PAM (g). Simulated y-z projection images of uniformly
distributed microspheres with adiameter of 7 um show the difference between
GB-PAM with a 0.16 NA (numerical aperture) and NB-PAM with a 0.16 NA and the
1,000 x 2.3 um DOE. Scale bar applies toboth fand g.

limiting its applications forimaging thick specimens or organsin vivo.
In addition, many researchers have applied non-diffracting beams
(for example, a Bessel beam or an Airy beam) for extended DOFs in
microscopy'? 8. However, the image quality usually suffers from severe
sidelobes and low efficiency'. Recently, deep learning techniques have
been applied toimprove the DOF?*°?, although intensive training with
lots of ground-truth data are needed, which may not be easy to acquire
for specific subjects.

Asanemerging technology, photoacoustic microscopy (PAM) can
directlyimage the distribution of intrinsic or extrinsic optical absorb-
ers by detecting optical-absorption-induced acoustic signals®>**. Ben-
efitting from therichintrinsic contrasts in biological tissues, label-free
PAM has been demonstrated in theimaging of various biological com-
ponents, such as DNA/RNA*?, cytochromes?®®, haemoglobin® ™,
melanomas™ and lipids®**. Different from other pure optical imag-
ing techniques, 3D volumetric photoacoustic images can be directly

reconstructed with only two-dimensional (2D) scanning utilizing the
time-of-flight information carried by the photoacoustic signals®. For
high-resolutionimaging, optical-resolution photoacoustic microscopy
(OR-PAM) with a tight optical focus has been implemented®**. How-
ever, OR-PAM still suffers from the trade-off between the DOF and the
spatial resolution as other optical microscopy techniques—a higher
spatial resolution corresponds to anarrower DOF, which compromises
the image quality due to out-of-focus blurring in volumetric imaging
or uneven surface imaging. Many efforts have been made in PAM to
extend the DOF, such as utilizing Bessel beams* *, dynamic focus-
ing***?, synthetic aperture focusing techniques** and structured
illumination*®*’, but these methods suffer from strong sidelobes, a
slowdown of theimaging or complicated post-processing procedures.

Tofill this gap, we present optical-resolution needle-shaped beam
photoacoustic microscopy (NB-PAM) with an extended DOF via cus-
tomized diffractive optical elements (DOEs). The needle-shaped beam
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Fig.2| Characterization of UV-NB-PAM in comparison with that of
conventional UV-GB-PAM. a, Images of a1951 USAF resolution target at
different axial positions acquired using UV-GB-PAM with a 0.16 NA (top) and
UV-NB-PAM with the 200 x 1.2 um NB (bottom). The focal plane for UV-GB-PAM
isatz=0 pum.b,c Close-up images acquired using conventional UV-GB-PAM at
z=0pm (b)andz=+105 pm (c). d,e Close-up images acquired using UV-NB-PAM
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atz=0pm (d) and z=+105 pm (e). f, Profile of element 6 from group 7 measured
using conventional UV-GB-PAM and UV-NB-PAM at z= 0 pm. g, Lateral FWHM
resolution measured by imaging a sharp edge and quantified using edge spread
functions and derived line spread functions (inset). The dashed linesinfand g
indicate the measured profiles.

(NB) generated by the DOE is shown to have a DOF of up to a 28-fold
Rayleigh length, while maintaining a relatively constant beam diam-
eter, a uniform axial intensity distribution and negligible sidelobes.
As a thin glass plate, the DOE can be easily integrated into an existing
optical system without rebuilding the optical setup (for example, it
canbe placedinfront of the objective lens). We demonstrate NB-PAM
with an extended DOF for irregular surface imaging and volumetric
imaging without zscanning. The histology-like photoacousticimaging
of fresh and slide-free organs was achieved using ultraviolet NB-PAM
(UV-NB-PAM) at 266 nm, and in vivo mouse-brain vasculature images
were acquired using visible NB-PAM (VIS-NB-PAM) at 532 nm.

Results

The principle of NB-PAM via DOEs

To form the NB, we developed DOEs to generate numerous
closely adjacent foci along the axial direction (Fig. 1a,b). The
beam length can be flexibly adjusted by increasing or decreasing
the number of foci. The DOE phase is formulated as
Ppor (,)) = ZZ:I {[—=n (x* + ¥*) (L/f, — 1/f) /A — zmA] Loc,, (x,))}
where (x,y) is the planar coordinate, 1is the light wavelength, fis the
objective focal length in the medium, f,, is the chosen focal position,
nis the refractive index of the surrounding medium, M is the foci

number, mis the focus index, Loc,,(x,y) is a binary matrix to allocate
the DOE pixels, Ais a coefficient, tmA is the phase regulator responsi-
ble for adjusting the beam diameter, and the item [-Ttn(x? +)?)
1/f,,— 1/)/A - ntmA] aims to shift the focus from ftof,, (Supplementary
Fig.1). The DOE pixels are equally and randomly allocated into m sub-
sets (Fig.1a), each of which belongs to one specific focus: for example,
for the pixel (x,y) allocated to f;, Loc,(x,y) =1and Loc,,,,(x,y) = 0. The
beam length is determined by (f,, - f,). The rule for determining the
number of foci Misto control the average interval between two neigh-
bouring foci with no more than one Rayleigh length. We set f; to be
coincident with the objective lens focus f. Therefore, the NB can be
generated using a customized DOE with the corresponding objective
lens, asshowninFig.1b. The DOE was fabricated using a 500-um-thick
fused silica substrate (Supplementary Fig. 2a), which has rectangular
pixels with an alignment error of around one micrometre via the
four-timeslithography to achieve 16 heights (Supplementary Fig. 2b).
Further characterization details for the DOE fabrication can be found
inSupplementary Fig. 2c-fand Supplementary Table 1.

We designed two DOEs, for UV-NB-PAM (266 nm) and VIS-NB-PAM
(532 nm). The phase patterns for these two fabricated DOEs can be
found in Supplementary Fig. 3a,b. The DOEs contain 1,024 x 1,024
pixels with a feature size of 10 or 15 um, depending on the input beam
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Fig.3 | Volumetricimaging of carbon particles using UV-GB-PAM and UV-NB-
PAMwitha200 x 1.2 pmNB. a,b, x-y MAP images of carbon particles acquired
using UV-NB-PAM (a) and UV-GB-PAM (b). Scale bars, 250 um. ¢, Virtually sectioned
x-yMAPimages at different depths for UV-GB-PAM (left) and UV-NB-PAM (right)
after time-dependent gain compensation. Scale bars, 50 pm.

diameter. NBs with variable parameters can be generated using differ-
ent DOEs and laser wavelengths. The DOE for 266 nm light was designed
to generate a 200 x 1.2 um NB (full-width-at-half-maximum (FWHM)
beam length x minimal beam diameter, respectively), whereas the DOE
for 532 nm light was designed to generate a1,000 x 2.3 um NB; they
were formed by 64 foci and 81foci, respectively. The phase regulators
were chosen as 0.022m x mand 0.0881 x m, where mis the focusindex.
Thefocilocations of each NB were optimized for auniform axial inten-
sity, as listed in Supplementary Fig. 3¢,d. For a Gaussian beam with a
focal spot size of 2.3 um at 532 nm, the DOF is about 70 pm (a twofold
Rayleigh length), and the size of the beam spot will expand to ~31 um
atadistance of +500 pm. By comparison, the 1,000 x 2.3 um NB main-
tainsits diameter between-2.3 pm (at the two ends) and -2.7 um (at the
middle of the beam) over the entire 1,000 pm depth range (an -28-fold
Rayleigh length) witharelatively uniform axial intensity (Supplemen-
tary Fig.4).Inaddition, we compared the beam profiles of the Gaussian
beam (focus diameter, 1.2 pm) and the DOE-based NB (200 x 1.2 pm)
at266 nm predicted via Fourier transform, which showed that the NB
can maintain the beam spot size much better along the zaxis than the
Gaussian beam at the same beam diameter (Fig. 1c,d). Note that the
NB has the smaller beam diameter at the two ends and aslightly larger
beam diameter at the middle of the beam, which is different from the
focused Gaussian beam with the smallest spot size at the focal plane.
To transform conventional reflection-mode Gaussian beam
OR-PAM into NB-PAM, we placed the DOE in the beam path before the
objective lens (Fig. 1e). Using a customized objective lens consisting
ofanachromaticdoubletandacorrectionlens, the phase-modulated
beam was converted to an NB around the original focal plane of
the Gaussian beam. Using DOEs, we achieved an efficiency of up
to 30% input beam energy. Compared with a Bessel beam with a

sidelobe-to-main-lobe ratio of up to 20%, the NB can be optimized to
have negligible sidelobes, avoiding the need for complicated image
processingin NB-PAM. In contrast to optical-resolution Gaussianbeam
photoacoustic microscopy (GB-PAM), NB-PAM provides better 2D
images of irregular surfaces or volumetricimaging of thick specimens,
as shown in the simulation results (Fig. 1f,g).

NB-PAM system performance

The resolution and DOF of NB-PAM systems were measured and com-
pared with conventional GB-PAM. A positive 1951 USAF resolution test
target was imaged at wavelengths of 266 nm and 532 nm using both
GB-PAM and NB-PAM. Images of the resolution target using ultravio-
let GB-PAM (UV-GB-PAM) and UV-NB-PAM were acquired at different
axial locations (Fig. 2a), which clearly demonstrate the improved
DOF. UV-GB-PAM has an effective NA of 0.16, whereas the DOE for the
200 x 1.2 pm NB was used for UV-NB-PAM. Note that the DOF can be
slightly larger than 200 um since we defined the NB length using the
middle part. The simulation results of the beam diameter and inten-
sity at the different axial positions were calculated for botha1.2 um
Gaussian beam and the 200 x 1.2 pm NB (Supplementary Fig. 5). The
close-up images for both UV-GB-PAM and UV-NB-PAM (Fig. 2b and
Fig. 2d, respectively) show a good image quality and a well-resolved
patternat the focal plane (z= 0 um). By contrast, UV-GB-PAM generated
ablurredimage atadepth of 105 um (Fig. 2c), whereas UV-NB-PAM still
maintained the image quality (Fig. 2e). The profiles of element 6 from
group 7 measured using both UV-GB-PAM and UV-NB-PAM atz= 0 pm
are shown in Fig. 2f. The lateral resolution was measured by imaging
asharp edge and quantified using edge spread functions and derived
line spread functions (Fig. 2g). Conventional UV-GB-PAM has an FWHM
resolution of 1.1 umat 266 nm, which corresponds to a DOF of 30 pm.
The measured FWHM resolution for UV-NB-PAMis about 1.2 um, which
matches well with the theoretical calculations. Similarly, weimaged the
resolution target using visible GB-PAM (VIS-GB-PAM) and VIS-NB-PAM
with the 1,000 x 2.3 um NB (Supplementary Fig. 6).

The 3D volumetric imaging capabilities of UV-NB-PAM with the
200 x 1.2 um NB and VIS-NB-PAM with the 1,000 x 2.3 um NB were
compared with conventional UV-GB-PAM and VIS-GB-PAM of 0.16 NA
throughtheimagingof carbon particles and fibresrandomly distributed
inathick agarose block. The x-ymaximal amplitude projection (MAP)
image of particles over adepth of 400 pm acquired using UV-NB-PAM
(Fig. 3a) shows more uniform particle sizes and clearer images in
comparison with the MAP image acquired by UV-GB-PAM (Fig. 3b),
benefitting from the improved DOF. Another piece of evidence of the
improved image quality can be found from the y-z MAP images of a
small fraction of carbon particle phantoms (Supplementary Fig. 7).
The y-zprojectionimage for UV-NB-PAM shows well-maintained par-
ticle sizes at different depths, whereas the UV-GB-PAM image shows
noticeable blurringin out-of-focus particles due to the limited DOF. It
is worth mentioning that the confocally aligned ultrasonic transducer
also has alimited DOF (Supplementary Fig. 8), which affects the detec-
tion sensitivity of photoacoustic signals at different depths. To com-
pensate for the sensitivity difference along the zaxis, we implemented
time-dependent gain compensation in the photoacoustic signals after
differentiating the photoacoustic signals and background noise by a
threshold of three times the standard deviation of the background
noise. With the time-dependent gain compensation, the acoustic sig-
nal difference at different depths due to the limited acoustical DOF
was alleviated. By applying virtual sectioning using time-of-flight
information, we canisolate the particles at different depths with astep
size of the acoustical resolution (that is, ~30 pm), determined via the
ultrasonic transducer bandwidth. In the sectioned UV-GB-PAM images
(Fig.3c, left),itisclear that the particles distributed at a distance (that
is,z=90 pm) from the focal plane (that is, z= 0 um) are severely blurred
and distorted, whereas the UV-NB-PAM images (Fig. 3¢, right) show an
improved image quality.
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Fig. 4| Depth-resolved imaging of carbon fibres for VIS-GB-PAM and for
VIS-NB-PAM withthe 1,000 x 2.3 pmNB. a,b, Images of -6 um carbon fibres
randomly distributed in an agarose block, obtained using VIS-GB-PAM (a) and
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VIS-NB-PAM (b). Scale bar,1 mm. ¢-j, Comparison of close-up VIS-GB-PAM images
(c-f) with close-up VIS-GB-PAM images (g-j), respectively, demonstrates the
improved DOF. Scale bars, 250 pm. The colour scale applies to all panels.

In addition, we acquired the depth-encoded MAP images of car-
bon fibres randomly distributed within an agarose phantom, using
both conventional VIS-GB-PAM (Fig. 4a) and VIS-NB-PAM with the
1,000 x 2.3 um NB (Fig. 4b). The depth information is encoded in the
different colours, ranging from 0 mmto 1.15 mm. The close-up images
show that VIS-GB-PAM cannot image fibres at a distance from the
focal plane in high resolution and with high sensitivity (Fig. 4c-f). By
contrast, the VIS-NB-PAM images (Fig. 4g-j) show more fibres without
blurring within a1 mm depth. The optical focal plane is located at a
depth of 0.5 mm.

Slide-free histological imaging by UV-NB-PAM

Utilizing the strong absorption of UV light by DNA/RNA, label-free
UV-GB-PAM has been demonstrated to acquire histology-like images
without the need for excessive sample preparation®. However,
slide-free histology imaging usually faces difficulties when imaging
irregular surfaces in high resolution. To demonstrate the advantages
of UV-NB-PAM for fast slide-free histology imaging, we compared con-
ventional UV-GB-PAM and UV-NB-PAM for imaging slide-free fresh
organs withirregularsurfaces. The UV-GB-PAM image of amouse lung
(Fig. 5a) shows blurred cell nucleiin the close-up image as well as miss-
ing features (as highlighted by the yellow arrow in Fig. 5a), which are
caused by thelimited DOF and the large height fluctuationin the organ
surface. The small fraction of the brighter part in Fig. 5a indicates the
areas around the optical focal plane of UV-GB-PAM, which has a bet-
ter signal-to-noise ratio and a better resolution than the out-of-focus
areas. By contrast, the UV-NB-PAM of the lung (Fig. 5b) shows some
well-resolved lung features that are notidentifiable inthe UV-GB-PAM
image (asindicated by the yellow arrow). The close-up image in Fig. 5b
shows well-distinguished cell nuclei, whereas the corresponding areain
the UV-GB-PAMimage is blurred. Inaddition, we imaged unprocessed
fresh mouse-brain samples in top view using both UV-GB-PAM (Fig. 5¢)
and UV-NB-PAM (Fig. 5d). The comparison between the close-up images
acquired using conventional UV-GB-PAM (Fig. 5¢) and UV-NB-PAM
(Fig. 5d) clearly demonstrates the advantage of UV-NB-PAM for
slide-free histological imaging, which usually requires alarge DOF for
unprocessed specimens that have irregular surfaces. Note that there
was still some residual blood inside the major cortical blood vessels,
which also generated some photoacoustic signals. This can be easily
avoided viasaline perfusionbefore brain collection. Additionalimages
of afreshmouse liver acquired using UV-NB-PAM and UV-GB-PAM can
be found in Supplementary Fig. 9.

Invivo VIS-NB-PAM of mouse-brain vasculature

With the capability of imaging oxyhaemoglobin and deoxyhaemo-
globin in a label-free manner, VIS-GB-PAM has been used widely to
image both the brain vasculature and function. However, the large

UV-GB-PAM

UV-NB-PAM

UV-GB-PAM

UV-NB-PAM

for slide-free fresh mouse lung and brain samples. a,b, Left, images of a fresh
mouse lung embedded in an agarose block obtained using UV-GB-PAM (a) and
UV-NB-PAM (b). Scale bars, 250 um. Right, close-up images of the area indicated
by the yellow box show the difference between UV-GB-PAM and UV-NB-PAM.
Scale bars, 50 um. ¢,d, Left, images of a fresh mouse brainembedded in an
agarose block using UV-GB-PAM (c) and UV-NB-PAM (d). Scale bars, 500 pm.
Right, close-up images of representative areas using UV-GB-PAM (c) show the
compromised image quality due to out-of-focus locations, and close-up images
using UV-NB-PAM (d) show the well-maintained resolution in the corresponding
areas. Scale bars, 100 um.

curvature of the mouse-brain cortex affects the fast high-resolution
imaging of the full cortical vessels. To demonstrate the advantages of
VIS-NB-PAM for in vivo brain vasculature imaging, we imaged a mouse
brain with an intact skull and a mouse brain with the skull removed
via craniotomy. For better visualization of the brain curvature, we
encoded the depthinto different colours. Although the conventional
VIS-GB-PAM of the mouse brain without a skull shows small cortical
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Fig. 6 | Invivo label-free depth-encoded VIS-NB-PAM with the1,000 x 2.3 pm
NB and VIS-GB-PAM of brain vasculature with and without askull. a,b, VIS-GB-
PAM (a) and VIS-NB-PAM (b) of a mouse brain without a skull show the depth-
encoded brain vasculature. Scale bars,1 mm. ¢,d, VIS-GB-PAM (c) and VIS-NB-PAM
(d) for amouse with an intact skull show the depth-encoded brain vasculature.
Scale bars, 1 mm. Both of the mouse-brain vasculature images obtained using
VIS-NB-PAM show more blood vessels around the edge areas compared with
conventional VIS-GB-PAM. The colour scale applies to all panels.

vesselsin detail, it missed many vessels around the edge areas (Fig. 6a).
By contrast, colour-encoded VIS-NB-PAM clearly shows more vessels
around the edge areas, even at a distance of 700-800 pum away from
thetop surface (Fig. 6b). Theirregular non-vessel-shaped structuresin
Fig.6a,b maybe due toimperfect surgical procedures, whichresulted
inminor bleeding in the brain. The VIS-GB-PAM of a mouse brain with
anintact skull shows fewer blood vessels (Fig. 6¢) than the mouse brain
without a skull, which is mostly due to scattering by the skull and the
attenuation of light. Although such skull scattering also affects the
NB, the VIS-NB-PAM image still shows more vessels and abetterimage
quality (Fig. 6d) than conventional VIS-GB-PAM. Some edge areas with
vessels are slightly blurred, which may be due to the skull’simpact on
light propagation. It took about 20 min to scan the brain vasculature
with a step size of 1.25 pm for the fast axis and 5 um for the slow axis.

Discussion

In this work, we have designed high-efficiency DOEs to generate NBs
for both VIS-NB-PAM (532 nm) and UV-NB-PAM (266 nm) in reflection
mode. The NB has an elongated DOF for high-resolutionimaging, which
iscrucial for the 2D imaging of uneven surfaces or 3D volumetricimag-
ing. Utilizing the NB, we have demonstrated an approximately 6-fold
DOF improvement in UV-NB-PAM and around a 14-fold DOF improve-
ment in VIS-NB-PAM. Note that the current DOF improvements are
not the theoretical limit, which can be further adjusted according to
the laser energy and required efficiency for PAM. Using UV-NB-PAM,
the slide-free histological imaging of fresh organs has been demon-
strated, which shows clear advantages compared with conventional
UV-GB-PAM systems. This approach addresses the critical challenge
of the high-resolution imaging of uneven surfaces in unprocessed
slide-free specimens and enables rapid intraoperative pathological
diagnostics via photoacoustic histology. Inaddition, we demonstrated
theinvivo VIS-NB-PAM of mouse-brain vessels with animproved field
of view and DOF at the wavelength of 532 nm.

Our work brings new opportunities not only for PAM techniques
but also for other high-resolution microscopic technologies for bio-
logical and biomedical applications where alarge DOF is needed. Sup-
plementary Table 3 compares our NB-PAM approach with previously
developed methods for extending DOF values in PAM (a detailed dis-
cussion can be found in Supplementary Note). With minimal modifica-
tions, the DOE-based NB can convert most of the current microscopy
systems for an extended DOF. The NB generated via phase-only

modulation can be combined with other structure illuminations (for
example, multiple foci) and fast-scanning approaches (for example,
galvo scanning) to furtherimprove theimaging speed. Itis worth not-
ing that the imaging speed of our current PAM approach is still quite
slow due to the limited motor scanning speed for VIS-PAM (that is,
<10 mms™) and therelatively low laser repetition rate for UV-PAM (that
is, 10 kHz). The development of fast OR-PAM with NBs will exploit the
advantages of the NB in time-sensitive applications. Compared with
spatial light modulators, the DOEs have amuch higher damage thresh-
old, which enables versatile applications. In addition, although we only
demonstrated two wavelengths (thatis, 266 nmand 532 nm) for ex vivo
histological imaging and in vivo vasculature imaging via PAM, more
wavelengths can easily be adopted for functional and metabolic PAM
imaging. We believe that this approach will provide new opportunities
for high-resolution PAM applications.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability areavailable at https://doi.org/10.1038/s41566-022-01112-w.
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Methods

Design and fabrication of the DOEs

Our fabrication is based on four rounds of lithography to achieve 16
heights, corresponding to a phase step of /8, on a fused silica wafer.
The phase modulation Pis coupled with the structure height Hvia the
relationship P=2mnH(n’ - 1)/A, where n’ is the refractive index of silica
anddisthe wavelength of theincident laser. The average heightinterval
(HI) is 33 nm for the 266 nm laser and 72 nm for the 532 nm laser. The
first round of etching is to finish 8 x HI, the second is for 4 x HI, the
thirdis for 2 x HI, and the fourth s for HI. The fabrication process was
completed at the Stanford Nanofabrication Facility, and the detailed
procedure s listed in Supplementary Table 2. The overall time cost of
manufacturing one batch of DOEs is about 10 h. The height accuracy
during the fabrication is better than 95%, and the alignment error for
the four rounds of photolithography isaround 1 pm. Our results show
anaxial intensity uniformity of -3.6% for the 200 x 1.2 um NB (266 nm)
and ~11.1% for the 1,000 x 2.3 um NB (532 nm). The axial intensity uni-
formity is calculated as below:

Maximal intensity — minimal intensity

Uniformity = .
y Maximal intensity + minimal intensity

Note that the maximal intensity and minimal intensity were calcu-
lated only within the length of the NB. The DOE efficiency is calculated
as the ratio of the energy enclosed within the main lobe of the NB to
the energy of the input Gaussian beam. To accommodate the DOE
efficiency, we used a higher input pulse energy for the NB to ensure
similar signal-to-noise ratios for the Gaussian beam and the NB at the
focal plane.

NB-PAM system
The ultraviolet PAM (UV-PAM) system used a Nd:YLF
(neodymium-dopedyttrium lithium fluoride) Q-switched 266 nmnano-
second pulsed laser (QL266-010-0, Crystalaser), and the visible PAM
(VIS-PAM) system used a 532 nm nanosecond pulsed laser (VGEN-G-20,
Spectra Physics). Both the UV-PAM system and the VIS-PAM system
included a pair of plano-convex lenses for beam expansion and a
high-energy pinhole for spatial filtering. The expanded and collimated
laser beam was focused through a customized ring-shaped ultrasonic
transducer using a custom-made water-immersion objective lens. To
achieve the NB for an extended DOF, we placed the customized DOE
on the front surface of the objective lens. The specimen for UV-PAM
wasimmersed in water, whereas the specimen and animal for VIS-PAM
were placed underneath the water tank with a transparent membrane
at the bottom. In the UV-PAM system, a bandpass glass filter (FGUVS,
Thorlabs) was used to filter out the leaked pump green light. Arecon-
figurable I/0 (input/output) device (myRIO-1900, National Instru-
ments) was used to synchronously trigger the UV laser pulses, motor
scanning and dataacquisition. In the VIS-PAM system, since the 532 nm
laser cannot be externally triggered, abeamsplitter and a photodiode
(PDA36A, Thorlabs) were used to capture the laser pulses and synchro-
nize the motor scanning and data acquisition. The VIS-PAM system
synchronization and control were achieved using a multifunction
1/0 device (PCle-6323, National Instruments). Both systems included
two low-noise amplifiers (ZFL-500LN+, Mini-Circuits) and a 500 MHz
sampling rate data-acquisition card (ATS 9350, Alazar Technologies).
For system characterization, we used a positive 1951 USAF resolu-
tiontarget (RIDS1P, Thorlabs) to confirm theimage quality and the DOF.
The USAF resolution target is mounted ona3D scanner for raster scan-
ning and adjustment of the axial position. The pulse energy was kept
below 10 nJ to avoid potential damage to the USAF resolution target.
The carbon fibre phantom was prepared using 3D randomly distributed
carbon fibres with a diameter of -6 pmembeddedin a4% agarose block.
The 2-12 pm diameter carbon particles (484164, MilliporeSigma) were
chosen to prepare the agarose-embedded particle phantom.

UV-NB-PAM and UV-GB-PAM of fresh animal organs

Animal organs were collected from adult Hsd:ND4 Swiss Webster mice
(male, 9-10 weeks old, Envigo) and washed using phosphate-buffered
saline to remove blood on the surface. The washed fresh organs were
thenimmersed in 2-3% low-melting-point agarose (A6013, Millipore-
Sigma) at a temperature of 37 °C. The agarose with the organs was
cooled using arefrigerator at4 °Cfor 10 minto formstrong gel blocks.
The agarose-embedded organblock was then mounted onto asample
holder for PAM imaging. The images were acquired via 2D raster scan-
ning of the sample holderimmersed in the water tank.

Invivo VIS-NB-PAM and VIS-GB-PAM of mouse brains
We used C57BL/6NHsd mice (female, 5-6 weeks old, Jackson Labora-
tory) for the in vivo studies. The animal was firstly anaesthetized with
isoflurane (-2-3% in 1.5 litre min™ medical grade air) in an induction
chamber via a vaporizer and then transferred to a heating pad with
anose cone for surgery. During surgery, the anaesthesia was main-
tained at 1.5% in 1 litre min™ medical grade air. After the mouse was
anaesthetized, a toe pinch procedure was conducted to confirm the
anaesthesia status before any surgical procedure. When the animal
no longer reacted to the toe pinch, it was transferred to a stereotactic
frame withitsbody temperature maintained via a heating pad. Before
surgery, the animal was given asingle dose of 5 mg per kg (body weight)
ketoprofen. Ophthalmic ointment was applied topically to the corneal
surfaces before surgery to prevent corneal drying. After removing the
hair on the scalp, the skin was cut from the middle, and the periosteum
was removed to expose the mouse brain. The mouse imaged with the
skull was kept intact without thinning. The skull was kept wet using
saline and covered with ultrasound gel during the PAM imaging. The
mouse imaged without a skull underwent a craniotomy to expose the
cortical vessels before imaging. A portion of the skull over the region
of interest was removed using a dental drill. The drilling was paused
every 30 s to avoid overheating of the skull while the bone dust was
continuously flushed using saline. After the craniotomy, pre-soaked
surgical sponges were applied to the exposed mouse brain to prevent
further bleeding before the animal was transferred to the imaging site.
For PAM imaging, the mouse was placed on a customized animal
holder with a tooth bar and a nose cone to stabilize the brain. The
mouse was maintained under anaesthesia using 1.0-1.5% vaporized
isoflurane in1litre min™ medical air, and the body temperature was
keptat37 °C.Ultrasound gel was applied between the water tank mem-
brane and mouse brain to ensure ultrasound coupling. The animal
holder was mounted ona customized scanner together with the water
tank. During the PAM imaging, the water tank and animal were moved
together by the scanner, while the PAM detection module consisting
of anultrasonictransducer and afocusing lens wasimmersed in water
and remained still. The mouse’s respiration and body temperature
were monitored closely to ensure its normal physiological conditions.
The animal was euthanized with carbon dioxide after PAM imaging. All
animal experiments were carried out in conformity with the protocol
approved by the Institutional Animal Care and Use Committee of the
California Institute of Technology.

Data and image processing

Toreconstruct the 2D PAM MAP images, we took the amplitude of the
photoacoustic A-line signals after Hilbert transform for each pixel. For
3D PAMimage reconstruction, deconvolution of the A-line signals was
implemented using the spatially invariant electrical impulse response
of the customized ultrasound transducer to improve the axial resolu-
tion. The 3D PAM images were reconstructed using the absolute value
of the Hilbert-transformed A-line signals after the deconvolution.
The axial position was determined by quantifying the maximal ampli-
tude position in the A-line signals, assuming the speed of sound was
1,500 m s'inroom-temperature water. A median filter with awindow
size of 2 x 2 pixels was applied to the depthimage for smooth colours.
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The colour-encoded depth-resolved image was obtained by multiply-
ing the 2D MAP image pixel by pixel with the depthimage. To alleviate
signal attenuation caused by the acoustical detection sensitivity dif-
ference along the axial direction, we performed the time-dependent
gain compensation after differentiating the photoacoustic signals and
system noise, ensuring a uniform ultrasound detection sensitivity at
different axial positions. The threshold to distinguish photoacoustic
signals from noise was determined by three times the standard devia-
tion of the noise. Thus, the time-dependent gain compensation was
implemented only in photoacoustic signals to avoid amplifying the
system noise.
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