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Three-dimensional diffractive acoustic
tomography
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Acoustically probing biological tissues with light or sound, photoacoustic and
ultrasound imaging can provide anatomical, functional, and/or molecular infor-
mation at depths far beyond the optical diffusion limit. However, most photo-
acoustic and ultrasound imaging systems rely on linear-array transducers with
elevational focusing and are limited to two-dimensional imaging with anisotropic
resolutions. Here, we present three-dimensional diffractive acoustic tomography
(3D-DAT), which uses an off-the-shelf linear-array transducer with single-slit
acoustic diffraction. Without jeopardizing its accessibility by general users, 3D-
DAT has achieved simultaneous 3D photoacoustic and ultrasound imaging with
optimal imaging performance in deep tissues, providing near-isotropic resolu-
tions, high imaging speed, and a large field-of-view, as well as enhanced quanti-
tative accuracy and detection sensitivity. Moreover, powered by the fast focal line
volumetric reconstruction, 3D-DAT has achieved 50-fold faster reconstruction
times than traditional photoacoustic imaging reconstruction. Using 3D-DAT on
small animal models, we mapped the distribution of the biliverdin-binding serpin
complex in glassfrogs, tracked gold nanoparticle accumulation in a mouse tumor
model, imaged genetically-encoded photoswitchable tumors, and investigated
polyfluoroalkyl substances exposure on developing embryos. With its enhanced
imaging performance and high accessibility, 3D-DAT may find broad applications
in fundamental life sciences and biomedical research.

Photoacoustic (PA) and ultrasound (US) imaging, using light and laser pulses'™. The diffused optical energy absorbed by tissue mole-
sound, respectively, are non-invasive non-ionizing modalities that cules (e.g., hemoglobin, melanin, fat) is partially or completely con-
provide complementary information in deep tissues. PA imaging can  verted into heat, resulting in ultrasound waves via thermoelastic
map the optical absorption contrast by exciting the tissue with short expansion. The ultrasound waves can then be detected by an
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ultrasound transducer array and reconstructed into a tomographic
image that maps the original light deposition inside the tissues®. By
tuning the excitation wavelength, photoacoustic imaging can spec-
troscopically unmix different tissue components’. US imaging, on the
other hand, can visualize the anatomical structure of deep tissues by
transmitting short-pulsed ultrasound waves and detecting the
boundaries of differing acoustic impedances. Using the same ultra-
sound transducer, PA and US imaging can be readily integrated into a
single device with inherent image co-registration, allowing for func-
tional, molecular, and structural imaging in deep tissues for various life
science applications®’.

Ultrasound detection is one of the major factors in PA/US imaging
that determines the spatial resolution, field-of-view (FOV), imaging
speed, cost, and accessibility of the system. For example, ring-array
transducers with panoramic ultrasound detection can provide high-
quality 2D images®’, but are difficult to adapt for high-throughput
experimental settings'. Hemispherical-array transducers can produce
high-quality 3D images", but often have a small densely sampled FOV™.
Although ring- and hemispherical-array-based imaging systems have
found important clinical applications, such as breast cancer imaging”,
their broad clinical translation is likely impeded by their relatively
complex operation, high cost, and limited access to different anatomical
locations, especially for handheld applications **.

In contrast, linear-array transducers are most commonly used for
PA/US imaging™". These linear-array transducers are off-the-shelf, cost-
effective, simple to set up, easy to operate, and allow for imaging of
almost any geometries (skin, neck, breast, brain, etc.). Therefore, it is
generally agreed that PA/US systems with linear-array transducers have
the best clinical translation potential”. However, 3D PA/US imaging
systems that are linear-array-based have worse image quality when
compared with ring- or hemispherical-array-based systems®, mostly due
to the fixed acoustic lens with poor elevational resolution and detection
sensitivity. Recently, deep-learning-based methods have been proposed
to improve linear-array-based PA imaging'. However, the lack of high-
quality training data makes these approaches vulnerable to the ‘hallu-
cination effect’, particularly for in vivo applications where the ground
truth is not always available for high-fidelity training 2.

Single-slit diffraction was previously applied to improve linear-
array-based photoacoustic imaging®~*. However, this concept has not
yet been applied to ultrasound imaging, or functional and molecular
photoacoustic imaging. Moreover, the impact of the slit geometry on
the spatial resolution, signal-to-noise ratio (SNR) and contrast has not
been characterized. The previous work also had a high computational
burden and long reconstruction time. Here, we develop, characterize,
and validate a slit-based technique for diffraction-enhanced PA and US
imaging using an off-the-shelf linear-array transducer—3D diffractive
acoustic tomography (3D-DAT). 3D-DAT provides near-isotropic spa-
tial resolutions for both 3D US and PA imaging by creating a synthetic
matrix aperture via single-slit diffraction. The synthetic matrix aper-
ture has more than 50,000 elements, which is ~50-fold of a typical
piezo matrix array in PA/US imaging (e.g., 1064 elements)*, without
sacrificing the detection sensitivity or increasing the system cost.

Furthermore, we develop a graphics processing unit (GPU) -
powered fast focal line (FFL) image reconstruction method, which
accelerates the 3D image reconstruction by over 50-fold compared
with previously reported methods”, allowing for high-throughput
applications. FFL is an efficient implementation of the focal line
reconstruction®®, where the reconstruction is formulated as GPU-
accelerated sparse matrix multiplication®. In FFL, the synthetic aper-
ture acquisitions are parallelized along the columns of the sparse
matrix. Additionally, by investigating the effect of synthetic aperture
size on the final image quality, the efficiency of FFL is further increased
two-fold while maintaining the image quality.

3D-DAT has two working modes: diffractive photoacoustic
tomography (DPAT) and diffractive ultrasound tomography (DUST).

3D-DAT can flexibly control the acoustic diffraction pattern, allowing
for adjusting the slit width to balance between the gain in spatial
resolution and the loss in acoustic energy. Through comprehensive
numerical simulations, phantom studies, and in vivo experiments, we
demonstrate 3D-DAT’s enhanced imaging performance over tradi-
tional PA/US imaging. Enabled by 3D-DAT, we mapped the whole-body
distribution of the biliverdin-binding serpin complex in glassfrogs,
which plays a major role in the frog’s coloration®°. We also monitored
the circulation and intratumoral accumulation of caged gold nanostars
(cGNS) in a mouse tumor model, with nano-molar-level detection
sensitivity. Furthermore, we performed differential imaging of
genetically encoded photoswitching tumors in vivo. Lastly, we applied
3D-DAT to study the embryonic microenvironment during normal
pregnancy and investigated the adverse effect of per- and poly-
fluoroalkyl substances (PFAS) exposure on embryo development. All
these biomedical applications have collectively demonstrated the
improved imaging capability offered by 3D-DAT, which is expected to
provide a powerful and accessible research platform for studying life
sciences.

Results
Principle of 3D-DAT
3D-DAT has three major system modules (Fig. 1a): multi-wavelength
optical illumination, ultrasound transmission, and detection, and the
dynamic diffractive slit. Combining these three modules allows for
functional and molecular PA imaging and structural US imaging with
near-isotropic resolutions (Supplementary Fig. 1) and detection sen-
sitivity. In 3D-DAT, a representative off-the-shelf linear-array transdu-
cer (L7-4, Philips) was adapted to balance the spatial resolution and
imaging depth. A transparent glass slit is positioned at the elevational
focus of the linear-array transducer to provide diffractive ultrasound
transmission and reception (refer to Methods for more details on the
slit). By scanning the linear-array transducer and the slit together along
the elevational axis across the sample, a synthetic matrix aperture can
be generated, and the complete dataset is used for 3D image recon-
struction (Fig. 1b). With the slit controlled by a high-precision motor-
ized stage, we can precisely adjust the slit width (Supplementary
Movie 1). The slit width determines the elevational element size and
the elevational diffraction angle. The linear-array transducer’s lateral
aperture determines the total synthetic aperture length, and the ele-
vational scanning range determines the total synthetic aperture width.
3D-DAT has two working modes: DPAT for 3D PA imaging and
DUST for 3D US imaging. In DPAT mode, we use three separate lasers
to provide wide-field optical illumination (-8 cm? at the target surface)
with a broad optical wavelength range (532 nm, 668-1000 nm, and
1064 nm) (Fig. 1c). In DUST mode, a plane acoustic wave is transmitted
by the linear-array transducer, which is then diffracted by the slit into
an approximately cylindrical wave to probe a large sample volume. In
both DPAT and DUST modes, the slit redirects the returning wave
toward the linear-array transducer from its elevational focus, allowing
for detecting the signals originating within a large elevational angle.
The broadened elevational detection aperture improves the eleva-
tional spatial resolution (Supplementary Note 1, Supplementary
Movie 2 and Supplementary Figs. 2, 3). By precisely synchronizing the
laser firing and the ultrasound transmission, DPAT and DUST can be
performed concurrently at each elevational scanning position (Fig. 1d,
Supplementary Fig. 4).

Principle of fast focal line (FFL) reconstruction

We have developed an FFL reconstruction method based on the focal
line geometry, providing 3D PA and US imaging with near-isotropic
resolutions®*" (Fig. 1e). Briefly, PA and US signals acquired at con-
secutive elevational scanning positions are used for beamforming
based on the 3D delay-and-sum method. Unlike traditional PA/US
imaging, the wave propagation path in FFL is calculated by connecting
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the reconstruction voxel to the slit opening, and then from the slit
opening to the transducer. The large number of synthetic aperture
elements and reconstruction voxels results in time-consuming recon-
structions. To increase computational speed, our algorithm applies a
sparse matrix multiplication operation for each reconstructed frame,
as Sr = f .Here, § is a highly sparse matrix (>99% sparsity) of size

mxn, where m is the number of voxels in the reconstruction volume
and n is the total number of signal samples from all transducer ele-
ments of the synthetic aperture. S is effectively a beamforming matrix
that performs a 3D delay-and-sum operation via a single matrix mul-
tiplication. Vector T is the signal data of size nx1. Vector f is the
resultant vectorized image, which can be reshaped into the 3D
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Fig. 1| Principle of 3D-DAT and FFL reconstruction. a Schematic of 3D-DAT
system with a linear-array transducer and dynamic slit control. Note that the slit is
positioned at the elevational focus of the linear-array transducer. The inset shows
the far-field acoustic diffraction pattern with varying slit widths, simulated by
Fraunhofer approximations. BS, beam splitter; DM, dichroic mirror; DS, dynamic
slit; FB, fiber bundle; OPO, optical parametric oscillator (668-1000 nm). b Principle
of 3D-DAT generating a synthetic matrix aperture by scanning the linear-array
transducer with the slit along the elevational axis of the transducer. Each scanning
position provides one row of synthetic matrix elements. ¢ 3D-DAT in DPAT and
DUST mode. For DPAT mode, the light illumination directly transmits through the
slit plate (which is made of glass) onto the target surface. For DUST mode, the

transmitted acoustic waves pass through the slit opening and form a diffraction
pattern before arriving at the target surface. In both modes, broad-angle detection
of the acoustic waves from the target is achieved by single-slit diffraction.

d Triggering sequency of the 3D-DAT system, including DUST and multi-
wavelength DPAT. ES, elevational scanning. e Geometry of FFL reconstruction.
Beamforming is performed along both elevational and lateral axes, which allows for
an increased detection aperture width and thus improved resolution. ng,, number
of synthetic aperture elements. RV, reconstructed voxel. E, element. f Pipeline of
GPU-accelerated FFL reconstruction. The sparse matrix S is calculated only once
and used for reconstruction by matrix multiplication with the vectorized RF data.

reconstructed image (Supplementary Fig. 5). The matrix multiplication
is repeated for each scanning position to generate the complete 3D
reconstruction (Fig. 1f). The reconstruction speed of FFL is further
improved by using GPUs when performing matrix multiplications.
Additionally, by identifying the minimum synthetic aperture width
needed for efficient image reconstruction, FFL has achieved a 50-fold
improvement in computation speed compared to traditional methods
(Supplementary Note 2 and Supplementary Fig. 6). The FFL algorithm
is applied to both DPAT and DUST. For DPAT, one-way wave propa-
gation is calculated for each reconstructed voxel. For DUST, round-trip
propagation is used in the path length calculation. Note that sparse
matrix multiplication may be applied to other ultrasound or photo-
acoustic reconstructions to improve reconstruction speed, indepen-
dent of the dimensionality or the detector geometry.

Characterization of 3D-DAT

The advantage of 3D-DAT over traditional PA/US imaging stems from
the slit-enabled acoustic diffraction. The Fraunhofer approximation
gives the far-field diffraction pattern in 3D-DAT as the Fourier trans-
form of the slit opening®, showing the main-lobe width of the dif-
fraction pattern is inversely proportional to the slit width. A smaller slit
width produces a larger acoustic wave angle along the elevational axis,
resulting in an increased detection angle along this axis. The broader
detection angle is beneficial for beamforming, as it allows for a larger
total effective aperture to be used in the reconstruction (Supplemen-
tary Note 1 and Supplementary Figs. 2 and 7), leading to improved
elevational resolution.

Inserting a slit in the acoustic path results in the partial rejection of
acoustic energy that would otherwise be received by the transducer.
Thus, we investigated the impact of the slit on the received acoustic
pressure through simulations. We also compared traditional imaging
with 3D-DAT with different slit widths (Supplementary Fig. 8). We
found that, with a slit width of 0.8 mm, the received acoustic pressure
from an in-plane point target in 3D-DAT decreased by ~75% when
compared to that in traditional imaging. However, the off-axis accep-
tance angle of this point target increased by almost ten times when
scanning across the elevational aperture (Fig. 2a, b and Supplementary
Fig. 8). Collectively, these two competing factors provided 3D-DAT
with a comparable total acoustic pressure received across the eleva-
tional scanning aperture.

To investigate the relationship between slit width and imaging
performance of 3D-DAT, we first performed simulations of a crosshair
target with different slit widths (Supplementary Fig. 9). We then
experimentally imaged a similar crosshair target with the slit width
ranging from 0.08 mm to 2.0 mm (Fig. 2c, Supplementary Note 3,
Supplementary Movie 3, and Supplementary Movie 4). The simulation
and experimental results agreed well. The spatial resolution and SNR
as a function of slit width were quantified for both the lateral and
elevational axes (Fig. 2d). Additionally, the CNR as a function of the slit
width was quantified, showing a similar trend with the SNR (Supple-
mentary Fig. 10 and Supplementary Note 4).

As we gradually increase the slit width from 0.08 mm to 2.0 mm
and keep the elevational scanning range of 20 mm, 3D-DAT can be

broadly characterized into three regimes: the scanning-range-
dominated regime, the slit-width-dominated regime, and the acoustic-
lens-dominated regime (Supplementary Fig. 11). In the scanning-range-
dominated regime, the slit width (0-0.5mm) is so small that the dif-
fraction pattern’s main lobe is larger than the scanning range (20 mm).
Here, 3D-DAT achieves the best elevational resolution of ~-400 um, which
is mainly limited by the scanning range. However, the SNR is relatively
low regardless of the target orientation, due to acoustic energy blocked
by the narrow slit. In the slit-width-dominated regime, the slit width
(0.5-1.8 mm) is large enough so that the diffraction pattern’s main lobe
is smaller than the scanning range but still larger than the transducer’s
elevational focusing. The elevational resolution is approximately pro-
portional to the slit width (Supplementary Note 1). The SNR plateaus in
DPAT mode and peaks in DUST mode, due to a combined result of
increased acoustic energy through the slit and a relatively large receiving
angle. In the acoustic-lens-dominated regime, the slit width (>1.8 mm) is
larger than the elevational focus of the transducer, resulting in negligible
diffraction effect. The elevational resolution is determined by the ele-
vational focusing, as in the traditional PA/US imaging. As expected, the
lateral resolution of 3D-DAT has no dependence on the slit width (Fig. 2d
and Supplementary Fig. 9).

To balance the improvement in elevational resolution and the
potential loss in SNR, we have chosen 0.8 mm as the optimal slit width
for all following studies in this work. We further demonstrated that 3D-
DAT’s performance is consistent at different depths by imaging gra-
phite targets (Fig. 2e and Supplementary Fig. 12). The elevational
FWHM of the graphite with DPAT is consistent at <1 mm at all mea-
sured depths, while the FWHM of the graphite with traditional PA
imaging deteriorated from ~2 mm at O mm depth to -3 mm at 2cm
depth (Fig. 2f). Similarly, the elevational FWHM of the graphite with
DUST remained at <1 mm at all depths, while the elevational FWHM of
the graphite with traditional US imaging ranged from -1mm at
superficial depths to ~2 mm at deeper depths. The SNR of both DPAT
and DUST modes is greater than or equal to the SNR in the traditional
PA/US imaging at depths up to 2 cm, with the CNR showing similar
trends (Supplementary Fig. 10).

Isotropic spatial resolutions are crucial in 3D imaging to faithfully
reflect the tissue’s true anatomy. We imaged a star phantom using
DPAT (Supplementary Fig. 13), clearly showing the difference provided
by the anisotropic resolution of traditional PA imaging and the near-
isotropic resolution of DPAT. The performance of 3D-DAT on more
complex targets was validated by imaging a leaf-skeleton phantom
(Fig. 2g). The fine, branching structures are mostly unresolvable in
traditional PA and US imaging, while 3D-DAT can better recover these
fine structures. We analyzed the spatial frequency spectrum of the
skeleton leaf images along the lateral and elevational axes for both the
PA and US imaging mode. We observed more isotropic distribution of
spatial frequencies in 3D-DAT images compared to traditional PA and
US images. By fitting an ellipse to the spatial frequency distribution, we
observed a -46% and -41% reduction in elliptical eccentricity by 3D-
DAT in the DPAT and DUST mode, respectively (Fig. 2g), indicating that
a relatively uniform distribution of the spatial frequency contents is
achieved by 3D-DAT. We also implemented 3D-DAT using another
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widely available linear-array transducer (9L-D, GE Healthcare) (Sup- speed 3D-DAT with a 3D frame rate of 1Hz over an FOV of 40 x 14 x
plementary Fig. 14), indicating that 3D-DAT can be potentially applied 15 mm?® (Fig. 2h). A bolus of blood was flowing through a spiral-
with a large arsenal of off-the-shelf linear-array transducers. patterned silicon tube that was embedded in an optically scattering

High volumetric imaging speed with a large FOV is critically medium (Supplementary Movie 5). The slit and transducer were
important for capturing the tissue’s dynamic responses to various scanned with a step size of 0.14 mm. We used a 1064 nm laser for DPAT
physiological or pathological challenges. We demonstrated high-  with a high pulse repetition rate of 100 Hz. The entire FOV was imaged
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Fig. 2 | Characterization of 3D-DAT. a Simulated acoustic signal from a point
source detected by traditional PA imaging with a linear-array transducer or 3D-DAT.
Envelope detection is applied to the simulated acoustic signal. b Peak pressure
from the point source detected across the elevational aperture. While traditional
imaging shows 4-fold stronger on-axis peak pressure, 3D-DAT achieves 10-fold
wider receiving angle. ¢ Experimental DPAT (top) and DUST (bottom) images of a
crosshair phantom, with three representative slits widths. Note the elevational (y-
axis) resolution deteriorates with the increasing slit width for both DPAT and DUST.
d Experimental spatial resolution and SNR of DPAT and DUST, as a function of the
slit width. E, elevational; L, lateral. e Traditional PA/US imaging and 3D-DAT (slit
width: 0.8 mm) of a graphite phantom at different depths. TD PA, traditional PA
imaging; TD US, traditional US imaging. f Depth-dependent FWHM and SNR of the

graphite phantom with traditional PA/US imaging and 3D-DAT. g Traditional and
3D-DAT images of a leaf skeleton phantom (left) with the corresponding spatial
frequency spectra (right). The 3D-PAT images have near-isotropic resolution and
near-symmetric frequency distribution. h Snapshot images of high-speed 3D-DAT
of a bolus blood flowing through a spiral tube embedded in optically scattering
medium. Both DUST (shown in gray) and DPAT (shown in color) images were
acquired at 1 Hz, with an FOV of 40 x 14 x 15 mm?>. i Oxygenation images of blood-
filled tubes by DPAT and traditional PA imaging. HbO,, oxy-hemoglobin; HbR,
deoxy-hemoglobin. j Quantification of the average oxygen saturation of the blood
tubes by traditional PA imaging and DPAT (n = 1038 pixels for each tube). Error bars
show standard deviation. Scale bars, 2 mm for (a)-(e), 5 mm for (g)-(i).

at 1Hz, showing the flowing blood through the spiral tube, with an
estimated flow speed of -6 mm/s (Supplementary Movie 6).

We then evaluated the functional imaging capability of DPAT on a
pair of closely positioned blood-filled tubes with different oxygenation
levels (Fig. 2i). We found that for both tubes, DPAT was able to accu-
rately estimate the blood oxygenation while traditional PA imaging
failed (Fig. 2j and Supplementary Note 5). With traditional PA imaging,
the measured oxygen saturation of hemoglobin (sO,) was inaccurate
with an average measurement error of ~28% (Supplementary Fig. 15).
Tube segments that were not aligned with the elevational axis were
greatly blurred in traditional PA imaging, which introduced significant
error in quantitative analysis. By contrast, DPAT was able to clearly
distinguish oxygenated and deoxygenated blood consistently along
the tubes, with an average error of -14%. The improvement in sO,
quantification by DPAT is important for in vivo functional and mole-
cular imaging.

Validation of 3D-DAT for in vivo Imaging

We demonstrated the enhanced anatomical, functional, and molecular
imaging of 3D-DAT using several proof-of-concept experiments in
small animals (Supplementary Note 6). Firstly, photoacoustic imaging
is well-suited for biological research of small amphibians with naturally
rich colors. We previously applied photoacoustic imaging to reveal the
mechanism that allows glassfrogs to maintain transparency during
sleep™. Here, we further demonstrate that 3D-DAT can be a useful tool
to study glassfrogs of the species Hyalinobatrachium fleischmanni
in vivo (Supplementary Movie 7). We can observe significantly
improved structural clarity, as a result of enhanced elevational reso-
lution, with 3D-DAT compared to traditional PA and US imaging
(Supplementary Fig. 16). This enhancement in image clarity is again
shown in the spatial frequency spectrum of the images, where a rela-
tively uniform and direction-independent distribution in the frequency
contents can be observed by 3D-DAT (Supplementary Fig. 17). In the
traditional PA image, blood vessels were blurred or even missing along
the elevational axis (Fig. 3a). By contrast, DPAT imaged more vessels,
regardless of the vessel orientations. Multi-wavelength DPAT revealed
different endogenous contrasts of the glassfrog essential for the frog’s
coloration, including the hemoglobin in the blood vessels, melanin in
the eyes, and the cyan-colored biliverdin-binding serpins (BBS) in the
bones, skin, and lymph. Using a representative blood vessel aligned
with the lateral axis, the DPAT image shows a -59% decrease in the
elevational FWHM compared to the traditional PA image (Fig. 3b). We
also quantified the SNR of three representative regions of interest in
the glassfrog: an elevationally aligned blood vessel (R1), a laterally
aligned blood vessel (R2), and a BBS-rich area in the dorsal skin (R3).
Compared to the traditional PA image, the DPAT image has higher SNR
in R1, R2, and R3 by 1.82 dB, 7.57 dB, and 1.96 dB, respectively (Fig. 3c).
Similarly, the DUST image shows improved image quality of the
internal organs of the glassfrog, such as the lungs and bones (Fig. 3d).
The boundaries of the lungs can be clearly delineated with relatively
uniform echogenicity. Using a representative bone aligned with the

lateral axis, the DUST image shows a -49% decrease in its elevational
FWHM compared to the traditional US image (Fig. 3e). The SNR was
also quantified using three representative structures in the frog: an
elevationally aligned bone (R1), a laterally aligned bone (R2), and a
region of the lung surface (R3). Traditional US and DUST images show
similar SNRs in all regions (Fig. 3f).

We further tested 3D-DAT for whole-body mouse imaging
(Fig. 3g, h and Supplementary Figs. 18 and 19). As expected, DPAT can
resolve both superficial and deep blood vessels (up to 10 mm depth),
regardless of the vessel orientation, while traditional PA imaging suf-
fered from the poor visibility of the elevational vessels (Fig. 3g), with a
~62% decrease in the FWHM of the elevational vessels (Supplementary
Fig. 19b). DPAT can achieve similar imaging depths in mice with tra-
ditional PA imaging, which was consistent with our phantom studies.
Additionally, the DPAT image shows a slight reduction in SNR by
~1.1dB, evaluated over three representative regions (Supplementary
Fig. 20). DUST also shows a clear improvement in spatial resolution
over the traditional US imaging, evident by resolving the individual
vertebrae in the spinal cord (Fig. 3h and Supplementary Fig. 18). This
was quantified as a ~40% reduction in FWHM in the vertebrae (Sup-
plementary Fig. 19d). DUST likewise shows comparable imaging depth
with traditional US in mice. The DUST image shows an increase in SNR
by ~4.6 dB, evaluated over three representative regions (Supplemen-
tary Fig. 20). Additionally, we calculated CNR using the same in vivo
regions used to evaluate SNR for both the frog and mouse images and
found similar trends in CNR with SNR (Supplementary Fig. 20), con-
sistent with our phantom studies (Supplementary Fig. 10).

To demonstrate 3D-DAT’s functional imaging capability with a
high volumetric speed, we imaged a mouse undergoing hypoxia
challenges (Supplementary Fig. 21). A region of 40 x 14 x 15 mm® over
the liver region was scanned at a volumetric rate of 1 Hz. For this study,
only the 1064 nm laser was used, taking advantage of its high pulse
repetition frequency of 100 Hz. Since oxy-hemoglobin’s absorption at
1064 nm is 10-fold stronger than deoxy-hemoglobin, DPAT signal
intensity at 1064 nm can be used to approximate the change in the
oxygenated blood volume. DPAT at 1064nm was performed
over three cycles of normoxia (21% O,, 79% N,; 3.5 min) and hypoxia
(2% 05, 98% N,; 30 s)** (Supplementary Fig. 21a). The liver region shows
a substantial reduction in the oxygenated blood volume under
hypoxia, with an average signal decrease by ~50% (Supplementary
Fig. 21b, c). This result shows the feasibility of fast functional imaging
by 3D-DAT with a large FOV for imaging dynamic biological processes
in vivo.

Functional and molecular 3D-DAT of a mouse tumor model

An important advantage of photoacoustic imaging is the inherent
molecular sensitivity. By tuning the excitation wavelengths, PA ima-
ging allows for mapping the biodistribution of exogenous
molecules**°. Gold nanostars (GNS) are of interest as a PA molecular
contrast for tumor imaging, due to their efficient photothermal effect
in the near-infrared wavelength region***. Caged gold nanostars
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Fig. 3 | 3D-DAT of glassfrog and mouse in vivo. a Multispectral images of
glassfrog (Hyalinobatrachium fleischmanni) by traditional PA imaging and DPAT,
acquired at 532 nm (in green), 673 nm (in red), and 1064 nm (in blue). Ab. V,
abdominal vein; Br. V, brachial vessels; E, eyes; L.sac, lymphatic sac (pelvic and
ventral); Tf, Tibio-fibula. The absorption distribution at 673 nm is responsible for
the cyan-green coloration in the lymph and lungs of the glassfrogs. b FWHM of the
blood vessel marked with the dashed blue line in (a) by TD PA (top) and DPAT
(bottom). ¢ SNR of three regions of interest marked as ‘R1’, ‘R2’, and ‘R3’in (a), using
the same background region marked as ‘B’. d Images of the glassfrog by traditional
US imaging and DUST. H, heart; L, lungs. e FWHM of the bone marked with the
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dashed blue line in (d) by TD US imaging (top) and DUST (bottom). f SNR of three
regions of interest marked as ‘R1’, ‘R2’, and ‘R3’ in (d), using the same background
region marked as ‘B’. g Multispectral imaging of a mouse abdominal region by
traditional PA imaging and DPAT, projected along the lateral/elevational view (top)
and the elevational/axial view (bottom). DV, deep vessels; SV, superficial vessels.
Compared with the traditional PA imaging, DPAT shows a comparable imaging
depth and improved elevational resolution. h Corresponding images of the mouse
by traditional US imaging and DUST, showing comparable imaging depth but
improved elevational resolution by DUST. LB, leg bone; VB, vertebrae. Scale
bars, 2 mm.
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Fig. 4 | In vivo functional and molecular 3D-DAT of murine tumor models.

a DPAT images of the tumor-bearing mouse at baseline, 1h, and 72 h after cGNS
injection. The images were acquired at 700 nm. V, vessel; L, liver; T, tumor. b Close-
up DPAT images of the tumor region over 72 h, showing gradual accumulation of
cGNS inside the tumor. ¢ The averaged PA signals in the vessels, liver, and tumor at
different time points following cGNS injection (n =3 biological replicates). Error
bars show standard deviation. d Depth-encoded DPAT images of the tumor, 48 h
after injections of cGNS at concentrations of 3 pmol and 5 pmol. VB, vertebrae.
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e DPAT image of a mouse at 750 nm bearing a photoswitchable BphP1-expressing
tumor (indicated by the dashed box). f DPAT images of the BphPl-expressing
tumor at the ON-state and OFF-state. The resultant differential image highlights the
tumor only while the background signals from blood are suppressed. g Coronal
and transverse DPAT image of the non-switching blood vessels overlaid with dif-
ferential image of the photoswitching tumor. h PA signal intensity of the tumor
region (blue box) and non-tumor region (white box) averaged over 10 photo-
switching cycles. Scale bars, 5 mm for (a) and 2 mm for (b)-(f).

(cGNS) integrate the tunable optical properties of GNS with the load-
ing ability of hollow nanoparticles*” and have a molar extinction
coefficient at 700 nm that is 3 and 10 times higher than oxy- and deoxy-
hemoglobin, respectively (Supplementary Fig. 22a, b). As proof of
concept, we applied 3D-DAT as a molecular imaging platform for
longitudinal monitoring of cGNS biodistribution in a murine 4T1 breast
cancer model (Supplementary Fig. 22c). 3D-DAT tracked the whole-
body biodistribution of cGNS in tumor-bearing mice (n=3) over 72 h
(Fig. 4a, b, and Supplementary Fig. 23). To validate the 3D-DAT result,

we loaded the cGNSs with HITC fluorescent dye and performed
fluorescence imaging 48h after c¢GNS injection (Supplementary
Fig. 22d). From the DPAT results, we found that immediately following
the retro-orbital injection of cGNS, there was an average increase of
167 + 65% in PA signal intensity in the major blood vessels, with an
estimated blood cGNS concentration of ~2.2 nM (Fig. 4c). The PA sig-
nals in the vessels peaked at 1-min post-injection (Supplementary
Movie 8) and returned to the baseline 6 h post-injection. Based on the
SNR in the blood vessels, we estimated that the noise-equivalent
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detection sensitivity of DPAT for cGNS in blood is 0.65nM. cGNS
accumulation in the liver peaked after 24 h, resulting in an average PA
intensity increase of 320 + 87%. cGNS accumulation in the tumor also
peaked after 24 h, with an average PA intensity increase of 369 +297%
(Fig. 4b, ¢).

DPAT was also used to monitor the cGNS accumulation in the liver
and tumor 48 h post-injection of a 3- or 5-picomole injection dose
(Fig. 4d and Supplementary Fig. 24a). Corresponding fluorescence
images were acquired to validate the accumulation of cGNS (Supple-
mentary Fig. 24b). We found that the PA signal in the tumor increased
approximately proportionally to the injection dose (Supplementary
Fig. 24c), consistent with the cGNS kinetics study (Fig. 4a, b).

Solid tumors are known to exist in hypoxic conditions due to
poorly constructed vessels and rapid cell division*’. Tumor oxygena-
tion can be a predictor of stage, severity, and likelihood of metastasis
in many cancers**¢. Thus, the ability to noninvasively quantify tumor
oxygenation in vivo provides a crucial parameter for cancer evaluation.
Using multispectral DPAT, in addition to monitoring the cGNS accu-
mulation, we also estimated tumor oxygenation in vivo (n=3) (Sup-
plementary Fig. 25a). As expected, the average sO, in the tumor region
was 39 +2%, compared to the average sO, of 58+9% in the sur-
rounding vessels (Supplementary Fig. 25b and Supplementary Note 7),
showing significantly reduced oxygenation in the tumors (p = 0.0484).
Using the functional and molecular imaging of DPAT, we were able to
investigate the tumor hypoxia and the cGNS accumulation inside the
tumor, both of which partially originated from the poorly developed
tumor vasculature system.

Imaging genetically encoded reporters has enabled major appli-
cations in life sciences*’*°. Non-fluorescent photoswitching bacterial
phytochromes from the bacterium Rhodopseudomonas palustris, such
as BphP1, have previously been used as genetically encoded reporters
in photoacoustic imaging®®'. BphP1 has two conformational states
with different optical spectra: Pfr and Pr (Supplementary Fig. 26a), as a
result of photoisomerization of biliverdin Ixa. By repeatedly photo-
switching BphP1-expressing tumor cells between the Pfr and Pr states,
we can isolate the weak BphP1 signals from the tumor by taking the
differential images, which suppress the strong non-photoswitching
background signals from hemoglobin and improve the detection
sensitivity of BphP1 (Supplementary Fig. 26b). We first validated the
feasibility of photoswitching DPAT (PS-DPAT) in a BphPl-expressing
tumor phantom (Supplementary Fig. 26c, Supplementary Movie 9).
We observed an average photoswitching ratio of -2 for the in-vitro
tumor cells (Supplementary Fig. 26d, e). We then applied PS-DPAT to
detect a BphPl-expressing breast tumor in vivo (Fig. 4e, f, Supple-
mentary Movie 10). Using multiple photoswitching cycles in the tumor
region, we measured an averaged tumor-to-background ratio of 3.55
from the differential image (Fig. 4g) and an average photoswitching
ratio of ~1.54 in vivo (Fig. 4h). The expression of BphP1in the tumor was
validated via epifluorescence imaging, which, however, has much
lower spatial resolution (Supplementary Fig. 27).

3D-DAT of per- and polyfluoroalkyl substances exposure on
embryo development

Following the extensive testing and validation of 3D-DAT for func-
tional and molecular imaging, we demonstrated the technique for a
feasibility study of the effects of per- and polyfluoroalkyl substances
(PFAS) exposure on mouse embryo development. PFAS, also known
as ‘forever chemicals’, refers to a class of fluorinated compounds that
are abundant in industrial and consumer products®™. Due to its ubi-
quity, bioaccumulation, and adverse health effects, PFAS pollution is
a significant public health crisis. Pregnant women and their devel-
oping fetuses are known to be particularly susceptible to PFAS
effects that can lead to increased risk of miscarriage®, low birth
weight™, and neurobehavioral changes in the offspring®. Although
the underlying mechanisms of PFAS exposure are not well

understood, the potential role of lipid metabolism® and mitochon-
drial function®’”® has been identified, which may result in altered
oxygen metabolism in the placenta and embryo. Using 3D-DAT, we
were able to longitudinally examine the oxygenation levels during
the development of the embryo throughout pregnancy and investi-
gate how perinatal PFAS exposure via drinking water may affect the
oxygenation levels.

With enhanced elevational resolution, DPAT can better resolve
small vascular structures compared to traditional PA imaging
(Fig. 5a, b) and provides a better tool for longitudinal functional stu-
dies. Pregnant mice were imaged from E8.5 to EI8.5, and the
embryonic sO, was quantified by DPAT (Fig. 5b, ¢)*. DUST images of
the embryos were also acquired (Supplementary Fig. 28). Following
3D-DAT, mice were imaged using a high-frequency US imaging system
for validating the embryo development (Fig. 5¢)®°. We quantified the
ratio of the sO, levels in the embryonic vessels (EV) to the maternal
vessels (MV) (EV/MV ratio) over gestational days E10.5-E18.5 (Fig. 5d,
Supplementary Fig. 29, and Supplementary Fig. 30). Consistent with
our previous study®, we found that the embryos of the control group
had an average of 21% lower sO, levels from E12-E15 compared to the
maternal vessels. We believe that the hypoxic conditions facilitated
normal embryonic development by promoting angiogenesis and
reducing oxidative stress®. However, we observed a significantly
higher EV/MV ratio for all gestational days in the PFAS group compared
with the control group (p<0.05) (Fig. 5d, e and Supplementary
Note 7). We hypothesized that the higher oxygenation level in the PFAS
group may have negative effects on embryonic growth and develop-
ment, specifically, the embryo brain development which has high
plasticity and is sensitive to oxidative stress

Following 3D-DAT at E18.5, all mice were sacrificed for further
histological analysis. Our data analysis revealed no significant dif-
ference in embryo weight, placental weight, or embryo/placenta
weight ratio between the control and PFAS group (p=0.29, 0.31,
0.64). No overt pathological differences were appreciated in sagit-
tal sections of embryo brains at E18.5 between the two groups.
However, 8-Hydroxy-2'deoxyguanosine (80HdG), a validated mar-
ker for oxidative stress®®, was positive in the embryo brains of the
PFAS group (8/18 positive) (Fig. 5f). These histology data corrobo-
rated the functional changes in the embryonic oxygenation
acquired by DPAT, yet there were no discernible structural changes
in the organs. The functional changes observed by DPAT provide an
important insight for the mechanisms of developmental and neu-
robehavioral alterations in rodent offspring exposed to this PFAS
mixture discovered in our previous study *.

Discussion

We have developed an advanced photoacoustic and ultrasound ima-
ging system, 3D-DAT, which uses single-slit acoustic diffraction to
achieve near-isotropic spatial resolutions with an off-the-shelf linear
transducer array. Powered by a highly efficient FFL image recon-
struction method, 3D-DAT has achieved fast anatomical, functional,
and molecular imaging in various proof-of-concept animal models,
including transparent glassfrogs, murine tumor models, and pregnant
mice. One major advantage of 3D-DAT over existing 3D PA and US
imaging systems is the use of the widely available linear ultrasound
transducer arrays that ensure high accessibility by the broad research
community. 3D-DAT has improved its elevational spatial resolution by
2- to 3-fold over the traditional PA/US imaging with the same linear
transducer array, without compromising the field of view, imaging
speed, imaging depth, or detection sensitivity.

Compared to 3D PA/US imaging systems using expensive matrix-
array transducers, 3D-DAT is much more cost-effective and can be
adapted by broad biomedical research fields. In addition to high
accessibility, 3D-DAT also solved a longstanding technical dilemma of
the matrix-array transducer: the tradeoff of the element size, detection
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contrast, 3D-DAT can achieve a similar spatial resolution and field of
view as the matrix-array, but with much improved detection sensitivity
and drastically reduced cost.

Compared to traditional linear-array-based PA/US imaging, 3D-
DAT has to overcome a few technical tradeoffs. Firstly, the addition of
single-slit diffraction, while resulting in improved 3D imaging,
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Fig. 5 | Longitudinal 3D-DAT of embryo development when exposed to PFAS

during pregnancy. a TD PA and corresponding DPAT image, acquired at 700 nm,
of a control pregnant mouse at E18.5. b A single embryo (indicated by the dashed
white line in (a)) imaged by traditional PA imaging, DPAT, and high-frequency US
imaging. Placental vessels (PV) and cranial vessels (CV) are presented in the DPAT
image. The skull (S), ribs (R), and placenta (P) are confirmed in the high-frequency
US image. ¢ Longitudinal DPAT images of blood oxygenation and high-frequency
US images of a control mouse during pregnancy. L, liver; EV, embryo vessel; MV,

maternal vessel. d EV/MV blood oxygenation ratio during pregnancy for the control
and PFAS-exposed mice (n =3 mice for each group). Error bars show standard
deviation. e DPAT image of PFAS-exposed mouse at E16 with enlarged region of a
single embryo with corresponding high-frequency US image shown on the right.
f 80HAG IHC staining in embryo brain sections of the control mice and the PFAS-
exposed mice, showing a higher concentration of 8OHdG (brown color) in PFAS-
exposed sections (8/18 positive). Arrows indicate positively marked cells. Scale
bars, 2 mm for (a)-(e), 100 um for (f).

degrades the 2D image quality at each single scanning position (i.e.,
without scanning of the array along the elevational axis). This tradeoff
highlights the importance of implementing a 3D-DAT system with a
precisely controllable slit. When the slit is wide open, we can still
perform single-position 2D imaging. Secondly, 3D-DAT reduces the
amount of on-axis acoustic energy that can transmit through the slit
towards the transducer. However, due to the enlarged detection angle
with the slit present, this signal loss is largely compensated for by
integrating over the elevational scanning aperture, resulting in com-
parable SNR and CNR between 3D-DAT and traditional imaging.
Thirdly, to achieve improved image quality, a more computationally
expensive reconstruction method is necessary with 3D-DAT. With the
efficient FFL reconstruction, 3D-DAT can complete a 3D reconstruc-
tion in a few seconds.

The spatial resolution of 3D-DAT is jointly determined by the
linear-array transducer’s frequency and the slit width. A higher
frequency transducer and a smaller slit width can be used for fur-
ther improving resolution in both DPAT and DUST modes. This will
be particularly beneficial for preclinical small-animal imaging
applications. 3D-DAT can also be applied to other 1D transducer
geometries with poor elevational resolutions, such as the ring-array
transducer. Moreover, DUST can be further improved with coherent
plane-wave compounding or synthetic aperture imaging to increase
both lateral resolution and SNR**“*, Power Doppler US imaging may
also be applied with 3D-DAT for isotropic 3D imaging of blood
perfusion.

Overall, 3D-DAT is a highly promising and accessible imaging
method with structural, functional, and molecular imaging capability
in deep tissues, opening doors to studying a variety of physiological
phenomena and disease states.

Methods

3D-DAT system

The complete 3D-DAT system configuration is shown in Fig. 1a. High-
speed multispectral optical illumination was achieved using three
separate lasers. A 532 nm laser (CNI), an optical parametric oscillator
(OPO) pumped by a separate 532 nm laser (Continuum), and a1064 nm
laser (Quantel) were all coupled coaxially using dichroic mirrors into
two multimode fibers after passing through a beam splitter. Each
multimode fiber had 4 outputs, resulting in 8 total outputs from the
two bundles. Each fiber bundle had a total output energy of -2 mJ per
pulse for OPO wavelengths in the near infrared (NIR) imaging range,
~200 yJ per pulse for 532 nm, and ~2 mJ per pulse for 1064 nm. The total
illuminated region had an area of -8 cm?, giving optical fluence at the
surface of the animals far below the American National Standards
Institute (ANSI) safety limits at all wavelengths. Each laser was trig-
gered with a field programmable gate array (FPGA) (myRIO, National
Instruments) to generate a <10 ns laser pulse with 10 ms between
pulses from different lasers. The FPGA was programmed and con-
trolled with the LabVIEW 2018 software (National Instruments). The
three lasers were pumped at 10 Hz, allowing for multispectral imaging
at a B-scan frame rate of 10 Hz. A power meter (Ophir) was used to
measure pulse-by-pulse energy for all wavelengths for pre-
reconstruction energy normalization. This was achieved by using a
beam sampler to reflect a small amount (<5%) of the light onto the
power meter for pulse energy monitoring.

Two pieces of 22 x 60 mm borosilicate cover glass (thickness:
150 um) (VWR) were sandwiched together using ultraviolet (UV) glue.
The UV glue was placed in a continuous line around the four edges of
the glass to allow for an air gap between the two pieces when glued
together. This improved the overall acoustic impedance of the slit to
avoid ultrasound being transmitted directly through the glass. Due to
the extremely low optical attenuation of both borosilicate glass and UV
glue in the visible and NIR-I spectra, as well as the thinness of the slit
assembly, the optical attenuation and refraction by the slit were
expected to have minimal effect on the diffuse optical excitation of 3D-
DAT. The borosilicate cover glasses that form the slit were each
attached to a customized slit stage, such that the slit was at the ele-
vational focus of the linear-array transducer (L7-4, Philips). The slit
stage was mounted to a separate motorized stage to allow for con-
current scanning with the linear-array transducer. The customized slit
stage was a linear motorized stage controlled by a stepper motor. Two
ball screws with opposite threads were joined in the middle to allow for
inverse linear motion of opposite halves of the stage. This allowed for
the opening and closing of the slit to be controlled by the stepper
motor (see Supplementary Movie 1). All ultrasound and photoacoustic
data acquisition sequences were controlled with a programmable
ultrasound scanner (Vantage 256, Verasonics), programmed with
MATLAB 2019b (MathWorks, Inc.).

FFL reconstruction implementation

For in vivo studies, an elevational scanning range of 3-4 cm was used,
with a step size of 0.1 mm (300-400 discrete steps). A total depth of
~1cm was reconstructed, starting approximately at the target surface.
The aperture width of the L7-4 linear-array transducer is -38.4 mm.
Therefore, with our reconstruction grid size of [400, 400, 150], our
reconstructed voxels had sizes of [0.096, 0.100, 0.067] millimeters in
the lateral, elevational, and axial axes, respectively. Nyquist sampling
criterion was thus met with these voxel dimensions, given the mini-
mum 400um resolution of 3D-DAT (Supplementary Fig. 1). FFL
reconstruction was written and executed in MATLAB, using a com-
puter with 256 GB of random-access memory (RAM), an AMD Ryzen
Threadripper 3970X central processing unit (CPU) (32 cores, 64
threads), and an NVIDIA RTX A6000 graphics processing unit (GPU)
with 48 GB of GDDR6 VRAM and 10,752 CUDA cores.

Validation of 3D-DAT by k-Wave simulation

To theoretically characterize 3D-DAT and determine the relationship
between the slit width and image quality, we constructed a 3D ultra-
sound simulation using the k-Wave MATLAB toolbox (Supplementary
Fig. 9)°°. A synthetic crosshair phantom was scanned across the ele-
vational axis with a step size of 100 um. The transducer and slit
remained stationary, with the slit 25 mm from the transducer surface,
corresponding to the elevational focal depth of the L7-4 transducer. At
each phantom position, a 3D simulation of ultrasound propagation in
the medium was performed. In the case of the DPAT simulation, the
cross-hair acted as the initial pressure distribution, and only the pro-
pagation of the resultant ultrasound waves was simulated. In the case
of the DUST simulation, a plane wave was transmitted from the
transducer and the phantom acted as an acoustic reflector in the
medium. The simulation was performed for slit widths ranging from
0.3 mm to 1.9 mm.
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cGNS synthesis

Silver-coated gold nanostars were prepared using the method described
by Fales et al., where 1 mL of 10 nM 12 nm-gold sphere solution is added
to 100 mL of 25 uM HAuCl,*". 500 pL of 6 mM AgNO; followed by 500 uL
of 0.1M ascorbic acid was rapidly added to the mixture. After 10,
500 uL of 0.1M AgNO; was added, followed by 100 uL of 30% ammo-
nium hydroxide. After 10 min, 10 mL of 55 mg/mL polyvinylpyrrolidone
(PVP) solution was added to the particles, which were then centrifuged
and resuspended in 100 mL of 20 mg/mL PVP and 50 mM ascorbic acid
solution. 1 mL of NaOH was then added to the mixture. 1.5 mL of 5mM
HAuCl, was added via a syringe pump for 30 min. Particles were cen-
trifuged and resuspended in 60 mL of 55 mg/mL PVP solution, and the
temperature was increased to 65 °C. Next, 10 mL of 10% hydrogen per-
oxide solution and 500 uL of hydrochloric acid were added to the
nanoparticle solution and were rapidly mixed for 45 min. Insoluble silver
chloride was separated from the cGNS solution via centrifugation, and
the particles were washed with 100% ethanol to remove surface-bound
PVP. Washed c¢GNS particles were then concentrated and added to a
1mg/mL solution of 1,1,3,3, 3’,3’-Hexamethylindotricarbocyanine iodide
(HITC) and allowed to mix overnight. The following day, the particle
solution was redispersed into 80 mL of 20 mg/mL PVP solution, fol-
lowed by 1 mL of 0.1 M ascorbic acid and 100 pL of HCI. 2mL of 5mM
HAuCl, was then added via a syringe pump for 10 min. Finally, the
particles were washed in ethanol several times to remove surface-bound
PVP and incubated at 45°C in a 10 mL of 1 mg/mL SH-PEGs00-COOH
solution overnight. Pegylated particles were then washed in DI water and
stored at 4 °C until further use.

3D-DAT of cGNS

Before the injection of cGNS, a baseline image of the mouse was
acquired using 3D-DAT. For DPAT, the excitation wavelength was
700 nm, which is near the peak absorption of cGNS (Supplementary
Fig. 22a). Following the baseline image, either ~60 or ~100 pL of cGNS
particles with a concentration of 10 mg/mL was administered to each
mouse via retro-orbital injection. The mice were then imaged with 3D-
DAT at 1min, 1h, 6 h, 24 h, and 72 h following the injection of cGNS
(Fig. 4b, ¢, and Supplementary Fig. 23). Fluorescence images of the
mice were acquired 48 h after injection to confirm the location of the
tumor and accumulation of cGNS respectively. The fluorescence ima-
ges shown in Supplementary Fig. 22d were taken with an IVIS Kinetic
system (PerkinElmer).

A custom-built system was used to acquire fluorescence images of
mice that received different cGNS dosages (Supplementary Fig. 24b).
The system consisted of an inverted Nikon eclipse Ti-U microscope
using a TL2x-SAP long working distance objective. A 785 nm excitation
source was used, and the collected light was passed thought an 800-
nm long-pass filter, where a ProEm 512 camera was used as a detector
with an accumulation time of 15 s per location.

PS-DPAT of BphP1 in-vitro and in vivo

PS-DPAT was performed using an OPO laser with a pulse repetition rate
(PRR) of 30 Hz (Spitlight, Innolas). First, 630 nm light was illuminated
on the target for 8 s through the same fiber bundles used in DPAT. This
converts all BphP1 molecules in the illuminated region from Pr to Pfr
state. The 630 nm light was then turned off and PA imaging with
750 nm excitation started. As the PA light illuminated the target region,
the BphP1 was converted back from the Pfr state to the Pr state. After
240 laser pulses (or 8 s), the transducer was scanned by 0.2 mm to the
next elevational position. The 16-second PS cycle was then repeated
(Supplementary Fig. 26b). To generate 3D reconstructions at different
times during each cycle of Pfr > Pr switching process, only corre-
sponding PA pulses were used for each scanning position. Therefore, a
total of 240 volumes were reconstructed, showing the complete three-
dimensional switching cycle of BphP1.

High-frequency ultrasound imaging

High-frequency ultrasound imaging was performed as validation for
the PFAS study. We used the Vega robotic imaging system operating at
25 MHz, The system consists of a high-frequency wobbler transducer
made of PVDF, allowing for both high-resolution and high-sensitivity
imaging (Supplementary Fig. 28). Before imaging, a 5mm layer of
agarose gel was placed on the imaging membrane, with distilled water
for acoustic coupling. The gel pad was placed such that the focus of the
wobbler transducer was approximately 2 mm below the skin surface of
the mouse torso. The mouse was then placed on top of the gel, and an
infrared heating lamp was used to keep the mouse warm. A 40 x 40
mm? field of view was then scanned, with a total scanning time of
approximately 1 min.

Longitudinal imaging of mouse pregnancy and PFAS exposure
The exposure protocol in mice was conducted according to our
previous work>*°. The chosen mixture contains 10 different PFAS
for a total PFAS concentration of ~758.6 ng/L mimicking highly
contaminated drinking water. The 2-month-old female BALB/C
mice were exposed to a PFAS mixture one week before breeding
and during pregnancy until euthanasia at E18.5. The control female
mice were given pure water. The visible vaginal plug was observed
to confirm mating and define the embryo day 0.5 (E0.5). 8-9 days
following the plug confirmation, longitudinal imaging began with
both 3D-DAT and high-frequency ultrasound. Mice were imaged
once every 2-3 days until delivery. The weights of mice were
also measured during each imaging session. During pregnancy,
estimations of gestational days were verified by estimating the

crown-rump length (CRL) using high-frequency ultrasound
images 7°.
Immunohistochemistry

Embryonal (E18.5) brain samples were paraffin-embedded and cut
into 5 um-thickness sections. Slides were deparaffined in xylene and
rehydrated in serially decreasing concentrations of ethanol and
distilled water. Heat-induced antigen retrieval was performed in a
citrate-based solution (Antigen Unmasking Solution, Vector
Laboratories, Inc, Burlingame, CA, cat# H-3300). Following 2 washes
with 1X phosphate buffer saline (PBS), permeabilization of the slides
with 0.1% Triton-X in PBS was done. The slides were washed with 1X
PBS twice and endogenous peroxides were blocked by 3% hydrogen
peroxide for 30 min at room temperature. This was followed by 4
washes of 1X PBS and blocking slides with 10% goat serum and 1%
Bovine Serum Albumin (BSA) in PBS for 20 min at room tempera-
ture. Slides were washed with 1X PBS once and incubated with pri-
mary antibody 8OHdG (Bioss Antibody, bs-1278R) at 1:200 dilution
overnight at 4 degrees in a humidified chamber. After 4 washes with
1X PBS, tissues were incubated with HRP-linked secondary antibody
at 1:50 dilution (Goat-Anti-Rabbit Antibody, HRP linked, Bioss
Antibody BS-0295G-HRP) at room temperature for 1 h. All the anti-
bodies were diluted in the blocking buffer mentioned above. Sub-
sequently, the slides were washed with 1X PBS 4 times, incubated
with DAB substrate at 1:10 dilution (ThermoFisher 34002) for 5 min,
washed with pure water, and counterstained with hematoxylin for
10s. The slides were dehydrated through serially increasing con-
centrations of ethanol and xylene and mounted with the Permount
mounting media (Fischer Scientific SP15). The slides were examined,
and images were obtained using the Leica Mica microscope (20x
magpnification for widefield image, x63 magnification for close-up
image (Fig. 5f)).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

All data needed to evaluate the conclusions in the study are present in
the paper and/or the Supplementary Materials. Several example
datasets have also been deposited to the Zenodo repository and are
freely available and accessible.

Code availability

The main reconstruction code and oxygen saturation estimation code
have been deposited to the Zenodo repository, with example datasets,
and are freely available and accessible.
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