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Microscopy for Single-Cell Biochemical Mapping
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Qifa Zhou;* and Junjie Yao'”

Abstract

Hyperspectral imaging has emerged as a valuable technique for analyzing biological tissue compositions by probing
intrinsic or exogenous biomolecules. However, conventional hyperspectral imaging methods predominantly rely on
fluorescent signatures, limiting their application to nonfluorescent samples. To overcome this limitation, a label-free
reflection-mode hyperspectral photoacoustic microscopy (RHS-PAM) system has been developed. RHS-PAM enables
the imaging of thick biological samples with a wide range of intrinsic contrasts using excitation wavelengths ranging
from ultraviolet to near infrared. RHS-PAM eliminates the need for tissue staining, and has achieved cellular-level spatial
resolution and automatic image coregistrations at all wavelengths. Proof-of-concept applications of RHS-PAM have
been demonstrated on various model organisms, including Caenorhabditis elegans, frog tadpole, zebrafish, and
mouse. The technique has successfully imaged a wealth of structural and molecular features in these organisms, uti-
lizing the optical absorption contrast of nucleic acids, proteins, hemoglobin, melanin, and lipids. The results highlight
the capability of RHS-PAM to provide rich optical contrast, high spatial resolution, and an extended spectral range for
label-free imaging. We believe that RHS-PAM represents a highly promising tool for single-cell biochemical mapping of
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diverse biological tissues.

any biological tissues exhibit unique optical signatures
M or “fingerprints,” due to the light-matter interactions

such as optical absorption, scattering, reflection, and
polarization. Hyperspectral imaging exploits these signatures to
map the distribution of biomolecules in tissues, and offers a
wealth of functional and molecular information.'™ For example,
protein and lipid distributions have been used in hyperspectrum
imaging to delineate brain tumor margins, providing histology-
like images similar to hematoxylin and eosin staining.>® However,
traditional hyperspectral imaging methods predominantly rely on
fluorescent emission of the targets,7'8 and thus cannot character-
ize nonfluorescent samples, which has limited its applications in
biomedical research.

Photoacoustic microscopy (PAM) is a hybrid imaging tool that
acoustically detects optical contrast based on the photoacoustic
effect—the generation of sound waves by the sample’s light-
absorbing chromophores, fluorescent or not’”'" PAM tech-

niques have been developed for histology-like imaging to
probe tissue compositions.'?™'® Each tissue composition may
provide a unique photoacoustic spectrum when measured at
different excitation wavelengths.

For example, nucleic acids (DNA/RNA) are imaged by PAM
using ultraviolet (UV) light ~266 nm, which can help identify
tumor cells with characteristic nucleus morphological fea-
tures.”®?° Hemoglobin is imaged mostly using visible light,
which can be used to monitor cancer angiogenesis and hypox-
ia.222 Lipids are one of the major optical absorbers in the near
infrared (NIR) and mid-infrared wavelength range, and can be
used to detect lipid-rich diseases such as atherosclerosis.?*>*

Similar to conventional hyperspectrum imaging, multispectral
PAM techniques have been developed to identify endogenous
biological contrasts in tissues, by using tunable or supercontin-
uum lasers.>>~%” However, current multispectral PAM tech-
niques, either in reflection mode or transmission mode, have
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major limitations. The reflection-mode PAM systems have to use
complex optical-acoustic combiners that introduce chromatic
aberration and limit the wavelength tuning in the UV and NIR
range.’® 3 The transmission-mode PAM systems, in contrast,
have limited working space, making these techniques applica-
ble only to thin samples.?>~%° For these reasons, multispectral
PAM techniques have been mostly used for imaging of ex vivo
tissue samples with a limited spectral range.

Here we have developed a new reflection-mode hyperspec-
trum PAM technique reflection-mode hyperspectral PAM (RHS-
PAM) for label-free imaging of multiple biomolecular contrasts
on thick ex vivo biological tissues and in vivo animal models.
The wide wavelength tuning range of the excitation light provi-
des access to different endogenous contrasts, including DAN/
RNA and proteins using deep UV light, hemoglobin and melanin
using visible light, and lipids using NIR light. We demonstrated
the flexible application of the RHS-PAM system by investigating
the rich morphological, functional, or molecular features of sev-
eral common animal models—roundworm Caenorhabditis ele-
gans, frog tadpoles, zebrafish, and mice.

Results

RHS-PAM system

The RHS-PAM system is depicted in Figure 1a. The laser path is
divided into four spectral bands ranging from UV to NIR, and is

Laser

FIG. 1. Schematic and
characteristics of the RHS-PAM
system.

(@) Schematic of RHS-PAM system including
four optical pathways with an illumination
wavelength range of 210-1600 nm. Insets: (i)
Sectional view illustration and (ii) photograph
of the ROL and NT.

(b) RHS-PAM laser output spectrum and
absorption spectra of major tissue
components, including DNA/RNA, HbR/HbO,,
melanin, amino acid, flavoprotein, lipid, and
water 3173
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combined and coupled into a broadband reflective objective
lens (ROL). Different excitation wavelength bands are used for
imaging various contrasts (Fig. 1b). Samples are placed beneath
the ROL with a thin layer of water (~ 1 mm) as the coupling me-
dium for acoustic waves. The resultant photoacoustic signals are
detected by a high-frequency miniaturized needle transducer
(NT). NT is 0.5 mm from the sample surface.

The small working distance reduces chromatic aberra-
tions and absorption by the coupling water. The samples are
translated using a high-precision three-axis motorized stage
for volumetric imaging. The reflection-mode configuration
allows for imaging organisms of different sizes. Details of
the RHS-PAM system are provided in the Materials and Meth-
ods section.

The lateral resolution of RHS-PAM ranges from 0.625 to
4.4 um at representative absorbing wavelengths of cell nuclei,
intracellular chromoproteins, hemoglobin, melanin, and lipids
(Fig. 1c and Supplementary Fig. S2). For example, the lateral
resolution at 266 nm was 0.625 um, which allows imaging sub-
cellular components such as cell nuclei. The measured spatial
resolution in the longer wavelength range was increasingly
worse than the diffraction-limited theoretical estimation,
mainly because of the nongaussian laser beam quality at lon-
ger wavelengths.

To highlight the advantage of the ROL-based system config-
uration, we also estimated the lateral spatial resolution of a

(c) Theoretical and measured lateral
resolutions at four wavelengths (266, 430,
532, and 1210 nm). CL1-8, cylindrical convex
lenses; DM1-4, dichroic mirrors; FM1-2, flip
mirrors; M1-6, reflection mirrors; NT, needle
transducer; PH, pinhole; RHS-PAM, reflection-
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traditional prism-based acoustic-optical beam-combiner used
in PAM, and the results have clearly shown the severe chromatic
aberration of the traditional setup (Supplementary Fig. S1). The
NT has a frequency bandwidth of ~40MHz (Supplementary
Fig. S3), which provides an axial resolution of ~30um for
RHS-PAM across the excitation spectrum.

C. elegans imaging

C. elegans (or roundworm) is a transparent nematode (~ 1 mm in
length) that lives in temperate soil environments.>**” Its transpar-
ent body consists of several layers: a body wall encompassing a
collagenous cuticle, underlined by the hypodermis, nervous,
and muscle systems; a pseudocoelome; and the internal organs
of the alimentary and reproductive systems. C. elegans is a well-
characterized animal model with known genome and desirable
traits such as whole-body transparency, small size, fast growth
rate, and ease of culturing.3® Many genetic functions and bio-
chemical pathways in C. elegans are shared with humans due
to evolutionary conservation, making C. elegans a good model
for investigating molecular pathways in human diseases.

In our study, a group of fixed C. elegans were imaged by RHS-
PAM (Fig. 2a). Excited by 266 nm light, the epidermal layer of the
worm was clearly visible with endogenous contrast of DNA/RNA
and proteins (Fig. 2b). Unlike mammals, C. elegans does not have
specialized adipose tissue. However, C. elegans intestinal cells
and hypodermis may mimic the role of vertebrate adipocytes, hav-
ing an analogous role as the main triglyceride depot.***° Since tri-
glycerides are triesters consisting of a glycerol molecule bound to

200pm  O.1mEmm—10 50 m

b 266 nm

three fatty acid molecules that have strong UV light absorption,* it
is believed that in addition to DNA/RAN and proteins, the image at
266 nm also contains lipids from the C. elegans hypodermis.

We then used 430nm light for photoacoustic imaging of
cytochrome-based or flavin-based contrasts.'® At 430 nm, the
whole body of C. elegans was imaged (Fig. 2¢), and discrete
structures can be differentiated, such as embryos (~ 30 um in di-
ameter) distributed along one side of the body (Fig. 2d).*? In ad-
dition, the body of C. elegans is rich in flavins, with a maximum
absorption between 430 and 470 nm.** Flavins are present as
prosthetic groups in flavoproteins and as cofactors in blue
light photoreceptors,*"** and accumulate in C. elegans tissues
in an oxidized form during aging. RHS-PAM at 430 nm can be
used to map the distribution of endogenous flavins and
cytochrome-based contrasts within the organism.

In vivo frog tadpole imaging

Amphibian models have served important roles in developmen-
tal biology,”*™* physiology,*® genetics,***° neurobiology,”' >3
and toxicology.>*>> Amphibian models are advantageous due
to their large taxonomic diversity, well-understood internal phy-
logenetic relationships and basic physiology, and similarity to
humans®® (e.g., they are tetrapods and most are terrestrial®®).
Adult frogs and tadpoles have been thoroughly investigated
by multiple imaging modalities.>’~®° Photoacoustic imaging
has proven useful for the study of glass frogs including the
mechanism underlying their transparency,’’ and has been
used to study tadpoles of different species.'*6%%

FIG. 2. RHS-PAM of Caenorhabditis elegans.
(@) C. elegans were fixed in a 1% solid agar plate. RHS-
PAM of C. elegans was conducted at 266 and 430 nm.
(b) RHS-PAM of multiple C. elegans at 266 nm, showing
the contrast from DNA/RNA and proteins

(c) RHS-PAM of multiple C. elegans at 430 nm, showing
the contrast from flavins.

(d) Close-up image of a single C. elegans at 430 nm,
showing the embryos.
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FIG. 3. RHS-PAM imaging of frog tadpoles (Teratohyla pulverata, Gossner Stage 28).

(@) RHS-PAM images at 430 and 532 nm, revealing skin and muscle vascularization and pigmentation.

(b) RHS-PAM images closer to the surface at 430 and 532 nm, revealing structures of internal organs, muscles, and blood vessels. (i)
Photograph of a tadpole. The dashed oval boxes indicate the scanning area of the RHS-PAM images acquired at (i) 430 nm, (iii) 532 nm, and
(iv) merged images at two wavelengths. 1, keratinized labial teeth; 2, sinus hyobranchialis; 3-7, striated muscles (3, hyoangularis; 4,
orbiotohyoideus; 5, subarqualis rectus; 6, interhyoideus; 7, intermandibularis); 8, liver lobes; 9, gut coils; 10, pigmentary cells (melanocytes); 11,
heart; 12, gall bladder (biliverdin); 13, sinus venosus; 14, branchial basket; 15, abdominal vein; 16, skin vascularization.

In this section, we focused on extracting morphological fea-
tures of tadpoles of the glass frog Teratohyla pulverata. Anesthe-
tized tadpoles (Gossner Stage 28) were imaged in vivo at
different depths from the ventral skin surface. The ventral side
of tadpoles is transparent®*®* (Fig. 3a-i, b-i), with a reduced con-
centration of pigments in their skin and muscles. This unique
feature provides a natural window for imaging the internal or-
gans. We targeted the main body of the tadpoles, excluding
the tails. We chose two wavelengths of 430 and 532 nm. RHS-
PAM at 430 nm targets abundant contrast agents such as yellow
nitrogen-rich pteridines,®®® carotenoids,”” the Soret band of
porphyrins, and hemoglobin.®¥7°

Microanatomical features were extracted from the RHS-PAM
images (Fig. 3a-ii, b-ii), including the oral apparatus (the black
keratinized jaw sheaths and rows of teeth); skeletal muscle fi-
bers from the interhyoideus, intermandibularis, hyoangularis,
orbitohyoideus, rectus subarqualis muscles, and from the
heart and gills; the hyobranchial sinus that collects and stores
blood from the peripheral vascular system®*; and in the ab-
dominal area, the liver, long gut coils, gall bladder, and der-
mal melanophores bearing melanin granules and profuse
skin vascularization in the images obtained at shallower
depth (Fig. 3b-ii, iii).

The broad distribution of blue-absorbing pigments in extra-
cellular fluids and lymph results in a reduced contrast between
structures when imaged with 430 nm; therefore, the tadpoles
were also imaged at a second wavelength, 532 nm. Because
most endogenous proteins, pteridines, and carotenoids have
weak absorption at 532 nm, RHS-PAM at this wavelength reveals

structures containing mostly hemoglobin and/or melanin
(Fig. 3a-iii).>® Using this approach, we acquired images of the
hyobranchial sinus, branchial baskets, and the fine structure of
hepatic lobes (Fig. 3a-iii, b-iii). The overlay images at 430 and
532 nm are shown in Figure 3a-iv and b-iv.

Zebrafish imaging

Zebrafish is the most commonly used nonmammalian verte-
brate animal model, and has proven valuable for the study of
vertebrate development, gene function, and toxicology.”'
The small body size and optical transparency of zebrafish lar-
vae make them well suited for optical imaging.”*”? Traditional
PAM techniques have been used to image the distribution
of hemoglobin and analyze blood vessel types in zebrafish.'>”*
Here, we used RHS-PAM to capture anatomical features of
individual zebrafish at three developmental stages. To allow
for longer imaging time, we used freshly preserved ex vivo
specimens.

At 5 days postfertilization (5 dpf), zebrafish are transparent,
which permits the transmission of light deep inside the organ-
ism (Fig. 4a). This transparency is especially important for
RHS-PAM at short wavelengths, which are otherwise greatly
attenuated by the outer skin layers. Figure 4b-i shows an en-
face projection of the zebrafish at 266 nm. Many morphological
features are identifiable including the eye, brain, minor and
major lobes of the medial fin fold, notochord, spinal cord, lateral
line, myotomes, myosepta, otic capsule, intestine, and swim
bladder. Different features were observed at 430 and 532 nm
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FIG. 4. RHS-PAM of zebrafish at different developmental stages.

(@) Photograph of a 5 dpf zebrafish.

(b, ¢) RHS-PAM images of zebrafish at 5 dpf (b) and 15 dpf (c) at (i) 266 nm, (i) 430 nm, and (i) merged image at two wavelengths.

(d) (i) Photograph of a 60 dpf zebrafish. RHS-PAM images of the 60 dpf zebrafish at (i) 266 nm, (iii) 430 nm, and (iv) merged image at two
wavelengths. 1, eye; 2, brain; 3, otic capsule; 4, myoseptum; 5, myotomes; 6, melanocytes; 7, notochord; 8, median fin fold; 9, intestine; 10,
minor lobe of the median fin fold; 11, swim bladder; 12, intestine; 13, intersegmental vessels; 14, heart; 15, dorsal fin fold; 16, anal fin fold; 17,
caudal fin, pelvic fin; 18, pectoral fin; 19, pelvic fin; 20, anal fin; 21, scales. dpf, days postfertilization.

(Fig. 4b-ii and Supplementary Fig. S4a). Images at these two
wavelengths depict similar morphological features, including
the heart, intersegmental vessels, and swimming bladder, out-
lined by melanocytes.

At 15 dpf, larger myotomes and myosepta, distinctive dorsal
and anal fin folds, and caudal fin are observed at 266 nm
(Fig. 4c-i). At 430 and 532 nm, trunk intersegmental vessels are
revealed (Fig. 4c-ii and Supplementary Fig. S4b).

Juvenile zebrafish (30-90 dpf) are characterized by a transfor-
mation of their fins, including complete loss of the larval fin fold
and development of the caudal, anal, pelvic, dorsal, and pectoral
fins. The skin of juvenile zebrafish also shows a complete pattern
of scales (squamation).”® Similar to amniote skin appendages,
zebrafish scales develop relatively late in ontogeny and are dis-
tributed across the skin.”®’” These elasmoid scales are made of
dermal bone embedded in the skin with strong absorption in
the UV range.”®

We imaged a 60 dpf juvenile zebrafish at 266 nm, which
revealed a complete squamation pattern across the entire
body surface, showing the characteristic overlapping shingle-
like pattern (Fig. 4d-i, d-ii). Similar to larval zebrafish images at
266 nm, because various molecules have absorption in the
deep UV band, other morphological features are also observed,

including melanin in the eyes, and the dorsal, anal, pelvic pecto-
ral, and caudal fins. At longer wavelengths of 430 and 532 nm,
we observed the development of the pigment pattern of juve-
niles and adults, including the characteristic melanophore
stripes in the flanks of the body (Fig. 4d-iii and Supplementary
Fig. S4c).

Mouse brain and ear imaging

Mice have long been used as models of neuroscience and neu-
rology because of their phylogenetic proximity and physiologi-
cal similarity to humans, and the ease of maintaining them in
the laboratory.”® Mouse models have been used to study
brain disease pathologies and to evaluate the effectiveness of
treatments. However, most research has to use histological anal-
ysis with exogenous labeling.

In this study, we focused on a mouse brain model of ischemic
stroke 298! Different morphological features of the brain contain
different endogenous biomolecules with unique light absorp-
tion spectra, such as nuclei, hemoglobin, and lipids,*"#° provid-
ing rich contrast between microanatomical structures, such as
caudoputamen, third ventricle, and hippocampus.2'® We ana-
lyzed coronal sections (100 um thickness) from a mouse brain
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FIG. 5. RHS-PAM of mouse brain and ear.
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(a, b) RHS-PAM of two coronal sections of anterior mouse brain with ischemic stroke. (i) Wide-field photographs of coronal sections, (i) RHS-
PAM images at 266 nm, (i) RHS-PAM images at 430 nm, and (iv) merged RHS-PAM images at two wavelengths.

(c) RHS-PAM of the mouse ear. (i) RHS-PAM image of blood vessels at 532 nm, (i) RHS-PAM image of sebaceous glands at 1210 nm, and
close-up image of glands, (iii) merged image at two wavelengths (red channel: 532 nm; green channel: 1210 nm). ACO, anterior commissure;
CC, corpus callosum; CP, caudate putamen; CTX, cerebral cortex; HY, hypothalamus; LV, lateral ventricle; MB, midbrain; S, striatum; V3, third

ventricle.

subjected to photothrombotic stroke (1 day after stroke) on the
right (ipsilateral [IL]) hemisphere.

RHS-PAM was used to image nuclei and protein at 266 nm, as
well as hemoglobin and melanin at 430 nm (Fig. 5a, b)."® Various
morphological features were identifiable at these two wave-
lengths. Images at 266 nm revealed the lateral ventricles, stria-
tum, third ventricle, corpus callosum, cerebral cortex, anterior
commissure, midbrain, and hippocampus (Fig. 5a-i, b-i). The sub-
cellular resolution of RHS-PAM at 266 nm also allows for the de-
tection of cell nuclei (Supplementary Fig. S5). Because of the
stroke-induced hypoxia, some cells within the affected region
die, reducing the number of cell nuclei within the IL hemisphere
relative to the uninjured contralateral (CL) hemisphere.

By analyzing the averaged signal intensity of both hemi-
spheres (Supplementary Fig. S6), we observed lower signal in-
tensities within the IL hemisphere (93.0 in the anterior section,
74.7 in the posterior section), compared with the CL hemisphere
(99.4 in the anterior section, 87.5 in the posterior section). The

signal intensity difference is consistent with the expected reduc-
tion in the number of cells in the IL hemisphere. Interestingly,
images at 430nm produced greater signal intensity in the IL
hemisphere (155.7 in the anterior section, 171.4 in the posterior
section) than in the CL hemisphere (137.5 in the anterior section,
167.2 in the posterior section) (Fig. 5a-i, b-ii and Supplementary
Fig. S6).

These increased intensities within the IL hemisphere could
represent the immune cells infiltration due to the stroke, as
well as the increase in the presence of proteins like hemoglobin.
In photothrombotic stroke, some of the blood vessels would be
broken due to the thrombi, the brain-blood barrier is then com-
promised (“broken”), and there is infiltration of cells/blood from
the blood into the brain region with stroke.

Mouse ear has a dense supply of blood vessels and sebaceous
glands in the dermis of the skin, and is a commonly used skin
model. We imaged a mouse ear in vivo with illumination at
532 and 1210nm. RHS-PAM at 532nm was used to image
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hemoglobin in the vascular system in the ear (Fig. 5c-i). The
same region of the ear was then imaged at 1210 nm, which is
an absorption peak of lipids (Fig. 1b). Sebaceous glands were
observed in the dermis (Fig. 5c-ii).

The images allowed the identification of alveoli of the holo-
crine sebaceous glands. When imaging deeper region of the
ear, in addition to sebaceous glands, subcutaneous and peri-
aortic fat were also observed (Supplementary Fig. S7). An over-
lay image at 532 and 1210 nm is shown in Figure 5c-iii. Blood
vessels (red) and sebaceous glands (green) were clearly imaged
in the middermis.

Discussion

We thoroughly investigated the performance of the RHS-PAM
system. The measured lateral resolutions are larger than the the-
oretical values, especially at longer wavelengths such as
1210 nm. This resolution difference is primarily due to the
poor beam quality of the broadband laser at longer wave-
lengths. Short wavelength excitation (e.g., 266 and 430 nm) is
needed for probing subcellular morphology, and thus the sys-
tem was tuned to improve the beam quality at these wave-
lengths. Although the system has a relatively low lateral
resolution at 1210 nm, it still allows imaging lipid-rich sebaceous
glands with ~5um resolution and identifying cellular-level
components.

Future efforts are needed to improve the laser beam quality
for a broader wavelength range. The axial resolution can be im-
proved by optimizing the transducer’s frequency performance.
The ROL has two hemispherical mirrors that enable low chro-
matic aberration over a broadband spectral range, achieving
the same focal length for a wide spectral range. A thin layer of
water was needed to immerse the NT, which is ~1 mm to the
sample surface. The small working distance of the NT can reduce
the loss of high-frequency photoacoustic signals and improve
the detection sensitivity.

Several technical shortcomings are directly resultant from the
low imaging speed, which is currently limited by the excitation
laser’s pulse repetition rate of 100 Hz and its slow wavelength
tuning. First, we were not able to provide the comprehensive
absorption spectra of the imaged targets over a broad wave-
length range, but rather at a few representative wavelengths.
Second, we were not able to provide quantitative spectral anal-
ysis or ratiometric measurement of different tissue components,
but rather a qualitative mapping of the dominating tissue com-
ponents at selected wavelengths.

In future study, an advanced laser with supercontinuum
wavelength output and fast wavelength tuning can improve
the imaging speed, and allow for more wavelengths to be
used for spectrally unmixing chromophores with overlapping
absorption spectra. Moreover, advanced computational image
processing and cell segmentation approaches are needed to
provide spatially resolved single-cell-level biochemical profiles.

With these technical improvements, we expect that RHS-PAM
will find increasing applications in biomedical research such as
diagnosis of skin diseases, quantitative analysis of tissue metab-
olites, and image-guided tumor margin assessment.825

The Bigger Picture

Our initial success with the RHS-PAM system offers encourag-
ing insights into its capabilities for detailed structural and mo-
lecular imaging in diverse animal models. This study provides a
foundation for the broader applications of label-free micro-
scopic assessment of biological materials.

As we look to the future, the RHS-PAM system stands to benefit
from targeted technical refinements, allowing for tailored opti-
mization depending on the specific application needs. Beyond
its utility for endogenous contrast imaging, the system also has
the capacity to integrate a wide range of chromophore-
specific exogenous contrast agents, leveraging work already
done in other absorption-based imaging methods.

Building on this promise, we are optimistic about the role RHS-
PAM could play in the evolving field of label-free single-cell
biochemical mapping. With further technological advance-
ments, we anticipate that RHS-PAM may ultimately offer clini-
cians and patients a more objective noninvasive way to
obtain cellular-level spatial omics, potentially enriching diag-
nostic and treatment pathways.

Conclusion

In this study, we have implemented an RHS-PAM system with an
ROL and a miniaturized NT. This RHS-PAM system can probe a va-
riety of endogenous biomolecules on thick samples or in vivo,
with high spatial resolutions across the spectral range from UV
to NIR. Using RHS-PAM, we studied several model organisms
in vitro or in vivo—C. elegans, frog tadpoles, zebrafish, and
mouse. RHS-PAM identified anatomical features of these models,
using endogenous contrasts such as DNA/RNA, proteins, hemo-
globin, and lipids, without the need for labeling or staining. Our
results have demonstrated that RHS-PAM has a great potential
for label-free imaging of a broad range of endogenous contrasts.

Materials and Methods

RHS-PAM system

The system consists of a wavelength-tunable laser (Q-TUNE-C100-SH-AT,
wavelength range: 210-2300 nm; pulse repetition frequency: 100 Hz). The
output power of the laser was controlled by a variable attenuator. A flip
mirror was used to select the UV wavelength band from 210 to 400 nm. A
pair of cylindrical lenses was used to reshape the light beam due to the
elliptical laser output, and a spatial filter was implemented by using a pair
of achromatic convex lens and a pinhole (P15C; Thorlabs). The longer
wavelength was passed through two dichroic mirrors (DMSP650L and
DMLP950L) to separate three wavelength bands (400-650, 650-950,
and >950 nm).

In this way, we managed each wavelength band with appropriate
achromatic optic systems and beam reshaping. Another set of the
same series of dichroic mirrors was used to recombine the excitation
pathways. Final focusing of all beam pathways onto the samples was
provided by an ROL (50105-02; Newport) coated with UV-enhanced alu-
minum, with zero chromatic aberration over a broad spectral range
(200-20,000 nm) and a numeric aperture of 0.4. A small water tank
was mounted under the ROL. The bottom of the tank was sealed with
a UV-fused silica broadband window (WG40530; Thorlabs).
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A NT with a center frequency of 35 MHz and bandwidth ~43 MHz
(Supplementary Fig. S3) was used to detect the photoacoustic signals.
To reduce the acoustic transmission loss, the NT detection face was
close to the sample, at a distance of ~1 mm. Mechanical scanning of
the sample was provided by the linear stepper motor stages (L-
509.10SD00; Physik Instrument). The signals were amplified and digi-
tized by a data acquisition card (ATS9350; Alazar Technologies). In
data process, a slight thresholding was also applied to the images to
remove excessive background signals, mostly from the coupling me-
dium. A 2D 3 by 3 median filter was used to improve the image contrast.
A binary mask was applied to the brain slice images.

Resolution measurement

The lateral resolution of the RHS-PAM system was characterized at dif-
ferent wavelengths. For each measurement, the edge spread function
(ESF) was obtained by repeatedly scanning a sharp edge of a resolution
target (R3L3S1P; Thorlabs, Inc.) 30 times with a step size of 0.3125 um
(blue dashed curve in Fig. 2). The corresponding line spread function
(LSF) was calculated by taking the first derivative of the ESF (red
curve in Fig. 2). We calculated the full width at half maximum of the
LSF as the lateral resolution.

Preparation of animal models

All animal procedures were approved by the Duke University Medical
Center Animal Care and Use Committee (Protocol numbers: A174-21-
08, A009-20-01) and were conducted in accordance with the United
States Public Health Service’s Policy on Humane Care and Use of Labo-
ratory Animals.

Caenorhabditis elegans

C. elegans roundworms were fixed in 4% paraformaldehyde in phos-
phate buffered saline (PBS) overnight at 4°C, and were washed three
times with PBS and placed in a Petri dish for imaging. Fixed worms
were detached from the dish using deionized water and a dropper
pipe and kept in ~1mL of water. To fix the C. elegans position on
the dish, a 1% solid agar plate (<1 mm thickness) was placed to cover
the roundworms, and any air bubbles were removed to avoid artifacts.
To keep the sample in water during imaging, the gap between agar
plate and dish was sealed using a low-melting point agar liquid
(BCBZ6858; Sigma-Aldrich).

Frog tadpoles

Two T. pulverata tadpoles (Gossner stage 28) were analyzed. The tad-
poles were anesthetized by immersion in 0.35 g/L tricaine methanesulfo-
nate solution (MS-222; Sigma-Aldrich). Each tadpole’s tail was immersed
in 1% low-melting point agar in supine position exposing the abdomen.
The reduced pigment in the tadpole’s abdominal skin makes this area an
ideal window for imaging. The agar was solidified, limiting the rotation
and translation of the tadpoles while imaging. The body surface was cov-
ered by a thin layer of water for acoustic coupling.

Mouse brain sections

Male and female C57BI/6 mice (3-6 months old) were used. A photo-
thrombotic stroke was performed as described previously.®> Mice
were anesthetized using a face mask and inhalation of 1.5% isoflurane
in 30% oxygen and 70% nitrogen. The animal was placed in a stereo-
taxic frame and the body temperature was maintained at
37.0°C+0.5°C by using a recirculating water heating pad. The skull
was exposed by a dorsal midline incision (~1.3cm) and Rose Bengal
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(10 mg/mL in saline, 0.1 mg per gram of body weight) was administered
intraperitoneally. A cold green light with a 2.5 mm spot size was placed
at 1.5 mm from the bregma.

Five minutes after the Rose Bengal injection, the green light was
turned on to induce cortical vessel occlusion by illumination for
15 min through the intact skull. Skin incisions were closed using inter-
rupted nylon sutures and local antibiotic ointment was applied on
the incision. The animal was removed from the stereotaxic frame and
monitored for 2h at 32°C before being returned to its home cage.
Food and water were provided ad libitum. At 1 day poststroke, the
brain samples were harvested after cardiac perfusion with PBS followed
by 4% (v/v) paraformaldehyde in PBS.

Samples were postfixated overnight at 4°C in 4% PFA, and sectioned
at a thickness of ~ 100 um using a vibratome (VT1000P; Leica Microsys-
tems, Wetzlar, Germany). Coronal sections were collected in PBS and
kept at 4°C until analysis (stored for a maximum of 4 weeks). For imag-
ing, fixed brain slices were placed on glass slides and flattened under
the optical microscope. A 1% solid agar plate was used to overlay the
surface of the brain slice and fix it. Two coronal slices from an anterior
position (including lateral ventricles) and from a posterior position (in-
cluding the hippocampus) were analyzed. The samples were placed
in a water tank and scanned.

Zebrafish

Wild-type (Ekkwill) zebrafish were imaged at larval and juvenile stages
(5, 15, and 60 dpf). Zebrafish were housed in a recirculating AHAB sys-
tem (Aquatic Habitats, Apopka, FL) at 28°C under a 14-h cycle: 10 h light:
4 h dark. Larval zebrafish were spawned by paired breeding and were
reared in Danieau’s embryo medium. Zebrafish were euthanized by
rapid submersion in ice water and fixation in 10% neutral buffered for-
malin.

Mouse ear

For mouse ear imaging, the mouse was anesthetized with 1.0-1.5% v/v
isoflurane and kept warm at 37°C using a heating pad. The mouse’s ear
was held on a flat glass holder and covered with ultrasound gel for
acoustic coupling. A small area of 2x2mm was imaged at 532 and
1210 nm. The laser beam focal zone was positioned ~20 um deeper
when using 1210 nm to image the sebaceous glands under the ear skin.
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