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Living systems embody heterogeneous tissues with complex
opto-mechanical properties. Achieving organ-scale, diffraction-limited
volumetricimaging that faithfully capturesin vivo architecture requires

minimizing sample deformation and preserving vascular and neuronal
continuity across delicate tissue interfaces. As a solution to this problem,
we developed arobotic nonlinear optical system for iterative multiphoton
microscopy and opto-micromachining. Adaptive control enabled days-long
autonomous operation, while spatiotemporal line-focused ablation
increased the machining efficiency by 100-fold over prior configurations.
Using the intact murine craniocerebral system as atest bed, our approach
demonstrates the potential for whole-body submicrometer resolution
imaging and anatomical reconstruction.

Complex living systems, such as vertebrates, consist of heterogene-
ous tissues whose detailed composition and spatial organization
give rise to diverse biological functions. Precision measurement of
three-dimensional (3D) structures has beeninstrumental inadvancing
biomedical science, from tracing neural circuitry to diagnosing dis-
ease. The past decade has witnessed the rapid development of optical
microscopy and tissue clearing techniques that collectively enabled
large-scale 3D histology. By homogenizing the refractive index in the
preparation’, tissue clearing substantially reduces wavefront distortion
andincreases light penetration to enable millimeter-scale tissue imag-
ingatcellular resolution®*. Yet for submicrometer resolutionimaging
onthescale of whole organs, as required for high-quality morphologi-
cal reconstruction of brain-wide neuronal projections®” and vascular
connectomes® ™, iterative imaging and tissue-sectioning techniques”
are commonly applied.

Because tissue heterogeneity might pose a practical limit ontissue
clearing, recent advances in large-scale tissue imaging involved the
development of vibratomes for sectioning tissue, for example, the
human hemisphere, with greater size, speed and flatness'>". However,
vibration-based sectioning is not suitable for hard materials, such as
bone, because high sampleresistance disrupts accuracy? ™. Tofill the
gap of submicrometer resolution 3D imaging of large-scale heterogene-
ous samples, such as the craniocerebral system, we developed a smart
robotic nonlinear optical platform.

Results
We integrated diffraction-limited scanning multiphoton micros-
copy” with a temporal-focusing-based'*® laser micromachining
system (Fig. 1a). Imaging involved backscattered second harmonic
generation (SHG) by bone and intrinsic or labeled fluorescence of
soft tissue. Micromachining made use of tightly focused ultrafast
laser pulses to produce highly localized plasma through nonlinear
absorption processes. This allowed us to remove target material with
diffraction-limited precision'®*. To scale up ablation efficiency while
preserving the necessary axial machining precision for serial volu-
metric imaging, we applied simultaneous spatiotemporal focusing
for pulse shaping. A diffraction grating stretched the pulse width by
over anorder of magnitude, and a ‘4f” system consisting of a cylindrical
lens and a high numerical aperture (NA) objective reconstructed the
line-shaped femtosecond pulse on the imaging focal plane.
Submicrometer resolutionimaging requires the use of a high NA
objectiveinimmersion medium, yet femtosecond laser ablationinan
aqueous environment produces cavitation bubbles. These bubbles
accumulate on both the objective and sample surface, potentially
interrupting continuous machining within seconds and interfering
with the subsequent imaging (Extended Data Fig. 1). To ameliorate
this problem, we incorporated a compact closed-loop flow system
to flush laser-induced cavitation bubbles and sample debris. This
involved screening index-matching solutions for low viscosity,
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Fig.1|System hardware schematic and smart control software illustration.

a, System hardware. The grating surface is conjugated to the imaging plane to
formaline pattern. An actuator toggles between imaging dichroic and ablation
mirror. The computer controls the green-boxed components. Beamsize in the
lateral plane, denoted D,,, corresponds to the dimensions at 1/e? of the maximum
intensity, A/2is a half-wave plate, PBS is a polarizing beam splitter and piezo(z)
isanaxial actuator. b, Imaging control workflow. TCP, transmission control
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protocol. ¢, Ablation control workflow (cl: single image of the mouse brain
vasculature (red) in the skull (gray) in the horizontal plane; c2: classification of
pixels to assign material-specific machining parameters; c3: coverage machining
path planning; and c4: machining trajectories covering different materials).

d, System state workflow. Acquisition is divided into multiple layers. Normal
workflow (green arrows) involves iterative exploration, scanning and ablation.
The exploration results are also used for machining quality control (red arrows).
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Fig. 2| Experimental test results. a, A gelatin block after six single-pulse
ablations. b, Side (x, z) view of the intensity difference before and after ablation
ina. The ablation plane (red dashed line) is 15 um below the gelatin surface
(greenline). c, Profile of the intensity difference before and after ablation of
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one ablation site (highlighted by the green dashed outline in a). Gaussian fit

FWHM,,=[0.63,72.1,6.23] um. d, A gelatin block before and after continuous
ablation (500 x 500 x 50 um?). The red dashed boxes indicate the ablation region.

low vapor pressure and high ablation threshold (Fig. 1a). We selected
dimethyl sulfoxide (DMSO) in aqueous buffer, with n =1.4286. An
artificial vision-based feedback control system further maintained the
refractiveindex of the solution over an extended period (coefficient of
variation of 0.00016 over 96 h; Extended Data Fig. 2h).

We developed a suite of open-source software to enable robust
multi-day autonomous operation and efficient data handling. The
acquisition volume was divided into multiple partially overlapping lay-
ers (Fig.1b).In eachlayer, the microscope explored the sample surface,
scanned the volumes of interest at high resolution, analyzed the images
using an online processing pipeline and ablated the targeted volume
(Fig.1c,d). To ensure flawless imaging over days, the software periodi-
cally probed hardware states (Extended DataFig.2) and analyzed images
todetect and autonomously handle hardware abnormalities. The result-
ing multichannelimages were segmented, and voxels were classified and
assigned material-specific machining parameters (Fig. 1c). The software
thendiscretized the targeted volume, optimized the machining trajec-
tory, synthesized low-level hardware control sequences (Fig. 1c) and
executed the sequences while monitoring system status. To ensure
cleanmachining and optimalimaging quality, explorationimages were
used to determine if additional refinements with adjusted machining
parameters were needed (Extended Data Fig. 2a-f).

We first evaluated the feasibility of the ablation system (Fig. 1)
and characterized its precision. Using a fluorescent gelatin block, we
assessed single-pulse-induced ablation on a plane ~15 pm below
the surface (Fig. 2a,b). Each pulse reliably produced a line-ablation
pattern with no visible damage to the adjacent volume. All the abla-
tion sites were located precisely on the designated ablation plane
despite having varying thicknesses of gelatin above. We estimated
the full-width-at-half-maximum (FWHM) diameter of the ablation
volume to be Ax=0.62 + 0.01 um (mean = s.e.m.), Ay=71+4 pm and
Az=6.1+0.5 pm (Fig. 2c). These dimensions were consistent with the
designed pattern. Our data show that single femtosecond pulses can
reliably produce line-ablation patterns in a scattering gelatin block
with high spatial precision. This configurationincreased single-pulse
ablation efficiency by over 100-fold compared to a Gaussian-focused
volume of a similar axial confinement?.

Wethen used a gelatin block and arodent skull to test continuous
volumetric ablationinsamples of distinct opto-mechanical properties.

Starting from the plane above the sample surface, we ablated gelatin
and skull at rates of 7.7 x 10° um?®s™ and 1.4 x 10° um?>s™, respectively.
The ablation process removed the targeted volume with no visible
lateral damage, while axial damage was confined to within 5 pm below
thelast ablation plane (Fig. 2d). Microcavities in the skull at a depth of
~ 50 um were clearly resolved after removing the upper 45 um of the
skull (Extended DataFig. 3). We further explored planar ablation using
aspherical lens in the 4f system (Extended Data Fig. 4). This configu-
ration produced an intermediate line focus that risked damaging the
objective, which we mitigated by using a small-angle diffuser. This
approach increased ablation efficiency by another 100-fold and pro-
ducedasharplateralboundary of the ablation volume. However, it did
not adequately confine out-of-focus damages (Extended Data Fig. 5).
Overall, line ablation offers the best trade-off between efficiency and
spatial precision (Extended Data Fig. 4).

Finally, we imaged and ablated the craniocerebral vascular net-
work from the outer surface of the skull down to the white matter
(Extended Data Fig. 6); the experimental parameters are listed in
Supplementary Tables1and 2. Skulland fluorescein-labeled vasculature
were imaged at 0.35 x 0.35 x 1.0 pm?resolution. Using features from the
skull and vessels in the overlapping volume of adjacent image tiles, we
computed the nonrigid deformation field and smoothly stitched allimage
tilesintoasingle coherentvolume of 5.4 x4.2 x1.8 mm?(Supplementary
Video 1). A representative image of a single horizontal section demon-
strates a uniform imaging quality throughout the entire cross-section
(Fig. 3a-c). Simultaneous two-colorimaging shows theintricate vascular
connectionsonthebrain-skullinterface and detailed layeringand bone
fiber orientation in the skull (Fig. 3c,d). Reprojections on the coronal
plane (Fig. 3e) further highlighted vessels in the craniocerebral system
(Fig. 3f-i), notably a meningeal vessel and a pial vessel separated by the
meningeal collagen layer (Fig. 3g). Collectively, theseresults demonstrate
that the current system enables imaging of an extended volume of het-
erogeneous biological tissue with auniform submicrometer resolution.

Discussion

We developed a femtosecond laser ablation system optimized for
large-scale precision micromachining of heterogeneous materi-
alsin an aqueous environment. Despite a100-fold improvement in
ablation efficiency over prior schemes that used a Gaussian beam,
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Fig. 3 | Insituimaging results. a, Imaging of mouse brain vasculature (red)

and skull (gray) at 0.35 x 0.35 x 1.0 pm? resolution on the horizontal plane.
Similarly sized volumes (b-d) were obtained from five mice. b, Image showing
the vasculature near the sinuses at 1.8 mm below the skull surface (white-boxed
ina). c.Image showing fine bone fiber structures and microvessels in skull
cavities (white-boxed in a). d, Maximume-intensity projection (150 pm) of the
craniocerebral system on the sagittal plane. Image volume resampled at 1.0 x 1.0
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x 1.0 um? voxel resolution (same for e). e, Maximum-intensity projection (20 pum)
ofthe craniocerebral system (a) in the coronal plane. f, Image showing the vessels
inside the skull above the sagittal sinus (white-boxed in e). g, Image showing a
meningeal vessel and a pial vessel separated by the meningeal collagen layer with
weak SHG signal (white-boxed in e). h, Image showing microvessels in the white
matter (white-boxed in e). i, Image showing the brain-skull interface (white-
boxedine).
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Table 1| Comparison of methods for volumetric tissue removal

Line-focused ablation Vibratome Microtome Tissue mill Photodegradation Focused ion
(this work) beam
Sectioning speed 1.0x10° (soft tissue) Effective rate®: 1x10°  Effective rate®: Effective rate®: Light-sheet 30-nA milling
(um?3s™) 1.4x10° (skull) to 2x10° 1.3x10° to 4.5x10° 4.3x10°8 illumination probe?: 50
Potentially up to® pre-expansion rate®:
1x10°® (soft tissue) 5.0x10°
1x107 (skull) Two-photon
illumination
pre-expansion rate®:
8x10?
Sectioning volume Arbitrary volumes Planar cutting Planar cutting Planar cutting Planar cutting or Planar cutting
control arbitrary volumes

Sample preparation

Perfusion and optional
post-fixation of tissue

Tissue fixation
Agarose/hydrogel
embedding
Tissue clearing®™
EDTA for
decalcification®

Tissue fixation
Resin embedding
Dehydration

Tissue fixation
Organogel”/
paraffin®®
embedding
Tissue clearing
Dehydration

Tissue fixation
Phosphorylcholine
hydrogel expansion

Tissue fixation
Heavy metal
staining
Epoxy
embedding
Dehydration

Total sample Apparently minimal Deformations Deformations Deformations Deformations caused Deformations
deformation because optical caused by caused by caused by milling by photodegradation such as streaks®
ablation is noncontact mechanically cutting mechanically unknown unknown' and from sample
and minimal sample heterogeneous cutting Deformations Deformations embedding®'
preparation is required tissue® heterogeneous related to sample related to hydrogel
Deformations tissue preparation, expansion®
related to sample Deformations such as uneven
preparation related to sample shrinkage?
preparation,
such as uneven
shrinkage”
Sample labeling No apparent limitations No apparent Fluorescence No apparent Avoid N/A
limitations quenched but limitations photodegradation
can be chemically wavelengths
reactivated®
Tissue heterogeneity Potentially anything by Soft tissue, bone Any tissue as Any tissue as Soft tissue Soft tissue,
optimizing parameters (if decalcified)® long as uniformly long as uniformly  Skull unknown®” bone
rigidified” rigidified”’ 33
Tissue interface Apparently preserved Potential Uneven tissue Uneven tissue Unknown' Unknown

preservation

enlargement of the
interface between
different tissue
types”

shrinkage among
different tissue
types potentially
affects tissue
interfaces”’

shrinkage among
different tissue
types potentially
affects tissue
interfaces”’

*The 1-kHz femtosecond laser (Astrella, Coherent) can be replaced by a 1-MHz femtosecond laser (Monaco, Coherent) for a potential increase of up to x100 (Supplementary Table 2); however,
this has yet to be demonstrated. °Li et al.** implemented a 180-Hz flexure-based vibratome and estimated rates of 20x11x8 mm? in 3.3 h, or approximately 1x10®um?s™, for a mouse brain. For

a human brain, they estimated a rate of 167x149x93mm?®in 436 h, corresponding to 1.5x10°um?®s™. A recent work by Shi et al.”® used a vibratome alongside clearing and decalcification for
high-speed imaging of an entire mouse. They sectioned a 4cmx2cmx400-um volume in 3min, resulting in a rate of about 2x10°um?®s™. Moreover, the MEGAtome platform implemented

by Park et al.” can simultaneously section 35 mouse brains in an array. In general, vibratomes easily scale to sectioning larger volumes, although sectioning thickness is fundamentally tied

to imaging depth and resolution. °The MOST system" sectioned and imaged a resin-embedded mouse brain sample with 11.3x6.6x14.8-mm? volume over 242h, yielding an effective rate

of 1.3x10°um?®s™. As imaging and sectioning occur simultaneously, it is difficult to estimate the time required for sectioning alone. In the HD-fMOST system'?, sectioning and imaging are
separate. Each 2-um thick coronal layer contained 8.5 strips that measured 660 umx10mm and were sectioned in 25s, resulting in a sectioning rate of 4.5x10°um?s™. “Ragan et al.”® used a
3/8-in diameter milling bit, removing 45 um per layer, with a feed rate of Imms™, resulting in a rate of tissue removal of 4.3x10°um?®s™. ®*Wang et al.** demonstrated the use of photochemical
degradation in hydrogel-expanded samples as a means of tissue sectioning. A light-sheet photodegradation illumination scheme sectioned a 3,320x4,870%2,220 um?® sample of mouse
olfactory bulb in 20h, yielding a rate of 5.0x10°um?®s™. On the other hand, a two-photon photodegradation illumination scheme sectioned a 5.4-times expanded sample of a mouse brain slice,
measuring 600x1,260x3,800um?, in 6 h; this corresponds to a rate of 8x10?um?s™. ‘Wang et al.*® noted the presence of nonrigid deformations. Deformations from sectioning are likely to be
minimal because photodegradation is noncontact. *Whole-body expansion has recently been demonstrated in embryos and neonates®. Therefore, it is possible that samples with bone can
also be photodegraded, but this has yet to be demonstrated. "To our knowledge, the only attempt to section a sample with both soft tissue and bone is demonstrated in the work by Shi et al.”.
The gap between the brain parenchymal surface and the skull is larger than expected, suggesting that relative tissue distortions between the two interfaces may have occurred, potentially

caused by uneven tissue expansion or shrinkage of different tissue types during and after delipidation, washing and refractive index matching

26

. Thus, anatomical structures between the brain

and skull may be broken or distorted. 'Sim et al.*° selected 11 regions proximal to bone and soft tissue interfaces and quantified a root mean squared error of 6.7% comparing before and

after expansion.

there are several potential means to further enhance ablation
efficiency. A higher-repetition-rate femtosecond laser can likely
increase ablation efficiency (Supplementary Table 3). However, the
interactions between cavitation bubbles could limit the maximum
repetition rate?.

To our knowledge, all-optical serial two-photon microscopy
is the only optical approach to achieve submicrometer resolution
insituimaging of the craniocerebral system. While pioneering femto-
second laser micromachining efforts were applied to homogeneous
samples'®?*?>?* the current approach enabled micromachining to

be applied to both large-scale and inhomogeneous tissues. Selected
subvolumes within an otherwise intact organ can be imaged. More
so, all-optical serial two-photon microscopy involves minimal sample
preparation that preserves the anatomical integrity of all tissues and,
critically, the interface of different tissues. These advances come at
the cost of not retaining tissue for post-hoc analysis (a comparison
of strengths and weaknesses across existing volumetric anatomical
methods is given in Table 1). Nonetheless, our results support the
potential of our approach for whole-body submicrometer resolution
imaging and anatomical reconstruction.
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Methods

Vascular fluorescent-gel-fill-based labeling

Allexperiments were performed on adult wild-type male mice (n=23)
aged between 50 and 80 days. Mice were housed on a 6:00 to 18:00
dark-light cycle, atanambient temperature of20.6-22.2 °Cand humid-
ity in the 30-65% range. All procedures adhered to the Guide for the
Care and Use of Laboratory Animals and have been approved by the
Institutional Animal Care and Use Committee at the University of
California, San Diego.

Samples were prepared using a slightly modified version of our
past procedures®*. Mice were anesthetized with 2% (v/v) isofluranein
oxygen, administered anintraperitoneal injection of heparin (200 U)
and overdosed with an intraperitoneal injection of Fatal-Plus. Exsan-
guinationwas carried out by transcranial perfusion. We used 60-150 ml
oxygenated Ringers Carbicarb (37 °C) containing 10 U ml™ heparin
peristaltically pumped at arate of 18-21 ml min™ throughablunted 18-g
cannulainserted through anincision madeintheleft ventricle; the right
atria were snipped to provide an exit pathway for the exsanguinated
blood. Exsanguination was judged complete by blood clearing of ster-
nalvessels and of the dental pulp. Next, the head of the mouse was tilted
down and 20 ml of fluorescently labeled gelatin (10% (w/v) porcine
gelatin-0.4% (w/v) fluorescein isothiocyanate (FITC)-conjugated BSA
in PBS-azide) was administered from a glass syringe-tubing assembly
connected to the perfusion cannulain the left ventricle. At the end of
perfusion, asmallchip of dryice wasused torapidly freeze the heartto
minimize leakage of the warm gelatin through the perfusionincisions.
Theentire body was then placed upside downin anice-filled bucket for
1htocoolandsolidify theintravascular gelatin. The head was removed
andimmersion-fixed by placingin cold paraformaldehyde/PBS for 48 h,
followed by a cold PBS wash step for 48 h.

The gelatin solution was prepared by first blooming the porcine
gelatin powder with cold PBS and then microwave-heating it to temper-
atures that did not exceed 60 °C. FITC-conjugated BSA in PBS-azide was
addedtoliquefied gelatin that had been cooled to 37 °C. To minimize
the occurrence of bubbles and occasional particulatesinthe resultant
solution, the liquefied gelatin was sterile-filtered after rewarmingina
40 °Cwater bath. Residual air bubbles were thenremoved by suctioning
the surface after centrifugation (3,000g, 2 min). The filtered labeled
gelatinwas heldin a40 °Cwater bathand transferred toawarmed glass
syringe just before use.

Ablation system

The ablation module consisted of a Ti:sapphire ultrafast laser ampli-
fier (Astrella, Coherent) running at 1 kHz with a pulse width of about
86 fs. The output beam of 11 mmin diameter (1/e?) was passed through
ahalfwaveplate mounted on amotorized rotational stage and split into
two arms by a high-power polarizing beam splitter (PBS25-780-HP,
Thorlabs). In the line-ablation configuration, a x1.25 telescope was
used for beam expansion and divergence adjustment. The S-polarized
componentwas directed onto a reflective diffraction grating (830 mm,
53107ZD02-035R, Richardson Gratings) at 41.61° so that the principal
diffracted beam propagated perpendicularly to the grating surface.
The grating surface was conjugated to the objectiveimage plane using
atelescopeina4fconfiguration with alongfocal lengthlens. A750-mm
achromatic lens (AC508-750-B, Thorlabs) and a 700-mm cylindrical
lens (LJ1836L1-B, Thorlabs) were used to forma plane and line-ablation
pattern, respectively. Inserting or removing the diffuser (EDS-0.25,
RPC Photonics) was automated using a motorized filter flip (MFF101,
Thorlabs).

Flow system

Index-matching fluid in the reservoir was gravity-fed into a
magnetic-driven pump (1/50 HP, 99845K46, McMaster-Carr) and
pushed through an inline filter (S pmand1gal min™; 255575-75, Pentair/
Pentek). Then, the flow was split into two channels with a custom flow

adapter manufactured using stereolithography (Accura ClearVue with
Quick Clear finishing, Xometry). The narrower channel sent the fluid
intotheinlinerefractometer sensor before returning to the reservoir.
The wider one passed through two check valves and an adjustable
flowmeter, and reached a custom-designed objective nozzle. The
objective nozzle channeled the flow through a narrow opening and
formed a fan-shaped jet onto the objective front optical aperture.
Liquid exited the nozzle through a wide opening in front of the aper-
ture, forming a positive fluid pressure onto the sample. The sample
was in a custom-designed holder, which drained the excessive liquid
back to the reservoir. Both the objective cap and sample holder were
manufactured using stereolithography (Accura ClearVue with Quick
Clear finishing). A solid-state relay (G3NA-210B-UTU DC5-24, Omron)
enabled the computer to control the pump.

Index-matching solution

We explored several index-matching solutions compatible with
under-liquid femtosecond laser ablation. Sixty-seven per cent (v/v)
TDE water solutionis widely used for index matching, but its high vis-
cosity prevents efficient removal of persistent bubbles; a40% OptiPrep
60% (v/v) DMSO solution was used in serial two-photonimaging for its
relatively high refractive index (RI) and compatibility with fluorescent
proteins. However, we found a large number of persistent bubbles
generated more than 100 pm below the focal plane with a modest
ablation fluence (2J cm™). We selected 60% DMSO 40% (v/v) water with
10 mM HEPES buffer solution as our partial index-matching medium
for its relatively high RI (n =1.4286), low viscosity and compatibility
with fluorescent proteins. For samples without fluorescent proteins,
the concentration of DMSO could be increased to reach a higher RI
and lower viscosity, although tissue deformation and water absorp-
tion might be an issue. For the 60% (v/v) DMSO solution, we found
that 10 gal h™? of flow was necessary to reliably remove the persistent
bubbles onthe sample surface.

RIfeedback control system

For multi-day continuous acquisition, maintaining the Rl of the imaging
immersion medium is crucial because Rl drift alters objective magni-
fication and introduces additional optical aberration. For an objective
ofagivenNA, itsfocallength f shiftsasthe Rl of the medium nchanges
according to the following relationship:

& __n* bn
f n2-nNA* R

In our case, f=7,200 um, n=14286, NA=10 and gzZi—" or
5f~ (10*8n) pum. For the 60% (v/v) DMSO solution, we observed a 0.14%
increasein Rl over 24 hbecause water has a higher vapor pressure than
DMSO.

We developed a custom unidirectional feedback control system
to maintain the RI during the ablation process. The index-matching
fluid pumped through the narrow channel was directed across the
optical index measurement assembly of a digital handheld refrac-
tometer (MA871, Milwaukee Instruments) to measure its RI. To auto-
mate measurements, the refractometer’s power and measurement
buttons were replaced by N-channel metal-oxide-semiconductor
field-effect transistors (MOSFETs) (IRL510, Vishay Siliconix) configured
as voltage-controlled switches. We sent square wave pulses from the
Vidrio DAQ board to the MOSFET gates, enabling software control of
therefractometer. After the refractometer made ameasurement, a USB
camera took an image of the refractometer’s LCD screen, which was
processed in MATLAB to extract the measured Brix level and convert
ittoan RI. For precise camera alignment, we removed the LCD screen
fromthe handheld refractometer and mounteditinaPLA 3D-printed
housing that fixed its position relative to the camera. If the measured
Rl was greater than the desired set point, a solenoid valve (5001T42,
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McMaster-Carr) controlled by the Vidrio DAQ board viaa MOSFET
was actuated to release water from a gravity-fed reservoir into the
flow system.

Imaging system

The imaging system consisted of a four-channel two-photon micro-
scope for high-resolution multiphotonimaging. The optical design was
adapted from an in-house adaptive-optical two-photon microscope
described earlier””*®, The housing for detection optics was revised
to accommodate 2-in optics and four symmetric detection channels.
Sourced by an ultrafast laser oscillator (Chameleon Discovery NX,
Coherent), the beam was expanded, reflected by a galvanometer
scanner and an 8-kHz resonant scanner (Cambridge Technology),
further expanded to fill the back aperture of the objective (XLSLPL-
N25XGMP, NA =1.0, 8-mm working distance, Olympus). A piezo stage
(nPFocus400, NPoint) was used for fast Z-stack acquisition. Imaging
signals were detected using Multi-Pixel Photon Counters (C13366-
3050GA, Hamamatsu), amplified once using a voltage preamplifier
(SR445A, Stanford Research System) and digitalized by a vDAQ (MBF
Bioscience).

The imaging and ablation modules were combined just
above the objective by switching between the primary dichroic
(FF775-Di01-36x50, Semrock) and a mirror (PFR10-PO1, Thorlabs)
using a motorized actuator (NA11B60-T4A, Zaber). The sample was
mounted on high-precision motorized linear stages with encoders (xy:
LDAO75A-AE53T10A; z: LRQO75AL-DESICT10A; Controller: XMCC-4,
Zaber).

Control software

We implemented the control software using object-oriented,
event-triggered programming in MATLAB and off-loaded rate-limiting
computation to Python processors for asynchronous parallel
processing.

Single-layer imaging control

The microscope operates in two imaging modes: exploration and
scanning. Inboth modes, the configuration space of the stage is discre-
tizedintoarectangular grid according to the acquisition parameters.
Definingtile position using stage coordinates facilitates recovery from
unanticipated operational disruptions and streamlines subsequent
image stitching. The control pipeline maintains a queue of tiles (grid
cells) for sequential acquisition, whose order is optimized to minimize
distance and maximize unidirectional stage movement. In explora-
tion mode, the microscope rapidly images the sample surface at low
resolution to define the region of interest. Each acquired image tile is
immediately analyzed based on voxel intensity statistics to determine
whether thetile contains the sample. If so, its nearest neighboring tiles
within the exploration space are added to the acquisition queue. The
resulting exploration images are used to define the region of interest
for the high-resolution scan.

The acquisition of each image tile was controlled by Scanimage
(MBF Bioscience), which writes image data directly to a high-speed
solid-state drive as TIFF files. During the acquisition of asingle tile, the
MATLAB process was not continuously occupied, although multiple
timers periodically probed several systems states and detected hard-
ware abnormalities. With up to four channels, the microscope could
produce about 5 GB min™ of data. To overlap image processing with
acquisition, with minimal performance impact on the control process
inMATLAB, we implemented an asynchronous parallel processing pipe-
line in Python. This pipeline de-interleaved the TIFF stacks and saved
the image to a network storage server in HDF5 format for its superior
input/output performance. Concurrently, adownsampled version of
the image stack, along with relevant descriptive statistics, was saved
separately for computing the ablation mask. The processing status
was relayed back to MATLAB via the transmission control protocol.

Single-layer ablation control

Heterogeneous biological tissues could have distinct optical and
mechanical properties, such as soft brain parenchyma and rigid skull
bone, even though they may be just micrometers apart. For preci-
sion ablation with minimal off-target damage, we fine-tuned ablation
parameters such that the ablation fluences for each type of target were
close to the damage threshold. High ablation precision comes with the
requirements of detecting and ablating different targets at micrometer
resolution in three dimensions. Consequently, the ablation process
consists of 3D image analysis, motion planning, low-level hardware
control sequence synthesis, execution and system state monitoring.

This process started with stitching the downsampled image tiles
at 5-um isotropic resolution using stage coordinates. A linear spec-
trum unmixing algorithm was applied to reduce crosstalk between
detection channels. Subsequently, intensity-based channel-specific
image segmentation algorithms determined the ablation volumes. The
results were analyzed to identify ablation targets, including the skull,
tissues in the skull cavities and brain tissues, which were summarized
ina3DIlabeled array.

Both the labeled array and the sets of ablation parameters speci-
fied the command sequence. For each ablation target, ablation parame-
tersincluded fastaxis speed, slow axis step size, z-step size and effective
peak ablation fluence. The fast axis corresponds to the top linear stage,
which can move fastest with the least load. At a given z-position, a
two-dimensional mask of an ablation target at 1-um resolution was
computed from the labeled array via nearest neighbor interpolation.
This two-dimensional mask was decomposed into parallel stripes along
the fastaxis. The widths of these stripes equaled the step size of the slow
axis. Foreachstripe, the yintervals containing the ablation target were
identified. They position of the ablation targetin the stripe defines the
positionofthe triggering signal, while an additional acceleration/decel-
eration distance wasadded to both ends to ensure that the motorized
stagesreached aconstantspeed whenthe ablation laser was triggered.
Lastly, we searched for an efficient route that traversed all intervals
as a coverage path planning problem. Intervals were clustered into
regions based on their spatial proximity and overlapping fractions.
These regions formed the nodes in the traveling salesman problem,
where the distance between two nodes is the minimal distance between
any endpoints of these two regions. To specify the starting node and
remove the requirement of returning to the starting pointinthe trave-
ling salesman problem, adummy node with zero distance fromall the
nodes, zero distance to the specific starting node and infinity distance
toallthe other nodes wasintroduced. The approximated shortest path
traversing all regions was found using the 2-optalgorithm. For 3D abla-
tion, the end position of the ablation path in the previous plane was
used to initialize path planning in the current plane.

Finally, the path, triggering positions and kinematic parameters
were sent to the stage controller stream buffer and executed. As the
stage controller uses theidealized motion for trigger output, an addi-
tional offset was introduced to compensate for the delay between
actual movement and the controlinput. This offset distance was empiri-
cally determined as the product of the typical delay time and the stage
linear motion target speed.

Visual feedback for ablation quality control

Whenthe ablation of alayeris complete, the microscope moves to the
next layer (Extended DataFig. 2a). Asthe ablation fluenceis just slightly
higher than the damage threshold while femtosecond laser ablation
inanaqueous environmentis a highly dynamic process, the variability
inevenasingle type of biological tissue could give rise to local ablation
failure. On the other hand, serial two-photon microscopy requires
complete removal of the previous layer (n - 1) before scanning the new
layer (n). Otherwise, the residual tissue inlayer (n — 1) will reduce imag-
ing quality and prevent precision ablation in the following layers;
ablationinthe subsequentlayers will never be able to remove residues
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(Extended Data Fig. 2b,c). To address this issue, we used the image
acquired during the exploration mode in layer n for ablation quality
control. Ifresidual tissues were detected during exploration, the system
reentered the ablation mode. During these refinement ablations, we
alsoapplied adepth-dependent ablation fluence, where targets further
away from unimaged tissue are ablated with higher fluence
(Extended DataFig. 2f). Specifically, the ablation fluence at distance z
fromthelast ablation plane F(2)is adjusted to

F(z2) = Foe/!

where F, is the normal ablation fluence of the targeted material, k is
the number of ablation refinement iterations and [ =200 pm is the
exponential decay length. To eliminate the residual material from the
prior layer, the ablation fluence on the first ablation plane was further
amplified by 1.25%. If large residuals far away from the boundary of the
scan region of interest (Extended Data Fig. 2c,e) persist after three
rounds of refinement ablation, the microscope moves back to the
previous layer (red arrow in Extended Data Fig. 2a).

Hardware monitoring and imaging quality control

To guarantee long-term reliability, the status of the imaging laser was
constantly monitored, with synchronous analysis of the acquired
images for quality control. Communication between the control-
ling computer and the imaging laser was implemented using a serial
port. AMATLAB timer was implemented to query and log laser states,
including laser power, wavelength, shutter state and tuning state
(Extended Data Fig. 2g). In scan mode, after acquiring each tile, we
computed the maximume-intensity projection along the z-direction.
This projection was analyzed to detect potential desynchronization
between scanning and acquisition triggers. Detection of hardware
malfunctions triggered a ‘re-image’ notification to the controlling
pipeline (red dots in Extended Data Fig. 2g).

Single-pulse ablation test

We characterized line-ablation using a fluorescent gelatin block in 60%
(v/v) DMSO solution. After setting the focal plane to be about 10 um
below the gelatin surface, we ablated six positions with a lateral step
size of 20 pm, using one pulse of fluence of 10 ] cmat each. Weimaged
the volume before (/,) and after (1) ablations at 0.25 x 0.25 x 1.0-um?
voxel resolution and measured the dimensions of the ablation site. We
quantified the ablation volume by analyzing the intensity profile near
the ablation site after taking the difference in the image stack (/; — /).
The average projection along the y direction showed that all ablation
sites were on the targeted ablation plane despite the uneven gelatin
surface. Assuming a Gaussian intensity profile, we determined the
FWHM of the ablation site along the x, y and z directions separately.

Continuous ablation test
The parameters for controlling the ablation process of one material
are (v, ys, Az, F) with the following definitions:

* yrinumerical scalar representing the effective normalized
ablation spot size along the fast axis. The translation speed of
the stage v,y = yydff;, where d; is the effective diameter of the
ablation volume along the fast axis and f£; is the repetition rate of
the ablation laser and d; = D;/\/2, where Dy is the 1/e? diameter of
the beam along the fast axis on the image plane. The factor of 12
results from the difference of a ‘top hat’ and Gaussian beam*’

e y.:numerical scalar, representing the effective normalized
ablation spot size along the slow axis. The spacing between the
ablation stripes Ay = y,d,, where d; is the effective diameter of
the ablation volume along the slow axis, and d, = D,/v/2, where
Dy is the 1/e diameter of the beam along the slow axis on the
image plane

e Az:numerical scalar, representing the spacing between adjacent
ablation sections

< F:numerical scalar, representing the estimated ablation fluence
(Jem?)

Gelatin blocks were machined with the (3.1,0.75,5 pm, 10 cm™)
parameters,and rodentskullwasablated withthe (2.1,0.5,2 pm,2J cm™)
parameters.

Planar ablation

We explored using a 600-mm grating (53107ZD02-351R, Richardson
Gratings) and a 750-mm focal length achromatic spherical lens in
the 4f system to produce a planar ablation pattern. However, this
configuration produced aline-focusing pattern (0.1 x 8 mm?) on the
back focal plane of the objective. Despite a significantly broadened
pulse width on account of temporal focusing, we found laser-induced
optical element damage inside the objective after continuous abla-
tion. Testing several ablation powers, we observed that visible dam-
age occurred after 15 min of ablation when the laser power at the
back aperture was about 200 mW. We suspected that the damage
resulted from optical glue absorbing light and accumulating heat,
given that the damage correlated with both laser power and abla-
tion duration, while the stretched pulse reduced the possibility of
nonlinear absorption in transparent material. To avoid damaging
the objective, we placed a small-angle (0.5° FWHM) diffuser close to
the grating, which expanded the width of the line by about 60 times
while preserving the ablation area on the image plane. Combined
with along working distance objective, this setup enabled continu-
ous full power (2,850 mW) ablation for hours without damaging the
objective. Similarly, pairing a small-angle diffuser with a cylindrical
lens in the 4f setup could transform the line-ablation pattern into a
planar ablation pattern on the image plane.

We tested planar ablation on the gelatin block. Using spati-
otemporally focused femtosecond pulses, we removed a volume of
700 x 700 x 50 pm® of gelatin with the (0.71, 0.71,10 pm, 7J cm™)
parameters, or effectively 3.2 x 10’ um?s™.. This process produced
a sharp lateral boundary between the ablated and intact regions.
Despite the high lateral precision, the ablated surface showed frag-
mentation extending about 10 pm below the final ablation plane.
While the bulk of material removal remained within 10 pm of the last
ablated layer, some damage extended beyond 50 um from this plane
(Extended Data Fig. 5¢,d).

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

Data availability

The stitched data for the brain and skull in Fig. 3, at 1-pm isotropic
resolution, is deposited on DANDI at https://doi.org/10.48324/
dandi.001460/0.250703.1826 (ref. 40). The raw, unstitched data is
4 TBinsizeandis freely available upon request from the authors.

Code availability

The code is available at https://github.com/xiangjiph/WBIM_public
and as Supplementary Code 1. The software is distributed under the
terms of the BSD 3-Clause License.
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Extended Data Fig. 1| Femtosecond pulses generate bubbles in theimmersion width to 2.54 mm before the grating. The pump was off during this experiment.
media. a. Image of an ablation site on gelatin block surface at different time b. Bubble accumulation on the front optical aperture. c. Bubble accumulation on
points after single pulse ablation (2 J/cm?). The darkness is caused by slowly skull surface without flow.

dissolving bubbles. The length of the line was limited by truncating the beam
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Extended Data Fig. 2| Feedback controls for long-term stability. a. System e.Sameas (C), for theimage in (D). f. Time series of the ablation fluence
state work flow. Acquisitionis divided into multiple layers. Normal work flow used over the course of a 96-hour-long operation. Fluence is adjusted based

(greenarrows) involves iterative exploration, scanning, and ablation. Exploration ~ onablation target and the ablation results in the previous ablations. g. Time
results are also used for machining quality control (red arrows). b. Single section series of the imaging laser power (left y axis) and the imaging state (right

of exploration image stacks after ablation. ROI for high-resolution scanning is y axis) over the course of a 96-hour-long operation. The microscope re-images
greenboxed. In this ROI, there exists residual skull components which were not the tile when power becomes unstable, or the imaging triggering signals become
successfully removed in the previous round of ablation. c. The software analyzes desynchronized. h. Time series of theimmersion refractive index (RI, left y axis)
the distance between the residuals and the boundary of the scan ROI. Based on over the course of a96-hour-long operation (mean1.4287; SD 0.00022). RIwas
this analysis, the control pipeline determines the next operation. d. Same as (B) measured when the pump was turned on and Rl is adjusted by adding H,O (righty
but at 50 pm below (B). Residual components typically grow larger with depth. axis) when the measured Rl deviates from the target RI (1.4286).
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Extended DataFig. 3 | Sections of the image stack of amouse skull at different third column (z =45 pm) show the last ablation plane. The 4" column shows
depths before versus after continuous ablation. In the first column (z=0 pm) intact skull structure 5 pm below the last ablation plane. Ablation parameters:
the red dotted box indicates the first ablation plane. The red dotted box in the (2.1,0.5,2 um, 2 J/cm?) with a line ablation pattern; see Supplementary Table 2.
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Extended Data Fig. 4| Comparing femtosecond laser ablation configurations. on theback focal plane of the objective and an elliptical planar pattern on the

a. A Gaussian beam produces sub-micrometer-sized ablation spot on the image image plane. c. Adding a small angle diffuser (FWHM 0.25 degrees) near the
plane. All estimations in this figure are based on abeam with an 11 mm diameter, diffractive grating produces an elliptical pattern on both the back and front focal
a7.2 mmfocallength, 1.0 NA objective, areflective grating with groove density plane of the objective, preventing accumulated heat from damaging objective.
830/mm, aspherical or cylindrical lens with a 700 mm focal length. Allbeam d. Combining acylindrical lens and the objective produces aline ablation
dimensions refer to 1/e*diameters, which are /2 larger than the effective pattern. e. Comparison of the axial confinement of the normalized power flux of
diameter used to characterize the ablation volume. Actual experimental each configuration.

parameters may vary. b. A spherical lens focuses the diffracted beaminto aline
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A First ablation plane,
z=0

B Last ablation plane,
z =50 um

Extended Data Fig. 5| Continuous gelatin ablation using a planar ablation 50 pmbelow the first ablation plane in (A). c. Image of the sample ona plane

pattern. a. Image of the sample on the first ablation plane, showing clear ablation 10 pumbelow the last ablation plane. d. Image of the sample on a plane 50 um
volume boundary. b. Image of the sample on the last ablation plane, whichiis below the last ablation plane, showing significant out-of-focus ablation damage.
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Extended DataFig. 6 | Insitu all optical histology. a. Femtosecond laser machining of mouse skull and brain (green box). Laser (purple light) is triggered when the
targeted region of the sample crosses the focal area of the objective. b. Amouse brain within the skull after multiple iterations of imaging and ablation.
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