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Imaging large, cleared samples requires microscope objectives that

combine alarge field of view (FOV) with along working distance (WD) and a
high numerical aperture (NA). Ideally, such objectives should be compatible
with awide range ofimmersion media, which is challenging to achieve

with conventional lens-based objective designs. Here we introduce the
multi-immersion ‘Schmidt objective’ consisting of aspherical mirror and an
aspherical correction plate as a solution to this problem. We demonstrate
that amulti-photon variant of the Schmidt objective is compatible with all
homogeneousimmersion media and achieves an NA of 1.08 at arefractive
index of 1.56,1.1-mm FOV and 11-mm WD. We highlight its versatility by
imaging cleared samples in various media ranging from air and water to
benzylalcohol/benzyl benzoate, dibenzyl ether and ethyl cinnamate and
by imaging of neuronal activity inlarval zebrafishin vivo. In principle, the
concept can be extended to any imaging modality, including wide-field,
confocal and light-sheet microscopy.

Since the pioneering work by Ernst Abbe 150 years ago, many engi-
neering innovations have improved the performance of micro-
scope objectives'. Nonetheless, application domains exist for which
better and more cost-efficient objectives still are highly desirable.
One of these domains is imaging samples processed with tissue
clearing techniques®?, which render entire organs or organisms
transparent while retaining fluorescent labeling. Given that, over the
course of the past decade, clearing of entire mouse brains (=1 cm?)
has become routine**® and that clearing of entire mice and human
organs is feasible®®, there is a need for microscope objectives that
aresuitable forimaginglarge, cleared samples at high resolution. This
demand poses a challenging optical engineering problem because
imaging at high resolutionrequiresincreasing the numerical aperture

(NA), which complicates the correction of aberrations and necessitates
more lens elements. Beyond that, the large size of cleared samples
requires objectives with long working distances (WDs), while, at the
same time, large fields of view (FOVs) are necessary to allow imaging
with high throughput. The most challenging engineering problem
by faris, however, that published clearing protocols require immersion
media with a diversity of the refractive index n, ranging from water
(n=1.33) for expansion microscopy’ to typical organic solvents such
asdibenzyl ether'® (DBE) or ethyl cinnamate (ECI) withn =1.56.Some
commercial objectives have acorrection collar that moves aninternal
lens group to minimize index-dependent aberrations, but, for high-NA
objectives, designers often opt for narrowing the index range to keep
the costs under control. For example, the Olympus XLSLPLN25XGMP
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Fig.1| Concept of the multi-immersion Schmidt objective. a, Our approachis
inspired by the anatomy of the scallop eye. In this eye design, a curved mirrorin
contact with aliquid forms animage on a transparent layer of photoreceptors.
b, Asecond inspiration is the Schmidt telescope, amirror-based wide-field
telescope design that consists of a spherical mirror and an aspherical correction
plate. ¢, We synthesize both concepts into a multi-immersion objective
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design that provides a sharp image in any homogeneous medium (center).
Reflection off the mirror does not depend on the refractive index n of the
immersion medium (right). To avoid additional refraction at the inner surface
ofthe correction plate, we deform this surface such that all passing rays are close
tonormalincidence (left).

combines NA =1.0 with 8-mm WD but is restricted to n = 1.41-1.52.
Covering a larger index range is possible at the expense of resolution
(for example, the Olympus XLPLN10XSVMP has an NA of 0.6, 8-mm
WD and n =1.33-1.52). Such objectives typically have 13-15lenses and
are very expensive. Despite this considerable effort, indices around
1.56 are outside the specified range. And, not least, media such as
DBE, ECl or benzyl alcohol/benzyl benzoate (BABB) can dissolve lens
cements so that chemically resistant dipping cap designs are required.
Few such options are available, of which one is an ASI/Special Optics
objective (54-12-8) that covers the entire range from 1.33 to 1.56
with good chemical compatibility, featuring 10-mm WD at an NA of
0.7. However, scaling this design up to higher NA, longer WD and
FOV beyond 1 mm has not been achieved so far.

To address this challenge, we introduce an approach for design-
ing a multi-immersion objective based on a mirror instead of lenses.
The underlying idea is that the reflection of a light ray by a mirror is
independent of the refractive index of the medium the mirror is in
contact with. Consequently, if we submerge a curved mirror inside a
liquid-filled chamber and use it to focus light, the ray paths and loca-
tion of the focus do not change when changing the bulk index of the
immersion medium. Aninvariant ray path means that any monochro-
maticaberrations, such as spherical aberration or coma, stay constant
even though the NA of the objective scales with the refractive index
of the medium. This is markedly different compared to lens-based

multi-immersion designs where any medium change causes addi-
tional aberrations that need tobe accounted for. Inaddition, reflective
objective designs often have a longer WD than refractive designs at
similar NA. This combination of features means that reflective opti-
cal systems are excellent templates for long-WD multi-immersion
objectives. Although, to our knowledge, such a design has not been
previously applied in bioimaging, it is found in nature, where each of
the hundreds of eyes of scallops contains a curved mirror to form an
image™ (Fig. 1a). Each mirror is in direct contact with the liquid-filled
space containing the photoreceptors. Each eye also contains a lens,
which is not, however, the primary image-forming element”. This
combination of alens and amirror is reminiscent of the optical design
of the Schmidt telescope', amirror-based wide-field telescope design
commonly used in astronomy since the 1930s (Fig. 1b). A Schmidt
telescopeisbased onaspherical mirror that, as astandalone element,
would create aheavily aberrated image due to spherical aberration. By
adding arefractive aspherical correction plate in the center of curva-
ture of the mirror, Bernhard Schmidt (1879-1935) created atelescope
design that corrects the spherical aberration and provides excellent
image quality over alarge FOV. Owing to this wide-field capability, such
telescopes are exceptionally well suited for surveys of the night sky. For
example, the Kepler space telescopeisaSchmidt telescope optimized
forexoplanet detection™*. Most Schmidt telescopes share the charac-
teristic that, due to the rotational symmetry of the spherical mirror,
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the image surface of a Schmidt telescope is curved as well. The usage
of an aspherical correction plate in combination with curved mirrors
formsageneral solutionthat canbe applied to awide variety of optical
design problems. Indeed, shortly after the Schmidt telescope became
widely known, it was recognized that this principle could be useful to
build microscope objectives'”'®. However, apart from non-imaging
flow cytometry®, there is no application of the Schmidt principle
inmodern biophotonics.

Results

Turning a Schmidt telescope into animmersion objective

We reasoned that it is possible to turn a Schmidt telescope into
animmersion microscope objective by a series of conceptual steps
(Fig.1c and Supplementary Video 1):

1. Downscaling the design from the meter-sized apertures com-
mon in astronomy to a centimeter-sized aperture suitable for a
microscope;

2. Replacing the detector in the focus of the telescope with a
fluorescently labeled sample;

3. Focusing and scanning an excitation beam instead of focusing
light from stars—for example, a near-infrared ultra-fast pulsed
laser beam for two-photon microscopy;

4. Filling the entire inner space between the mirror and the
correction plate with animmersion liquid.

We noted that this approach results in objective designs with
excellent simulated image quality; however, the optimal shape of the
aspherical surface correcting for spherical aberration needs to be
tailored specifically to each immersion medium. Such designs with
simple Schmidt correction plates are, thus, immersion objectives
but not multi-immersion capable. The reason is that refraction at the
interface between correction plate and immersion mediumintroduces
additional index-dependent spherical aberration. To circumvent this
problem, we make use of an edge case of the law of refraction: no matter
howbigtheindex difference at arefractive interfaceis,aray atnormal
incidence is not refracted—that s, it does not change its propagation
direction. Therefore, we additionally shape the inner surface of the cor-
rection plate such that, at all locations, the passing rays are at normal
incidence. In other words, the first aspherical surface of the correc-
tion plate deforms the incoming parallel wavefront to counteract the
spherical aberration of the spherical mirror, and the second surface
isthenshaped exactly like this deformed wavefront. As the wavefront
passes the interface unchanged, no additional (index-dependent)
aberrations are introduced. We refer to this interface as a ‘minimally
refractive’ surface because it does not have any net refractive power.
Because in typical laser scanning microscopes the scan angles at the
objective are usually only a few degrees, even off-axis ray bundles
strike the minimally refractive surface at near-normalincidence, which
allows the design to have millimeter-sized FOVs. We term the resulting
multi-immersion Schmidt-telescope-turned microscope objective
a‘Schmidt objective’.

Design of amulti-photon Schmidt objective

Although our concept can be used to design objectives for a wide
variety of imaging modalities, we opted to demonstrate the design
as amulti-photon objective. The reason is that many multi-photon
techniques, such as two-photon microscopy, require only asingle laser
source, and the excitation spectrum is so narrow that no color correc-
tionisnecessary, and, due to non-descanned detection, the collection
path does not have to be color-corrected. Consequently, the design can
be kept extremely simple: our multi-photon objective design has only
two optical elements and canbe used with atunable ultrafast excitation
laser in the 750-1,000-nm range. Owing to the reflective geometry,
the samplesitsin between the mirror and the correction plate. There-
fore, we define the working distance as the axial spacing between the
focusand the outer rim of the mirror because thisis the feasible z-range

before a sample holder would collide with the mirror (Extended Data
Fig.1a). For our Schmidt objective, this working distance is 11 mm.
As the on-axis ray path is independent of the refractive index of the
immersion medium, the NA scales linearly with n, and no correction
collarisrequired. In air and using 800-nm excitation light, the design
hasanNA of 0.69 and adiffraction-limited field of view (dFOV) of 1.6 mm
diameter (Extended DataFig. 1b). The system has anindex-independent
entrance pupil diameter of 22 mm. As aresult, the etendue (or optical
invariant of the system) is constant, and the product of NA and FOV is
invariant as well. Consequently, ina higher-index medium such as water,
theNAincreasesto0.92, but the dFOV decreases to 1.4 mm. For typical
organicsolvents, such as ECI, DBE or BABBwithanindex of 1.56, the NA
reaches1.08,and the dFOVis 1.1 mm. The focal surface of the Schmidt
objective is curved with aradius of 15.68 mm. Supplementary Note 1
providesanoverview of the theory underlying our design approach. To
turnthis designintoa prototype, we designed animmersion chamber
around the optical components of the objective and integrated itinto
a custom horizontal multi-photon microscope (Fig. 2a-c). We chose
a horizontal setup as it makes the exchange of immersion media and
samplesstraightforward. In our prototype, the mirroris attachedtoa
motorized x-y-z stage and needs to be aligned relative to the correc-
tion plate. We opted for this approach because, initially, it was unclear
how often the mirror would require cleaning and possibly replacement
due to damaged coatings. In practice, however, we did not observe
any coating damage even after prolonged immersion of the mirror in
imaging media, suchas DBE, BABB or ECI (Supplementary Note1). This
means that future Schmidt objectives can be designed with a mirror
thatis fixed in the immersion chamber.

Characterization of the multi-photon Schmidt objective

We characterized the optical resolution of the objective by imaging
200-nmfluorescent beads at 800-nm excitation wavelength (Fig. 2d,e).
Inair (NA = 0.69), we measured an on-axis point spread function (PSF)
withafull widthat half maximum (FWHM) of 0.56 + 0.01 pminx (mean+
s.e.m.),0.49 + 0.07 uminyand1.93 + 0.01 uminz(n=8beads).Inwater,
the PSF size decreased to 0.42 + 0.04 puminx, 0.43+ 0.03 uminyand
1.65+ 0.1 pminz(n=_8beads). Whenfilling the objective with animmer-
sion oil with n=1.45, the PSF size further decreased to 0.36 + 0.01 pm
inx,0.33+0.01pminyand1.33 £ 0.09 umin z (n = 8 beads). Further
increasing the index to n=1.51led to PSF size 0of 0.36 + 0.02 umiinx,
0.32+0.02 pminyand1.36 + 0.01 uminz(n =8 beads). Across theindex
range, the on-axis PSF sizes were similar to diffraction-limited values®.
Imaging parameters are listed in Supplementary Table 1. According
to our simulations (Extended Data Fig. 1b-d), our objective supports
adiffraction-limited FOV of 1.7 mm in air, 1.4 mm in water and 1.1 mm
atn=1.56. Due to additional off-axis aberrations introduced by our
scan and tube lens, the whole system is diffraction limited only up
to a maximum scan angle of £1.75°, which corresponds to a dFOV of
0.74 mminair,0.68 mminwater and 0.54 mmatn =1.56 (Extended Data
Fig. le-g). Therefore, we characterized the PSFs at a scan angle
of +1.75° (Fig. 2e and Extended Data Fig. 2) and found that the
off-axis PSFs are in good agreement with our simulations.

Imaging examples using the Schmidt objective

To demonstrate the imaging capabilities of our Schmidt objective, we
imaged both cleared and living samples (Fig. 3). In cleared samples,
wefirstacquired low-resolution overview datasets with amesoSPIM*
single-photon light-sheet microscope before transferring the sample
into the Schmidt objective for high-resolution imaging. To showcase
thatthe objective canbe usedin air, weimaged apollen pellet composed
of many individual pollen grains (Fig. 3a). At higher zoom levels, surface
features onindividual pollengrainsbecome readily apparent. Because
the Schmidt objective is amulti-immersion objective, we could then fill
theimmersion chamber with ECI (n =1.56) and image the same pollen
grains in this high-index medium (Extended Data Fig. 3).
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n=1.51(Cargille oil type A). Because NA is proportional ton, anincreaseinn

leads to higher NA and, thus, a smaller PSF. e, PSF uniformity over the FOV. PSF
measurements were carried out on-axis and atascan angle of 1.75°, which was
simulated to be the maximum theoretical diffraction-limited scan angle for

the total system (Extended Data Fig. 1). As the magnification of the objective is
proportional to n, the FOV diameter decreases with increasing index. Diffraction-
limited theoretical values are indicated by the red dashed lines. The PSFFWHM
(+s.e.m.) was measured for eight beads for each FOV location and immersion
medium. a.u., arbitrary units.

Next, we placed a 5-day-old larval zebrafish expressing the calcium
indicator GCaMPé6s in neurons in the Schmidt objective and filled it
with fish water (n=1.33). We acquired stacks of the entire zebrafish
brain and were able to record neuronal activity in the tectum
(Fig.3b). Toillustrate that the objective can be used forimaging cleared
samples, we imaged 3-day-old Xenopus tropicalis tadpoles in BABB
(n=1.56), visualizing their developing nervous system and their retinal
photoreceptor layer (Fig. 3c and Supplementary Video 2). It was also
possible to perform second-harmonic generation (SHG) imaging
of muscle fibers in a tadpole embryo tail, resolving individual
sarcomeres (Extended Data Fig. 4). We also applied the Schmidt objec-
tive toimage larger cleared embryos in BABB—for example, a4-day-old
chickenembryo, whichis about 6 mminsize (Extended DataFig.5and
Supplementary Video 3). Next, we replaced the immersion medium
with DBE (also n=1.56) and inserted a 4-mm-thick coronal slice of an
iDISCO-processed* Thyl-YFP-H mouse brain. In this sample, we were
able to visualize spines along apical dendrites (Fig. 3d). We also suc-
cessfully imaged dopaminergic neurons in a sample from a mouse
brain stained for tyrosine hydroxylase (Extended Data Fig. 6). Finally,
we acquired a dataset from a MASH-processed® 5 x 7 x 4-mm? piece
of human neocortex in ECI, enabling us to visualize neuronal somata
and the dense neuropil (Fig. 3e).

Discussion

Taken together, these examples illustrate how a single Schmidt
objective, owing to its large index range, covers a range of applica-
tions that would usually require several objectives. Despite having
only three optical surfaces, our design outperforms all existing
commercial multi-photon microscope objectives for cleared tissue
within the parameter space of WD, index range, maximum NA and
FOV (Extended Data Fig. 7). Whereas our mirror-based design
provides multi-immersion capability basically for free, the reflective ray
path means that the objective surrounds the sample, which is similar
to light-sheet microscopes for which custom sample holders and
mounting techniques are often necessary. In addition, the bigger the
sampleis, the more it obstructs the excitation path, which canlead to
diffraction artifacts. In our prototype, we used samples up to 5 mm
in diameter without a severe loss in image quality (Extended Data
Fig. 5). Scaling up the entire objective will allow bigger samples,
such as entire mouse brains, to be accommodated. It is also possible
to design unobstructed off-axis Schmidt objectives that would
allow samples of arbitrary lateral size to be imaged. Similarly to a
Schmidt telescope, we allow the focal surface to be curved, which did
not turn out to be an issue when imaging three-dimensional samples
because the z-shift across the FOV is small (that is, Az=1.2 pm across
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a400-pm FOV). The long path length inside the immersion medium
means that the image quality depends on the homogeneity of the
liquid. Asaconsequence, we could not achieve satisfactory image qual-
ity in CLARITY samples because the required refractive index match-
ing solutions were not homogeneous enough, whereas imaging in
organic solvents was straightforward. This property is not specific
to the Schmidt objective, however: any immersion objective with
longWDand highNAwillshowsimilarbehavior. Weforesee that the ongo-
ing development of clearing techniques for larger and larger samples
will naturally converge toward highly homogeneous imaging media
as they provide the best imaging results independent of the micro-
scopy modality. To further improve image quality, it is possible to
combine the Schmidt objective with adaptive optics. Owing to their
low dispersion and large wavelength range, reflective objectives have
previously been used for multi-photon microscopy”* but not as fully
immersed systems. We think that our work opens an unexplored design
space for buildingimmersion microscope objectives. In principle, our
concept canbe extended to any imaging modality, including wide-field,
confocal and light-sheet microscopy. The underlying simplicity
of the concept makes it well suited for low-cost objectives that can
be mass produced for diagnostic applications. Additionally, in
optical design, simplicity begets scalability. Our approach will likely
allowthe design of ‘mesoscope objectives’ that performhigh-resolution
(NA >1) imaging across centimeter-scale FOVs and are capable of
extremely high-throughput imaging®’ (Supplementary Table 2).
We think that the most promising imaging modality for future
multi-immersion Schmidt objectives is light-sheet microscopy. To
realize this promise, two challenges must be addressed. First, better
chromatic correction across a wide range of immersion media
with varying dispersion is necessary because our current design is
notachromatic asrequired for single-photonimaging of fluorophores
withbroad emission spectra.Second, the field curvature of the Schmidt
objective needs to be minimized or the light sheet needs to have a
matching curvature. In principle, the latter could be achieved using
curved Bessel-like excitation beams®®. Addressing both challenges
would open new avenues for future multi-immersion light-sheet
microscopes to realize the potential of existing imaging sensors
with more than 100 megapixels. Beyond that, our development
of the Schmidt objective shows that astronomers and microscopists
might benefit from closer interactions. In this regard, our work
lends credence to a remark that Victor Hugo made in Les Misérables
in 1862: ‘Where the telescope ends the microscope begins, and
who can say which of the two provides the grander view? Choose’.
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Methods

Objective design

The objective was designed using Zemax 2010 and Zemax
OpticStudio 18. The aspherical correction plate was manufactured
according to custom specifications out of fused silica by Asphericon
Jena. The spherical mirror with 30-mm diameter was manufactured
out of fused silica (Corning, 7980) and coated with aluminium and a
protective layer of SiO, (Praezisionsoptik Gera). The design process
is described in Supplementary Note 1. For imaging in liquid media,
the objective was filled with 65 ml of immersion medium.

Setup

Excitation light from a tunable femtosecond Ti:Sapphire laser
(ChameleonUltrall, Coherent) was sent through a Pockels cell (model
350-80 with 302RM controller, Conoptics) and expanded using a
x6 Galilean telescope composed of a -25-mm and a 150-mm
achromat (ACN127-25B and AC254-150B-ML, Thorlabs). The beam
was thenrouted to a pair of 10-mm galvo mirrors (6220H, Cambridge
Technology) and directed through a 4f system composed of an
f=89 mm scan lens (S4LFT0089/92, Sill Optics) and an f=300 mm
tube lens (88-597, Edmund Optics) to the objective. The galvos
couldbereplaced by aresonant scanner/8-mm galvo pair (CRS4K and
6220H, Cambridge Technology) for fast imaging. Emission light was
separated from the excitation beam using a NIR/VIS dichroic (HC 705
LP, AHF) and collected onto two GAsP photomultipliers (H10771P-40
SEL, Hamamatsu) by a x4.7 demagnifying telescope composed of
anf=90 mmachromat (G322389000, Qioptiq) and awide-angle eye-
piece (Panoptic 19 mm, TeleVue) as previously described®. Custom
interchangeable filter cubes allowed the selection of emission channels.
Inaddition, a720-nmshort-passfilter (ET720SP, AHF) located in front
ofthe photomultiplier tube (PMT) blocked unwanted excitation light.
PMT signals were amplified and low-passfiltered by atransimpedance
amplifier (DHPCA-100 set to 14-MHz bandwidth, 105 V/A gain, Femto).
The amplified signal was digitized by an NI-5734 DAQ card connected
toanNI-7961R FPGA (both National Instruments). Scanning waveforms
were generated using NI-6341 cards in a PXle-1073 chassis (National
Instruments). Scanlmage 2017b12 (Vidrio Technologies) running
on MATLAB 2019b (MathWorks) was used to control image acquisi-
tion. The sample was moved in x-y-z by an MP130-50-DC-L100 stage
with linear encoders (Steinmayer Mechatronik) controlled by a Galil
DMC-2132 motor controller. An additional rotation stage (PRM1Z8
with KDC101 controller, Thorlabs) allowed sample rotation. Asecond
MP130 stage allowed x-y-z translation of the spherical objective
mirror. Both mirror and sample were quick-exchangeable using
kinematic magnetic mounts (KB25/M, Thorlabs).

PSF measurements

Sample holders for fluorescent beads were built by gluing smaller
coverslips (3 mm o, CS-3R-0, Warner Instruments) to a 2-mm glass
capillary tube (Harvard Apparatus) using silicone adhesive (Wiirth,
Super RTV Silikon). Fluoresbrite YG Microspheres (0.20 um size,
Polysciences) were diluted in distilled water and pipetted on the
coverslip. The capillary tube was clamped into a sample holder
and inserted into the Schmidt objective. For imaging at an index of
n=1.45,theimmersion chamber was filled with a fused silicamatching
liquid (50350, Cargille). Type Aimmersion oil (16482, Cargille) was
used for measurements at n =1.51. The liquids were chosen such that
the fluorescent beads did not dissolve; other immersion media, such
as BABB, DBE and ECI, rapidly dissolved Fluoresbrite beads. For each
immersion mediumand FOV location, eight beads were measured, and
the resulting PSFs were fitted with Gaussian profiles in x-y-z.

Imaging pollengrains
We glued a pollen granule sold as nutritional supplement (Morga
Bluetenpollen, Morga AG) to a2-mmborosilicate glass tube (TG200-4,

Harvard Apparatus) with Super RTV Silicone Transparent (Wiirth).
The dried granules were usually composed of a single type of pollen
grain and could be pre-selected for shape and fluorescence under
a wide-field microscope. We selected a pollen granule with spikes
(echinate sculptures). Immersing pollen granules in water or other
polar solvents dissolves them into single pollen, which is why we
used ECI to image pollen granules in high refractive index medium in
additiontoimagingtheminair.

Functional imaging of larval zebrafish
We generated larvae by incrossing adult transgenic elavli3:GCaMPés
fish®. Small groups of =20 larvae were raised in filtered fish water in
10-cm Petri dishes on a 14-hour light, 10-hour dark cycle at constant
28 °C. For imaging, larvae with strong GCaMPé6s fluorescence and
no pigmentation (mitfa”") were selected. Larvae were embedded in 2%
agarose (UltraPure Low Melting Point Agarose, 16520-100, Invitrogen)
before imaging. We estimated that 33 mW of laser power was used
forimaging (Supplementary Note 1and Supplemenary Table1).

This set of animal experiments and procedures was performed
in accordance with standard ethical guidelines and was approved
by the Cantonal Veterinary Office of the Canton of Zurich.

iDISCO staining and clearing of mouse brains

Mouse experiments and procedures were performed in accordance
with standard ethical guidelines and were approved by the Cantonal
Veterinary Office of the Canton of Zurich. Mouse brain chunks were
stained for neurons and cleared using a modified version of the
iDISCO protocol*. C57BL6/J wild-type and Thyl-YFP HJrs/] transgenic
(Jackson, 003782) mice aged 4 weeks and 17 weeks, respectively, were
anesthetized and perfused, and the brains were post-fixed in 4% para-
formaldehyde (PFA) in PBS for 4.5 hours at 4 °C, shaking at 40 r.p.m.
Mouse brains were washed in PBS for 3 days at room temperature and
40 r.p.m., with daily solution exchange. Samples were cut into 5-mm?
chunks and dehydrated in serial incubations of 20%, 40%, 60% and
80% methanol (MeOH) in ddH,0, followed by two times 100% MeOH,
each for 1 hour at room temperature and 40 r.p.m. Pre-clearing was
performedin33%MeOH indichloromethane (DCM) overnight atroom
temperature and 40 r.pm. After two times washingin100% MeOH, each
for 1 hour at room temperature and then 4 °C at 40 r.p.m., bleaching
was performed in 5% hydrogen peroxide in MeOH for 20 hoursat4 °C
and 40 r.p.m. Samples were rehydrated in serial incubations of 80%,
60%, 40% and 20% MeOH in ddH,0, followed by PBS, each for 1 hour
at room temperature and 40 r.p.m. Permeabilization was performed
byincubating the samples two timesin 0.2% Triton X-100 in PBS, each
for1hour atroomtemperature and 40 r.p.m., followed by incubation
in 0.2% Triton X-100 +10% dimethyl sulfoxide (DMSO) + 2.3% glycine
+0.1% sodium azide (NaN,) in PBS for 5 days at 37 °C and 65 r.p.m.
Blocking was performedin 0.2% Tween 20 +0.1% heparine (10 mg ml™)
+5%DMSO + 6% donkey serum in PBS for 2 days at 37 °C and 65 r.p.m.
Samples were stained gradually with polyclonal rabbit-anti-tyrosine
hydroxylase antibody (Sigma-Aldrich, AB152) 1:200 or polyclonal
chicken-anti-GFP antibody (Aves Labs, GFP-1020) 1:400, followed
by secondary donkey-anti-rabbit-Alexa Fluor 594 antibody (Thermo
Fisher Scientific, A32754) 1:200 or donkey-anti-chicken Alexa Fluor 594
antibody (JacksonImmunoResearch, 703-585-155)1:400 in 0.2% Tween
20 +0.1% heparine +5% DMSO + 0.1% NaN, in PBS (staining buffer) ina
total volume of 1.5 ml per sample every week for 2 weeks at 37 °C and
65 r.p.m. Washing steps were performed in staining buffer five times
eachforlhourandthenfor2 days atroomtemperatureand 40 r.p.m.
Clearing was started by dehydrating the samples in serial MeOH
incubations as described above. Delipidation was performed in 33%
MeOHinDCM overnight at room temperature and 40 r.p.m., followed
by two times100% DCM each for 15 minutes at room temperature and
40 r.p.m. Refractive index matching was achieved in DBE (n =1.56) for
4 hours at room temperature.
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Staining and clearing of Xenopus embryos

Whole-mount immunofluorescence procedures were adapted from
previously described protocols®*. All experiments were performed
in accordance with standard ethical guidelines and were approved
by the Cantonal Veterinary Office of the Canton of Zurich. Embryos
were fixed at Nieuwkoop/Faber stage 42 for 40 minutes at room tem-
perature in 4% PFA. Embryos were rinsed three times with 1x PBS,
dehydrated to100% MeOH and stored overnight at —20 °C. Bleaching
was performed at room temperature shaking under strong light in
10% H,0,/23%H,0/66% MeOH for 48 hours. Embryos were rehydrated
to 1x PBS with 0.1% Triton X-100 (PBT), and blocking was performed
for 2 hours in 10% CAS-Block/90% PBT (Life Technologies). Staining
was performed using the Atplal antibody (1:200, DSHB, AS) diluted
in100% CAS-Block for 48 hours at 4 °C. For nuclear counterstaining,
DAPI (20 pg ml™, Thermo Fisher Scientific, D1306) was added to the
primary antibody mixture. Embryos were washed for 3 x 30 minutes
with PBT, blocked again for 2 hours (10% CAS-Block/90% PBT) and
incubated overnight at 4 °C with secondary antibody (1:250, Alexa
Fluor 594, ThermoFisher Scientific, A32742) diluted in100% CAS-Block.
Embryos were washed for 2 x 1 hour with PBT and then 1 hour in PBS.
Embryos were embedded in 2% low-melting agarose and dehydrated
as follows: 25% MeOH/75% 1x PBS (2 hours), 50% MeOH/50% 1x PBS
(2 hours), 75%MeOH/25%1x PBS (2 hours) and three times 100% MeOH
(2 x 45 minutes, 1x overnight). Clearing was performedin BABB (benzyl
alcohol:benzyl benzoate 1:2) overnight.

Neurofilament staining of a whole-mount chicken embryo

The embryo was sacrificed at day 4 of development and incubated in
4% PFA for2 hours at room temperature. For best staining and clearing
results, the embryo was kept in constant, gentle motion throughout
the staining procedure. Incubation was at 4 °C. The tissue was permea-
bilizedin 0.5% Triton X-100/PBS for 1 hour, followed by anincubation
in 20 mM lysine in 0.1 M sodium phosphat pH 7.3 for 1 hour. In a next
step, the embryo was rinsed with five changes of PBS. Non-specific
binding was blocked using 10% FCS in PBS for 1 hour. The primary
antibody mouse anti-neurofilament (1:2,000, RM0O270, Invitrogen,
13-0700) was added for 48 hours. The primary antibody was removed,
and the tissue was rinsed with ten changes of PBS and an additional
incubation overnight. After re-blocking in FCS/PBS for 1 hour, the
embryo was incubated with the secondary antibody goat-anti-mouse
IgG-AlexaFluor 568 (1:1,000, Jackson ImmunoResearch, 115-165-003)
for15 hours. Then, the embryo was washed ten times with PBS, followed
byincubation overnightin PBS. Forimaging, the tissue was dehydrated
inamethanol gradient (25%, 50% and 75% in ddH,0 and 2 x100%, 1 hour
eachstep) and cleared using 1:2benzyl alcohol:benzyl benzoate (BABB)
solutionovernight (again, gentle shaking is recommended for dehydra-
tionand clearing). The tissue and staining are stable for months when
keptat4 °Cinthedark. This set of animal experiments and procedures
was performedinaccordance with standard ethical guidelines and was
approved by the Cantonal Veterinary Office of the Canton of Zurich.

Human brain tissue preparation

The human occipital lobe samples were obtained from the body
donation program of the Department of Anatomy and Embryology
at Maastricht University. The tissue donor gave their informed and
written consent to the donation of their body for teaching and research
purposesasregulated by the Dutchlaw for the use of human remains for
scientificresearch and education (‘Wet op de Lijkbezorging’). Accord-
ingly, ahandwritten and signed codicil from the donor posed whensstill
alive and well is kept at the Department of Anatomy and Embryology
Faculty of Health, Medicine and Life Sciences, Maastricht University,
Maastricht, The Netherlands. The samples were obtained from a female
patient (82 years old) diagnosed with Alzheimer’s disease, dementia,
aphasia and depression. All methods were carried out in accordance
with the relevant guidelines and regulations, and all experimental

protocols were approved by the Ethics Review Committee Psychology
and Neuroscience. Brains were first fixed in situ by full-body per-
fusionviathe femoralartery. Under a pressure of 0.2 bar, the body was
perfused by 10 L of fixation fluid (1.8 vol% formaldehyde, 20% ethanol
and 8.4% glycerine in water) within 1.5-2 hours. Thereafter, the body
was preserved for at least 4 weeks for post-fixation submersed in the
same fluid. Subsequently, brains were recovered by calvarial dissection
andstoredin4%PFAin 0.1 M PBS until further processing. The samples
were cleared and stained with MASH-AO as previously described®*,
with minor adjustments to the original protocol. The tissue was dehy-
drated in 20%, 40%, 60%, 80% and 100% MeOH in distilled water for
1hour each at room temperature, followed by 1 hour in 100% MeOH
and overnight bleaching in 5% H,0, in MeOH at 4 °C. Samples were
thenrehydrated in 80%, 60%, 40% and 20% MeOH and permeabilized
two times for 1 hour in PBS containing 0.2% Triton X-100 (PBST). This
was followed by a second bleaching step in freshly filtered 50% aque-
ous potassium disulfite solution. The samples were then thoroughly
rinsed in distilled water five times and washed for another 1 hour.
For staining, the samples were incubated in 0.001% acridine orange
solution in Mcllvain buffer® (phosphate-citrate buffer) at pH 4 for
5daysatroomtemperature. After 2.5 days, the samples were flipped to
allow for equal penetration of the dye from both sides. After staining,
samples were washed two times for 1 hour in the same buffer solution,
dehydratedin20%,40%, 60%, 80% and 2 x 100% MeOH for 1 hour each
and delipidated in 66% DCM/33% MeOH overnight. These steps were
followed by 2 x 1-hour washesin 100% DCM and immersion in ECI***,

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

Data availability
Imaging datasets acquired with the Schmidt objective and with the
mesoSPIMIight-sheet microscope are available upon reasonable request.

Code availability

mesoSPIM datasets were acquired using mesospim-control 1.7.2
(https://github.com/mesoSPIM/mesoSPIM-control), a custom
open-source image acquisition software. Code for PSF analysis is
available uponreasonable request.
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Extended DataFig. 1| Theoretical performance of the Schmidt objective ECI, respectively. Due to off-axis aberrations, the usable diffraction-limited

and the microscope. a) Cross-section of the optical design. b)-d) Root-mean- FOVisreduced compared to the objective as a stand-alone item. i) On-axis RMS
square (RMS) wavefront aberration vs. FOV of the objective in air, water, ECI, wavefront aberrations vs. wavelength. The system can be refocused to different
respectively. e) Cross-section of the laser-scanning path. f)-h) Root-mean-square ~ wavelengths in the 750-1000 nm region. For best results, both the mirror-

(RMS) wavefront aberration vs. FOV of the objective in air plus scan path, water, correction plate distance and the spacing of scan and tube lens can be optimized.
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oil (FS Oil, Cargille 50350), and Type A oil (Cargille 16482). In general, the PSF size
decreases withindex as the increased NA leads to higher resolution. However,

1 zFwhm

3,,] 1305um

00« ..-/ i} e
B3 H

1 XFWHM:
| 03714m

X FWHM:
0558 ym
00

o o ok ok ek ok ok o

Y FWHM:
3 0461 pm

o oo 4k ok ok ob on %

ZFWHM:
3., To49um
o

zom

1 xFwHM
| 0am2pm

Y FWHM:
3,.] 0373um

1 XFWHM
3o.] 04014m

X qum
0619 ym

T 0% e 0% ke ok ok o 1w

Y FWHM:
0.705 pm

o S ak ek ok ob ok »

ZFWHM,
2813pm

2om

X FWHM.
Ens 0429 pm

Y FWHM: y
0441 pm
ZFWHM ¢
1953 ym
B 2 ] H T
20m

1 xPwHm
3,.] 0309um

xgm T Txem T X
‘” Y FWHM: ° Y FWHM: 1 YFwHm
0o  0334um Fos| 0307um 3o 0344um
00 o 00| sesssssssnce

T o7 ok 0% om 0% o0k o35 1%
Vom

1 zZFwHm:
05| 1203um \

20m

1 xFwhm
e|  0346um

1 yFwHM
0.346 ym

Vom

G
2om

_.

Tito -o7s 0% 05 o0k 035 0% 07 1d0
Yom

1 zZFwHm:
Tes] 1283pm \

3“ 3408 ym.

xom)

1 YFWHM
Tps] 0319um

h h b Yom
m Z FWHM:
P \
Y PR G N

it -o7s 0% 035 ok 035 0% o7 1i0
vom

1 zFwam 3
3os 125um /

X FWHM:
0431 pm

o Y FWHM:
Tos O0324um

- )
1 zFwhm
3., 1364pm /
o \...,.......
2om

beyond n=1.45, thereis no change in resolution. We attribute this to residual
aberrations from the minimally refractive inner surface of the correction plate:

As the correction plate is made of fused silica with n =1.45, manufacturing-
related surfaceirregularities have no effect at thisindex. Scale bar: 1 pm.
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Extended Data Fig. 3| Imaging the same sample in air and in ethyl cinnamate
(ECI). a) A pollen pellet composed of many individual pollen grains. b) Maximum
projection of asingle-photon light-sheet (mesoSPIM) stack of the sample. As the
sample was illuminated from the side, only part of the pollen pellet is visible.

¢) Maximum projection of a stack taken in air after transferring the sample into
the Schmidt objective. d)-e) Maximum projections of stacks taken at higher
zoom. f) Theimmersion chamber was then filled with ethyl cinnamate (ECI)

Zoom 5x

Zoom 15x%

withanindex of 1.56. This has several consequences: Firstly, at the same zoom
level, the FOV shrinks by 1.56x as in the Schmidt objective, the product NA x FOV
is constant. Secondly, the pollen are now much better index-matched and the
microscope can also start visualizing the interior of the pollen grains. Therefore,
the visual appearance of pollen grains is different than in air. g)-h) Zoomed-in
maximum projections. Similar sample regions in both images are highlighted
with arrows. The experiment was repeated once.
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Extended Data Fig. 4 | SHG imaging with the Schmidt objective. An unstained Xenopus embryo was embedded in Agarose and cleared using BABB. a)-c) Single
z-planes from a stack taken in the tail of the tadpole in the sagittal plane highlighting SHG signal from muscles. The images are examples from one of four imaged
tadpoles.
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Extended DataFig. 5| Correlative imaging of a 4-day old Chicken embryo
with the mesoSPIM light-sheet microscope and the Schmidt objective.
A chicken embryo was stained for Neurofilament using Alexa 568 as a secondary
antibody and cleared using BABB. a) Maximum projection of a single photon
light-sheet (mesoSPIM) overview dataset of the sample. b) Sample (glued to a
glass capillary) prior to insertion into the Schmidt objective. ¢) Sample (white
arrow) inserted into the Schmidt objective. d) & g) Maximum projections

(mesoSPIM dataset) of a region of interest chosen for high-resolution imaging.
e) & h) Maximum projections of z-stacks taken at the highlighted locations in d)
& g) using the Schmidt objective and two-photon excitation. f) & i) Maximum
projections of stacks taken at higher zoom level showing individual axons. The
white cells with strong autofluorescence are red blood cells which have not lost
their nucleus yet at this developmental stage. The images are examples from one
of two imaged chicken embryos.
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Extended Data Fig. 6 | Dopaminergic neurons in the mouse brainimaged with
the Schmidt objective. A 5 mm-thick coronal slice of amouse brain was stained
for Tyrosine Hydroxlase (TH) using Alexa 594 as a secondary antibody and
cleared using dibenyzl ether (DBE). a) Maximum projection of a single photon
light-sheet (mesoSPIM) overview dataset of the sample. b) Maximum projection

b Schmidt Objective .+’

ofaz-stacks taken at the highlighted location in a) using the Schmidt objective
and two-photon excitation at 800 nm. ¢) & d) Maximum projections of stacks
taken at higher zoom level showing individual dopaminergic neurons and spines
onthe cellbody of a neuron (arrows). The images are examples from one of two
imaged brainslices.
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Extended Data Fig. 7| Comparison of multi-immersion microscope
objectives for multiphotonimaging. In order to compare objectives with
differentindex ranges, NAin air and working distance are used as a comparison
metric. Only objectives with working distances larger than3 mm are included in
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this comparison. The field of view is the theoretical FOV based on simulations or
the field number provided by the manufacturers. Among the listed microscope

objectives, the Schmidt objective design is the only one that will actually delivera
diffraction-limited image in air.
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control), a custom open-source image acquisition software.

Data analysis Data preprocessing (conversion to .tif, cropping, downsampling etc) was done using Fiji (fiji-2.0.0-pre-7). Volume renderings were generated
with Imaris 9.6.0 (Bitplane) and exported supplemental videos were edited with Premiere Pro CC 2021 (Adobe). PSF datasets were analysed
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Reporting on sex and gender The sample was obtained from a female patient.
Population characteristics The patient (Age: 82 years) was diagnosed with Alzheimer’s disease, dementia, aphasia, and depression.n/a

Recruitment The human occipital lobe samples were obtained from the body donation program of the Department of Anatomy and
Embryology, Maastricht University. The tissue donor gave their informed and written consent to the donation of their body
for teaching and research purposes as regulated by the Dutch law for the use of human remains for scientific research and
education (“Wet op de Lijkbezorging”). Accordingly, a handwritten and signed codicil from the donor posed when still alive
and well, is kept at the Department of Anatomy and Embryology Faculty of Health, Medicine and Life Sciences, Maastricht
University, Maastricht, The Netherlands.

Ethics oversight All methods were carried out in accordance with the relevant guidelines and regulations and all experimental protocols were
approved by the Ethics Review Committee Psychology and Neuroscience (ERCPN).
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Sample size We did not calculate sample sizes beforehand. Regarding resolution measurements: Microscope point spread-functions are highly
reproducible as they are caused by deterministic physical processes such as wavefront propagation and aberrations. Therefore, typical
publications estimate PSFs with small sample sizes. To estimate PSF parameters reliably over the full FOV (equivalent to zoom 1), we chose
the bead concentration such that 8 beads could be measured across sub-FOVs acquired using zoom 40.

Data exclusions  Only PSFs from beads surrounded by a bead-free window of 2 x 2 x 5 microns (X x Y x Z) were included in the analysis.
Replication Fitting a PSF (for FWHM estimation) to each individual bead represents an individual measurement.
Randomization  We chose random subregions of the test samples (cover slips coated with beads) for PSF measurements.

Blinding As the person analyzing the bead data was the same who took the data, blinding was not possible.
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|:| Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Antibodies used

Validation

Mouse anti-neurofilament (RMO270, Invitrogen 13-0700)

Polyclonal rabbit-anti-tyrosine hydroxylase antibody (Sigma Aldrich, AB152)

Polyclonal chicken-anti-GFP antibody (Aves Labs, GFP-1020)
Donkey-anti-rabbit-AlexaFluor594 antibody (ThermoFisher, A32754)
Donkey-anti-chicken-AlexaFluor594 antibody (Jackson Immuno Research, 703-585-155)
Atplal antibody (DSHB, A5)

Alexa Fluor-594 antibody (ThermoFisher A32742)

Goat anti-mouse IgG-Alexa 568 (Jackson ImmunoResearch 115-165-003)

Antibody validation information for the Invitrogen 13-0700 mouse anti-neurofilament antibody is available from Thermo-Fisher
Scientific under the Catalog-Number #13-0700. Validation information for the Sigma-Aldrich AB152 13-0700 and DSHB Atplal
antibody is available from the Sigma-Aldrich and DSHB, respectively.

Animals and other research organisms
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Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

elavl3:GCaMP6s zebrafish larvae, 5 days old.

C57BL6/J 363 wildtype and Thy1-YFP Hrs/J transgenic (Jackson, 003782) mice aged 4-17 weeks.

Xenopus tropicalis tadpoles,4 days old

The study did not involve any wild animals.

The study used female mice. Sex of zebrafish and xenopus larvae can not be determined during the early stages we imaged.

The study did not involve any field-collected samples.

Cantonal Veterinary Office of the Canton of Zurich

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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