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Recent developments in light-sheet microscopy techniques has led to its cutting-edge application across a
range of fields, from developmental biology to behavioral neuroscience. Its low photodamage propensity
allows biological dynamics to be imaged for a duration of several hours up to days; however, a tradeoff exists
between such extended imaging sessions and imaging throughput, which in practice directly limits analysis
workflows and the resulting time to biological discovery. Here, we present an economical instrument that can
image multiple sample types simultaneously. Unlike any existing light-sheet microscope, our instrument, the
flex-SPIM, shares both an ultrafast laser and a bank of continuous-wave lasers between two independently
controlled light-sheet microscope-twins. Harnessing the power of modern lasers yields a substantial reduction
in the cost of the light source over standard dual systems, and a doubling in imaging throughput relative to
a single system. Each microscope-twin (i) operates in both one-photon and two-photon excitation modes,
(ii) delivers one to three light-sheets via a trio of orthogonal excitation arms, (iii) provides sub-micron to
micron imaging resolution, (iv) is multicolor compatible, and (v) permits upright and/or inverted light-
sheet detection. We offer a detailed description of the flex-SPIM design to aid instrument builders who
wish to construct and use a similar system. We then demonstrate the instrument’s versatility for biological
investigation by performing fast imaging of the beating heart in an intact zebrafish embryo, deep imaging of
thick patient-derived tumor organoids, and gentle whole-brain imaging of neural activity in behaving larval
zebrafish.

I. INTRODUCTION

Most of what we recognize as the phenomena of life
are not properties of stationary structures, but rather
emerge from dynamic interactions among many elements
over time. Modern optical microscopy methods offer an
efficient means for noninvasive, high-resolution observa-
tion and investigation of many of life’s most fascinating
phenomena. The difficulty is that tradeoffs must often be
made between spatial resolution, acquisition speed, pen-
etration depth, and the limited photon budget from the
sample.1 The last point is crucial to uncompromised bi-
ological imaging, as there are a finite number of photons
that a given fluorophore can emit before its bleached,
and high light doses on the specimen can lead to photo-
induced toxicity. It is thus critical that light be used at
low intensity and as efficiently as possible while striking
the right balance of tradeoffs in performance for whatever
the application demands.

In the past decade or so, there have been a series
of important developments in light-sheet microscopy, a
century-old technique2 also known as selective-plane illu-
mination microscopy (SPIM).3 SPIM decouples the illu-
mination and detection paths: a cylindrical illumination
lens is used to focus a static thin two-dimensional (2D)
sheet of light orthogonal to the focal plane of a detec-
tion objective lens (Fig. 1). Whereas conventional point-
scanning techniques acquire volumetric information one
point at a time, light-sheet excitation provides rapid op-

a)Electronic mail: tvtruong@usc.edu.

tical sectioning of the three-dimensional (3D) sample vol-
ume (either by scanning the sample through the station-
ary light-sheet, or scanning the light-sheet through the
stationary sample). The orthogonal geometry between
the illumination and detection paths in combination with
light-sheet excitation permits an entire 2D plane of flu-
orophores to be excited/detected with intrinsically high
signal-to-noise ratios, high imaging speed, and minimal
light exposure to the sample. Indeed, many recent de-
velopments in light-sheet microscopy techniques4–10 has
led to its cutting-edge application across a range of
fields,4–7,10,11 from developmental biology5,12 to behav-
ioral neuroscience.10,11,13–15 Each of these techniques of
course has its own tradeoffs in performance, the complex-
ity and expense of the microscope optics, sample compat-
ibility, as well as expenditure of the photon budget. Our
goal here is describe key developments that motivate our
instrument.

The first key development was to create light-sheets
virtually with a focused Gaussian beam, generated via a
low numerical aperture (NA) lens, and dynamically scan-
ning it across the plane (Fig. 1).16 This virtually scanned
light-sheet approach provides better spatial uniformity,
higher light throughput, and more precise spatial con-
trol over the selected plane of interest compared to a
static 2D light-sheet. For large-volume imaging, orthog-
onal excitation of the sample from multiple directions can
additionally be employed to create a more uniform and
larger illuminated plane.17

Two-photon light-sheet microscopy (2P-SPIM) was a
further development, combining the high penetration
depth of nonlinear excitation with the high speed and low
photodamage associated with SPIM.18 The idea is that,
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FIG. 1. Light-sheet microscopy principle. A static light-sheet
(blue) can be created with a cylindrical lens. Alternatively
the light-sheet can be formed dynamically by scanning a fo-
cused beam. The illuminated plane is detected (green) by an
orthogonally positioned wide-field microscope. Axial sections
are captured either by scanning the sample (orange) through
the stationary focal plane, or by scanning the focal planes
through the stationary sample.

compared with visible light, near-infrared (NIR) pulsed
illumination minimizes the scattering-induced spatial
degradation of the light-sheet over longer propagation
distances, while the quadratic dependence of the 2P ex-
cited fluorescence signal on the excitation intensity re-
duces unwanted out-of-focus photons, both of which lead
to improved axial resolution and contrast. The same low
NA illumination lens used for 1P Gaussian light-sheet
imaging can be utilized to generate an axially-extended
focus of NIR femtosecond laser pulses for 2P light-sheet
imaging, making it convenient to carry out both on the
same setup.18,19 The 10-fold lower NA used for 2P light-
sheet illumination generates orders of magnitude lower
peak intensity for the same average excitation power
compared to point-scanning 2P microscopy (2P-LSM);
thus, nonlinear photodamage mechanisms are signifi-
cantly reduced. In short, 2P-SPIM has proven successful
in relatively thick or optically dense samples, imaging
up to 2× deeper than 1P-SPIM, and > 10× faster and
with 100-fold lower peak intensity than with 2P-LSM.18

In the context of neuroscience, the NIR light used for 2P
excitation is invisible to many animals, which avoids un-
intended visual stimulation.20

The biggest drawback to 2P-SPIM is the requisite for
an expensive ultrafast laser source. The high cost of an
ultrafast pulsed laser and the reasonably complex assem-
bly are both major barriers to the adoption of nonlinear
SPIM for many laboratories, despite its superior perfor-
mance in optically challenging samples. Even for labora-
tories that do have the means, in terms of both budget
and expertise, the ultrafast source is likely tied to a single
microscope. As the photon budget sets the upper limit
on how much excitation energy can be delivered to the

sample, these implementations typically waste > half of
the total laser power available.

Part and parcel with the photon budget, the low pho-
todamage propensity of SPIM permits biological pro-
cesses to be imaged for a duration of several hours up to
days. Unfortunately, a tradeoff exists between such pro-
longed imaging sessions and imaging throughput, which
in practice directly limits analysis workflows and the re-
sulting time to biological discovery. There is thus sub-
stantial motivation for a light-sheet instrument that ef-
ficiently uses of the high-power capabilities of modern
laser sources and can also image multiple samples. Ide-
ally, such an instrument should be easily adaptable to
different applications and the associated sample proper-
ties. Here we describe an instrument designed and built
to meet these aims.

Unlike any existing light-sheet microscope, our in-
strument, the flex-SPIM, shares both an ultrafast laser
and a bank of continuous-wave lasers between two inde-
pendently controlled light-sheet microscope-twins. This
yields a substantial reduction in the cost of the light
source over standard dual systems, and a doubling in
imaging throughput relative to a single system. By com-
bining and improving a series of unique developments,
some introduced earlier in this section, each microscope-
twin has built-in modularity for tailoring around a di-
verse class of samples and scientific questions. In the
following section we describe the flex-SPIM design in de-
tail, for optical physicists or engineers who wish to con-
struct and use a similar instrument. We then showcase
its utility by characterizing the system and performing
imaging of the beating larval zebrafish heart and patient-
derived tumor organoids. Throughout, we demonstrate
the ease of integrating auxiliary elements to adapt the
flex-SPIM to meet specific sample needs: optimizing our
instrument to observe the neural dynamics that drive be-
havior in the zebrafish, which enables us to extend the
depth of 2P functional imaging to the whole brain with
uncompromised spatiotemporal resolution.

II. INSTRUMENT DESIGN

The flex-SPIM draws on important lessons taken from
the arduous challenges posed by going from proof-of-
principle studies18,19 with a new imaging technology to
meaningful scientific results.21–23 Several years of inter-
actions between the 2P-SPIM inventors and end users
at advanced imaging centers (at the California Institute
of Technology and University of Southern California) re-
sulted in the flex-SPIM: a photon-efficient SPIM instru-
ment that can image multiple sample types simultane-
ously. The flex-SPIM is conceptually similar to our ear-
lier 2P-SPIM setup (see Refs. 18 and 19), but function-
ally distinct via the following combination of improve-
ments. First, two independent microscope-twins share
the light source (Fig. 2). We reasoned that the high-
power of modern lasers provided an opportunity to share

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 12, 2019. ; https://doi.org/10.1101/801688doi: bioRxiv preprint 

https://doi.org/10.1101/801688


A versatile twin-microscope system for light-sheet imaging 3

FIG. 2. 3D opto-mechanical model of the twin-microscope system mounted on a 5 foot × 10 foot, anti-vibration optical table.
Model shows the laser subsystem shared between microscope-twin-1 (right) and microscope-twin-2 (left). Twin-1 has the four
functional subsystems labeled and features an implementation of both upright and inverted light-sheet detection.

TABLE I. flex-SPIM functional subsystems and modules. CW: continuous-wave; polarization optics: half-wave plate and
polarizing beamsplitter; AOTF: acousto-optic tunable filter; LED: light-emitting diode

Subsystem/module Description Main componentsa

Laser Laser modulation and beam routing CW lasers; beam expander; dichroic mirrors; polarization
optics; AOTFs; mirrors
Ultrafast laser; polarization optics; beam expander;
Pockels cells; mirrors

Illumination-scanning optics Generating the light-sheet Scanning optics; objective lenses; mirrors
Detection Image formation Scientific camera; tube lens; filter wheel; filters; objective
Sample mounting and Holding and imaging the 3D sample Custom sample chamber/holder; motion stages;
motion control piezoelectric z-stage
Instrument control Control and timing of components Acquisition computer; National Instruments PXI; system

mainframe and scaling amplifiers
Auxiliary Zebrafish eye masks and tail channel Camera; LED; filter; aluminum masks

a The main parts for each subsystem and module used to build the flex-SPIM are listed in Table SI.

both a bank of CW lasers and an ultrafast laser between
two light-sheet microscopes; this would allow us to si-
multaneously achieve three goals: (i) economical use of
the most typically expensive component of advanced light
microscopes—the laser source; (ii) a dramatic reduction
in the cost of two microscopes; and (iii) an increase in
both 1P- and 2P-SPIM imaging throughput compared
to a single microscope. To our knowledge, no light-sheet
dual/twin system sharing the same light source has been
demonstrated.

Second, the system is “flexible” in the sense that the
opto-mechanical design is open and modular (Fig. 2, 3,
and 4), providing a straight-forward path to instrument
evolution and customization for different samples and ap-
plications (Fig. 5). Switching from high spatial resolution
(sub-micron) to a lower spatial resolution (micron) with
a larger field of view, for example in Fig. 7 and 8, is

relatively simple and only requires modification to the
detection subsystem. Third, to further accommodate a
diversity of specimens, the flex-SPIM can be configured
in an upright and/or inverted light-sheet detection geom-
etry (Fig. 2). Finally, we also added a trio of excitation
objectives mounted orthogonally (Fig. 3), to enhance il-
lumination uniformity and increase optical coverage for
large and opaque samples. Other design refinements that
result in improved performance are detailed in the follow-
ing subsections.

The entire dual/twin system sits on a 5 foot × 10 foot,
anti-vibration optical table. The instrument consists of
four functional subsystems (Fig. 2) and two modules (Ta-
ble I). The schematic diagram of the integrated illumina-
tion paths is shown in Fig. 3 and the corresponding 3D
opto-mechanical model is shown in Fig. 2. Whenever pos-
sible, commercially available hardware components are
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FIG. 3. Schematic diagram of laser and illumination-scanning optics subsystems of the instrument. BE: beam expander; M:
mirror; DM: dichroic mirror; λ/2: half-wave plate mounted in a rotation mount, where the subscripts VIS and NIR refer to
the visible and near-infrared wavelengths, respectively; PBS: polarizing beamsplitter; AOTF: acousto-optic tunable filter; PC:
Pockels cell; P: periscope; G: 2D scanning galvo mirrors; SL: scan lens; TL: tube lens; EO: excitation objective.

used; however, both basic machining of off-the-shelf parts
and fabrication of custom components are required (Ta-
ble SI). Most standard optical elements are mounted in
Thorlabs 30 mm or 60 mm cage components. Beam steer-
ing mirrors shared by both the ultrafast and CW lasers
(illumination-scanning optics) have protected silver coat-
ings, whereas those used by the ultrafast or CW lasers
alone have broadband dielectric coatings. System light
throughput is sufficient for both the ultrafast and CW
laser sources to simultaneously run both twins—two ex-
periments in parallel—using the same (or different) wave-
length(s).

A. Laser subsystem

Visible light from a bank of CW lasers at 445 nm, 488
nm, 561 nm, and 647 nm are collimated and expanded
to a 1/e2 diameter of 2.5 mm before being combined into
a co-linear beam using broadband and dichroic mirrors.
(see Table SI)24 The combined beam is then split into
two paths of equal length and power through polarization
optics (consisting of a half-wave plate mounted in a rota-
tion mount and polarizing beamsplitter), delivering light
to each microscope-twin. Note here that the linear polar-
izations of the beams for the twin-1 path and the twin-2
path now differ from each other. Each light path passes
through acousto-optic tunable filters (AOTFs), which are

used to select the wavelengths and adjust the power inde-
pendently for each twin. The AOTFs we use (Table SI)
require a particular input polarization to maximize the
diffraction efficiency and ensure chromatic co-linearity of
the modulated beam, that is, the AOTF requires the in-
put laser beam polarization to be linear orthogonal with
respect to the baseplate (s-polarization). To match this
requirement in the twin-1 path, the AOTF is mounted
so that the crystal output face is used as the ’input’ face,
i.e., the p-polarized beam enters the AOTF through its
output face. The twin-2 path passes through a half-wave
plate to rotate their polarization for maximum diffrac-
tion efficiency by the AOTF (Fig. 3). The AOTF in the
twin-2 path is mounted conventionally. The CW lasers
are used for single- or multi-color imaging via linear ex-
citation.

Tunable NIR light from a mode-locked laser is split
into two paths of equal length and power through polar-
ization optics, delivering NIR light to each microscope-
twin. Note here that again the linear polarizations of
the beams for the twin-1 path and the twin-2 path now
differ. Each path passes through a Pockels cell to adjust
the power independently for each twin (Fig. 3). Simi-
lar to the AOTF, the Pockels requires a particular input
polarization to maximize the extinction ratio and trans-
mit near-minimum with 0 volts DC bias; as such, each
Pockels is rotated with respect to the beam’s input polar-
ization to match this requirement. Following the Pockels
for each path, the beams are expanded to a 1/e2 diam-
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eter of 2.4 mm. The tunable NIR ultrafast laser is used
for single- or multi-color imaging via nonlinear excita-
tion. For nonlinear excitation at wavelengths > 800 nm,
a long-pass filter is mounted upstream of the polarization
optics to block any undesired residual wavelengths from
the ultrafast laser.

B. Illumination-scanning optics subsystem

Visible and NIR beams from the laser subsystem are
each raised onto a 24 inch × 36 inch optical breadboard
by periscopes (Fig. 3). The visible and NIR beams are
combined into a co-linear beam via polarization optics,
which also serves to split the combined beam into two
paths (illumination arms 1 and 2) of equal length. Vis-
ible and NIR half-wave plates, which are each mounted
in manual rotation mounts, rotate their polarization for
desired transmission into illumination arms 1 and 2. Illu-
mination arm 1 is further split into two paths through po-
larization optics, creating a total of 3 illumination arms,
again of equal path lengths. The NIR half-wave plate
can be used to further adjust the transmission into illu-
mination arms 1 and 3 (Fig. 3).

The beams from each illumination arm are sent to 2D
scanning galvanometer (galvo) mirror positioning sys-
tems. The first galvo mirror rapidly scans the beam lat-
erally to synthesize the light-sheet (in the x -y plane), and
the second galvo mirror, which is conjugate to the back
pupil of the excitation objective lens, scans the virtual
light-sheet along the (z ) detection axis. Following the
scanning system, each illumination beam passes through
a scan lens (achromatic doublet; see Supplementary Note
1); a tube lens; and a low magnification, low NA, long-
working-distance excitation objective lens. All the dis-
tances between any pair of these lenses forms a 4f ar-
rangement, i.e., the distance between any pair of lenses
is equal to sum of their focal lengths.

Three excitation objective lenses are mounted orthog-
onal to each other, and direct the illumination light
toward the sample (Fig. 3). Depending on the sam-
ple properties, any combination of the excitation objec-
tives can be used, either sequentially or simultaneously.
Small and/or transparent samples, for example, may ben-
efit from single-sided illumination with linear excitation.
Whereas relatively large and thick samples may benefit
from the uniform illumination coverage offered by using
all three objectives with nonlinear excitation.

Both the 1P and 2P Gaussian-beam light-sheets are
∼ 10 µm in average thickness across a length of ∼ 400
µm, as shown in Fig. 7(d), yielding an effective (x -y)
field-of-view of ∼ 400 × 1000 µm2. These parameters
correspond to an illumination NA of ∼ 0.02 and ∼ 0.03
for 1P and 2P, respectively. This design choice was moti-
vated by our desire to resolve single neurons (6−8 µm in
size) throughout the entire ∼ 400 × 800 × 250 µm3 brain
of zebrafish larva at 7 days-post-fertilization (dpf).20,25

Since the signal rate is generally lower when operating

FIG. 4. Photograph of an assembled microscope-twin.

in the 2P excitation regime, we optimized most of the
illumination-scanning optics for NIR wavelengths (Table
SI). We define system throughput for each twin as the
total measured laser power at the sample from the 3 il-
lumination arms divided by the measured laser power at
the laser source. At λ = 900 nm, system throughput for
twin-1 and twin-2 are ∼ 55% and ∼ 70%, respectively;
thus, the overall throughput from the ultrafast laser to
the sample is > 60% (summed average for both twins).
System throughput in the visible regime was taken by
throughput measurements across each CW laser line. As
such, system throughput for twin-1 and twin-2 are ∼ 2%
and ∼ 10%, respectively; thus, the overall throughput
from the CW laser bank to the sample is ∼ 10% (summed
average for both twins). This throughput is sufficient for
both the ultrafast and CW laser sources to simultane-
ously run experiments on both twins using the same (or
different) wavelength(s).

C. Detection subsystem

The sheet of fluorescence signal generated at the sam-
ple is collected by an orthogonally positioned water-
immersion detection objective lens (20×, NA = 1.0),
which is mounted to a piezoelectric (piezo) collar. The
high NA detection not only enables high-resolution imag-
ing but also maximizes light-collection efficiency, which
is important to minimize photodamage of the live sam-
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FIG. 5. (A) Schematic of apparatus for gentle imaging of neu-
ral activity during various behaviors in the larval zebrafish.
Sheets of laser light are synthesized by quickly scanning the
illumination beam (red) with galvo mirrors (G), and the
agarose-embedded head of the animal is then illuminated with
excitation objectives (EO) from the side and front arms. The
side masks cover each eye on the sides of a horizontally ori-
ented zebrafish, while the front mask covers both eyes, en-
abling access to neurons between the eyes. 2P-excited cal-
cium fluorescence signal is collected through an upright de-
tection objective (DO) and onto a scientific CMOS camera. A
triggerable wide-field camera is positioned below the sample
chamber (SC) to provide a wide-field, low-resolution view of
the sample, as shown in (B). During a typical neural imag-
ing experiment, the zebrafish’s head is immobilized in agarose
while the tail is free, thereby enabling us to monitor zebrafish
behavior through tail movement. SL: scan lens; TL: tube
lens; DB: dive bar; SC: sample chamber; L: camera lens. The
third illumination arm, emission filter, detection TL, scientific
camera, LED, and filter for behavior channel are not shown.
Insets in (B) highlight that the calcium fluorescence channel
(green) is recorded from the zebrafish brain, while the behav-
ioral channel (dark red) monitors the tail movement of the
animal. Scale bar, (B) 400 µm.

ples. The fluorescence signal passes through a filter wheel
equipped with emission filters to block the excitation
light and transmit the fluorescence signal emitted by
the sample; the emission filters are optimized for CFP,
GFP, mCherry, and Cy5, as well as other fluorophores
with similar spectral characteristics (see Table SI). A
tube lens then forms the primary image of the fluores-
cence signal onto a scientific complementary metal-oxide-
semiconductor (sCMOS) camera.

Depending on the sample properties, the detection sub-
system can be setup in upright and/or inverted configu-
rations. For the tests presented here, we have primarily
employed an upright configuration, as shown in Fig. 4,
that is optimized for imaging neural activity in behav-
ing larval zebrafish (Fig. 5). Switching to an inverted
light-sheet detection geometry, or changing the overall
magnification is relatively straight-forward, owing to the
system’s arrangement of opto-mechanical components in
space (Fig. 2, 3, and 4). By mounting the camera on a
rail (Fig. 2 and 4), the camera itself is designed to be con-
veniently adjusted, so that tube lenses of different focal
lengths can be used to provide different magnifications.

D. Sample mounting and motion control subsystem

The custom sample chamber has three side windows
for the excitation objectives as well as a bottom win-
dow to provide an additional view of the specimen. The
sample chamber is open at the top, and is filled with
imaging buffer; the open-top allows the detection objec-
tive to be liquid-immersed and the custom sample holder
to be inserted. The sample chamber sits on a custom
heat exchanger that has circulatory channels for temper-
ature regulated fluid flow, which can be used to keep the
medium-filled sample chamber at a specific temperature.

The sample holder is comprised of a caddy that holds
the specimen, and a dive bar that holds the caddy. Cad-
dies can be used for general agarose embedding of the
sample or adapted to specific applications. For exam-
ple, we have designed a caddy to image neural activity
in behaving zebrafish, such as in Fig. 5(b), where the
specimen’s head is immobilized with 1.5% low-melting
agarose gel (to record neural activity), while the tail is
freed to move (to record swimming behavior). The dive
bar is mounted to a dual-axis goniometer, providing rota-
tional motions around the x - and y-axis; the goniometer
is mounted to a motorized 3D stack-up of linear stages
(see Table SI), with each stage providing ± 25 mm of
travel range. The combination of the two-axis goniome-
ter and 3D stage stack-up allows fine sample positioning
so that the region of interest can be readily overlapped
with the detection objective focal plane. Again, depend-
ing on the sample properties and scientific question, a
modified sample holder and/or chamber may be fabri-
cated and used.

The flex-SPIM has two different modes of capturing
volumetric information from a 3D sample: either by
sample-scanning or objective-scanning. In both imple-
mentations, all the microscope objectives share a com-
mon focal point and volumes are acquired plane-wise at
different axial positions.

In the sample-scanning mode, the sample is moved via
the z -stage of the 3D stage stack-up along the optical
axis of the detection subsystem and, while the excitation
light-sheet and detection objective remain stationary, im-
age stacks are sequentially collected. This approach is
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FIG. 6. Schematic of control signal sequences for objective-scanning mode. The position of the objective piezo collar is used as
the master timing signal to generate control signals for the AOTF/Pockels, imaging cameras (both the scientific camera and
behavior camera), and z -galvos. The number of pulses driving the AOTF/Pockels and cameras, shown as 3 in the schematic
here, determine the number of individual z -plane images to be recorded during a single z -scan cycle over the sample.

the simplest to implement in practice, but its imaging
speed is limited by mechanical inertia and the transla-
tional motion of the specimen can compromise normal
biology.

In the objective-scanning mode, the movement of the
detection objective piezo collar is synchronized with the
second galvo mirror of each illumination arm: both the
light-sheet and piezo collar are scanned axially, with a
travel range of ± 500µm set by the piezo collar, during
which image stacks are sequentially collected. This ap-
proach enables fast volumetric imaging without moving
the specimen, and is preferred for our whole-brain func-
tional imaging and simultaneous behavioral observation
studies with zebrafish.

E. Instrument control module

Each twin is independently controlled with a Supermi-
cro computer equipped with two Xeon E5-2650 v4 pro-
cessors and 128 GB of 2400 MHz DDR4 RAM; and seven
PCIe slots, enough space for all the control cards. While
most of the instrument control and image acquisition rou-
tines are done through Micro-Manager,27 custom soft-
ware developed in LabVIEW (National Instruments) is
used to independently control each of the 2D scanning
galvo mirror systems, and allows precise alignment (size
and swept-rate control) of the excitation light-sheet rela-
tive to the sample. Collected images are written directly
to a dual-disk array consisting of eight 7200 RPM, 4 TB
disks during imaging.

In the objective-scanning mode, the piezo collar’s con-
troller is used as the master timing source. The analog
position-readout of the piezo collar triggers a PicoScope,
which is used to generate control signal sequences to syn-
chronize the AOTF or Pockels and camera(s) with im-
age capture. The position-readout of the piezo collar is
also used to drive the position of the the z -galvos. Ana-
log control signals for the galvos and AOTF or Pockels
are appropriately scaled by individual scaling amplifiers.
A schematic of the control signal sequences is shown in

(Fig. 6).

F. Auxiliary module

To avoid illumination of the zebrafish eyes while imag-
ing neural activity, excitation light is physically blocked
with a pair of masks for each side of a horizontally po-
sitioned zebrafish, and a mask for the front that cov-
ers both eyes [Fig. 5(a)]. These masks, fabricated out
of black anodized aluminum, are mounted at the image
planes of the illumination-scanning optics, each on a 2D
translational stage to allow accurate positioning for dif-
ferent fish, or removal for non-neuro applications. A far-
red light-emitting diode and a wide-field camera, posi-
tioned to view the sample from the bottom, enable view-
finding and monitoring the tail behavior during neural
imaging of the zebrafish (Fig. 5).

III. INSTRUMENT PERFORMANCE

We characterize the 3D resolution of the flex-SPIM
by measuring the point spread function (PSF) with sub-
diffraction fluorescent beads. We then demonstrate the
utility of the instrument for investigating biological sys-
tems by imaging the beating embryonic zebrafish heart,
thick patient-derived tumor organoids, and neural activ-
ity in behaving zebrafish.

A. Resolution characterization

We empirically measure the system PSF with sub-
diffraction (175 ± 5 nm diameter) fluorescent beads (PS-
Speck Microscope Point Source Kit, P7220, Molecular
Probes) embedded in 1.5% agarose. Using PSFj,26 we
compute an averaged PSF from > 10 individual bead
sub-volumes imaged at 44× magnification. The averaged
lateral and axial FWHM ± SD values are: 1P, 500 nm
± 55 nm and 2.1 µm ± 470 nm, respectively; and 2P, 540
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FIG. 7. System imaging performance and characterization. (A) y maximum-intensity projections of agarose-embedded 175 nm
fluorescent beads imaged at 44× magnification, in 1P (top) and 2P excitation mode (bottom). A false-color (fire) look-up table
was used to enhance visualization. (B) Selected y maximum-intensity projections of sub-diffraction fluorescent beads, in 1P
(top) and 2P mode (bottom). (C) Averaged lateral (top) and axial (bottom) full-width at half-maximum (FWHM) extents
for the imaged beads, determined by fits of > 10 bead intensity profiles using PSFj.26 Averaged lateral and axial FWHM ±
SD values are: 1P, 500 nm ± 55 nm and 2.1 µm ± 470 nm, respectively; and 2P, 540 nm ± 70 nm and 2.3 µm ± 370 nm,
respectively. (D) Experimental images of fluorescence excited by 1P (top) and 2P (bottom) Gaussian focused beams, which
are scanned in the y direction to create virtual light-sheets. Images were acquired by illuminating a solution of fluorescein in
the sample chamber. (E) Intensity line profiles for the focused beams in (D), taken at the center of focus, with approximate
values: 1P, 6.2 µm; and 2P, 6.6 µm. These FWHM values yield an averaged light-sheet thickness of ∼ 10 µm across the 400
µm extent along the x direction, centered around the Gaussian focus. Scale bars, (A) 5 µm, (B) 2.5 µm, (D) 150 µm.

nm ± 70 nm and 2.3 µm ± 370 nm, respectively. Both
the lateral and axial PSFs are larger than the theoretical
diffraction-limited performance by ∼ 40 − 50% for two
primary reasons. First, our detection optical aperture is
limited by the aperture of our filter wheel (see Table SI),
which is smaller than the full aperture of the detection
objective. Second, the effective pixel size at the camera
was 146 nm at 44× magnification, which was slightly
larger than the Nyquist limit of λdet/(4NAdet) = 129
nm, so spatial sampling was insufficient to exploit the
full detection NA. Despite these practical limitations, the
flex-SPIM is still able to achieve sub-micron, subcellular
lateral resolution in both 1P and 2P mode, as shown in
Fig. 7(c) and 8. Representative bead images are shown in

Fig. 7(a) and (b). Excitation wavelengths were set to 488
nm and 920 nm for 1P- and 2P-SPIM, respectively, with
the wavelength of emitted fluorescence centered at 515
nm.

B. Light-sheet imaging of the beating zebrafish heart

We demonstrate the performance of single-plane illu-
mination with the flex-SPIM by capturing the dynamic
motion of the beating heart in a 5-dpf transgenic lar-
val zebrafish with the vasculature fluorescently labeled.
A 1P excitation (λ = 488 nm) light-sheet was parked in
z to optically section through the heart of the agarose-
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FIG. 8. Single-plane SPIM recording of the beating heart in a live 5-dpf larval zebrafish with the endocardium fluorescently
labeled (GFP), showing 6 distinct time points during the cardiac beating cycle. A false-color (fire) look-up table was used to
enhance visualization. Frames were captured with a magnification of 11× and 5 ms exposure time, at a rate of 85 framers per
second. Movie S1 shows a movie of the same data. Scale bar, 50 µm.

embedded sample, as we rapidly acquired images of the
beating motion of the heart at 85 frames per second with
subcellular resolution (Fig. 8 and Movie S1).

C. 3D imaging of thick, patient-derived tumor organoids

3D cell culture systems, such as spheroids or
organoids, recapitulate the native physiology of multi-
cellular tissues much better than 2D culture systems.28

In the context of cancer, multicellular organoids permit
the study of disease development and patient-specific
response to therapy.29 Unfortunately, these multicellu-
lar systems are scattering and aberrating, and are thus
challenging to image with conventional instruments. To
show the advantages of the flex-SPIM for such opaque
and optically heterogenous samples, we imaged chem-
ically fixed, agarose-embedded organoids differentiated
from a patient with colorectal cancer that transgenically
express nuclear-localized H2B-GFP [Fig. 9(a) and Movie
S2]. In this thick scattering sample, the 2P excitation
regime reduces the background haze [Fig. 9(b-c)] and
provides better contrast throughout the imaged volume
compared to 1P-excitation [Fig. 9(e)]. This is due to the
reduced scattering of the longer excitation wavelength
(λ = 900 nm) of 2P excitation, which enables better-
preserved light-sheet shape over longer propagation dis-

tances. Further, even when the excitation light scatters,
the fluorescence signal is still spatially restricted mainly
to the central part of the light-sheet (where intensity
is the highest) because of the quadratic dependence of
the 2P-excited fluorescence signal on the excitation inten-
sity. Thus, by mitigating the scattering-induced thicken-
ing of the light-sheet, 2P excitation reveals more clearly-
resolved cells than 1P deep in the sample [Fig. 9(d) and
(f)].

D. Whole-brain functional imaging of behaving zebrafish

In larval zebrafish with genetically encoded calcium
indicators, SPIM enables recording simultaneously the
activity of many individual neurons across the entire
brain.13,14 These implementations, however, likely stim-
ulate the blue photoreceptors and other photosensi-
tive cells in the fish retina with the visible excitation
wavelengths used during light-sheet acquisition. Such
illumination can reduce visual sensitivity to stimuli
and interfere with visually driven processes.20 NIR (λ
= 930 nm) 2P-SPIM overcomes this photostimulation
problem,20 achieving a recording depth of 120 µm (sam-
pled by 9 z -planes) at a 1 Hz volume rate.15 We push
the depth of 2P SPIM neural functional imaging further
with the flex-SPIM: more than doubling the volume size
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FIG. 9. One- and two-photon (1P, 2P) SPIM imaging of thick tumor organoids derived from a patient with colorectal cancer.
(A) Volume rendering of fixed patient-derived tumor organoids expressing nuclear-localized H2B-GFP recorded in 1P (top)
and 2P mode (bottom). 3D organoid captured with a magnification of 11× and a volume of ∼ 400 × 550 × 150 (x-y-z ) µm3,
with 1-µm z -steps and 150 ms exposure time. Movie S2 rotates the 3D-rendered volume of the same datasets. (B) and (C)
are x-y image slices of (A) at z = -25 µm (50 µm from the surface) and z = 50 µm (125 µm from the surface), respectively.
(D) Magnified images of the boxed regions in (C), for 1P (left) and 2P (right) mode. (E) Quantification of image contrast
as a function of z -depth, calculated from the standard deviation of the pixel intensities from each x-y image slice and then
normalized by the corresponding average image intensity. Each slice (from both modalities) is normalized against the surface
slice (z = -75 µm) of 1P-SPIM. (F) Sum intensity along the x direction of images in (D) as a function of light-sheet propagation
distance y. In both intensity profiles, intensity values were normalized by the global maximum. Scale bars, (A, C) 100 µm,
(D) 50 µm.
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while maintaining high spatiotemporal performance, as
shown in Fig. 10 and Movie S3. By employing a trio
of 2P excitation arms with masks at the image planes to
avoid direct laser illumination to the eyes, we are able to
image the entire volume of the brain of a 7-dpf larval ze-
brafish expressing the calcium indicator H2B-GCaMP6.
We achieve a volume coverage of 400 × 800 × 250 (x-y-z )
µm3 (sampled by 52 z -planes) at a 0.5 Hz volume rate
with single-cell resolution, while simultaneously monitor-
ing swimming behavior with a wide-field camera (Fig. 5).
The total average laser power delivered to the sample
from the three illumination arms was 490 mW in the
objective-scanning mode for several minutes with no ap-
parent phototoxicity. We went further to assess whether
this excitation dosage was tolerable by exposing the ani-
mal for 11 hours, and observed no change in the calcium
dynamics or any phenotypic signs of phototoxicity.

IV. CONCLUSION

An instrument with two independently controlled
light-sheet microscope-twins sharing the same light
source has been designed and presented. The design
makes economical use of the power of modern lasers,
dramatically reducing the cost of two microscopes, and
increasing the imaging throughput compared to a sin-
gle scope, which is particularly important for systematic
and quantitative studies of biological processes that oc-
cur over many hours or days. Each twin provides sample
flexibility through operation in both 1P and 2P excita-
tion modes, the delivery of one to three light-sheets via a
trio of orthogonal excitation arms, sub-micron to micron
imaging resolution, multicolor compatibility, and built-
in modularity to tailor the instrument around a specific
sample and scientific question, all of which are often not
easily done on a comparable, single system. We demon-
strate the utility of the instrument by rapid single-plane
imaging of the beating heart in a living zebrafish em-
bryo. We also image patient-derived tumor organoids,
and show the superior performance of 2P over 1P excita-
tion in this relatively large and opaque sample. By opti-
mizing the flex-SPIM for investigating the neural dynam-
ics that drive behavior in larval zebrafish, we more than
double the depth-coverage of 2P functional whole-brain
light-sheet imaging without comprising spatiotemporal
resolution. The flex-SPIM instrument can be replicated
as described, or modified and further optimized. For ex-
ample, the AOTF and/or Pockels cell can be used to gen-
erate intensity-modulated illumination patterns for inco-
herent structured-illumination to enhance the contrast
in more scattering specimens.30 Live organoid imaging is
another example. Since 3D cell culture systems demand
special environmental conditions to survive, successful
modification of the instrument would require designing
a new sample chamber rig with both temperature and
CO2 control, in which plane-wise detection is likely done
in an inverted geometry.

FIG. 10. Whole-brain functional imaging in behaving 7-dpf
transgenic larval zebrafish expressing nuclear-localized H2B-
GCaMP6S. Maximum-intensity projections of calcium activ-
ity are color-coded in time over the 10-minute recording win-
dow. Active neurons that exhibit fluorescence change during
the recording appear as colored dots. Volume of 400 × 800
× 250 (x-y-z ) µm3 is sampled by 52 z -planes (4.8 µm z -steps)
at 0.5 Hz with 11× magnification. Movie S3 shows a 3D ren-
dered movie of the same data. Scale bar, 100 µm.

Appendix: Supplementary material

See supplementary material for a detailed list of the
main flex-SPIM parts (Table SI), 1P-SPIM imaging of
the beating embryonic zebrafish heart (Movie S1), a vol-
ume rendering of patient-derived tumor organoids (Movie
S2), a 2P-SPIM recording of neural activity in a behaving
animal (Movie S3), and simulations of scan lens perfor-
mance (Supplementary Note 1).
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