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Abstract

Serial section electron microscopy (ssEM), a technique where volumes of tissue can be anatomically recon-
structed by imaging consecutive tissue slices, has proven to be a powerful tool for the investigation of brain
anatomy. Between the process of cutting the slices, or “sections,” and imaging them, however, handling 10°—
10° delicate sections remains a bottleneck in ssEM, especially for batches in the “mesoscale” regime, i.e.,
10°-10° sections. We present a tissue section handling device that transports and positions sections, accu-
rately and repeatability, for automated, robotic section pick-up and placement onto an imaging substrate. The
device interfaces with a conventional ultramicrotomy diamond knife, accomplishing in-line, exact-constraint
trapping of sections with 100-um repeatability. An associated mathematical model includes capillary-based
and Stokes-based forces, accurately describing observed behavior and fundamentally extends the modeling
of water-air interface forces. Using the device, we demonstrate and describe the limits of reliable handling of
hundreds of slices onto a variety of electron and light microscopy substrates without significant defects (n=8
datasets composed of 126 serial sections in an automated fashion with an average loss rate and throughput
of 0.50% and 63 s/section, respectively. In total, this work represents an automated mesoscale serial section-
ing system for scalable 3D-EM connectomics.
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(s )

Serial section electron microscopy (ssEM), a technique where volumes of tissue can be anatomically recon-
structed by imaging consecutive tissue slices, has proven to be a powerful tool for studying neuroanatomy.
However, between the process of cutting the slices and imaging them, handling 10°—106 delicate slices, or
“sections,” remains a bottleneck in ssEM, especially for batches in the “mesoscale” regime, i.e., 10°~10°
sections. Here, we present a section handling device that transports and positions sections for automated,
robotic section pick-up and placement onto an imaging substrate. As a part of this device, we characterize
a trapping technique that utilizes curvature-induced capillary-based forces and hydrodynamic Stokes drag-
based forces. In total, this work represents an automated mesoscale serial sectioning system for scalable
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Introduction

Serial section electron microscopy (ssEM) has proven
to be a powerful tool for the investigation of the brain,
from analyzing millimeter-scale neuronal circuits to

Received August 14, 2019; accepted December 18, 2019; First published
February 24, 2020.
The authors declare no competing financial interests.

March/April 2020, 7(2) ENEURO.0328-19.2019 1-12

studying localized ultrastructure (Hildebrand et al., 2017;
Zheng et al., 2018; Karimi et al., 2019). To this end, the
ability to process serial sections, i.e., the cutting of
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sections on an ultramicrotome and placing the sections
onto an EM substrate, has remained a critical and chal-
lenging step in ssEM. In recent years, research groups
using ssEM have diverged into two primary camps: (1)
millimeter-scale ssEM, which uses predominantly auto-
mated tools, collects petabyte-sized datasets composed
of 10*-10° serial sections, and investigates questions of
neuronal circuit connectivity (Hayworth et al., 2014;
Kasthuri et al., 2015; Lee et al., 2016; Hildebrand et al.,
2017; Zheng et al., 2018; Karimi et al., 2019); (2) “tradi-
tional” ssEM, which employs predominantly manual tech-
niques, collects gigabyte-sized datasets composed of
10°-10" sections, and investigates questions of localized
neuroanatomy (de Lima et al., 2012; Kuwajima et al.,
2013; Androuin et al., 2018; Burgoyne et al., 2018; Hafner
et al., 2018). As a result, serial sectioning has become
more specialized and is predominantly conducted, corre-
spondingly, one of two ways: automated tape ultramicro-
tome (ATUM) serial sectioning for millimeter-scale ssEM
(Hayworth et al., 2006) and ribbon-based, manual serial
sectioning for traditional ssEM (Harris et al., 2006). While
the field has investigated a wide range of neurobiological
questions, from dendritic spine geometry to large-scale
cortical wiring diagrams, there remains an important need
to collect and study mesoscale datasets, i.e., terabyte-
sized datasets composed of ~10>-10° serial sections
(Bock et al., 2011; Lee et al., 2016; Zheng et al., 2018;
Chirillo et al., 2019). Within the mesoscale domain, a vari-
ety of neurobiological questions remain to be answered,
e.g., questions of synaptic vesicle density, axonal fascicu-
lation patterns, and neuronal ultrastructural variation. In
each of these examples, a few dozen serial sections
would be insufficient to answer these questions, while
several thousand serial sections would be impractical.
Thus, there is a need to develop appropriate tools for
mesoscale serial sectioning to enable broader access
to ssEM and accelerate the pace of neurobiological
investigation.

The first described methods for collecting serial sec-
tions originate from the mid-1950s, where ribbons of sec-
tions are manually picked up onto a slot grid for
transmission EM (TEM; Dowell, 1959; Ware and LoPresti,
1975; Harris et al., 2006). This methodology has remained
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a standard in the field of ssEM, due to its convenience
and relative ease when processing a few dozen serial sec-
tions. While a variety of methods to reduce or completely
remove human skill from serial sectioning have been de-
scribed (Barnes and Chambers, 1961; Westfall and Healy,
1962; Lee et al., 2018), the automation of serial has con-
verged on continuous, tape-based approaches (Hayworth
et al., 2006). While this method is efficacious for collecting
thousands of serial sections, the subsequent imaging of
the sections is non-trivial. Conventional scanning EM
(SEM) is prohibitively slow (Briggman and Bock, 2012),
while TEM requires customization of a TEM for tape sub-
strate imaging (Bock et al., 2011; Zheng et al., 2018). (As
an aside, advances in multibeam SEM have enabled high-
throughput SEM imaging, the limitation now being the cost
of a multibeam SEM; Eberle et al., 2015.) For whichever
imaging modality, storing, accessing, and analyzing data-
sets that are composed of thousands of images, i.e., sev-
eral petabytes of data, is not a trivial task. Thus, there
remains a need for an automated serial sectioning method-
ology specifically designed for mesoscale ssEM studies.

In the following, we describe an automated, mesoscale
serial sectioning platform that uses a curvature-induced
capillary-interaction-based (i.e., capillary-based), and
hydrodynamic force-based (i.e., Stokes-based) trap to
passively constrain sections with high accuracy and re-
peatability. In this method, individual sections are con-
strained in a stable force-equilibrium state akin to that of
kinematic couplings used in precision machine design
(Slocum, 1992; Rothenhofer et al., 2013; Lee et al.,
2018a). Subsequently, the sections are picked-up with a
loop end-effector that is rigidly affixed to a robotic,
three-axis precision linear stage system. The end-effec-
tor is calibrated such that its pickup location is matched
to a predetermined trapping location; as a result, serial
sections are collected without the need for feedback
control. Once removed from the waterboat, sections are
placed directly onto a heated electron or light micros-
copy substrate for downstream imaging. In total, we de-
sign, fabricate, and characterize, with mathematical
modeling and experimental validation, an open-loop, au-
tomated mesoscale serial sectioning system for scalable
3D-EM connectomics.

Materials and Methods

In this system, individual sections are cut using a dia-
mond knife on a conventional ultramicrotome into an ad-
joining waterboat. Prior to sectioning, our trapping device
is installed within the waterboat, as shown in Figure 1A,
otherwise, the ultramicrotome setup is unchanged from
conventional ultramicrotome setup.

The section is transported away from the knife edge
after it is cut and towards the trap via water flow, i.e., via
hydrodynamic forces, as illustrated in Figure 1B. As a sec-
ondary measure, to overcome adhesion forces between
the section and knife where hydrodynamic forces were
not sufficient, an eyelash end effector, that was rigidly af-
fixed to the robotic linear stage system, was used to auto-
matically move the section away from the knife edge.
Upon reaching the trap, sections are repelled by
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Figure 1. Diagram of diamond knife waterboat with trapping device installed. A, The trapping device, shown within the waterboat,
is composed of two semicircular trapping posts and two parallel walls that separate the waterboat into three channels. When the
water level is set to a typical cutting level, the channel walls do not protrude significantly from the water; the trapping posts, on the
other hand, protrude roughly 1 mm from the nominal water surface, thereby creating curvature-induced capillary interactions (see
cross-section view CC). Air needles are attached to the distal end of the waterboat to provide hydrodynamic forces. B, Top view of
trapping device, corresponding to the region bounded by the dashed line in A. The air needles supply pressurized air which induce
a symmetric water flow pattern with average water velocity, vyater, @s shown. The forces trapping the section are modulated by the
section size, Wsection, the trap width, wy.,, the trap height, hy,, (see cross-section view CC), and the average water velocity, Vyarer-
CC, Cross-sectional view of the trapping device at the trapping posts. Outside of the center channel, the water level remains flat, as
shown. Near the trapping posts, the water is pins to the height of the trapping posts, hy.p, thereby creating local curvature in the

Trapping device

water surface.

curvature-induced capillary forces, establishing a static
equilibrium. From this location, the section is picked up
by a loop end-effector and placed onto a heated imaging
substrate, e.g., silicon wafer, glass slide, in a prespecified
pattern such that the order of the serial sections is known.
In the loop end-effector, the section is held in place via
surface tension forces; on placement on the heated sub-
strate, the residual water evaporates and the section lies
down onto the substrate in a wrinkle-free fashion. The
loop end-effector, being rigidly affixed to a robotic linear
stage system, is calibrated to match the trapping location
of the section; thus, sections are collected in an open-
loop fashion, i.e., without the need for feedback control.

Experimental methods

Bulk resin blocks (EPON812) were trimmed manually to
the appropriate cross-sectional area (~1.5 x 1.5 mm).
Resin blocks were placed within the ultramicrotome
(Leica UC7) sample chuck and not removed until all ex-
periments trials were completed. Section trapping devi-
ces were designed using computer-aided design (CAD)
software (SolidWorks). An example of a trapping device is
shown in Figure 2A with corresponding finite element
model mesh grid and solution in Figure 2B.

All devices were designed to interface with a Diatome
Ultra 45 diamond knife with standard waterboat. Subse-
quently, design files were postprocessed for 3D printing
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using CAM software (PreForm) and fabricated using a
stereolithography (SLA) 3D printer (Formlabs, Form 2,
Clear Resin). Upon completion, device dimensions were
manually verified for accuracy.

Prior to sectioning, the trapping device was placed
within the diamond knife waterboat (Fig. 2C). Being de-
signed for the waterboat, the trapping device sits level
with the outer walls of the waterboat (Fig. 2C). Once in-
stalled, the waterboat is filled with water, as typically con-
ducted for ultramictromy, and aligned with the resin
block. Two needles were placed symmetrically at the dis-
tal end of the waterboat to induce symmetric water flow
patterns within the waterboat (Fig. 2C). The needles were
mounted to the waterboat using a custom fixture and
were connected to a pressurized air cylinder. Air flow was
regulated using a precision pressure regulator (Omega/
ProportionAir QPV Series). A calibration was conducted
to correlate the pressure regulator control voltage with
water velocity.

For characterizing and testing the section trapping de-
vice accuracy and repeatability, two experiment para-
digms were used: single section testing and multisection
testing. For single section testing, the same section was
trapped 10 times across 10 trials. In each trial, a video of
the section was recorded for at least 10 s at ~10 fps. For
multisection testing, 10 different sections were trapped
once, thus composing 10 trials. Between trials, the previ-
ous section was removed from the waterboat and
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Figure 2. CAD model with finite element analysis. A, Isometric view of the trapping device designed in SolidWorks. This model has a
trap width of 3.0 mm and a trap height of 0.5 mm. Scale bar: 3 mm. B, Top view of Young-Laplace equation solution domain. The
domain is split symmetrically along the centerline, with the left side showing the finite element mesh and the right side showing the
finite element solution for the interfacial height. C, Photograph of experimental setup with inset showing the induced curvature be-
tween the trapping posts. The trapping device is shown installed in the waterboat with water filled to appropriate height for section-
ing. Air needles are mounted on the distal end of the waterboat using a custom fixture, which provide the hydrodynamic forces. A
metal tube is shown protruding from the distal end of the waterboat used for modulating water level. Scale bar: 5 mm.

discarded and a new section was cut. In each trial, a
video of the section was recorded for at least 10 s at 10
fps. In all experiments, the water level was maintained
manually, using a syringe, to minimize effects due to
water evaporation. For each trap design paradigm, 10 sin-
gle section trials, i.e., trapping of the same section 10
times, and 10 multisection trials, i.e., 10 unique sections
each trapped once, were conducted and videos of each
trial were recorded. These videos were analyzed post hoc
to extract the section centroids and quantify the trap ac-
curacy and repeatability. Videos were imported into
MATLAB for accuracy and repeatability analysis. For each
video, a custom script was used to automatically identify
the section centroid in each frame. For videos where con-
trast was insufficient for automated centroid identifica-
tion, manual region of interest (ROI) selection was used.
For accuracy measurements, the centroid measurements
were compared with a fixed origin or “target” defined as
the midpoint between the trapping posts and along the
waterboat centerline, as shown in Figure 1B. For repeat-
ability measurements, we used the SD of the centroid
measurements.

In designing our device for trapping serial sections, we
performed a parameterization study to understand the ef-
fect of various trap parameters. We fabricated and tested
eight different device designs: four designs to vary the
trap width (W, = 1.5-3.0 mm) while holding the trap
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height constant (hs4, = 0.5 mm) and four designs varying
the trap height (h44, = 0.5-0.84 mm) while holding the trap
width constant (W, = 3.0 mm), as defined in Figure 1B,
C. For all trap width modulation experiments, sections
were cut at nominally 250 nm; for all trap height modula-
tion experiments, sections were cut at nominally 200 nm.
The system was calibrated such that average water velocity
was ~1 mm/s to ensure laminar flow. From these experi-
ments, an optimal trap design was selected and long-term
automated serial sectioning experiments were conducted;
for long-term automated serial sectioning experiments,
sections were cut at 250 nm. The cutting speed for the ul-
tramicrotome was set to 0.30 mm/s for all experiments.
During long-term serial sectioning experiments, an indi-
vidual section is cut using a diamond knife (Diatome) on a
conventional ultramicrotome (Leica UC7) into an adjoining
waterboat. In cases where the section stuck to the knife
edge, an eyelash end-effector, rigidly affixed to a robotic
linear stage system (ThorLabs) and manually calibrated
such that the eyelash end-effector would detach sections
stuck to the knife edge, was used to remove the section
from the knife edge. Upon being transported to the trap,
the section is picked up by a loop end-effector (TedPella,
inner diameter=2.5 mm) and placed onto an adjacent
heated imaging substrate (~95°C), e.g., silicon wafer,
glass slide, in prespecified grid pattern. The loop end-ef-
fector is rigidly affixed to the robotic linear stage system
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and is manually calibrated to match the trapping location
of the section. Once all the water has evaporated from the
loop end-effector and the section has dried down onto
the substrate, the loop end-effector returns to the pickup
location, but above the water level, to await the next sec-
tion for pickup. Sections were placed in a 14 x 9 grid with
3-mm spacing, equating to 126 sections per trial. Trials
were limited to this number due to the size of the substrate.
Between trials, the substrate was replaced with a new,
empty substrate, the diamond knife was cleaned, and the
loop and eyelash end-effectors were re-calibrated. During
these experiments, a syringe pump (Harvard Apparatus)
was used to maintain a constant water level: 6.5 pl of water
was added with each section that was cut and removed
from the waterboat. Adjustments to the water level were
made manually roughly every 20 sections. The ultramicro-
tome was placed within an enclosure to isolate the system
from macroscopic temperature or humidity changes as
well as shield the ultramicrotome from external disturban-
ces, e.g., air currents and vibrations.

Samples were prepared for EM using previously pub-
lished methods for EM staining (Hua et al., 2015). Prior to
SEM imaging, samples were imaged on a Zeiss Smartzoom
5 automated digital microscope to locate fiducial markers
and obtain low-magnification mosaic images. SEM imaging
was conducted using a multibeam SEM (Zeiss MultiSEM
506) at 30 kV. TEM was conducted using a JEOL 1200EX-I|
with accelerating voltage 120kV. Samples placed onto
glass slides for light microscopy were stained with toluidine
blue for 30 s at 80°C and then imaged using a Leica DM6
microscope.

Mathematical modeling

A mathematical model was used to predict the trapping
location of each trap design. The model is composed of
two force contributors leading to a static equilibrium: cur-
vature-induced capillary interactions and hydrodynamic
forces. To model the effect of curvature-induced capillary
interactions, we first needed to solve the Young-Laplace
equation for each of our trap designs. In general, the
Young-Laplace equation relates the shape of a fluid-fluid
interface (i.e., water-air interface) to the difference in cap-
illary pressure. By solving this equation, we are able to ob-
tain the height of the water (h) at all points within the trap.
Subsequently, we use the solution for height of the water
to calculate the water height Laplacian (V2h), which we
then use to compute the capillary force acting on a sec-
tion within our trap. To model the effect of hydrodynamic
forces, we used the Stokes’ drag force formulation. All pa-
rameters within our model were matched to that of experi-
mental parameters, e.g., mean water velocity, section
thickness. Using a force balance, we created a mathemat-
ical model to predict the centroid trapping location of a
section for each trap design.

Curvature-induced capillary interactions

For each trap design, the model file was imported into a
finite element analysis software (COMSOL) to solve the
Young-Laplace equation for the water height within the
device domain, as shown in Figure 2B. A two-dimensional
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domain matching the waterboat wetting conditions was
selected, and a mesh was automatically generated, limit-
ing the maximum element size to 0.025 mm to ensure suf-
ficient spatial resolution of the solution and solution
convergence, as shown in Figure 2C, left. In setting the
boundary conditions, the water height at the trapping
posts was set to match the height of the trapping posts,
ranging from h=0-0.84 mm, while all other boundaries
were set to a water height of zero. Upon solving the
Young-Laplace equation, written as

Ap =2vH, (1)

where Ap is the Laplace pressure for the water-air inter-
face, v is the surface tension coefficient for a water-air in-
terface at 25°C, and H is the mean curvature of the fluid-
fluid interface, the solution for the surface height (h) and
surface Laplacian (V2h) were exported as text files; an ex-
ample of the surface height solution is shown in Figure
2B, right. These solutions were then imported into a cus-
tom MATLAB script to calculate the capillary force at
each point in the domain. From prior literature, the curva-
ture-induced capillary force, F, can be written as

F. = 2myH,R2V?h, @)

where v is the surface tension coefficient for a water-air
interface at 25°C, H,, is the mean water deformation am-
plitude surrounding the section, R, is the particle radius,
i.e., the section thickness, and V? h is the surface height
Laplacian (Stamou et al., 2000; Cavallaro et al., 2011).

Hydrodynamic force modeling
The Stokes’ law drag formula for thin sheets can be
written as

Fg = 4mpuL.Cav, 3)

where p is the viscosity of water at 25°C, C, is the drag
coefficient of a thin plate, v is the average water velocity,
taken from our calibration curve, and L. is the characteris-
tic length of the section, defined as

LC = \/Wgecﬁon +h§ection + t27 (4)

where Wgection, Nsection, @and t are the section width, height,
and thickness, respectively (Saffman, 1976; Stamou et al.,
2000; Cavallaro et al., 2011). (Derivations of Equations 2,
3 are provided below, Derivation of Stokes’ law.) Given
the density and viscosity of water at 25°C, the size of the
trapping device (~1 mm), and the average water velocity
(~1 mm/s), we calculate a Reynolds number of order
unity, thus we assume laminar flow. The average water
velocity was measured only for the trapping domain, thus,
we assume the Stokes’ drag force calculation to be valid
within the trapping domain. By subtracting the calculated
Stokes’ drag force, Fg, from the curvature-induced capil-
lary force, F., and looking for the location where these
two forces are equal and opposite in magnitude and di-
rection, respectively, we are able to predict the trapping
location of a section within the trapping device.
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Derivation of Stokes’ law

The derivation of the formula describing the drag force act-
ing on a sphere of radius a and velocity U, moving through a
viscous fluid with density p and viscosity u, was first de-
scribed by G. Stokes in 1851. In the following, we re-derive
Stokes’ law and give further commentary on its applicability
to thin sheets, i.e., ultrathin sections, moving through a fluid.

The Navier-Stokes equations for an incompressible
Newtonian fluid can be written as

0= -Vp+uViu (3-1)

0=V-u, (3-2)

where Equation 3-1 represents the conservation of mo-
mentum, while Equation 3-2 represents the conservation
of mass. Recalling the vector calculus identity

V(V-u)—V2u=V x(Vxu),
and applying Equation 3-2, we are able to rewrite
Equation 3-1 as

Vp = —u(V x (V x ) (3-3)

Next, we introduce a spherical coordinate system with
a sphere of radius r = a and origin placed at the sphere’s
center. Furthermore, we assume axisymmetric flow so
that v is independent of ¢ in our spherical coordinate sys-
tem. This assumption, combined with the previous as-
sumptions of incompressible flow in a Newtonian fluid,
allows us to relate the flow velocity vector, u, with the
Stokes stream function, ¢, written in component form as

1 6y

Ur = 2sing 50 3-4)
1 54

Yo =~ isine or (-9

As an aside, stream functions are useful in that they
allow us to solve the incompressible Navier-Stokes equa-
tion by imposing a relationship between the velocity com-
ponents and partial derivatives of the stream function.
Equations 3-4, 3-5, given above, come naturally from
Equation 3-2, given axisymmetric flow.

Recalling vorticity, », defined as

o=V xu, (3-6)

and applying Equations 3-4, 3-5, we can see the vorticity
vector is equal to

0
0

©=1 1 6zl//+sinei<1 5_¢) 8D
rsin@ \ 6r? r2 660 \sinf 60

where the only non-zero component is the azimuthal
component, as expected due to the assumption of axi-
symmetric flow. Equation 3-7 can be written more suc-
cinctly as
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! Ly (3-8)
wy = — -
¢ rsinf ~ "’
where L is a differential operator defined as
8% sing 5 (1 &
L=—+——|——]. -
érz r2 56 (sinB 80) (3-9)

Applying Equations 3-8, 3-9 to Equation 3-3, we can re-
write the conservation of momentum as

—u (6 .
. - (wgsing
rsiné (60 (@St

m(o
r <8r rw¢))
0

Vp=—-—uV xXw= (3-10)

Furthermore, recalling the vector calculus identity,
V- (VxA)=0, (3-11)

we can rewrite the conservation of momentum equation as

—u [ 6 .
rsin6 (30 (wd’S”w)

V-Vp=-uV-(Vxw)=V- M<5 >
- 5("‘%)
0
=0.
(3-12)
Applying Equations 3-8, 3-9, we arrive at
16 1 6 ) 1 6
250 (m%“‘”)*a <s—/n95<“”>> =0
(3-13)

To solve this partial differential equation, we apply sep-
aration of variables in the form

o = sin®0f(r) (3-14)
to Equation 3-13 and obtain
52 2)2
(W_r_z f=0. (3-15)
We assume f(r) to take the form
f(r)y=r*. (3-16)
Substituting this into Equation 3-15, we obtain
(- 1A - 2)(A— 4)=0 (3-17)
Thus, the general solution of Equation 3-13 is
f(r) :é+Br+Cr2+Dr4. (3-18)
Applying the boundary conditions
u- =uy, =0|,_,, (3-19)
eNeuro.org
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(this can be thought of as the “no-slip” condition on the
surface of the sphere) and

(3-20)

1
¥ ==r’sinou|,__,

2 C
i.e., the velocity approaches the free-stream velocity far
from the sphere, we write the values for the coefficients A,
B, C,and D to be

A-luzg- -3

4 ZUa,C:

U
5.D=0.

Thus,
1,,(8 2\ ain?
y(r,0) :ZU 7—3ar+2r sin“g. (3-21)

Furthermore, recalling Equations 3-4, 3-5, 3-10, we can
write

a® 3a
u(r,0) = U(ﬁ—§+1>cose, (3-22)
Uy (r, 0 —U(a—3+3—a— 1>sin6 (3-23)
IRV TSR ’
3aul
= . -24
p(r,0) ( o2 )cose (3-24)

To calculate the drag force acting on the sphere, we
can sum the forces due to the pressure, i.e., forces normal
to the sphere surface, and forces due to the viscous
shear, i.e., forces tangent to the sphere surface. These
can be calculated as

T

Fpressure = 27732/,0(1’, 6)sinfcosfdd = 2maull  (3-25)
0
and
Fihoar = 27> / T4SIN2000 = 4mraul, (3-26)
0
where 7,4 is defined as
5 (U, 1/ 68
Trg = — M (rg (T) + F <%U,)> (3'27)
Thus,
F. drag = F, pressure +Fohear = 6mapl. (3-28)

Hence, we are left with Stokes’ law, as written in
Equation 3-28 (Stokes, 1851). For the case of a cylinder,
with radius a and length h, rotating in a fluid, the drag
force acting on the cylinder can be written as

Furag = 4mpuhCyU(Saffman, 1976) (3-29)
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where u is the fluid viscosity, Cq4 is the shape-factor (for
consideration of objects with finite size), and U is the free-
stream velocity. Thus, we take this case to be equivalent
to that of an infinitesimally thin sheet (i.e., ultrathin sec-
tion) moving along interface of two fluids, with one fluid
having significantly greater viscosity than the other, i.e.,
the water-air interface.

Results

The device as designed and fabricated in shown in
Figure 2. An image of an individual section trapped within
the device is shown in Figure 3A.

For this trial, the trap width was set to 2.5 mm and the
trap height to 0.5 mm. From this image, we can see that
the section is trapped between and above the semicircu-
lar trapping posts due to the balance of curvature-in-
duced capillary interactions (Fig. 3A, orange) and Stokes’
drag force (Fig. 3A, green).

The section’s centroids over a 10-s duration is shown in
Figure 3B, plotted with respect to its mean centroid posi-
tion within this duration. The distance along the y-axis be-
tween the mean centroid position and the target, defined
as the midpoint between the trapping posts and along the
waterboat centerline, was calculated and plotted against
the pertinent design parameter (trap height or trap width),
as shown in Figure 3C,D, respectively.

Using a trapping device with trap width and height
equal to 2.5 and 0.5 mm, respectively, we performed
long-term automated serial sectioning experiments, plac-
ing the sections onto a variety of substrates to demon-
strate the utility of the system. A photograph of a series of
100 serial sections (mouse cortical tissue, nominal section
thickness =60 nm) is shown placed onto a silicon wafer in
Figure 4A.

A top-view low-magnification light micrograph of the
same sections is shown in Figure 4B, and a high-magnifica-
tion scanning electron micrograph is shown in Figure 4C. A
mosaic, low-magnification light micrograph of 52 serial sec-
tions (rat optic nerve tissue, section thickness=250nm) is
shown in Figure 4D. In this experiment, sections were
placed onto a glass slide and stained for optical contrast
with Toluidine blue. A high-magnification image of an indi-
vidual optic nerve section is shown in Figure 4E, and an
image of three serial sections (human cortical tissue, nomi-
nal section thickness 40nm) is shown in Figure 4F. These
sections are placed on an aluminum substrate with aper-
tures covered with Luxel support film for TEM imaging. A
representative high-magnification transmission electron mi-
crograph is shown in Figure 4G.

Discussion

As shown in Figure 3A, individual sections are trapped
between the two semicircular pillars, i.e., along the chan-
nel centerline and lying upstream from the pillars in the
positive y-axis direction. This is likely facilitated through a
balance of curvature-induced capillary interactions and
Stokes-based drag forces. In this way, the trap conforms
to the exact constraint design principle, which states that
the number of points of constraint and number of degrees
of freedom (DOF) should be equal (Blanding, 1999). The
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Figure 3. Trap design parameterization experiment and modeling results. A, Single frame showing an individual section trapped
within the trapping device. The section is trapped via balance of curvature-induced capillary interactions, F. (orange), and Stokes
drag forces, F4 (green). The calculated centroid (black crosshair) and the defined target (red cross) are shown. The orientation of the
Xx- and y-axes relative to the trapping device is shown in the bottom left. Scale bar: 1 mm. B, Scatter plot of section centroid posi-
tions for a single trap design with Wirap = 2.5 mm, hyap = 0.5 MM, Weeciion = 1.5 mm. Ten sections were individually trapped and
their positions recorded over time. For each section, we analyzed its local movement within the trap over 10 s; videos were re-
corded at 10 fps. All of the centroid positions are shown from all 10 trials (black x). The x-component centroid position distribution
is shown above the scatter plot (Xst. gev. = 91 um); the y-component centroid position distribution is shown to the right of the scat-
ter plot (yst. gev. = 62 um). The centroids are plotted relative to the mean centroid position. Plot axes are given in millimeters. C,
Distance between the mean centroid position and target along the y-axis plotted versus the trap height. The mathematical model
(black circles) shows a non-linear increase in the distance between the mean centroid position and target along the y-axis as the
trap height increases. This trend shows good alignment with our single section (red) and multisection (blue) experiment results
(RMSE =0.27 mm). D, Distance between the mean centroid position and target along the y-axis plotted versus the trap width. The
mathematical model (black circles) shows a non-linear decrease in the distance between the mean centroid position and target
along the y-axis as the trap width increases, showing good alignment with our single section (red) and multisection (blue) experi-

ment results (RMSE =0.31 mm).

number of DOF experienced by the section is three: two
DOF due to linear translation along and x- and y-axes,
and one DOF due to in-plane rotation. As illustrated in
Figure 3A, the symmetric semicircular trapping posts
provide two capillary-based forces (orange arrows),
pointing from the center of the semicircular posts and to-
wards the section centroid, and one restoring, Stokes-
based force pointing down (green arrow), i.e., negative
y-direction, towards the section centroid. In total, this
trapping device represents a non-Hertzian contact-
based kinematic coupling that could be useful for trap-
ping soft matter (Young’s modulus, E, ~1MPa), as
opposed to traditional Hertzian contact-based kinematic
couplings used for conventional engineering materials
that have Young’s modulus ~1 GPa and rely on minimal
deformation of the trapped material under the influence
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of the contact and restoring forces (Slocum, 1992;
Rothenhdofer et al., 2013).

In analyzing the stability of section trapping over a 10-s
duration, as shown in Figure 3B, we observe that the dis-
tribution of the centroid positions along both the x- and y-
axes remains symmetric about its mean value without an
observable bias or skew towards any direction. This is ex-
pected as the section has reached a static equilibrium in
this trapped configuration, thus we do not expect a bias in
the section’s centroid position, which would be caused
by an unaccounted external force. While the section is in
a stable position, we note that the centroid positions
show a non-zero SD. The variability in centroid position
within this 10-s duration could be caused by small varia-
tions in local water flow, in section orientation, or in water
height due to evaporation.

eNeuro.org



Research Article: Methods/New Tools 9 of 12

eMeuro

Figure 4. Examples of serial sections placed onto conventional light and EM substrates. A, Photograph of 100 serial sections of
mouse brain tissue of nominal thickness 60 nm placed onto a silicon wafer. Scale bar: 10 mm. B, Top-view light micrograph of 100
serial sections placed onto a silicon wafer. Sections are placed in a raster-grid formation, with section 1 being on the bottom left
corner, section 2 being above section 1, and section 100 at the top right corner. Scale bar: 3 mm. C, Scanning electron micrograph
imaged using a multibeam SEM. Myelinated axons can be observed for potential sparse reconstruction of neuronal networks. Scale
bar: 10 um. D, Mosaic low-magnification light micrograph of 52 rat optic nerve serial sections cut at 250 nm and placed onto a glass
slide. Sections are stained with toluidine blue for optical contrast. Scale bar: 3 mm. E, Mosaic high-magnification light micrograph
of a rat optic nerve section. Individual axons can be observed within the optic nerve. Scale bar: 100 um. F, Image of three serial sec-
tions (nominal thickness 40 nm) placed onto an aluminum substrate with imaging apertures covered with Luxel support film for TEM.
The loop end effector used to pick-up and placed sections is shown. Scale bar: 1 mm. G, Representative high-magnification trans-

mission electron micrograph of an ultrathin human cortical brain tissue section. Scale bar: 1 um.

In characterizing the section trapping performance of a
function of trap height and width, we found that the dis-
tance along the x-axis between the mean centroid posi-
tion and the target to be constant between all trap
designs (100 = 80 um). This is likely due to the symmetry
about the waterboat centerline, i.e., about the y-axis as
depicted in Figure 3A, for all of the trap designs. While
this value is constant, we observe a non-zero value
although all trap designs share the same symmetry about
the waterboat centerline. This could be explained by the
asymmetry of the section’s geometry.

Furthermore, in analyzing trends in the mean centroid
position along the y-axis, we see that for the trap height pa-
rameter study, our model (Fig. 3C, black circles) predicts that
the distance between the mean centroid position and the tar-
get increases as the trap height increases in a non-linear
fashion while for the trap width parameter study, our model
(Fig. 3D, black circles) predicts that the distance between the
mean centroid position and the target decreases as the trap
width increases in a non-linear fashion. For both the trap
height and width parameter studies, the mean centroid posi-
tions from our single section (Fig. 3C,D, red triangles) and
multisection (Fig. 3C,D, blue triangles) experiments shows
good alignment our mathematical model without any fitted
parameters (RMSE =0.27 mm, RMSE = 0.31 mm, trap height
and width studies, respectively), indicating that the sections
are predominantly trapped via a balance of curvature-in-
duced capillary interactions and Stokes-based hydrodynam-
ic forces. From prior literature, it is likely that the curvature-
induced capillary interactions are quadrupolar-monopolar in
nature (Stamou et al., 2000; Cavallaro et al., 2011; Yao et al.,
2015; Lee et al., 2018a). We note that while a trap height of
0.25 mm was tested, this trap height failed to consistently
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trap sections. Thus, it is likely that a trap height of 0.5 mm
forms a functional lower limit for the robust trapping of serial
sections. Additionally, we tested a trap height of 1.0 mm; at
this trap height, the water fails to pin to the trapping post due
to the inability for the water-air interface to assume such an
extreme meniscus shape. Hence, a trap height of 0.84 mm
represents a functional upper limit for the trapping of serial
sections. Arguably, while the trapping of serial sections
could still be possible for trap heights >0.84 mm, additional
methods would be necessary to know the precise water
height at the trapping posts, e.g., interferometry. For the trap
width study, we limited our minimum trap width to 1.5 mm
as this value approached the section size. Further decrease
in trap width would prevent movement of the section due to
a physical barrier, i.e., the trapping device would behave as a
size filter. Hence, for our section size, a trap width of 1.5 mm
represents a functional lower bound for the trapping for serial
sections. Additionally, for trap widths >3.0 mm, we did not
observe robust trapping of sections; instead, sections flowed
freely through the trapping device without observable reduc-
tion in velocity as it approached the trapping posts; there-
fore, a trap width of 3.0 mm, for our section size, represents
a functional upper bound for the robust trapping of serial
sections.

We see that in both trap design paradigms, the mathe-
matical model capitulates an aliasing or staircase-like ef-
fect; this is likely due to the discretization of the domain
from the finite element analysis and can likely be reduced
by decreasing the mesh element size. While in our analy-
sis, we use absolute values of trap height and trap width,
these variables could be non-dimensionalized by relating
these values to the section geometry. (As an aside with re-
gards to experiment, for selecting an optimal block face
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geometry for this technique, we recommend using rela-
tively isometric block face shapes (e.g., a square, rhom-
bus, etc.). We find that using an isometric block face
shape produces sections that lie along the trapping chan-
nel center line (as opposed to the section position being
biased towards one trapping post), which enables ease of
section pickup with the loop end effector. A formal study
of the block face geometry and its effect on section trap-
ping remains to be conducted.)

Since our system traps sections via a balance of two
forces, capillary interactions and Stokes drag forces, this
static equilibrium can be equivalently stated as the ratio of
these two forces equated to unity. Hence, we introduce a
dimensionless quantity, termed the modified capillary
number, Ca*, that captures this relationship, written as

Fd 47T/.LLCCdV v 1

C8 = = 2aHREveh  yHR,v2h  CRHRNPh
(%)

Notably, this quantity contains a previously defined di-
mensionless quantity, the capillary number, Ca, as shown
in Equation 5. Traditionally, the capillary number de-
scribes the ratio of hydrodynamic to surface tension
forces. While the device for our system uses a balance of
hydrodynamic and surface tension forces, it is important
to distinguish the specific type of surface tension forces
at play: curvature-induced quadrupolar capillary interac-
tions. This is captured by the terms which modify the tra-
ditional capillary number, namely H,, the deformation
amplitude, R,, the particle size, and V?h, the surface
height Laplacian. Moreover, Equation 5 can be used as a
functional design constraint. In systems where Ca* ~ 1,
capillary/Stokes-based trapping can be effectively used.
For systems where Ca* > 1, drag forces dominate; while
for systems where Ca* < 1, capillary interactions have a
greater effect.

In selecting an optimum trap design for long-term auto-
mated serial sectioning experiments, we analyzed the
RMS SEM centroid positions, i.e., the RMS repeatability,
combining both the repeatability along the x- and y-axes
into a single value. We found that for the trap height pa-
rameter study, a trap height of 0.5 mm ceded the smallest
RMS repeatability (60 um). For the trap width parameter
study, while trap widths of 1.5 and 2.0 mm showed the
smallest RMS repeatability values (70 um for both widths),
these designs were incompatible with our section pick-up
method (loop-based pick-up); therefore, we chose to use
a trap width of 2.5 mm, which gave the next-smallest
RMS repeatability (100 um). These values are well below
10% of the section’s characteristic size. By using a loop
end-effector to pick-up the sections with an inner diame-
ter of 2.5 mm, which provided sufficient tolerance to ac-
commodate our observed repeatability values, we were
able to pick-up sections without a feedback control
system.

Upon implementing and using our device to collect se-
rial section datasets, we used SEM (Fig. 4A-C), light mi-
croscopy (Fig. 4D,E), and TEM (Fig. 4F,G) to assess the
quality of the tissue after it had been collected using this
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method. From the photograph of a series of 100 serial
sections collected onto a silicon wafer (Fig. 4A) as well as
the top view image shown in Figure 48, we do not observe
any macroscopic defects, e.g., wrinkles or cracks, which
may have occurred during the collection process.
Because the sections are collected and placed onto a
substrate in an automated fashion, the order of the place-
ment of the sections can be prespecified. As in Figure 4B,
the sections were placed in a raster-grid pattern, i.e., sec-
tion 1 is located at the bottom left corner with section 2 di-
rectly above it and section 100 is located at the top right
corner. In Figure 4C, a high-resolution scanning electron
micrograph is shown, depicting larger myelinated axons
and demonstrating the ability for this technique to be
used for sparse reconstruction of neuronal networks. With
further optimization of tissue staining for SEM, one could
enable dense reconstruction of neural tissue as well as
the study of subcellular structures using this method. In
Figure 4D, out of this series of 52 serial sections, we did
not observe macroscopic defects, e.g., wrinkles and
cracks. This is expected given our ability to collect series
of ultrathin sections with high yield, as shown in Figure
4A,B. While these sections were thicker (nominally
250 nm), we do not expect any fundamental limitations for
this method for even thicker sections. It is conceivable
that this method would be amenable to handling micron-
thickness sections. Furthermore, in Figure 4E, at roughly
100x optical magnification, we do not see any defects
that may have occurred during our serial section collec-
tion process. Additionally, within Figure 4E, individual
axons are observable within the optic nerve, demonstrat-
ing the utility of this method for conventional light micros-
copy investigation of serial sections. This method could
be useful for studying tissue volumes where high in-plane
resolution is necessary while high out-of-plane resolution
is unneeded. An example of this could be in studying
structural variation in the optic nerve and the surrounding
tissue along the length of the optic nerve and its relevance
to myopathy or other vision degenerative diseases (Li et
al., 2019). In demonstrating our system’s compatibility
with multiple imaging modalities, Figures 4F depicts
placement of the sections onto TEM substrates. While
these sections were placed onto a custom aluminum TEM
substrate coated with a plastic support film (Luxel), it is
likely that sections could be placed onto traditional TEM
grids with this technique by placing the sections onto
grids which lie on a grid coating plate, e.g., PELCO Grid
Coating Plate, TedPella. We note that by removing the
human user from this conventionally tedious and highly
dexterous task, the risk of breaking the support film on
the TEM substrate is greatly reduced. The robotically-
controlled, loop end-effector is shown placing one section
onto the substrate, demonstrating accuracy and consis-
tency in placing the sections on the TEM substrate. Within
the high-resolution transmission electron micrograph in
Figure 4G, cross-sections of axons, dendrites, synapses,
and subcellular structures can be observed. While TEM
imaging conventionally allows for high in-plane resolution,
the drawback, often times, is in the need to collect hun-
dreds of serial sections to a substrate prior to imaging.
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Thus, our device could be particularly useful for those al-
ready performing TEM imaging, which automates this
bottleneck.

In total, we demonstrate that this system is amenable to
SEM and TEM as well as conventional light microscopy.
Additionally, we demonstrated the ability of this system to
conduct mesoscale serial sectioning experiments; we col-
lected eight serial section datasets each composed of
126 serial sections with an average section loss rate
0.50% and average throughput of 63 s/section. We see
that due to the repeatability of the trapping device and the
tolerance afforded by the size of the loop, we are able to
repeatably collect ~10? without section damage, provid-
ing a veritable mesoscale serial sectioning method for 3D-
EM connectomics. This method can be scaled to larger
volumes of tissue by collecting serial sections in a batch-
wise process, as previously done (Lee et al., 2018b).

The only failure mode we experienced during our long-
term serial sectioning experiments were sections that
stuck to the knife edge and as a result, were damaged
during collection process. From prior literature, the adher-
ence of sections to the knife edge has been address via a
variety of methods, e.g., dissipation of electrostatic
charging to prevent stick and physical dislodging of sec-
tions via pneumatic actuation (Kolotuev et al., 2012; Lee
et al., 2018b). During our experiments, the humidity and
temperature was recorded to be between 41-42% and
21-22°C; the water level was controlled within *=5pl.
Cutting and trapping parameters were kept constant be-
tween all experiments. The same tissue block was used
for all experiments. Thus, with similar experimental pa-
rameters, serial sectioning experiments composed of
~10? can expect <1% section loss rate. For longer serial
sectioning experiments (i.e., >10° serial sections), further
precision in the control of the experimental parameters is
likely necessary if a 1% section loss rate is necessary,
when using this serial sectioning method. For larger data-
sets, a viable alternative may be the implementation of an
ATUM-based serial sectioning system. While ATUM-
based serial sectioning is capable of collecting mesoscale
datasets, certain biological methods require imaging sub-
strates other than Kapton tape, e.g., immunolabeling
(Micheva and Smith, 2007; Lam et al., 2015; Fang et al.,
2018). Additionally, while ribbon-based serial sectioning
is capable of collecting mesoscale datasets, these are
typically herculean efforts not readily replicated across re-
search institutions. For many neurobiology labs already
equipped with an ultramicrotome and an electron or light
microscope, this system could be readily adopted in a
piece-meal fashion, e.g., the trapping system could be
used without a robotic pick-up system. In this case, the
need for highly-trained, dexterous users would be amelio-
rated, and the traditional serial sectioning workflow would
remain mostly unchanged. Another case could be adopt-
ing this system for compatibility with a tape-based sub-
strate. As previously mentioned, immunolabeling could
provide additional orthogonal information to a serial sec-
tion dataset; thus by using a robotic pick-and-place sys-
tem to place sections onto a variety of substrates, e.g.,
one out of every 10 sections is placed onto a glass slide
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and processed for immunolabeling while the rest are im-
aged with EM, one could obtain both neuroanatomical
and proteomic data (Randel et al., 2015; Williams et al.,
2017).

With recent advances in automated segmentation of serial
section EM datasets, the analysis of mesoscale datasets
consisting of 10°-10* sections becomes possible without
significant effort from human annotators. Additionally, due
to the amenability of this serial section collection methodol-
ogy to various substrates, this method could be extended to
other substrates, such as silicon nitride for transmission
SEM studies (Kuwajima et al., 2013, Lee et al., 2018b).
Future work for this methodology may investigate a variety
of parameters, such as section thickness, surface tension
coefficient, and fluid viscosity. With regards to the study of
section thickness, from preliminary results, it appears that
the system remains stable within the 50- to 500-nm thick-
ness range. Additionally, this technique could be useful in a
broader context of biological sciences. Historically, EM has
been a powerful tool for studying cellular ultrastructure; ac-
cordingly, the widespread adoption of 3D-EM could lead to
new discoveries not only in neuroscience, but also in in mo-
lecular and cell biology.

Conclusion

In total, this work represents an automated mesoscale
serial sectioning system for scalable 3D-EM connectom-
ics. From our experiments, we demonstrate the ability to
repeatably collect ssEM datasets, composed of 126 serial
sections, in an automated fashion with an average loss
rate and throughput of 0.50% and 63 s/section, respec-
tively (n=8 trials). Furthermore, we show with light and
EM imaging, the ability to collect serial sections onto a va-
riety of electron and light microscopy substrates without
significant defects or loss. As shown with modeling and
experiment, our trapping device, accurately and repeat-
ability positions sections through a balance of curvature-
induced capillary interactions and Stokes-based drag
forces. We designed, fabricated, and characterized the
trapping device, identifying an optimal design from a par-
ametrization study (RMS repeatability = 100 um), thereby
enabling collection of sections using open-loop control.
Computationally, our mathematical model accurately pre-
dicts the trapping position of the sections over a range of
trapping parameters (RMSE =0.27 mm). Experimentally,
our device interfaces with a conventional ultramicrotomy
diamond knife, accomplishing in-line, exact-constraint
trapping of sections within the waterboat. This design,
model, and experiment extends the modeling of water-air
interface forces as well as demonstrates a useful tool for
mesoscale serial sectioning EM, an important need in the
field of neuroanatomy, connectomics, and neuroscience.
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