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Lipid membranes are key to the nanoscale compartmentalization of biological
systems, but fluorescent visualization of them in intact tissues, with nanoscale
precision, is challenging to do with high labeling density. Here, we report
ultrastructural membrane expansion microscopy (umExM), which combines
an innovative membrane label and optimized expansion microscopy protocol,
to support dense labeling of membranes in tissues for nanoscale visualization.
We validate the high signal-to-background ratio, and uniformity and con-
tinuity, of umExM membrane labeling in brain slices, which supports the
imaging of membranes and proteins at a resolution of ~60 nm on a confocal
microscope. We demonstrate the utility of umExM for the segmentation and
tracing of neuronal processes, such as axons, in mouse brain tissue. Combining
umExM with optical fluctuation imaging, or iterating the expansion process,
yields ~35 nm resolution imaging, pointing towards the potential for electron
microscopy resolution visualization of brain membranes on ordinary light
microscopes.

Expansion microscopy (ExM)' physically magnifies preserved biologi-  softening of the sample, and the addition of water to swell the
cal specimens by covalently anchoring biomolecules and/or their hydrogel. As the hydrogel swells, the anchored biomolecules and/or
labels to a swellable polymer network (such as sodium polyacrylate) their labels are pulled apart from each other isotropically, typically to a
synthesized in situ throughout a specimen, followed by chemical physical magnification of ~4-10x in each linear dimension. With an
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iterative form of ExM*?, the expanded sample can be expanded a
second time, resulting in an overall physical magnification of beyond
10x in each linear dimension. The net result of the expansion is that
biomolecules and/or their labels that are initially localized within the
diffraction limit of a traditional optical microscope can now be sepa-
rated in space to distances far enough to resolve them. Expansion
microscopy protocols are increasingly prevalent in biology for visua-
lizing proteins*®, nucleic acids’™", and membrane or lipids®*"'¢, ExM
also enables the visualization of anatomical features of specimens
through dense labeling of total protein®”® via N-hydroxyl succinimide
(NHS) ester staining. While several EXM methods have been reported
for membrane or lipid labeling and visualization®®"'¢, achieving dense
labeling in fixed tissues has remained challenging (Supplementary
Table 1). Ideally, one would enable uniform and continuous membrane
labeling, yielding a high signal-to-background ratio, in order to pre-
serve ultrastructure alongside visualization of associated proteins, in
fixed tissues. Such a membrane labeling method would enable not just
imaging of proteins with nanoscale registration relevant to membrane
landmarks, but facilitate the segmentation and tracing of membranous
structures, such as axons and dendrites, on a confocal microscope.

Here, we report a strategy to achieve the set of features described
above. We rationally and systematically designed innovative mem-
brane labeling probes, and optimized the ExM protocol, to achieve
dense labeling of membranes, including plasma membranes, with ExM.
We found that our probe, in the context of ExM, labels plasma mem-
branes, mitochondrial membranes, nuclear membranes, ciliary mem-
branes, myelin sheaths, and extracellular vesicle membranes in fixed
mouse brain tissue (Supplementary Table 1). We named our protocol
ultrastructural membrane expansion microscopy (UmExM), using the
word ultrastructure in the same sense as an earlier protocol in the
expansion microscopy community, called ultrastructure expansion
microscopy”. umEXM preserves ultrastructure and enables the visua-
lization of membranous structures in 100 um-thick slices of fixed
mouse brain at a resolution of ~-60 nm with excellent uniformity and
continuity of membrane labeling as well as a high signal-to-
background ratio (40-80 fold higher than background). umExM
could support co-visualization of membranous structures along with
proteins and RNAs. The dense membrane labeling of umExM enabled
the segmentation of neuronal compartments (e.g., cell bodies, den-
drites, and axons), and tracing of neuronal processes (e.g., axons).
Finally, we explored combining umExM with optical fluctuation ima-
ging, as well as an iterative form of umExM that achieves a higher
expansion factor, enabling ~35 nm resolution imaging of membranes
with a standard confocal microscope. We anticipate umExM to have a
variety of uses in neuroscience and biology, for the investigation of
ultrastructure, cellular compartments, and molecular content, in intact
tissues, with nanoscale precision.

Results

Design of ultrastructure membrane expansion microscopy
chemistry

To develop a membrane labeling probe that labels membranes densely
enough to support nanoscale resolution imaging and allow continuous
tracing of membranous structures, with ExM chemistry, we designed
an unnatural synthetic amphiphilic membrane labeling probe with the
following features. First, the membrane labeling probe should exhibit
lipophilicity, similar to traditional fluorescent lipophilic dyes like Dil, to
enable its preferential localization and diffusion within membranes',
The lipophilic hydrocarbon side chains of Dil, for example, are inserted
into the hydrophobic regions of membranes®. Second, the membrane
labeling probe should have a chemical handle that allows for selective
conjugation of fluorophores subsequent to the formation of the ExM
polymer. This design ensures that the membrane labeling probe
remains small in size, facilitating its diffusion and preventing potential
degradation of the fluorophore during free-radical polymerization of

the ExM gel’. Third, the membrane labeling probe should have a
polymer-anchorable handle to incorporate into the ExM gel network
for physical expansion. We reasoned that these three features collec-
tively would enable the development of a membrane labeling probe
that achieves both dense membrane coverage and compatibility with
ExM chemistry, allowing for nanoscale imaging of membranous
structures with a standard confocal microscope.

Our probe design proceeded in two phases - a preliminary phase
and a final phase. The preliminary phase was used to explore certain
aspects of chemical space, and to validate certain aspects of dense
membrane staining in ExM. The final phase was then used to refine the
properties of the stain for optimal performance, and to perform an
even more detailed validation of the density of the membrane staining
possible. We include both phases in this paper, although, since the final
stain has better performance than the preliminary one, we have placed
the images related to the preliminary stain in the Supplementary Figs.,
so that the final paper focuses on the reagent of greatest use to the
reader - the product of the final phase.

During the preliminary phase, we designed the membrane label-
ing probe to contain a chain of lysines with primary amines for binding
to a polymer-anchorable handle, such as acryloyl-X (AcX)®, previously
used to anchor protein amines to the ExM hydrogel’. To achieve
membrane labeling, we included a lipid tail on the amine terminus of
the lysine chain, with a glycine in between, to provide mechanical
flexibility’®. We chose to use D-lysines, rather than the biologically
typical L-lysines, to minimize degradation during the chemical soft-
ening step of ExM, which in its most popular form involves a protei-
nase K softening step’. Finally, we attached a chemical handle to the
carboxy terminus of the lysine chain, for selective conjugation to
fluorophore(s) after expansion. In our preliminary design, we chose to
use palmitoyl and biotin as the lipid tail and chemical handle, respec-
tively, and to include five D-lysines in the backbone. This design
resulted in a glycine and penta-D-lysine peptidic backbone, with a
palmitoyl group on the amine-terminus and a biotin on the carboxy-
terminus. We named this preliminary probe pGk5b (palmitoyl-glycine-
(D-lysine)s-biotin).

We used electron microscopy (EM) to validate our preliminary
probe design (with biotin replaced with azide (and denoted pGk5a) so
that gold nanoparticles could be added via click chemistry for EM
imaging) and observed that membranes were labeled (see Supple-
mentary Note 1; Supplementary Fig. 1). We applied pGk5b to a standard
cell line (HEK 293), performed ExM, imaged with a confocal micro-
scope (unless otherwise noted, we used a spinning disk confocal
microscope throughout), and observed labeling of membranes (Sup-
plementary Fig. 2a, b). We call this preliminary method, using pGkS5b,
membrane expansion microscopy (mExM). We evaluated the isotropy
of mExM and expansion factor as commonly done with ExM
technologies'” and observed distortion and expansion factor com-
parable to previous ExM protocols (see Supplementary Note 2; Sup-
plementary Figs. 3, 4). Almost all of the pixels exhibiting reference
indicators (e.g., mitochondrial matrix-targeted GFP, which is indis-
tinguishable from mitochondrial membrane after -4x expansion; it
requires ~-30 nm resolution to distinguish them?-*, and ER membrane-
targeted GFP), also exhibited pGk5b labeling (see Supplementary
Note 3; Supplementary Fig. 5). Thus, mExM could accurately visualize
mitochondria and ER in cells. mExM was compatible with slices of fixed
mouse brain and provided more details compared to the unexpanded
state (Supplementary Fig. 6) and was compatible with antibody stain-
ing (see Supplementary Note 4). We applied mExM to fixed brain tissue
from mice and performed antibody staining against organelle-specific
membrane-localized proteins including TOM20 for mitochondria,
NUP9S8 for the nuclear pore complex, and MBP for myelin, and found in
all cases that >98% of the pixels exhibiting these reference indicators
also exhibited pGk5b signals (see Supplementary Note 5; Supplemen-
tary Fig. 7). These preliminary results suggested that it was possible to
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make a label that was capable of supporting low-distortion, high-
fidelity (as reflected by organelle reference marker colocalization)
membrane staining for ExM tissue processing, but some issues
remained - for example, the plasma membrane, key to tracing the
boundary of neuronal processes, remained hard to see.

Having finished the preliminary phase of the project, we next
sought to optimize mExM further. We compared membrane probes
with saturated (palmitoyl®®) and unsaturated (farnesyl**) lipids, while
keeping the rest of the probe design constant, and observed that the
palmitoylated probe achieved a denser membrane labeling compared
to the farnesylated one (Supplementary Fig. 8a, b). Furthermore, using
a mixture of palmitoylated and farnesylated probe did not achieve
denser membrane labeling (Supplementary Fig. 8c). Omitting the
glycine linker caused a loss of detail (Supplementary Fig. 9). Finally,
we varied the total number of lysines in the backbone of the membrane
labeling probe. We reasoned that having more lysines would increase
the positive charge of the probe, which could help promote interac-
tions between the probe and chemically-fixed and negatively-charged
membranes™?, To explore this, we prepared a series of probes varying
in the number of lysines (i.e., 3, 7, 9, 11, 13, and 19 lysines) in the
backbone of the probe while holding other moieties known to be
useful (i.e., palmitoyl tail, glycine, and biotin) constant. We applied
these probes to slices of fixed mice brain and performed ExM. We
observed that the probe containing 13 or more lysines appeared to
show the boundary of neuronal processes the best (Supplementary
Fig. 10). We finalized upon a probe with 13 lysines (pGk13b) to minimize
probe size, to facilitate its diffusion throughout brain tissue.

To confirm whether the probe labels the boundary of neuronal
processes, we applied pGk13b to slices of fixed Thyl-YFP mouse brain,
which expresses cytosolic yellow fluorescent protein (YFP) under the
Thyl promoter in subsets of neurons”. We then performed ExM and
fluorescently labeled pGk13b with Cy3-conjugated streptavidin, treat-
ing the sample with anti-GFP (many fluorescent proteins survive pro-
teinase K softening’; anti-GFP binds YFP) to boost YFP signals. We
observed that YFP-filled processes were flanked by pGk13b staining
(Supplementary Fig. 11), confirming the successful visualization of
neuronal boundaries (i.e., plasma membranes) with a standard con-
focal microscope.

We explored using azide as a chemical handle (resulting in a
reagent we named pGkl3a) instead of biotin (the aforementioned
pGk13b) to increase membrane signals in the context of ExXM. We
reasoned that fluorescently labeled streptavidin, with four biotin-
binding sites*®, could potentially crosslink four pGk13b molecules, thus
decreasing fluorescent signals compared to a one-to-one labeling
chemistry where each membrane probe binds one fluorescent mole-
cule (as in pGkl13a). Furthermore, streptavidin may bind to endogen-
ously biotinylated proteins that are in, for example, mitochondria®.
We compared pGk13b + Cy3-streptavidin (for which each streptavidin
bears more than one Cy3, according to the vendor) and pGki3a + Cy3-
DBCO (exhibiting one Cy3 per DBCO) in the context of ExM imaging of
the hippocampus in fixed mouse brain slices. We found that the mean
signal of pGk13a was >2x higher than that of pGk13b (Supplementary
Fig. 12). Thus, we finalized our probe as pGkl3a (palmitoyl-glycine-(D-
lysine);5-azide, Fig. 1a), and used it for the rest of the studies.

We reasoned that preserving membrane integrity in the sample is
critical for achieving dense labeling of membranes via pGkl13a. How-
ever, achieving this is not trivial, in part because many lipids* are not
fixed through standard paraformaldehyde (PFA) chemical fixation®. To
better preserve membrane integrity, we added a small amount (0.5%)
of calcium chloride (CaCl,, known to help with preserving plasma
membranes®>*®) to 4% PFA fixative. In addition, we maintained a con-
sistent temperature of 4 °C (a cold temperature at which lipids are
more ordered, thus reducing the possibility of them diffusing out of
the sample®*) throughout tissue processing until the completion of
ExM gel formation, to mitigate potential lipid loss, as higher

temperatures can exacerbate this process®. To assess whether this was
helpful, we prepared brain slices from mice that were fixed with 4% PFA
and 0.5% CaCl, at 4 °C, and performed standard ExM (37 °C gelation)
or modified ExM procedure (4 °C gelation), and imaged hippocampal
regions with a confocal microscope, finding that the mean signal of
pGk13a from the modified ExM procedure (4 °C gelation) was ~50%
higher than from the standard ExM procedure (37 °C gelation) (Sup-
plementary Fig. 13). Thus, we finalized our protocol as follows: we fixed
the mouse brain in 4% PFA and 0.5% CaCl,, sectioned the brain,
quenched excess aldehydes with a commonly used 100 mM glycine 1x
phosphate-buffered saline (PBS) solution, applied pGkl3a at 150 pM,
applied a previously established biomolecule anchoring solution
(acrylic acid N-hydroxy succinimide ester (AX, a reagent that is smaller,
more cost-effective, yet functionally analogous to AcX’ in the context
of ExM.) in MES buffer, pH 6.0)* to the pGkl3a labeled tissue, and
finally cast the expandable hydrogel in the tissue — all at 4 °C. We then
softened the sample with proteinase K softening solution'’, fluores-
cently labeled pGki3a via click-chemistry, and expanded the sample
with water. We named this protocol, using a finalized probe (pGk13a,
Fig. 1a) and optimized ExM protocol (Fig. 1b), as umExM (ultrastructure
membrane expansion microscopy).

Validation of umExM
We evaluated the isotropy of umExM by quantitatively comparing pre-
expansion structured illumination microscopy (SIM) images to post-
expansion confocal images of the same sample, and calculating the
distortion across the images as we did for mExM above (see Supple-
mentary Note 2; Supplementary Fig. 3a-g). In summary, we imaged
fixed cells expressing mitochondria matrix-targeted GFP with SIM,
performed umExM and imaged the same cells with a confocal micro-
scope. Comparing pre-expansion SIM images of expressed GFP
(Fig. 2a) to post-expansion images of anti-GFP (Fig. 2b), or of pGki3a
(Fig. 2c), we observed the same low distortion (Fig. 2d, e) as was found
in previous ExM protocols'’. By comparing the distance between two
landmarks in pre- vs. post-expansion images of the same sample, the
expansion factor could be calculated; we obtained an expansion factor
(-4x) similar to what was previously reported”® (Fig. 2f). Finally, we
sought to see how DBCO-Cy3 itself might contribute to membrane
labeling, as DBCO itself is lipophilic. We observed that umExM without
pGkl3a staining did not reveal overt staining, when compared to
umExM images acquired with pGki3a (Supplementary Fig. 14).
Having established the isotropy of umExM expansion, we next
sought to examine whether this was sufficient to resolve known
ultrastructural features previously reported using EM or super-
resolution microscopy. To explore this, we first measured the effec-
tive resolution of umExM via Fourier Ring Correlation (FRC) resolution
analysis®*, a gold-standard method which uses Fourier transforma-
tion of images to measure resolution, on pGk13a signals from expan-
ded samples. We applied umExM to fixed brain slices from mice and
imaged the hippocampus, obtaining a resolution of ~60 nm (Fig. 2g)
with a 60x, 1.27NA water objective, similar to the previously reported
effective resolution of ExM protocols with similar expansion factor™.
To explore ultrastructural features, we applied umExM to fixed brain
slices from Thyl-YFP mice and boosted the YFP signals with anti-GFP
treatment. We then imaged the hippocampal dentate gyrus (Fig. 3a, b),
third ventricle (Fig. 3c), and somatosensory cortex layer (L) 6
(Fig. 3d, e). We identified axons by examining pGk13a signal flanking
anti-GFP signals (Fig. 3f). We quantified the diameter of unmyelinated
axons (i.e., in the dentate gyrus; Fig. 3f) and myelinated axons (i.e., in
the somatosensory cortex; Fig. 3h, i), and found axon diameters
comparable to those obtained from the same brain regions imaged
with EM**"* (see Supplementary note 6). We also identified motile cilia
in the third ventricle by their fingerlike morphologies (Fig. 3j); their
diameter (Fig. 3k) was comparable to previous measurements made
using EM*’. We imaged a volume of the third ventricle and visualized it
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Fig. 1| Ultrastructural membrane expansion microscopy (umExM) concept and
workflow. umExM is a modified form of expansion microscopy with a custom-
designed amphiphilic membrane labeling probe (termed pGk13a). a Chemical
structure of pGk13a. The probe does not contain any fluorophore but has an azide
to bind a fluorophore later. b umExM workflow. Blue-colored fine text highlight key
differences from ExM' and proExM’, whereas black fine text highlight the same
steps as ExM and proExM. b. i A specimen is perfused and chemically fixed with 4%
paraformaldehyde (PFA) + 0.5% calcium chloride (CaCl,) at 4 °C for 24 hours. The
brain is sliced on a vibratome to 100 pm thickness at 0-4 °C. b.ii The specimen is
treated with pGk13a (structure is depicted in (a)) at 4 °C overnight (unless other-
wise noted, overnight means >16 hours). b. iii The specimen is treated with acrylic

AT

*

— y

ddH20, 3 times, at
~24 °C (30min each)

@)

acid N-hydroxysuccinimide ester (AX) at 4 °C overnight. b. iv The specimen is
embedded in an expandable hydrogel (made with N,N’-Diallyl-L-tartardiamide
(DATD) crosslinker*) at 4 °C for at least 24 hours. b. v The sample (specimen-
embedded hydrogel) is chemically softened with enzymatic cleavage of proteins
(i.e., non-specific cleavage with proteinase K) at room temperature (-24 °C) over-
night. The probe is not digested during proteinase K treatment since it is composed
of D-amino acids. b. vi Then, the sample is treated with 1x phosphate-buffered
saline (PBS) to partially expand it. The pGk13a, that is anchored to the gel matrix, is
fluorescently labeled via click-chemistry (i.e., DBCO-fluorophore) at room tem-
perature, overnight. b. vii The sample is expanded with water at room temperature
for 1.5 hours (exchanging water every 30 minutes).
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Fig. 2 | Resolution and distortion of umExM. a Representative (n=3 cells from
one culture) single z-plane structured illumination microscopy (SIM) image of a
pre-expanded HEK293 cell expressing mitochondrial matrix-targeted green fluor-
escent protein (GFP, shown in orange). b Single z-plane confocal image of the same
HEK293 cell as in (a), after undergoing the umExM protocol, showing expression of
mitochondrial matrix-targeted GFP in the same field of view as shown in (a). GFP,
green color. ¢ Single z-plane confocal image of the same umExM-expanded fixed
HEK293 cell as in (a), showing pGkl13a staining of the membrane in the same field of
view as shown in (a). pGk13a, gray color. d Root-mean-square (RMS) length mea-
surement error vs. measurement length, comparing pre-expansion SIM and post-
expansion confocal images of cells with mitochondrial matrix-targeted GFP (blue
line, mean; shaded area, standard deviation; n =3 cells). e As in (d) but with post-
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expansion images showing pGk13a staining of the membrane. f Boxplot showing
measured expansion factor as described (n =4 pairs of landmark points; from 3
fixed brain slices from two mice; median, middle line; 1st quartile, lower box
boundary; 3rd quartile, upper box boundary; error bars are the 95% confidence
interval; black points, individual data points; used throughout this manuscript
unless otherwise noted). g Boxplot showing resolution of post-expansion confocal
images (60x, 1.27NA objective) of umExM-processed mouse brain tissue slices
showing pGk13a staining of the membrane (n =5 fixed brain slices from two mice).
Scale bars are provided in biological units throughout all figures (i.e., physical size
divided by expansion factor): (a-¢) 5 pm. Source data are provided as a Source
Data file.

through 3D volume rendering (Fig. 31), and found membrane vesicles
(known as extracellular vesicles; yellow arrows in Fig. 31 and Supple-
mentary Fig. 15) around cilia, similar to what was previously seen with
EM***, We also imaged the choroid plexus (Supplementary Fig.16) and
observed microvilli, also showing a similar topology to what was pre-
viously seen with EM (Fig. 2 from ref. 46).

Uniform and continuous labeling of membranes by umExM

We evaluated the uniformity of labeling throughout 3D volumes of
umExM-processed slices of mouse brain, using a confocal microscope.
We investigated variation in overall labeling, as quantified by the average
signal-to-background ratio (S/B; pGkl3a signal divided by the back-
ground; background was calculated as the average of images of empty
gel regions) of each XY plane, at different depths in the expanded tissue
volume. We applied umExM to a 100 um thick fixed coronal slice of
mouse brain (Supplementary Fig. 17a) and performed large-scan ima-
ging of the expanded sample with a low magnification objective (4x,
0.2NA; Supplementary Fig. 17b) at 30 milliseconds (ms) laser exposure
time (see Supplementary Table 4 for details). We then imaged a volume
(i.e., entire depth, from z=0 pm to z=100 pm with z step size=
0.375 pum, in biological units (that is, divided by the expansion factor)
throughout) of a random part of the CAl region with the same objective
at 50 ms laser exposure time for each z-plane (Supplementary Fig. 17¢).
We then measured the mean S/B ratio of a single z-plane at different
depths of the volume and observed a consistently high mean S/B ratio
(>40 fold higher than background, Supplementary Fig. 17d) throughout
the slice. We then imaged a volume (from z=0 pm to z=10 pm, with z
step size = 0.125 pm) of the dentate gyrus region of the hippocampus
with a high magnification objective (60x, 1.27NA water immersion lens)
with 100 ms laser exposure time (Supplementary Fig. 17e). We observed
nanoscale features, such as neuronal processes, as we zoomed into the
raw dataset (Supplementary Fig. 17f). We performed the same analysis

(as in Supplementary Fig. 17d) and observed consistently high mean S/B
(>80 fold higher than background, Supplementary Fig. 17g). Neuronal
processes were clearly delineated, when we zoomed into a cross-
sectional image of the volume (Supplementary Fig. 17h). We repeated
the experiments (n=3 fixed brain coronal slices from two mice) and
observed similar results. With a 60x 1.27NA water immersion objective,
we imaged somatosensory cortex (L6, Supplementary Movie 1) and
hippocampus (Cornu ammonis (CA) 2, Supplementary Fig. 18, Supple-
mentary Movie 2; dentate gyrus, Supplementary Movie 3). We used
100 pum thick coronal slices of fixed brain from mice and imaged the
expanded samples using the same imaging conditions (i.e., 60x lens,
100 ms laser exposure time) throughout the study unless specified
otherwise.

We next quantified the continuity of labeled membranes. Speci-
fically, we focused on individual membranes that can be visualized
with umExM in the expanded brain samples, such as the ciliary mem-
brane (Fig. 3m-o), which could easily be identified since they are not in
close apposition to a second membrane. We observed distinct peaks of
pGkl3a signals corresponding to ciliary membranes (Fig. 3m). To
quantify the continuity of pGkl3a labeled membranes, we manually
traced ciliary membrane and counted the number of gaps along them,
with a gap defined as a region with intensity smaller than two standard
deviations below the mean pGkl13a signal along the ciliary membrane,
that was longer than 60 nm (the effective resolution of umExM using a
60x, 1.27NA water objective; Fig. 2g). We found that >97% of the ciliary
membrane was continuous by this metric at a gap measurement length
of 60 nm (Fig. 30).

We then sought to compare umEXM to prior commercially avail-
able membrane probes used for lipid or membrane imaging, namely
BODIPY FL C12, mCling and Biotin-DHPE. We applied these probes to
tissue (see Supplementary Note 7), performed ExM, and sought to do
the same S/B ratio analysis and continuity analysis as we did above. We
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Fig. 3 | Ultrastructure preservation and continuous labeling of membrane
with umExM. a Representative (n=5 fixed brain slices from two mice) single
z-plane confocal image of expanded Thyl-YFP mouse brain tissue (hippocampus,
dentate gyrus) showing pGk13a staining of the membrane. pGkl13a staining of the
membrane visualized in inverted gray color throughout this figure (dark signals on
light background) except for (I). b Magnified view of black boxed region in (a). ¢ As
in (a) but imaging of the third ventricle. d As in (a) but imaging of mouse soma-
tosensory cortex layer 6 (L6). e Magnified view of black boxed region in (d).

f Representative (n =2 fixed brain slices from two mice) single z-plane confocal
image of expanded Thy1-YFP mouse brain tissue (hippocampus dentate gyrus), that
underwent umExM protocol and anti-GFP labeling (here labeling YFP), showing YFP
(magenta) and pGkl3a staining of the membrane (inverted gray). g Diameter of
unmyelinated axons (n =17 axons from three fixed brain slices from two mice). h As
in (f), but imaging of somatosensory cortex L6 that was used for measuring the
diameter of myelinated axons. (i) Diameter of myelinated axons (n =21 axons from
two fixed brain slices from two mice). j As in (f) but imaging of the third ventricle
that was used for measuring the diameter of cilia. k Diameter of cilia (n=19 cilia
from two fixed brain slices from two mice). I (left) Representative (n =4 slices of
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fixed brains from three mice) volume rendering of epithelial cells in the third
ventricle from mouse brain tissue, showing pGk13a staining of the membrane.
pGkl13a staining of the membrane visualized in gray color. (right) Magnified view of
yellow boxed region in (left). Yellow arrows indicate putative extracellular vesicles.
Serial image sections that were used for the 3D rendering are in Supplementary
Fig. 15. m Single z-plane confocal image of expanded mouse brain tissue (third
ventricle) processed by umExM, showing pGkS5b staining (gray), focusing on the
plasma membrane of cilia (i.e., ciliary membrane). n Transverse profile of cilia in the
yellow dotted boxed region in (m) after averaging down the long axis of the box
and then normalizing to the peak of pGk13a signal. o Boxplot showing the percent
continuity of the membrane label (n=5 separate cilia from two fixed brain slices
from one mouse), where we define a gap as a region larger than the resolution of
the images (-60 nm, from Fig. 2g), over which the pGk13a signal was two standard
deviations below the mean of the intensity of pGk13a along the ciliary membrane.
aSum,b2pm,c5Spum,d5um, e5pm, £0.25 umh, j1um, (1, left) (x); 13.57 pm (y);
and 7.5 pm (z) (1, right) 3.76 pm (x); 3.76 pm (y); 1.5 um (z) (m) 2 pm. Source data are
provided as a Source Data file.
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found that the S/B ratio for umExM images was ~30-39 times higher  Visualization of proteins and RNAs with umExM

than that of Biotin-DHPE, BODIPY FL C12, and mCling images (see To explore the compatibility of umExM with antibody staining of
Supplementary Note 8; Supplementary Fig. 19a-c). We also found that  endogenous protein epitopes, we adopted previously established
the signals of existing membrane probes were not dense enough to  antibody labeling strategies for ExM, namely pre-expansion antibody
trace ciliary membranes, thus the aforementioned continuity analysis  staining® and post-expansion antibody staining®>. Notably, post-
was not possible to perform (see Supplementary Note 9; Supplemen-  expansion staining can reveal previously unknown proteins and even
tary Fig. 19f, g). cellular structures®, as antibodies are applied to expanded samples,
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Fig. 4 | umExM with antibody staining and RNA fluorescence in situ hybridi-
zation (FISH). a Representative (n =S5 slices of fixed brain from two mice) single
z-plane confocal image of expanded mouse brain tissue (hippocampus, CA3) after
umEXM processing with a pre-expansion antibody staining protocol (Supplemen-
tary Fig. 20), showing immunostaining with an antibody against the synaptic vesicle
protein SV2A. b Magnified view of the yellow box in (a). ¢ Single z-plane confocal
image of the specimen of (a), showing pGk13a staining of the same field of view as in
(a). pGkl13a staining of the membrane visualized in inverted gray color throughout
this figure. d Magnified view of the yellow box in (c). e Overlay of (a) and (c).
fMagnified view of the yellow box in (e). g Representative (n =5 slices of fixed brain
from two mice) single z-plane confocal image of expanded mouse brain tissue
(hippocampus, CAl) after umExM processing with a post-expansion antibody

staining protocol (Supplementary Fig. 21), showing immunostaining against the
post-synaptic density protein PSD-95. h Magnified view of the yellow box in (g).

i Single z-plane confocal image of the specimen of (g), showing pGk13a staining of
the same field of view as in (g). j Magnified view of the yellow box in (i). k Overlay of
(g) and (i). Imagnified view of the yellow box in (c). The examples of PSD95 signals
that were aligned with pGk13a signals were pinpointed with yellow arrows.

m Representative (n =3 slices of fixed brain from one mouse) single z-plane con-
focal image of expanded mouse brain tissue (hippocampus, CAl) after umExM
processing with a FISH protocol (Supplementary Fig. 23), showing HCR-FISH tar-
geting ACTB. n Single z-plane confocal image of the specimen of (j), showing
pGk13a staining of the same field of view as in (j). o0 Overlay of (m) and (n). Scale
bars: (a-c, g, h, j) 5 um, (d-f, j-1) 1 pm, (m-0) 20 pm.

where densely packed proteins are decrowded, making more room for
antibody staining.

For umExM with pre-expansion antibody staining, we used a small
amount of detergent (i.e., 0.005%-0.01% of saponin or triton-x) to
permeabilize membranes in slices of fixed mouse brain tissue, incu-
bated slices with primary antibody at 4 °C, performed umExM, and
then incubated the expanded sample with a secondary antibody. Using
this protocol (Supplementary Fig. 20), we performed umExM with pre-
expansion antibody staining against SV2A, a synaptic vesicle marker
(Fig. 4a-f). We found regions of SV2A presence (Fig. 4a, b) in hippo-
campal area CA3. These signals exhibited pGki3a signals (Fig. 4c, d),
consistent with these signals being from synaptic vesicles (Fig. 4e, f).

For umExM with post-expansion antibody staining, we adapted a
previous softening method>" that enabled antibody staining after
expansion. In particular, we used a softening solution that contained
site-specific proteases including trypsin and LysC, and then performed
immunostaining after sample expansion. Using this protocol (Sup-
plementary Fig. 21), we performed umExM with post-expansion anti-
body staining, using an antibody against PSD95 (Fig. 4g-1). We
observed a PSD95 expression pattern (Fig. 4g-1) similar to previous
post-expansion antibody labeling of PSD95°. These signals were adja-
cent to pGkl3a signals (Fig. 41, yellow arrows), consistent with the
known role of PSD95 as a postsynaptic density protein.

To explore whether umExM is compatible with RNA visualization,
we combined umExM and ExM visualization of RNA (EXFISH). In par-
ticular, we added an RNA anchoring step to the umExM protocol using
a previously established RNA anchor (i.e., LabelX)’, so that the proto-
col became as follows: we applied pGki3a to label the membrane,
applied LabelX anchoring solution followed by AX anchoring solution,
and gelled, all at 4 °C. We then softened the tissue with proteinase K
softening solution, fluorescently labeled pGkl3a, and labeled RNAs
with a standard FISH hybridization chain reaction (HCR) protocol.
Note that we investigated the use of glycidyl methacrylate (GMA)", a
previously established reagent for anchoring proteins and RNAs.
However, we observed suboptimal membrane visualization after
expansion (Supplementary Fig. 22), suggesting the need for separate
optimization in this regard. Therefore, we have chosen to move for-
ward with LabelX as the RNA anchor for umExM. We used this protocol
(Supplementary Fig. 23) to target ACTB mRNA in fixed brain slices
(Fig. 4m-o0; used 40x lens). We observed similar gene expression
(ACTB) patterns (Fig. 4m) as with the earlier EXFISH protocol’ ™. Thus,
umExM enables simultaneous visualization of membranous structures
along with proteins and RNAs, with a standard confocal microscope.

Segmenting neuron compartments with umExM

We next investigated whether umExM could support the segmentation
of neuronal compartments (i.e., cell bodies, dendrites, axons) to help
with the analysis of signaling proteins within distinct neuronal com-
partments. As umExM provides ~60 nm lateral resolution (Fig. 2g), we
reasoned that umExM images could capture neuronal processes that
are larger than roughly >120 nm (resolution of umExM multiplied by
two). To explore this, we applied umExM to fixed brain slices from

Thyl-YFP mice, performed anti-GFP staining to boost YFP signals, and
imaged volumes of random regions of somatosensory cortex L6 and
hippocampal dentate gyrus. We randomly selected cell bodies using
anti-GFP signals, manually segmented them based on pGk13a signals,
and then segmented the same cell body based on anti-GFP signals
(Fig. 5a) through the commonly used EM image segmentation soft-
ware, ITK-SNAP*. We repeated this procedure for dendrites (Fig. 5b),
myelinated axons (Fig. 5¢), and unmyelinated axons (Fig. 5d, see
Methods for details). In summary, we randomly selected dendrites and
unmyelinated axons using anti-GFP signals, and for myelinated axons,
we employed both anti-GFP and pGk13a signals. This combination was
necessary because anti-GFP signals alone could not precisely identify
myelinated axons, whereas pGkl3a signals were effective in pinpoint-
ing them (i.e., strong and thick pGk13a signals due to myelin sheaths;
Fig. 3h). Qualitatively, the morphologies of pGki13a signal-guided seg-
mentations were very similar to anti-GFP signal-guided segmentations
(Fig. 5a-d). To quantitatively evaluate the accuracy of pGkl3a signal-
guided segmentation, we utilized the Rand score, arecommended and
commonly used metric for assessing EM-based imaging
segmentations*®*’, with a Rand score of O meaning no similarity
between the pGkl3a signal-guided versus anti-GFP signal-guided seg-
mentations, and a Rand score of 1 meaning segmentations from the
two signals are identical. We observed that pGk13a signal-guided seg-
mentation achieved Rand scores of 0.988 +0.015 (n=3 cell bodies
from two fixed brain slices from two mice), 0.940 + 0.004 (n=3 den-
drites from two fixed brain slices from two mice), 0.946 + 0.013 (n=5
myelinated axon from two fixed brain slices from two mice), and
0.890 + 0.053 (n=5 unmyelinated axon from two fixed brain slices
from two mice) for cell bodies, dendrites, myelinated axons, and
unmyelinated axons, respectively (Fig. 5e). Although we found that
umExM images can capture and support the segmentation of neuronal
compartments, thin processes such as tiny axons (as they can be
~50 nm in diameter*®) and spine necks (known to be ~40-50 nm in
diameter®’) cannot be yet resolved, as umExM provides ~60 nm reso-
lution (Fig. 2g). However, umExM still enables capture and segmenta-
tion of neuron compartments that are larger, in fixed tissue, with a
standard confocal microscope.

Tracing axons with umExM

We next sought to explore manual axon tracing supported by umExM
images. To explore this, we prepared umExM samples, imaged
volumes of expanded samples, and randomly selected myelinated and
unmyelinated axons as described above. We first traced pGkl13a signals
of myelinated axons across the entire image stack (from z=0 to
z=10.5 um; Fig. 6a, column “pGk13a”) by annotating the centroids of
axons in the stacks using the same segmentation software as above
(see Methods for details; in summary, we used brush size=8 and
manually annotated through the stacks). We then repeated the tracing
using the anti-GFP signals (Fig. 6a, column “GFP”). The tracing results
based on the pGki3a and anti-GFP signals were visually indistinguish-
able (Fig. 6b). We calculated the Rand score, the same evaluation
metric as we used above, and obtained 0.995 + 0.004 (n = 3 myelinated
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Fig. 5 | Segmentation ability of umExM. a.i Single z-plane confocal image of
expanded Thyl-YFP mouse brain tissue after umExM processing, showing pGk13a
staining of the membrane. a.ii Single z-plane image showing manual segmentation
of the cell body in (a.i). a.iii Overlay of (a.i) and (a.ii). (a.iv) Single z-plane confocal
image of the specimen of (a.i), showing GFP signal of the same field of view as in
(a.i). (a.v) single z-plane image showing manual segmentation of the cell body from
(a.iv). (a.vi) overlay of (a.iv) and (a.v). b As in (a), but for segmenting dendrites.
c (left) Single z-plane confocal image of expanded Thyl-YFP mouse brain tissue
showing pGk13a staining of the membrane. (c.i) Magnified view of the yellow box
on the left. c.ii single z-plane image showing manual segmentation of the myeli-
nated axon in (c.i). c.iii overlay of (c.i) and (c.ii). c.iv Single z-plane confocal image
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Single z-plane image showing manual segmentation of the myelinated axon in
(c.iv). (c.vi) Overlay of (c.iv) and (c.v). d As in (c), but for segmenting unmyelinated
axons. (e) Rand score of pGk13a signal-guided segmentation of cell body, dendrites,
myelinated axon and unmyelinated axons, using anti-GFP signal-guided segmen-
tation as a “ground truth.” (n =3 cell bodies and n = 3 dendrites from two fixed brain
slices from two mice, and n =5 myelinated axons and n =5 unmyelinated axons
from two fixed brain slices from two mice). Scale bars: (a.i-vi) 5 pum, (b.i-vi) 5 um,
(c) (left) 2 um; (i-vi) 0.5 um, (d) (left) 2 pm; (i-vi) 0.5 pm. Source data are provided
as a Source Data file.

axons from two fixed brain slices from two mice) when we used anti-
GFP-guided tracing as the ‘ground truth’. We repeated this procedure
for unmyelinated axons in the dentate gyrus (Fig. 3f), and obtained
0.993 +0.006 (from z=0 to z=5.0 pm; Fig. 6b, n = 3 myelinated axons
from two fixed brain slices from two mice). However, due to the axial
resolution of umExM, which is ~125 nm (axial resolution of a confocal
microscope divided by expansion factor; ~500 nm/4) in principle,
tracing unmyelinated axons with pGkl13a signals alone posed a lim-
itation beyond z=-~5 um (on average, n=3).

Next, we imaged the corpus callosum, a brain region containing
densely packed myelinated axons. However, we found that manual
tracing of neuronal processes was challenging in this region as only a
subset of the processes were visually distinguishable (Supplementary
Fig. 24a, b), perhaps due to light scattering; this optical phenomenon
was not observed in the somatosensory cortex and hippocampus
(Supplementary Movies 1-3). Previous studies reported that a subset
of native lipids, which causes scattering, may still remain even after
tissue clearing™ and expansion processes®. We found that transferring
pGki3a and biomolecules to an ExM gel matrix formed post-expan-
sion, and then chemically cleaving the initial ExM gel, exhibited
improved visualization of axons in this brain region (Supplementary
Fig. 24c, d). In more detail, we performed umExM on a fixed brain slice
until the softening step was completed, and then we applied biomo-
lecule anchoring (AX) solution again (so that pGk13 probes in the initial
gel could be transferred from the initial gel to a subsequently formed

ExM gel; the newly applied AX would react to unreacted amines in
pGkl13a), cast an expandable gel that was prepared with non-cleavable
crosslinker N,N -methylenebis(acrylamide) (BIS) in the initial gel, che-
mically cleaved the initial gel (which was made with cleavable cross-
linker N,N’-Diallyl-L-tartardiamide (DATD)), fluorescently labeled
pGk13a via click chemistry, and expanded the sample with water. Using
this protocol (Supplementary Fig. 25), we imaged corpus callosum
covering a volume of 39.25 by 39.25 by 20 pum, at 50ms laser exposure
time for each single z section. When we zoomed into the dataset, we
were able to clearly identify neuronal processes in the corpus callosum
(Supplementary Movies 4, 5), similar to what we observed in other
brain regions such as cortex and hippocampus (Supplementary
Movies 1-3). We used this dataset (from Supplementary Movie 5) to
manually trace 20 axons in the bundle of myelinated axons (Fig. 6g-i)
that spanned the entire dataset without any challenges.

Higher resolution imaging with umExM

ExM can support higher resolution imaging, by imaging ExM-
processed samples with other super-resolution imaging methods®*,
or by expanding beyond 4 times, e.g. through iterative forms of ExM*™*.
We explored both of these possibilities. We first combined umExM
with an existing super-resolution imaging method. Inspired by recent
progress in optical fluctuation imaging with ordinary confocal
microscopes®*, we chose “super-resolution imaging based on auto-
correlation with two-step deconvolution” (i.e., SACD)*, as this method
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requires fewer frames to resolve fluctuations compared to other
methods®’. We performed umExM of fixed mouse brain slices and used
a confocal microscope to image 20 frames of a hippocampal region at
an imaging rate of 50 ms/frame (Fig. 7a). We then used the SACD
algorithm® to resolve the fluctuations (Fig. 7b). We measured the
resolution of the resulting image the same way as we did for umExM.
umExXM+SACD provided a final effective resolution of -33 nm (Fig. 7c).

We next explored creating an iterative form of umExM, adapted from
the previously established iterative form of ExM (iExM)>. We per-
formed umExM on fixed brain slices but without fluorescently labeling
pGk13a. We then embedded the expanded sample into a re-embedding
gel (uncharged gel) prepared with a cleavable crosslinker (DATD) to
preserve the expanded state during subsequent steps’, treated the
specimen with biomolecule anchoring (AX) solution again so that the
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Fig. 6 | Traceability of umEXM. a (pGk13a column) Serial confocal images of
expanded Thyl-YFP mouse brain tissue after umExM processing, showing pGk13a
staining of the membrane. (GFP column) anti-GFP signal of the same sample in the
same field of view. b (left) pGk13a signal-guided manually traced and reconstructed
myelinated axon from (a, pGk13a column). (right) As in (left), but with anti-GFP
signals. ¢ Rand score (n =3 myelinated axons from two fixed brain slices from two
mice) of pGk13a signal-guided manual tracing of myelinated axons, using anti-GFP
signal-guided tracing as a “ground truth.” d As in (a) but with an unmyelinated axon.
e As in (b) but for (d). f As in (c) but for unmyelinated axons (n =3 unmyelinated

axons from two fixed brain slices from two mice). g Representative (n =4 fixed
brain slices from two mice) single z-plane confocal image of expanded mouse brain
tissue (corpus callosum) after umExM with double gelation processing (Supple-
mentary Fig. 25), showing pGk13a staining of the membrane. The seeding points for
manual segmentation are labeled with colors. h Magnified view of the white box in
(g). i 3D rendering of 20 manually traced and reconstructed myelinated axons in
the corpus callosum. Planes were visualized from raw umExM images that were
used for tracing. Scale bars: (a) 0.5 um, (d) 0.2 pm, (g) 18 pm, (i) 39.25 pm (x);
39.25 pm (y); and 20 pm (z). Source data are provided as a Source Data file.

pGk13a probes could be transferred from the initial gel to a subsequent
gel, cast a new expandable gel prepared with a non-cleavable cross-
linker (BIS), chemically cleaved the initial (composed of cleavable
crosslinker DATD, as noted above) and re-embedding gels, as in the
previously established iterative form of ExM*?. Finally, we fluorescently
labeled pGk13a via click chemistry and expanded the sample. Inspired
by recent advancements in extracellular space preservation (ECS)
fixation®, we applied this protocol (Supplementary Fig. 26) to ECS-
preserved fixed brain slices (Fig. 7d, e, Supplementary Movie 6) and
achieved ~12x expansion. We measured the resolution of the resulting
image as above, and observed that the iterative form of umExM
achieved a final effective resolution of ~35 nm (Fig. 7f). With this pro-
tocol, we observed mitochondrial cristae (Supplementary Fig. 27),
showing similar appearance as seen with earlier super-resolution
imaging methods (e.g., Fig. 2b from ref. 22).

Discussion
umExM achieves dense labeling of membranes, and high-integrity
expansion, to enable imaging of membranous structures using a
standard confocal microscope. It achieves ~60 nm lateral resolution
and enables co-visualization of membranous structures in a wide range
of brain regions along with proteins and RNAs. Although umExM
cannot resolve tiny processes such as spine necks, umExM enables
segmentation of cell bodies, dendrites, and axons (>200 nm in dia-
meter) and enables tracing of axons. Finally, we showed that ~35nm
resolution imaging of membrane structures is possible by combining
umExM with super-resolution imaging (e.g., SACD) or through an
iterative form of umExM. The cost of pGkl3a falls within the price
range of commercially available membrane labeling probes used in
other ExM technologies (DiD for MAGNIFY® and PacSph for panExM-t’;
Supplementary Table 1). It is worth noting that the cost of pGkl3a
could decrease greatly with commercial mass production. We tested
our protocol on slices 50 to 100 microns thick, but did not test thicker
slices in the current study, as we were focused on the chemistry of lipid
staining. Expansion microscopy protocols have been extensible to very
large samples, including entire mouse brains®. Thicker samples may
need longer pGkl3a incubation times, or a higher concentration of
pGk13a, or both, as slice thickness increases.

umExM does not yet have the same resolution as high-end elec-
tron microscopy. In addition, the probe, which contains a palmitoyl
group, could in principle intercalate differentially with different
membrane types. EM-processed samples imaged with low-resolution
imaging instruments (e.g., via X-ray imaging, offering ~-83nm resolu-
tion imaging>) can only show membrane-bound objects larger than
the resolution. Our 4x protocol visualized mitochondria (Supplemen-
tary Fig. 5a-c) and ER (Supplementary Fig. 5d-f), and could reveal
some features of cytoplasmic vesicles (i.e., synaptic vesicles; Fig. 4 c-f),
although the round shapes of these vesicles could not be seen with the
resolution of 4x umExM. The iterative form of umExM, which provides
higher resolution (i.e., ~35 nm resolution, Fig. 7f) compared to 4x
umExM, revealed mitochondria cristae (Supplementary Fig. 27), with
an appearance similar to that shown with isoSTED*. We also saw ER-
like structures, but we again did not see the round shapes of synaptic
vesicles, perhaps due to limited stain density in conjunction with
borderline resolution. In umExM images obtained with SACD, we did

not observe mitochondrial cristae, despite the higher resolution; it
may be necessary to optimize SACD parameters® to see this.

We anticipate that umExM can be effectively combined with other
ExM protocols. For instance, we expect that the protocol combining
umExM and ExFISH can be simplified by using the universal anchoring
reagent GMA". We also expect umEXM chemistry can be combined
with techniques such as expansion sequencing (ExSeq). In spatial
transcriptomic mapping, cell segmentation heavily relies on the
computational extraction of the cell boundary®. We expect our tech-
nology, which densely labels membranes, to provide helpful infor-
mation for manual and automatic cell boundary segmentation to
facilitate spatial transcriptomic studies.

Future directions may also include further optimizing the iterative
form of umExM. Similar to how EM sample processing was optimized
by performing thorough and systematic screening of experimental
conditions (e.g., concentration and duration of Os04 staining)®***, the
iterative form of umExM may be further optimized by systemically
tweaking parameters in the protocol (e.g., fixative solution, monomer
solution, etc.). Furthermore, one may combine umExM with total
protein staining*®%; this will label unreacted amines in both pGki3a
probes as well as proteins, similar to how uranyl acetate staining pro-
vides more contrast in the sample for EM imaging. Once the iterative
form of umExXM is optimized, one could potentially trace neurons and
their connectivity, with molecular markers, on a standard confocal
microscope.

Methods

Membrane probe synthesis

Membrane probes were commercially synthesized (Anaspec). They
were purified to >95% purity. They were aliquoted in 1 mg quantities
into tubes, lyophilized to powder, and stored at —20 °C until stock
solutions were prepared. Stock solutions were stored at —20°C
until use.

Brain tissue preparation for umExM

All procedures involving animals were in accordance with the US
National Institutes of Health Guide for the Care and Use of Laboratory
Animals and approved by the Massachusetts Institute of Technology
Committee on Animal Care. The animals were kept under standard
conditions at a room temperature ~-72 °F, with relative humidity at
30-70%, on a 12-hour light/dark cycle. Wild type (both male and
female, used without regard to sex, C57BL/6 or Thyl-YFP, 6-8 weeks
old, from either Taconic or JAX) mice were first terminally anesthetized
with isoflurane. Then, ice-cold 1x phosphate-buffered saline (PBS,
Corning, catalog no. 21031CM) was transcardially perfused until the
blood cleared (approximately 25 ml). For all umExM experiments, the
mice were then transcardially perfused with 4% PFA+0.5% CaCl,
fixative solution (Supplementary Table 3 “fixative solution”). The
fixative was kept on ice during perfusion. After the perfusion step,
brains were dissected out, stored in fixative on a shaker (-10-20 rpm)
at 4 °C for 24 hours for further fixation, and sliced on a vibratome
(Leica VT1000S) at 100 pm thickness. For the slicing, the tray was filled
with ice-cold PBS, and the tray was surrounded by ice. The slices were
then transferred to a 50-ml tube filled with 40 ml of ice-cold quenching
solution (100 mM Glycine in PBS) on the shaker (-10-20 rpm) at 4 °C,
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/
AN

~20 frames with the confocal microscope
~50ms/frame

Fig. 7 | Higher resolution umExM. a Representative (n =5 fixed brain slices from 2
mice) single z-plane confocal image of post-expansion mouse brain tissue (Soma-
tosensory cortex, L4) that underwent the umExM protocol. Images were taken at
50ms/frame for 20 frames with a confocal microscope with 1.5x optical zoom.
pGkl13a staining of the membrane visualized in inverted gray color throughout this
figure. b Fluctuations in the acquired frames (as in (a)) were resolved with the
‘super-resolution imaging based on autocorrelation with a two-step deconvolution’
(SACD) algorithm®. ¢ Boxplot showing resolution of post-expansion confocal
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images (60x, 1.27NA objective) of umExM + SACD-processed mice brain tissue
slices showing pGkl13a staining of the membrane (n =5 fixed brain slices from two
mice). d Representative (n = 6 fixed brain slices from one mouse) single z-plane
confocal image of post-expansion mouse brain tissue (Somatosensory cortex, L4)
after the iterative form of umExM processing (Supplementary Fig. 26), showing
pGkl3a staining of the membrane. e Magnified view of yellow box in (d). f as in (c)
but for the iterative form of umExM (n = 6 fixed brain slices from one mouse). Scale
bars: (b) 10 um, (d, e) 1.5 pm. Source data are provided as a Source Data file.

overnight (>8 hrs). The slices were washed 3-4 times with ice-cold PBS
on the shaker (-10-20 rpm) at 4 °C, for 1-2 hours each and stored in
PBS at 4 °C.

umExM for brain tissue slices
1. The fixed tissue slices (as described in the Brain tissue prepara-

tion for umExM section) were incubated in membrane labeling
solution (Supplementary Table 3, “pGk13a stock solution”) on the

shaker (-10-20 rpm) at 4 °C, overnight (unless otherwise noted,
overnight means >16 hours).

2. The fixed tissue slices were then incubated in AX stock solution
(Supplementary Table 3, “AX stock solution”) on the shaker
(-10-20 rpm) at 4 °C, overnight. The tissue was then washed 2-3
times in PBS on the shaker (-10-20 rpm) at 4 °C, 1 hour each.

3. The fixed tissue slices were then incubated in gelling solution
(Supplementary Table 3, “umExM gelling solution”) 30 minutes on
the shaker (-10-20 rpm) at 4°C for pre-gelation incubation.

Nature Communications | (2025)16:1579

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56641-z

During this step, the gelation chamber was constructed similarly
as previously described’. In summary, we placed two spacers
(VWR, catalog no. 48368-085) on a microscope slide (VWR,
catalog no. 48300-026). The two spacers were separated from
each other enough so that the brain tissue slice could be placed in
between them. The brain tissue slice was placed between the
spacers and sliced with a razor blade (VWR, catalog no. 55411-050)
into two equally sized half-coronal sections. We then placed the
lid (VWR, catalog no. 87001-918) on top of the spacers as well as
the brain tissue slices. We fully filled the empty space between the
half-coronal sections and spacers with the gelling solution. The
chamber was transferred to a plastic jar with a lid (Fisher
Scientific, catalog no. R685025) at 4 °C to initiate free-radical
polymerization for >24 hours. Then, the gelation chamber
containing the sample (tissue-embedded hydrogel) was taken out.

4. We trimmed the sample with a razor blade (VWR, catalog no.
55411-050) to have two gelled half-coronal sections. We then
transferred each gel (each half-coronal section) from the chamber
to a 12-well plate (Fisher Scientific, catalog no. FB012928) that
contained proteinase K digestion solution (Supplementary
Table 3, “umExM Digestion buffer”) in the well (2 ml of digestion
solution per well per half-coronal section). The gel was then
digested at room temperature (RT, 24 °C) on the shaker (50 rpm),
overnight. After digestion, the gels were washed 3-4 times in PBS
on the shaker (50 rpm) at RT, 30 minutes each.

5. Each sample was labeled with 0.5 ml of Cy3 conjugated DBCO
(Cy3 DBCO Click chemistry tools, catalog no. A140-1) buffered in
PBS at a concentration of 0.1 mg/ml on the shaker (50 rpm) at RT,
overnight. Then, the samples were washed 2-3 times in PBS on the
shaker (50 rpm) at room temperature (RT), 30 minutes each. The
samples were then transferred to 4 °C, overnight.

6. The samples were placed 2-3 times in excess water on the shaker
(50 rpm) at RT for expansion, 30 minutes each.

Immunohistochemistry-compatible umExM

For pre-expansion antibody staining (Supplementary Fig. 20), we
prepared the brain tissue slice as described in step 1in the umExM for
brain tissue slices section. We then applied 1ml of permeabilization
solution (0.005%-0.01% of saponin (Sigma Aldrich, catalog no. 84510)
or triton (Sigma, catalog no. X100), 1% Bovine Serum Albumin (BSA,
Sigma Aldrich, catalog no. A3294) in PBS) at 4 °C, overnight. We then
added 10 pl of primary antibody, rabbit anti-SV2A (Abcam, catalog no.
ab32942), to the permeabilization solution, and then held it for
24 hours at 4 °C on the shaker (50 rpm). Then, the tissues were washed
3-4 times in PBS at 4 °C, 1 hour each. Next, we performed steps 2-5 in
the umExM for brain tissue slices sections. Subsequently, for each
half coronal slice sample, we incubated it in PBS containing primary
antibodies, goat anti-rabbit ATTO 647N conjugated secondary anti-
body (Rockland Immunochemicals, catalog no. 50-194-3924), at a
concentration of 5-10 pg/mL at 4 °C for 2-3 days. The samples (tissue-
embedded hydrogel) were washed 3-4 times in PBS at RT, 30 minutes
each. Finally, we performed step 6 in the umEXM for brain tissue
slices section.

For post-expansion staining (Supplementary Fig. 21), we per-
formed steps 1-3 in the umEXM for brain tissue slices section. We then
performed step 4 in the umExM for brain tissue slices section, but
with 2 ml of Trypsin+Lys-C softening solution (Supplementary Table 3,
“umExM Trypsin+Lys-C softening solution”) instead of proteinase K
digestion solution, for each half coronal slice sample. We then incu-
bated each half coronal slice sample (tissue-embedded hydrogel) in
PBS containing primary antibodies, rabbi anti-PSD95 (Thermo Fisher,
catalog no. MA1-046), at a concentration of 10 pg/ml at 4 °C for 2-3
days. The samples were washed 3-4 times in PBS at RT, 30 minutes
each. We then performed step 5 in the umExM for brain tissue slices

section. Subsequently, for each half coronal slice sample, we incubated
it in PBS containing primary antibodies, goat anti-rabbit ATTO 647N
conjugated secondary antibody (Rockland Immunochemicals, catalog
no. 50-194-3924), at a concentration of 5-10 pg/ml at 4 °C for 2-3 days.
Then, the samples were washed 3-4 times in PBS at RT, 30 minutes
each. Finally, we performed step 6 in the umEXM for brain tissue
slices section.

Antibody staining of fluorescent proteins for umExM

The expanded samples, after either proteinase K digestion (steps 1-4 in
the mExM for brain tissue slices section) or Trypsin+Lys-C softening
treatment  (post-expansion antibody staining protocol in
Immunohistochemistry-compatible umExM section), were incu-
bated in PBS containing ATTO 647N fluorophore-conjugated nano-
body against the green fluorescent protein (GFP, ChromoTek, catalog
no. gba647n) or ATTO 488 fluorophore-conjugated nanobody against
the green fluorescent protein (GFP, ChromoTek, catalog no. gba488)
at a concentration of 10 pg/ml for overnight at 4 °C. The samples were
washed 3-4 times in PBS at RT, 30 minutes each. We then performed
steps 5 and 6 in the umEXM for brain tissue slices section.

umExM with RNA

For umExM with RNA (Supplementary Fig. 23), we prepared brain tis-
sue slices as described in step 1 in the umExM for brain tissue slices
section. We then incubated the sample into 1ImL of LabelX solution’
(10 pL of AcX (ThermoFisher, catalog no. A20770), 10 mg/ml in DMSO,
was reacted with 100 pL of Label-IT Amine Modifying Reagent (Mirus
Bio, catalog no. MIR3900), overnight at RT with shaking). We then
performed step 2 in the umExM for brain tissue slices section, but
with the 0.05 mg/ml AX in MES buffer (See Supplementary Table 3, “AX
buffer solution”) for 24 hours at 4 °C. We then performed steps 3-6 in
the umExM for brain tissue slices section. Next, we performed the
standard FISH hybridization chain reaction (HCR) protocol, similar to
earlier ExM protocols that visualized RNAs’ ™. In particular, we incu-
bated the sample (tissue-embedded hydrogel) with hybridization
buffer (10% formamide, 2x SSC) at RT for 0.5-1 h, and applied ACTB
probe (Molecular instruments) at 8nM concentration, overnight at
37°C (buffered in HCR.v3.0 Wash Buffer®*). We then washed the gel
with HCR v3.0 Wash Buffer for 2-3 times at 37 °C followed by another
washing with second washing buffer (5x SSC buffer + 0.1% Tween 20)
30 minutes for 4 times at 37 °C, followed by treating the sample with
fluorescently (Alexa 647) labeled HCR hairpin amplifiers (1:100) at RT,
overnight. Then the samples were washed with 5x SSCT, 20 minutes
for 4 times at RT. The samples were expanded (-3x; similar to the
expansion factor of EXFISH’ that used LabelX for anchoring RNAs) with
0.05x SSCT, 10 - 20 minutes each time, 3 times.

Confocal imaging, deconvolution, and visualization

Confocal images in the main and Supplementary Figs. were obtained
on an Andor spinning disk (CSU-W1 Yokogawa) confocal system on a
Nikon Eclipse Ti-E inverted microscope body with a Zyla 5.5 camera or
a Hamamatsu qCMOS camera. We used a 4x 0.2 NA, 10x 0.45 NA, 40x
1.15 NA, or 60x 1.27 NA lens for all imaging. For large-scan imaging, we
imaged with the confocal microscope and then stitched with a shading
correction function via the default setting in Nikon element software
version 4.0. All confocal images in the main figures were deconvoluted
with the Sparse-deconvolution®® software (version 1.0.3) using the
software provided in GitHub (https://github.com/WeisongZhao/
Sparse-SIM). Gaussian filter function (sigma=2) in ImageJ (version
1.53q) was applied to all antibody signals (anti-GFP, anti-SV2A and anti-
PSD95). The 3D volume renderings of confocal images were generated
using the volume viewer or 3D viewer function in ImageJ (version
1.53q). All images were visualized with an auto-scaling function in
ImageJ (version 1.53q) except for Supplementary Figs. 12-14, which we
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used the same brightness and contrast with ImageJ software to high-
light the difference between experimental outcomes.

Resolution analysis

For the resolution analysis, we adopted blockwise Fourier Ring Cor-
relation (FRC) resolution analysis® to measure the resolution of
umExM as well as umExM+SACD and the iterative form of umExM. We
normalized the pixel size of our umExM, umEXM+SACD and iterative
umExM images by the expansion factor, so that the resolution would
be described in biologically relevant terms. For umExM and the itera-
tive form of umExM images, the same region of umExM samples was
imaged twice for independent noise realization. Then we used NanoJ-
SQUIRREL Fiji plugin® to perform FRC resolution analysis. In the case
of umExM+SACD images, we captured 40 frames of umExM images,
divided them into two sets of 20 frames by separating odd and even
images, and performed SACD (see umExM with Optical fluctuation
imaging section below) to generate two SACD images (each derived
from 20 frames). Subsequently, these two images underwent FRC
resolution analysis using the same Fiji plugin. The best FRC value
obtained across the blocks in each image pair was used to quantify the
resolution of umExM, umExM+SACD and the iterative form of umExM.

Analysis of the biotin (pGk13b) vs. azide (pGk13a) version of the
membrane probe

The brain tissue sections were prepared as described in the Brain
tissue preparation for umExM section but with 4% PFA (Electron
Microscopy Sciences, catalog no. 15710) solution instead of 4% PFA +
0.5% CaCl2 (Supplementary Table 3, “fixative solution”). To compare
the biotin version (pGk13b) of the probe with azide version (pGk13a) of
the probe, we performed ExM as described in the umExXM for brain
tissue slices section, but with either pGk13b or pGkl3a in step 1 and a
typical ExXM gelation temperature in step3 (pre-gelation 4°C and
gelation at 37 °C). For fluorescently labeling the pGki3b and pGki3a,
we used an excessive amount of Cy3-conjugated streptavidin or DBCO
for a long time (-2 days at RT) to fluorescently label the membrane
probes, as much as possible. In particular, we used 1Iml of PBS con-
taining Cy3 conjugated streptavidin (Invitrogen, catalog no. SA1010) at
a concentration of 0.Img/ml for 2 days at RT. For fluorescently labeling
pGk13a, we used 1 ml of PBS containing Cy3 conjugated DBCO (Click
chemistry tools, catalog no. A140-1) at a concentration of 0.1 mg/ml for
2 days at RT. Both samples were washed 3-4 times in PBS at RT,
30 minutes each, and expanded with water. We then imaged a random
region in the hippocampus with the confocal microscope with 10x,
0.45NA objective. We then measured the mean pGki3a and pGki3b
signals. We then performed an unpaired two-sided t-test function in
RStudio 2021.09.2 + 382 with R version 4.1.2.

Analysis of 37 °C vs. 4 °C ExM protocols

For control experiments, we performed ExM as described in the
umExM for brain tissue slices section but with typical ExM gelation
temperature (i.e., gelled at 37 °C for 2 hours in step 3). For 4 °C gela-
tion, we performed ExM as described in the umExM for brain tissue
slices section. We then imaged the samples in a random region in the
hippocampus with the confocal microscope with 10x, 0.45NA objec-
tive. We then measured the mean pGkl3a from each condition and
performed an unpaired t-test function in RStudio 2021.09.2 + 382 with
R version 4.1.2.

Signal-to-background analysis

The umExM samples were prepared as described in the umExM for
brain tissue slices section. To obtain the mean pGki13a signal, we
imaged a volume covering the depth from z=0 pm to z=100 pum with
az-step size of 0.375 um (in biological units), using a4x 0.2 NA lens and
Zyla 5.5 camera with a 50ms laser exposure time (see Supplementary
Table 4 for details) for each z-plane. To obtain the mean background,

we imaged random empty regions in the gel with the same imaging
conditions (i.e., 4x lens, Zyla 5.5 camera, 50ms laser exposure time)
and averaged them. We then measured the mean signal-to-background
(S/B) by dividing the mean pGkl3a signal captured in the XY plane by
the mean background (i.e., mean pGkl3a signal/mean background).
We subsequently calculated the mean signal-to-background (S/B) ratio
for a single z-plane at various depths within the volume. We repeated
this with a 60x, 1.27 NA lens for a volume covering the depth from
z=0 pm to z=10 pm, with a z step size = 0.125 pm.

Continuity of labeled membrane analysis

The umExM samples were prepared as described in the umExM for
brain tissue slices section. We randomly traced the ciliary membrane
(n=5 separate cilia from two fixed brain slices from one mouse). The
starting point of tracing was chosen randomly. Based on the traced
ciliary membrane, we counted the number of gaps, which we defined
as a region with intensity smaller than a 2x standard deviation below
the mean along the pGkl13a labeled ciliary membrane, that was longer
than 60 nm (in biological units, the effective resolution of the 60x
1.27NA objective that was used for imaging; Fig. 2g).

umExM with double gelation (for corpus callosum)

For umExM with double gelation (for corpus callosum) (Supplemen-
tary Fig. 25), samples were prepared as described in the umExM for
brain tissue slices section, except for fluorescently labeling the
membrane probe and expansion (step 5-6). Then, the sample was
incubated in a non-cleavable gelling solution (Supplementary Table 2,
“Monomer solution”) for 30 minutes on the shaker (-10-20 rpm) at 4 °C
for pre-gelation incubation. We then gelled the sample at 37 °C, using
the gelation chamber we described in step 3 of the umExM for brain
tissue slices section. After the gelation, the initial gel was treated with
a cleaving solution (50mM sodium metaperiodate in 0.IM sodium
acetate buffer, pH 5.0) for one hour on the shaker (-100-150 rpm), at
RT. Then the sample was washed 4 times in 100mM glycine PBS on the
shaker (-50-100 rpm) at RT, 30 minutes each, and then the sample was
washed 3-4 times with PBS on the shaker (-50-100 rpm) at RT,
15 minutes each. We then fluorescently labeled the membrane probe
and expanded the sample as described in steps 5-6 of the umExM for
brain tissue slices section.

Accuracy (Rand score) of segmentation and tracing of pGkl13a
signals

We performed umExM with fixed brain slices from Thyl-YFP mice and
boosted YFP signals with anti-GFP (as described in the Antibody
staining of fluorescent proteins for umExM section). We imaged
volumes of a random region in somatosensory cortex L6 and hippo-
campus dentate gyrus, with two labels (anti-GFP antibody and pGki3a
for membranes).

Segmentation. To identify neuronal compartments, we generated a
maximum-intensity z-projected (max-z projected) image from the anti-
GFP channel of the volume. Using this max-z projected image, we
pinpointed cell bodies, dendrites, and axons. However, anti-GFP signal
alone cannot differentiate between myelinated and unmyelinated
axons. We thus used the pGkl3a signal to assist in identifying myeli-
nated axons, as myelinated axons exhibited strong pGkl3a signals
compared to unmyelinated axons (Fig. 3r for unmyelinated axon;
Fig. 3h for myelinated axon).

Subsequently, we randomly created several regions of interest
(ROIs), each containing a portion of identified neuronal compart-
ments. These ROIs were employed to crop the pGki3a channel and
anti-GFP channel of the volume. We randomly selected a single z-plane
from the cropped volume, manually segmented compartments based
on pGkl3a signals, and then segmented the same compartments
based on anti-GFP signals, all with ITK-SNAP software’. We then
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quantitatively compared the pGkl3a-guided segmentation to the anti-
GFP-guided segmentation using the Rand score®*°, We repeated this
experiment and analysis (n = 3 cell bodies and n = 3 dendrites from two
fixed brain slices from two mice, and n =5 myelinated axons and n=5
unmyelinated axons from two fixed brain slices from two mice).

Tracing

We identified myelinated axons by inspecting anti-GFP signals as well as
pGk13a signals in the same way as we described above. Among the
identified myelinated axons, we randomly selected some. We traced
them from z=0 to z=10.5 pum based on the pGkl3a signals and also
traced the same myelinated axons based on anti-GFP signals, all with
ITK-SNAP software”. Specifically, we traced myelinated axons by anno-
tating the centroid of the myelinated axons with brush size=8 in ITK-
SNAP software. We then quantitatively compared the pGkl3a-guided
tracing to the anti-GFP-guided tracing using the Rand score. We repe-
ated this experiment and analysis (n=3 myelinated axons from two
fixed brain slices from two mice). Next, we identified the unmyelinated
axons by inspecting anti-GFP signals, as we did for the segmentation
study above. We then randomly selected one and traced it from z=0 to
z=5 pm based on the pGki3a and anti-GFP signals and calculated the
Rand score***’, as we did for myelinated axons. We also repeated this
experiment and analysis (n=3 myelinated axons from two fixed brain
slices from two mice).

For tracing myelinated axons in the corpus callosum, we applied
umExM with double gelation protocol (Supplementary Fig 25) to mouse
brain tissue section. We then imaged a random volume (39.25 by 39.25
by 20 pm) of the corpus callosum. We then used webKnossos® to trace
n=20 myelinated axons that spanned the entire dataset.

umExM with Optical fluctuation imaging (umExM with SACD)
The samples were prepared as described in umExM for brain tissue
slices. We imaged the samples with Andor spinning disk (CSU-W1
Tokogawa) confocal system with a 60x, 1.27NA objective with either a
Zyla 5.5 camera or a Hamamatsu qCMOS, with an optional x1.5 mag-
nification. We used 20 frames of images (exposure time, 50ms; laser
power 90%), which took -1 second in total. We then used the SACD
Image) plugin as provided in the Github (https:/github.com/
WeisongZhao/SACDj). We used the plugin with the default hyper-
parameters® (i.e., 1st=10, fourier=2, 2nd=10, order=2, scale=2).
Finally, CLAHE was applied for visualization purposes.

ECS preservation protocol

ECS perfusion was adapted from the published protocol*®. The mouse
was terminally anesthetized with isoflurane and placed on a dissection
tray. The chest was cut open, and a 21-gauge butterfly needle was
inserted into the left ventricle. A small incision was made in the right
atrium to facilitate outflow. The mouse was perfused transcardially at a
flow rate of 10 mL/min using a Masterflex Peristaltic pump. Fresh aCSF
was flown for 2-3 minutes to clear out the blood. This was followed by
perfusion with 15% mannitol in aCSF solution for 1 minute, and then a
6% mannitol aCSF solution for 5 minutes. Finally, the mouse was per-
fused with an ice-cold fixative containing 5% mannitol, 4% paraf-
ormaldehyde, 2mM CaCl,, 4mM MgCl,, and 150mM sodium
cacodylate buffer (pH 7.4) for 5 minutes.

After perfusion, the brain was carefully removed from the skull
and placed in a vial containing the same fixative solution. It was then
fixed for at least 24 hours with gentle agitation at 4 °C. 100um sections
were cut using a Leica VT1000 S vibrating blade microtome and col-
lected in the cold fixative solution.

Iterative form of umExM

For the iterative form of umExM (Supplementary Fig. 26), umExM
samples were prepared as described in the umExM for brain tissue
slices section, except for fluorescently labeling the membrane probe

(step 5). The expanded samples were incubated in a cleavable re-
embedding solution (Supplementary Table 3, “Second gelling solu-
tion”) for 1 hour on a shaker (-50 rpm) at RT for pre-gelation incuba-
tion. Next, we gelled the sample at 50 °C, for >4 hours, with the same
gelation chambers used in step 3 of the umExM for brain tissue slices
section. The re-embedded samples were washed 3—4 times in PBS at
RT, 30 minutes each. The re-embedded samples were then treated with
AX solution and washed in PBS as described in step 2 of the umExM for
brain tissue slices section. The samples were trimmed into smaller
samples with razor blades and then gelled again with a non-cleavable
gelling solution (Supplementary Table 3, “Third gelling solution”)
30 minutes on the shaker (-10-20 rpm) at 4°C for pre-gelation
incubation. Next, we gelled the sample at 37 °C, overnight, with the
same gelation chambers used above. The samples were treated with
the cleaving solution (50mM sodium metaperiodate in 0.IM sodium
acetate buffer, pH 5.0) for one hour, at RT. Then the samples were
washed 4 times in 100mM glycine PBS on the shaker (-50-100 rpm) at
RT, 30 minutes each, and then the sample was washed 3-4 times with
PBS on the shaker (-50-100 rpm) at RT, 15 minutes each. We then
fluorescently labeled the membrane probe and expanded the sample
as described in steps 5-6 of the umExM for brain tissue slices section.

Statistics & reproducibility
No statistical method was used to predetermine sample size. No data
were excluded from the analyses.

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

Data availability

The raw and processed image stack data generated with umExM in this
study are available on the Open Science Framework at https://osf.io/
qtbek/. Source data are provided with this paper.

Code availability
The source code for analyzing umExM data is available on GitHub at
https://github.com/TAYmit/umExM
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Supplementary Notes

Supplementary Note 1

We used an azide version of pGk5b (which we named pGk5a) to conjugate gold nanoparticle-
DBCO for EM imaging, instead of using pGk5b with gold nanoparticle-streptavidin. We chose
this approach because applying streptavidin to the tissue sample typically requires detergent to
remove membranes, which could impact downstream processing. We incubated mouse brain
tissue sections with 100 uM of the membrane probe pGk5a (pGkSb, with an azide replacing the
biotin). We post-labeled the specimens with gold nanoparticles modified with a
dibenzocyclooctyne (DBCO) handle, for EM visualization (see Supplementary Methods for
details). We then imaged the resulting specimens with EM. We saw similar details of intact
membranes, organelles, and synapses (Supplementary Fig. 1a), when compared to classical
OsO4 membrane visualization (Supplementary Fig. 1b), in EM. Note that EM sample
processing, involving PFA+glutaraldehyde fixation followed by osmium staining, has been
optimized over decades! ™, and the clear visualization of organelles is protocol-dependent. Early
EM protocols often yielded images where mitochondrial cristae and synaptic vesicles were
challenging to identify (see Fig 6,9,10 from ref*). Similarly, further optimization of EM
processing and membrane probe treatment could lead, in principle, to clear visualization of, for
example, vesicles and mitochondrial cristae through our lipid stain and EM imaging. However,
since our objective was not to optimize our membrane probe treatment and sample processing for
EM imaging, but instead to produce EM-like images with expansion microscopy and confocal

imaging, we did not further pursue protocol optimization for EM imaging.



Supplementary Note 2

We evaluated the isotropy of mExM expansion by quantitatively comparing pre-expansion
structured illumination microscopy (SIM) images to post-expansion confocal images, of the
same sample, and calculating the distortion across the images. We imaged fixed U20S cells
expressing mitochondrial matrix-targeted GFP with SIM (see Supplementary Methods for
details; Supplementary Fig. 3¢, without anti-GFP labeling; given that resolving the
mitochondrial matrix vs. membrane requires 30 nm resolution>®, and a classical ExM (that
expands ~4x) offers ~60-70 nm resolution’-, matrix-targeted GFP is indistinguishable from
mitochondrial membrane in the context of the current experiment. We then performed mExM on,
and imaged, the very same cells with a confocal microscope. Comparing pre-expansion SIM
images of mitochondrial matrix-targeted GFP to post-expansion images of either GFP (with anti-
GFP labeling for boosting GFP signals), or pGk5b, we observed the same low distortion (a few
percent, over ~10 um) as was found for previous ExM protocols (see Supplementary Methods
for details; Supplementary Fig. 3d and Supplementary Fig. 3g). By comparing the distance
between two landmarks in pre- vs. post-expansion images (Supplementary Fig. 4a and
Supplementary Fig. 4b) of the same sample, the expansion factor could be calculated; we
obtained an expansion factor (~4.4, Supplementary Fig. 4¢) similar to what was previously

reported’s.

Supplementary Note 3

We expressed mitochondrial matrix-targeted GFP or endoplasmic reticulum (ER) membrane-

targeted GFP in HEK293 cells via BacMam virus. We performed mExM on the cells



(Supplementary Fig. Sa-f; see Supplementary Methods for details), and then imaged the
expanded cells, so that we could quantify the fraction of mitochondrial matrix- and ER
membrane-targeted fluorescent protein signal that also exhibited pGk5b signal (see
Supplementary Methods for details; in summary, a pixel was considered pGk5Sb-positive if it
was brighter than one standard deviation below the pGk5b mean that was measured across the
whole images). As a result, we observed that >99% of the mitochondrial matrix-targeted and ER
membrane-targeted GFP signals also exhibited pGk5b signals (n=3 separate cells from 1 culture;

Supplementary Fig. 5g).

Supplementary Note 4

To enable post-expansion antibody staining, we adopted a commonly used ExM softening
protocol® (i.e., SDS solution at a high temperature) that can reveal previously unseen structures
by preserving protein epitopes through the expansion process®. This protocol builds upon post-
expansion protein-retention ExXM (proExM) protocols®, as well as tissue proteomics protocols for
formalin-fixed paraffin-embedded (FFPE) tissues!®!!. In brief, we heat the sample for half an
hour at 100 °C and for 2 hours at 80 °C, in a “fixation reversal” (FR) buffer'? containing 0.5%
PEG20000, 100mM DTT, 4% SDS, in 100mM Tris pHS8 (see Supplementary Table 2 for

details).

Supplementary Note 5

Using the softening solution (see Supplementary Note 4, Supplementary Table 2), we

performed mExM with antibody staining (see Supplementary Methods for details), using



antibodies against organelle-specific membrane-localized proteins, TOM20 for mitochondria
(Supplementary Fig. 7a), and Nup98 for the nuclear pore complex (Supplementary Fig. 7b).
We also labeled myelin using an antibody against myelin basic protein (MBP) (Supplementary
Fig. 7¢). We then quantified the fraction of signals from antibodies against membrane-localized
proteins that also contained pGk5b signals, as we did for membrane-targeted GFP in cultured
cells (see Supplementary Note 3). Since different antibodies may not react to the same sites on
the same target protein®, we used multiple antibodies against the same protein for TOM20 (two

separate vendors) and MBP (three separate vendors) to further validate our technology.

Supplementary Note 6

The diameter of axons is known to be diverse across brain regions'3. However, our finding aligns
with measured axon diameters from EM images of the same brain regions (i.e., cortex and

dentate gyrus)!3-16,

Supplementary Note 7
Note that none of these lipid stains were reported for tissue application in the ExXM context,

except mCling, which, in a study using it in tissue, did not provide much in the way of
experimental detail'”. Given the lack of tissue protocol available for these probes, we utilized the
staining protocols that had been established for cultured cells. These protocols were applied to
standard 4% PFA-fixed tissue, and we performed the most commonly used form of ExM,

proExM?® (see Supplementary Methods for details).



Supplementary Note 8
We imaged a random part of the CA1 region of the mouse hippocampus with a 4x objective at

50ms laser exposure time for samples that were stained with biotin-DHPE, BODIPY FL C12, or
mCling (Supp Fig. 19a-c¢). We also performed umExM (pGk13a) for comparison (Supp Fig.
19d). Qualitatively, umExM generated the highest contrast image, compared to the others. We
then measured the signal-to-background (S/B, where the background was determined as the
average across images of empty gel regions) for the images obtained from each sample. We
found that the S/B for umExM images was many times higher than those of Biotin-DHPE,

BODIPY FL C12, and mCling sample images.

Supplementary Note 9
We imaged cilia in the 3rd ventricle to perform continuity analysis, as we did in Fig. 3o.

However, except for the sample stained with mCling, we were not able to observe any signals.
Furthermore, although mCling was able to visualize cilia to some extent, the signals were not
dense enough for membranes to be traced, so continuity analysis was not possible (Supp Fig.

191-g).



Supplementary Figures

Supplementary Figure 1

Electron microscopy imaging of membrane label (pGk5a)-stained mouse brain slices
(hippocampus region). In brief (see Supplementary Methods for details), 100 uM of
palmitoylated glycine pentalysine peptide, equipped with an azide group (instead of biotin;
termed pGk5a), without osmium counterstain (a), or no membrane probe but with osmium
tetroxide counterstain (b), was applied to 100-um thick tissue slices. Mouse brain tissue was
preserved in 4% PFA and 0.1% glutaraldehyde at 4 °C, and labeled with pGk5a for >16 hours at
4 °C. The tissue was post-fixed in 2% PFA and 2% glutaraldehyde and labeled with 1.8nm
undecagold gold nanoparticles, conjugated to dibenzocyclooctyne to attach to the azide handle
on pGk5a. The tissue was counter-labeled with uranyl acetate, embedded in resin, sliced, and
imaged on a TEM scope. Since the common practice of uranyl acetate (UA) staining without
osmium does not clearly visualize the membrane (Fig. 3 from ref'®, Fig 4. from ref'®), we
reasoned that UA without osmium reacts to proteins as well as the amino groups (i.e., lysines)
of pGk5a. We thus decided to use a common UA staining protocol (1% UA for 1 hour at room
temperature) to enhance pGk5a signals on top of signals from gold nanoparticles. As a control,
the tissue underwent the same protocol as described above, but without membrane probe
incubation and with osmium. When labeling membranes with the membrane probe in the
absence of the osmium counterstain, the stain appears to label the membranes as with osmium,
but with slightly lower contrast. Scale bars: 1 ym.



Supplementary Figure 2

(a) Representative (n=12 cells from two cultures) single z-plane confocal image of expanded
HEK293 cell that underwent the mExM protocol (see Supplementary Methods), showing
pGk5b staining of the membrane. Image visualized in inverted gray color (dark signals on light
background). (b) Representative (n=12 cells from two cultures) single z-plane confocal image of
expanded Hela cell that underwent the mExM protocol, showing pGk5b staining of the
membrane. Image visualized in inverted gray color. Scale bars: (a-b) 5 uym.
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Supplementary Figure 3

(a) Representative (n=3 cells from one culture) single z-plane structured illumination microscopy
(SIM) image of a pre-expanded U20S cell expressing mitochondrial matrix-targeted green
fluorescent protein (GFP). Image visualized in orange color. (b) Single z-plane confocal image
of the same U20S cell as in (a), after undergoing the mExM protocol, showing expression of
mitochondrial matrix-targeted GFP in the same field of view as shown in (a). Image visualized in
green color. (c) non-rigidly registered and overlaid pre-expansion SIM image of the U20S cell
expressing mitochondrial matrix-targeted GFP in (a), and post-expansion confocal image of the
same fixed U20S cell after mExM processing, showing the mitochondrial matrix-targeted GFP
channel in (b). (d) Root mean square (RMS) length measurement error as a function of
measurement length, comparing pre-expansion SIM images of fixed U20S cell expressing
mitochondrial matrix-targeted GFP and post-expansion confocal images of the same cells after
mEXM processing, showing mitochondrial matrix-targeted GFP (blue line, mean; shaded area,
standard deviation; n=3 cells from one culture). (e) Single z-plane confocal image of the same
mExM-expanded fixed U20S cell as in (b), showing pGk5b staining of the membrane in the
same field of view as shown in (a). Image visualized in magenta color. (h) Non-rigidly registered
and overlaid pre-expansion SIM image of the U20S cell expressing mitochondrial matrix-
targeted GFP in (a) and post-expansion confocal image of the same U20S cell in (e) after
mEXM processing, showing pGk5b staining. (g) Root mean square (RMS) length measurement
error as a function of measurement length, comparing pre-expansion SIM images of fixed U20S
cells expressing mitochondrial matrix-targeted GFP, and post-expansion confocal images of the
same cell after mExM processing, showing pGk5b staining (blue line, mean; shaded area,
standard deviation; n=3 cells from one culture). Scale bars: (a,b,c) 2 ym.
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Supplementary Figure 4

(a-b) Expansion factor analysis on HEK293 cells, that underwent mExM, after expressing
mitochondrial matrix-targeted GFP. We randomly choose two landmark points in pre-expansion
images and found the corresponding landmarks in expanded sample images. We then
calculated the distance between the points, in both pre- and post-expansion images, and
calculated the ratio to obtain the expansion factor. (a) Representative (out of 10 cells from two
cultures) single z-plane confocal image of pre-expanded HEK293 cell. (b) As in (a), but post-
expansion, for the same field of view shown in (a). (¢) Boxplot showing measured expansion
factor (n =10 cells from two cultures; black points, individual measured expansion factor,
median, middle line; 15 quartile, lower box boundary; 3" quartile, upper box boundary; error
bars are the 95% confidence interval). Scale bars: (a) 2 um in biological units, (b) 10 ym in post-
expansion units.
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Supplementary Figure 5

(a) Representative (n=4 cells from one culture) single z-plane confocal image of expanded
HEK293 cell expressing mitochondrial matrix-targeted GFP, after mExM processing. (b) Single
z-plane confocal image of the same expanded HEK293 cell as in (a), showing pGk5b staining in
the same field of view as in (a). (¢) Overlay of (a) and (b). (d-f) As in (a-c), but for a HEK293 cell
expressing ER membrane-targeted GFP (n=3 cells from one culture). (g) Fraction of the pixels
containing mitochondrial matrix-targeted GFP signal (left, n=3 cells from one culture; black
points, individual measured fractions of expressed organelle targeted GFP that contained
pGkb5 signal; median, middle line; 1 quartile, lower box boundary; 3™ quartile, upper box
boundary; error bars are 95% confidence interval, used throughout unless otherwise noted) or
ER membrane-targeted GFP signal (right, n=3 cells from one culture) that also exhibited pGk5b
signal, in mExM-processed HEK293 cells (see Supplementary Methods). Scale bars are
provided in biological units (i.e., physical size divided by expansion factor): (a-f) 5 um.



Supplementary Figure 6

(a) Representative (n=5 fixed brain slices from two mice) single z-plane confocal image of pre-
expanded mouse brain tissue (cortex) showing pGk5b staining. Images visualized in inverted
gray color throughout this figure (dark signals on light background). (b) Representative (n=5
fixed brain slices from two mice) single z-plane confocal image of expanded mouse brain tissue
after mExM processing, showing pGk5b staining. (¢) As in (a) but focused on one cell body. (d)
as in (b) but focused on one cell body. Note that the pre-expansion images of mouse brain
tissue in Supplementary Fig. 6 contain native lipids, which were not removed before imaging.
Accordingly, the pre-expansion sample exhibits substantial light scattering and a mismatch in
refractive index, which significantly impacts image contrast®®. Meanwhile, both light scattering as
well as mismatch in refractive index are ameliorated by ExM’. Scale bars are provided in
biological units (i.e., physical size divided by expansion factor): (a-b) 10 ym, (c-d) 5 ym.
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Supplementary Figure 7

(a.i) Representative (n=5 cortex or hippocampus regions from the same mouse brain) single z-
plane confocal image of expanded mouse brain tissue after mExM processing with
immunostaining, showing immunolabeling against the mitochondrial membrane protein Tom20,
using antibodies from two separate vendors (see Supp Table 2 for details). (a.ii) Single z-plane
confocal image of the specimen of (a.i), showing pGk5b staining of the same field of view as in
(a.i). (a.iii) Overlay of (a.i) and (a.ii). (a.iv) Magnified views of white boxed regions in (a.iii)
showing TOM20 signal (green). (a.vi) As in (a.iv), but showing pGk5b signal (magenta). (a.vii)
Overlay of (iv) and (v). (b.) As in (a.), but for the nuclear pore protein NUP98. (c.) As in (a.), but
for myelin basic protein (MBP), using antibodies from three separate vendors (see Supp Table
2 for details). (d.) Fraction of the pixels containing each membrane protein signal, that also
contained pGk5b signal, in mExM-processed mouse brain tissue, for each of the antibodies
used above (see Supplementary Methods; for each box, n=5 cortex or hippocampus regions
from the same mouse brain; black points, individual measured fraction of expressed membrane-
localized proteins that contained pGk5b signal; median, middle line; 1% quartile, lower box
boundary; 3" quartile, upper box boundary; error bars are the 95% confidence interval). Scale
bars: (i-iii) 10um, (iv-vi) 1um.
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Supplementary Figure 8

We tested two versions of the membrane labeling probe with ExM: (a) palmitoyl-glycine-(D-
lysine)s-biotin (pGk5b), and (b) farnesyl-glycine-(D-lysine)s-biotin (i.e., replacing palmitoyl in
pGk5b with farnesyl, f{Gk5b), as well as (c-d) a mixture of pGk5b+fGk5b at varying
concentrations. (a) Representative (n=5 fixed brain slices from two mice) single z-plane
confocal image of expanded mouse brain tissue (hippocampus) after mExM processing,
showing pGk5b (i.e., the palmitoylated form of the membrane labeling probe; used at 10mM)
staining of the membrane. The image is visualized in inverted gray color. (b) as in (a), but with a
farnesylated form of the membrane labeling probe (used at 10mM, n=5 fixed brain slices from
two mice). (¢) as in (a), but with a mixture of 5mM pGk5b + 5mM fGk5b (n=2 fixed brain slices
from two mice). (d) as in (a), but with a mixture of 10mM pGk5b + 10mM fGk5b (n=2 fixed brain
slices from two mice). Images (a-d) are visualized with the same brightness and contrast with
ImageJ software. Scale bars are provided in biological units: (a-d) 5 um.
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Supplementary Figure 9

(a) Effect of the glycine linker attached to the palmitoyl group on the efficacy of membrane
labeling in fixed brain tissue. Image visualized in inverted gray color. We tested two versions of
the palmitoylated 5 lysine biotin membrane probe: left) one containing a glycine linker attached
to the palmitoyl group enabling flexibility of the lipid relative to the peptide carrier, and right) one
that does not contain a glycine but in which the lipid is directly attached to the lysine backbone.
In the case of the glycine linker, the level of detail we achieve in labeling membranes is superior
to that achieved without the glycine linker. Scale bars are provided in biological units (i.e.,
physical size divided by expansion factor): (a-b) 5 um.







Supplementary Figure 10

We tested varying numbers of lysines (i.e., 3, 5, 7, 9, 11, 13, and 19 lysines) in the backbone of
the membrane labeling probe while holding other moieties (palmitoyl tail, glycine, and biotin)
constant. (a) Representative (n=3 fixed brain slices from two mice) single z-plane confocal
image of expanded mouse brain tissue (hippocampus) after mExM processing, but with a
membrane labeling probe containing 3 lysines, showing the probe staining of the membrane.
The image is visualized in inverted gray color. (b) - (g) As in (a) but with membrane labeling
probes containing 5, 7, 9, 11, 13, and 19 lysines, respectively. Scale bars are provided in
biological units (i.e., physical size divided by expansion factor): (a-g) 2 uym.



Supplementary Figure 11

(a) Representative (n=5 fixed brain slices from two mice) single z-plane confocal image of
expanded Thy1-YFP mouse brain tissue (hippocampus) after mExM processing using pGk13b
and stained with an anti-GFP antibody to boost the YFP signal, showing the pGk13b staining of
the membrane. The image is visualized in inverted gray color. (b) Single z-plane confocal image
of the specimen of (a) showing anti-GFP staining of the same field of view as in (a). (¢) Overlay
of (a) and (b). (d) Magnified views of red boxed region in (a). (e) Magnified views of red boxed
region in (b). (f) Magnified views of red boxed region in (c). Scale bars are provided in biological
units (i.e., physical size divided by expansion factor): (a-c) 5um, (d-f) 0.5um.
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Supplementary Figure 12

The performance of a biotin handle (pGk13b) vs. azide handle (pGk13a) with fixed mouse brain
tissues in the context of ExM. Mouse brain tissues were fixed with ice-cold 4% PFA. We applied
pGk13b or pGk13a overnight, we then followed the standard ExM protocol*. In short, the tissues
were processed with AcX, and the ExM gel was formed. After the tissue softening with
proteinase K, the probe was fluorescently labeled with fluorescent streptavidin (i.e., cy3-
streptavidin, >1 fluorophore per streptavidin), expanded, and imaged (a) or with fluorescent
DBCO (i.e., cy3-DBCO, 1 fluorophore per DBCO), expanded and imaged (b). (a)
Representative (n = 6 fixed brain slices from two mice) single z-plane confocal image of
expanded mouse brain tissue (hippocampus), showing the pGk13b staining of the membrane.
The image is visualized in inverted gray color. (b) as in (a) but with pGk13a, showing the
pGk13a staining of the membrane. Images (a-b) are visualized with the same brightness and
contrast with ImageJ software to highlight the difference between the two images. (¢) The signal
intensity of the pGk13b (left; n=6 fixed brain slices from two mice) and the pGk13a (right; n=6
fixed brain slices from two mice). Black points, individual measured average intensity of each
image; median, middle line; 1% quartile, lower box boundary; 3™ quartile, upper box boundary;
error bars are the 95% confidence interval; p-value, unpaired two-sided t-test between signals
from the pGk13b (left) and the pGk13a handle probe (right). Scale bars are provided in
biological units (i.e., physical size divided by expansion factor): (a, b) 20 um.
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Supplementary Figure 13

pGk13a staining of the membrane of mouse brain tissue fixed with 4%PFA and 0.5% CaCl2 at 4
°C and proceeded with the standard ExM protocol (37 °C gelation)® vs. modified ExM protocol
(i.e., 4 °C gelation). Mouse brain tissues were fixed with ice-cold 4% PFA and 0.5% CaCl2
fixatives. We applied the pGk13a probe overnight at 4 °C. We then performed the standard ExM
protocol or modified ExM protocol (i.e., 4 °C gelation instead of 37 °C gelation). In short, the
tissues were processed with AcX, and ExM gel was formed at 37 °C (a) or 4 °C (b). After the
tissue softening with proteinase K, the pGk13a was fluorescently labeled with fluorescent DBCO
(i.e., cy3-DBCO, 1 fluorophore per DBCO), expanded, and imaged (a-b). (a) Representative
(n=6 fixed brain slices from two mice) single z-plane confocal image of expanded mouse brain
(hippocampus) tissue showing pGk13a staining of the membrane after the standard ExM
protocol. The image is visualized in inverted gray color. (b) as in (a) but with 4 °C gelation.
Images (a-b) are visualized with the same brightness and contrast with ImageJ software to
highlight the difference between the two images. (¢) The intensity of 37 °C gelation (left; n=6
fixed brain slices from 2 mice) and 4 °C gelation (right; n=6 fixed brain slices from two mice).
Black points, individual measured average intensity of each image; median, middle line; 1%
quartile, lower box boundary; 3™ quartile, upper box boundary; error bars are the 95%
confidence interval; p-value, unpaired two-sided t-test between signals from the 37 °C gelation
(left bar), and 4 °C gelation (right bar). Scale bars are provided in biological units (i.e., physical
size divided by expansion factor): (a, b) 20 ym.



Supplementary Figure 14

(a) Representative (n=2 fixed brain slices from two mice) single z-plane confocal image of
expanded mouse brain tissue (CA1), that underwent the umEXM protocol, but without pGk13a
staining of the membrane, showed negligible signals (inverted gray)(b) as in (a) but with
pGk13a staining of the membrane. Images (a-b) were taken under identical optical conditions,
and visualized with the same brightness and contrast with ImageJ software. Scale bars are
provided in biological units: (a-b) 40um.



Supplementary Figure 15

(a) Fifteen serial sections from the 3D volume rendering in Fig. 3I, right. The yellow arrows
indicate membrane vesicles. Scale bar in biological units (i.e., physical size divided by
expansion factor): 1 ym.



Supplementary Figure 16

Representative (n=>5 fixed brain slices from two mice) single z-plane confocal image of
expanded mouse brain tissue after umExM processing, showing the pGk13a staining of the
membrane in the choroid plexus region. The image is visualized in inverted gray color. Example
microvilli in the choroid plexus are pointed at with a yellow arrow. Scale bar in biological units
(i.e., physical size divided by expansion factor): 10 um.
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Supplementary Figure 17

(a) Photograph of a fixed 100um thick adult mouse coronal slice that underwent the umExM
protocol. (b) Single z-plane confocal image of green boxed region in (a). Images are taken with a



4x objective at 30ms laser exposure time, and they were stitched with shading correction function
via default setting from Nikon Element software version 4.30. pGk13a staining of the membrane
visualized in inverted gray color throughout this figure (dark signals on light background). We did
not perform any image processing (e.g., denoising or deconvolution) other than stitching for
images presented throughout this figure. (¢) Volume rendering of the white box (i) in (b). Images
were taken with a 4x objective at 50ms laser exposure time with a z step size of 0.375um (in
biological unit). Unless otherwise noted, clipping planes that are red colored indicate the portion
that has been clipped out to expose the inside of the volume for 3D images presented throughout
this figure. (d) Profile of mean pGk13a signal intensity of XY planes taken along the depth of the
volume in (c). (e) Volume rendering of the white box (ii) in (b). Images were taken with a 60x
objective at 100ms laser exposure time with a z step size of 0.125um. (f) Magnified view of green
boxed region in (e). (g) Profile of mean pGk13a signal intensity of XY planes taken along the
depth of the volume in (e). (h) Cross-sectional images of dentate gyrus region in 100-um thick
mouse coronal slices that underwent the umExM protocol, showing pGk13a staining of the
membrane. Images are taken with a 60x objective at 100ms laser exposure time with a z step
size of 0.075um. Yellow lines indicate the cross-sectional views in y-z and x-z images. Scale bars
are provided in biological units (i.e., physical size divided by expansion factor) (b) 500um, (c)
340um (x); 340um (y); and 100um (z), (e) 62um (x); 62um (y); and 20um (z) (h) 5um (x-y); 1um
(y-z); 1um (x-2).



Supplementary Figure 18

(a) Representative (n=5 fixed brain slices from two mice) single z-plane confocal image of
expanded mouse brain tissue after umExM processing, showing pGk13a staining of the
membrane in hippocampal CA2. The image is visualized in inverted gray color. (b) Magnified
view of yellow boxed region in (a). The image is visualized in inverted gray color. Scale bars are
provided in biological units (i.e., physical size divided by expansion factor): (a) 10 ym, (b) 2 ym.
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Supplementary Figure 19

(a) Representative (n=2 fixed brain slices from two mice) single z-plane confocal image of
expanded CA1 region of mouse brain tissue, prepared using the biotin-DHPE staining protocol
established in ref?' and followed by proExM?®, showing biotin-DHPE staining of the membrane.
Inset: magnified view of the yellow boxed region. (b) as in (a) but with the BODIPY staining
protocol established in ref?? and followed by proExM?®, showing BODIPY staining of the membrane.
(c) as in (a), but with the mCling staining protocol established in ref?® and followed by proExM,
showing mCling staining of the membrane. (d) as in (a), but with the umExM protocol, showing
pGk13a staining of the membrane. (e) Boxplot showing measured S/B ratio for each of the probes
used in a-d (n=2 fixed brain slices from two mice; black points, individual measured S/B ratio,
median, middle line; 1st quartile, lower box boundary; 3rd quartile, upper box boundary; error bars
are the 95% confidence interval). (f) as in (c), but with imaging of the 3rd ventricle. Image
visualized in inverted gray color (dark signals on light background). (g) Magnified view of yellow
boxed region in (f). Scale bars are provided in biological units: (a-d) 100 uym, (f) 10um (g) 2um.
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Supplementary Figure 20

(a) umExM with pre-expansion antibody staining workflow schematic. Blue-colored captions
highlight the key differences from ExM’ and proExM®, whereas black captions highlight steps
similar to those of earlier protocols. (a.i) A specimen is chemically fixed with 4% PFA + 0.5%
CaCl; at 4 °C for 24 hours. The brain is sliced on a vibratome at 100 ym thickness at 4 °C. (a.ii)
The specimen is treated with either 0.005-0.01% detergent (i.e., saponin or triton) at 4 °C
overnight (unless otherwise noted, overnight means >16 hours throughout the figure). Then
specimen is incubated with a primary antibody. (a.iii) The specimen is treated with pGk13a at 4
°C overnight. (a.iv) The specimen is treated with AX at 4 °C overnight. (a.v) The specimen is
embedded in an expandable hydrogel (made with DATD crosslinker?*) at 4 °C overnight. (a.vi)
The sample (specimen-embedded hydrogel) is chemically softened with enzymatic cleavage of
proteins (i.e., non-specific cleavage with proteinase K) at room temperature (~24 °C), overnight.
(a.vii) Then, the sample is treated with PBS to partially expand it. The pGk13a, that is anchored
to the gel matrix, is fluorescently labeled via click-chemistry (i.e., DBCO-fluorophore) at room
temperature, overnight. (a.viii) Then the sample is incubated with a secondary antibody at 4 °C
for 2-3 days. (a.ix) The sample is expanded with water at room temperature for 1.5 hours
(exchanging water every 30 minutes).
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Supplementary Figure 21

(a) umExM with post-expansion antibody staining workflow schematic. Blue-colored captions
highlight the key differences from ExM’ and proExM®, whereas black captions highlight steps
similar to those of ExM and proExM. (a.i) A specimen is chemically fixed with 4% PFA + 0.5%
CaCl; at 4 °C for 24 hours. The brain is sliced on a vibratome at 100um thickness at 4 °C. (a.ii)
The specimen is treated with pGk13a at 4 °C overnight (unless otherwise noted, overnight means
>16 hours throughout the figure). (a.iii) The specimen is treated with AX at 4 °C overnight. (a.iv)
The specimen is embedded in an expandable hydrogel (made with DATD crosslinker®*) at 4 °C
overnight. (a.v) The sample (specimen-embedded hydrogel) is mechanically softened with
enzymatic cleavage of proteins (i.e., specific cleavage with Trypsin and LysC) at room
temperature (~24 °C), overnight. (a.vi) Then, the sample is treated with PBS to partially expand
it. The pGk13a, that is anchored to the gel matrix, is fluorescently labeled via click-chemistry (i.e.,
DBCO-fluorophore) at room temperature, overnight. (a.vii) Then the sample is incubated with a
primary antibody at ~4 °C, for 48-72 hours. (a.vii) Then the sample is incubated with a secondary
antibody at ~4 °C, for 48-48 hours. (a.ix) The sample is expanded with water at room temperature
for 1.5 hours (exchanging water every 30 minutes).



Supplementary Figure 22

(a) Representative (n=2 fixed brain slices from one mouse) single z-plane confocal image of
expanded mouse brain tissue that underwent umExM protocol with the GMA anchor instead of
AX anchor, showing pGk13a staining of the membrane in the hippocampus dentate gyrus.

Scale bars are provided in biological units (i.e., physical size divided by expansion factor): (a) 10
pum
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Supplementary Figure 23

(a) umExM with FISH workflow schematic. Blue-colored captions highlight the key differences
from ExM’, proExM® and ExFISH?®, whereas black captions highlight steps similar to those of
ExM, proExM and ExFISH. (a.i) A specimen is chemically fixed with 4% paraformaldehyde (PFA)
+ 0.5% calcium chloride (CaCl.) at 4 °C for 24 hours. The brain is sliced on a vibratome at 100
pum thickness at 4 °C. (a.ii) The specimen is treated with the pGk13a at 4 °C overnight (unless
otherwise noted, overnight means >16 hours throughout the figure). (a.iii) The specimen is treated
with acrylic acid N-hydroxysuccinimide ester (AX) at 4 °C overnight. (a.iv) The specimen is
embedded in an expandable hydrogel (made with DATD crosslinker'®) at 4 °C for at least 24 hours.
(a.v) The specimen is mechanically softened with enzymatic cleavage of proteins (i.e., specific
cleavage with Proteinase k) at room temperature (~24 °C), overnight. (a.vi) Then, the specimen-
embedded hydrogel is treated with PBS to partially expand it. The pGk13a, that is anchored to
the gel matrix, is fluorescently labeled via click-chemistry (i.e., DBCO-fluorophore) at room
temperature, overnight. (a.vii) Then, specimen-embedded hydrogel is incubated with HCR-FISH
probe at 37 °C, overnight. (a.vii) Then, specimen-embedded hydrogel is incubated with
fluorescently labeled HCR-hairpin amplifiers at ~24 °C, overnight. (a.viii) The specimen-
embedded hydrogel is expanded with 0.05x SSCT at room temperature for 1.5 hours (exchanging
water every 30 minutes).



Pre-modification of protocol

Supplementary Figure 24

(a) Representative (n=5 brain tissue sections from two mice) single z-plane confocal image of
expanded mouse brain tissue after umExM protocol processing, showing pGk13a staining of the
membrane in the corpus callosum region. The image is visualized in inverted gray color. (b)
Magnified view of yellow boxed region in (a). Only a subset of axons can be identified in the
images. (c) Representative (n=5 brain tissue sections from 2 mice) single z-plane confocal
image of expanded mouse brain tissue after modified umExM protocol processing, showing
pGk13a staining of the membrane in the corpus callosum region. The image is visualized in
inverted gray color. (d) Magnified view of yellow boxed region in (¢). The modification of the
protocol drastically improved the visualization of axons in the corpus callosum. Scale bars are
provided in biological units (i.e., physical size divided by expansion factor): (a,c) 10 ym, (b,d) 2
pm.
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Supplementary Figure 25

(a) umExM with double gelation workflow schematic. Blue-colored captions highlight the key
differences from ExM’ and proExM?®, whereas black captions highlight steps similar to those in
ExM and proExM. (a.i) A specimen is chemically fixed with 4% paraformaldehyde (PFA) + 0.5%
calcium chloride (CaCl,) at 4 °C for 24 hours. The brain is sliced on a vibratome at 100 um
thickness at 4 °C. (a.ii) The specimen is treated with pGk13a at 4 °C overnight (unless otherwise
noted, overnight means >16 hours throughout the figure). (a.iii) The specimen is treated with
acrylic acid N-hydroxysuccinimide ester (AX) at 4 °C overnight. (a.iv) The specimen is embedded
in an expandable hydrogel (made with cleavable crosslinker DATD) at 4 °C for at least 24 hours.
(a.v) The specimen is mechanically softened with enzymatic cleavage of proteins (i.e., specific
cleavage with proteinase-k) at room temperature (~24 °C), overnight. (a.vi) The specimen-



embedded hydrogel is treated with PBS to partially expand it. Next, the sample is treated with AX
as we did in (a.iii). Subsequently, the sample is gelled again but with a monomer solution that
contains the non-cleavable crosslinker N,N -Methylenebis(acrylamide) (BIS) at room temperature
(~24 °C), overnight. (a.vii) Then the specimen-embedded hydrogel is incubated in a gel cleaving
solution (containing sodium metaperiodate) at room temperature (~24 °C) for 1 hour. This step
cleaves the initial gel that was formed in (a.iv). (a.viii) Finally, the pGk13a, that is anchored to the
gel matrix, is fluorescently labeled via click-chemistry (i.e., DBCO-fluorophore) at room
temperature, overnight. The specimen-embedded hydrogel is expanded with water at room
temperature for 1.5 hours (exchanging water every 30 minutes). The modified protocol requires
additional time and resources (i.e., necessitating two gelations) compared to the unmodified
protocol, which is suitable for all these regions except the corpus callosum. Hence, we suggest
employing the modified protocol specifically for the corpus callosum region.
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Supplementary Figure 26

(a) lterative form of umExM workflow schematic. Blue-colored captions highlight the key
differences from iExM?°, whereas black captions highlight steps similar to those in iExM. (a.i) A
specimen is chemically fixed with 4% paraformaldehyde (PFA) + 0.5% calcium chloride (CaClz)
at 4 °C for 24 hours. The brain is sliced on a vibratome at 100 ym thickness at 4 °C. (a.ii) The
specimen is treated with pGk13a at 4 °C overnight (unless otherwise noted, overnight means >16
hours throughout the figure). (a.iii) The specimen is treated with acrylic acid N-
hydroxysuccinimide ester (AX) at 4 °C overnight. (a.iv) The specimen is embedded in an
expandable hydrogel (made with cleavable crosslinker DATD?*) at 4 °C for at least 24 hours. (a.v)
The specimen-embedded hydrogel is mechanically softened with enzymatic cleavage of proteins
(i.e., specific cleavage with proteinase-k) at room temperature (~24 °C), overnight. (a.vi) The
specimen-embedded hydrogel is expanded with water at room temperature for 1.5 hours
(exchanging water every 30 minutes). Then, the specimen-embedded hydrogel is re-embedded
into a non-expandable hydrogel at 50 °C, for >4 hours. (a.vii) Next, the sample is treated with AX
as we did in (a.iii). Subsequently, the sample is gelled again but with a monomer solution that



contains the non-cleavable crosslinker (made with BIS) at room temperature (~24 °C), overnight.
(a.viii) Then the specimen-embedded hydrogel is incubated in a gel cleaving solution (contains
sodium metaperiodate) at room temperature (~24 °C) for 1 hour. This step cleaves the initial gel
and re-embedding gel that was formed in (a.iv) and (a.vi). (a.ix) Finally, the pGk13a, that is
anchored to the gel matrix, is fluorescently labeled via click-chemistry (i.e., DBCO-fluorophore) at
room temperature, overnight. The specimen-embedded hydrogel is expanded with water at room
temperature for 1.5 hours (exchanging water every 30 minutes).



Supplementary Figure 27

(a) Five examples of single z-plane confocal images of post-expansion mouse brain tissue
(somatosensory cortex, L4) after the iterative form of umExM processing, showing pGk13a
staining of the mitochondrial cristae. Scale bars are provided in biological units (i.e., physical
size divided by expansion factor): (a) 0.2 ym.



Supplementary Tables

Supplementary Table 1

The comparison table excludes TREx??, LExM?’, TRITON ExM?8, uniExM?2, sphingolipid

ExM?°, and TT-ExM?! as they didn't show membrane or lipid labeling in tissue.

“N/A” denotes not available

* Measured with 100% laser and 100ms exposure time and 60x, 1.27NA water immersion lens

Hippocampus
3rd ventricle
Choroid plexus
Corpus Callosum

Hippocampus

Protocol umExv Magnify pan-ExM-t clickExM
+mExM
Protocol membrane (lipid) Yes Yes Yes Yes
labeling applied to
mouse brain tissue?
Protocols for whether it can be Yes Yes Yes No, requires
mouse brain used with acute brain slice
tissue conventional fixatives
which probe? pGk13a DiD pacSph alkyne-choline
cost of the probe? $150/1mg S5/1mg $791/1mg $15/1mg
(as of Oct. 2023)
Can clearly visualize Yes No No No
plasma membrane?
What other -Mitochondria -Mitochondria -ER membrane unclear
membrane it can membrane membrane -Mitochondria
visualize? -Nuclear -Bloodvessel membrane
membrane membrane -Nuclear
-Ciliary -Myelin sheaths | membrane
membrane -Myelin sheaths
-Extracellular
vesicle
membrane
-Myelin sheaths
Claimed Yes No Yes No
ultrastructure is
preserved?
How they validate Quantitatively N/A Quantitatively N/A
ultrastructure comparing the comparing
preservation? diameter of extracellular
axon and cilia to space content to
previously previously
reported values reported values
from EM and from STED
STED
Thickest tissue 100pm 80um 100pm 150pum
applied?
Which brain region? Cortex unclear Cortex Cortex

signal-to-background
of the membrane
signal*

~80

didn't measured

didn't measured

didn't measured




continuity analysis Yes No No No

performed?

Post-expansion Yes Yes Yes No

staining of proteins?

Post-expansion Yes Yes No No

staining of RNAs?

How many antibodies | 1 2 2 0

are demonstrated to

be used at once?

How many steps -1 membrane -1 membrane -1 membrane -1 membrane

involved to reach the | labeling step labeling step labeling step labeling step

highest claimed -2 anchoring steps | -1 anchoring step -1 anchoring step -1 anchoring step

expansion -3 gelatio.n steps -1 gelatio.n step -3 gelatio.n steps -1 gelatio.n step
-1 softening step -1 softening step -1 softening step -1 softening step
-1 cleaving step -1 expansion step -1 cleaving step -1 expansion step
-2 expansion step -2 expansion steps

Resolution Claimed highest 12 11 24 4.5

expansion factor

Claimed the highest 35 didn't measure didn't measure didn't measure

resolution with

conventional

microscopy

How do they Fourier-ring N/A N/A N/A

measure the correlation

resolution?

Utility Segmentation of the | Yes No No No

cell body?

Segmentation of the | Yes No No No

dendrite?

Segmentation of the Yes, down to No No No

axon? roughly 200nm
diameter axons

Tracing of the axon? Yes No No No




Supplementary Table 2
mExM solutions

GKkS5b stock solution (prepared at RT and immediately stored at -20 °C):

Reagent Amount Final concentration
pGk5Sb Img 10mg/1ml
Anhydrous DMSO (Thermo Fisher, cat. no. D12345) 50ul

Water (Thermo Fisher, cat. no. 10977015) 50ul

Total 100p1

GkSb membrane labeling stock solution (prepared fresh and used immediately at 4 °C)

Reagent Stock concentration Amount (ml)
pGk5b stock solution (see above) 10mg/1ml 0.01

PBS (Corning, cat. no. 21031CM)* 0.99

Total 1

* Chilled on ice before use

AcX stock solution (prepared fresh and used immediately at 4 °C*)

Reagent Stock concentration Amount (ml)
Acryloyl-X SE (Thermo Fisher, cat. no. A20770) | 10mg/ml in DMSO** 0.01

PBS (Corning, cat. no. 21031CM) 0.99

Total 1

* Aliquot 20ul into a PCR tube, and store at -20 °C in a sealed container (e.g., 50mL tube) with

drying agents (e.g., Drierite)

** Anhydrous DMSO (Thermo Fisher, cat. no. D12345)

Monomer solution aka StockX (9.4ml, aliquoted to 10 tubes of 940pul and stored at -20 °C):

Reagent Stock concentration® Amount (ml)
Sodium Acrylate (Sigma, cat. no. 408220) 38 2.25
Acrylamide (Sigma, cat. no. A8887) 50 0.5
N,N’-Methylenebisacrylamide (Sigma, cat. no. M7279) 2 0.75

Sodium chloride (Thermo Fisher, cat. no. BP358-212) 29.2 4

10xPBS (Thermo Fisher, cat. no. 70011044) 10x 1

Water (Thermo Fisher, cat. no. 10977015) 0.9

Total 9.4

*All concentrations are in g/100 ml except 10xPBS. All stock solutions are formulated in water

(Thermo Fisher, cat. no. 10977015).

Gelling solution (1ml, prepared at 4 °C, gelled at 37 °C):

Reagent

Stock concentration®

Amount (ul)

Monomer Solution (see above)

Ix

940




4-hydroxy-TEMPO (Sigma, cat. no. 176141) 0.5 20
TEMED (Sigma, cat. no. T7024) 10 20
APS (Thermo Fisher, cat. no. 17874) 10 20
Total 1000

*All concentrations are in g/100 ml except Monomer Solution. All stock solutions are formulated
in water (Thermo Fisher, cat. no. 10977015).

To make the gelling solution, add 20pl of 4-hydroxy-TEMPO solution (0.005g/ml in water) and
20ul of TEMED solution (0.1g/ml in water) to 940ul of monomer solution, vortex for 2-3
seconds, add 20ul of APS solution (0.1g/ml in water), vortex for 2-3 seconds.

Digestion buffer® (100ml, prepared and stored at RT, applied at 37 °C):

Reagent Stock concentration Amount
Tris pH 8.0 (Thermo Fisher, cat. no. AM9856) IM 5Sml
EDTA (Thermo Fisher, cat. no. 15575020) 0.5M 0.2ml
Triton X-100 (Sigma, cat. no. X100) 10% 5ml
NaCl (Sigma, cat. no. S5886) >99% solid 5.85¢g
Water (Thermo Fisher, cat. no. 10977015) 84ml
Total 100ml

To formulate the Digestion solution, dilute Proteinase-K (NEB, cat. no. P§107S) at 1:100

dilution in Digestion buffer. All stock solutions are formulated in water (Thermo Fisher, cat. no.

10977015).

Fixation Reversal buffer (10ml, prepared at RT and used immediately):
Reagent Stock concentration® Amount
PEG20000 (Sigma, cat. no. 95172-250G-F) 5% 1ml
DTT (Thermo Fisher, cat. no. R0862) >97% solid 154.3mg
SDS (Thermo Fisher, cat. no. AM9820) 20% 2ml
Tris pH8 (Thermo Fisher, cat. no. AM9856) IM Iml
Water (Thermo Fisher, cat. no. 10977015) 5.9ml
Total 10ml

*All stock solutions are formulated in water (Thermo Fisher, cat. no. 10977015).

List of antibodies used for mExM:

Antigen | Species | Company | Catalog no | Note

Tom20 Rabbit CST* 42406S Identified as Vendorl1 in
Supplementary Fig. 7d, mitochondria
bar

Tom20 | Mouse SCBT** sc-17764 Identified as Vendor2 in
Supplementary Fig. 7d, mitochondria
bar

Nup98 Rabbit CST* 25978

MBP Rabbit CST* 78896S Identified as Vendor1 in
Supplementary Fig. 7d, myelin bar

MBP Rabbit Abcam ab40390 Identified as Vendor2 in
Supplementary Fig. 7d, myelin bar

MBP Chicken | AVES AB 231355 | Identified as Vendor3 in

0 Supplementary Fig. 7d, myelin bar




* Cell Signaling Technology
**Santa Cruz Biotechnology

Supplementary Table 3
umExM solutions

Fixative solution (prepared fresh and used immediately):

Reagent Stock concentration | Amount
PFA (Electron Microscopy Sciences, cat. no. 15710) 16% 10ml
CaCl, (Millipore Sigma, cat. no. C4901) >97% solid 0.2g
Sodium cacodylate buffer, pH 7.4 (Electron Microscopy 200mM 30ml
Sciences, cat. no. 11653)*

Total** 40ml

*Chilled on ice before use
**Kept on ice during perfusion

Gk13a stock solution (prepared at RT and immediately stored at -20 °C):

Reagent Amount Final concentration
pGk13a Img 11.1mg/Iml
Anhydrous DMSO (Thermo Fisher, cat. no. D12345) 45ul

Water (Thermo Fisher, cat. no. 10977015) 45ul

Total 90pl

Gk13a membrane labeling stock solution (prepared fresh and used immediately at 4 °C)

Reagent Stock concentration Amount (ml)
pGk13a stock solution (see above) 11.1mg/ml 0.015

PBS (Corning, cat. no. 21031CM)* 1x 0.985

Total 1

* Chilled on ice before use

AX buffer solution (prepared fresh and stored at 4 °C)

Reagent Amount Final concentration
MES (Sigma, cat. no. M3058) 0.434mg 0.4344g/20ml

5M Sodium chloride (Thermo Fisher, cat. no. 0.6ml

BP358-212)

IM HCI Iml

Water (Thermo Fisher, cat. no. 10977015)* 18.4ml

Total 20ml

* Chilled on ice before use

AX stock solution (prepared fresh and used immediately at 4 °C, and stored at -20 °C*)




Reagent Stock concentration Amount (ml)
Acrylic acid N-hydroxysuccinimide ester 10mg/ml in DMSO** 0.006
(Thermo Fisher, cat. no. AC400300010)

AX buffer solution (see above) 0.994

Total 1

* Aliquot 20ul into a PCR tube, and store at -20 °C in a sealed container (e.g., 50mL tube) with

drying agents (e.g., Drierite)

** Anhydrous DMSO (Thermo Fisher, cat. no. D12345)

umExM monomer solution (9.4ml, aliquoted to 10 tubes of 940ul and stored at -20 °C):

Reagent Stock concentration® Amount (ml)
Sodium Acrylate (Sigma, cat. no. 408220) 38 2.25
Acrylamide (Thermo Fisher, cat. no. 15512023) 50 0.5
N,N'-Diallyl-L-tartardiamide (Alfa Aesar, cat. no. A12195-30) 9 0.75
5M Sodium chloride (Thermo Fisher, cat. no. BP358-212) 29.2 4
10xPBS (Thermo Fisher, cat. no. 70011044) 10x 1
Water (Thermo Fisher, cat. no. 10977015) 0.9
Total 9.4

*All concentrations are in g/100 ml except 10xPBS.

umExM gelling solution (1ml, prepared and gelled at 4 °C):
Reagent Stock concentration® Amount (ul)
umExM monomer Solution (see above) 1x 940
4-hydroxy-TEMPO (Sigma, cat. no. 176141) 0.5 20
TEMED (Sigma, cat. no. T7024) 10 20
APS (Thermo Fisher, cat. no. 17874) 10 20
HC1 1M 14
Total 1014**

*All concentrations are in g/100 ml except umExM Monomer Solution. All stock solutions are
formulated in water (Thermo Fisher, cat. no. 10977015).
**To make umExM gelling solution, add 20pl of 4-hydroxy-TEMPO solution (0.005g/ml in
water) and 20ul of TEMED solution (0.1g/ml in water) to 940l of umExM monomer Solution,
vortex for 2-3 seconds, add 20ul of APS solution (0.1g/ml in water), vortex for 2-3 seconds, and

add 4pl of 1M HCI, and vortex for 2-3 second.

umExM Digestion buffer* (100ml, prepared and applied at RT, and stored at 4 °C):

Reagent Stock concentration Amount
Tris pH 8.0 (Thermo Fisher, cat. no. AM9856) IM 5ml
EDTA (Thermo Fisher, cat. no. 15575020) 0.5M 0.2ml
Saponin (Sigma, cat. no. 84510) 10% Sml

5M Sodium chloride (Thermo Fisher, cat. no. BP358-212) M

Water (Thermo Fisher, cat. no. 10977015) 84ml
Total 100ml

*To formulate the Digestion solution, dilute Proteinase-K (NEB, cat. no. P8107S) at 1:100
dilution in Digestion buffer. All stock solutions are formulated in water (Thermo Fisher, cat. no.

10977015).

Trypsin+Lys-C softening solution (2ml, prepared fresh and applied at RT):

| Reagent

Amount

| Final concentration




Trypsin/Lys-C (Thermo Fisher, cat. no. A40007) 20pg 20ug/2ml
TRIS (1M), pH 8.0 (Thermo Fisher, cat. no. AM9855G) 0.1ml

PBS (Corning, cat. no. 21031CM) 1.9ml

Total 2ml

Second monomer solution (34.5ml, prepared fresh):

Reagent Stock concentration® | Amount (ml)
Acrylamide (Thermo Fisher, cat. no. 15512023) 50 10
N,N'-Diallyl-L-tartardiamide (Alfa Aesar, cat. no. A12195-30) 5 5

Water (Thermo Fisher, cat. no. 10977015) 0.9

Total 34.5

*All concentrations are in g/100 ml.

Second gelling solution (50ml, prepared fresh):

Reagent Stock concentration® | Amount (ml)
Second monomer solution 1x 34.5
N,N'-Diallyl-L-tartardiamide (Alfa Aesar, cat. no. A12195-30) 5 5

TEMED (Sigma, cat. no. T7024) 10 0.25

APS (Thermo Fisher, cat. no. 17874) 10 0.25

Total 50

*All concentrations are in g/100 ml except cleavable second monomer solution.

To make the second gelling solution, 250ul of TEMED solution (0.1g/ml in water) to 34.5mL of
second monomer solution, vortex for ~10 seconds, add 250ul of APS solution (0.1g/ml in water),

vortex for ~10 seconds.

Third monomer solution (9.4ml, aliquoted to 10 tubes of 940ul and stored at -20 °C):

Reagent Stock concentration® Amount (ml)
Sodium Acrylate (Sigma, cat. no. 408220) 38 2.25
Acrylamide (Sigma, cat. no. A8887) 50 0.5
N,N’-Methylenebisacrylamide (Sigma, cat. no. M7279) 2 1
Sodium chloride (Thermo Fisher, cat. no. BP358-212) 29.2 4
10xPBS (Thermo Fisher, cat. no. 70011044) 10x 1
Water (Thermo Fisher, cat. no. 10977015) 0.65
Total 9.4

*All concentrations are in g/100 ml except 10xPBS.

Third gelling solution (prepared in fresh and applied at RT):
Reagent Stock concentration® Amount (ul)
umExM monomer Solution (see above) 1x 940
4-hydroxy-TEMPO (Sigma, cat. no. 176141) 0.5 20
TEMED (Sigma, cat. no. T7024) 10 20
APS (Thermo Fisher, cat. no. 17874) 10 20
Total 1000**

*All concentrations are in g/100 ml.

** To make the third gelling solution, add 20ul of 4-hydroxy-TEMPO solution (0.005g/ml in
water) and 20ul of TEMED solution (0.1g/ml in water) to 940ul of monomer solution, vortex for
2-3 seconds, add 20ul of APS solution (0.1g/ml in water), vortex for 2-3 seconds.




List of antibodies used for umExM:

Antigen Species Company Catalog no

SV2A Rabbit Abcam 50-194-3924

PSD95 Rabbit Thermo Fisher MA1-046
Supplementary Table 4

We measured the laser excitation power (mW). To do so, we employed a Nikon W1 spinning
disk equipped with a four-line laser system. Since we utilized the 561nm laser line for pGk13a
signals, and we only reported exposure time for this one laser line, we measured the laser
excitation power (mW) of this line. This measurement was performed using a power meter to
directly measure the excitation light output from the 4x, 10x, 40x and 60x objective lenses that
were used for imaging pGk13a signals throughout:

Laser power
Lens
50% 100%
4x 1.10 mW 2.33mW
10x 1.11mwW 2.35mwW
40x 0.97mw 2.02mwW
60x 0.94mwW 2.00mw




Supplementary Methods

Electron microscope imaging, visualization, and analysis

To validate pGk5b labeling by electron microscopy (EM), tissue slices of 100 um thickness were
treated with lipid labeling solution as we used for mExM, except we used azide instead of biotin
as the linkable group of the lipid stain (pGk5a for short): we first incubated the tissue in 1ml of
pGkS (0.1pg/ml in ice-cold PBS) at 4 °C overnight (>16hrs) to let the labels diffuse and
intercalate thoroughly throughout. Subsequently, the sample was washed 2x using PBS at 4 °C
for 1 hour each to remove any excess lipid label. Then the sample was placed in 2% PFA, 2%
glutaraldehyde in PBS at 4 °C for 6 hours for post-fixation of the sample for EM staining. This
fix also served for further EM processing, to preserve the state of ultrastructure!2. These steps
were performed at 4 °C to promote the stability of the lipids and the lipid label in the sample. The
sample was moved to 1.8nm undecagold-DBCO conjugate solution (2.5mg/1mL Nanopartz, part
no. CK11) at 4 °C for 12 hours. The azide-DBCO chemistry served to link the lipid label with a
gold nanoparticle. Thereafter the sample was washed 3x with 0.15M sodium cacodylate buffer at
room temperature for 30 minutes each to remove unbound nanoparticles. The samples were sent
to the Harvard Medical School Electron Microscopy Core to be stained, then embedded and
sliced using a standard EM preparation protocol?. In summary, the tissue was stained with 1%
uranyl acetate (UA) for 1 hour at room temperature, embedded in resin, and sliced in ultrathin
sections (40nm thickness). As discussed in Supplementary Fig. 1, we decided to use a common
UA staining protocol (1% UA for 1 hour at RT) to enhance the pGk5a signals on top of signals
from gold nanoparticles as UA can react to amino groups of pGk5a. As for control experiments,

the protocol was adjusted by replacing pGk5a staining with common osmium staining (1% OsO4



for 1 hour at RT). Samples were imaged on a JEOL 1200EX transmission electron microscope
using 80keV transmitted voltage. The images were captured with an AMT 2k CCD camera.
Acquired images were processed with a Gaussian filter (Radius = 1) and Enhance contrast
(Saturated pixels = 10.5%) function in ImageJ (version 1.53q). pGkS5a treated sample without
Os04 clearly showed membranes (e.g., mitochondrial membrane and vesicle membranes;
Supplementary Fig. 1a) similar to the control experiment (i.e., that is, only with OsOs;

Supplementary Fig. 1b) but with slightly lower contrast.

Cell preparation

We first inserted a 13-mm-diameter coverslip (Thermo Fisher, catalog no. 174950) into one well
of a 24-glass well plate (Cellvis 24 WELL GLASS BTTM PLATE 20/CS, catalog no.
NC0397150). Then, either HEK293 or HeLa or U20S cells were plated in the well (~40k
cells/ml in cell culture medium (described in next paragraph) per well.) The plate was then
moved to a humidified cell culture incubator (set at 37°C, 20% oxygen, and 5% CQO?2) for at least
6 hours for cells to adhere. The cells were fixed with 4% paraformaldehyde (PFA) and 0.1%
glutaraldehyde in Dulbecco's 1x phosphate buffered saline (PBS) at room temperature (RT) for
15 minutes. Fixed cells were washed 4 times with PBS for 10 minutes each at 4 °C, and kept in

PBS at 4 °C.

For HEK293 cell culture medium, we used Dulbecco’s modified Eagle’s medium (DMEM,
Corning, catalog no. 10013CV) supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Thermo Fisher, catalog no. A3840001), 2 mM GlutaMax (Thermo Fisher Scientific, cat.

No. 3505006), and 1% penicillin-streptomycin (Thermo Fisher, catalog no. 15140122). For HeLa



cell culture medium, we used DMEM supplemented with 10% heat-inactivated fetal bovine
serum (FBS) and 1% penicillin-streptomycin (Thermo Fisher, catalog no. 15140122). For U20S
cell culture medium, we used Dulbecco’s modified Eagle’s medium (DMEM, Corning, catalog
no. 10013CV) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Thermo Fisher,
catalog no. A3840001), 1% penicillin-streptomycin (Thermo Fisher, catalog no. 15140122) and

1% sodium pyruvate (Thermo Fisher, catalog no. 11360070).

Transduction of cells via BacMam virus

The adherent cells were prepared as described in the Cell Preparation section. The cells were
transduced by directly adding 12l of BacMam reagent (either CellLight™ Mitochondria-GFP,
catalog no. C10508 or CellLight™ ER-GFP, catalog no. C10590) to the cell medium. The cells
were then placed in the culture incubator overnight (>16hrs). The cells were then fixed and

washed as described in the Cell Preparation section in Supplementary Methods.

Brain tissue preparation for mExM

All procedures involving animals were in accordance with the US National Institutes of Health
Guide for the Care and Use of Laboratory Animals and approved by the Massachusetts Institute
of Technology Committee on Animal Care. Wild type (both male and female, C57BL/6 or Thy1-
YFP, 6-8 weeks old, from either Taconic or JAX) mice were first terminally anesthetized with
isoflurane. Then, ice-cold PBS was transcardially perfused until the blood cleared
(approximately 25ml). For all mExM experiments, the mice were then transcardially perfused

with 4% paraformaldehyde (PFA) and 0.1% glutaraldehyde in ice-cold PBS. The fixative was



kept on ice during perfusion. After the perfusion step, brains were dissected out, stored in
fixative at 4 °C for 12 hours for further fixation, and sliced on a vibratome (Leica VT1000S) at
100 pm thickness. For the slicing, the tray was filled with ice-cold PBS, and the tray was

surrounded by ice. The slices were kept in PBS at 4 °C overnight for washing and storing.

mExM for cells

1. The fixed cells (as described in the Cell Preparation section in Supplementary
Methods) were incubated in the pGk5b solution (Supplementary Table 2, “pGk5b
membrane labeling stock solution”) at 4 °C overnight.

2. The cells were then incubated in the AcX solution (Supplementary Table 2, “AcX stock
solution”) overnight at 4 °C. Then we washed with ice-cold PBS 2 times, 30min each at 4
°C.

3. The cells were then incubated in the gelling solution (Supplementary Table 2, “Gelling
solution”) 30min at 4 °C for pre-gelation. During this step, the gelation chamber was
constructed as described previously®. In summary, we placed two spacers (VWR, catalog
no. 48368-085) on a microscope slide (VWR, catalog no. 48300-026). The spacers were
separated from each other enough so that an adherent cell-containing cover glass could be
placed in between them. The adherent cell-containing cover glass was then placed
between the spacers on the slide. We then placed the lid (VWR, catalog no. 87001-918)
on top of the spacers, covering the cell-containing cover glass. We then fully filled the
empty space between the cells and spacers with the gelling solution. Next, the chamber
was transferred to a 37 °C incubator to initiate free-radical polymerization. After 2 hours,

the gelation chamber containing cells was taken out



4. The gel was trimmed with a razor blade (VWR, cat. no. 55411-050) and transferred from

the chamber to a 6-well plate (Thermo Fisher, catalog no. 140675) that contained
proteinase K digestion buffer (Supplementary Table 2, “Digestion buffer”) in the well
(3mL of digestion buffer per well). The gel was then digested at 37C on a shaker
overnight (> 16 hours). After digestion, the gel was washed 4 times in PBS at RT, 30
minutes each.

The digested gels were labeled with 0.3mg/ml of streptavidin labeled with Atto 565 (Atto
565-Streptavidin; Sigma Aldrich, catalog no. 56304-1MG-F) buffered in PBS overnight

at RT, and then washed 4 times in PBS at room temperature (RT), 30 minutes each.

6. The gels were placed 4 times in excess water at RT for expansion, 30 minutes each.

mExXM for brain tissue slices

1.

The fixed tissue slices (as described in the Brain tissue preparation for mExM section
in Supplementary Methods) were incubated in a lipid labeling solution
(Supplementary Table 2, “Lipid labeling stock solution) at 4 °C overnight (>16 hours)
to let the labels diffuse and intercalate thoroughly throughout the tissue slices.

The tissue slices were then incubated in an AcX stock solution (Supplementary Table 2,
“AcX stock solution”) overnight (>16 hours) at 4 °C. The tissue was then washed 2 times
in PBS at 4 °C, 1 hour each.

The tissue slices were then incubated in gelling solution (Supplementary Table 2,
“Gelling solution’) 30min at 4 °C for pre-gelation incubation. During this step, the
gelation chamber was constructed as previously described’. In summary, we placed two

spacers (VWR, catalog no. 48368-085) on a microscope slide (VWR, catalog no. 48300-



026). The two spacers were separated from each other enough so that the brain tissue
slice could be placed in between them. The brain tissue slice was placed between the
spacers. We then placed the lid (VWR, catalog no. 87001-918) on top of the spacers as
well as the brain tissue slice. We then fully filled the empty space between the brain
tissue slice and spacers with the gelling solution. The chamber was transferred to a 37 °C
incubator to initiate free-radical polymerization. After 2 hours, the gelation chamber
containing the tissue was taken out.

4. The gel was trimmed with a razor blade (VWR, cat. no. 55411-050) and transferred from
the chamber to a 6-well plate (Thermo Fisher, catalog no. 140675) that contained
proteinase K digestion buffer (Supplementary Table 2, “Digestion buffer”) in the well
(4mL of digestion buffer per well). The gel was then digested at 37C on a shaker
overnight (>16 hours). After digestion, the gel was washed 4 times in PBS at RT, 30
minutes each.

5. The digested gels were labeled with 0.3mg/ml of streptavidin labeled with Atto 565 (Atto
565-Streptavidin; Sigma Aldrich, catalog no. 56304-1MG-F) buffered in PBS overnight
at RT, and then washed 4 times in PBS at room temperature (RT), 30 minutes each.

6. The gels were placed 4 times in excess water at RT for expansion, 30 minutes each.

Immunohistochemistry-compatible mExM

The aforementioned mExM steps were carried out the same, except for the digestion step (i.e.,
step4 in the mExM for cells and mExM for brain tissue slices sections). Instead of using the
proteinase K digestion buffer, the sample was heated in fixation reversal (FR; Supp Table 1,

“Fixation Reversal buffer”) buffer for 30 minutes at 100 °C and then held for 2 hours at 80 °C.



The FR buffer consisted of 0.5% PEG20000, 100mM DTT, 4% SDS, in 100mM Tris pHS8. After
this, the FR-digested sample was washed in 1x PBS 4 times at RT for 1 hour before proceeding
to the immunohistochemistry steps. The expanded gels were first blocked with MAXblock
Blocking Medium (Active Motif, catalog no. 15252) for 4-6 hours at room temperature and
incubated in MAXbind Staining Medium (Active Motif, catalog no. 15251) containing primary
antibodies at a concentration of 10 pg/ml overnight at 4 °C. Then, the sample was washed with
MAXwash Washing Medium (Active Motif, catalog no. 15254) at RT 4 times, 30 minutes each
and subsequently incubated in secondary antibodies buffered in MAXbind Staining Medium at a
concentration of 10 pg/ml for 10-12 hours at 4 °C. Finally, the secondary antibodies were
washed, again, with MAXwash Washing Medium at RT 4 times, 30 minutes each time. For
primary antibodies, anti-TOM20 (Cell Signaling Technology, catalog no. 424068, rabbit; Santa
Cruz Biotechnology, catalog no. sc-17764, mouse), anti-NUP98 (Cell Signaling Technology,
catalog no. 25978, rabbit), anti-myelin basic protein (MBP; Cell Signaling Technology, catalog
no. 788968, rabbit; Abcam, catalog no. ab40390, rabbit; AVES, catalog no. AB 2313550,
chicken), were used. For secondary antibodies, anti-chicken Alexa Fluor Plus 488 (Thermo
Fisher, catalog no. A32931), anti-rabbit Alexa Fluor Plus 488 (Thermo Fisher, catalog no.
A32731), and anti-mouse Alexa Fluor Plus 647 (Thermo Fisher, catalog no. A32728) were used.
After antibody staining, the pGk5b probes that were conjugated to the gel were then labeled with
0.3mg/ml of streptavidin labeled with Atto 565 (Atto 565-Streptavidin; Sigma Aldrich, catalog
no. 56304-1MG-F) buffered in PBS overnight at RT, and then washed 4 times in PBS at RT, 30
minutes each. Finally, the gel was placed 4 times in excess water at RT for expansion, 30

minutes each.



Antibody staining of fluorescent proteins for mExM

The expanded samples, after either proteinase-k digestion or high-temperature softening, were
incubated with MAXblock Blocking Medium (Active Motif, catalog no. 15252) for 4-6 hours at
room temperature and incubated in MAXbind Staining Medium (Active Motif, catalog no.
15251) containing fluorophore-conjugated primary antibody against the green fluorescent protein
(GFP) at a concentration of 10 pg/mL overnight (> 16 hours) at 4 °C. For the primary antibody,
we used anti-GFP (Thermo, catalog no. A-21311). Next, the sample was washed with MAXwash
Washing Medium (Active Motif, catalog no. 15254) at RT 4 times, 30 minutes each. After
antibody staining, the lipid labels that were conjugated to the gel were then labeled with
0.3mg/ml of streptavidin labeled with Atto 565 (Atto 565-Streptavidin; Sigma Aldrich, catalog
no. 56304-1MG-F) buffered in PBS overnight at RT, and then washed 4 times in PBS at RT, 30
minutes each. Finally, the gel was placed 4 times in excess water at RT for expansion, 30

minutes each.

Expansion factor and degree of isotropy analysis

For umExM, expansion factor and degree of isotropy analysis were carried out with cells. mExM
protocol for cells is described mExM for cells section in supplementary methods. umExM
protocol for cells is similar as mExM for cells, but using the pGk13a membrane labeling stock
solution for step 1, AX stock solution for step 2, umExM gelling solution for step 3, umExM
Digestion buffer for step 4, and pGk13a was fluorescently labeled with 1ml of Cy3 conjugated
DBCO (Cy3 DBCO Click chemistry tools, catalog no. A140-1) buffered in PBS at a
concentration of 0.03mg/ml on the shaker (50 rpm) at RT, overnight (>16 hours). The samples

were expanded with water.



We evaluated the expansion factor as previously described”®. In particular, we used HEK293 and
U20S cells transfected with BacMam viruses expressing GFP proteins targeted to the matrix of
mitochondria. We randomly chose two landmarks in pre-expansion images and found the
corresponding landmarks in expanded-cell images, and calculated the ratio.

We evaluated distortion as previously described”®. In summary, we used BacMam virus to
express GFP proteins in the matrix of mitochondria in HEK293 and U20S cells. We imaged the
cell with SIM before expansion, and re-imaged the same region after expansion with a confocal
microscope. We non-rigidly registered the SIM image and the confocal image, then calculated
the root-mean-square (RMS) length measurement error as a function of measurement length for
SIM vs. expanded-cell images.

For the iterative form of umExM, expansion factor was measured with slices of fixed mouse
brain. We measured the gel size before and after expansion (i.e., after 2" round of expansion)

and divided the measured gel size to obtain expansion factor.

Colocalization analysis for mExM images

We performed a colocalization analysis for mExM by adopting recommended colocalization
methods for light microscopy studies®®3!. We first segmented the foreground and background
fluorescence of GFP channels of mExM images using the Otsu image processing algorithm?? as

we previously did for segmenting signals®-3*

. We then created a binary signal mask based on the
foreground signals and used the signal mask to segment the pGk5b signals. Finally, we evaluated

the fraction of expressed GFP and antibody signals that had pGk5b signals by counting the pixels

containing pGk5b signals that were above 1x standard deviation below the mean of the pGk5Sb



signal intensity in the image. The analysis was performed with RStudio 2021.09.2+382 with R

version 4.1.2.

ExM with fGkSb and fGkS5b+pGkSb.

We followed the mExM protocol described in the supplementary method section. For ExXM with
fGk5b, we used 10mM fGk5b, the same concentration as the membrane probe used in the mExM
protocol (10mM pGkS5b), and the rest of the procedure was identical to that of mExM. Similarly,
for ExM with fGk5b + pGkS5b, we used SmM fGk5b + 5SmM pGk5b or 10mM {fGk5b + 10mM
pGkS5b, and for ExM with pGk5b, we used 10mM pGkS5b, while the rest of the downstream

protocol remained the same as mExM.

umExM with GMA anchoring

Our GMA anchoring protocol was adapted from the published protocol**. Briefly, we performed step 1 in
the umExM for brain tissue slices section. We then used 0.1% GMA in 100 mM sodium bicarbonate on
a shaker (~10-20 rpm) at room temperature, overnight. We then performed steps 3-6 in the umExM for

brain tissue slices section.

Biotin-DHPE, BODIPY-lipid, mCling staining and proExM
Biotin-DHPE

The Biotin-DHPE followed by tyramide signal amplification protocol was adopted from ref?!. In
summary, 4% PFA fixed mouse brain tissue was incubated in biotin-DHPE solution (Biotium,
catalog no. 60022; 0.1 mg/ml in 50% ethanol) overnight at RT. Premixed ABC solution was
prepared by using equal amounts of avidin and biotin from the VECTASTAIN ABC-HRP Kit

via mixing them in TBS at a 1:50 dilution and incubated for 30 minutes. During this time, biotin-



DHPE-tissue was extensively washed at RT with PBS to remove unbound biotin-DHPE. The
premixed ABC solution was then added to the biotin-DHPE-labeled tissue for 1 hour, followed
by extensive washing at RT with PBS. After washing, Alexa Fluor-555-conjugated tyramide
solution (Invitrogen, catalog no. B40955) in TRIS (1:100 dilution) containing hydrogen peroxide
(0.03%; note that ref?! used amplification dilution buffer which is currently discontinued), was

applied to the tissue for 20 minutes at RT, and followed by extensive washing at RT with PBS.
BODIPY-lipid

The BODIPY-FL-C12 (BODIPY) staining protocol was adopted from ref?2. In summary, 4%
fixed mouse brain tissue was incubated in 10 pg/mL BODIPY (Invitrogen, catalog no. D3822) in

PBS at RT, overnight. BODIPY stained tissue was then extensively washed with PBS.
mCling

The mCling staining protocol was adopted from ref?. In summary, 4% fixed mouse brain tissue
was incubated in 5 pM BODIPY (Synaptic Systems, catalog no. 710 006AT1) in PBS at RT,

overnight. mCling stained tissue was then extensively washed with PBS.
proExM

After treating tissue with either biotin-DHPE, BODIPY, or mCling staining protocols, they were
processed using the standard proExM?® protocol. In brief, tissue was incubated in 0.1 mg/ml of
AcX (Thermo Fisher, catalog no. A20770), then gelled with the gelling solution (see
Supplementary Table 2), digested with the digestion solution (see Supplementary Table 2),

and finally expanded with water.
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