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Single-shot 20-fold expansion microscopy
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Ryan B. McMillan    6,7,8, Hanquan Su6,7, Yixi Liu1,5, Chi Zhang1, Kylie S. Leung    1, 
Peng Yin    6,7, Laura L. Kiessling    2,9,10  & Edward S. Boyden    1,3,4,10,11,12,13,14 

Expansion microscopy (ExM) is in increasingly widespread use  
throughout biology because its isotropic physical magnification enables 
nanoimaging on conventional microscopes. To date, ExM methods  
either expand specimens to a limited range (~4–10× linearly) or achieve 
larger expansion factors through iterating the expansion process a second 
time (~15–20× linearly). Here, we present an ExM protocol that achieves  
~20× expansion (yielding <20-nm resolution on a conventional microscope) 
in a single expansion step, achieving the performance of iterative expansion 
with the simplicity of a single-shot protocol. This protocol, which we 
call 20ExM, supports postexpansion staining for brain tissue, which can 
facilitate biomolecular labeling. 20ExM may find utility in many areas of 
biological investigation requiring high-resolution imaging.

Identifying and locating biomolecules with nanoscale precision in 
intact cells and tissues is key to understanding their roles in such bio-
logical systems. Expansion microscopy (ExM) provides a robust, simple 
and affordable solution because its isotropic physical magnification 
enables nanoscale-resolution imaging of preserved cells and tissues 
on conventional microscopes1,2. In ExM, a dense mesh of swellable 
hydrogel is formed throughout preserved biological specimens, with 
biomolecules and/or fluorescent tags covalently anchored to the poly-
mer network. After the embedded specimens are chemically softened 
and the hydrogel is immersed in water, the polymer network expands 
isotropically while preserving the relative spatial organization of the 
anchored molecules. Previous ExM methods either expanded speci-
mens to a limited range in one shot (~4–10× linearly)3–7 or achieved 
higher expansion factors through re-embedding the first gel in a second 
hydrogel and then iterating the expansion process again (~15–20× linear 
expansion total)8–10. Many nanoscale biological features, such as the 
hollow structure of microtubules and the nanocolumnar alignment 
of synaptic proteins, have been visualized via such iterative expan-
sion protocols, which involve multiple processing steps8–10. In one of 

these protocols, expansion revealing (ExR)10, fluorescent antibodies 
are delivered to brain tissue after iterative expansion; by separating 
densely packed proteins from one another before antibody staining, 
antibodies attain better access to epitopes, in some cases converting 
virtually invisible molecular targets into visible ones.

Here, we report an ExM protocol that achieves the resolution of 
iterative expansion protocols (<20-nm resolution) with the simplicity 
of one-shot protocols, achieving ~20× expansion of cell cultures and 
tissues in a single expansion step and supporting postexpansion stain-
ing of biomolecules for brain tissue. In one round of expansion, this 
protocol, which we call 20ExM, reveals hollow microtubule structures 
in cultured cells and synaptic nanocolumns in mouse somatosensory 
cortex on a conventional confocal microscope. We anticipate 20ExM to 
find broad utility in biology due to its high performance and simplicity.

Results
Development of a state-of-the-art superabsorbent hydrogel
We sought to develop a superabsorbent hydrogel that could achieve 
expansion factors comparable with iterative expansion protocols 
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properties. Previous DMAA–SA-based 10× ExM methods required 
bubbling nitrogen gas through a needle for 40 min before gelation to 
displace dissolved oxygen3,5. However, even with prolonged nitrogen 
bubbling (up to 3 h), our optimized gel formula still suffered from 
batch-to-batch variation.

We reasoned that performing gelation in an oxygen-controlled 
environment could reduce this batch-to-batch variation. To this end, 
we deoxygenated the gelation solution by flowing nitrogen through a 
gas dispersion tube immersed in the solution for 50 s. This procedure 
breaks the nitrogen flow into tiny bubbles, which streamlines oxygen 
displacement. We then moved the gelation solution into a countertop 
glove bag connected to a compressed nitrogen gas cylinder (a simple 
and inexpensive means to manipulate objects in an oxygen-depleted 
environment, thus enabling processes such as ExM to be performed 
without requiring specialized equipment not found in a typical biology 
laboratory). The resulting setup (depicted in Extended Data Figs. 2 and 
3, with a step-by-step protocol in Supplementary Note 1) substantially 
improved reproducibility of gels exhibiting high expansion factors 
(Extended Data Fig. 4a). The improved removal of oxygen supported 
by the glove bag was essential for our optimized reaction conditions 
to consistently afford materials that gelated. When oxygen was pre-
sent, the reagents would sometimes simply fail to yield gels. With 
this new protocol, we found that the expansion factor, now reliable 
across batches made under the same conditions, would vary system-
atically with gelation time. We stopped gelation (by placing the gel 

in a single expansion step. Some previous studies reached higher 
expansion factors by reducing cross-linker concentration in 
bis-acrylamide-cross-linked hydrogels; achieving higher expansion 
factors with this strategy can lead to lower gel structural integrity, 
and thus expansion factors beyond ~10× have not been achieved1,6,7. 
To address this limitation, a polymer with exceptional mechanical 
properties is needed. We chose to optimize a hydrogel composed of 
N,N-dimethylacrylamide (DMAA) and sodium acrylate (SA), reagents 
that are known to form mechanically robust and elastic hydrogels due 
to the unique self-cross-linking chemistry of DMAA (Extended Data 
Fig. 1)11. Versions of this hydrogel have been used to create a one-shot 
10× ExM protocol, called the X10 protocol3,4.

We tested whether these reagents could afford gels with higher 
expansion factors. Starting from the X10 protocol, we increased 
the SA:DMAA molar ratio from 1:4 to 2:3 and the monomer (SA and 
DMAA):water mass ratio from 1:2 to 3:2 (Fig. 1a) to reach expansion 
factors beyond tenfold. However, we observed large batch-to-batch var-
iation in expansion factor and gel mechanical properties. We hypoth-
esized that this variation was due to varying oxygen concentration 
in the monomer solution. Compared to bis-acrylamide-cross-linked 
hydrogels, DMAA–SA hydrogels are especially sensitive to oxygen 
because their polymerization relies on a radical-dependent mechanism 
to self-cross-link (Extended Data Fig. 1)11. As oxygen can react rapidly 
with the intermediate radicals, its concentration during gelation can 
substantially affect the cross-linking density and, subsequently, gel 
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Fig. 1 | Single-shot 20ExM. a–d, Workflow for expanding cell culture and tissue 
samples ~20-fold with only one gelation step. Key differences from the published 
X10HT protocol (ref. 4) are shown in green text; PFA, paraformaldehyde; AX, 
N-acryloxysuccinimide; DTT, dithiothreitol; PBS, phosphate-buffered saline; 
ddH2O, double-distilled water. For steps after decrowding (c), the linear 
expansion factor of the hydrogel–specimen composite is shown in parentheses 

above the schematic of the step. a, Cell culture or tissue samples are treated 
to attach gel-anchorable groups to proteins. The sample is then permeated 
with monomer solution and incubated to form a superabsorbent polyacrylate 
hydrogel. b, Samples are incubated in a softening buffer to denature proteins.  
c, Softened samples are washed in a buffer to partially expand them. d, Samples 
are stained with antibodies and fully expanded by immersion in water.
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in double-distilled water at room temperature) after different time 
periods. For the same gel formula, the gel would expand 16× when 
gelation was stopped after 1 h; 2 h afforded 13× expansion, and 16 h 
afforded 8× expansion (Extended Data Fig. 4b). Transitioning from 
pure gels to specimen–gel composites, we found that the presence of 
a biological specimen altered the polymerization kinetics: the same 
gel formula, with a cell or tissue embedded, required a longer time to 
gelate for a given targeted expansion factor than a pure gel. We also 
tuned initiator concentration and gelation time for tissues to allow 
monomers to fully permeate specimens. Through optimizing initia-
tor concentration (7.7 µM for cell culture and 1.6 µM for brain tissue) 
and gelation time (2 h for cell culture and 16–20 h for brain tissue), we 
reliably achieved expansion factors of 21.50 ± 1.70 (mean ± s.d. used 
throughout unless otherwise indicated; n = 8 cells from four culture 
batches) for cell culture and 18.44 ± 0.33 for brain tissue (n = 2 brain 
slices from one mouse; Fig. 1 and Supplementary Table 2). These expan-
sion factors were consistent whether measured via physical gel size or 
utilization of biological landmarks, and were identical in all directions 
(x, y and z; Supplementary Note 2 and Supplementary Data). Gelation 
time is a critical parameter in ensuring reproducible expansion (Sup-
plementary Note 3). Expanded gels were stable for periods of many 
hours after expansion (as long as we examined), as long as humidity 
was maintained (Supplementary Note 4).

Validation of 20ExM resolution
To validate the resolution of 20ExM, we stained microtubules in cell 
culture using pre-expansion primary and secondary antibody staining, 
performed softening via proteolysis with LysC/trypsin digestion and 
performed postexpansion further staining (for example, with a tertiary 
antibody), expansion and imaging, similar to the iterative ExM (iExM) 
protocol8. We visualized the hollow structure of microtubules, which 
has been used as a benchmark for resolution in various studies (Sup-
plementary Table 1)3,4,6–9,12,13. iExM affords ~×20 physical magnification 
with three rounds of gelation to yield an average distance between 
microtubule sidewall peaks of 58.7 ± 10.3 nm on a conventional confocal 
microscope, as expected for this antibody staining and signal ampli-
fication scheme. With 20ExM, we saw hollow microtubule structures 
with an appearance consistent with that observed in previous stud-
ies such as the iExM study, with an average sidewall peak distance of 
62.1 ± 8.8 nm, indistinguishable from that yielded by iExM (Fig. 2a–c). 
The standard deviation of 8.8 nm, in particular, could be regarded as 
an upper bound (because it includes any real biological variability in 
microtubule thickness) on the nanoscale error introduced by 20ExM 
and is similar to that observed for iExM above (see Supplementary 
Note 5 for further discussion of microtubule diameter and how our 
measurements compare to those observed with other technologies). 
As reported in iExM, we also observed circular cross-sections of micro-
tubules when they happened to be perfectly orthogonal to the imaging 
plane (Fig. 2d–f). Thus, the hollow structure of microtubules was easily 
resolved and characterized (with quality on par with state-of-the-art 
iterative protocols) via the single-step 20ExM protocol.

To more quantitatively evaluate the resolution that 20ExM pro-
vides, we used block-wise Fourier ring correlation (FRC) resolution 
analysis14, which measures the resolution of an image by evaluating 
a normalized cross-correlation histogram measure in the frequency 
domain between two images that captured the same region under 
the same imaging conditions (Fig. 2i). We performed FRC analysis on 
34 image pairs of microtubules from two biological replicates. We 
observed an effective resolution of 17.9 ± 1.3 nm (median = 18.7; Fig. 2j), 
comparable to the highest reported resolution of iterative expansion 
protocols (Supplementary Table 1). This analysis was robust to the 
levels of noise we estimated to occur in our images (Supplementary 
Note 6). To evaluate the distortion of 20ExM over nanoscale distances, 
we analyzed, as in the iExM paper8, the variation of microtubule diam-
eter along 185-nm distances randomly selected along the long axis of 

imaged microtubules. The estimated distortion was found to be 8.8 nm 
(Fig. 2c), indistinguishable from the published distortion measure of 
iExM of 10.3 nm (ref. 8).

20ExM reveals trans-synaptic nanoarchitecture in the  
mouse brain
To demonstrate 20ExM’s utility in brain tissue, we imaged synaptic 
nanocolumns, which were visualized previously with STORM and 
ExR10,15. We first evaluated the macroscopic distortion of ExM in 
expanded brain slices using standard ExM distortion analysis7,8,16,17 
methods, which calculate a root mean square (r.m.s.) alignment error 
from the deformation vector field obtained by comparing pre- and 
postexpansion images of the same field of view. We obtained low 
distortion comparable to previous ExM protocols in both x and y 
(Fig. 2g,h) and in z (see Supplementary Note 8). We applied 20ExM 
to paraformaldehyde-fixed adult mouse brain slices, followed by 
postexpansion staining against RIM1/2 and PSD95, presynaptic and 
postsynaptic scaffolding proteins among those examined in the ExR 
study. We used postexpansion staining because it has been shown to 
be capable of revealing otherwise unseen proteins through decrowd-
ing densely packed regions for better antibody access. To compare 
our results with ExR, we imaged in the same region investigated in the 
earlier study, specifically layers 2 and 3 of the somatosensory cortex 
(Fig. 3a). We observed a juxtaposition of RIM1/2 and PSD95 scaffolds 
with 20ExM, similar to what was observed with ExR (Fig. 3b). We then 
performed the three-dimensional autocorrelation ga(r) analysis used 
in previous studies10,15,18 to look for inhomogeneous distributions of 
proteins. A more heterogeneous distribution within a synapse will 
result in higher ga(r), and the distance at which ga(r) flattens can be 
used to estimate the size of each internal cluster, sometimes termed a 
nanodomain. For both RIM1/2 and PSD95, we observed nanodomains 
with sizes of ~50–70 nm (Fig. 3c,d), consistent with previous reports. To 
analyze the spatial alignment of the two distributions, we performed 
protein enrichment analysis, which measures volume-averaged inten-
sity of one channel as a function of distance from the peak intensity 
of another channel (see Methods for details). We evaluated protein 
enrichment for RIM1/2 relative to the PSD95 peak (Fig. 3e) and PSD95 
relative to the RIM1/2 peak (Fig. 3f). Both intensities flattened around 
~20–25 nm away from peak, indicating precise alignment between 
presynaptic RIM1/2 and postsynaptic PSD95, consistent with previous 
reports. These results demonstrate that 20ExM can visualize synaptic 
nanoarchitecture that had been previously documented with confocal 
imaging of iteratively expanded samples (for example, via ExR) or with 
single-molecule localization microscopy (for example, STORM) imag-
ing. We analyzed the signal-to-noise ratio (SNR) of our signals and found 
them comparable to those obtained with ExR, perhaps because in both 
cases, postexpansion antibody staining permits much higher levels of 
staining than pre-expansion antibody staining (Supplementary Note 6).

Applications of 20ExM
To explore the utility of 20ExM, we performed 20ExM to image 
more organelles and tissue types. We explored visualizing nuclear 
pore complexes (NPCs), which have been imaged with various ExM 
methods6,19,20. These papers used a variety of fixation and extraction 
methods, ranging from permeabilization with detergent before fixa-
tion to using paraformaldehyde of varied concentrations or methanol 
cryofixation, with some methods extracting nuclei from intact cells 
before staining. Because our goal was to validate 20ExM as would be 
experienced in everyday biology rather than to study NPCs per se, we 
simply used standard 4% paraformaldehyde to fix intact cells in which 
the nuclear pore protein NUP96 was fused to the fluorescent protein 
mNeonGreen21,22 and stained with anti-mNeonGreen. We performed 
20ExM and imaged NPCs on the top and bottom of the nuclei, which 
are tangential to the imaging plane, to facilitate observation of the 
shape of the nuclear pore in the imaging plane. We observed the ring 
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Fig. 2 | Validation of the nanoscale precision of 20ExM. a, Confocal image 
(maximum intensity projection from one representative experiment of three 
culture batches) of expanded HEK293 cells with pre-expansion microtubule 
staining. The inset shows a magnified view of the white boxed region. Brightness 
and contrast settings were set using Fiji’s autoscaling function. Quantitative 
analysis in b and c was conducted on raw image data. b, Transverse profile of 
microtubules in the red dotted boxed region of the inset in a after averaging 
down the long axis of the box and then normalizing to peak value (black dots), 
with superimposed fit with a sum of two Gaussians (red lines). c, Population data 
for peak-to-peak distances of 100 microtubule segments (mean ± s.d. from 21 
cells from three culture batches). d, Confocal image (single xy plane from one 
representative experiment of three culture batches) of expanded HEK293 cells 
with pre-expansion microtubule staining. The inset shows a magnified view of 
the white boxed region, highlighting the microtubule circular cross-section. 
Brightness and contrast settings were set using Fiji’s autoscaling function. 
Quantitative analysis in e and f was conducted on raw image data. e, As in b but 
for the red dotted box in the inset of d. f, As in b but for the blue dotted box in the 
inset of d. g, Nonrigidly registered pre-expansion ×40 magnification confocal 
image (green) and postexpansion ×4 magnification confocal image (magenta) of 

the same region in the same Thy1–yellow fluorescent protein mouse brain slice 
(from one representative experiment of two brain slices from one mouse).  
h, r.m.s. measurement error as a function of measurement length of data 
acquired as in g (blue line, mean; shaded area, ±1 s.d.; n = 6 areas from two 
brain slices from one mouse). i, To measure resolution, we used block-wise FRC 
resolution analysis14. The method requires more than one independent image 
of the same region for noise realization. Left and middle, two independent 
confocal images (single xy plane) of expanded HEK293 cells with pre-expansion 
microtubule staining, showing the same region of interest under the same 
imaging conditions. Right, local mapping of FRC resolution values. A global FRC 
resolution is calculated by averaging FRC resolution values across all blocks.  
j, Box plot of global FRC resolution calculated for n = 34 regions of interest from 
two culture batches (black vertical line, median; dotted vertical line, mean; 
leftmost edge of the box, first quartile; rightmost edge of the box, third quartile; 
left dotted line extended from the box, first quartile minus 1.5× the interquartile 
range; right dotted line extended from the box, third quartile plus 1.5× the 
interquartile range). Scale bars are provided in biological units (that is, physical 
size divided by expansion factor) for all images; ROIs, regions of interest.
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structure of individual NPCs (Extended Data Fig. 5a). We then manually 
picked NPCs with at least four visible corners in top view and measured 
the radius to be 55.4 ± 8.9 nm (median = 58.7; Extended Data Fig. 5b), 
consistent with the expected radius of 53.5 nm based on the previ-
ously reported cryoelectron microscopy structure19 and previous ExM 
reports6,20. Furthermore, the standard deviation of 8.9 nm serves as an 
expansion error upper bound and was comparable to that measured 
using microtubule diameter, above, for both 20ExM and iExM (see the 
discussion above). 20ExM clearly resolved individual corners within 
NPC rings, which are around 42 nm apart from each other based on 
previous cryo-EM data and have been visualized by dSTORM19 and 
the iterative expansion method iU-ExM20. We counted the number of 

corners per NPC using a previously reported algorithm20 and observed 
a similar distribution of numbers of corners per NPC as previous stud-
ies (Extended Data Fig. 5c). We then measured the distance between 
adjacent corners to be 48.6 ± 12.8 nm (median = 48.9; Extended Data 
Fig. 5d), consistent with the expected distance of 42 nm and with an 
expansion error upper bound (the aforementioned standard deviation 
of 12.8 nm) comparable to that measured using microtubule diameter 
or NPC radius (see Supplementary Note 7 for further discussion).

We visualized the outer mitochondrial membrane by immu-
nostaining for the outer membrane protein TOM20 and observed the 
hollow structure of mitochondria (Extended Data Fig. 5e), consistent 
with previous STORM images23.
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Fig. 3 | 20ExM reveals synaptic nanoarchitecture in mouse brain tissue.  
a, Confocal image of a DAPI-stained mouse brain slice (left) and zoomed-in view 
(right) of the white dotted boxed region showing layers 1–4 of the somatosensory 
cortex (from one representative experiment of two brain slices from one 
mouse). b, Maximum z intensity-projected confocal image of layers 2 and 3 of 
the mouse somatosensory cortex after performing 20ExM and postexpansion 
immunostaining with antibodies to RIM1/2 (red) and PSD95 (cyan). Left, low-
magnification image. Right, zoomed-in images of the three white dotted boxes 
(i–iii) with separate channels for each antibody along with the merged image.  
The image shown is from a representative experiment using four brain slices 
from two mice. Brightness and contrast settings were first set by Fiji’s autoscaling 
function and then manually adjusted to improve contrast and highlight the 
boundary of the synapses; quantitative analysis in c–f was conducted on 
raw image data. c,d, Autocorrelation analysis, as described in refs. 10,15, for 
RIM1/2 (c) and PSD95 (d; n = 90 synapses from four brain slices from two 

mice). Autocorrelation analysis examines the protein distribution. A uniform 
distribution would be predicted if baseline ga(r) values are observed at all radii, 
whereas a nonuniform distribution with regions of high local intensity would be 
predicted if high ga(r) values are observed at short radii and decay as the radius is 
increased. e,f, Enrichment analysis that calculates the average molecular density 
for RIM1/2 to PSD95 peak (e) and PDS95 to RIM1/2 peak (f; n = 90 synapses from 
four brain slices from two mice). Enrichment values above 1 represent regions of 
high local intensity in the measured channel, so the enrichment profiles in e and 
f suggest that the peak of the reference channel closely aligns with the regions 
of high intensity in the measured channel for both comparisons. Therefore, this 
suggests that enriched regions of RIM1/2 and PSD95 are aligned in nanoscale 
precision with each other, consistent with previous studies10,15. Scale bars are 
provided in biological units: 1,000 µm (left) and 100 µm (right; a), 1 µm (left) and 
100 nm (right, i–iii; b); AU, arbitrary units.
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We tested kidney and spleen sections with the standard 20ExM 
tissue protocol. We found that with standard sodium dodecyl sulfate 
(SDS) softening, gels containing kidney and spleen tissue became dis-
torted and folded. This is consistent with our previous observations, 
where tissues that are more fibrous than brain may require stronger sof-
tening than achieved with heat and detergent alone24. With a stronger 
digestion protocol, LysC/trypsin proteinase digestion25, appropriate 
for pre-expansion staining, both kidney and spleen reached 16.5-fold 
(±0.4) expansion (Extended Data Fig. 5f–h), slightly less than brain 
tissue expanded under its corresponding 20ExM protocol but still 
higher than achieved with previous single-shot protocols. Thus, we 
recommend the standard gelation condition for all tissues, at least as 
a starting point (very complex tissues like bone and cartilage or very 
large samples like entire mammalian brains may of course require 
further tuning), but tissues with challenging mechanical properties 
may require harsher softening methods than heat/detergent treat-
ment, such as enzymatic methods, many of which have already been 
validated and published by us and others.

Discussion
20ExM achieves a resolution comparable to iterative expansion meth-
ods (<20 nm) with a single expansion step. As demonstrated in both 
cell culture and tissue specimens, 20ExM can be immediately deployed 
in a wide variety of experimental contexts where high resolution and 
single-step simplicity are desired. 20ExM could, in principle, be used 
to simplify and/or enhance the resolution of other expansion-based 
technologies, such as in situ RNA detection and sequencing26–29, 
genome imaging30–32, multiplexed proteomics33–36 and lipid and gly-
can staining7,25,37–42.

Due to 20ExM’s high expansion factor, which dilutes signal density, 
signal amplification is very useful. For samples with postexpansion 
antibody staining, primary and fluorescent secondary antibodies can 
afford sufficient signal intensity. For cell cultures and tissues stained 
with primary and secondary antibodies before expansion, we used 
fluorescent tertiary antibody staining (targeting the secondary anti-
body) to achieve enhanced signal intensity (see Supplementary Note 
1 for more information). Alternatively, previously published signal 
amplification methods could, in principle, be used, including hybridiza-
tion chain reaction and rolling circle amplification, which, as modular 
DNA-based methods, have easily been incorporated into ExM protocols 
by multiple groups.

20ExM, in the form presented here, does not universally support 
postexpansion antibody staining of cell culture or mechanically 
challenging tissues such as kidney and spleen due to the limita-
tions of SDS softening. For example, for cell cultures fixed with 3% 
paraformaldehyde and 0.1% glutaraldehyde, which is required to 
preserve the ultrastructure of microtubules12 and mitochondria23, 
we found that SDS softening at 95 °C did not enable full isotropic 
expansion of these nanostructures. For tissues with challenging 
mechanical properties, such as kidney and spleen, SDS softening 
led to gel distortion. Novel softening methods that are harsher than 
standard SDS softening but that preserve protein epitopes, such as 
SDS softening over prolonged timescales (for example, 80 h) or at 
higher temperatures (for example, 121 °C), as described in the Mag-
nify7 and dExPath24 papers, may be useful in the future for creating 
forms of 20ExM that enable isotropic expansion for postexpansion 
staining of cell cultures, nonbrain mouse tissues and potentially 
human clinical tissues.

Online content
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Methods
Cell culture preparation
HEK293 cells (Thermo Fisher, R70007) were cultured in 16-well cham-
bered coverglasses (Grace Bio-Labs, 112359) with DMEM supplemented 
with 1% penicillin–streptomycin, and the cells were incubated at 37 °C 
in 5% CO2 to reach ~20% confluency. NUP96::Neon-AID DLD-1 cells 
(gifted by T. Schwartz, Massachusetts Institute of Technology (MIT)) 
were cultured in 24-well glass-bottom plates (Cellvis, P24-1.5H-N), with 
a 12-mm number 2 round glass coverslip at the bottom of each well, in 
DMEM supplemented with 1% penicillin–streptomycin, and the cells 
were incubated at 37 °C in 5% CO2 to reach ~20–40% confluency.

Microtubule staining was performed following previously 
reported protocols8,43. All of the following steps were conducted 
at room temperature (~24 °C), unless otherwise noted. Cells were 
incubated in extraction buffer (0.5% (wt/vol) Triton X-100, 0.1 M 
1,4-piperazinediethanesulfonic acid, 1 mM ethylene glycol-bis
(2-aminoethylether)-N,N,N′,N′-tetraacetic acid and 1 mM magnesium 
chloride (pH 7); 100 µl per well) for 1 min and fixed in tubulin fixation 
solution (3% formaldehyde, 0.1% glutaraldehyde and 1× PBS; 200 µl 
per well) for 10 min, followed by incubation in reduction solution 
(0.1% (wt/vol) sodium borohydride in 1× PBS; 200 µl per well) for 
7 min and washing with quenching solution (100 mM glycine in 1× 
PBS; 200 µl per well) for 10 min. Cells were incubated in blocking 
buffer (Active Motif, 15252; 60 µl per well) for 2 h and then with rabbit 
anti-β-tubulin in staining buffer (Active Motif, 15253; 1:100 dilution, 
60 µl per well) for 2 h. Samples were then washed in washing buffer 
(Active Motif, 15254; 100 µl per well) three times for 5 min each. Pri-
mary antibody staining and washes were then repeated under the 
same conditions. Cells were incubated with anti-rabbit secondary 
antibody diluted in staining buffer (1:100 dilution, 60 µl per well) 
for 2 h and washed in washing buffer (100 µl per well) three times 
for 10 min each. Secondary antibody staining and washes were then 
repeated under the same conditions.

TOM20 mitochondria staining was performed using HEK293 
cells and previously reported protocols23. Cells were fixed in fixation 
solution (3% formaldehyde, 0.1% glutaraldehyde and 1× PBS; 200 µl 
per well) for 10 min, incubated in reduction solution (0.1% (wt/vol) 
sodium borohydride in 1× PBS; 200 µl per well) for 7 min and washed 
with quenching solution (100 mM glycine in 1× PBS; 200 µl per well) 
for 10 min. Cells were incubated in blocking buffer (Active Motif, 
15252; 60 µl per well) for 2 h and then with rabbit anti-TOM20 diluted 
in staining buffer (Active Motif, 15253; 1:100 dilution, 60 µl per well) 
for 2 h. Samples were washed in washing buffer (Active Motif, 15254; 
100 µl per well) three times for 5 min each, incubated with anti-rabbit 
secondary antibody in staining buffer (1:100 dilution, 60 µl per well) 
for 2 h and washed three times for 10 min each in washing buffer 
(100 µl per well).

NPC staining was performed on NUP96::Neon-AID DLD-1 cells. 
Cells were fixed in fixation solution (4% formaldehyde and 1× PBS; 
1 ml per well) for 10 min and incubated with quenching solution 
(100 mM glycine in 1× PBS; 1 ml per well) for 10 min. Cells were incu-
bated in blocking buffer (Active Motif, 15252; 300 µl per well) for 
2 h and then with rabbit anti-mNeonGreen diluted in staining buffer 
(Active Motif, 15253; 1:100 dilution, 300 µl per well) for 2 h. Samples 
were washed in washing buffer (Active Motif, 15254; 500 µl per well) 
three times for 5 min each, incubated with anti-mouse secondary 
antibody diluted in staining buffer (1:100 dilution, 300 µl per well) 
for 2 h and washed in washing buffer (500 µl per well) three times 
for 10 min each.

All cells were incubated in AX solution (N-acryloxysuccinimide; 
Thermo Scientific, 400300010; dilution of 10 mg ml–1 DMSO stock 
in 1× PBS, 1:2,000; 60 µl per well for 16-well chambered coverglass or 
300 µl per well for 24-well glass-bottom plates) at room temperature 
(~24 °C) overnight (12–20 h). The cells were then washed in 1× PBS 
for 10 min.

Tissue preparation
All procedures involving mice (Thy1-YFP-H, 6–8 weeks of age from 
The Jackson Laboratory, used without regard to sex and maintained 
under standard housing conditions on a 12-h light/12-h dark cycle at 
an ambient temperature and humidity) were performed in accordance 
with the US National Institutes of Health Guide for the Care and Use 
of Laboratory Animals and were approved by the MIT Committee on 
Animal Care. Mice were deeply anesthetized with isoflurane and per-
fused with 30 ml of 1× PBS, followed by 30 ml of 4 °C fixative solution  
(4% paraformaldehyde in 1× PBS). Brains, kidneys and spleens were then 
removed and stored in the same fixative at 4 °C overnight (12–18 h). 
Fixed brains, kidneys and spleens were transferred to 100 mM glycine at 
4 °C for 6 h and sectioned to 50-µm-thick coronal slices with a vibrating 
microtome (Leica, VT1000S). The slices were stored in 1× PBS at 4 °C.

Before expansion, each brain slice was incubated in AX solution 
(Thermo Scientific, 400300010; dilution of 10 mg ml–1 DMSO stock 
in 100 mM MES and 150 mM NaCl (pH 6) buffer, 1:200, 1 ml) at 4 °C 
overnight (12–20 h). The slices were then washed with 1 ml of 1× PBS 
for 10 min at room temperature (~24 °C).

Before expansion, kidney and spleen slices were microdissected 
into ~1 mm × 1 mm sections. Each section was incubated in AX solu-
tion (Thermo Scientific, 400300010; dilution of 10 mg ml–1 DMSO 
stock in 100 mM MES and 150 mM NaCl (pH 6) buffer, 1:200, 50 µl) at 
4 °C overnight (12–20 h). The sections were then washed with 50 µl of  
1× PBS for 10 min at room temperature (~24 °C).

Expansion of cell culture and tissue slices
See Supplementary Note 1 for a step-by-step protocol.

To generate hydrophobic glass for the gelation chamber, glass  
slides and coverslips were immersed in 0.2% (vol/vol) trichloro-
(octadecyl)silane (Fisher Scientific, AC147400250) in hexane for 90 s. 
The coverslips were rinsed with 70% isopropanol and double-distilled 
water sequentially. The glass was dried at 37 °C and wiped with a dry 
Kimwipe to clear residual white solid. Parafilm strips were cut to 
~4.5 cm × 0.2 cm and were wrapped around the glass slide to construct 
a gelation chamber with a 0.4-cm gap for cell culture or 0.1-cm gap for 
brain tissue (Extended Data Fig. 3a,e).

The gelation solution was prepared by dissolving 0.522 g of SA 
(AK Scientific, R624) in 1 ml of acidified Tris buffer (10% (vol/vol) 1 M 
Tris-HCl (pH 8) buffer and 20% (vol/vol) 1.2 M HCl in double-distilled 
water), followed by the addition of 7.5 µl of 10% (vol/vol) tetrameth-
ylethylenediamine (Sigma, T7024) in double-distilled water and 
900 µl of DMAA (Sigma, 274135). The mixture was vortexed, yield-
ing a colorless and noncloudy solution. The gelation solution was 
then placed on ice and bubbled with a gas dispersion tube (Chem-
Glass, CG-203-04) connected to a compressed nitrogen cylinder tank 
at a minimal flow rate for 50 s (Extended Data Fig. 2a). The gelation 
solution was removed from ice and allowed to return to room tem-
perature (~24 °C). All of the following gelation steps were conducted 
at room temperature. Gelation solution, initiator solution (potas-
sium persulfate, 45 mg ml–1 in double-distilled water), cell culture or 
brain tissue, pipettes (P1000, P200 and P20), pipette tips, humidified 
chamber, hydrophobic glass slides and coverslips, tweezers, a transfer 
pipette and empty 1.5-ml centrifuge tubes were moved into a glove bag  
(GlasCol, 108D X-17-17HG) connected to a compressed nitrogen  
cylinder tank (Extended Data Fig. 2b).

For AX-treated cell cultures, the coverglass from the cell culture 
well was separated using a coverglass removal tool (Grace Bio-Lab, 
103259; Extended Data Fig. 3d). Parafilm strips on the glass slide were 
adjusted to match with the positions of the wells to be expanded. The 
remaining rubber was carefully removed from the coverglass with twee-
zers. The coverglass was placed on top of the parafilm strips with the 
cells facing up, and 1× PBS was added to keep the cell culture hydrated 
(Extended Data Fig. 3e). All samples, solutions and tools were moved 
into the glove bag. The glove bag was purged three times by repeatedly 
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filling the bag with nitrogen and pushing down on the bag to expel 
most of the accumulated gas. The bag was then sealed and filled with 
nitrogen. If, in rare occurrences, the bag was leaky and slowly deflated 
when sealed without nitrogen flow added, a small flow of nitrogen was 
provided to keep the bag inflated. Inside the glove bag, 20 µl of initiator 
solution was added to 411 µl of gelation solution in a 1.5-ml centrifuge 
tube. The tube was flipped upside down five times to mix. The 1× PBS 
was removed from the cell culture coverglass with a transfer pipette, 
and 50 µl of the activated gelation solution was added to each well of 
cell culture. The coverglass was then flipped upside down with twee-
zers and placed on the parafilm strips to form the gelation chamber 
(Extended Data Fig. 3f). The gelation chamber was placed in an airtight 
humidified chamber, taken out of the glove bag and incubated at room 
temperature (~24 °C) in the dark for 2 h. After incubation, the portion of 
gel containing cell culture was cut out from the chamber and incubated 
in digestion buffer (20 µg of LysC/trypsin proteinase in 1 ml of 100 µM 
Tris-HCl (pH 8) buffer per gel) at 37 °C overnight (12–16 h). Digested 
gels were washed in PBS two times for 15 min each before proceeding 
to immunostaining.

For AX-treated mouse brain slices, the brain slices were microdis-
sected to acquire somatosensory cortex as previously reported10. All 
microdissected brain, kidney or spleen slices were placed on a glass 
slide immersed in 1× PBS (Extended Data Fig. 3a,b). All samples, solu-
tions and tools were moved into the nitrogen gas-filled glove bag, 
followed by three purges as described above. Inside the glove bag, 4 µl 
of initiator solution was added to 411 µl of gelation solution in a 1.5-ml 
centrifuge tube. Please note that we added 4 µl of initiator solution for 
tissue but 20 µl for cell culture. We optimized initiator concentration 
and gelation time for the tissue protocol to ensure ample time for 
monomer solution to diffuse into the brain slice. The tube was flipped 
upside down five times for mixing. The 1× PBS immersing the tissue 
was removed with a transfer pipette, and 50 µl of the solution was 
added to incubate the tissue for 15 min in a humidified chamber; the 
gelation chamber was then constructed by placing a coverslip on top 
(Extended Data Fig. 3c). The gelation chamber was placed in an airtight 
humidified chamber, taken out of the glove bag and incubated at room 
temperature (~24 °C) in the dark overnight (16–20 h).

After incubation, a portion of the gel containing the brain tissue 
was cut out from the chamber and incubated in denaturation buffer 
(1 ml; 5% (vol/vol) SDS, 200 mM NaCl, 50 mM Tris (pH 8) and 10 mg ml–1 
DTT) for 1 h at 95 °C. Denatured gels were washed in 1× PBS two times 
for 15 min each before proceeding to immunostaining.

The gel containing kidney or spleen tissue was cut out from the 
chamber and incubated in digestion buffer (20 µg of LysC/trypsin pro-
teinase (Thermo Fisher, A41007) in 1 ml of digestion buffer (1 mM EDTA, 
50 mM Tris-HCl (pH 8) and 0.1 M NaCl)) at 37 °C overnight (16–24 h), as 
previously reported25. Digested gels were washed in 1× PBS two times 
for 15 min each before proceeding to staining.

For blank gels without embedded biological specimens, 20 µl of 
initiator solution was added to 411 µl of gelation solution in a 1.5-ml 
centrifuge tube inside the glove bag. The tube was flipped upside down 
five times for mixing. The activated gelation solution was added to a 
constructed gelation chamber (Extended Data Fig. 3e). The gelation 
chamber was placed in an airtight humidified chamber, taken out of the 
glove bag and incubated at room temperature (~24 °C) in the dark for 
1 h (Extended Data Fig. 4a) or for various durations of time (Extended 
Data Fig. 4b). Gels were cut into ~0.5 × 0.5 cm shapes and expanded by 
washes in double-distilled water five times for 5 min each.

Immunostaining and imaging of expanded cell culture and 
tissue slices
All of the following steps were performed without shaking, unless oth-
erwise noted. Gels containing brain tissue or cell culture were incubated 
in blocking solution (0.5% Triton X-100 and 5% normal donkey serum 
( Jackson ImmunoResearch, 017-000-121) in 1× PBS) for 2 h at room 

temperature (~24 °C). Gels containing brain tissue or cell culture were 
then incubated with primary or tertiary antibodies, respectively (see 
Supplementary Table 3), in staining buffer (0.25% Triton X-100 and 5% 
normal donkey serum in 1× PBS) at 4 °C overnight (12–24 h). Gels were 
washed in washing buffer (0.1% Triton X-100 in 1× PBS) four times for 
30 min each on a shaker at 40 rpm at room temperature (~24 °C). Gels 
containing brain tissue were then incubated with secondary antibod-
ies diluted in staining solution at 4 °C overnight (12–24 h) and washed 
in washing buffer two times for 30 min each on a shaker at 40 rpm at 
room temperature (~24 °C). Immunostained gels were fully expanded 
via three to five 20-min washes with 10 ml of double-distilled water in 
an imaging plate (MatTek, P384G-1.5-10872-C). DAPI staining was per-
formed during the first expansion wash (Thermo Fisher, D1306; dilu-
tion of 10 mg ml–1 DMSO stock in double-distilled water, 1:1,000, 10 ml).

Gels containing kidney or spleen tissue were incubated in 
NHS staining solution (Alexa Fluor 488 NHS Ester; Thermo Scien-
tific, A20000; dilution of 10 mg ml–1 DMSO stock in 1× PBS, 1:50, 
1 ml) at 4 °C overnight (12–24 h) and washed in 1× PBS three times 
(20 min each) on a shaker at 40 rpm at room temperature (~24 °C). 
NHS-stained gels were fully expanded via three to five 20-min washes 
with 10 ml of double-distilled water on an imaging plate (MatTek, 
P384G-1.5-10872-C).

20ExM-processed sample images were acquired using a 
Nikon CSU-W1 confocal microscope with a ×4/0.2-NA air objec-
tive, a ×10/0.45-NA air objective or a ×40/1.15-NA water-immersion  
objective, 100% laser power and 300–500 ms exposure time.

The confocal images in Fig. 2a were collapsed to two dimensions 
using maximum intensity projection, and contrast was adjusted with 
Fiji’s autoscaling function. Confocal images in Fig. 2d,i were adjusted 
with Fiji’s autoscaling function. Confocal images in Fig. 3b were back-
ground subtracted using Fiji’s rolling ball algorithm with a radius of 
50 pixels, collapsed to two dimensions using maximum intensity pro-
jection and passed through a two-dimensional Gaussian filter (σ = 1). 
The confocal images in Extended Data Fig. 5a,e–h were collapsed to 
two dimensions using maximum intensity projection, and contrast 
was adjusted with Fiji’s autoscaling function and manually adjusted 
to improve contrast for the stained structures of interest.

Expansion factor and resolution measurement
Expansion factors for each sample were determined by imaging whole 
specimens (tissues and cultured cells) with a confocal microscope 
before and after the expansion. The expansion factor was determined 
by measuring the distance between two landmarks in the specimens 
(Supplementary Table 2)44. For samples described in Supplementary 
Note 2, we also measured the physical gel size with a ruler immediately 
after gelation and after full expansion.

Resolutions for confocal images in Fig. 2i,j were determined by 
performing block-wise FRC on a pair of two images that captured the 
same region with Fiji plugin NanoJ-SQUIRREL’s Calculate FRC-Map 
function14.

Peak-to-peak distance measurement
For microtubule analysis, the cross-section line intensity profile was 
measured over a box area, with the long axis perpendicular to the 
microtubule and the short axis covering ~185 nm in biological length, 
using Fiji’s line selection tool. The intensity was averaged along the long 
axis, and the line intensity profile was fitted with a double Gaussian 
function to detect the two peaks in fluorescence intensity in Python 
(source code is available at github.com/shiwei-w/20ExM). The distance 
between the two peaks was measured as the peak-to-peak distance of 
the microtubule sidewalls.

r.m.s. error measurement
r.m.s. error measurement was performed similar to as described in pre-
vious studies16. For xy plane analysis, postexpansion confocal images 
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were passed through a Gaussian filter (σ = 4), background subtracted 
using Fiji’s rolling ball algorithm with a radius of 50 pixels and collapsed 
to two dimensions using maximum intensity projection. Pre-expansion 
images and processed postexpansion confocal images were regis-
tered using rigid body registration in Fiji (TurboReg → Scaled Rotation/
Accurate/Manual). The images were then nonrigidly registered, and 
deformation vector fields were calculated in MATLAB (source code is 
available at github.com/shiwei-w/20ExM).

For analysis in the xz or yz plane, confocal image z stacks of the 
same brain region were collected and projected onto xz and yz planes 
using Fiji’s orthogonal view tool and passed through a Gaussian filter 
(σ = 4). Both pre- and postexpansion confocal images were registered 
using rigid body registration and nonrigidly registered in MATLAB in 
the same fashion as the xy plane analysis.

Autocorrelation and protein enrichment analysis of synaptic 
nanocolumn
The synaptic nanoarchitecture analysis used in this study was based on 
previously described methods, specifically autocorrelation (ga(r)) and 
protein enrichment analysis10,15,18. Source code is available at github.
com/shiwei-w/20ExM.

For autocorrelation, synapses were identified manually by observ-
ing the juxtaposition of presynaptic and postsynaptic clusters10. 
Postexpansion 20ExM images were background subtracted using 
Fiji’s rolling ball algorithm with a radius of 50 pixels, as previously 
described10. The autocorrelation function (ga(r)) in three dimensions 
measured the likelihood of finding a similar signal at a distance (r) 
from a given signal. This function quantified the heterogeneity of the 
measured signal within a given volume. To normalize the autocorre-
lation of each synaptic cluster, the synaptic cluster was compared to 
an object with the same shape and volume but a homogeneous voxel 
intensity, which was set to the average intensity of the synaptic cluster. 
Consequently, a synaptic cluster with uniform intensity would exhibit 
baseline ga(r) values at all radii, whereas local intensity peaks within 
a synaptic cluster would result in higher ga(r) values over a radius 
corresponding to the size of the high-intensity region, which then 
decayed outside of that radius.

For protein enrichment analysis, a cross-enrichment analysis was 
performed to analyze the distribution of two different protein clusters 
in relation to each other. This involved measuring the average voxel 
intensity of one protein cluster (referred to as the ‘measured cluster’) at 
various distances from the point of peak intensity in the other protein 
cluster (referred to as the ‘reference cluster’, which was shifted in space 
as previously defined10). The measured cluster’s intensity values were 
normalized by comparing them to the average intensity at correspond-
ing distances from the peak intensity point in the reference cluster. To 
establish this baseline, an object with the same shape and volume as 
the measured cluster was used, and its voxel intensities were set to the 
average intensity of the measured cluster. Regions within the measured 
cluster that exhibited high local intensity would result in normalized 
intensity values greater than 1.

Quantification of NPCs
We performed 20ExM with intact NUP96::Neon-AID DLD-1 cells and 
imaged the NPCs on the top and bottom of the nuclei, tangential 
to the imaging z plane. We manually identified NPCs in seven cells 
from two culture batches based on the characteristic ring structure 
with at least four visible corners in top view. To measure the radius 
of individual NPCs, we used Fiji’s radial profile plot plugin to acquire 
radial intensity distribution and take the peak of the distribution 
as the radius, as in a previous study6. To quantify the number of 
corners per NPC, we used a previously reported ‘Counting Corners’ 
algorithm20 (α = 0.93, threshold = 0.6) that divides each NPC into 
eight sectors and counts how many sectors contain signals above a 
given threshold. We then measured the distance between adjacent 

corners, as determined by the Counting Corners algorithm using 
Fiji’s line selection tool. The line intensity profile was plotted, and 
the distance between the two peaks was measured as the corner-to- 
corner distance.

SNR quantification
We adopted the method for quantifying SNR from a previous study10 
and applied it to the dataset used for synaptic nanocolumn analysis 
(Fig. 3b). In summary, the images were background subtracted using 
Fiji’s rolling ball algorithm with a radius of 50 pixels. Subsequently, 
we binarized the image using a threshold calculated as seven times 
the standard deviation of the average intensity of manually identi-
fied background regions, selected every 10–15th slice of the z stack. 
Synapses were identified by selecting the largest three-dimensional 
connected components10. Finally, SNR was determined by dividing the 
signal intensity by the standard deviation of the background.

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

Data availability
Source and processed imaging data generated in this study are avail-
able on Open Science Framework at https://osf.io/kezgs. The source 
code and data used for synaptic nanocolumn analysis are available 
on GitHub at https://github.com/shiwei-w/20ExM. Source data are 
provided with this paper.

Code availability
The custom code used in this study is available on GitHub at  
https://github.com/shiwei-w/20ExM.
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Extended Data Fig. 1 | Molecular mechanism of DMAA gel polymerization. 
DMAA polymerization follows similar initiation and propagation steps as 
bis-acrylamide gels. However, the crosslinking is achieved by hydrogen 
extraction and radical transfer (branching). Since the intermediate radicals in 

this reaction are especially susceptible to reaction with oxygen, the effectiveness 
of the branching (crosslinking) step will be impacted by the concentration of 
dissolved oxygen in the gelation solution (ref. 11).
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Extended Data Fig. 2 | Oxygen-control setup of 20ExM. (a) The gas dispersion 
tube is connected to a compressed nitrogen cylinder. With minimal N2 flow, the 
gas dispersion tube is placed within the gelation solution, with the sponge part 
fully wetted and generating bubbles. If the N2 flow is too strong, the gelation 

solution will evaporate rapidly and freeze. (b) The glove bag is connected to 
a compressed nitrogen cylinder. All tools required are listed in the figure. All 
gelation steps are conducted at room temperature (no ice or ice block is needed).
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Extended Data Fig. 3 | Examples of gelation chamber construction and 
handling. (a-c) Example gelation chamber construction for tissue. (d-f) Example 
gelation chamber construction for cell culture. The capping of the gelation 
chamber (c,f) is performed within the glove bag. (g) Example setup of the airtight 

humidified chamber, as described in Extended Data Fig. 2b. (h) Example of 
handling glass slides inside the glove bag. The platform (plate lid) can be used to 
move glass slides inside the glove bag.
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Extended Data Fig. 4 | Reproducibility and time dependence of 20ExM 
without biological specimen embedded. (a) Fully expanded gels made in 5 
different batches with gelation time of 1 hour, all reaching an expansion factor of 
~16x. Unexpanded gels were cut into ~0.5 × 0.5 cm shapes (note, the shapes were 
not exactly rectangular – they were the shapes shown) and expanded gels are ~8 × 

8 cm. (b) Fully expanded gels with various gelation times. Unexpanded gels were 
cut into ~0.5 × 0.5 cm shapes (note, the shapes were not exactly rectangular – they 
were the shapes shown). Expansion factor and gelation time are indicated in the 
figure. Right side: same images as the left side, with border of gels highlighted by 
white dotted lines. Scale bars: 1 cm.
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Extended Data Fig. 5 | Applications of 20ExM. (a) Confocal image (maximum 
intensity projection; from one representative experiment from two culture 
batches) of expanded NUP96::Neon-AID DLD-1 cells with pre-expansion anti-
mNeonGreen staining, with some NPCs highlighted by white dotted circles. Inset: 
magnified view of the white boxed region. Note: We noticed some single-puncta 
signals that did not participate in a ring. These could be parts of other nuclear 
pore complexes (for example, partially assembled), or incompletely stained 
nuclear pore complexes, or nonspecific staining. We did not use a special NPC 
preparation strategy, as is common for microtubules. More specialized fixation 
and extraction methods, such as permeabilization with detergent prior to 
fixation, cryofixation with methanol, or extracting nuclei from intact cells prior 
to staining and expansion, might in principle further improve staining quality (of 
course, such practices, while they may improve the appearance of NPCs, do not 
resemble a typical ExM user’s application, nor is it representative of methods that 
optimally preserve general biological ultrastructure). However, in earlier best-
practices ExM studies visualizing nuclear pore complexes, even with specialized 
fixation, purification, and staining methods designed to optimize nuclear pore 
appearance, the investigators often observed single puncta that did not appear 
to be part of a ring (ref. 20). This reference, which claimed similar resolution to 
what we show here (albeit with an iterative form of expansion microscopy), also 
reported images and numbers similar to ours regarding the shapes of nuclear 
pores, the number of corners of each nuclear pore, and the diameters of nuclear 
pores. Our goal in the current study was not to study NPCs, but rather to validate 
the resolution and gel-contributed error of 20ExM with NPCs. Furthermore, 
our goal was not to better earlier iterative methods like iExM or ExR, but rather 
to show that such performance could be achieved in a single step. Since our 
current protocol was sufficient to for these purposes, and indeed, matched the 
performance of previous best-practices expansion microscopy protocols when 
tested against nuclear pore visualization, we did not pursue further optimization. 
Expansion factor: 22.8 ± 0.4 as measured by physical gel size (n = 2 culture 
batches). Brightness and contrast settings: first set by Fiji’s auto-scaling function 

and then manually adjusted to improve contrast for the stained structures of 
interest; quantitative analysis in b–d was conducted on raw image data. (b) Box 
plot of radius of 35 NPCs in top view (from n = 7 cells from two culture batches; 
black horizontal line, median; dotted horizontal line, mean; upper edge of the 
box, first quartile; lower edge of the box, third quartile; top dotted line extended 
from the box represents first quartile minus 1.5x the inter-quartile range; bottom 
dotted line extended from the box represents third quartile plus 1.5x the inter-
quartile range). (c) Population data for 35 NPCs (from n = 7 cells from two culture 
batches), showing a histogram of corners per NPCs. (d) Box plot of distances 
between adjacent corners of 35 NPCs in top view (from n = 108 measurements 
of 35 NPCs from 7 cells from two culture batches; black horizontal line, median; 
dotted horizontal line, mean; upper edge of the box, first quartile; lower edge 
of the box, third quartile; top dotted line extended from the box represents first 
quartile minus 1.5x the inter-quartile range; bottom dotted line extended from 
the box represents third quartile plus 1.5x the inter-quartile range). (e) Confocal 
image (maximum intensity projection; from one representative experiment 
from two culture batches) of expanded HEK293 cells with pre-expansion anti-
TOM20 (red) staining and post-expansion DAPI (blue) staining. (f) Confocal 
image (single-xy plane; from one representative experiment of two kidney slides 
from one mouse) of mouse kidney after performing 20ExM and post-expansion 
NHS-AlexaFluor488 staining. (g) Confocal image (single-xy plane; from one 
representative experiment of two spleen slides from one mouse) of mouse spleen 
after performing 20ExM and post-expansion NHS-AlexaFluor488 staining.  
(h) Confocal image (single-xy plane; from one representative experiment of 
two spleen slides from one mouse) of mouse spleen after performing 20ExM 
and post-expansion NHS-AlexaFluor488 staining. Expansion factor for f–h: 
16.5 ± 0.4 (n = 2 spleen, 2 kidney sections from 1 mouse; measured by physical gel 
size). Scale bars are provided in biological units (that is, physical size divided by 
expansion factor) throughout all figures: (a) 250 nm and 50 nm in inset, (e) 1 µm, 
(f) 5 µm, (g) 5 µm, (h) 2 µm.
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Supplementary Figure 1. FRC Comparison. 
(a) “Frame 1” and “Frame 2”: two independent confocal images (single xy-plane) of expanded 
HEK293 cells with pre-expansion microtubule staining in the same region of interest (ROI) under 
the same imaging conditions, for noise realization. “Zoom in”: Zoomed-in image of the white 
dotted box in “Frame 2.” Right: Local mapping of FRC resolution values. Each block shows the 
local FRC resolution value. A global FRC resolution value is calculated by averaging FRC 
resolution values of all blocks. (b) “Frame 1” and “Frame 2”: two Gaussian-filtered (sigma = 0.5) 
independent confocal images (single xy-plane) of expanded HEK293 cells with pre-expansion 
microtubule staining in the same region of interest (ROI) under the same imaging conditions, for 
noise realization. “Zoom in”: Zoomed-in image of the white dotted box in “Frame 2.” Right: Local 
mapping of FRC resolution values. Each block shows the local FRC resolution value. A global 
FRC resolution value is calculated by averaging FRC resolution values of all blocks. Scale bars 
are provided in biological units (i.e., physical size divided by expansion factor) throughout all 
figures: (a) 500 nm, (b) 500 nm. 
 



 

 

 
Supplementary Figure 2. Signal Intensity Analysis. 
(a) Left: Confocal image (single xy-plane; from one representative experiment from three culture 
batches) of HEK293 cells with pre-expansion microtubule staining. Right: Line intensity profile 
plot along the yellow line. Brightness and contrast settings: set by Fiji's auto-scaling function. The 
image was taken with a 40x water immersion objective and 500 ms exposure time. (b) Left: 
Confocal image (single xy-plane; from one representative experiment of three culture batches) of 
20ExM-expanded HEK293 cells with pre-expansion microtubule staining. Right: Line intensity 
profile plot along the yellow line. Brightness and contrast settings: set by Fiji's auto-scaling 
function. The image was taken with a 40x water immersion objective and 500 ms exposure time. 
(c) Left: Confocal image of iExM-expanded HEK293 cells with pre-expansion microtubule 
staining. Right: Line intensity profile plot along the yellow line. (Source data: raw data from ref. 8; 
from 1 expanded sample) Brightness and contrast settings: set by Fiji's auto-scaling function. The 
image was taken with a 40x water immersion objective and 400 ms exposure time. (d) Signal-to-
noise ratio analysis of 20ExM RIM1/2 and PSD95 images (n = 90 synapses from 4 brain slices 
from 2 mice) and ExR Bassoon, Cav2.1, Homer1, PSD95, RIM1/2, Shank3, SynGAP images (n 
= 3456 synapses from 3 mice). Data are presented as mean values ± standard deviation. We 
were not able to use the same primary and secondary antibodies that was used for the post-
expansion antibody staining ExR protocol because the RIM1/2 primary antibody used in ExR was 
discontinued. (Source data: Extended Fig. 2d from ref. 10). (e) Left column: Zoomed-in max z 



 

 

intensity projected confocal images of RIM1/2 (red) and PSD95 (cyan) channels, same as Fig. 
3b. Brightness and contrast settings: first set by Fiji's auto-scaling function and then manually 
adjusted to improve contrast and highlight the boundary of synapses. Right column: same images 
as the left column, but with contrast manually adjusted to have only 1 pixel saturated per channel 
per image, to highlight the internal heterogeneity within the distribution of RIM1/2 and PSD95. (f) 
Left column: Confocal images (maximum intensity projection over z depths containing the 
particular synapse) of RIM1/2 and PSD95 signals in 20ExM-expanded mouse brain tissue. Left 
column: Confocal images (maximum intensity projection over the full imaging depth) of RIM1/2 
and PSD95 signals in 20ExM-expanded mouse brain tissue. Quantitative analysis in a–d was 
conducted on raw image data. Scale bars are provided in biological units (i.e., physical size 
divided by expansion factor) throughout all figures: (a) 10 µm, (b) 500 nm, (c) 500 nm, (e) 100 
nm, (f) 200 nm. 
  



 

 

 
Supplementary Figure 3. Z-axis Distortion Analysis. 
(a) Pre-expansion 40x-magnification yz-plane confocal image and (b) post-expansion 4x-
magnification yz-plane Gaussian-filtered (sigma = 4) confocal image in the same Thy1-YFP 
transgenic mouse brain slice. We made our best attempt to find matching yz-planes in pre- and 
post-expansion samples. However, the yz-planes still differed slightly, due to differences in 
sample orientation during confocal imaging before and after expansion. For example, the signal 
present in b near the lower right corner is not visible in a, and instead appears in adjacent yz-
planes in the pre-expansion sample. Nonetheless, we registered the signals that were present 
in both images, to quantify distortion. (c) Root mean squared (RMS) measurement error as a 
function of measurement length, comparing pre-expansion 40x-magnification confocal images 
of Thy1-YFP transgenic mouse brain to post-expansion 4x-magnification images of same 
regions (blue line, mean; shaded area, ±1 standard deviation; n = 3 areas from two brain slices 
from one mouse). We used the 4x objective for expanded samples to ensure the field of view of 
a and b was as similar as possible, for downstream registration. (d) We noticed that signals in 
pre-expansion images were dim at high-z positions (i.e., further away from the imaging lens; 



 

 

right side of “YZ plane” images, such as in a). This is because we use thick brain slices (50 µm 
thick), relative to the performance of a confocal microscope, and scattering of light by lipids 
resulted in decreased signal intensity at depth, whereas expanded (and therefore cleared) 
samples did not suffer from the same signal decrease. This resulted in apparent differences at 
high-z positions between pre- and post-expansion images. For example, the red-boxed area in 
the post-20ExM YZ-plane image is highly visible, whereas the boxed area in the pre-20ExM 
image only contains a faint signal (left two panels). That is because this boxed area is at a deep 
z-depth, as far as confocal imaging is concerned. When we examined the same area in the XY-
plane image at this z position, we observe the same neuron in pre and post-20ExM images 
(right two panels). Consistent with lipid scattering, in the “Pre XY plane” image, there is less 
signal than in the “Post XY plane” image. Left two panels: pre- and post-expansion YZ-plane 
images of the same sample at corresponding X positions. Towards the right, is deeper in the 
slice (farther from the objective lens of the confocal). Right two panels: pre- and post-
expansion XY-plane images of the same sample at corresponding Z positions. Red-dotted 
boxes mark approximately the same region in all images. The “Pre YZ plane” and “Pre XY 
plane” images have the same brightness and contrast settings. The “Post YZ plane” and “Post 
XY plane” have the same brightness and contrast settings. Scale bars are provided in biological 
units (i.e., physical size divided by expansion factor): (a) 10 µm, (b) 10 µm, (d) 10 µm. 
 



 

 

 

 
Supplementary Figure 4. Stability of expanded gels. 
A gel at various time points (5 minutes, 2 hours, 21 hours, 25 hours) after it reached full expansion. 
The gel was kept within a capped imaging plate not immersed in water in between the time points. 
Four white rectangles were added to the figure to cover the ruler logo.  



 

 

 
Supplementary Figure 5. Comparison with previous ExM images. 
(a) Left, our work (same as Ext. Fig. 5a); Right, state of the art ExM images of nuclear pores with 
a similar staining strategy (iU-ExM, ref 20, their Fig. S2f). (b) Top row, selected from our work, 
for nuclear pores with less than 4 corners visible (left) and with more than or equal to 4 corners 
visible (right); Bottom row, nuclear pores from a state of the art ExM study with a similar staining 
strategy, for nuclear pores with less than  4 corners visible (left) and more than or equal to 4 
corners visible (right). (c) Our work: a box plot of NPC radius (same as Ext. Fig. 5b). (d) The 
aforementioned state of the art nuclear pore ExM study: a scatter plot of NPC diameter (iU-ExM, 
ref 20, their Fig. 2i). (e) Our work: a histogram of the number of corners visible per NPC (same 
as Ext. Fig. 5c). (f) From the aforementioned state of the art nuclear pore ExM study: a histogram 
of number of corners visible per NPC (iU-ExM, their Fig. S2i). (g) Left, Microtubule images from 
our work (part of Fig. 2a, imaged in the middle of a cell, with microtubules entering and exiting the 
imaging plane). Right, transverse profile of a microtubule cross-section, indicating a peak-to-peak 
distance of 63.5 nm (same as Fig. 2b). (h) Left, state of the art microtubule ExM image. (iExM, 
ref 8, their Fig. 2d; imaged at the bottom of a cell; this leads to the appearance of longer 
microtubule segments, since they are flat and parallel to the bottom of the cell, and thus run for 
longer distances in the imaging plane). Right, transverse profile of a microtubule cross-section, 
indicating a peak-to-peak distance of 59.9 nm (iExM, their Fig. 2e). Scale bars are provided in 



 

 

2e). Scale bars are provided in biological units (i.e., physical size divided by expansion factor) (a): 
Left, 250 nm; inset, 50 nm; Right, 240 nm. (b), 50 nm. (g), 500 nm. (h), 500 nm.  
 



 

 

Supplementary Table 1. High-resolution ExM comparison 
 Resolution Protocol 

Protocol 

Claimed 
expansion 
factor 

Effective 
expansion 
factor of 
cell 
culture 

Can fully 
expand 
mouse 
brain? 

Claimed 
resolution 
with 
conventional 
microscopy 

Measured 
resolution 
on a 
conventional 
microscope 

How is this 
resolution 
measured? 

Is 
microtubule 
imaged with 
pre-
expansion 
antibody 
staining? 

Is hollow 
structure 
observed 
with 
conventional 
microscope? 

What is the 
average 
peak-to-peak 
distance? 

# of 
anchoring 
steps 

# of 
gelations 

Method of 
digestion 
for cell 
culture 

Method of 
digestion 
for mouse 
brain 

Post-expansion 
staining of 
proteins? 

20ExM 20 21.5 Yes, 18 18 nm 17.9 nm 
Fourier-ring 
correlation Yes (Fig 2) Yes 62.1 nm 1 1 

LysC/Tryp
sin; 37˚C, 
12-16 hrs 

SDS, DTT; 
95˚C, 1 hr Yes 

Magnify 11 9.22 Yes, 11 25 nm N/A N/A 
Yes (Fig 5, 
S4) No N/A 0 1 

SDS, 
Urea, 
EDTA; 
80˚C, 6 
hrs 

SDS, 
Urea, 
EDTA; 
80˚C, 8 
hrs Yes 

TREx 10 9.4 Yes, 10 Not claimed N/A N/A Yes (Fig 3) Yes 

No 
population 
data 1 1 

ProK; 
37˚C, 4 
hrs 

ProK; rt, 3 
hrs + 
SDS; 
80˚C, 3 
hrs No 

X10 10 11.5 Yes, 9.6 25-30 nm 25.2 nm 

Full width at 
half 
maximum Yes (Fig 2) No N/A 1 1 

ProK; 
50˚C, >12 
hrs 

ProK; 
50˚C, >12 
hrs No 

X10ht 10 10 
No, only 
6 20-25 nm N/A N/A Yes (Fig 1) No N/A 1 1 

SDS, 
Triton-X; 
rt, 2 hrs + 
121˚C, 30 
min 

SDS, 
Triton-X; 
rt, 2 hrs + 
121˚C, 30 
min Yes 

ExR 20 

7.7-8, 
neuron 
culture Yes, 20 20 nm 17.6 nm 

Distance 
between 
two distinct 
signals  No N/A N/A 0 3 

SDS; 
95˚C, 1 hr 

SDS; 
95˚C, 1 hr Yes 



 

 

Pan-
ExM-t 24 15.7 

Yes, 
24.1 Not claimed N/A N/A No No N/A 1 3 

SDS; 
73˚C, 1 hr 

SDS; 
75˚C, 4 hr Yes 

 
iExM 20 16-22 Yes, 20 25 nm 25.8 nm 

Full width at 
half 
maximum Yes (Fig 2) Yes 58.7 nm 1 3 

ProK; rt, 
>12 hrs 

ProK; rt, 
>12 hrs No 

iU-ExM 16-22 14-26 

Did not 
test 
brain 10-20 nm 20 nm 

Distance 
between 
two distinct 
signals  No  N/A N/A 1 3 

SDS; 85 
˚C, 1.5 hrs N/A Yes 

 
  



 

 

Supplementary Table 2. Measured expansion factor of cell culture and mouse brain tissue based on biological landmarks 
Cell culture Brain tissue 

Replicate Cell Measurement Pre-dist (µm) Post-dist (µm) ExpFactor Average per replicate Replicate Measurement Pre (µm) Post (µm) ExpFactor 

1 1 1 18.14 385.13 21.23  1 1 23.57 426.46 18.09 

  2 26.85 552.13 20.56   2 16.18 293.15 18.12 

  3 20.32 442.04 21.75   3 13.82 261.48 18.92 

 2 1 26.90 451.50 16.78  2 1 10.89 201.03 18.46 

  2 32.86 604.34 18.39   2 10.91 200.05 18.34 

  3 21.45 376.65 17.56 19.38  3 4.94 92.38 18.70 

2 1 1 12.50 270.48 21.64     Total Avg 18.44 

  2 5.68 128.77 22.67     Total Std 0.33 

  3 12.18 263.16 21.61       

 2 1 15.16 322.93 21.30       

  2 22.83 503.10 22.04       

  3 11.17 248.84 22.28 21.92      

3 1 1 18.19 405.77 22.31       

  2 10.55 233.52 22.13       

  3 9.98 225.24 22.57       

 2 1 14.80 330.28 22.32       

  2 17.52 389.29 22.22       

  3 26.16 630.06 24.08 22.61      

4 1 1 14.99 347.65 23.19       

  2 16.40 368.80 22.49       

  3 17.49 381.88 21.83       

 2 1 15.22 339.94 22.34       



 

 

  2 15.17 315.20 20.78       

  3 19.62 429.00 21.87 22.08      

    Total Avg 21.50       

    Total Std 1.70       

 
  



 

 

Supplementary Table 3. Antibody list 

Type Target Host Vendor Product number Dilution/Conc. 

20ExM Cell Culture 

Primary Beta tubulin Rabbit Abcam ab6046 1:100 

Primary mNeonGreen Mouse Proteintech 32f6 1:100 

Primary TOM20 Rabbit Proteintech 11802-1-AP 1:100 

Secondary Rabbit Goat ThermoFisher A11035 (Alexa Fluor 546) 1:100 

Secondary Mouse Goat ThermoFisher A21043 (Alexa Fluor 568) 1:100 

Tertiary Goat Donkey ThermoFisher A32816 (Alexa Fluor Plus 555) 1:200 

20ExM Brain Tissue 

Primary RIM1/2 Guinea pig Synaptic Systems 140205 1:200 

Primary PSD95 Mouse ThermoFisher MA1-046 1:200 

Primary GFP Rabbit ThermoFisher A11122 1:200 

Secondary Guinea pig Goat ThermoFisher A21435 (Alexa Fluor 555) 1:200 

Secondary Mouse Donkey ThermoFisher A32787 (Alexa Fluor Plus 647) 1:200 

Secondary Rabbit Goat ThermoFisher A11008 (Alexa Fluor 488) 1:200 

 



 

 

Supplementary Note 1: Protocol of 20ExM  
Biological Samples 

● Cultured cells: fixed (4% paraformaldehyde or 3% paraformaldehyde/0.1% 
glutaraldehyde (the choice of fixative would be at the discretion of the user; please 
choose based upon what your experience or expertise suggests), in phosphate buffered 
saline (PBS)), primary and fluorescent or nonfluorescent (a fluorescent tertiary will be 
used after softening to boost signal intensity) secondary immunostained, AX-treated cell 
culture (see below for details on preparation). In practice, AX could be replaced by GMA 
(the epoxide anchor used in PLoS One 2023, 18 (9), e0291506); while we do not 
anticipate any issues with such a substitution, please be aware we have not formally 
validated the expansion factor and isotropy of 20ExM when GMA is used. 

● Brain: fixed (4% paraformaldehyde in PBS), 50-µm thick, AX-treated, microdissected 
mouse brain slices  

● Spleen or kidney: fixed (4% paraformaldehyde in PBS), 50-µm thick, microdissected, 
primary and secondary immunostained, AX-treated spleen or kidney slices 
Note 1: 20ExM, in the form presented here, has only been validated with post-expansion 
antibody staining for the case of brain tissue, and not other kinds of specimen (because 
standard SDS softening works well for hydrogel-embedded brain tissue, but not many 
other sample types). 20ExM has been validated with pre-expansion antibody staining of 
cell cultures, and kidney and spleen tissues (because pre-expansion staining is 
compatible with strong protease softening, appropriate for these kinds of specimens). 
20ExM also supports post-expansion NHS pan-protein staining for cell cultures, and 
brain, kidney, and spleen tissues (because such staining works on the proteolyzed 
fragments that remain after proteinase treatment).  
Note 2: The secondary antibody used in pre-expansion staining can be fluorescent or 
non-fluorescent. In both cases, tertiary fluorescent antibodies will be added to boost 
fluorescence further. Multi-color antibody staining can be achieved even with tertiary 
staining, as long as orthogonal antibody-species sets are available. For example, to use 
two primary antibodies simultaneously, users can use 6 antibodies of different species 
and/or subtypes, comprising 2 antibody sets, such as (rabbit primary, chicken anti-rabbit 
secondary, and fluorescent donkey anti-chicken tertiary), and (mouse primary, rat anti-
mouse secondary, and fluorescent goat anti-rat tertiary).  
Note 3: AX (N-acryloxysuccinimide) performs the same anchoring functions as AcX 
(Acryloyl-X, SE), as used in earlier ExM protocols such as proExM, but is cheaper. We 
use AX for all samples in 20ExM. In summary: 

○ Cultured cells: all cells are incubated in AX solution (N-acryloxysuccinimide; 
Thermo Scientific, catalog no. 400300010; dilution of 10 mg/mL DMSO stock in 
1× PBS, 1:2000, 60 µL per well for 16-well chambered coverglass or 300 µL per 
well for 24-well glass-bottom plates) at room temperature (~24 ˚C) overnight 



 

 

(12–20 hours). Then, they are washed in 1× PBS for 10 minutes at room 
temperature (~24 ˚C).  

○ Brain: each brain slice is incubated in AX solution (N-acryloxysuccinimide; 
Thermo Scientific, catalog no. 400300010; dilution of 10 mg/mL DMSO stock in 
100 mM MES, 150 mM NaCl pH 6 buffer, 1:200, 1 mL) at 4 ˚C overnight (12–20 
hours). The slices are then washed with 1 mL 1× PBS for 10 minutes at room 
temperature (~24 ˚C). 

○ Kidney and spleen: slices are microdissected into ~1 mm × 1 mm subregions and 
immunostained with primary and secondary antibody (if desired). (Kidney and 
spleen slices are microdissected before antibody staining and AX treatment 
because their sizes are large, meaning wasted reagents if regions are not going to 
be imaged.) Each section is incubated in AX solution (N-acryloxysuccinimide; 
Thermo Scientific, catalog no. 400300010; dilution of 10 mg/mL DMSO stock in 
100 mM MES, 150 mM NaCl pH 6 buffer, 1:200, 50 µL) at 4 ˚C overnight (12–20 
hours). The section is then washed with 50 µL 1× PBS for 10 minutes at room 
temperature (~24 ˚C). 

Key materials and tools 
● 16-well chambered coverglasses (Grace Bio-Labs, catalog no. 112359) 
● Coverglass removal tool (Grace Bio-Lab, catalog no. 103259) 
● Glove bag (GlasCol, catalog no.108D X-17-17HG) 
● Compressed nitrogen cylinders 
● 20-mL glass vials (ChemGlass, catalog no.CG-4908-03) 
● Gas dispersion tube (ChemGlass, catalog no. CG-203-04) 
● Platform (e.g., a plate lid of a 6-well or 24-well plate) 
● Airtight chamber (e.g., Rubbermaid Brilliance Food Storage Containers) 
● Glass slides and coverslips 
● Tweezer 
● P1000, P200, P20, P10 pipets and pipet tips 
● Transfer pipet 
● 1.5-mL centrifuge tubes 
● Paint brush 
● 6-well glass-bottom plates (Cellvis, catalog no. P06-1.5H-N) 
● Imaging plates (MatTek, catalog no. P384G-1.5-10872-C) 

Key chemicals and buffers 
● Trichloro(octadecyl)silane (Fisher Scientific, catalog no. AC147400250) 
● Hexane (Sigma, catalog no. 296090) 
● Acidified Tris buffer (10% (v/v) 1 M Tris-HCl pH 8 buffer, 20% (v/v) 1.2 M HCl in 

ddH2O) 
● Sodium acrylate (AK Scientific, catalog no. R624) 

Note: Sodium acrylate quality varies between vendors and batches. High-quality sodium 
acrylate is required. As noted at expansionmicroscopy.org: “Sodium acrylate batches 
from different vendors, or from different lots, can vary in quality. Low-quality sodium 



 

 

acrylate may not completely dissolve in water at the relatively high concentration used in 
ExM, or may appear yellow or orange when dissolved in water. If the sodium acrylate 
solution is cloudy, or appears yellow or orange, discard the solution and switch to a new 
bottle of sodium acrylate.” For 20ExM, clear solutions of sodium acrylate are required. 
The gelation solution should be colorless and non-cloudy. We recommend using the same 
vendor as reported in this manuscript, at least at time of writing this protocol, and 
always recommend verifying the quality through aforementioned checks. Updates on 
recommended vendors will be posted periodically at expansionmicroscopy.org. 

● TEMED (tetramethylethylenediamine; Sigma, catalog no. T7024) 
● DMAA (N,N-dimethylacrylamide; Sigma, catalog no. 274135) 

Note: DMAA and TEMED should be kept in a dark, dry environment and should be 
replaced every three months. 

● Potassium persulfate (Sigma, catalog no. 379824) 
● LysC/Trypsin protease (ThermoFisher, catalog no. A41007) 
● 100 mM Tris-HCl pH 8 buffer 
● DTT (dithiothreitol; Sigma, catalog no. D9779) 
● Denaturation buffer (5% (v/v)  sodium dodecyl sulfate (SDS), 200 mM NaCl, 50 mM 

Tris pH 8) 
● 1× PBS (phosphate buffered saline) 
● Triton X-100 (Sigma, catalog no. X100) 
● Normal donkey serum (NDS; Jackson ImmunoResearch, catalog no. 017-000-121) 

 
Manufacture hydrophobic glass slides and coverslips 
 Steps 1-4 are performed in a chemical fume hood with proper PPE at room 
temperature (~24 ˚C). 

1. Add 20 µL trichloro(octadecyl)silane to 10 mL hexane. 
2. Immerse glass slides and coverslips in the solution for 90 seconds. 
3. Remove glass slides and coverslips from the solution with a tweezer. 
4. Rinse the glass with 70% isopropanol and ddH2O sequentially. 
5. Place glass inside a 37˚C incubator to dry. 
6. Wipe off white residual reactants (expected) with a dry kimwipe. 

Note: Hydrophobic glass slides and coverslips can, if properly handled, be reused at 
least 15 times. After each use, wash hydrophobic glass with ddH2O and gently wipe with 
kimwipe. These steps do not need to be repeated for every gelation. 
 

Set up glove bag 
1. Place the glove bag on a bench. 
2. Connect the glove bag to a tube attached to a compressed nitrogen cylinder nearby. 
3. Seal the connection between the tube and the glove bag with tape (Extended Fig. 2b). 
4. Fill the glove bag with nitrogen. Then turn off the nitrogen and observe if the glove bag is 

slowly deflating. If that is the case, the glove bag is not airtight, and a small flow of 
nitrogen can be provided to keep the bag inflated. 



 

 

  
Gelation 

1. Gelation solution: dissolve 0.522 g sodium acrylate in 1 mL acidified Tris buffer in a 20-
mL glass vial. Vortex. 

2. Add 10 µL TEMED to 90 µL ddH2O in a 1.5-mL centrifuge tube. Vortex. 
3. Add 7.5 µL 10% TEMED solution to the 20-mL glass vial. 
4. Add 900 µL DMAA to the 20-mL glass vial. Vortex. 

Note 1: DMAA and subsequent gelation solution are viscous. To ensure accurate volume, 
pre-wetting the pipet tip is required. 
Note 2: The gelation solution should be colorless and non-cloudy. Otherwise the sodium 
acrylate and DMAA quality is low or has degraded.  

5. Initiator solution: dissolve 45 mg potassium persulfate in 1 mL ddH2O in a 1.5-mL 
centrifuge tube to make the initiator solution. Vortex for 2 minutes. 
Note: potassium persulfate takes time to fully dissolve and will precipitate from the 
solution if placed on ice. Do not place initiator solution on ice. 

6. Place the gelation solution on ice. 
7. Construct the airtight humidified chamber: place a damp towel in the bottom of the 

airtight chamber. Place a platform on top of the damp towel (Extended Fig. 3g). 
8. Construct the gelation chamber: wrap parafilm strips with size ~4.5 cm × 0.2 cm around 

the hydrophobic glass slide with 0.4-cm gap for cell culture or 0.1-cm gap for brain tissue 
(Extended Fig. 3a,e). 
Note 1: For cells grown in Grace BioLabs 16-well chambered coverglasses, use the 
coverglass removal tool to remove the upper part of the chamber (Extended Fig. 3d). 
Then use a pair of tweezers to carefully remove the remaining rubber on top of the 
coverglass (Extended Fig. 3e). For cells grown in 24-well plates on top of glass 
coverslips, use techniques described in Fig. 3 of Curr. Protoc. Neurosci. 2020, 92 (1), 
e96 to lift up the coverslip and construct the gelation chamber. Use No. 2 glass 
coverslips to avoid breaking the coverslips.  
Note 2: The tissue that we use is approximately the size of the dotted white box in Fig. 3a 
and is 50-µm thick, which can fit within the 0.1-cm gap. Using larger tissue is possible 
but the large size after 20-fold expansion may make the gel difficult to fit into the imaging 
plate and onto the confocal microscope. We do not recommend the current protocol, as it 
stands, for tissue thicker than 100 µm. 

9. Transfer biological specimen into the gelation chamber (Extended Fig. 3b,e). The 
biological specimen, for the purposes of this protocol, is: 

a. a cell culture that has been fixed with 4% paraformaldehyde or 3% 
paraformaldehyde/0.1% glutaraldehyde, stained with primary and secondary 
antibodies, and treated with AX, or  

b. a brain tissue slice that has been fixed with 4% paraformaldehyde, treated with 
AX, and microdissected, or 



 

 

c. a kidney or spleen tissue slice that has been fixed with 4% paraformaldehyde, 
microdissected, stained with primary and secondary antibodies (if needed), and 
treated with AX 

Note: biological specimens are immersed in 1× PBS to avoid dehydration. Use a 
paint brush to transfer tissues.  

10. Place the gelation chambers containing biological specimens into the airtight humidified 
chamber (Extended Fig. 3g,h). 

11. In a chemical fume hood, connect gas dispersion tube to a compressed nitrogen cylinder. 
Note 1: The nitrogen flow needs to be kept minimal. Otherwise, the gelation solution will 
evaporate rapidly and freeze. For first-time users, please practice controlling the 
nitrogen flow in a 20-mL glass vial filled with 5 mL water to determine the minimal 
nitrogen flow required to generate bubbles. 
Note 2: The sponge head of the gas dispersion tube needs to be fully wetted to generate 
bubbles. 

12. Immerse a clean, dry gas dispersion tube with flowing nitrogen in gelation solution for 50 
seconds in a chemical fume hood (Extended Fig. 2a). 

13. Cap the vial quickly after removing the gas dispersion tube to minimize oxygen exposure. 
Note: The 20-mL glass vial is not airtight. Minimize the time between the completion of 
oxygen removal and placing the vial in the nitrogen-filled glove bag. 

14. Move pipets (P1000, P200, P20), pipet tips, transfer pipets, a tweezer, airtight humidified 
chamber with gelation chambers, two 1.5-mL centrifuge tubes, gelation solution, initiator 
solution, and hydrophobic glass coverslips into the glove bag. 
Note 1: No ice or cold block is needed. All subsequent steps are performed at room 
temperature. The tissue gelation protocol has been optimized to not gelate for at least 45 
minutes upon the addition of initiator solution.  
Note 2: Putting pipet tips onto pipets before moving them into the glove bag can reduce 
tasks performed inside the glove bag.  

15. Turn on the nitrogen flow. Purge the glove bag by filling the glove bag with nitrogen then 
pushing on top to remove most of the gas within. Repeat purging three times. 
Note: Ensure airtight chamber is not capped during purges. 

16. Seal the glove bag and turn off the nitrogen flow. 
Steps 17–22 are performed inside the glove bag 

17. Inside the glove bag, add 411 µL gelation solution and 20 µL (cell culture) or 4 µL 
(tissue) initiator solution in a 1.5-mL centrifuge tube. Flip the tube upside down five 
times for mixing. 

18. Remove the PBS immersing biological specimens with a transfer pipet. 
19. Add 50 µL activated (i.e., initiator-supplemented) gelation solution to each biological 

specimen. 
20. For cell culture, use a tweezer to flip the coverslip to turn the cell culture facing down to 

construct the gelation chamber (Extended Fig. 3f). 



 

 

21. For brain tissue, tissue is incubated in the activated gelation solution for 15 minutes in the 
sealed airtight humidified chamber. After incubation, use a tweezer to place a 
hydrophobic glass coverslip on top to cap the gelation chamber (Extended Fig. 3c). 

22. Place gelation chambers in the sealed airtight humidified chamber. 
23. Remove the airtight humidified chamber from the glove bag. Place it in the dark at room 

temperature for 2 hours (cell culture) or overnight (16–20 hours, tissue). 
24. After incubation, cut out sections of gel containing biological specimens and place 

sections in a 6-well plate, one section per well. Measure the pre-expansion gel size if 
needed, as described in Supplementary Note 9, before any washes.  
Note 1: To stop polymerization after cutting, the gel needs to be placed within softening 
solution (which will start softening immediately), or 5 M NaCl solution (if short-term 
storage is preferred, before starting softening). Polymerization will continue to proceed 
until the gel is immersed in softening solution or salt solution. We suggest starting to cut 
gels early so the gel can be placed in the softening solution as close to the 2-hour mark 
(for cell culture) or the 16-20 hour mark (for tissue; this window, being broader, may be 
less demanding to hit) as possible. 
Note 2: For sections containing cell culture, cut the gel in the shape of a trapezoid to 
ensure that cells are facing down in the expansion step, as described in Fig. 3 of Curr. 
Protoc. Neurosci. 2020, 92 (1), e96. 

 
Softening 

1. For cell culture, dissolve 20 µg LysC/Trypsin protease in 1 mL 100 mM Tris-HCl pH 8 
buffer. Incubate one section of gel in 1 mL buffer at 37˚C overnight (12–16 hours). Skip 
to Step 4. Follow section “Immunostaining for samples with pre-expansion 
immunostaining”. 
Note 1: LysC/Trypsin digestion does not support post-expansion primary and secondary 
staining of cell culture. We have tested SDS softening on cell cultures fixed by 3% 
paraformaldehyde and 0.1% glutaraldehyde, and found that SDS softening does not 
enable isotropic expansion of nanostructures universally, such as microtubules. Thus, we 
currently recommend performing pre-expansion staining, and then to use LysC/Trypsin 
digestion for softening, for the purposes of the current 20ExM protocol.  
Note 2: This is not to say that post-expansion staining for cell culture is impossible - we 
simply have not tested if SDS softening can enable isotropic expansion for cells fixed by 
4% paraformaldehyde, yet, as we note that some ultrastructural components, such as 
microtubules and mitochondria, do require 3% paraformaldehyde and 0.1% 
glutaraldehyde fixation to be preserved (Science 2007, 317 (5845), 1749–1753; Nat. 
Methods 2008, 5 (12), 1047–1052). Thus, it is possible that post-expansion staining of 
cell culture will require further optimization, especially if a universal protocol is desired.  

2. For brain tissue, dissolve 10 mg DTT in 1 mL Denaturation buffer. Incubate one section 
of gel in the buffer at 95˚C for 1 hour. Skip to Step 4. Follow section “Immunostaining 
for samples without pre-expansion immunostaining”. 



 

 

3. For kidney and spleen tissue, dissolve 20 µg LysC/Trypsin protease in 1 mL digestion 
buffer (1 mM EDTA, 50 mM Tris-HCl pH 8 and 0.1 M NaCl). Incubate one section of 
gel in 1 mL buffer at 37˚C overnight (12–16 hours). If pre-expansion primary and 
secondary antibody staining was performed, follow section “Immunostaining for samples 
with pre-expansion immunostaining”. Otherwise, follow NHS staining protocol: Gels 
containing kidney or spleen tissue were incubated in NHS staining solution (Alexa Fluor 
488 NHS Ester; Thermo Scientific, catalog no. A20000; dilution of 10 mg/mL DMSO 
stock in 1× PBS, 1:50, 1 mL) at 4 ˚C overnight (12–24 hours) and washed in 1× PBS 
three times, 20 minutes each, on a shaker at 40 rpm at room temperature (~24 ˚C). 
Note 1: LysC/Trypsin digestion does not support post-expansion primary and secondary 
staining of kidney and spleen tissue. And as noted, our current SDS softening protocol 
does not guarantee isotropic expansion of such fibrous tissues. The current protocol 
supports post-expansion NHS pan-protein staining or pre-expansion antibody staining 
for kidney and spleen tissues. 
Note 2: For antibody staining, we recommend performing primary and secondary 
antibody staining before anchoring, as described in the proExM protocol (Nat. 
Biotechnol. 2016, 34 (9), 987–992), and follow “Immunostaining for samples with pre-
expansion immunostaining” section to boost signal intensity.  

4. Wash softened gels in 1× PBS twice for 15 minutes.  
 
Immunostaining for samples with pre-expansion immunostaining  
Note: Follow this section for samples with pre-expansion primary and secondary antibody 
staining such as cell culture and kidney/spleen tissue. The goal of this section is to boost signal 
intensity by applying a fluorescent tertiary antibody against the secondary antibody (fluorescent 
or non-fluorescent) used pre-expansion, or applying a fluorescent secondary antibody against 
the primary antibody used pre-expansion if tertiary antibody is not available. For conciseness, 
we will refer to tertiary or secondary antibody applied in this section as “boost antibody.”  

1. Incubate sections of gel in 200 µL blocking solution (0.5% Triton X-100, 5% normal 
donkey serum (NDS; this should be whatever the species in which the boost antibody was 
raised) in 1× PBS) for 2 hours at room temperature (~24 ˚C). Tilt the plate to ensure gels 
are fully immersed and add more blocking solution if necessary.  

2. Aspirate blocking solution and incubate sections of gel in 200 µL staining solution 
(0.25% Triton X-100, 5% NDS in 1× PBS) containing boost antibody (typically 1:200 
dilution of 1 mg/mL antibody solution; see Supplementary Table 3 for antibody 
concentrations used in this manuscript) overnight (12–24 hours) at 4 ˚C. Tilt the plate to 
ensure gels are fully immersed and add more staining solution if necessary.  

3. Aspirate solution and incubate sections of gel in washing solution (0.1% Triton X-100 in 
1× PBS) for 30 minutes on a shaker at 40 rpm at room temperature (~24 ˚C). Repeat the 
washing 3 more times.  

 
Immunostaining for samples without pre-expansion immunostaining  



 

 

Note: Follow this section for samples without pre-expansion primary and secondary antibody 
staining such as brain tissues. The goal of section is to perform primary and secondary antibody 
staining to label biomolecules after softening. 

1. Incubate sections of gel in 200 µL blocking solution (0.5% Triton X-100, 5% normal 
donkey serum (NDS; this should be whatever the species in which the secondary 
antibodies were raised) in 1× PBS) for 2 hours at room temperature (~24 ˚C). Tilt the 
plate to ensure gels are fully immersed and add more blocking solution if necessary.  

2. Aspirate blocking solution and incubate sections of gel in 200 µL staining solution 
(0.25% Triton X-100, 5% NDS in 1× PBS) containing primary antibodies (typically 
1:200 dilution of 1 mg/mL antibody solution; see Supplementary Table 3 for antibody 
concentrations used in this manuscript) overnight (12–24 hours) at 4 ˚C. Tilt the plate to 
ensure gels are fully immersed and add more staining solution if necessary.  

3. Aspirate solution and incubate sections of gel in washing solution (0.1% Triton X-100 in 
1× PBS) for 30 minutes on a shaker at 40 rpm at room temperature (~24 ˚C). Repeat the 
washing for 3 more times.  

4. Repeat Steps 2 and 3 for secondary antibody staining. 
 
Expansion 

1. To expand, transfer a section of gel from 6-well plate to an imaging plate containing 1× 
PBS. For sections containing cell culture, ensure the right-trapezoid (i.e., a trapezoid with 
one side with 90 degree angles with respect to both bases)-shaped gel is in the orientation 
with cells on the bottom of the gel. 
Note: To gently transfer or flip gels, we suggest using specific strategies, as described in 
Curr. Protoc. Cell Biol. 2018, 80 (1), e56. 

2. Aspirate the solution carefully and slowly add at least 10 mL double distilled water. 
Incubate the gel for 20 minutes without shaking at room temperature. Repeat this step 2–
4 times until the gel no longer expands.  
Note 1: Shining a flashlight from underneath can help visualize gels while aspirating and 
avoid accidentally damaging the gel. 
Note 2: If additional transferring or flipping the gel is needed, shrink the gel by 
incubating in 1× PBS for 20 minutes first, which results in a shrinkage to ~4x. Do not 
transfer or flip the gel when it is fully expanded. Transfer or flip the gel. Then re-expand 
in water (which will take another hour). 

3. Upon full expansion, remove excess water around the gel with transfer pipets and 
kimwipes. Transport the imaging plate to the microscope for imaging.  

Supplementary Note 2: Expansion Factor Measurements 
To assess whether physical gel size measurements for both cells and tissues align with the 
expansion factors observed using biological landmarks, we performed 20ExM on cells and 
tissues, using our standard protocols for each, to quantitatively measure the expansion factor, 



 

 

both by assessing physical gel size as well as by examining biological landmarks in pre- vs. post-
expansion samples.  
 
For cell culture, we provide physical gel size measurements for two of the four HEK293 cell 
batches stained with anti-beta-tubulin antibodies and then expanded, that we used for expansion 
factor characterization (we did not measure physical gel size for the other two cell batches). We 
measured the size of each gel with a ruler immediately after gelation, and then again after full 
expansion. We observed 22.4 ± 1.0 (mean ± standard deviation)-fold expansion when physical 
gel size was assessed, vs. 22.3 ± 0.8-fold expansion when biological landmarks were utilized, for 
these two cell culture batches (Supplementary Table 2, Supplementary Data). 
 
For tissue, we performed 20ExM with Thy1-YFP transgenic mouse brain slices, using the tissue 
protocol. Pre-expansion, in order to use biological landmarks to calculate expansion factor, we 
imaged YFP signals with confocal microscopy before gelation; to measure physical gel size, we 
used a ruler, after gelation. Post-expansion (in more detail: we performed softening, anti-GFP 
staining, and expansion), we re-measured the physical size of the gel with a ruler, and re-imaged 
the same region in the brain slice with a confocal microscope to use biological landmarks to 
calculate expansion factor (n = 2 brain slices from 1 Thy1-YFP transgenic mouse). We observed 
18.5 ± 1.1 (mean ± standard deviation)-fold expansion when physical gel size was assessed, and 
19.0 ± 0.7-fold expansion when biological landmarks were utilized (Supplementary Table 2, 
Supplementary Data). 
 
Thus, the physical gel size-assessed expansion factor for both cells and tissues matched the 
expansion factor assessed when biological landmarks were used. 
 
We quantitatively measured the z-axis expansion factor of gel-embedded brain tissue (the same 
specimens used for xy-plane expansion factor measurements described above) by measuring 
physical gel size, as well as by utilizing biological landmarks, pre- vs post-expansion, with a 
focus on the z-axis. 
 
For physical gel size, we measured pre- and post-expansion gel thickness with a confocal 
microscope, and obtained the expansion factor. In particular, we focused on the gel-adjacent 
surfaces of parafilm spacers (which flank the gel closely and were more autofluorescent, and 
thus more visible by the confocal, than the gel itself), to determine pre-expansion thickness, and 
on the expanded gel top and bottom, to determine post-expansion thickness. We observed 18.0 ± 
0.4 (mean ± standard deviation; n = 2 brain slices from 1 Thy1-YFP transgenic mouse)-fold z-
axis expansion, as assessed by physical gel size (Supplementary Data). 

 
We measured pre- and post-expansion distances between the highest and lowest (along the z-
axis) visible YFP signals in the slice (we used 50-µm thick Thy1-YFP brain specimens), to serve 
as biological landmarks, to calculate expansion factor. We observed 18.2 ± 0.5-fold z-axis 



 

 

expansion via analysis of these biological landmark signals (mean ± standard deviation; n = 2 
brain slices from 1 Thy1-YFP transgenic mouse; Supplementary Data). 

These z-axis expansion factors are consistent across the two different methods of measurement, 
and are also consistent with the xy-plane expansion factors measured above for a gel specimen 
containing tissue (~18-fold).  

Supplementary Note 3: Effect of Gelation Time  
To demonstrate how gelation time influences expansion factor and its reproducibility, in the 
context of tissue expansion, we used Thy1-YFP transgenic mouse brain slices, and performed 
20ExM, in brain tissue protocol form, with varying gelation times (6, 16–20 (standard), and 72 
hours; n = 2 brain slices from 1 mouse for each condition). We found that 6 hours was not 
sufficient to complete gelation (i.e., the gel didn’t fully polymerize), whereas 16–20-hour 
gelation samples expanded 18-fold (the same samples referred to, in Supplementary Note 2). The 
72-hour gelation samples expanded 10.1 ± 0.3 (mean ± standard deviation)-fold (Supplementary 
Data).  

Supplementary Note 4: Stability of Expanded Gels 
We examined the size of an expanded brain-tissue-embedded gel at 5 minutes, and at 2, 21, and 
25 hours, after full expansion was achieved, within a capped imaging plate (n = 1 gel). We found 
that the gel did not visibly contract or exhibit other obvious changes over the course of 25 hours 
(Supp. Fig. 4). In addition, in all the aforementioned studies relating to expansion factor, 
consistent expansion factors, with small standard deviations, were observed, without particular 
attention to timing. Thus, especially in a humidity-controlled environment, gels may be stable 
over the course of a day or so.  

Supplementary Note 5: Expected Microtubule Diameter 
Antibody-labeled microtubules have been extensively imaged and commonly used as a standard 
by the super-resolution community, having been imaged with STORM, STED, ExM, and many 
other methods (e.g., Science 2007, 317 (5845), 1749–1753; Nanoscale 2018, 10 (37), 17552–
17556). For example, in our previous study on iterative expansion with 20x magnification 
(iExM, Nat. Methods 2017, 14 (6), 593–599), STORM images of primary antibody-stained 
microtubules resulted in a width that ranged from 25 to 50 nm, with a mean and standard 
deviation of 37.3 nm and 4.7 nm respectively. The iExM images of primary and secondary 
antibody (bearing DNA oligos for amplification of brightness)-stained microtubules resulted in a 
range of 25 to 90 nm, with a mean and standard deviation of 58.7 and 10.3 nm respectively. The 
latter number, in particular, could be regarded as an estimate of the upper bound (because it 
includes any real biological variability in microtubule thickness) on the nanoscale error 
introduced by iExM. It has been modeled and observed that primary antibody-labeled 



 

 

microtubules have an average diameter around 40 nm, and primary and secondary antibody-
labeled microtubules have an average diameter around 60 nm (Science 2007, 317 (5845), 1749–
1753; iExM, Nat. Methods 2017, 14 (6), 593–599; Nanoscale 2018, 10 (37), 17552–17556; 
EMBO Rep. 2018, 19 (9). https://doi.org/10.15252/embr.201845836). Our measurement of 100 
microtubule diameters resulted in an average of 62.7 nm and standard deviation of 8.8 nm, which 
matches the previous iExM result, suggesting a high resolution and low distortion of 20ExM. 
 
See Supp. Fig. 5 for visual comparisons of the current work with prior iExM images.  Please note 
that microtubules in the iExM paper were imaged at the bottom of the cell; this leads to the 
appearance of longer microtubule segments, since they are flat and parallel to the bottom of the 
cell, and thus run for longer distances in the imaging plane.  Our microtubules are imaged in the 
middle of the cell, and thus enter and exit the imaging plane. 

Supplementary Note 6: Signal Intensity Analysis 
We conducted line intensity profile analyses on microtubule images generated using 20ExM or 
iExM protocols, using previously published iExM data (since the original iExM protocol is not 
in much use anymore, with the ExR protocol having largely replaced it). Our findings revealed 
that the 20ExM protocol yielded similar-appearing images, and line profiles, between 20ExM 
and iExM (Supp. Fig. 2b,c).  
 
In principle, noise in confocal images could originate from multiple sources, including the 
immunohistochemistry protocol itself (e.g., non-specific binding), and imaging shot noise. We 
attempted to keep staining protocol noise as small as possible, by strictly following a 
microtubule staining protocol (i.e., extraction, fixation, etc.) used in previous studies for 
measuring resolution (Science 2007, 317 (5845), 1749–1753; Nat. Methods 2017, 14 (6), 593–
599).  To assess the impact of shot noise, we performed FRC analysis on the same image pair 
both with and without Gaussian filtering, which reduces shot noise (IEEE Trans. Biomed. Eng. 
2000, 47 (12), 1600–1609; Int. J. Biochem. Cell Biol. 2021, 140, 106077). We used a sigma 
value of 0.5 for the Gaussian filter to avoid blurring the signal too much, which may affect the 
resolution. Such Gaussian filtering reduces noise visibly, but the Global FRC barely changed – 
from 21.2 nm for non-Gaussian-filtered images, to 20.1 nm for Gaussian-filtered images (Supp. 
Fig. 1). Thus our FRC measurements for 20ExM remained consistent, regardless of shot noise.  
 
Additionally, we performed SNR analysis (calculated by dividing the signal intensity by the 
standard deviation of the background) on synaptic puncta as we did previously for expansion 
revealing (ExR). In particular, we analyzed SNR of synapses that were identified based on joint 
RIM1/2 and PSD95 presence, in post-expansion antibody stained 20ExM brain tissue (same 
images as in Fig. 3b) and found that the SNR was ~35 (Supp. Fig. 2d). Although we were not 
able to use the same primary and secondary antibodies that were used for the post-expansion 
antibody staining ExR paper (the RIM1/2 primary antibody used in the ExR paper was 
discontinued), the SNR of synapses that were identified through staining of Bassoon, Cav2.1, 



 

 

Homer1, PSD95, RIM1/2, Shank3, and SynGAP with the ExR protocol was on average ~15 (just 
to get a ballpark estimate, we averaged the SNR across all antibodies, using previously published 
data; source data: Extended Fig. 2d from the ExR paper, Nat. Biomed. Eng. 2022, 6 (9), 1057–
1073). Thus we estimate that our SNR is comparable to those of earlier technologies, with our 
current goal simply being to make the process easier, by enabling it to occur in a single step, 
rather than requiring repeated steps. 
 
20-fold enlargement of a stained sample will dilute signal intensity greatly. Indeed, after 20-fold 
expansion, we expect an 8000-fold increase in volume, and corresponding 8000x decrease in 
fluorophore concentration. As the pre-expansion raw signal intensity of cell culture microtubule 
staining ranged from 15000 to 30000 (Supp. Fig. 2a), we would expect the intensity to drop to 
~2–4 after 8000-fold volumetric dilution. Indeed, after expansion, we could not observe any 
remaining fluorescence without amplification. 
 
With amplification, after tertiary antibody staining, we observed post-expansion signal intensity 
to be above 200, a ~100-fold increase in signal intensity compared to the expected diluted 
intensity (Supp. Fig. 2b; note that Supp. Fig. 2a and 2b were acquired under identical microscope 
settings and processed identically). The signal intensity was sufficient to reveal clear hollow 
microtubule structures, and support distortion and resolution analyses. We used post-expansion 
antibody staining to achieve sufficient SNR for our purposes. We note that SNR could, in 
principle, be further improved with any one of a number of previously published signal 
amplification methods, such as hybridization chain reaction (HCR) and rolling circle 
amplification (RCA), which, as modular DNA-based methods, have easily been incorporated 
into ExM protocols by multiple groups. 
 
The apparent difference in noise between the low-magnification and zoomed-in images in Fig 3b 
was due to the z-projections of these images being conducted over different depths. Specifically, 
the low-magnification image was z-projected across the entire z range of the slice, whereas the 
zoomed-in images only contained ranges that contained a particular synapse. We have 
demonstrated this difference by showing the same synapses z-projected over the whole imaging 
range vs. the synapse-limited range, in Supp. Fig. 2f. 
 
In the nanocolumn analysis, synapses were chosen based on the juxtaposition of RIM1/2 and 
PSD95 signals, as previously utilized in the ExR study. Signal-to-noise ratio (SNR) 
measurements, conducted as in the ExR study, revealed an SNR for 20ExM comparable to that 
of ExR, with both studies focused on synaptic proteins that are known to participate in 
nanocolumns. For Fig. 3b, we increased contrast to highlight the boundary of the synapses, not 
uncommon for studies emphasizing synaptic protein density shape, so we could easily identify 
synapses for subsequent data analysis. This does, notably, lead to many pixels within the 
synapses appearing saturated. We now also include the same images but with contrast adjusted to 
only have 1 pixel saturated per channel per image in Supp. Fig. 2e, highlighting the internal 
heterogeneity within the signal distribution of RIM1/2 and PSD95. While the synapse protein 



 

 

gap, and the synaptic protein density shapes, were qualitatively similar, different contrast 
adjustments will of course emphasize different aspects of the data.   

Supplementary Note 7: Expansion Factor and Resolution 
20ExM revealed the hollow structure of microtubules. According to previous work, visualizing 
the hollow structure of microtubules requires at least 15x expansion, equivalent to 16–26 nm 
effective resolution (Fig. S2 from X10, EMBO Rep. 2018, 19 (9). 
https://doi.org/10.15252/embr.201845836).  
 
We have also added nuclear pore complex (NPC) images (see Ext Data Fig 5) where 20ExM 
resolved individual corners of NPCs which are around 42 nm apart from each other based on 
previous cryo-EM data.  See Supp. Fig. 5 for visual comparisons of the current work with 
previous work on 20x expansion of NPCs.    
 
Furthermore, 20ExM images of RIM1/2 and PSD95 also revealed that synaptic nanocolumns 
align with each other with 20–25-nm precision (Fig. 3e,f), also approaching the measured 
resolution, and matching the precision characterized by expansion revealing (see Fig. 4i and 4k 
of that earlier paper). Finally, the estimated nanoscale error introduced by expansion was about 
10 nm, consistent with that of iExM, suggesting that for things larger than this size, the 
expansion factor - in this case, ~20x - should determine the resolution (300 nm / 20 ~ 15 nm).   

Supplementary Note 8: Z-axis Isotropy 
We imaged pre-expanded tissue with a 40x lens and expanded tissue with a 4x lens to ensure 
similar fields of view for downstream registration. While we made our best attempts to ensure 
samples were in the same orientation during confocal imaging before and after expansion, slight 
differences (less than 10˚ rotational difference, based on our visual examination) occurred. While 
miniscule, the slight rotation of the sample during confocal imaging before vs. after expansion 
resulted in a slight angle difference in the xz- and yz- plane that we selected in the sample’s pre- 
and post-expansion images. We found this challenging to correct computationally. Indeed, in 
almost all ExM papers that compare pre- and post-expansion images, there is some difference 
between the appearance of the two images, due to this aspect of the imaging process: it is a 
reality of imaging the same sample twice. Despite the slight rotation, the overall shapes of soma 
and dendrites are similar between pre- and post-20ExM images. 



 

 

Despite these challenges, we were able to perform distortion analysis across z-depths, comparing 
pre- and post-expanded tissue. We observed ~5% distortion over a distance of 15 µm, consistent 
with the distortion observed in the xy-plane (Supp. Fig. 3). 

Supplementary Note 9: Quantitative Distance Measurements  
To calculate expansion factor: many groups perform a pre-ExM low-magnification check of 
overall sample size and/or the dimensions of key features, for comparison to post-expansion 
measurements of the same features, and thus expansion factor calculation. To calculate 
expansion factor, please note that registration is not needed. Instead, users can simply measure 
the distance from one boundary of the sample to another, or from one biological landmark to 
another, and then compare that measurement between pre- and post-expansion states, as 
previously reported for earlier ExM methods (Science 2015, 347 (6221), 543–548, Nat. 
Biotechnol. 2016, 34 (9), 987–992). This kind of measurement is necessary for quantitative 
measurement, and we have provided instructions in our 2018 protocols paper (Curr. Protoc. Cell 
Biol. 2018, 80 (1), e56).  
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