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Abstract 

Expansion microscopy (ExM) increases the effective resolving power of any microscope 
by expanding the sample with swellable hydrogel. Since its invention, ExM has been 
successfully applied to a wide range of cell, tissue and animal samples. Still, 
fluorescence signal loss during polymerization and digestion limits molecular-scale 
imaging using ExM. Here we report the development of label-retention ExM (LR-ExM) 
with a set of trifunctional anchors that not only prevent signal loss but also enable high-
efficiency labeling using SNAP and CLIP tags. We have demonstrated multicolor LR-
ExM for a variety of subcellular structures. Combining LR-ExM with super-resolution 
Stochastic Optical Reconstruction Microscopy (STORM), we have achieved molecular 
resolution in the visualization of polyhedral lattice of clathrin-coated pits in situ. 

 

INTRODUCTION 

By physically expanding the sample before image acquisition, ExM has enabled the use 
of a conventional confocal microscope to achieve ~ 70 nm lateral spatial resolution(1-4). 
Recent efforts have further enhanced the resolution of ExM either by increasing the 
volume expansion ratio (5-7) or by combining ExM with super-resolution microscopy 
such as Structured Illumination Microscopy (SIM) (8-10) STimulated Emission Depletion 
(STED) microscopy (11-14). In all these cases, the homogenization of the specimen 
through either protease digestion (1-3) or protein denaturation (3, 4) is essential to 
achieve isotropic expansion without structural distortion. To retain the spatial 
information of the target structures, the biomolecules of interest (e.g. protein(2-4), RNA 

(15)) and/or labels (e.g. dye-labeled DNA(1), dye-labeled antibodies (2, 3) or fluorescent 
proteins (3, 4)) are anchored to the hydrogel matrix prior to digestion or denaturation. 
Nevertheless, digestion and denaturation cause incompletely anchored proteins or 
protein fragments to be washed out (2, 16, 17), the polymerization to make the hydrogel 
produces free radicals that readily destroy fluorophores(1, 3, 18), and both factors can 
damage fluorescent proteins. Consequently, more than 50% of the target molecules can 
lose labeling after expansion(3, 18), which is a major issue of current ExM methods. 
The label loss problem is exacerbated when aiming for higher spatial resolution. First, 
ensuring isotropic expansion at nanometer scale requires more thorough proteinase 
digestion or denaturation, hence more labeled antibodies are washed out (1-3). Second, 
super-resolution microscopy often requires certain dyes that do not survive hydrogel 
polymerization. For example, Alexa Fluor (AF) 647, one of the best fluorophores for 
STORM and PALM, suffers > 90% loss of the fluorescent molecules after 
polymerization and digestion(2, 3, 14).  

When the spatial resolution approaches the molecular scale, high-efficiency labeling of 
target molecules becomes a distinctly new requirement, as previously recognized in the 
development and application of super-resolution microscopy(19-21). This requirement is 
because information from unlabeled target molecules is permanently lost.  Although 
amplifying retained labels by amplifying DNA-barcoded antibody such as isHCR(22) and 
Immuno-SABER (23), or using biotin (2, 14)) can significantly enhance the brightness, it 
cannot recover the lost positional information from washed-out antibodies. These 
methods result in bright but still incompletely labeled structures. Moreover, the bulky 
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labels will introduce localization displacement that is detectable with the molecular 
resolution. On the other hand, post-expansion immunostaining can avoid dye loss 
during the gelation and digestion steps, such as Magnified Analysis of Proteome 
(MAP)(4), CUBIC-X (24) and SHIELD(25). Nevertheless, post-gel immunostaining can 
be problematic for certain targets such as neuroligin and GAP, because these proteins 
are damaged by denaturation and cannot be recognized by antibodies after expansion 
(4). The damage and loss of target proteins will cause underlabeling. In fact, the density 
of labeled targets fundamentally sets the lower limit of effective spatial resolution (19, 
26, 27).  

With the combination of ExM and super-resolution microscopy, fluorophores can 
theoretically be localized with the target proteins with molecular resolution. However, in 
practice, most ExM methods uses indirect immunostaining to label target proteins. 
Although convenient, immunostaining ExM has two practical problems. First, high 
quality antibodies are not always available. Second, bulky primary and secondary 
antibodies can add up to 20 nm distance between the target protein and the dye 
molecule or barcoding DNA strand (5), which is larger than the resolution of ExSTED 
and ExSTORM. Therefore, immunostaining is insufficient to reveal biological structures 
with molecular resolution. An effective solution is to express enzymatic protein tags, 
such as SNAP and CLIP tags, which can be recognized by highly specific and efficient 
fluorescent ligands (19, 28, 29). These two tags are about 2 nm long, much smaller than 
antibodies and even smaller than fluorescent proteins. 

Herein we report Label-Retention Expansion Microscopy (LR-ExM), a method that 
solves the signal loss problem with a set of small molecule trifunctional anchors that are 
inert to polymerization, digestion and denaturation and that can be fluorescently labeled 
after expansion. We have developed this method not only for immunofluorescence 
labeling but also for SNAP and CLIP tags that are particularly advantageous in their 
small size and high labeling efficiency by organic dyes with tag-recognizing ligands. 

 

RESULTS 

The workflow of LR-ExM includes five steps, labeling target molecules with trifunctional 
anchors, forming in situ hydrogel with cells or tissues, proteinase digestion, post-
expansion fluorescence staining, and expansion (Fig. 1a). Specifically, we designed and 
synthesized trifunctional anchors with three arms (Fig. 1b): (1) N-hydroxysuccinimide 
(NHS) for connection to antibodies, benzylguanine (BG) for SNAP-tag recognition, or 
benzylcytosine (BC) for CLIP-tag recognition; (2) methacrylamide (MA) group for 
anchoring to the polymer matrix; (3) biotin or digoxigenin (DIG) as two orthogonal 
reporter handles for conjugation to an organic dye after expansion. We have chosen 
these functional groups and the molecular scaffold so that the anchors are resistant to 
both major fluorescence-loss causes, proteinase digestion and acrylamide gel 
polymerization. Therefore, target molecules labeled with the trifunctional anchors retain 
high labeling efficiency. The two orthogonal reporter handles enable two-color labeling 
and imaging. The structures and syntheses of the anchors are described in detail in Fig. 
S1 and S2 and Supplementary Materials and Methods.  
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With different trifunctional anchors, LR-ExM is compatible with both immunofluorescent 
and enzymatic protein tags (Fig. 1a). For immunofluorescence, we stained fixed cells 
with antibodies conjugated to NHS-MA-biotin or NHS-MA-DIG, proceeded with the 
standard ExM procedure of gel polymerization and proteinase K digestion, then stained 
the gel with fluorescently labeled streptavidin for biotin anchor and/or anti-DIG antibody 
for before expanding the gel in water and imaging. For labeling with SNAP or CLIP tag, 
the procedure is nearly identical except that fixed cells were directly treated with BG- or 
BC- trifunctional anchors. 

To demonstrate label retention, we compared ExM of U2OS cells immunostained for 
microtubules and clathrin heavy chain using secondary antibodies conjugated to Alexa 
Fluor 488 (AF488) dye (following the proExM protocol (3)), biotin (proExM followed by 
post-expansion staining with AF488-streptavidin (2, 14)) or NHS-MA-biotin (our LR-
ExM). Fig. 1c-e showcased the clathrin-coated pit (CCP) images (Fig. 1c-e) processed 
with these three kinds of secondary antibodies, with the same contrast. We conjugated 
streptavidin with an average dye: protein ratio of 1:1 so that the fluorescence level in the 
three cases can be directly compared. On average the LR-ExM generated a 
fluorescence signal that is 5.8 ± 0.8 (mean ± standard deviation, N = 3) times as high as 
that by AF488 antibody (Fig. 1f). For quantification methods, see Supplementary 
Information and Fig. S3). The biotin-antibody sample generated 1.9 ± 0.2 (mean ± 
standard deviation, N = 3) times of the fluorescence signal compared to proExM. Taking 
these values together, we concluded that out of the ~ 83% label loss by proExM, ~ 15% 
can be attributed to polymerization and ~ 68% to digestion. These numbers may be 
rescaled since the biotin may not be completely conserved. The fraction of fluorescence 
loss caused by digestion is dependent on the labeling tags such as antibody, 
streptavidin, and GFP, and is affected the digestion condition such as digestion 
duration, buffer, and temperature. Differences between the protocols may lead to 
contradictory results. In this evaluation, we focused on IgG antibodies, and followed 
digestion condition of proExM(3). See methods section and Fig. S3 for detailed 
procedure. 

We calibrated the length expansion ratio of our LR-ExM protocol to range from 4.3 to 
4.7. Fitting the cross-section profiles of microtubules to a Gaussian peak then gave a 
full width at half maximum (FWHM) of 84 ± 1.3 nm (mean ± standard deviation, N = 3 
independent experiments) after rescaling by the expansion ratio. Taking the size of 
immunostained microtubules (30) into the cross-section profile for fitting (1, 31), we 
obtained an effective resolution of 71 ± 1.6 nm. At this effective resolution, we could 
resolve the hollow shape of CCPs (Fig. 1h and i). Using anti-DIG antibody with a high 
dye:protein ratio (10:1) produces brighter signal (Fig. 1g), though we do not expect 
obvious differences in the actual labeling efficiency.  

We demonstrated two-color LR-ExM by co-immnunostaining CCPs and microtubules 
with antibodies conjugated with NHS-MA-DIG and NHS-MA-biotin, respectively (Fig. 2a, 
b). Similarly, we demonstrated LR-ExM for SNAP-tag and CLIP-tag with BG-MA-biotin 
and BC-MA-DIG trifunctional anchors, respectively (Fig. 2c for CCPs by overexpressing 
SNAP-clathrin and Fig. 2d for mitochondria by TOMM20-CLIP), including two-color 
imaging using both enzymatic protein tags owing to their orthogonality (Fig. 2e, f). The 
above methods are well compatible with brain tissue. We immunostained mouse brain 
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slices for presynaptic and postsynaptic markers Bassoon and Homer1 using secondary 
antibodies conjugated with NHS-MA-biotin and NHS-MA-DIG, and then treated these 
slices with digestion, post-expansion staining, and expansion (Fig. 2g). Presynaptic and 
postsynaptic densities were well separated and junctions between them were clearly 
observable with a confocal microscope (Fig. 2 h-j).  

The enzymatic and immunostaining LR-ExM approaches can be combined easily. As a 
demonstration, we imaged nuclear lamina with SNAP-tag labeled Lamin A/C (LMNA) 
and antibody-stained nuclear pore complex (NPC) (Fig. 3a-d). Nuclear lamina is a 
dense fibrillar network bridging the nuclear envelope and chromatin. It positions the 
nuclear pore complexes (32) and participates in chromatin organization (33, 34). Two-
color LR-ExM cleanly resolved the holes in the nuclear lamina where NPCs are located. 
The high labeling efficiency of enzymatic protein tags was the key to achieving superior 
image quality compared to previous super-resolution microscopy results using antibody 
staining (35). The area of the holes in the Lamin A/C network varies from 0.1 to 0.5 µm2, 
with an average of 0.35 µm2 (Fig. 3e), which is in agreement with previous SIM studies 
(35) and electron microscopy (EM) (32). We observed a strong anti-correlation between 
Lamin A/C and NPC signal (Fig. 3a, b).  

We further characterized the spatial relationship between Lamin A/C network and two 
different chromatin markers: H3K9me3 for repressed chromatin (36) (Fig. 3c-i) and 
H3K4me3 for active chromatin (37) (Fig. 3d-m). With the enhanced spatial resolution, 
two-color LR-ExM images clearly showed that, near the nuclear envelope, H3K9me3 
was concentrated near Lamin A/C-rich regions, whereas H3K4me3 had an anti-
correlation with Lamin A/C signal in a similar manner as NPC (Fig. 3n). This result 
agrees with the model for the lamin-association of heterochromatin and NPC-
association of euchromatin at the nuclear periphery. We were also able to resolve the 
distinct fine network features of Lamin A/C in a variety of cell lines including mouse 
embryonic stem cells (Fig. 3o-r). All of these results illustrate the application of LR-ExM 
(potentially in conjugation with fluorescence in situ hybridization to visualize DNA) in 
studying chromatin organization and sub-diffraction-limit-sized chromatin domains such 
as lamin-associated domains. 

The high label retention of trifunctional anchors and high labeling efficiency of enzymatic 
tags in LR-ExM enhances its combination with super-resolution microscopy. We first 
demonstrated this application by imaging antibody-stained distal appendages in primary 
cilia of Retinal Pigment Epithelium (RPE) cells using LR-ExM combined with SIM (LR-
ExSIM) (Fig. 4a). The LR-ExSIM image clearly showed 9 clusters of distal appendage 
marker CEP164, achieving similar resolution and image quality to the STORM image of 
the same target protein (Fig. 4b). The symmetry and size of distal appendages 
measured using LR-ExM agreed with the model based on STED (38) and STORM 
studies (39) (Fig. 2c). We calculated the resolution (FWHM) of LR-ExSIM to be 34 nm. 

Finally, we pushed forward the resolution to the molecular level by combining LR-ExM 
with STORM (LR-ExSTORM). We have examined commonly used photoswitchable 
dyes including Cy5, Cy5.5, and AF647, all of which show no loss in either molecular 
brightness or photoswitching kinetics compared to non-expansion STORM conditions 
(30). The length expansion ratio for LR-ExSTORM ranges from 3 to 3.3. It is smaller 
than 4 because the STORM mounting medium for dye photoswitching has a relatively 
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high ionic strength. In U2OS cells expressing SNAP-tag labeled clathrin light chain B 
(CLTB), we demonstrated that LR-ExSTORM revealed far more details than STORM 
alone (Fig. 4d-m). While the STORM showed the hollow structure of the CCP (Fig. 4d), 
The LR-ExSTORM was able to resolve the lattice vertices of CCPs as clusters of 
localization points, each cluster resulting from repetitive photoswitching of one AF647 
label (Fig. 4g-k). The effective localization precision of LR-ExSTORM was measured to 
be ~ 4 nm (FHWM of clusters rescaled by the expansion ratio), which is comparable to 
the size of a typical protein molecule.  

 

At such a small scale, localization precision is not the only parameter to determine 
image resolution. The distortion of hydrogel at nanoscale and needs to be considered. 
In addition, the size and orientation of the label also add uncertainty to measurement. 
To evaluate the uncertainty, we compared the unit length of clathrin lattice measured by 
ExSTORM and EM. In ExSTORM images focused at the top of CCPs where the lattice 
plane is horizontal (e.g. Fig. 4g, h), we measured distances from the centroid of one 
cluster to the centroid of its nearest neighbor. The histogram of these nearest neighbor 
distances (1102 pairs from 134 CCPs) showed a main peak at 20 nm and a small 
shoulder peak at 34 nm (Fig. 4m). The main peak matched the distance between 
adjacent vertices of clathrin lattice as previously measured by EM (40, 41), while the 
shoulder peak matched the distance between every other vertex (Fig. 4e). This 
agreement confirmed the ability of LR-ExSTORM to faithfully expand protein complexes 
at the 10-20 nm scale, possibly attributed to the high degree of isotropic expansion. The 
6 nm standard deviation of the histogram is contributed by polyacrylamide gel distortion, 
the SNAP tag, and the heterogeneity in the clathrin lattice. Moreover, the histogram also 
indicates that our labeling efficiency has resulted in a majority of vertices containing at 
least one labeled CLTB, noting that not all clathrin light chains had SNAP-tag in our 
case because of the presence of endogenous CLTB and the other clathrin light chain 
isoform, CLTA.  

 

DISCUSSION 

We developed LR-ExM that eliminates the fluorescence loss caused by both 
polymerization and digestion using trifunctional anchors, and therefore improved the 
fluorescence intensity by several times. Paring the trifunctional anchors with SNAP and 
CLIP tags, LR-ExM achieved high labeling efficiency. It paved the way for the 
combination of ExM and super-resolution microscopy, which elevates the resolution of 
optical microscopy to the molecular scale. For such high resolution (<10 nm), high 
labeling efficiency of individual target proteins rather than overall brightness is required 
to obtain complete molecular architecture of protein complexes. This requirement is 
much more stringent, compared with diffraction limited imaging. The high labeling 
efficiency is a major advantage of LR-ExM in combining with super-resolution 
microscopy, such as STORM, Photoactivated Localization Microscopy (PALM), 
Stimulated Emission Depletion (STED) microscopy and SIM.  

There are other methods that can efficiently recover the fluorescent signal lost in 
polymerization reactions. For example, Immunosignal hybridization chain reaction 
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(isHCR) (22) and immunostaining with signal amplification by exchange reaction using 
hybridization chain reaction (Immuno-SABER) (23) increase fluorescence by two to 
three orders of magnitudes, which remarkably boosts the detection sensitivity of tissue 
imaging. However, these methods are unable to rescue the lost information from 
antibodies that are washed away during the digestion step, resulting in incompletely but 
still brightly labeled structures. Moreover, the bulky labels will introduce localization 
displacement that is detectable with the molecular resolution. Compared with these 
label amplification methods, LR-ExM not only avoids the polymerization-induced 
fluorophore damage by post-expansion labeling, but eliminates the digestion-induced 
fluorophore loss by directly crosslinking the reporter to the hydrogel. Wen and 
coworkers presented a similar chemical linking approach that enables direct grafting of 
a targeting molecule and fluorophore to the hydrogel, and demonstrated the design 
principle of trifunctional anchors also work for antibody-free staining of small 
biomolecules like lipid and actin in ExM (42).  

To address the limitations of immnunostaining, we developed the enzymatic approach 
of LR-ExM using SNAP, CLIP tags, and trifunctional anchors bearing BG or BC as the 
connector group. This approach is ideal for molecular-resolution microscopy with the 
advantages of the high ligand-binding efficiency of SNAP or CLIP tag, and their much 
smaller size than antibodies (19 kDa SNAP vs. 150 kDa IgG). For the same reasons, 
cell lines with SNAP tagged nuclear pore protein are used to benchmark the quality of 
super-resolution microscopes (19). Compared with diffraction limited imaging, 
molecular-resolution imaging has more stringent requirement for small labels. LR-ExM 
minimizes the size of the label by using not only small enzymatic tags, but also short 
trifunctional anchors only about 1 nm long. We demonstrated the resolving power of LR-
ExSTORM by visualizing the polyhedral lattice of CCPs in situ (Fig. 4 f-m), which is not 
resolvable by using STORM alone (Fig. 4d) (43, 44).  While using SNAP and CLIP tags 
can improve the resolution by reducing the tag size and can provide high labeling 
efficiency, it does require genetic approaches to fuse the tags to the targeted proteins. 
Extra attention needs to be paid to the expression level of enzymatic tags, as over 
expression may cause structural or functional artifact. We recommend to keep the 
expression level similar to the endogenous level of the target protein. 

Another advantage of the LR-ExM is the robustness. Most ExM protocols consist of  
nonspecific protein-hydrogel anchoring with chemical crosslinkers (e.g. MA-NHS, and 
glutaraldehyde) and proteinase digestion (2, 3, 5, 6, 8-14, 22, 23). How much 
fluorescence is retained depends on the balance of anchoring density and digestion 
efficiency, resulting in largely variable fluorescence intensity across experiments (2, 4, 
18). Higher anchoring density increases fluorescence retention, while stronger digestion 
duration decreases fluorescence retention. However, the fluorescence retention rate of 
LR-ExM is independent from digestion conditions, since the reporter is directly anchored 
to the hydrogel, not through antibodies. Consequently, LR-ExM protocol is robust and 
reproducible across experiments.  
 

LR-ExM is also a versatile method that can be integrated with ExM protocols targeting 
nucleic acids (e.g. ExFISH (15)), lipid (e.g. mExM(45), TRITON(42)), context protein 
(e.g. FLARE(46), pan-ExM(7)), and so on. Although only two-color LR-ExM using biotin- 
and digoxingenin-bearing trifunctional anchors was demonstrated, additional color 
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channels were imaged by post-expansion labeling DNA with DAPI, and post-expansion 
labeling telomere with LNA oligonucleotides (data not shown). The multiplexity can be 
further extended by developing new trifunctional anchors with more small chemical 
reporters, such as alkyne (pairing with azide) and chloroalkane (pairing with HaloTag). 

In summary, LR-ExM is an effective, robust, and versatile method to enhance the signal 
and labeling efficiency of expansion microscopy. Our trifunctional anchors can be 
applied to both antibody and enzymatic labeling. They can also be integrated into most 
existing ExM protocols, greatly increasing their signals and multiplexity. Overcoming the 
bottleneck of label loss, the currently achieved post-expansion resolutions of ~70 nm 
with confocal microscopy, ~30 nm with SIM, and localization precision of ~4 nm with 
STORM are suitable to cover a wide range of biological questions at various scales. 

 
MATERIALS AND METHODS 

Trifunctional anchor synthesis. We synthesized five trifunctional anchors, including 
HOOC-MA-Biotin, HOOC-MA-DIG, BG-MA-Biotin, BG-MA-DIG, and BC-MA-DIG (Fig. 
S1). HOOC-MA-Biotin and HOOC-MA-DIG anchors were converted to NHS-MA-Biotin 
and NHS-MA-DIG respectively to conjugate antibodies for the immunostaining approach 
of LR-ExM. The BG-MA-Biotin, BG-MA-DIG, and BC-MA-DIG anchors were directly 
used for the protein-tag approach of LR-ExM. The synthetic schemes are shown in Fig. 
S2.  

All reactions were performed in flame- or oven-dried glassware fitted with rubber septa 
under a positive pressure of nitrogen, unless otherwise noted. All reaction mixtures 
were stirred throughout the course of each procedure using Teflon-coated magnetic stir 
bars. Air- and moisture-sensitive liquids were transferred via syringe. Solutions were 
concentrated by rotary evaporation below 30 °C. Analytical thin-layer chromatography 
(TLC) was performed using glass plates pre-coated with silica gel (0.25-mm, 60-Å pore 
size, 230−400 mesh, SILICYCLE INC) impregnated with a fluorescent indicator (254 
nm). TLC plates were visualized by exposure to ultraviolet light (UV) and then were 
stained by submersion in a basic aqueous solution of potassium permanganate or with 
an acidic ethanolic solution of anisaldehyde, followed by brief heating. For synthetic 
procedures and characterization data (thin-layer chromatography (TLC), NMR and 
Mass Spectroscopy), see Supplementary Methods. 

 

Antibodies. The following primary antibodies were used for the immunostaining 
approach of LR-ExM: rabbit anti-Clathrin heavy chain antibody (Abcam, ab21679), rat 
anti-alpha-Tubulin Antibody, tyrosinated, clone YL1/2 (Millipore Sigma, MAB1864-I), 
and monoclonal mouse anti-Nup153 antibody (Abcam, ab24700), anti-H3K9me3 
(Abcam, ab176916), anti-H3K4me3 (Abcam, ab8580). The secondary antibodies used 
for trifunctional anchor conjugation are:  Unconjugated AffiniPure Donkey Anti-Rabbit 
IgG (H+L) (Jackson ImmunoResearch 711-005-152), and Unconjugated AffiniPure 
Donkey Anti-Rat IgG (H+L) (Jackson ImmunoResearch 712-005-153). 
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Antibody conjugation. Secondary antibodies were labeled with the amine-reactive 
trifunctional anchor: NHS-MA-Biotin or NHS-MA-DIG.  Amine-reactive trifunctional 
anchors were freshly made from stock solutions of synthesized trifunctional anchors 
HOOC-MA-Biotin or HOOC-MA-DIG (26 mM, in DMSO, stored at -20 °C). EDC solution 
(20 µL, 100 mg mL-1), NHS solution (20 µL, 65 mg mL-1) and DMAP solution (10 µL, 30 
mg mL-1) were sequentially added into the solution of HOOC-MA-Biotin or HOOC-MA-
DIG (50 μL, 26 mM). The mixture was gently shaken at room temperature for 16 hours 
while shielding from light with aluminum foil. Using the aforementioned volumes, the 
final concentration of in situ prepared NHS-MA-Biotin or NHS-MA-DIG is 13 mM. 

To conjugate the secondary antibodies with the amine-reactive trifunctional anchor, the 
following procedure was performed: 10 µL aqueous NaHCO3 solution (1 M) was added 
to an Eppendorf tube containing 80 µL of unconjugated antibody solution (1mg mL-1). A 
solution of the amine-reactive trifunctional anchor (NHS-MA-Biotin or NHS-MA-DIG, 13 
mM, 24 µL) was then added to the NaHCO3-buffered antibody solution. The labeling 
reaction mixture was gently rocked for 20 min at room temperature. During the reaction, 
a Sephadex G-25 column (GE Healthcare, NAP-5) was equilibrated with PBS (pH 
7.4). The labeling reaction mixture was loaded onto the column, followed by flowing with 
650 μL of PBS. The antibodies conjugated with trifunctional anchors were collected by 
eluting the column with another 250 μL of PBS, and stored at 4 °C. 

The procedure of antibody conjugation with commercially available bifunctional linker 
NHS-Biotin was the same to the conjugation with trifunctional anchors, except that a 
solution of NHS-Biotin (26 mM, 4 µL) instead of the trifunctional anchor was added to 
the NaHCO3-buffered antibody solution.  

 

Quantification of biotin-to-antibody ratio. Antibody concentration was characterized 
by measuring the absorption at 280 nm with a UV-Vis spectrophotometer. The 
concentration of biotin was measured using HABA/Avidin reagent kit, following the 
protocol provided by the supplier (Thermo Scientific™ Pierce™ Biotin Quantitation Kit, # 
28005). The biotin-to-antibody ratios of the antibody conjugated with NHS-Biotin in Fig. 
1d (Fig. S3b), the antibody conjugated with NHS-MA-Biotin in Fig. 1e (Fig. S3d), and 
the antibody conjugated with NHS- Biotin and NHS-MA in Fig. S3c are 12.1, 8.6, and 
9.9, respectively. The dye-to-antibody ratio of the antibody conjugated with Alexa Fluor 
488 in Fig. 1c, (Fig. S3a) is 8.9. These biotin-to-antibody ratios and the dye-to-antibody 
ratio are used to normalize the label retention efficiency of proExM, biotin-ExM, and LR-
ExM (Fig. 1f, Fig. S3i). 

 

Cell culture. U2OS cells were cultured in McCoy's 5a (ATCC, 30-2007) supplemented 
with 10% FBS at 37 ºC in 5% CO2. HeLa, and HEK 293T cells were cultured in DMEM-
Glutamax (Thermo Fisher) supplemented with 10% FBS at 37 ºC in 5% CO2. U2OS, 
HeLa, and HEK 293T cells were seeded at 1 x 104 cells/cm2 in 16-well chambers 
(Grace Bio-Labs, 112358) and grown to 75% confluency.  

Human retinal epithelial (RPE1-hTERT) cells were cultured in DMEM/F12 
supplemented with 10 % FBS at 37 ºC in 5% CO2. Cells were plated on 16-well 
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chambered slides coated with 0.1% gelatin (G1393 from Sigma) at 1 x 104 cells/cm2 per 
well, and serum starved in OptiMEM reduced serum media for 24 h to induce ciliation.  

Cell lines were not authenticated. No commonly misidentified cell lines were used. All 
growing cell lines were routinely tested for mycoplasma. 

 

Molecular cloning. To generate the pTOMM20-N-10-CLIPf mammalian expression 
plasmid, the DNA of CLIPtag was PCR amplified from pCLIPf vector (plasmid source: 
the Michael Davidson Fluorescent Protein Collection at the UCSF Nikon Imaging 
Center) using primers (Forward: 
GCGGGGATCCACCGGTCGCCACCATGGACAAAGACTGCGAAATGAAGC. Reverse: 
TCTAGAGTCGCGGCCGCTTAACCCAGCCCAGGCTTGCCC). We then performed 
restriction enzyme digestion on vector pmEmerald-TOMM20-N-10 (plasmid source: the 
Michael Davidson Fluorescent Protein Collection at the UCSF Nikon Imaging Center): 
cutting out the mEmerald sequence between BamHI and NotI. The PCR amplified 
CLIPtag were then ligated with the digested vectors using In-Fusion HD Cloning kit 
(Clontech). The plasmids pSNAPf-Clathrin-15 and pSNAPf-LMNA were directly 
purchased from UCSF Nikon Imaging Center. For constructing the lentiviral production 
vectors, DNAs of TOMM20-N-10-CLIPf and SNAPf-Clathrin-15 were directly PCR 
amplified from mammalian expression constructs and subcloned into lentiviral pHR-
SFFV vector (BamHI/NotI) using In-Fusion HD Cloning kit (Clontech). 

 

Immunostaining. For microtubule immunostaining and microtubule-clathrin co-
immunostaining, the cells were fixed with 3.2% PFA in PEM buffer (100 mM PIPES, 1 
mM EGTA, 1 mM MgCl2, pH 6.9) at room temperature for 10 min. The fixation was 
reduced with 0.1% sodium borohydride in PBS for 7 min. The sodium borohydride was 
removed by washing with PBS three times with 5 minutes of incubation between 
washes. The fixed cells were incubated in blocking buffer (PBS, 3% BSA, 0.1% Triton 
X-100) for 30 minutes at room temperature. Primary antibodies at a concentration of 2 
μg ml-1 were added to the fixed cells in blocking buffer for 16 h at 4 °C. The primary 
antibodies used or this paper are listed in the Supplementary Information. After, primary 
antibody incubation, the cells were washed with PBS three times with 5 minutes of 
incubation between washes. Secondary antibodies conjugated with trifunctional anchors 
were added at a concentration of 3 μg ml-1 and incubated for 1 hour in blocking buffer on 
an orbital shaker. The secondary antibodies were removed by three washes with PBS 
buffer.  

For CEP164 immunostaining, cells were fixed with 100% cold methanol for 3 minutes, 
and then incubated in blocking buffer (2.5% BSA, 0.1% Triton-X 100 in PBS) for 1 hour 
at room temperature and incubated with primary antibody in blocking buffer (1:100 
dilution of goat anti-CEP164, sc-240226 from Santa Cruz biotechnology) overnight at 
4 °C. Cells were washed with PBS four times with 5 minutes of incubation between 
washes, and incubated with donkey anti-goat secondary antibody conjugated with NHS-
MA-Biotin anchors for 1 h at room temperature. The secondary antibodies were 
removed by three washes with PBS buffer.  
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For mouse brain tissue immunostaining, wild-type adult mouse brain was fixed in 4% 
paraformaldehyde overnight, before transferring to 30% sucrose and then OCT for 
cryoprotection. Tissue block was sectioned coronally at 20 μm thick and incubated in 
blocking buffer (10% goat serum, 3% BSA, 1% glycine, 0.4% Triton-X 100 in TBS) for 1 
hour at room temperature. Tissue slices were then stained with primary antibodies 
(1:500 dilution of mouse anti-Bassoon, VAM-PS003 from StressGene; 1:200 dilution of 
rabbit anti-Homer1, 160003 from Synaptic Systems) in blocking buffer overnight at room 
temperature. Slices were washed with TBS three times for 5 minutes each time and 
then incubated with donkey anti-mouse (conjugated with NHS-MA-DIG) and donkey 
anti-rabbit (conjugated with NHS-MA-Biotin) secondary antibodies (both at 1:100 
dilution in blocking buffer) for 2 hours at room temperature. 

 

SNAP- and CLIP-tag labeling. The cells expressing SNAP-tag and or CLIP-tag were 
fixed for 10 min with 4% PFA in PBS buffer. The PFA was removed by PBS washing. 
The fixed cells were incubated in blocking buffer (PBS, 3% BSA, 0.1% Triton X-100) for 
30 minutes at room temperature. The cells were then incubated in 3 μM trifunctional 
anchor SNAP-MA-Biotin and or 5 μM CLIP-MA-DIG for 1 h.  

 

Polymerization, proteinase digestion, post-expansion labeling, and expansion. 
The polymerization and proteinase digestion steps are similar to the proExM protocol (2, 
3) with two exceptions. One is that we also treated the sample with DNAse I prior to 
plolemerization to fragment the genomic DNA, with the intention to reduce potential 
distortions inside and around the nucleus. The other exception is that protein anchoring 
with methacrylamide NHS ester or glutaraldehyde is not necessary but optional.  

Specifically, fixed cells were incubated in DNAse I buffer (New Englab BioLabs, 
M0303S, 1:100 dilution in PBS buffer) for 30 min at 37 C, and then were polymerized in 
a mixture of monomer solution (8.6 g Sodium acrylate, 2.5 g Acrylamide, 0.15 g N,N′-
Methylenebisacrylamide, 11.7 g Sodium chloride per 100 mL PBS buffer), TEMED (final 
concentration 0.2% (w/w)) and ammonium persulfate (final concentration 0.2% (w/w)) 
for 1 h at 37 C. The gel was then digested with proteinase K (Sigma-Aldrich, P4850-
5ML) with the final concentration of 8 units mL-1 in digestion buffer (50 mM Tris pH 
8.0, 1 mM EDTA, 0.5% Triton X-100, 0.8 M guanidine HCl) for 18 h at room temperature 
or 4 h at 37 C. After digestion, the proteinase K was removed by four washes with 
excessive water, for 30 min each time. To introduce fluorophores to the trifunctional 
anchors on the target cellular structures, we incubated the hydrogel in 2 μg mL-1 Alexa 
Fluor 488 labeled Streptavidin (Jackson ImmunoResearch Laboratories, 0165400084) 
and or DyLight 594 Labeled Anti-Digoxigenin/Digoxin (DIG) (Vector Laboratories, DI-
7594) in HEPES buffer (10 mM HEPES, 15m mM NaCl, pH 7.5) for 24 h. For LR-
ExSTORM and LR-SIM, Alexa Fluor 647 Streptavidin (Jackson ImmunoResearch 
Laboratories, 0160600084) was used for post-expansion staining. The post-expansion 
labeled hydrogel was then washed and expanded by four washes with excessive water, 
at least 30 min each time. It is optional to treat the cells with 25 mM methacrylic acid N-
hydroxysuccinimide ester for 1 h before polymeration. 
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The length expansion ratio of the LR-ExM protocol is determined by measuring the 
diameters of the gel before and after expansion with calipers.  

 

STORM image acquisition and analysis. STORM was performed on a custom-built 
microscope based on a Nikon Ti-U inverted microscope. Two lasers (Coherent CUBE 
405 and CUBE 642) were combined using dichroic mirrors, aligned, expanded and 
focused to the back focal plane of the objective (Nikon Plan Apo 100x oil NA 1.45). The 
lasers were controlled directly by the computer. A quad band dichroic mirror 
(zt405/488/561/640rpc, Chroma) and a band-pass filter (ET705/70m, Chroma) 
separated the fluorescence emission from the excitation light. During image acquisition, 
the focusing of the sample was stabilized by a closed-loop system that monitored the 
back reflection from the sample coverglass via an infrared laser beam sent through the 
edge of the microscope objective. A low-end piezoelectric deformable mirror (DM) 
(DMP40-P01, Thorlabs) was added in the emission path at the conjugate plane of the 
objective pupil plane28. By first flattening the mirror and then manually adjusting key 
Zernike polynomials, this DM corrected aberrations induced by both the optical system 
and the glass-water refractive index mismatch when the sample was several 
micrometers away from the coverglass. The fluorescence was recorded at a frame rate 
of 57 Hz on an electron multiplying CCD camera (iXon+ DU897E-CS0-BV, Andor). 

The mounting medium used for STORM imaging was water with the addition of 10mM 
mercaptoethylamine at pH 8.5, 5% glucose (w/v) and oxygen scavenging enzymes 0.5 
mg/ml glucose oxidase (Sigma-Aldrich), and 40 mg/ml catalase (Roche Applied 
Science). The pH of the final solution is adjusted to 8.4. The mounting medium 
remained suitable for imaging for 1–2 h. Photoswitchable dye Alexa Fluor 647 was 
conjugated on streptavidin and was used for imaging with a ratio of 0.8 to 1 dye per 
streptavidin. The stained hydrogel was incubated in the mounting medium for 15 min 
before mounting. The hydrogel was them transferred to laser-cut sample chamber with 
a polylysine-coated coverglass that we devised to mechanically stabilize the expanded 
gel during image acquisition (Fig. S4). 

Alexa Fluor 647 was excited with a 642 nm imaging laser, with typically 1 kW cm-2 laser 
intensity at the focal plane. Analysis of STORM raw data was performed in the Insight3 
software28, which identified and fitted single molecule spots in each camera frame to 
determine their x and y coordinates as well as photon numbers. 

 

Drift reduction and correction. We minimized the sample drift during data acquisition 
by mounting the hydrogel in a 3D-printed chamber (Fig. S4). The bottom of the chamber 
is a coverglass modified with poly-L-lysine, which creates a strong adhesion to the 
negatively charged hydrogel. The drift during data acquisition was further corrected 
using imaging correlation analysis. The drift-corrected coordinates, photon number, and 
the frame of appearance of each identified molecule were saved in a molecule list for 
further analysis. 
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Storage and reimaging. The imaged hydrogel can be stored in PBS buffer. The 
fluorescence will retain for at least a month for multiple rounds of imaging. Note that in 
water, fluorescence signal will completely fade away in a week. 

 

Quantification and comparison of fluorescence retention efficiencies. To compare 
the fluorescence retention efficiencies of different ExM methods, we took the images of 
immunostained microtubules in U2OS cells prepared with different ExM methods, with 
the same imaging condition. We calculated the retained fluorescence by dividing the 
total fluorescence intensity of the all microtubules by their total length. The total length 
of all the microtubules in each image was quantified using a Fiji plugin JFilament. The 
quantification process and results are shown in Fig. S3. 

 

Quantification of LR-ExSTORM images of CCPs. We LR-ExSTORM imaged CCPs in 
U2OS cells expressing SNAP-tag labeled clathrin light chain B (CLTB) stained with BG-
MA-biotin anchor before expansion and biotin-Alexa Fluor 488 after expansion.  CCPs 
focused at the top were selected for the quantification. We measured the distances from 
the centroid of one cluster to the centroid of its nearest neighbor in the central area of 
each CCP, and excluded the clusters at the CCP edge to avoid off-focus localizations. 
We plotted the histogram of these nearest neighbor distances (1102 pairs from 134 
CCPs), and fitted the distance distribution with Gaussian functions. The position of the 
center and the standard deviation of the gaussian peak are respectively used as the 
distance between neighboring vertices of the polyhedral CCPs and the standard 
deviation of the distance (Fig. 2). The effective localization precision of LR-ExSTORM 
was calculated by dividing the mean of measured FHWM of clusters in the STORM 
images by the length expansion ratio. Each cluster is the superimposition of fitted 
Gaussian peaks of repetitive photoswitching of one AF647 label. 

 

Trifunctional anchor availability. Samples of trifunctional anchors described in this 
manuscript are available on request.  
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SUPPLEMENTARY MATERIALS 
 
Materials and Methods 
Fig. S1. Structures of trifunctional anchors. 
Fig. S2. Synthetic scheme of trifunctional anchors. 
Fig. S3. Comparison of fluorescence intensities resulting from different ExM methods. 
Fig. S4. 3D-printed chamber for drift reduction of hydrogel.  
Fig. S5. LR-ExSIM of microtubules. 
Fig. S6. Resolution measurement for LR-ExM confocal images. 
Fig. S7. LR-ExSIM and STORM reveal structure of distal appendages with similar super 
resolution. 
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Fig. 1. Workflow and characterization of LR-ExM. (a) Workflow of LR-ExM. (b) 
Schematic of trifunctional anchors. (c-e) ExM confocal images of CCPs in U2OS cells 
indirectly immunostained for  tubulin. (c) proExM using AF488-conjugated secondary 
antibodies. (d) ExM with post-expansion labeling using Biotin-conjugated antibodies. (e) 
LR-ExM using antibodies conjugated with NHS-MA-biotin tri-functional anchor. Samples 
for (d) and (e) were post-expansion stained with streptavidin-AF488. (f) Intensity 
quantification of (c-e). Error bars are standard deviations. N = 3 for each case. (g) LR-
ExM confocal image of CCPs in U2OS cells immunostained indirectly with secondary 
antibodies conjugated with NHS-MA-DIG anchor, post-expansion stained with anti-
Digoxigenin antibody. (h, i) Cross sections of the CCP in the boxed area of (g). The 
length expansion ratios for images (c), (d), (e), and (g/h/i) are 4.3, 4.5, 4.6, and 4.3, 
respectively. The length expansion ratio for samples used in plot (f) is 4.5 ± 0.2. Scale 
bars, 500 nm for (c-e, g), and 100 nm for (h, i). All scale bars in pre-expansion units.  
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Fig. 2. Two color LR-ExM images using immunostaining and protein-tag 
approaches.  (a) Two color LR-ExM confocal image of microtubules labeled with NHS-
MA-Biotin conjugated secondary antibodies (magenta) and CCPs labeled with NHS-
MA-DIG conjugated secondary antibodies (green) in a U2OS cell, with a magnified view 
(b). (c-f) LR-ExM confocal images of CCPs and/or mitochondria in HeLa cells labeled 
using (c) SNAP tag labeled clathrin, (d) CLIP tag labeled TOMM20, and (e) two-color 
imaging with a magnified view (f). (g) LR-ExM confocal image of mouse brain slice 
indirectly immunostained for the presynaptic marker Bassoon (magenta) and the 
postsynaptic marker Homer1 (green), with (h, i) zoomed-in images of synapses and (i, j) 
transverse intensity profiles along the yellow box long axes. Bassoon is labeled with 
NHS-MA-DIG conjugated secondary antibodies, and Homer1 is labeled with NHS-MA-
Biotin conjugated secondary antibodies. All samples are post-expansion stained with 
streptavindin-AF488 and or anti-Digoxin-AF594. The length expansion ratios for images 
(a/ b), (c), (d), (e/f), and (g/h/i) are 4.7, 4.4, 4.4, 4.5 and 4.2, respectively. Scale bars, 1 
µm for (a) & (g), 200 nm for (b), (f), (h) & (i), and 500 nm for (c-e). All scale bars in pre-
expansion units.  
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Fig. 3. LR-ExM reveals subcellular protein organizations. (a) Two-color confocal LR-
ExM of SNAP tagged Lamin A/C (cyan) and immunostained NPC (red hot) of a HeLa 
cell, with (b) magnified view and (c, d) views of individual channels of (b). Note the 
cytoplasmic background in (a) is caused by the anti-NUP153 antibody. (e) Histogram of 
lamin hole area in the boxed region. (f-i) Two color confocal LR-ExM of SNAP tagged 
Lamin A/C (Cyan) and immunostained H3K9me3 (magenta) of a HeLa cell, with (f) a 
maximum intensity project of a z stack covering the bottom half of the nucleus, (g) a 
single section of the nucleus, and (h & i) magnified views of the boxed regions in (g). (j-
m) Two-color confocal LR-ExM of SNAP tagged Lamin A/C (Cyan) and immunostained 
H3K4me3 (red), with (j) a maximum intensity project of a z stack covering the bottom 
half of the nucleus, (k) a single section of the nucleus, and (l & m) magnified views of 
the boxed regions (k). (n) The correlation coefficients of NPC with Lamin A/C, H3K9me3 
with Lamin A/C, and H3K4me3 with Lamin A/C. (o-r) Confocal LR-ExM of Lamin A/C in 
(o) U2OS, (p) HeLa, (q) HEK 293T, and (r) mESC cells, showing maximum intensity 
projections over the bottom half of a nucleus. The length expansion ratios for images 
(a/b/c/d), (f/g/h/i), (j/k/l/m), (o), (p), (q), and (r) are 4.5, 4.5, 4.3, 4.2, 4.3, 4.6 and 4.4, 

.CC-BY-NC 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 4, 2021. ; https://doi.org/10.1101/687954doi: bioRxiv preprint 

https://doi.org/10.1101/687954
http://creativecommons.org/licenses/by-nc/4.0/


 

23 

respectively. Scale bars: 2 µm (a, f, g, j, k, & o-r), and 500 nm (b-d, h, i, l, & m). All scale 
bars in pre-expansion units. 

 

 

 

Fig. 4. LR-ExSIM and LR-ExSTORM reveals subcellular protein organizations. (a) 
LR-ExSIM image of Cep164 in distal appendages of a primary cilium indirectly 
immunostained with NHS-MA-Biotin secondary antibodies, comparing with (b) STORM 
image of Cep164 distal appendages of un-expanded cilium. (c) Schematic of the 
structure of distal appendages of the primary cilium. (d) STORM image of an un-
expanded HeLa cell over expressing SNAP-CLTB, stained with BG-AF647. (e) 
Schematic of the structure of a CCP with SNAP-tag-labeled CLTB. (f) LR-ExSTORM 
image of a HeLa cell over expressing SNAP-CLTB, stained with BG-MA-biotin, and 
post-expansion labeled with streptavidin-AF647. (g & h) Images of x-y cross sections at 
the top of single CCPs as illustrated in (i). (j & k) Images of x-y cross sections in the 
middle of singles CCPs as illustrated in (l). (g-k) are different CCPs. (m) Nearest cluster 
distance analysis of 134 CCPs imaged with LR-STORM. The length expansion ratios for 
images (a), (f), (g), (h), (j), and (k) are 4.2, 3.3, 3.3, 3.1, 3.1, and 3.1, respectively. The 
length expansion ratio for samples used in plot (m) is 3.2 ± 0.2. Scale bars: 100 nm for 
(a, b, g-k), 200 nm for (d), 2 µm for (f). All scale bars in LR-ExM images are in pre-
expansion units. 
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