SCIENCE ADVANCES | RESEARCH ARTICLE

BIOCHEMISTRY

Expansion microscopy with ninefold swelling (NIFS)
hydrogel permits cellular ultrastructure imaging

on conventional microscope

Hongxia Li, Antony R. Warden, Jie He, Guangxia Shen*, Xianting Ding*

Superresolution microscopy enables probing of cellular ultrastructures. However, its widespread applications are
limited by the need for expensive machinery, specific hardware, and sophisticated data processing. Expansion
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microscopy (ExM) improves the resolution of conventional microscopy by physically expanding biological speci-
mens before imaging and currently provides ~70-nm resolution, which still lags behind that of modern super-
resolution microscopy (~30 nm). Here, we demonstrate a ninefold swelling (NIFS) hydrogel, that can reduce ExM
resolution to 31 nm when using regular traditional microscopy. We also design a detachable chip that integrates all
the experimental operations to facilitate the maximal reproducibility of this high-resolution imaging technology.
We demonstrate this technique on the superimaging of nuclear pore complex and clathrin-coated pits, whose
structures can hardly be resolved by conventional microscopy. The method presented here offers a universal
platform with superresolution imaging to unveil cellular ultrastructural details using standard conventional labo-

ratory microscopes.

INTRODUCTION

Fluorescence microscopy has been widely applied to obtain detailed
molecular distribution and structural information in cells and
tissues. With simple sample preparation and inexpensive equipment
requirements, fluorescence microscopy has become a mainstream
setup in biological research such as mRNA imaging, material charac-
terization, and pathology diagnosis (1-6). However, the elucidation
of superstructure details with conventional fluorescence microscope
is limited by the resolution at approximately 200 nm due to the
diffraction of light (7, 8).

In recent years, novel superresolution techniques provide break-
throughs to the resolution limit. One approach is through innova-
tions in instrumentations, such as STED (stimulated emission
depletion) microscopy, SOFI (superresolution optical fluctuation
imaging), and STORM (stochastic optical reconstruction microscopy)
(9-15), which could reach resolutions of 30 to 50 nm. However,
their widespread applications are still limited by expensive machinery,
specific hardware, laborious operation, and sophisticated data
processing (7, 16-18). Another approach is through innovations in
sample preparation, for example, expansion microscope (ExM)
(19-21), which embeds the specimen into a hydrogel that could
expand four times when dialyzed in water, realizing ~70-nm resolu-
tion. The ExM technique does not require special machinery or
particular data processing, therefore providing affordable approaches
for superresolution imaging in most laboratories (22-28), and has
been applied in neuroscience, pathology, and mRNA discovery
(29-36). However, current ExM methods only manage to reach a
resolution of about 70 nm, which still lags behind that in modern
superresolution instruments (4, 16, 37, 38). Thus, it is imperative to
develop a novel sample-embedded material with enhanced expan-
sion factor for higher resolution of ExM.
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Recently, a few efforts have been made to enhance the expansion
ability of ExM (39-42). Chang et al. (40) proposed the iterative ExM
(iExM) method, which consists of two rounds of sample embedment
and expansion. This method naturally requires additional time con-
sumption and specialized probe designation. Truckenbrodt et al. (43)
described a protocol termed X10 microscopy, which expands the spec-
imen ~10 times. This method needs to carefully eliminate oxygen
from the monomer gelling solution for about 45 min before gelation to
achieve the ideal resolution (44). To date, a convenient, time-saving,
and high-resolution method for ExM still remains a major challenge.

Here, we demonstrated an expedient and efficient method to
achieve superresolution imaging with a conventional microscope.
To enhance swelling expansion, we developed a new hydrogel,
which completely gelled within 2 hours and swelled 729 (9%)-fold in
volume when dialyzed in water. We termed the hydrogel ninefold
swelling hydrogel (NIFS hydrogel). NIFS hydrogel used in ExM
improves the resolution of conventional microscopy down to 31 nm,
which is equivalent to current advanced superresolution microscopy.
Moreover, we invented a detachable chip that combined almost all
ExM processes, including cell culture, fixation, staining, anchoring,
and gelation, to maximally reduce artificial interference errors and
enhance the reproducibility of this cost-effective high-resolution
imaging technology. To reduce fluorescence photobleaching during
long-term post-expansion specimen imaging without losing struc-
tural resolution, we also developed a previously unidentified anti-
fluorescent quenching medium that allows 90% fluorescence signal
retention over 80 min of continuous exposure. This reported method
offers a universal platform to unveil cellular ultrastructural details
with conventional laboratory microscopes.

RESULTS

To enable 30-nm resolution in conventional microscopy, we provide
a convenient approach, from material development to whole sys-
tem integration, which physically expands the specimen by ninefold
within a one-round expansion procedure. The expansion ability is
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highly dependent on the swelling capacity of materials used in
ExM. We choose hydrogels as the candidate material for ExM be-
cause of their biocompatibility, light permeability, and high swell
ability (45, 46). The swelling capacity of hydrogels is, in turn, highly
dependent on the cross-linking agent, which is the cornerstone of the
polymer network (39, 47, 48). We developed a previously unidentified
cross-linking agent [namely, N,N-ethylenebisacrylamide (EBIS)] for
hydrogels, which isotropically swelled 729 (9°)-fold in volume when
dialyzed in water.

The principle of the presented ExM method is shown in Fig. 1.
The expansion process of the specimen embedded with NIFS
hydrogel is illustrated in Fig. 1A. The specimen was first fixed and
stained with interested biomarkers via an immunostaining method.
Then, the specimen was treated with an anchoring reagent
[methacrylic acid N-hydroxysuccinimide ester (MA-NHS)] to as-
semble the methacryloyl group to all proteins of cells by reacting
with the amino group (49). Next, we immersed the cells into the
NIFS hydrogel monomer solution to induce complete gelation and
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then applied the digest buffer to loosen and mechanically homogenize
the cellular structure. The digestive process facilitates the homoge-
neous expansion of hydrogels. Last, we expanded the sample ninefold
isotropically through dialysis in water. The whole process uniformly
enlarges the cell, which facilitates the observation of cellular ultra-
structure in the conventional microscope without distortion.
Figure 1B displays the components of NIFS hydrogel and linkage
chemistry. NIFS hydrogel has two main compositions, namely,
polymer chain [consisting of SA (sodium acrylate) and AA
(acrylamide)] and cross-linking agent EBIS. The cross-linking agent
recruits the hydrogel structure from the polymer chain to the
network. The linkage chemistry of protein retention in the gel is
achieved via an anchoring reagent. The maleimide group of
MA-NHS reacts with the amide group in proteins, while another
reactive alkene functional group participates in the gelation process
to integrate proteins into the hydrogel matrix. The simulation of
NIFS hydrogel expansion (Fig. 1B, 5) implies that NIFS hydrogel
could isotropically expand ninefold in each direction after expansion.
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Fig. 1. Schematic illustration of NIFS hydrogel used in ExM. (A) Principle of ExM. (B) Chemical constitutions and expansion capacities of NIFS hydrogel. (C) Workflow

of the home-developed chip used for ExM. ProK, proteinase K; PDL, poly-p-lysine.
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To further simplify the overall process that can be easily assem-
bled and replicated in most laboratories, we developed an easy-to-
use homemade chip in all ExM processes. The operation principle
of ExM with this home-developed chip is displayed in Fig. 1C, while
the real chip mold is shown in fig. S1. The chip has four compo-
nents, namely, glass platform as a base to protect the fragile cover
glass, cover glass for growth of adherent cells, 0.3-mm silicon mold
as gelation chamber, and 4-mm silicon mold as container for
culture medium, fixed buffer, and immunostaining buffer. Because
of the proper adhesion and high pressure-resistance of silicon, the
custom-made mold is suitable for sterile cell culture and disassemble
for the subsequent ExM process. Then, we tested the expansion
capacity of different lengths of cross-linkers (fig. S2); we noticed
that the mitigated water affinity of cross-linkers leads to a decrease
in the expansion capacity. Furthermore, the longer cross-linkers usually
need additional polymerization inhibitors [such as 4-methoxyphenol
(MEHQ) and 4-tert-butylcatechol (TBC)] to maintain their stability.
These inhibitors will further reduce the expansion factor by partici-
pating in the gelation process (50). EBIS has appropriate affinity with
water and has desired stability without additional polymerization
inhibitors (48, 50). Thus, we opted to choose EBIS in our method.
Then, we optimized the expansion capacity of NIFS hydrogel via
the EBIS concentration, which is the cornerstone of the hydrogel.
We first evaluated the expansion capacity of the sample-free hydrogel
at various EBIS concentrations (fig. S3). The photographs of post-
expansion hydrogels with different EBIS concentrations [0.20 to
0.06% (w/w)] in the monomer solution are shown in fig. S3A. The
corresponding statistical analysis of linear expansion factor is from
4.74 to 8.92 (fig. S3B). Furthermore, the stability of expanded hy-
drogels has been exhaustively tested by inspecting their morphologies
and expansion factor change from 1 to 10 days (fig. S4). Our results
showed that the morphologies and expansion factor of expanded
hydrogels were basically retained consistently in the buffer for at
least 10 days (fig. S4), which means that the expanded hydrogels
have the desired stability. When the EBIS concentration decreases
to 0.04% (w/w), the hydrogel cannot be easily manipulated after the
expansion process.

We then tested the performance of NIFS hydrogel [0.20 to 0.06%
(w/w)] when biological samples were embedded in the hydrogel
(Fig. 2). We evaluated the expansion ability from three scale levels:
macroscopic, microscopic, and nanoscopic (Fig. 2A).

First, we analyzed the swelling ability of cell-embedded NIFS
hydrogel from the macroscale level (Fig. 2B), that is, the hydrogel’s
changes in size, mainly the uniformity of expansion and the coefficient
of expansion. In Fig. 2C, we analyzed the uniformity of swelling
from two different dimensions of a hydrogel. The ratio between the
two sides of the hydrogel (L1/L3) does not vary with the ExM
procedure or the cross-linker concentration variation, which indicates
that the expansion of hydrogels with different concentrations of the
cross-linker is isotropic. Next, the expansion factor of the macro-
scale level in NIFS hydrogel was determined by the distance
variation of two identical points in the expansion process. Figure 2D
shows the expansion tendency of NIFS hydrogels with different
cross-linker concentrations, which is consistent with our anticipa-
tion. The hydrogel size expansion ability increments along
with the decrease of hydrogels’ cross-linker concentration (39).
Moreover, there is no obvious difference in the expansion ability
between the four sides of hydrogels at different cross-linker
concentrations.

Lietal, Sci. Adv. 8, eabm4006 (2022) 4 May 2022

Second, we analyzed the swelling ability of cell-embedded NIFS
hydrogel from the microscale level, that is, the changes in the defi-
nite nucleic distance in the ExM process. The images of pre- and
post-expansion cell nucleus samples are shown in Fig. 2E, where the
hydrogel cross-linker concentration is 0.06% (w/w). The right side
of Fig. 2E is the enlarged picture of the blue box that indicates the
expansion factor calculation. The expansion factor was determined by
measuring the ratio of nucleic distances between two identical cells in
pre- and post-expansion samples (L1'/L1 and L2'/L2) and validated
with Elastix software (Fig. 2F). For further validation of expansion
uniformity, we analyzed the relationship between expansion factor
and cell density (Fig. 2G). Our results indicated that the expansion
factor was not influenced by the nucleus distance. Other evaluations of
the swelling capacity of hydrogels at different cross-linker concen-
trations are shown in figs. S5 to S9. At the microscopic level, the tendency
of cell-embedded hydrogels’ swelling ability at different cross-linker
concentrations is consistent with the macroscale evaluation method.

Third, we analyzed the swelling ability of cell-embedded NIFS
hydrogel from the nanoscale level, that is, the registration algorithm
for matching the microtubule structure in ExM. Figure 2H shows
images of the same cell microtubule at pre- and post-expansion
stages [the hydrogel cross-linker concentration is 0.06% (w/w)]. We
selected the same region in pre- and post-expansion specimens for
algorithm to match these images (Fig. 2I), and the corresponding
expansion factors with different cross-linker concentrations are
shown in Fig. 2L. Our results showed that the nanoscopic expansion
ability had the same tendency as the other two evaluation methods
(macroscopic and microscopic) mentioned before. Another effec-
tive way to measure the expansion ability is to analyze the resolving
capacity [full width at half maximum (FWHM)] in ExM. In Fig. 2],
an enlarged post-expansion picture of the red box in Fig. 2H is
presented. We obtained the intensity profile with Image] along a
reference line that is perpendicular to the microtubule orientation.
Then, intensity profiles were fitted with Gaussian fit and calculated
for FWHM (Fig. 2K). For the interpretation of FWHM, the value
has a logical relationship with the microscopic resolution (43).
Because of the diffraction limit of the microscope, when microscopic
resolution is lower than the sample’s size, the FWHM value rep-
resents the microscopic resolution. When the resolution is higher
than the samples’ size, the FWHM value represents the sample’s
true size. The summary results (Fig. 2M) indicated that the mean
FWHM value decreased with declining EBIS concentration (from
97.6 £ 16.4 nm to 54.0 + 10.3 nm). That is, the resolution is
improved along with declining EBIS concentration. The detailed
images analyzing FWHM with different EBIS concentrations are shown
in figs. S10 to S15. The heatmap (Fig. 2N) summarized the three
evaluating methods (macroscopic, microscopic, and nanoscopic) and
indicated that they had consistent tendency with various cross-linker
concentrations. The detailed data of the cell-embedded hydrogel
expansion factor evaluation methods compared to the sample-free
counterpart are provided in fig. S16. These results further indicated
that the tendency of expansion factors related to the EBIS concen-
tration was consistent in macro-, micro-, and nanoscales between
cell-embedded and sample-free hydrogels. The absolute value of linear
expansion factor slightly decreased when cells were embedded in
NIFS hydrogel. This may be caused by the additional interaction
forces between cellular molecules (39).

In conclusion, this NIFS hydrogel could isotropically expand
embedded cell samples and declined cross-linker concentrations
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Fig. 2. Expansion ability of NIFS hydrogels with different EBIS cross-linker concentrations. (A) Schematic diagram of three expansion factor evaluation methods.
(B) The scheme highlights the swelling ability of hydrogels with different cross-linker concentrations in the macroscopic scale level. (C) The ratio between the hydrogel’s
two directions (L1/L3) varies with cross-linker concentrations from 0.20% (w/w) to 0.06% (w/w) (mean + SD; n = 5 biological replicates). (D) The macroscopic scale expansion
ability of cell-embedded samples is determined by the hydrogel’s four sides’ratio between the post- and pre-expansion hydrogels (mean + SD; n = 5 biological replicates).
(E) Cell nucleic images of pre- and post-expansion samples using NIFS hydrogels. The right images illustrate the nucleic pairwise analysis. (F) The microscopic scale expan-
sion ability of cell-embedded samples is determined by nucleic distance. (G) Linear expansion factor [distance ratio between Ln'and Ln (n=1, 2, ..., 100)] versus the
fraction in nucleus [mean gray value of Ln' (n=1, 2, ..., 100)]. (The brown line indicates mean expansion factor; mean + SD = 8.21 + 0.693.) (H) Representative microtubule
images of pre- and post-expansion in the same cell. (I) Merged images of pre-expansion and algorithm-calculated post-expansion microtubule images. (Green is pre-expansion
image; purple is algorithm-calculated post-expansion image.) (J) Enlarged view of the post-expansion tubulin image in the red box marked in (H). (K) Profile of red lines
in (J) and the corresponding FWHM calculation by Gaussian fitting (red line). (L) Influence of the cross-linker concentrations on nanoscale expansion ability evaluated by
registration algorithm of microtubule structure (mean + SD; n = 5 biological replicates, each replicate chooses one region). (M) Microtubule’s FWHM is determined
by post-expansion images with different cross-linker concentrations (mean + SD; n =300 microtubule profiles from three replicates; each replicate chooses one region).
(N) The expansion factor comparison using three evaluation methods reaches consistent observations.
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that lead to enhanced expansion abilities. At the 0.06% (w/w) EBIS
concentration, NIFS hydrogel improves the specimen expansion
factor to 8.27-fold with minimal deformation.

Next, we investigated the performance of the optimized NIFS
hydrogel for ExM (Fig. 3). In the ExM process, the change of the cell
structure can be illustrated by the microtubule protein as an example
(Fig. 3A). The same cell’s microtubule images in the pre-expansion

(top right) and post-expansion (bottom left) state are displayed
in Fig. 3B. To observe detailed information of microtubules, we
enlarged the white boxed area in Fig. 3B as shown in Fig. 3 (C and D)
(pre- and post-expansion images). Figure 3E shows the correspond-
ing line profiles marked in Fig. 3 (C and D) and unveils the precise
microtubule structure, which is hardly observed in pre-expansion
images. We then evaluated microtubule distortion in ExM. Figure 3F
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Fig. 3. The performance of optimized NIFS hydrogel for ExM. (A) Schematic illustration of microtubule imaging pipeline using ExM. (B) Pre- and post-expansion
microtubule images with the optimized NIFS hydrogel. The top right panel represents pre-expansion image, and the bottom left panel represents post-expansion image.
(C) Magnified pre-expansion image of the box marked area in (B). (D) Magnified post-expansion image of the box marked area in (B). (E) Intensity profile of lines in (C)
(brown line) and (D) (red line). (F) RMSE of NIFS hydrogel used in the expansion process. (Black line, mean value; gray scale, SD of three biological replicates). (G) Repre-
sentative image (63x/1.40 NA) of post-expansion microtubules using optimized NIFS hydrogel. (H) Gaussian fitting of red line in (G) for FWHM calculation. () FWHM of
microtubules (n =300 microtubule profiles) in pre-expansion image. (J) FWHM of microtubules (n =300 microtubule profiles) in post-expansion image. (K) Comparison of
FWHM in pre- and post-expansion images. (L) Representative nucleic imaging using optimized NIFS hydrogel. The bottom left inset represents the pre-expansion image.
The magnified views of the box marked areas (pre- and post-expansion images) and the corresponding profiles in (L) are shown in (M) and (N). All scales are converted to
pre-expansion dimension.
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shows the root mean square error (RMSE) of ~120 nm at a distance
over 10 um. We also revalidated the distortion of this method on a
large scale with the cell nucleus (fig. S17). This distortion is consistent
with reported ExM methods (20, 49). Next, the microtubule image
[63x%/1.4 numerical aperture (NA) oil lens post-expansion sample]
is shown in Fig. 3G, and we further acquired the Gaussian fitting
along the red line for FWHM calculation (Fig. 3H). We measured
the FWHM of microtubule in the pre- and post-expansion process
(Fig. 3, I and J), and the comparison is displayed in Fig. 3K. The
apparent microtubule complex FWHM with optimized NIFS hydro-
gel decreased from 279.2 + 42.7 nm to 54.0 + 10.3 nm (mean + SD;
n = 300) through the ExM examination, which was consistent
with the actual size of microtubules (fig. S18) (40). Furthermore,
the cell nucleus structure, which barely elaborates in conven-
tional microscopy, was further refined in NIFS hydrogel ExM
(Fig. 3, L to N). Intuitively, the profiles and images of the original
structure are readily enhanced with NIFS hydrogel applied for
cell analysis.

We then applied NIFS hydrogel with ExM to examine the ultra-
structures that were concealed in conventional microscopy (Fig. 4).
We demonstrated the superimaging of nuclear pore complex (NPC),
whose structure cannot be elaborated in regular conventional light
microscopy and has to be visualized in superresolution microscopes
(51, 52). Figure 4A (i) shows the NPC structure, while the corre-
sponding size distributions are provided in Fig. 4A (ii). The definite
protein position in NPC is shown in Fig. 4A (iii) (53). In theory,
Nup153 (a kind of NPC proteins) forms the central-null circle
structure full in two-dimensional (2D) top view (parallels the cell
nucleus) and a circle around the nucleus in 2D equatorial view
(51, 54). The structure of Nupl53 in pre-expansion images was
largely concealed (Fig. 4B). However, the images of post-expansion
Nup153 (Fig. 4, C to G) in a regular confocal microscope could
unveil these detailed structures that previously could only be observed
in superresolution microscopes.

Another critical issue about ExM is that the post-expansion
imaging needs a long time for data acquisition because of larger
area to scan, especially in 3D imaging where all three directions are
expanded. Longer exposure poses a special challenge for fluorescence
quenching. Therefore, we have developed a previously unidentified
fluorescence decay-resistant medium [1% DABCO (1,4-diazabicyclo
[2.2.2] octane) in water], which could retain 90% of the fluorescence
signal against photobleaching without resolution decrease during
the ExM imaging process for 80 min (figs. S19 and S20). For detailed
analysis of NIFS hydrogels in ExM, we analyzed the two nanostructures
of the Nup153 complex, namely, the circle complex in 2D top view
and the parallel structures in 2D equatorial view. In Fig. 4C, the x-y
plate parallels the nucleus for the analysis of the circle structure,
which was completely concealed in the pre-expansion specimen in
conventional microscopy. We then examined the radius of the
circle structure in the post-expansion specimen (Fig. 4D). Our results
showed that the Nup153 complex radius was 52.5 + 5.3 nm, which
was consistent with an early report (54). Furthermore, we analyzed
the resolving ability by measuring the FWHM of Nup153 (Fig. 4F).
The average of Nup153 FWHM is 31.5 + 4.3 nm, which represents
the resolution of this method. This estimate resolution is consistent
with the theoretical calculation of microscopy resolution (29 nm;
63x/1.4 NA oil lens) through the expansion process (~8.24x). The
detailed estimating resolution method is in fig. S21. For the Nup153
image in 2D equatorial view (Fig. 4, G and H), the distance of parallel
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structure was 64.5 to 82 nm in theory (combined with antibody
tagging) (51), which was also consistent with our result (75.9 £+ 8.9 nm).
The other target, clathrin-coated pits (CCPs), was also unveiled for the
ultrastructure in post-ExM, which was concealed in pre-expansion
samples (fig. S22). Apparently, the central-null circle structure of
CCP was clarified after expansion. Intensity profile showed improved
profiling details through NIFS hydrogel ExM (fig. S22B). These
results presented the practical improvement in lateral resolution
after NIFS hydrogel expansion in ExM.

DISCUSSION

This study describes a strategy for enabling ~30-nm resolution
imaging of biological samples with conventional laboratory micro-
scopes by a novel superabsorbent hydrogel that enlarges the specimen
on a home-developed chip that integrates all pipeline procedures.
The home-developed chip simplifies the operation by integrating
all the critical processes, such as cell culture, fixation, immunostaining,
anchoring, and gelation for ExM. Moreover, the application of the
fluorescence decay-resistant medium reduces 90% photobleaching
without decreasing resolution during the imaging process for 80 min.
A new proposed high-swelling material (namely, NIFS hydrogel)
uniformly expands about ninefold in each direction. When high-
swelling materials are combined with ExM technology, the resolu-
tion of conventional microscopy in imaging hydrogel-embedded
biological sample improves down to 31 nm. This resolution en-
hancement enables delicate conventional microscopy investigation of
the fine structure of cells (nucleus pore complex as illustration), which
previously could only be observed in superresolution microscopy.
Therefore, this overall pipeline is expected to serve as a user-friendly
method for superresolution imaging of specimens on conventional
microscopy in most laboratories.

In principle, NIFS hydrogel is compatible with the other super-
resolution fluorescence microscopy technologies, allowing further
enhanced resolution down to several nanometers (55-59). The
combination of NIFS hydrogel and superresolution microscope
could potentially provide even better refined detailed structures and
biomolecular distributions in optical microscopy, instead of that
recently observed or has to be obtained in expensive and complicated
electronic microscopy.

MATERIALS AND METHODS

Materials

Mouse anti-a-tubulin antibody (30304ES40, Yeason, Shanghai,
China), anti-clathrin heavy chain antibody (ab172958, Abcam,
Cambridge, MA, USA), anti-Nup153 antibody (ab24700, Abcam,
Cambridge, MA, USA), and Alexa Fluor 488 donkey anti-rabbit
immunoglobulin G (IgG) (406416, BioLegend, San Diego, CA, USA)
were used. Alexa Fluor 594 goat anti-mouse IgG (H+L) (34112ES60)
and Alexa Fluor 488 goat anti-mouse IgG (H+L) (33206ES60) were
bought from Yeason (Shanghai, China). Hoechst 33342 was bought
from Yuanyebio (Shanghai, China). Paraformaldehyde (4%), mag-
nesium chloride (MgCl,), tris-HCl buffer (pH 8), Triton X-100, and
phosphate-buffered saline (PBS) were bought from Sangon Biotech
(Shanghai, China). Bovine serum albumin (BSA), anhydrous di-
methyl sulfoxide (DMSO), sodium borohydride (NaBHj), Pipes,
sodium chloride, EDTA, and AA were supplied by Innochem
(Beijing, China). Proteinase K was obtained from Yeasen Biotech
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Table 1. Monomer solution.

Component Stock solution concentration* Amount (ml) Final concentration*

SA 38 2.25 8.6

> 50 s o
o 2 ey oo
Sodium chloride (NaCl) 292 """""""""""""""""""""""""""""""""""""" s nz
i 1o>< [ s
e T
s G4

*All concentrations in g/100 ml except for PBS.

|
Table 2. Digest buffer.

Stock solution Final

el concentration bl ] concentration
Triton X-100 10% (w/v) 5 0.5% (w/v)
EDTA 05M(PHBO) O M
So?’iltjargl)chloride 5M 2 ™
protemaseK* B goou/m| 1 3U/m| B
Water IO 683 e
Tota| OO 100 BT

*Proteinase K was freshly added to the digest buffer.

(Shanghai, China). MA-NHS, SA, ammonium persulfate (APS),
and N,N,N’,N’-tetramethylethylenediamine (TEMED) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Glutaraldehyde (50%) was ob-
tained from Macklin (Shanghai, China). N,N-Methylenebisacrylamide
(BIS), EBIS, N,N-(propane-1,3-diyl) diacrylamide (TBIS), and
N,N-(butane-1,4-diyl) diacrylamide (FBIS) were obtained from
Bide Pharmatech (Shanghai, China).

Immunostaining of cultured cells

Hela cells were cultured at homemade molds in Dulbecco’s modi-
fied Eagle’s medium containing 10% fetal bovine serum and 1%
penicillin-streptomycin. Cells were maintained at 37°C with 5%
CO,. Hela cells were seeded at a density of ~10,000 cells per mold
and incubated overnight. For tubulin, cells were optionally extracted
for 30 s with an extraction buffer [PEM buffer (100 mM Pipes, 1 mM
EDTA, and 1 mM MgCl,) (pH 7), supplemented with 0.5% Triton
X-100] immediately before fixation. Specimens were fixed with
3.2% paraformaldehyde and 0.1% glutaraldehyde in PBS buffer for
10 min, followed by reduction with 0.1% NaBH, in PBS for 7 min
and 100 mM glycine in PBS for 10 min. For Nup153 and clathrin,
cells were briefly washed with PBS and fixed with 3.2% paraformal-
dehyde in PBS for 10 min, followed by reduction with 10-min
glycine in PBS for 10 min. After reduction, cells were washed three
times in PBS for 5 min per each wash and then incubated with
blocking/permeabilization buffer (1x PBS containing 3% BSA and

Lietal, Sci. Adv. 8, eabm4006 (2022) 4 May 2022

0.5% Triton X-100) for 30 min. Cells were incubated with primary
antibodies in blocking/permeabilization buffer overnight (>6 hours)
at 4°C and washed three times with PBS. Then, specimens were
incubated for 2 hours with fluorophore-conjugated secondary anti-
bodies in blocking/permeabilization buffer. After three more washes
with PBS, the specimen was ready for pre-expansion imaging.

Anchoring to specimen

The stained cells were treated with MA-NHS (1 mg/ml) over-
night at room temperature and then washed three times with PBS.
MA-NHS was resuspended in anhydrous DMSO at a final con-
centration of 50 mg/ml. The stock solution was divided into 10-ul
aliquots and stored up to 2 months in a sealed container with drying
agents at —20°C.

Gelation

A layer of silicone pad was removed, and then cells were immersed
in the monomer solution (Table 1) for 10 min at room temperature
before gelation. The stock solution of TEMED accelerator [10%
(w/w)] and APS initiator [10% (w/w)] was sequentially added to the
monomer solution to a final concentration of 0.2% (w/w). The gelling
solution was added to the homemade mold quickly and covered
with a slide to isolate from air. After 5 min on ice, the homemade
mold was placed at 37°C for 2 hours for complete gelation.

Digestion and expansion

The digest buffer was modified from E. S. Boyden’s recipe list in
Table 2. To easily find the same area of expansion gel, the gel was
cut in asymmetrical shape. The asymmetrical gel was immersed in
the digest buffer overnight, then aspirated from the petri dish, and
placed in 20 ml of deionized water to expand. Water was exchanged
four times for 30 min per each exchange for the hydrogel to expand
completely. Using imaging buffer [1% (v/v) DABCO in deionized
water], the gel was treated before imaging.

Mounting and imaging

Most of the imaging buffer was carefully removed from the petri
dish, and then the gels were mounted on poly-p-lysine-coated cover
glasses. All images were acquired on an LSM 800 confocal micro-
scope (Zeiss, German). The pre-expansion sample was imaged with
63%/1.40 NA oil immersion objective. The expansion gel was ac-
quired with 25x/0.8 NA water immersion objective or 63x/1.40 NA
oil immersion objective.
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Data analysis

Measuring expansion factor

Estimating sample-free gel expansion factors was done by measuring
the radii of gels in both pre- and post-expansion images with
Image]J and then calculating the ratio. For cell-embedded expansion
gels, expansion factors were evaluated from three levels: macroscopic
scale, microscopic scale, and nanoscopic scale. The macroscopic
scale expansion ability was determined by the hydrogel’s four sides’
ratio between the post- and pre-expansion hydrogels. The data were
acquired and analyzed in Image], and then the ratio was calculated.
The microscopic expansion factor was determined by analyzing the
distance of two identical cell nuclei in both pre- and post-expansion
samples. The data were acquired and analyzed in Image]J, and then
the ratio was calculated. The nanoscopic expansion factor was deter-
mined by analyzing the size of identical microtubule zones between
the pre- and post-expansion samples with registration algorithm. The
data were acquired and analyzed with Elastix.

Measuring microtubule FWHM

Microtubule FWHM was measured by Image]. Intensity profiles
perpendicular to microtubule orientation was measured. Then, the
plot data were fit to a Gaussian function by Image], and the FWHM
was calculated from Gaussian fitting by R (Analyze— Plot profile—
Data— Add fit—Gaussian fitting—Fit).

Evaluation of pre- and post-expansion image

distortion and RMSE

The pre- and post-image distortion was analyzed using B-spline
transformation with Elastix, and RMSE was analyzed by the
Mathematica script written by Vaughan’s group (49).

Measuring NPC 153 (Nup153) radii

The radii of Nup153 were determined by circle fitting of each
Nup153 complex signal in Image]. All sample preparation and
imaging conditions are listed in fig. S24.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm4006

View/request a protocol for this paper from Bio-protocol.
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