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Expansion microscopy (ExM) enables super-resolution visualization using standard light microscopes. Recent
developments have explored dimethylacrylamide (DMAA) to improve gel robustness, but compatibility with
organic solvents remains a challenge. This study presents a novel hydrogel formulation based solely on DMAA

gfd;felel that omits acrylamide (AA) and sodium acrylate (SA): This formulation achieves superior mechanical properties
Flugoresfence microscopy and is compatible with a range of solvents, including ethanol, isopropanol, and acetone. Using eosin-stained
Tropoelastin tropoelastin fibers as a model, we demonstrated that the gel preserves structural integrity and achieves

tunable linear expansion factors of 2.0 + 0.1-fold in water and ethanol, 1.9 + 0.1-fold in isopropanol, and 1.6 +
0.1-fold in acetone. We validated the protocol using dense murine aortic tissue, achieving a 2.0-fold expansion,
which successfully resolved fine architectural details that were unresolvable in the native tissue at the same
magnification. Furthermore, we found that expanding ethanol-based eosin-stained samples improves imaging
contrast compared to the aqueous protocol. By enabling high-fidelity imaging of biological samples in diverse
solvent environments, this DMAA-based gel system substantially broadens the applicability of ExM, opening new
possibilities for integrating it with complex labeling workflows requiring organic solvents and enabling future
correlative microscopy studies across multiple imaging platforms.

1. Introduction

Expansion microscopy (ExM) is a cutting-edge imaging method that
enables super-resolution visualization of biological samples using stan-
dard light microscopes [1-3]. The technique is based on the isotropic
expansion of a polymeric hydrogel network embedded within the bio-
logical specimen, causing features in the sample to physically enlarge
and separate, allowing resolution at a scale beyond the diffraction limit
of light [4]. Conventional ExM protocols expand samples 4-10 fold
linearly, translating to a 64-1000 fold volumetric increase [1,5-9],
while more recent protocols use optimized hydrogel chemistries to
achieve linear expansion factors of up to 20-fold, potentially enabling
nanoscale resolution as fine as 20 nm [10]. Such methods rival the
resolution of advanced techniques like STED and STORM [11], making

ExM particularly valuable for multi-color imaging and detailed studies
of cellular ultrastructure, including synaptic organization and organelle
morphology.

The ExM procedure consists of several sequential stages. Typically,
the structures of interest within the sample are labeled using fluorescent
markers to enable visualization of specific biomolecules, such as pro-
teins [12-16], nucleic acids [17-19], carbohydrates [17,18] and lipids
[3,17,20]. Next, the sample’s biomolecules are anchored to the hydrogel
network through covalent bonds, ensuring that the spatial arrangement
of these biomolecules remains intact during the expansion process.
Following this, the hydrogel is polymerized within the sample, creating
a crosslinked polymer matrix. The sample is then digested using de-
tergents [12] or enzymes [1] to break down protein-protein interactions,
facilitating uniform expansion of the embedded specimen. Immersion in
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water or a low-salt buffer induces isotropic swelling of the hydrogel,
expanding the sample while maintaining structural fidelity. Finally, the
expanded sample is imaged using standard light microscopy techniques,
and the results are validated by comparison with known standard pro-
tocols [8,21].

The hydrogel formulations used in ExM typically consist of acryl-
amide (AA), sodium acrylate (SA), and N,N-methylenebisacrylamide
(MBA) that are covalently linked through free-radical polymerization of
vinyl groups. Acrylamide serves as the primary backbone of the polymer
matrix, offering structural integrity, while MBA acts as a crosslinker,
stabilizing the network by connecting polymer chains. Sodium acrylate
introduces ionic groups that increase hydrogel swelling in aqueous
media required to achieve high volumetric expansion factors [8,9].
Optimization of the gel composition is a critical aspect of all ExM pro-
tocols. Factors such as the crosslinker-to-monomer ratio are carefully
adjusted to improve the swelling properties of the hydrogel while pre-
serving its mechanical stability [22]. This adjustment ensures that the
gel remains robust enough for easy preparation and safe handling
throughout the experimental workflow, contributing to consistent re-
sults across different applications of ExM.

Recent developments on ExM protocols have explored dimethyla-
crylamide (DMAA) either in combination with [6,23] or as a substitute
for AA [10,24,25]. One of the advantages of using DMAA in gel for-
mulations is due to its ability to self-crosslink through methyl groups
during heat treatment, in addition to crosslinking via vinyl groups [26].
This dual crosslinking mechanism promotes a more uniform crosslink
distribution within the gel’s network, resulting in a more robust gel with
minimized risk of distortions induced by crosslinking artifacts [27]. This
principle was explored by Truckenbrodt et al. [28] in the X10 protocol,
which was the first ExM iteration to incorporate DMAA into its
composition, achieving up to a 10-fold expansion in a single-step pro-
cess. Furthermore, DMAA is a less polar molecule than AA, making it
compatible with solvents of lower polarity than water [29]. Thus,
replacing AA with DMAA has the potential to increase the versatility of
ExM by enabling the use of expanded samples in alternative,
non-aqueous solvents. This, in turn, may broaden the applicability of
ExM to samples and experimental protocols that require compatibility
with specific solvent environments. For instance, in electron microscopy
(EM), water-swollen gels are incompatible with the low-pressure con-
ditions necessary for imaging. Moreover, transmission imaging of soft
materials often relies on ultrathin sectioning, typically achieved by
microtomy of specimens embedded in resins with very low water
tolerance. Similarly, in techniques such as X-ray microscopy
(XRM/micro-CT), exposure of soft tissues to high-energy beams can lead
to bubble formation or cavitation [30]. In such cases, dehydration and
subsequent stabilization of the specimens within resin matrices may be
advantageous. While re-embedding strategies have been developed to
stabilize water-expanded gels by locking them in a secondary,
non-expanding polyacrylamide matrix, thereby preventing shrinkage in
high-salt environments [31] and maintaining mechanical integrity for
iterative expansion protocols [32], these approaches are not compatible
with non-aqueous solvents. This limits their utility for workflows
requiring direct compatibility with organic solvent-based staining and
processing protocols essential for electron microscopy (EM) or X-ray
microscopy.

In this work, we developed a novel hydrogel formulation based on
DMAA that not only expands in water, but is also compatible with
organic solvents, including ethanol, isopropanol, and acetone. It main-
tains robust mechanical properties at a modest expansion across the
different solvents tested. Particularly, ethanol-expanded DMAA gels
enhanced the resolution of eosin-stained tropoelastin and mouse aorta
tissue under standard fluorescence microscopy, demonstrating the im-
aging advantages and broader applicability of this method.
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2. Materials and methods
2.1. Materials

All chemicals used in this study are listed in Table S1 in the sup-
plementary material. Stock solutions were prepared whenever necessary
to streamline gel preparation. The stock concentrations and storage
conditions are listed in Table S2.

2.2. Development and optimization of DMAA-based gel formulations

2.2.1. Preparation of gel formulations

To prepare the formulations, the required quantities of DMAA,
deionized water, and stock solutions of AA 60 wt%, MBA 2.5 wt%, PBS
0.1 mol L'l, and methacrolein 5 wt% (Table S3) were measured into a
glass vial. The gel precursor could either be stored at 4 °C for future use
or used immediately after adding VA044 initiator from a 25 wt% stock
solution. A series of formulations with varying amounts of DMAA (5, 10,
15, 20, and 25 wt%) and AA (20, 15, 10, 5, and 0 wt%) in the presence of
a final concentration of 0.1 wt% MBA was prepared (Table S3). Each
sample was named according to the weight ratio DMAA:AA:MBA in the
formulation (e.g., sample labeled 15:10:0.1 contained 15 wt% DMAA,
10 wt% AA and 0.1 wt% MBA). Similarly, formulations with DMAA 25
wt%, without AA, and varying ratios of the crosslinker MBA (0.025,
0.031, 0.05, and 0.1 wt%) were prepared (Table S4) (e.g., sample
labeled 25:0:0.1 has 25 wt% DMAA, no acrylamide and 0.1 wt% MBA).
As an example, to prepare 5 g of a gel solution with a final concentration
of 25 wt% DMAA, 0 wt% AA and 0.1 wt% MBA (i.e., sample 25:0:0.1),
1.25 g DMAA, 0.2 g MBA (2.5 wt% stock solution), 0.5 g PBS (0.1 M
stock solution), 0.25 g methacrolein (5 wt% stock solution) and 2.75 g of
deionized water were measured into a 10 mL glass vial. To activate the
solution for polymerization, 0.05 g of VA044 (25 wt% stock solution)
were added to the vial.

2.2.2. Gel polymerization and swelling tests of DMAA-based gels in
different solvents

Gel formulations (ca. 5 g) were degassed under vacuum in ultrasonic
bath for ca. 15 min. Then, aliquots of 200 pL of each formulation
(Table S3) were cast into the wells of a 48-well cell plate to create disc-
shaped samples of 11 mm diameter and ca. 2 mm height. The plate was
then placed inside a glass desiccator containing water at the bottom to
maintain the surface hydration of the gels. Vacuum was applied for ca.
15 min to deplete oxygen from the system and eliminate any trapped air
bubbles within the casts. Following this, the system was purged with a
steady flow of N; for 1 min and then closed. The container was trans-
ferred to a pre-heated oven set at 50 °C and incubated for 6 h to complete
gel polymerization. The resulting disc-shaped gels were carefully
removed from the casts and measured using a calliper. Swelling
behavior was then evaluated in various solvents. Therefore, all samples
were fully expanded by immersion in ca. 25 mL of water for 3 days, with
the water being replaced daily to wash away salts and non-crosslinked
molecules, for equilibrium swelling in water. Then, the gels’ di-
mensions were measured again. The discs were then transferred to ca.
25 mL of one of the following solvents: ethanol, isopropanol, or acetone,
in which they were completely immersed for an additional 3 days, with
daily solvent changes, for a final swelling evaluation.

2.2.3. Rheological assessment of gel formulations

An Anton Paar MCR-101 DSO rheometer equipped with parallel
plate geometry (d = 25 mm) was used for the rheology measurements.
The device was equipped with Peltier temperature control for ensuring
accurate temperature control and nitrogen gas purge. The DMAA
formulation was quickly loaded onto the preheated rheometer surface at
50 °C, the gap was reduced to 0.15 to 0.18 mm and the measurement
was performed at a frequency of 1 Hz. The recorded data were analyzed
using RheoCompass™ (V1.34) and OriginPro 2019.
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2.2.4. FTIR analysis of DMAA-based gels

FTIR measurements were performed using the attenuated total
reflection technique on a VERTEX 70 v FT-IR Spectrometer (Bruker)
equipped with the golden gate diamond ATR unit. Measurements were
conducted at room temperature in the spectral range of 4000-550 cm ™.
Data analysis was performed using Opus 8.2 and OriginPro 2019.

2.2.5. Compression tests of DMAA-based gels in different solvents

To assess the mechanical properties of the DMAA-based gel formu-
lations, the DMAA gels (Table S4) and reference gels (Table S5) were
cast into a 48-well cell plate by dispensing approximately 1.5 mL of the
mixture into each well, producing cylinder-shaped samples with a
diameter of 11 mm and a height of approximately 15 mm. The gels were
polymerized, carefully removed from the casts, and measured using a
caliper for additional evaluation of the swelling behavior. Gel samples
were divided into two groups for evaluation in the swollen state. The
first group underwent compression testing after six days of immersion in
water, while the second group was tested after immersion for three days
in water, followed by an additional three days in ethanol, isopropanol or
acetone. Swollen gels in both groups were subjected to uniaxial
compression until rupture at a strain rate of 0.1 mm/s in a TA.XT
Texture Analyzer (TA.XTplus, Stable Micro Systems, Godalming, SRY,
UK). The compressive modulus was calculated from the linear region of
the stress-strain curves, specifically within the strain range of 0.1 % to 2
%, for all samples. Additionally, stress and strain at break were recorded.
Each measurement was conducted with a sample size of n > 4.

2.3. Application of the DMAA-based gels for the expansion of tropoelastin
samples

2.3.1. Tropoelastin electrospun mat preparation

Tropoelastin derived from E. coli [33] was dissolved in hexa-
fluoroisopropanol (HFIP) to a concentration of approximately 9 wt%.
The solution was electrospun using an LE-50 unit (Fluidnatek, Valencia,
Spain) at a flow rate of 0.5 mL h™?, with an applied voltage of 18 kV.
Fibers were collected on a polypropylene substrate positioned 12 cm
from the spinneret over a duration of 15 min. The samples were then
dried overnight at 30 °C and subsequently crosslinked in a
formaldehyde-saturated atmosphere for 90 min, as described elsewhere
[34].

2.3.2. Staining of tropoelastin fibers before expansion

A 0.1 wt% eosin Y solution was prepared in PBS (0.01 M, pH 7.4),
filtered using a 0.2 pm syringe filter, and stored at 4 °C. Tropoelastin
samples were cut into rectangles (1 mm x 2 mm), with one edge bearing
an angular incision to aid orientation. Samples were placed onto clean
glass slides and stained by overlaying 10 pL of 0.1 wt% eosin Y in PBS for
1 h at ambient temperature. Afterwards, samples were rinsed three times
with a 1:1 (v/v) ethanol:water mixture and the solution was removed
using a wipe to prevent loss or disruption of the sample. After rinsing,
the samples were air-dried for 1 h. A coverslip was mounted atop each
sample and secured with tape for a subsequent imaging step.

2.3.3. Embedding of tropoelastin fibers in DMAA-based gel

A solution was prepared by adding 1.25 g DMAA, 2.9 g deionized
water, 0.05 g MBA 2.5 wt%, 0.5 g PBS 0.1 mol L™}, and 0.25 g meth-
acrolein 5 wt% (Table S2) into a 10 mL glass vial to obtain a final ratio of
DMAA:AA:MBA equal to 25:0:0.025. The resulting solution was filtered
through a 0.2 pm syringe filter and could be stored for up to 2 weeks
after preparation. Then, 0.05 g of VA044 25 wt % was added, and the
solution was purged with a steady flow of Ny for 5 min, then degassed
under vacuum in an ultrasonic bath. The tropoelastin samples (1 mm x
2 mm) were mounted in a custom-built gelation chamber (Fig. S1).
Then, 100 pL of the previously prepared solution was added to each
chamber and transferred to a glass desiccator containing water at the
bottom to prevent dehydration of the gel during polymerization. To
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deplete oxygen from the sample environment, a vacuum was applied for
15 min, followed by 1 min of N, purging. The desiccator was closed, and
the samples were incubated overnight at room temperature, then
transferred to a preheated oven at 50 °C for 6 h to complete
polymerization.

2.3.4. Expansion of tropoelastin fibers in DMAA-based gel

Samples embedded with the DMAA-based gel were trimmed in a
trapezoidal shape to facilitate the subsequent imaging steps. Then, a
solution containing 200 mM sodium dodecyl sulfate (SDS), 200 mM
sodium chloride, and 50 mM Tris-HCl, was added and adjusted to pH 9.
Digestion was carried out at 80 °C for 60 h. After digestion, the gels were
transferred to PBS 0.01 mol L' solution (pH 7.4) and rinsed overnight
for neutralization and removal of SDS. The samples were then placed in
water for an additional 24 h to allow full expansion.

2.3.5. Post-expansion staining

Tropoelastin fibers expanded in the DMAA-based gel in water were
immersed in 0.01 wt% eosin Y solution (PBS, pH 7.4) for 1 h at room
temperature. After staining, the samples were rinsed overnight in
deionized water, then the water was replaced three times every 1 h to
ensure thorough removal of excess stain. After imaging, the solvent was
gradually changed over 24 h to either ethanol, isopropanol or acetone in
a series of solutions (50 %, 70 %, then 2 x 100 %).

2.3.6. Imaging of tropoelastin mats

The samples were imaged using a fluorescence microscope (BZ-
X800, Keyence Corp., Osaka, JP), equipped with a high-intensity LED
light source covering the UV-IR spectral range. The fluorescence emis-
sion range was selected by inserting the appropriate filter into the op-
tical path of the objective lens. Full-sample images were acquired with a
PlanApo 4x objective lens (NA 0.2) in bright-field mode at 1/300 s. For
higher magnification, regions of interest (ROIs) were imaged at the
TxRed channel (red fluorescence) using a PlanApo 40x objective (NA
0.95) at an exposure time of 1/70 s, from which full-focus images were
reconstructed from Z-stacks captured at a pitch of 0.4 pm. Following
expansion in DMAA-based gels, the stained tropoelastin specimens were
transferred to a 6-well cell culture plate, immersed in the corresponding
solvent (water, ethanol or isopropanol). Due to the incompatibility of
the cell plate polymer with acetone, acetone-expanded samples were
placed in glass petri-dishes filled with acetone and hermetically sealed
with BluTack (Bostik Inc., Colombes, France). Fluorescence images of
expanded samples were acquired with a PlanApo 4x objective (NA 0.2)
at a 1/1.2 s exposure time. Full-focus images were composed from Z-
stacks acquired at a 20 pm pitch. ROIs were then magnified using a
PlanApo 20x objective (NA 0.75) at exposure times between 1/7.5 s to
1/5 s, depending on the solvent used for expansion, creating full-focus
images from Z-stacks acquired at a pitch of 5 pm. Local expansion fac-
tors and image resolution were assessed on ImageJ (v1.54p, NIH, USA)
by comparing line profiles drawn between corresponding features on
regions of interest (ROIs) in images acquired at three stages: pre-
expansion, post-expansion in water, and after changing the expansion
medium to ethanol, isopropanol, or acetone, respectively.

2.3.7. Fluorescence retention rate of samples pre- and post-expansion in
expansion microscopy

Fluorescence imaging was performed on a BZ-X800 fluorescence
microscope (Keyence Corp., Osaka, JP), pre- and post-expansion using
the same acquisition settings (4 x magnification, both brightfield and
red fluorescence channels were acquired at exposure times of 1/2.5 s. Z-
stacks were collected with 3 pm intervals). Fluorescence intensity was
quantified using ImageJ by defining ROIs, and measuring the mean
fluorescence intensity in pre- and post-expansion images. Dilution due to
sample expansion and potential fluorescence loss was normalized by
correcting for pixel size differences after expansion using Eq. (1):
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I ntensnymeasured

o measured Eq. 1
Expansion Factor? a- (1)

Intensaynormalized =

The total fluorescence was background corrected, and the fluores-
cence retention rate is determined using Eq. (2):

Post — expansion Fluorescence
Pre — expansion Fluorescence

Retention Rate (%) = ( ) x 100 Eq. (2)

using background-subtracted, normalized intensity values. The mea-
surement was repeated across several regions of the sample and is re-
ported with the standard deviation.

2.4. Application of the DMAA-based gels for the expansion of mouse
aorta

2.4.1. Sample description

The 4-month-old, healthy, wild-type mouse aorta used in this study
were obtained from an animal that was maintained under standard
laboratory conditions with ad libitum access to food and water until the
time of sacrifice (Ethics Committee for Animal Welfare of the University
of Reims Champagne-Ardenne, CEEA-RCA No. 56). The aortas were
carefully dissected under a stereomicroscope to avoid mechanical
damage, rinsed in cold phosphate-buffered saline (PBS) to remove
blood, and then fixed in 4 % paraformaldehyde. After fixation, the tis-
sues were dehydrated using a graded ethanol series, cleared in xylene,
and embedded in paraffin for subsequent sectioning at a thickness of 7
pm using a rotating microtome (HM 355, Microm, Walldorf - DE) and
mounted onto glass slides. For staining, the sections were deparaffinized
in xylene (2 x 10 min), rehydrated through a graded ethanol series (3 x
100 %, 2 x 96 %, 85 %, 70 %; 3 min each), and rinsed in distilled water
for 20 s. Hematoxylin and eosin (H&E) staining was performed by
immersing the sections in Mayer’s hematoxylin solution for 1 min,
rinsing in water, and bluing in 0.1 wt% sodium bicarbonate solution.
Slides were then counterstained with a 0.2 wt% ethanolic eosin solution
for 1 min, rinsed in water and covered with a 1.0# cover glass by
depositing 100 pL of a 85 vol% glycerol solution for imaging.

2.4.2. Pre-expansion imaging of mouse aorta

Stained sections of mouse aorta were imaged using a fluorescence
microscope (BZ-X800, Keyence Corp., Osaka, Japan). Full-sample im-
ages were acquired with a Plan Apo 4 x objective (NA 0.2) in bright-
field mode at a 1/350 s exposure and in red fluorescence mode using
a TxRed filter at a 1/1.2 s exposure. Each final image was generated by
stitching a 2 x 3 grid of individual fields. ROIs were imaged with a Plan
Apo 40 x objective (NA 0.95) using a TxRed filter at a 1/35 s exposure.
Full-focus images were reconstructed from Z-stacks captured at 1 pm
intervals.

2.4.3. Embedding of mouse aorta sections in DMAA-based gel

Following the imaging process, the coverslips were removed by
submerging the slides in water, followed by 15 sequential rinses in fresh
water to eliminate excess glycerol. The residual water surrounding the
tissue sections was gently absorbed using a lint-free paper wipe. Sub-
sequently, a gelation chamber was constructed around the sections by
placing two stacks of #1.0 coverslips on opposite sides of the slide,
securing them in position with superglue. The gelation chamber was
sealed with a cover glass that has been wrapped in parafilm. The slide
containing the gelation chamber was then maintained at 4 °C prior to
embedding. In parallel, a fresh gel solution was prepared by combining
0.5 g of DMAA, 1.16 g of deionized water, 0.02 g of MBA (2.5 wt%), 0.2
g of PBS (0.1 mol L’l), and 0.1 g of methacrolein (5 wt%) in a 5 mL glass
vial (DMAA:AA:MBA ratio of 25:0:0.025). The solution was purged with
a steady flow of nitrogen for 5 min, then degassed under vacuum in an
ultrasonic bath for 10 min in the presence of ice. Subsequently, 2 pL of 1
wt% 4-hydroxy TEMPO (4-HT), 8 pL of 10 wt% N,N,N’,N’-tetramethy-
lethylendiamine (TEMED), and 40 pL of 10 wt% ammonium persulfate
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(APS) were added to the vial under ice. The samples were embedded in
the gel solution by carefully filling the gelation chamber with approxi-
mately 200 pL of the solution to prevent bubble formation. The slides
containing the gelation chamber were then placed in a pre-cooled vac-
uum-resistant container. A vacuum was applied to the system for 2 min,
followed by a 1 min purge with nitrogen to remove oxygen from the
container. Finally, the system was incubated for 2 h at 4 °C, after which
the gel was polymerized at 37 °C for 6 h.

2.4.4. Digestion and expansion of mouse aorta

Samples embedded in the DMAA-based gel were trimmed into a
trapezoidal shape to facilitate subsequent imaging steps. The samples
were then transferred to 10 mL glass vials containing 2 mL of a solution
composed of 200 mM sodium dodecyl sulfate (SDS), 200 mM sodium
chloride, and 50 mM Tris-HCl, adjusted to a pH of 9. The digestion
process was conducted at 80 °C for 60 h, with the solution being
replaced every 24 h. After digestion, the gels were briefly rinsed with
deionized water and incubated overnight in 50 mL of a 0.01 mol L™! PBS
solution (pH 7.4) to neutralize and remove SDS. The samples were then
subjected to three incubations in approximately 50 mL of water for 8 h to
achieve full expansion. Finally, the samples were incubated overnight in
1 vol% acetic acid to improve eosin Y staining.

2.4.5. Post-expansion staining of mouse aorta

The samples were incubated in water for 1 h, followed by staining in
3 mL of a 0.1 wt% eosin Y solution in PBS (0.01 M, pH 7.4) for an
additional 1 h. After staining, the samples were rinsed in water until no
eosin Y residue was visible from the washes.

2.4.6. Post-expansion imaging of mouse aorta

Samples were transferred to a petri dish and kept immersed in water
after staining. For imaging, excess water was removed to ensure proper
placement of the sample on the coverslip. Samples were imaged using a
fluorescence microscope (BZ-X800, Keyence Corp., Osaka, Japan) in
fluorescence mode (TxRed filter). Whole-sampe images were acquired
using a PlanApo 4x objective (NA 0.2) at 1/1.2 s exposure time. Full-
focus images were generated from Z-stacks acquired at a pitch of 48
pum through stitching a 4 x 6 grid of individual fields. ROIs in the sample
were visualized with a PlanApo 10x objective lens (NA 0.45) at 1/6 s
exposure time. Full-focus images were generated from Z-stacks acquired
at a pitch of 20 pm. For higher magnifications, the ROIs were imaged
with a PlanApo 20x objective lens (NA 0.75) in fluorescence mode
(TxRed filter) at 1/2 s exposure time. Full-focus images were generated
from Z-stacks acquired at a pitch of 10 pm. After imaging, the expansion
medium was changed by incubating the samples three times in excess
absolute ethanol (two times for 6 h, then overnight) without detaching
the sample from the bottom of the Petri dish. The imaging process was
then repeated using the same parameters as those used for imaging in
water to ensure comparability between the images.

2.5. Distortion analysis

To quantify the spatial distortions introduced by the expansion
process, image registration was performed between pre- and post-
expansion images of each sample for the same field of view. First, the
pre- and post-expansion images were aligned through rigid-body regis-
tration using Scale Invariant Feature Transform (SIFT) in ImageJ. The
transformation matrix obtained from this process provided a global es-
timate (over the region of interest) on the expansion factor required to
align the pre- and post-expansion images within the region of interest.
The resulting set of aligned images (the upscaled pre-expansion image
and its post-expansion counterpart) were then non-rigidly registered
using the optical flow algorithm to compute the displacement field be-
tween the reference image (before expansion) and the target image
(after expansion in solvents) [46]. This method has previously been used
to evaluate the relative shifts of characteristic features in the pre- and
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post-expansion images [47]. The resulting local displacement vectors
were then used to calculate the root-mean-square error (RMSE) of the
pairwise distances of specific features in the image set, as a function of
the measuring distance. To do this, 10° pairs of points were randomly
chosen on a binarized skeleton of the post-expansion image, and the
corresponding distance was measured in the pre-expansion image. The
differences in these lengths were then binned to calculate the RMSE as a
function of observation distance in the pre-expanded state (lengths
before rigid registration), providing a measure of local distortions
throughout the entire process.

2.6. Statistical tests
Means comparison tests of compressive Young’s modulus, strain at
break, and of expansion factors measured from microscopy images were

conducted in OriginPro 2019 using Tukey’s (honestly significant dif-
ference - HSD) test at a significance level of 0.05.

DMAA gel components
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3. Results and discussion
3.1. Development and optimization of DMAA-based gel formulations

Our research focused on gel formulations based on dimethylacryla-
mide (DMAA), chosen for its compatibility with both water and solvents
of lower polarities [29,35]. Unlike other ExM protocols that use
DMAA-based gels [6,24,36], we started our approach by omitting so-
dium acrylate (SA) from the formulations. The aim of this adjustment
was to change the polarity profile of the gels by the removal of the more
polar molecule. We explored alternative gel formulations with DMAA
alone or copolymerized with AA in a neutral aqueous medium to form
the polymer backbone (Fig. 1). To create the three-dimensional network
essential for gel expansion, a bifunctional vinylated crosslinker (N,
N’-methylenebisacrylamide — MBA) was incorporated into the formu-
lations. To initiate the polymerization, we utilized the thermal initiator
VAO044, instead of the commonly used persulfate/TEMED system. The
choice of VA044 allowed gelation to begin at a higher temperature (at
ca. 50 °C), enabling incubation of the precursor solution with the sample
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Fig. 1. Schematic representation of the thermal crosslinking of DMAA-based gels containing different amounts of AA and MBA and their subsequent swelling in

different solvents.
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at room temperature. This approach simplified the proposed expansion
workflow by facilitating monomer diffusion into the sample while
avoiding undesired precipitation of components of the gel precursor
solution at low temperatures. Due to the high sensitivity of VA044 to
oxygen in the crosslinking (gelation) process, we purged the solution
with nitrogen while simultaneously applying vacuum and ultrasound to
degas it. Once crosslinked, the polymer network could be exposed to
water or other solvents with affinity to its components, causing the
network to swell due to osmotic effects [37].

We prepared disk-shaped gels without a sample to investigate the
influence of adjusting the ratio of DMAA to AA and MBA in the gel
formulation on the gel’s compatibility with different solvents. After
crosslinking and extracting salts from the gels in water, we systemati-
cally tested their ability to remain expanded when immersed in one of
the following solvents, ranked in order of decreasing polarity: ethanol,
isopropanol and acetone [38]. Measurements of the disk diameters
before and after swelling show that the expansion occurs at different
rates for different DMAA:AA:MBA ratios and the different solvents
(Fig. 2 A, Fig. 52). All gels exposed to water, despite being synthesized
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with different DMAA:AA:MBA ratios, show similar linear expansion of
ca. 1.8-fold, equivalent to 80 % increase in all dimensions, or 5.8-fold in
volume. For gels exposed to ethanol and isopropanol, a reduction of AA
content or its complete absence in the formulations is beneficial to the
expansion: gel formulations of DMAA:AA:MBA ratios equal to 20:5:0.1
and 25:0:0.1 (Fig. 2 A) swell in ethanol and isopropanol as much as
when exposed to water. Swelling in acetone shows to be more sensitive
to the AA content, and only the sample without AA expanded (1.4-fold)
after immersion in this solvent.

We measured the linear expansion of the gels to further investigate
the effects of the absence of AA and of changing the DMAA:MBA ratio on
the expansion and stability of the crosslinked gels in the different sol-
vents (Fig. 2 B). Gels prepared using the established formulations from
the ExM protocol [1] and the MAP protocol [13] exhibit expansion
factors greater than 3.6-fold in water. However, as expected from their
high contents of SA and AA, these formulations shrink or collapse in
other solvents (Fig. S3). In contrast, gels synthesized without AA show
more consistent swelling across the tested solvents, albeit with sub-
stantially lower expansion factors of around 2-fold. Further reducing the

A C DMAA:AA:MBA - 25:0:0.025
2.5
Water ~ —4— Isopropanol Water
—e— Ethanol —v— Acetone Y
5
8
S
(8]
m ‘~‘--
5 |
ie] Hirh
s Etharlgl,.-«\\
i :
A A A ] \ g
Q- Q Q- Q- Q- \ 3
AR AD AQ" 5 Q- \ g
RN A A S N
DMAA:AA:MBA ratio o SR gy 8 .
B — i :i
>0 [ water Isopropanol
[ Ethanol : At 5
< 4.0 1[I Isopropanol ~ TN ; :
o I Acetone / ; p
S 3.0 1 j :
8 . % \// -
C Aanl gl B.. B B | B irroihbear i ee BN L Lt
,é 2.0 A i
m .
u% 1.0 1 Acetone o
NP 08 e o
Q- N Q v N (D :
Q- X Q- Q <© W
5O Q" Q0" O
P 9% %
DMAA:AA:MBA ratio — +o —

As-synthesized Swollen

Fig. 2. Gels synthesized under variable ratios of DMAA, AA and MBA and swollen in different solvents. (A) Linear expansion factors of a series of gels with different
ratios of DMAA:AA:MBA exposed to water, ethanol, isopropanol, or acetone, (B) linear expansion factors of AA-free gels (variable DMAA:MBA ratios) after swelling in
water, ethanol, isopropanol, or acetone in comparison to well-established gel formulations, ExM (original ExM protocol [1]) and MAP (method of Magnified Analysis
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crosslinker (MBA) content from 0.1 wt% to 0.025 wt% increases the
expansion factor from 1.7-fold to 2.2-fold in water, with similar values
observed when the gels are expanded in ethanol or isopropanol. Gels
produced with an MBA content lower than 0.025 wt% are unstable and
sticky. Similar stickiness was observed in gels produced with a high
DMAA content (40 wt%) (Fig. S4). The most expandable and stable gels
across the different tested solvents without AA were produced at a ratio
DMAA:AA:MBA of 25:0:0.025 (Fig. 2C).

A more detailed characterization of the rheology of the gels (Fig. 3)
reveals that the gel point, defined as the crossover between the storage
modulus (G’) and the loss modulus (G’’), occurs at approximately 3 min
for the formulation with the highest crosslinker concentration (25:0:0.1,
Fig. 3 A). As the crosslinker content decreases, the gel point shifts to ca. 7

min for the formulation 25:0:0.05 (Fig. 3 B), and to ca. 5 min for the
formulation 25:0:0.03 (Fig. 3 C). A further reduction in crosslinker
content delays the gel point to approximately 9 min (25:0:0.025, Fig. 3
D). These results suggest that decreasing the crosslinker content leads to
an increase in the gelation time.

Although the initial modulus values are within the sensitivity range
of the instrument, leading to noise in the early part of the measurement,
G’ and G”’ plateau within 50 min as gelation progresses, indicating full
monomer conversion for all gels. FTIR spectroscopy (Fig. 3 E) further
supports this, as a comparison of the formulations before and after
polymerization shows the disappearance of the characteristic C=C
stretching vibration (v = 1586 cm™1) and a shift of the C=0 stretching
signal from v = 1640 cm ! to lower values [39,40].
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The mechanical properties of ExM gels are critical because they
determine the gel’s ability to undergo uniform and isotropic expansion,
maintain structural integrity during handling and imaging, and ensure
accurate preservation of spatial relationships within the biological
sample. We therefore analyzed the mechanical properties of swollen
DMAA:AA:MBA gels prepared at a fixed DMAA concentration (25 wt%)
with different MBA concentrations ranging from 0.025 to 0.1 wt% using
unconfined compression experiments (Fig. 4). The solvent influences the
modulus (Fig. 4 A and B), with acetone generally giving the highest
modulus values, indicating a stiffer material. Further reduction of MBA
in the formulation will result in less stiff gels in the swollen state,
regardless of the solvent. This is understandable as a reduction in
crosslinker content generally results in a less rigid polymer network
[41]. Compared to the standard protocols, all DMAA-based gels pre-
pared here are less stiff in the swollen state than gels prepared with ExM
and MAP. The choice of solvent also affects the strain at break (Fig. 4 C
and D) as well as the stress at break (Fig. S5) and as the MBA ratio de-
creases (25:0:0.1 to 25:0:0.025) the strain at break generally increases
for all solvents. This indicates that, regardless of the expansion solvent,
the materials become more flexible and can withstand more deformation
before breaking when less crosslinker is used and are more resilient
during handling. They are more flexible under compressive stress and
can deform more before breaking than the gels produced by the ExM and
MAP protocols in the swollen state, implying that the DMAA gels are

mechanically suitable for expansion microscopy applications.

3.2. Application of the DMAA-based gels for the expansion of tropoelastin
samples

To establish a proof of principle for expanding elastin-rich biological
structures, we first tested a model system of nonwoven electrospun
tropoelastin fiber fleeces. For this purpose, we selected the gel formu-
lation (DMAA:AA:MBA 25:0:0.025) that demonstrated the most favor-
able mechanical properties, namely the highest expansion factor (Fig. 2
B) and the greatest strain at break (Fig. 4 C). Chemically crosslinked
tropoelastin was chosen as an example of an insoluble macromolecule
that is not easily removed from the tissue during processing, thus
providing reliable and relevant experimental dummies. To be able to
apply the DMAA gel protocol previously developed to the tropoelastin
fiber fleeces, we mounted the fleeces in a gelation chamber (Fig. S1) and
incubated them in a gel precursor solution containing monomers and
thermal initiator VA044 (Fig. 5). The incubation was performed first at
room temperature to facilitate the diffusion of the components, followed
by polymerization at 50 °C. Gelation occurred in the presence of
methacrolein, which reacts with amine residues, grafting reactive
acrylate groups onto proteins via imine bonds [42]. These groups, in
turn, polymerize with those in the gel precursor, allowing proteins in the
specimens to be anchored directly to the gel, eliminating the need for an
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additional incubation step with anchoring agents (e.g., acryloyl-X or
label-X) to graft acrylate groups onto proteins, as required in other ExM
protocols [12,19]. This simplification reduces laboratory workload and
processing time. To ensure uniform expansion of the fleece specimens,
we homogenized them using an established protocol based on an alka-
line SDS buffer [6,12]. This mild homogenization process effectively
preserves the protein content within the specimens, ensuring compati-
bility with subsequent staining steps following full expansion. The
expanded gels were then stained with eosin Y, a widely used histological
dye. Eosin Y exhibits intense fluorescence emission at approximately
540 nm in a neutral medium [43] and binds non-specifically to basic
amino acid residues arginine, histidine, and lysine [44]. This staining
step provides a straightforward method of visualizing the expanded
specimens in various solvents by sequentially washing them in the new
expansion solvent.

Each of the three tropoelastin fleece samples tested were first
expanded in water and then transferred to one of three solvents: ethanol,
isopropanol, or acetone (Figs. 6-8). Inspection of the eosin-stained
specimens (Figs. 6-8 A) reveals that the stain diffuses evenly

throughout the samples, effectively overcoming tropoelastin’s auto-
fluorescence and enabling fluorescence imaging of surface features.
Photographs of the gels taken at different stages of the expansion process
- after embedding, after expansion in water, and after changing the
expansion solvent (Figs. 6-8 B) - show that the gels containing the
stained tropoelastin sample reproduced the behavior previously
observed for DMAA gels as disks in various solvents (Fig. 2). The
expansion factors obtained by measuring the dimensions of the gels
were 2.0 + 0.1-fold in water, 1.9 + 0.3-fold in ethanol, 1.9 + 0.2-fold in
isopropanol, and 1.6 + 0.1-fold in acetone. The corresponding values
obtained from quantitative analysis of the microscopy images were in
close agreement, yielding 2.0 + 0.1-fold for both water and ethanol, 1.9
=+ 0.1-fold for isopropanol, and 1.6 + 0.1-fold for acetone.

To assess the impact of the protocol on sample visualization, we
performed fluorescence microscopy at each stage of the expansion
process (Figs. 6-8 C-K). In its pristine, unexpanded state, the eosin-
stained tropoelastin fleece exhibits a relatively uniform fluorescence
and poorly defined structural features, as shown in the overview mi-
crographs (Figs. 6-8 C), which become more apparent in the magnified
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Fig. 6. Stepwise expansion and distortion analysis of an electrospun tropoelastin fleece treated with ethanol. (A) Bright-field micrograph of the eosin-stained tro-
poelastin fleece prior to hydrogel embedding. (B) Photographs showing the three stages of the expansion process: (i) fleece embedded in the gel, (ii) after the first
expansion in water and (iii) after subsequent expansion step in ethanol. Dotted lines indicate the gel edges. Fluorescence micrographs at each stage: (C, D) before
expansion, with (E) the corresponding intensity profile measured along the dotted blue lines in (D); (F, G) after expansion in water, with (H) the corresponding
intensity profile for the water expanded state in (G); (I, J) after expansion in ethanol, with (K) the corresponding intensity profile for the ethanol-treated state in (J).
(L, M) Displacement vectors illustrate local distortions following expansion in (L) water and (M) ethanol. The root-mean-square error (RMSE) quantifies the average
distortion magnitude for each state. Shaded regions indicate 1 ¢ standard deviation. Scale bars: 0.5 cm (black); 1000 pm (blue); 50 pm (white). (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

view (Figs. 6-8 D). The corresponding intensity profile along the indi-
cated line is characterized by high-frequency low-amplitude fluctuations
(Figs. 6-8 E). The first expansion step in water consistently improved
visualization by physically separating the fibers (Figs. 6-8 F). This
resolved the underlying fibrous architecture (Figs. 6-8 G), which is
quantitatively demonstrated by the appearance of more distinct peaks
and valleys in the intensity profiles of the water-expanded samples
(Figs. 6-8 H), which now shows more distinct peaks and valleys corre-
sponding to the fibers. The subsequent solvent exchange further
enhanced image quality, primarily by increasing contrast. For the
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ethanol-treated sample, the intensity profile became notably sharper
than in its water-expanded state, indicating a superior resolution of the
individual fibers (Fig. 6 K vs. 6 H). Similar contrast enhancement was
observed for isopropanol (Fig. 7 I and J), which exhibited more pro-
nounced intensity fluctuations compared to the pristine sample (Fig. 7
E). Imaging of acetone-expanded samples (Fig. 8 I and J) and the cor-
responding line profile (Fig. 8K) confirmed that imaging in acetone is
feasible; however, visual inspection indicates that acetone induces
substantial structural distortions. Moreover, issues such as increased
sample fragility, incompatibility with materials commonly used to
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Fig. 7. Stepwise expansion and distortion analysis of an electrospun tropoelastin fleece treated with isopropanol. (A) Bright-field micrograph of the eosin-stained
tropoelastin fleece prior to hydrogel embedding. (B) Photographs showing the three stages of the expansion process: (i) fleece embedded in the gel, (ii) after the
first expansion in water and (iii) after subsequent expansion step in isopropanol. Dotted lines indicate the gel edges. Fluorescence micrographs at each stage: (C, D)
before expansion, with (E) the corresponding intensity profile measured along the dotted blue lines in (D); (F, G) after expansion in water, with (E) the corresponding
intensity profile for the water expanded state in (G); (I, J) after expansion in isopropanol, with (K) the corresponding intensity profile for the isopropanol-treated state
in (J). (L, M) Displacement vectors illustrate local distortions following expansion in (L) water and (M) isopropanol. The RMSE quantifies the average distortion
magnitude for each state. Shaded regions indicate 1 ¢ standard deviation. Scale bars: 0.5 cm (black); 1000 pm (blue); 50 pm (white). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

mount the samples, and the potential risk of equipment damage render
acetone unsuitable for routine imaging applications.

We illustrate local distortions caused by the expansion process using
displacement vectors (Figs. 6-8, L and M). We quantified these distor-
tions by calculating the root-mean-square error (RMSE) of the pairwise
distances between specific features in the images at each stage (before
and after expansion in water, followed by solvent exchange). The RMSE
of displacement between the pre-expansion and water-expanded states
was found to average below 5.0 pm over a 100 pm length scale (Figs. 6-8
N). This level of precision is consistent with values reported for other
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leading expansion microscopy protocols [45-47], confirming that the
relative arrangement of structural features is well-preserved. It is
evident that the distortions introduced during the initial gel expansion
were more significant than those arising from the subsequent solvent
exchange. General causes for such artifacts include heterogeneity in the
polymer network and physical handling of the sample. However, a closer
examination of the displacement vector fields (Figs. 6-8 L) suggests that
these distortions are not uniformly distributed. The magnitude and
directionality of the vectors are more pronounced at the sample pe-
ripheries compared to the more random orientation within the sample’s
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Fig. 8. Stepwise expansion and distortion analysis of an electrospun tropoelastin fleece treated with acetone. (A) Bright-field micrograph of the eosin-stained
tropoelastin fleece prior to hydrogel embedding. (B) Photographs showing the three stages of the expansion process: (i) fleece embedded in the gel, (ii) after the
first expansion in water and (iii) after subsequent expansion step in acetone. Dotted lines indicate the gel edges. Fluorescence micrographs at each stage: (C, D) before
expansion, with (E) the corresponding intensity profile measured along the dotted blue lines in (D); (F, G) after expansion in water, with (E) the corresponding
intensity profile for the water expanded state in (G); (I, J) after expansion in acetone, with (K) the corresponding intensity profile for the acetone-treated state in (J).
(L, M) Displacement vectors illustrate local distortions following expansion in (L) water and (M) acetone. The RMSE quantifies the average distortion magnitude for
each state. Shaded regions indicate 1 ¢ standard deviation. Scale bars: 0.5 cm (black); 1000 pm (blue); 50 pm (white). (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

bulk. This suggests a boundary effect, possibly due to partial detachment
of the hydrophobic tropoelastin sample from the glass slide during gel
embedding. As these peripheral regions were used for image registra-
tion, this may also concentrate calculated error at the sample’s
boundaries.

The level of distortion introduced by the solvent exchange varies
significantly between the three solvents. Ethanol introduces the least
distortion and the transition to ethanol demonstrated the highest
structural fidelity. The displacement vectors were minimal in magnitude
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and uniformly oriented (Fig. 6 L and M), resulting in the lowest
measured RMSE (compared to other solvents) of around 1.4 + 0.9 pm
over 100 pm distance (Fig. 6 N). Isopropanol introduces moderate, but
higher, distortion compared to ethanol, reaching approximately 1.6 + 1
pm over a 100 pm measuring distance (Fig. 7 N). Acetone causes sig-
nificant, non-uniform distortions, indicating substantial structural
rearrangement and warping of the sample. As a result, acetone features
relatively higher RMSE of 1.7 + 1.5 pm over a 100 pm and the largest
standard deviation compared to other solvents (Fig. 8 N).
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The measured fluorescence retention rates after expansion were: 21
+ 7 % for water, 9 + 4 % for ethanol, 37 + 3 % for isopropanol, and 67
+ 7 % for acetone (Fig. S6). These results indicate that absolute signal
intensity is not the primary determinant of image quality in this system,
which is best illustrated by the findings with ethanol and acetone.
Ethanol, which produced the highest quality images with the lowest
structural distortion, also exhibited the lowest fluorescence retention.
Conversely, acetone, which yielded the highest retention, caused the
most severe imaging artifacts and structural damage. The superior
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image quality observed in ethanol, despite lower signal retention, may
arise from several factors, particularly the near-equivalent expansion
observed upon interchange with water. In addition, the lower polarity of
ethanol compared to water induces a solvatochromic red shift in the
fluorescence emission of eosin, which may further enhance image
contrast and signal definition [48]. This spectral shift likely reduces the
background signal, thus improving image contrast. The same principle
should also apply to other solvents of lower polarity, such as iso-
propanol. In addition, eosin may undergo dimerization at high local

— Pre-expansion vs. water
— Water vs. ethanol

0. |
0 20 40 60 80 100
Measuring distance (um)

Fig. 9. Stepwise expansion and distortion analysis of mouse aorta. Fluorescence micrographs of the sample: (A) before expansion, with the area highlighted shown
magnified in (B) and (C), (D-F) after expansion in water; (G-I) after expansion in ethanol. (J, K) Displacement vectors show the local distortions caused by the
expansion process in (J) water and (K) ethanol. Displacement vectors illustrate local distortions following expansion in (J) water and (K) ethanol. The RMSE
quantifies the average distortion magnitude for each state. Shaded regions indicate 1 ¢ standard deviation. Scale bars: 1000 pm (white); 100 pm (blue), 100 pm
(green). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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concentrations, particularly in protic solvents such as water, ethanol,
and isopropanol, which may also contribute to the varying retention
rates and contrast observed.

3.3. Application of the DMAA-based gels for the expansion of mouse
aorta sample

Building on the successful validation of our protocol to tropoelastin,
we applied the optimized expansion protocol to a more challenging
biological sample: aortic tissue (Fig. 9). The primary objective was to
physically expand this dense tissue matrix to improve the resolution of
its constituent structures in water and ethanol. The protocol yielded a
consistent physical expansion by a factor of 1.9 + 0.2-fold in both sol-
vents and the expansion dramatically improved the visualization of the
aorta tissue architecture. Initially, the unexpanded tissue was charac-
terized by dense, overlapping structures with limited detail (Fig. 9 A-C).
While the elastic lamina was visible, the surrounding cells remained a
diffuse, unresolved fluorescent area. Following expansion in water,
these constituent structures became clearly delineated, with a sharply
defined elastic lamina and better-resolved structures (Fig. 9 D-F). After
being immersed in ethanol (Fig. 9 G), the image quality was maintained,
and details appeared sharper and more distinct than in the pre-
expansion sample (Fig. 9 H-I).

A key difference of the expansion of aorta tissue compared to our
tropoelastin model system was the nature of the expansion. The aorta
exhibited non-uniform distortion, as confirmed by an RMSE of ~3.9 ym
at a measured distance of 100 pm following expansion in water (Fig. 9
J). After replacing the solvent with ethanol, the displacement fields
showed localized hotspots (Fig. 9 K), quantitatively confirmed by an
RMSE of ~3.0 pm at a measured distance of 100 pm (Fig. 9 L). This
anisotropic behavior can be attributed to the aorta’s mechanically het-
erogeneous composition. Thus, while the protocol introduces measur-
able local distortions, it successfully resolves fine architectural details in
a dense, complex tissue that are otherwise obscured.

In this study, we demonstrate that a DMAA-based hydrogel formu-
lation, free of acrylamide and sodium acrylate, enables expansion mi-
croscopy (ExM) across multiple organic solvents while maintaining
moderate expansion factors and superior mechanical flexibility. We
successfully applied this approach to both model tropoelastin fibers and
complex murine aortic tissue, achieving enhanced optical resolution
through physical sample magnification. To our knowledge, this repre-
sents the first multi-solvent-compatible ExM approach that maintains
expansion-contraction responsiveness across different solvent environ-
ments. The versatility of this system is illustrated by our proof-of-
concept demonstration of embedding ethanol-expanded gel samples
and tropoelastin fleeces into epoxide-based media (Supplementary Ma-
terial, Fig. S7), yielding rigid and stable specimens that retained overall
expansion despite moderate shrinkage (~20 %) during resin infiltration.
Our gels maintain solvent responsiveness and enable direct post-
expansion staining in organic solvents - a critical capability for
contrast agents that preferentially dissolve in non-aqueous media and
would be incompatible with water-swollen or mechanically locked re-
embedded hydrogels.

Implementing EM or X-ray imaging on expanded samples requires
addressing technical challenges beyond solvent compatibility, including
management of reduced contrast agent density after expansion, valida-
tion of uniform nanoscale expansion in heavily fixed and stained tissues,
and systematic optimization of post-expansion staining protocols. Our
DMAA-based gel system provides a foundational capability by enabling
direct expansion in organic solvents, simplifying integration with
established staining workflows that require non-aqueous environments.
This positions our method as an enabling intermediate step toward
correlative expansion microscopy across multiple high-resolution im-
aging platforms.

Several avenues exist for the optimization and extension of this work.
While our current protocol involves a 6-h gelation, our results suggest
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this could be safely reduced to approximately 1 h to meet higher
throughput demands. The primary goal for future development will be
to increase the expansion factor beyond the current ~2-fold limit while
preserving structural integrity. This could be achieved by implementing
strategies such as incorporating alternative crosslinkers, utilizing mul-
tiple embedding rounds and optimized monomer ratios [5,49], and
exploring novel solvent-compatible monomers to reach expansion fac-
tors as those reported in studies with similar gel chemistries based in
DMAA [6,10,24,50]. Systematic evaluation of the retention and stability
of fluorescent markers and fluorescence-tagged antibodies throughout
the expansion and embedding processes will be crucial. Leveraging
well-characterized reference structures, such as tubulin networks, to
assess local expansion factors will further enable quantitative evaluation
of isotropy and structural fidelity. Moreover, extending these studies to
imaging modalities for which expansion microscopy has not yet been
demonstrated, especially those requiring resin embedding or
non-aqueous environments, will help to define the full scope and
transformative potential of this method across diverse research fields.

4. Conclusions

This study introduces a novel dimethylacrylamide (DMAA)-based
hydrogel for expansion microscopy, specifically engineered for
compatibility with a range of organic solvents. By systematically opti-
mizing monomer and crosslinker concentrations, we developed a
formulation that offers moderate (1.6 to 2.0-fold) linear expansion, but
consistent across aqueous and organic media, along with high flexibility
for improved sample handling. We demonstrated that this hydrogel is
highly compatible with a conventional histological stain, eosin Y, first
validating the protocol on a model tropoelastin scaffold. The true utility
of the method was then showcased on dense aortic tissue. Despite the
tissue’s inherent mechanical heterogeneity inducing a measurable
anisotropic distortion in water of 3.9 pym in a 100 pm range, the protocol
achieved a 2-fold physical expansion compatible with that of the native
gel, enabling the visualization of fine architectural details. This work
therefore provides a robust and accessible tool that substantially
broadens the applicability of ExM, enabling researchers to investigate
the microscale organization of complex tissues within workflows that
benefit from low yet controllable expansion factors, or that require
compatibility with organic solvents, such as those involving epoxy resin
embedding. Future efforts will focus on achieving higher expansion
factors and validating the approach across additional microscopy tech-
niques and a broader range of samples, thereby opening new possibil-
ities for high-resolution biological imaging.
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