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Abstract

Sections

Expansion microscopy (ExM) is asample transformation technique
thatenables the resolving of nanoscale biological features on ordinary
microscopes. By physically expanding biological samples permeated
by a hydrogel matrix, ExM effectively overcomes the diffraction

limit of light microscopy, enabling nanoscale effective resolution on
conventional imaging systems (such as confocal microscopes) without
specialized super-resolution optics. Since its inception, ExM has
evolved beyond fluorescence microscopy, enhancing the resolution of
techniques such as mass spectrometry imaging, Raman imaging and

in situ sequencing, by physically decrowding biomolecules. This Primer
aims to provide acomprehensive guide to ExM, focusing on bothiits
most common and latest variants. We outline amodular approach for
understanding the scope of ExM protocols, as well as for understanding
how to optimize or tune ExM for specific biological questions, covering
essential laboratory equipment, sample preparation techniques,
imaging techniques and computational approaches. Additionally, we
discuss strategies for handling and analysing the vast data generated
by ExM, highlight key applications across various biological fields,
including cellular and structural biology, neuroscience, pathology

and microbiology, and address current limitations. Finally, we explore
emerginginnovations in expansion chemistry, multimodal imaging
and automation that will further broaden the impact of ExXM across
biological and clinical research.
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Introduction

For decades, electron microscopy was the primary method used
for visualizing nanoscale structures, offering resolution beyond the
diffraction limit of light. The advent of super-resolution fluorescence
microscopy transformed this landscape by enabling optical imag-
ing of subcellular structures with fine-scale detail and additionally
molecular contrast. Super-resolution imaging techniques such as
single-molecule localization microscopy (SMLM)', stimulated emis-
sion depletion (STED) microscopy®* and minimal fluorescence pho-
ton fluxes microscopy*®, among others, extended the capabilities
of traditional light microscopy, bringing molecular-level detail into
focus. Despite these advances, challenges remained. For example,
these techniques achieved nanometre-scale resolution through opti-
calmanipulation strategies, such as point-spread function shaping or
localization computation, which required advanced and/or expensive
instrumentation. Additionally, these techniques were often too slow
forimaging large, intact biological specimens in three dimensions.

Expansion microscopy (ExM) offers a fundamentally different
approach to visualizing nanoscale structures, by physically enlarging
specimens through achemical process, effectively bypassing the opti-
callimits of diffraction’. Unlike super-resolution methods thatrely on
complex optics, ExXM uses aswellable polymer matrix to isotropically
expand biological samples, enabling nanoscale resolution with con-
ventional diffraction-limited microscopes. This physical decrowding
of biomolecules not only enhances resolutionbut alsoimproves acces-
sibility of the biomolecules for downstream chemical analyses, such
as antibody staining or in situ sequencing. Typical expansion factors
range from 4x to 20x, so that a 300-nm diffraction-limited resolu-
tion microscope achieves an effective resolution of ~75 nmto ~15 nm,
respectively’ 2, Additionally, ExMis uniquely suited forimaging large,
intact specimens, such as tissues or organoids, in three dimensions
without compromising molecular integrity or spatial relationships.
However, unlike live-cell super-resolution methods, ExM is limited
to fixed specimens, as the expansion process disrupts molecular
functions and interactions, from their live state.

The ExM workflow involves four core steps (Fig. 1). During
anchoring, molecules of interest are equipped covalently with link-
ersfor later attachment to a polymer matrix. The polymerization step
involves permeating the sample by a densely intercalating hydrogel
network. This hydrogel polymerizes around and between biomol-
ecules with nanometre-scale spacing and binds to the linkers. During
softening, tissue structures are treated to disrupt rigidity (for exam-
ple, viaenzymatic digestion or heat-induced chemical denaturation)
so that intrinsic mechanical properties will not impede isotropic
expansion. The expansion step involves immersing the hydrogel in
water, causing it to swell, physically separating hydrogel-anchored
molecules while preserving their spatial relationships.

Since its inception, ExM has seen substantial advancements.
These include improvements in the achievable expansion factor and
resolution, the types of biomolecules that can be anchored and inter-
rogated, the retention of fluorophores and other labels and compat-
ibility with challenging biological samples, such as vascularized" or
rigid tissues" ™. For this Primer, protein-retention ExM (proExM)™
and the more recent Magnify® are used to illustrate the key steps and
underlying principles of EXM. The broader landscape of EXM protocols
isalso discussed to show how different approaches have been adapted
for different samples, expansion factors and imaging goals. ProExM
and Magpnify are presented to explore specific steps and their ration-
ale, but researchers should select the ExM protocol most suited for

their scientific question. ProExM is a simple, robust and widespread
protocol for 4.5x expansion, illustrative of a common stand-alone
anchoring step. Magnify, a newer variant of ExM, uses a concurrent
anchoring strategy, enabling 10x expansion and high retention of
diverse biomolecules. Expansion protocols are typically validated, at
the time of initial publication, by measuring the distortion and effective
resolution. Distortion is measured by comparing pre-expansion and
post-expansionimages — with pre-expansionimaging commonly done
onaclassical super-resolution microscope — and is typically quite low;
1-2% over atypical microscopic field of view, sufficient for most stud-
ies. Resolution, defined as the distance between two objects that can
becleanly separated in animage, is measured by examining objects of
knownsize and shape. Although the structure of the hydrogel couldin
principle enable nanoscale resolution of ExM, the practical effective
resolutionis often limited by the optical resolution of the microscope
and the size of the fluorescent label when applied before expansion;
if applied after expansion, the size of the fluorescent label has less
of arole, because molecular spacing is increased by the expansion
factor®?'*?!, By exploring proExM and Magnify as pedagogical test
cases, all the steps of ExM can beillustrated, as well as how they can be
adapted and validated for new contexts.

ExMis now widely adopted in biologicalimaging, with usein more
than 900 experimental papers and preprints, enabling discoveries by
revealing nanoscale structures, molecule locations and putative molec-
ularinteractions. ExXM achieves an effective resolution comparable to
(and sometimes exceeding) other super-resolution methods, but with
unique advantagesin cost, experimental simplicity and accessibility for
large-volumeimaging. Recent advancements have opened new avenues
for multi-omicimaging, bridging nanoscale nuclear morphology with
gene expression”~, By enabling nanoscale imaging on conventional
optical microscopes, ExXM has broadened the scope of biological and
clinical research, including neuroscience® ¥, pathology™***** and
infectious disease research* ™%, offering new opportunities to study
molecular organization with high spatial precision. Ultimately, as
biology is driven by interactions at the nanoscale level, the ability to
easily visualize molecular organization withinits structural contextis
fundamental to understanding biological mechanisms and developing
new therapeuticideas.

This Primer provides acomprehensive guide to ExM, from funda-
mental principles to practical applications. We pedagogically focus
on widely used methods, including proExM and Magnify, toillustrate
core conceptsand then highlight other widely used, or recent, innova-
tions and their utility. By emphasizing experimental workflows, data
validationand future directions, we aim to equip researchers with the
knowledge to apply ExM across diverse biological and perhaps even
clinical contexts.

Experimentation

Choosing the appropriate ExXM method depends on several factors,
including the type of biomolecule toberetained, the desired expansion
factor and compatibility with desired staining and imaging techniques.
Researchers must consider the trade-offs between pre-expansionand
post-expansion labelling, different anchoring strategies and softening
approaches to optimize ExM for their specific biological questions.
Some protocols prioritize retention of proteins (proExM*), nucleic
acids (expansion fluorescent in situ hybridization, EXFISH*) or lipids
(lipid ExM*’), whereas others such as Magnify" and united ExXM* enable
theimaging of multiple biomolecule typesin the same sample. Expan-
sionfactors typically range from moderate (4-5x) to high (10x or more),
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Fig.1|Principles of expansion microscopy. The expansion microscopy process
consists of four core steps. a, Biomolecules of interest are covalently equipped
withanchoring agents. This can be done in a separate step before adding
hydrogel monomers and crosslinkers (left) or concurrently with the monomer
solution (right). b, The sample is infused with monomers and crosslinkers that
polymerize insitu to formaninterpenetrating hydrogel matrix (often triggered
by heat), locking the anchored biomolecules to the network. ¢, The sample is

Crosslinker Biomolecules

Hydrogel matrix

mechanically softened through enzymatic or chemical treatment to disrupt

its native structure, allowing for uniform expansion. d, The hydrogel-sample
composite isimmersed in water, causing it to swell and physically expand

the specimenisotropically by a factor of 4-20x. At one or more pointsin the
process, fluorescent labels can be applied if desired. Not to scale (the mesh size,
or spacing between polymer threads, is perhaps 1-2 nm, smaller than many
biomolecules).

withiterative strategies extending beyond 16 for applications requiring
high resolution. Supplementary Table 1 compares some foundational
and/or commonly used ExM protocols (although new protocols are
appearing all the time), highlighting widely adopted, robust meth-
ods that are straightforward to implement, as well as protocols that
introduced key innovations such as targeting diverse biomolecules
(such as proteins, nucleic acids and lipids) or higher expansion fac-
tors via iterative gelling strategies. Figure 2 outlines typical workflow
modules involved in ExM. To illustrate practical implementation and
decision-making, the following sections will frequently use proExM
(anestablished protein-retention method) and Magnify (a more recent

protocol enabling higher expansion and broader biomolecule reten-
tion) as representative examples. Supplementary Table 2 summarizes
representative examples of the diverse biological specimens — ranging
from cultured cells and microorganisms to complex tissues and whole
model organisms — that have been successfully expanded using ExM.

Basic equipment and set-up

ExM relies onacombination of standard laboratory tools and standard
reagents to enable sample expansion and high-resolution imaging.
Essential equipment includes standard pipettes, incubators, heating
blocks, tissue processing tools and gel-casting accessories such as paint
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Fig. 2| Overview of expansion microscopy workflow, using two pedagogical
examples for concreteness. This diagram outlines the modular nature of
expansion microscopy (ExM) by comparing the workflows of two representative
protocols: protein-retention EXM (proExM)' (left) and Magnify" (right). The
proExM workflow exemplifies acommon strategy based on a separate, stand-
alone anchoring strategy. This approach is compatible with both pre-expansion
and post-expansion staining (with pre-expansion shown here for simplicity).
ProExM attaches biomolecules to the gel matrix, whichis typically followed by
pre-expansion staining. This approach s usually paired with enzymatic digestion
(for example, with proteinase K) for the softening step; the Magnify workflow uses

aconcurrentanchoring strategy in which the anchoring agent is included directly
inthe polymerization solution. This method is typically paired with heat-induced
denaturation for softening, which preserves proteins and is optimized for robust
post-expansion staining. These two examples illustrate how different choices

for anchoring and softening are linked to the staining strategy, highlighting

the modularity that allows researchers to adapt ExM protocols for different
experimental goals. AA, acrylamide; Bis, N,N-methylenebisacrylamide; DMAA,
N,N-dimethylacrylamide; FA, formaldehyde; FFPE, formalin-fixed paraffin-
embedded; GA, glutaraldehyde; GMA, glycidyl methacrylate; MeOH, methanol;
PFA, paraformaldehyde; SA, sodium acrylate; SDS, sodium dodecyl sulfate.

11,38,50,51 11,15,38,50-52 11,38,50-52

brushes , coverslips , parafilm and gel spacers
(for example, stacked coverslips™***°~*or custom-made moulds**) used
to construct achamber that controls the thickness of the gel. Key rea-
gentsinclude monomers, such as sodiumacrylate (SA) and acrylamide
(AA), and crosslinking agents, such as N,N’-methylenebisacrylamide
(Bis), to mediate polymerization. Other key reagents include sur-
factants and/or protein-digestion enzymes for tissue softening and
expansion steps. The specific reagent composition varies depend-
ing on the ExM variant used. Protocols such as proExM and Magnify
use different anchoring chemistries and polymer networks to opti-
mize biomolecule retention™'®. Ensuring the compatibility of these
materials with intended staining and imaging techniques is crucial
for experimental success.

Sample choices and preprocessing

Different sample types require tailored preprocessing strategies to
preserve structural integrity, biomolecule accessibility and compat-
ibility with ExM protocols. Below, commonly used sample types and
their corresponding preprocessing requirements are outlined, as well
as several alternative options.

Paraformaldehyde-fixed samples. Paraformaldehyde (PFA) fixation
isthe most widely used for preserving tissue and cellular morphology
through protein crosslinking, suitable for general imaging applica-
tions. Samples are typically fixed in 4% PFA in phosphate-buffered
saline, a method that retains protein organization while maintaining
compatibility with most ExM protocols. Other common fixatives, such
as glutaraldehyde or methanol, can also be applied before starting
ExM (Supplementary Table 1). It should be noted that crosslinking by
PFA and other chemical fixatives can mask certain epitopes, poten-
tially reducing the effectiveness of immunolabelling, although this
is a problem for all immunostaining not just in ExM**. In ultrastruc-
tural ExM (U-ExM?') and Magnified Analysis of Proteome (MAP%), the
monomer component AA should be introduced during PFA fixation,
to reduce intra-protein and inter-protein crosslinking and to be later
incorporated into the hydrogel backbone.

Chemical crosslinking can introduce nanoscale structural arte-
facts, such as conformational distortions or aggregation, whicharea
critical consideration when the primary goal is to analyse true-to-life
ultrastructure. To address the introduction of artefacts and estab-
lish a baseline for structural fidelity, protocols such as U-ExM cou-
pled with cryo-fixation (cryo-ExM) have been developed*°. These
methods use freeze-substitution, which preserves the sample in a
near-native, life-like state®’. However, its requirement for special-
ized cryo-equipment means that well-optimized PFA and formalin
fixation remain the more accessible and dominant standards for
the majority of ExM applications. Unfixed samples, by contrast,

are not recommended as they can result in incomplete structural
preservation®.

Formalin-fixed paraffin-embedded samples. Formalin-fixed
paraffin-embedded (FFPE) samples, commonly used in clinical and
archival settings, undergo formalin fixation, dehydration and embed-
ding in paraffin for long-term preservation. Owing to their stabil-
ity, FFPE samples are valuable for retrospective studies but require
specialized preprocessing for ExM. In pathology, deparaffinization
is aroutine protocol to remove paraffin from FFPE slides, followed
by antigen retrieval techniques to reverse excessive crosslinking and
expose epitopes, thereby improving protein accessibility in subsequent
staining steps’®. These additional steps are compatible with ExM and
enable ExM to be applied effectively to FFPE tissues'*>%.

Ethical considerations. Ethical compliance is a foundational aspect
of sample selection. For animal tissues, adherence to institutional
guidelines and approval from Ethics Committee, such as the Institu-
tional Animal Care and Use Committee, is required. Researchers should
follow the 3R principles: replacement (using alternatives to animals
when possible), reduction (minimizing the number of animals used)
and refinement (optimizing protocols to reduce animal distress)*.

Human tissue studies require informed consent, anonymization
and compliance with privacy regulations, such as Health Insurance
Portability and Accountability Act (HIPAA) in the USA or the General
Data Protection Regulation1(GDPR) in Europe. FFPE samples, widely
used for their archival stability, and fresh or frozen human tissues
are valuable resources in translational and clinical research when
handled ethically and appropriately documented. It should be noted
that research utilizing tissues originally collected for non-research
purposes, for example, diagnostic pathology specimens or surgical
discards, may qualify for exemptions. Such secondary use exemptions
may apply to properly de-identified specimens for research studies that
do not require matching clinical information®®. Researchers should
consult with their Institutional Review Board or Ethics Committee to
determine exempt qualification before proceeding.

Safety considerations. Sample preparation in ExM involves fixa-
tion, anchoring, polymerization and softening steps tailored to the
specimen type, often utilizing potentially hazardous chemicals.
Organic solvents such as N,N-dimethylacrylamide (DMAA), and
standard fixatives, such as PFA and formaldehyde, are irritants and
potential carcinogens; handling these chemicals must be in a fume
hood, especially when working with concentrated solutions or solid
PFA. Key monomers and crosslinkers used for hydrogel formation,
including AA, and Bis, are known neurotoxins and suspected carcino-
gens, and another monomer, SA, is an irritant and potentially toxic.

Nature Reviews Methods Primers | (2026) 6:28


http://www.nature.com/nrmp

Primer

Anchoring agents such as Acryloyl-X SE contain reactive groups and
should be handled carefully to avoid skin/eye contact and sensitization.
Polymerization initiators (for example, ammonium persulfate (APS),
N,N,N’,N'-tetramethylethylenediamine (TEMED) and 2,2’-azobis[2-
(2-imidazolin-2-yl)propane] dihydrochloride (VA-044) can be reactive,
irritant, corrosive or toxic, requiring specific handling precautions.
Other reagents such as denaturant sodium dodecyl sulfate (SDS) canbe
anirritant or asensitizer. Always consult the specific Safety Data Sheet
for each chemical before use, work in well-ventilated areas, such as a
chemical fume hood for volatile substances or powders, use appropri-
ate personal protective equipment and follow institutional guidelines
for proper chemical waste disposal. After complete polymerization
and thorough washing to remove unreacted components, the final
expanded samples are considered to lack residual toxic monomer com-
ponents and therefore can be handled safely with standard personal
protective equipment such as gloves.

Anchoring strategies in ExXM

Anchoring is a core step in ExM, ensuring that biomolecules of inter-
estareretained within the hydrogel matrix throughout the expansion
process. Multiple anchoring chemistries exist because macromol-
ecule classes (proteins, nucleic acids, lipids, glycans and small mol-
ecules) differ in functional groups, accessibility and tolerance to
proteolysis or denaturation and because variants prioritize differ-
ent goals (universality, retention, ultrastructure and throughput).
Protein-amine-reactive N- hydroxysuccinimidyl (NHS)-ester anchors
(such as Acryloyl-X (AcX”*®) and methacrylic acid (MA)-NHS") are sim-
pleand broadly compatible with antibodies and fluorescent proteins,
enabling robust protein retention in classic/proExM. This anchor-
ing strategy offers simplicity and reproducibility. Click-chemistry
frameworks (Click-ExM®") add broad molecular reach via metabolic
or chemical installation of azide/alkyne handles, affording unified
labelling across biomolecule classes and resistance to protease diges-
tion. ‘Universal’ co-polymerization anchors (such as methacrolein
in Magnify") graft diverse biomolecules during gelation, increasing
retentionincluding lipids and enabling post-expansion staining. This
strategy isbeneficial asit allows high retention across classes. However,
itrequires optimization of monomer composition and softening per
tissue type. Fixation-embedded anchoring (for example, MAP* and
U-ExM?') co-grafts proteins by adding AA during formaldehyde fixation,
whichimproves broad antibody compatibility and low distortion, but
dependent on careful tuning of fixation and monomer levels*™®, Col-
lectively, anchor choiceis atrade-off among chemical scope, retention
under denaturation or digestion, ease of use and compatibility with
specific samples and labelling strategies.

Here, we classify anchoring strategies based on whether the
anchoring process occurs concurrently or independently. Most ExM
protocols rely on stand-alone anchoring strategies, in which biomol-
ecules are chemically equipped with anchors that are later linked to
the hydrogel during polymerization. However, newer approaches can
utilize concurrent anchoring during polymerization, analternative that
may streamline workflows (Supplementary Table1).

ProExM exemplifies astand-alone anchoring strategy in ExM, rely-
ing on Acryloyl-X (acryloyl-6-aminocaproic acid) to anchor proteins.
Acryloyl-X, a bifunctional molecule, reacts with primary amines in
proteins and equips them with AA groups that crosslink to the hydrogel
during polymerization, effectively securing proteins to the matrix'.
This method offers broad applicability for various sample types, includ-
ing cultured cells and tissues, and achieves robust protein retention

for detailed structuralimaging. MA-NHS ExM uses an analogous mol-
ecule, MA-NHS ester, for amine-reactive anchoring”. Protocols such
as MAP* and U-ExM? incorporate AA during respective formaldehyde
fixation.In MAP, AA introduces chemical handlesinto the sample that
participate inradical polymerization during gelembedding®. In U-ExM,
formaldehyde reacts with amine groups in proteins and with AA to
anchor molecules to the hydrogel®.

These anchoring strategies are, however, limited to proteins and
other amine-bearing molecules. To expand the versatility of ExM,
specialized anchoring strategies have been developed for specific
biomolecular targets. The first nucleic-acid targeting protocol, EXFISH,
utilized small-molecule linkers to anchor RNAs. The linker, called
LabelX, consists of Label-IT,acommercially available alkylating agent
which reacts with the N7 position of guanine bases in RNA molecules,
and AcX, which covalently links to the hydrogel*. Expansion-assisted
iterative fluorescence in situ hybridization (EASI-FISH), which uses
Melphalan conjugated to AcX, or MelphaX, anchors RNA molecules
in asimilar manner®. Both methods allow delivery of oligonucleotide
probes to perform single-molecule FISH and, if desired, hybridiza-
tion chain reaction (HCR) for signal amplification of probes bound
to single RNA molecules. Transcripts were shown to be well anchored
in the hydrogel such that they could withstand sequential rounds
of single-molecule FISH. Other methods use acrydite (a vinyl group
bearing moiety)-modified FISH probes, which can be incorporated
into the polymer hydrogel, and thus canindicate the location of mRNA
transcripts that they bind>**.

Lipids present a challenge for ExM because they can be washed
away by detergents during sample processing and, unlike proteins,
they lack some chemical groups (such as primary amines) targeted
by standard anchoring chemistries*. One challenge, therefore, is to
covalently anchor these molecules — or labels attached to them — to
the hydrogel network to ensure their retention during expansion*’.
One approach involves metabolic labelling of endogenous lipids
in live cells. One such example is lipid ExM, which uses a two-step
process*”®. First, cells are cultured with a choline analogue con-
taining an alkyne handle (such as propargylcholine). This molecule
is metabolically incorporated into native phospholipids such as
phosphatidylcholine®. After fixation, the alkyne handle is then used
to covalently link the lipid to the hydrogel through a click chemistry
reaction, via a trifunctional molecule that binds to the alkyne (via an
azide group) and contains a polymerizable group, as well as a fluoro-
phore. A second strategy utilizes exogenous lipophilic probes that
are designed to insert themselves into cellular membranes and that
bear moieties that can, atalater step, incorporate both afluorophore
for visualization and a chemical group for anchoring to the hydro-
gel. For instance, ultrastructural membrane ExM (umExM) uses a
custom-made probe called pGk13a (palmitoyl-glycine-(D-lysine)13-
azide)®. This probe has a lipid tail (palmitoyl) that inserts into mem-
branes, whileits chain of lysine residues provides primary amines for
covalent anchoring to the hydrogel via an Acryloyl-X-like linker. The
probealsoincludes aterminal azide group, which serves as achemical
handletoattachafluorophore via click chemistry®. To better preserve
membrane integrity during fixation, the umExM protocol alsoincor-
porates 0.5% calcium chloride into the fixative solution, and the entire
processis conducted at cold temperatures (4 °C) until molecules are
locked in place. With this strategy, umExM was reported to enable
dense, continuous labelling of a wide range of structures, including
plasmamembranes, mitochondrial membranes, the nuclear envelope,
ciliary membranes, myelin sheaths and extracellular vesicles®®.

Nature Reviews Methods Primers | (2026) 6:28


http://www.nature.com/nrmp

Primer

Several approaches have beenreported for their compatibility to
anchor more than one class of biomolecule™****, Magnify introduces a
combination of anchoring and polymerizationinto asingle experimen-
tal step. The method uses methacrolein, abroad-spectrum anchoring
reagent that reacts with awide range of biomolecules —including pro-
teins, nucleic acids and lipids — during hydrogel synthesis">**. Protein
retention in Magnify-processed mouse brains and kidney FFPE tissue
wasreported to be 6.3-fold and 4.8-fold higher than proExM-processed
tissues, respectively, in large part owing to the improved anchor-
ing. Up to 93% of lipid content in the mouse brain was retained when
comparing fluorescence intensity of the lipophilic stain DilC18(5)
solid (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine and
4-chlorobenzenesulfonate salt) pre-Magnify and post-Magnify pro-
cessing. This concurrentanchoring strategy streamlines the protocol
by integrating anchoring directly into the polymerization process,
while retaining diverse biomolecular classes. For the similar purpose
of eliminating the need for a separate anchoring step, united ExM?%,
which uses a multifunctional anchor that contains an acrylate group
and an epoxide group (glycidyl methacrylate), equips proteins and
RNAs, and potentially other biomolecules, with anchors in a single
step. Epoxide-anchored expanded tissues were shown to be compat-
ible with proExM'®, EXFISH?* and expansion sequencing (ExSeq®, the
combination of ExXM and fluorescent in situ sequencing of RNA).

Polymerization strategies in ExXM
Hydrogel polymerization is a critical step for incorporating biologi-
cal samples within the polymer network. SA/AA/Bis gels with an APS
inhibitor and TEMED accelerator are well established, reproducible
systems and are arecommended starting point to validate antibodies
and workflows, offering predictable expansion factor and goodisotropy.
For SA/AA/Bis gels with or without low percentage of DMAA (proExM*,
U-ExM?, MAP* and Magnify") and AA/Bis only (ZOOM®), properly seal-
ing the gel chamber is sufficient to limit oxygen access by minimizing
exposure to atmosphere, with no need for active oxygen removal. By
contrast, gel formulae with high percentages of DMAA (such as x10™
or 20-fold ExM (20x ExM")) require careful management of oxygen
removal (by nitrogen bubbling or purging) to avoid inhibition and to
ensure uniform polymerization and reproducible expansion factors.
To further guide selection, Table 1 provides a comparative over-
view of monomers, crosslinkers and initiators across major ExM formu-
las, including their effects on polymer quality and expansionisotropy.
For example, APS/TEMED offers fast, room-temperature initiation
but may lead to premature polymerization if not controlled; VA-044
enables slower, uniform gelationat-37 °C, improvingisotropy in thick
tissues but requiring temperature control and potentially generating
gas bubbles of various sizes in the gel®, causing scattering in some
imaging conditions.

Table 1| Comparative overview of gel polymerization strategies in major expansion microscopy variants

ExM variant/group Monomer Crosslinker Initiator/accelerator Degas? Duration Comment
composition
Classic (proExM'®, SA+AA Bis APS/TEMED No 37°Cfor2h Robust starting point;
Click-ExM°®', TREx'"® and predictable ~4-10x expansion
derivatives)
Thermal-initiated (MAP®, SA+AA (high AA Bis VA-044 (thermal) No 4°C for 8-12h and Applied for whole-organ
eMAP®?, and derivatives) in MAP/eMAP) then 37°C for 1-2h expansion; ~4x expansion;
temperature control needed;
may generate bubbles
High-swelling DMAA-based High DMAA+SA Self-crosslinking  KPS/TEMED or Yes RT for 6-24h High resolution (~10-20x);
(x10', 20x ExM™) by DMAA APS/TEMED oxygen-sensitive, requires N,
purging
Iterative/high expansion SA/AA (initial); Cleavable APS/TEMED No 4°C for 30min to Cumulative ~13-24x; complex
(iEXM™, ExR”, pan-ExM") varies in crosslinker or Bis overnight (or RT for and longer processing time
iterations 15min in pan-ExM) and
then 37°C for 1.5-3h
ZOOM®%/high-AA High AA Low Bis APS/TEMED No 40minto 3h atRT Tunable expansion factor up
hydrolysis approaches (post-hydrolysis) to ~8x via hydrolysis; requires
hydrolysis control
Tetra-gel*®/tetra-PEG Tetrahedral PEG Inherent to Click reactions Yes RT for2h Designed for isotropic,
monomers (non-radical) homogeneous hydrogel
networks; needs specialized
reagents
Magnify'®/MicroMagnify** ~ Low DMAA+high  Bis APS/TEMED No 4°C for 30min and ~11x for FFPE/pathogens; broad
SA/AA then 37°C overnight compatibility; optimize per
tissue
Photoinitiated group SA+AA PEGdiAcM LAP (photoinitiator, Yes 15min at RT and then ~4x with clearance;

(PhotoExM?'?) uv)

irradiated for 70's low-temperature gelation; UV
penetration limited in thick
tissues; uneven illumination

challenges

AA, acrylamide; APS, ammonium persulfate; Bis, N,N'-methylenebisacrylamide; DMAA, N,N-dimethylacrylamide; eMAP, Epitope-preserving Magnified Analysis of Proteome; ExM,
expansion microscopy; ExR, expansion revealing; FFPE, formalin-fixed paraffin-embedded; iExM, iterative expansion microscopy; KPS, potassium persulfate; LAP, lithium phenyl-2,4,6-
trimethylbenzoylphosphinate; MAP, Magnified Analysis of Proteome; PEG, polyethylene glycol; PEGdiAcM, PEG-diacrylamide; proExM, protein-retention ExM; RT, room temperature;
SA, sodium acrylate; TEMED, tetramethylethylenediamine; TREX, tenfold robust ExM; UV, ultraviolet.
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Staining strategies in ExM

Staining strategiesin ExM are critical toits success and can be catego-
rized into two main approaches: pre-expansion and post-expansion
staining. Each approach is tailored to specific methodological
requirements and sample characteristics.

Pre-expansion staining. Pre-expansion staining, in which samples
are labelled with fluorescent probes before hydrogel embedding and
expansion, is awidely used strategy in many ExM protocols, exempli-
fied by the classical proExM method™. This strategy is usually coupled
with proteinase K-based softening methods, as antibodies are in part
preserved during proteinase K digestion. Researchers canapply previ-
ously validated antibody markers, using standard immunofluorescence
procedures, and expect staining outcomes similar to their previous
tissue staining outcomes'". Furthermore, this approach effectively
preserves the signal from many genetically encoded fluorophores. For
instance, green fluorescent protein (GFP) has been reported to exhibit
good resistance to hydrogel polymerization and proteinase K-based
softening, retaining ~65% of its fluorescence after expansion'®®’,
However, akey consideration for thisapproachis the potential for
signal loss during processing. This can occur from two main sources:
damage tothe fluorescent dyes or fluorescent proteins themselves by
freeradicals generated during gel polymerization, and partial degrada-
tion of fluorophore-conjugated antibodies and fluorescent proteins
during enzymatic softening. Susceptibility to this degradation varies
substantially among different types of fluorescent dye and fluorescent
protein. For example, it was reported that some dyes, including Alexa
Fluor 488, Alexa Fluor 546 and ATTO 647N, retained more than 50%
of their signal strength through the proExM process, whereas others
such as Alexa Fluor 647 showed muchlower retention’. The same study
found that some common fluorescent proteins, including GFP, yellow
fluorescent protein, tdTomato and mCherry, retained more than 50%
of their initial fluorescence after the proExM protocol, whereas the
near-infrared fluorescent protein iRFP was less stable (although see
ref. 70 for an experiment set that showed lesser performance of red
fluorescent protein). The fluorophores summarized in Supplementary
Table 3 are specifically validated for their ability to survive the complete
pre-expansion staining workflow (for example, gel polymerization and
proteinase K digestion in proExM); some common dyes, such as Alexa
Fluor 647, show poor retention in this specific context. This limitation,
however, generally does not apply to post-expansion staining. In a
post-expansion workflow, the dyeis applied after all harsh processing
steps, so nearly any modern, bright fluorescent dye can be used success-
fully, including those that fail pre-expansion. Despite these considera-
tions, pre-expansion staining remainsacommon and reliable approach
for many applications when leveraging well-validated antibodies or
existing fluorescent protein expressionin abiological system.

Post-expansion staining. Post-expansion staining, which involves
labelling the sample after physical expansion, was a critical meth-
odological innovation in ExM. The concept was first introduced by
the foundational proExM' and MAP? protocols, which demonstrated
that antibodies could be applied after processing. This post-expansion
paradigm was quickly optimized by protocols such as U-ExM?, expan-
sion revealing (ExR)”, decrowding expansion pathology (dExPath)*
and Magnify". Unlike pre-expansion staining, this approachisincom-
patible with nonspecific protein-cleaving softening methods such as
those using proteinase K. Instead, post-expansion staining typically
requires that the hydrogel-embedded specimen be processed using

heat-induced denaturation, often with solutions containing surfactants
and denaturants, such as SDS and/or urea. Post-expansion staining
offers several key advantages. First, because the staining occurs after
hydrogel polymerization, the fluorophores are not exposed to potential
degradation from free radicals generated during polymerization®. Sec-
ond, the expansion process effectively decrowds densely packed pro-
teins, which canenhance antibody accessibility to previously sterically
hindered epitopes®. This often results in improved labelling density
and canyield stronger signals for the same protein targets compared
with pre-expansion staining’*”'. A high success rate for antibody
compatibility has been reported for this approach; for example, the
original MAP protocol found that ~-82% of the antibodies tested were
effective for post-expansionstaining®. Theimproved access provided
by decrowding can also reveal new staining patterns that were not
visible in unexpanded tissues, effectively convertinginvisible targets
into visible ones. For instance, the ExR protocol demonstrated that
post-expansion staining could unmask synaptic proteins withinintact
braincircuits that were previously inaccessible to antibodies, allowing
for the discovery of novel nanostructures, such as the nanocolumnar
organization of synaptic calcium channels”. Similarly, dExPath applied
tohumangliomaspecimensrevealed previously unobserved, disease
marker-positive cell populations by improving antibody access to
epitopes within densely packed tumour cells®. Careful controls may
berequired to ensure that such patterns are not caused by nonspecific
staining, such as comparison with known gene expression data, use of
multiple antibodies against the target or standard antibody controls
including blocking peptides or knockouts; the choice of control will
depend on the specific scientific question.

Pan-protein staining. Pan-molecular staining enables the visualiza-
tion of broad classes of biomolecules (all proteins) without specific
probes, producing EM-like structural contrast over thick 3D specimens.
Pioneered by methods such as Fluorescent Labelling of Abundant
Reactive Entities (FLARE)"?and pan-ExM?, this approach typically uses
small, reactive fluorescent dyes (most commonly NHS esters) applied
after expansion. These dyes covalently bind to abundant chemical
groups, such as primary amines on lysine residues on most proteins.
This strategy has two powerful benefits. First, itisagood starting point
for beginners; the resulting bright, high-intensity signal acts as a vital
counterstain, making it much easier to navigate the transparent gel
and locate sparser, antibody-labelled targets. Second, its widespread
adoptionunderscoresits power as adiscovery tool, enabling thereso-
lution of fine ultrastructural details — from the ninefold symmetry of
ciliaand nuclear pore architecture to individual protein shapes™ — sup-
porting applications across diverse and complex systems, including
protocols for connectomics (LICONN”), pathogens (MicroMagnify**
and U-ExM for yeasts), whole mouse bodies (whole-body ExM") and
plantroots’ 7%,

Choice of softening methods

The softening step in ExM is pivotal to ensure uniform and isotropic
expansion. Primarily, softening is used to break down intermolecular
interactions between molecules, thereby sufficiently disrupting cell
or tissue rigidity while preserving anchored biomolecules and main-
taining their relative spatial organization within samples. Depending
on the tissue type, organism and biological question, selecting the
appropriate softening method requires careful consideration, asboth
insufficient and excessive softening can compromise the success of
the experiment. Inthis section, the softening methods are categorized
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and discussed as two principal approaches: enzymatic digestion and
heat-induced denaturation.

Enzymatic digestion. Enzymatic digestionis awidely used methodin
ExM. Proteinase K (ProK) is the most used enzyme owing to its broad
substrate specificity and ability to fragment proteins, making it effec-
tive for mechanically softening cell and tissue samples. It is the stand-
ard choice for ExM protocols that use pre-expansion staining, as the
harsh enzymatic digestion destroys most protein epitopes, precluding
post-expansion antibody labelling, but antibodies, and many geneti-
callyencoded fluorophores, survive this process at least in part. As ProK
digestion does not target RNA or DNA, it is compatible with nucleic
acid anchoring protocols such as those used in EXFISH*, ExSeq* and
expansion spatial transcriptomics (Ex-ST?, ExXM combined with spatial
transcriptomics as performed in commercial platforms such as Visium,
whichslide-captures polyadenylated RNAs). For applications aiming to
preserve some epitopes for post-expansionimmunostaining, more spe-
cificproteases such as LysC and trypsin have been explored as gentler
alternatives to the broad-spectrum ProK™ ', Unlike ProK, which cleaves
proteinsin many locations, these enzymes are more specific. Trypsin,
forexample, only cuts a protein chain after specific amino acids (lysine
and arginine), whereas LysC is even more specific, cutting only after
lysine residues’®'. This high specificity means that they cleave pro-
teins much less frequently, resulting in fewer and larger protein frag-
ments. The rationale is that by keeping larger fragments intact, there
is a greater chance of preserving epitopes for subsequent antibody
binding, making them potentially suitable for some post-expansion
staining applications.

Many biological specimens contain structures, such as extra-
cellular matrices (ECMs) or rigid cell walls, that require specialized
enzymatic treatments in addition to standard softening methods to
achieve uniform softening and isotropic expansion. For animal tissues
richin connective proteins, the ECM composed of collagen, elastin and
fibronectin can physically resist expansion. Connective and structural
tissues suchasbone, cartilage, muscles, tendons and protective outer
layers in whole organs or whole organisms may not be fully digested
by proK treatment. Therefore, protocols designed for tough tissues
or whole organisms, such as expansion of Caenorhabditis elegans
(ExCel)®, tissue ultrastructure ExM (TissUExM)** and whole-body
ExM", incorporate anadditional collagenase digestion step, and other
specialized stepsto soften tough biomaterials of interest, to ensure uni-
formexpansion. ExCel used collagenase type VIl (enzyme that breaks
downcollagentypeslandlllin connective tissues) to thoroughly digest
the tough cuticle layer in C. elegans and showed improved isotropic
expansion compared with no-collagenase treatment®, Furthermore,
it was reported that the addition of collagenase VII helped digest the
developing skeleton in zebrafish embryosin TissUExM®’, Additionally,
hydrogel-embedded mouse embryos could be digested with cycles
of proK and collagenase, in addition to EDTA treatment to decalcify
bone, in the whole-body ExM protocol®. The combination of proK and
acollagenase mixture, and decalcification, helped digest tissues such
asbone, cartilage and muscle®.

Similarly, organisms with rigid cell walls require specialized
enzymes to degrade these protective barriers to ensure uniform sof-
tening and isotropic expansion. The choice of enzyme is dictated by
the specific composition of the cell wall, which varies across different
species. For plants, whose walls can contain cellulose, hemicellulose
and pectin, a cocktail of enzymes including driselase™”, cellulase””’®,
macerozyme’””® and/or pectolyase’” can help with digestion. In fungi

such as yeast, the cell wall can contain polysaccharides (such as glu-
cans and chitin) and proteins and can be digested using enzymes
such as zymolyase or lyticase®*¥. For bacteria, one structural com-
ponent can be peptidoglycan®*°. To degrade this layer and prevent
distortion during expansion, ExM protocols for both Gram-positive
and Gram-negative bacteria can use enzymes such as lysozyme and
mutanolysin***¢*8999 In general, if the composition of the mechani-
cally tough part of species, cell or tissue is known, and if there is a
targeted way of softeningit, it is often straightforward toincorporate
that as part of the softening step of ExM.

Heat-induced denaturation. Heat-induced denaturation offers an
alternative to enzymatic digestion for softening gelled tissues and cells
and is the standard for most modern protocols that require
post-expansion immunostaining. This approach relies on elevated
temperatures (70-121 °C) in the presence of chemical denaturants
and surfactants such as SDS™"**?, and reducing agents such as urea®,
B-mercaptoethanol®, dithiothreitol" and sodium sulfite*>®, to facili-
tate unfolding of protein structures and loosen the tissue structure”.
Compared with ProK digestion, this approach allows for proteins to
beretained inthe gel without being nonspecifically digested, enabling
post-expansion immunostaining.

The specific conditions are tuned to the sample type. For stand-
ard PFA-fixed cells or tissues, acommon conditionis 95°C for1hina
denaturation buffer containing alow concentration of SDS (less than
10%) and a reducing agent (such as dithiothreitol)"”". For more chal-
lenging, heavily crosslinked clinical FFPE tissues and stronger decrowd-
ing conditions, for example, high temperature and high surfactant
concentration, are required. For example, dExPath uses an autoclave
(121°C) with20% SDS, EDTA and the reducing agent -mercaptoethanol
toreducenon-covalentinter-proteinandintra-proteininteractions and
to cleave disulfide bonds between proteins in FFPE-preserved brain
tissues®. Asimilar strategy has been applied in high-expansion-factor
protocols such as Magnify, in which methacrolein-anchored tissues
(PFA-fixed cells or brain samples, FFPE tissues and multiple organs)
undergo heat denaturationinabuffer with10%SDS, 8 Mureaand 25 mM
EDTA at 80 °C for 36 h (ref. 15). This principle was further adapted in
MicroMagnify, which couples asimilar heat-induced denaturation step
with an additional cell-wall-digesting enzymatic cocktail**. Protocols
such as MAP*, Epitope-preserving MAP (eMAP)®? and U-ExM?* use
afixation step using formaldehyde and AA to reduce inter-protein
and intra-protein crosslinks, making subsequent heat-based soften-
ing highly compatible with antibody epitopes; U-ExM uses a similar
approach but with reduced formaldehyde-AA concentrations for
improved ultrastructure preservation.

Heat-induced denaturationis highly effective for post-expansion
immunostaining against most protein targets®*®, but researchers
should be aware of specific considerations for certain types of applica-
tions. For example, in experiments focused on RNA imaging, the high
temperature canlead to hydrolysis of RNA*, rendering protocols such
as EXFISH* or ExSeq® incompatible or diminished in signal quality.
Additionally, although this approach has shown to preserve the linear
amino acid sequences that form many epitopes, the denaturation
process can alter the 3D structure of proteins. This means that con-
formational epitopes (those dependent on the folded shape of the
protein) may be lost. Consequently, antibodies that bind to epitopes on
denatured proteins, such as those used for western blot, are preferred
candidates for post-expansion staining, whereas antibodies known to
target conformational epitopes may not be suitable.
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Results

Data acquisitionin ExM

Wide-field and confocal fluorescence microscopy. Wide-field and
confocal fluorescence microscopes are widely accessible, fast and com-
patible withcommon fluorescent dyes and labelling techniques, mak-
ing them well suited for visualizing expanded specimens. Wide-field
microscopy is often used for rapid, 2D imaging, whereas confocal
microscopy provides the optical sectioning necessary for detailed
3D structural imaging™'****%, The point-scanning confocal is a robust
workhorse for acquiring high-resolution Z-stacks. To enhance the
resolution and signal-to-noise ratio (SNR) of these systems, they are
oftencombined withimage-scanning microscopy (ISM) detection, such
as the Zeiss Airyscan, or equivalent technologies, such as Nikon AXR
with NSPARC, Olympus (now Evident) FV3000 with TruResolution or
FV-OSR (Optical Super Resolution) or Leica STELLARIS. ISM provides
al.5-1.7xresolution gain over standard confocal imaging, makingita
practical and widely used approach for EXM”. For applications prioritiz-
ing throughput and large-volume acquisition, spinning disc confocal
microscopes (such as Nikon with Yokogawa CSU-W1, Andor Dragonfly)
offer avaluable alternative. Although standard spinning disc systems
typically yield diffraction-limited resolution (-250 nm) — slightly lower
thanoptimized ISM set-ups — they utilize parallelized pinhole scanning
toachieve superior acquisition speeds, often one order of magnitude
faster than point-scanning systems’*”.

Choice of objectives. For the imaging step, although a standard
confocal or wide-field microscope is sufficient, optimizing for thick,
expanded samplesrequires specifichardware considerations. Because
the expanded hydrogelis ~99% water (with arefractiveindex, R1-1.33),
standard high-numerical aperture (NA) oil immersion objectives
(RI-1.52) will suffer from severe spherical aberrations when focusing
deep into the sample. Therefore, the use of a long working distance
(LWD) water-immersion objective is a critical and highly recom-
mended practice. These objectives are designed to match the Rl of
the sample, minimizing aberrations. They also offer a substantially
longer working distance to accommodate the thick, expanded gel.
For example, a typical 40x high-NA oil objective may have a work-
ing distance of only ~0.15-0.21 mm, which is insufficient for imag-
ing deep into a multi-millimetre thick gel. By contrast, a comparable
40xwater-immersion objective can offer aworking distance of ~0.6 mm
or more —athreefold to fourfold increase. This extended working dis-
tanceis essential for maintaining focus and achieving high resolution
deep within thick, expanded specimens.

Light-sheet fluorescence microscopy. Light-sheet fluorescence
microscopy (LSFM) is increasingly used for ExM, for large samples
and correspondingly large volumetric datasets. By illuminating the
sample with a thin sheet of light perpendicular to the detection axis,
LSFM offers very rapid acquisition speeds and reduced photobleaching
compared with point-scanning confocal microscopy, making it well
suited for imaging the large, transparent volumes possible with ExXM
samples’®**?’, One potential concern s the poorer resolution of some
light-sheet systems compared with confocal, especially whenvery large
volumes are beingimaged, and correspondingly LWSs are being used.
The core consideration is how to balance imaging speed, resolution and
volume acquired, to meet the needs of the scientific question at hand.

Optimizing imaging protocols. Achieving good image quality in
ExM requires careful calibration of microscope settings to balance

resolution, SNR and photobleaching'®. A critical factor is the choice

of microscope objective, as its properties — NA, working distance and
immersion medium — directly dictate the achievable optical resolution
andthe ability toimage deep into the expanded sample. The NA deter-
mines the light-gathering ability and ultimate resolution of the objec-
tive; a higher NA yields better optical resolution. Water-immersion
objectivesare strongly preferred for EXM. First, they are often designed
for longer working distances compared with high-NA oil objectives,
which helps with focusing deep into a physically thick, expanded
hydrogel. Second, the immersion medium (water) closely matches
the Rl of the expanded gel, which is mostly water. This Rl matching is
crucial for minimizing spherical aberrations — optical artefacts that
canseverely degrade image quality and resolution whenimaging deep
into the sample.

Once anobjective is chosen, theillumination power (fromalaser
or light-emitting diode or other light sources) should be adjusted to
provide sufficient fluorescence intensity without over-illuminating
the sample, as excess energy can lead to photobleaching. Similarly,
cameraexposure time or pixel dwell time must be carefully managed;
prolonged exposure can enhance signal but also could increase pho-
tobleaching. Giventhe volumetric dilution of fluorophore by the cube
of the expansion factor, and the potential for fluorophore loss, label
quality should be as good as possible, in addition to the optical con-
siderations mentioned earlier'®*>', For 3D imaging, the choice of
Z-stackintervalis crucial®”. To accurately capture the data, the interval
shouldbe smaller than the optical section thickness of the microscope,
adhering to the Nyquist sampling criterion'®®. This ensures that the
final dataset faithfully represents the expanded sample, especially in
regions with densely packed labelled structures.

The effective resolution in ExM is determined by the interplay
between the physical expansion factor and the optical resolution of
the microscope, typically ranging from ~15 nm to 75 nm for common
protocols (4-20x expansion) on standard confocals (-300 nm optical
limit). For instance, a 4x expansion yields -75 nm effective resolution,
whereas 10-20x expansion can achieve ~15-30 nm, although practical
limits also depend on labelling density and linkage error (fluorophore
size relative to target). Although not yet ubiquitous, combining ExXM
with established super-resolution techniques, such as STED?-%104-107,
SIM (structuredillumination microscopy)'®*™"2, SMLM (stochastic opti-
cal reconstruction microscopy (STORM) and photoactivated localiza-
tion microscopy)'™* ', super-resolution radial fluctuations* and SOFI
(super-resolution optical fluctuation imaging)™>'”’, has become a useful
strategy to further enhanceresolution, often by 2-10x beyond ExM com-
bined with diffraction-limited microscopes, enabling sub-10 nmimag-
ing in diverse samples (Table 2). For example, ExM + SIM (ExSIM'°%1)
at -3.5x expansion routinely achieves ~30 nm lateral and ~75 nm axial
resolution with low (-2%) distortion, whereas ExM + STED (EXSTED'**) at
~4x can reach sub-10 nm lateral resolution in microtubules or spectrin
rings —and down to <9 nmwith amplification —although photobleach-
ing and labelling density remain constraints. ExXM combined with
SMLM - often with post-labelling to minimize linkage error — achieves
~10 nmresolution at-2.5-4x expansion'”, with iterative variants (>20x)
approaching molecular-scale precision. These hybrids leverage physical
decrowding of ExM to improve probe access and reduce demands on
super-resolution hardware (for example, lower STED powers), making
them suitable for thick tissues (see Table 2 for more examples).

Navigating expanded samples. Expanded samples are highly trans-
parent, with anRlI close to that of water'®'*"°, Although this facilitates
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Table 2 | Advances involving combining expansion microscopy with other techniques

Technique Expansion factor Resolution Note

ExM combined with super-resolution imaging techniques

ExM+STED?92104107 ~4-10% ~20-40nm Combines ExM with STED to achieve fine-scale nanoscale resolution

ExM+SIM'05-"12 ~3-4.2x ~30nm Hybrid ExM-SIM methods for fine-scale sub-diffraction limit
resolution

ExM+SMLM (for example, STORM ~2.37-4x% ~15-25nm Combines ExM with localization microscopy for precise

and PALM, etc.)"*"" molecule-level imaging

ExM+SRRF" ~4.5x Upto15nm Combines ExM with SRRF or SOFI fluctuation analysis

ExM+SOFI™5% ~4x (ExSOFI)-11x(Magnify)

ONE™ ~10x ~Tnm Combines x10 ExM with SRRF fluctuation analysis to resolve
individual protein shapes

ExM combined with vibrational imaging

MAGNIFIERS'®® ~7.2x ~41nm Enables super-resolution vibrational imaging with ExM

VISTA™617 ~Ax ~78nm Combines vibrational signals with ExM for high-resolution, label-free
imaging

ExM combined with spatial omics techniques

ExSeg® ~3.3-3.5x ~70-100nm Integrates ExM with in situ sequencing for spatially resolved
transcriptomics

EASI-FISH®® ~2-3x ~100nm Combines ExM with FISH and deep-learning segmentation for thick
tissue spatial organization analysis

Ex-ST” ~2.5x% 20um Combines ExM with spatially resolved transcriptomics assay V for
high-resolution spatial transcriptomics

Expansion MERFISH? ~2x ~174nm Combines ExM with MERFISH for high-throughput spatial
transcriptomics

ExM combined with mass spectrometry imaging

EXM+LC-MS/MS** Up to 3x ~330pum Integrates ExM with LC-MS/MS for spatial proteomics analysis

ProteomEx>®® ~160 um (ProteomEx)

GAMSI**® Up to 6x ~880nm Combines ExM and MALDI mass spectrometry imaging for
sub-micrometre spatial analysis

TEMI?** ~3.5x ~3um Combines ExM and LC-MS/MS for high-resolution spatial

multi-omics profiling

EASI-FISH, expansion-assisted iterative fluorescence in situ hybridization; ExM, expansion microscopy; ExSeq, expansion sequencing; Ex-ST, expansion spatial transcriptomics; GAMSI, gel-assisted
mass spectrometry imaging; LC, liquid chromatography; MALDI, matrix-assisted laser desorption; MERFISH, multiplexed error-robust FISH; MS, mass spectrometry; ONE, one-step nanoscale
expansion; PALM, photoactivated localization microscopy; SIM, structured illumination microscopy; SMLM, single-molecule localization microscopy; SOFI, super-resolution optical fluctuation
imaging; SRRF, super-resolution radial fluctuation; STED, stimulated emission depletion; STORM, stochastic optical reconstruction microscopy; TEMI, tissue-expansion mass spectrometry.

light-sheetimaging, evento the point of not requiring adaptive optics
in some cases’’, this can present challenges in navigating the sample
and locating specific regions of interest. Strategic sample preparation
can mitigate these difficulties. For example, cutting the gel (at a site
outside the biospecimenitself), to result in an asymmetric gel shape,
canallow for quick orientation’®. Another useful technique is toacquire
alow-magnification map of the whole specimen, before zooming in
with a higher magnification®"®, This can be useful for calculating the
expansion factor, by dividing the size of a landmark taken with low
magnification, pre-expansion versus post-expansion.

Additional considerations for high-resolution imaging. Expanded
samples often require specific mounting strategies to ensure stabil-
ity during imaging'’. Because the expanded hydrogel is composed
of more than 99% water, it is more physically delicate than the origi-
nal specimen (although with proper handling, it can be reasonably
robust), and because of its neutral buoyancy, it can drift in the imag-
ing dish during long acquisitions. This movement, even if subtle, can

introduce motion artefacts in the image. Most users will thus want to
firmly immobilize the gel before imaging®°. One effective method is to
embed the expanded ExM gel within a secondary, more rigid gel. This
typically involves placing the expanded sample in the imaging dish
and then carefully surrounding it with alow-concentration (-0.5-1%)
low-melting-point agarose gel’. Once solidified, the agarose provides
astable matrix that holds the delicate ExM gel in place. Another widely
used approach” s to coat the glass surface of the imaging dish or cov-
erslip with an adhesive molecule, such as poly-D-lysine. The surface
is treated with poly-D-lysine solution and allowed to dry, creating a
positively charged layer. The negatively charged expanded hydrogel
can then be carefully placed onto this coated surface, where it will
adhere, preventing it from drifting during imaging. Owing tothe large
physical size of expanded samples, an entire region of interest may
not fit within a single microscope field of view. In such cases, acquir-
ing multiple adjacentimages (tiling) and computationally combining
them (stitching) can help to create asingle, seamless, high-resolution
image of the entire area.
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Computational tools for data analysis

The computational analysis of data from ExM experiments is
generally analogous to that for data acquired from conventional
diffraction-limited 3D fluorescence microscopy. The workflow typically
involves stages such as stitching and assembly, image preprocessing
(background subtraction and denoising), 3D visualization, segmenta-
tionand tracing (as needed) and quantitative analysis (as determined
by the scientific question at hand). All spatial measurements must be
scaled by the determined expansion factor to ensure that reported
dimensions reflect true biological scale. Although imaging large,
expanded volumes can generate substantial datasets, particularly
when using high-speed methods such as light-sheet microscopy, the
analytical tools and pipelines are often similar inapproach to those that
researchers would use for other volumetricimaging data'. Effectively
handling of these datasets may require researchers to utilize multiple
software packages specialized for various tasks.

Image preprocessing and visualization. Acommon first stepin ExM
data analysisinvolves image preprocessing. Many routine tasks, such
as background subtraction, denoising and histogram scaling, can
be performed using widely available open-source software such as
Fiji (ImageJ). Available plugins allow researchers to perform func-
tions such as stitching overlapping image tiles'”. All image process-
ing steps should be disclosed in publication and consider biological
context to avoid introducing artefacts or removing relevant signals.
Furthermore, for analyses specific to ExM, such as quantifying spatial
distortion when a new ExM protocol is being invented”” or perform-
ing fluctuation-based super-resolution imaging (for example, SOFI”),
research groups have developed custom scripts. These tools are often
written in MATLAB or Python and are frequently deposited in public
repositories such as GitHub, allowing other researchers to download
and adapt them for their own use'$*¢"7,

During preprocessing, initial checks for isotropy — the uniform
expansion across dimensions — can be integrated into data assem-
bly workflows to flag potential issues early. For instance, simple
landmark-based comparisons in Fiji can estimate local expansion fac-
torsand identify potential cracks that suggest insufficient softening or
other issues upstream. If anisotropy is detected (via uneven scaling),
re-optimization of softening or gelation steps may be required before
final analysis.

For visualization tasks, including generating 3D renderings,
sometimes software accompanying the microscope system itself
(such as Nikon Elements) may be relevant. For researchers requiring
more advanced rendering options or quantitative analyses, such as
object segmentation and measuring spatial relationships, plugins for
open-source packages, custom open-source software and commer-
cial software (such as Imaris) can offer capabilities and user-friendly
interfaces for such tasks'**'>,

Beyond these general-purpose tools, several plugins and
stand-alone software packages have been developed to address chal-
lenges specific to large-scale datasets obtainable via ExM. For example,
the Fiji plugin BigStitcher®'** may be useful for reconstructing large
datasets by stitching overlapping image tiles, deconvolving signals and
registeringimage series. Other tools may address issues such as sample
drift, such as 3D-Aligner'?* and ExM studio'®. Such specialized tools
may help with projectsinvolving very large, multi-tile datasets or when
trying to correct for motion artefacts during long imaging sessions.

Theauthors ofthis Primer have not hands-ontested all these tools —
acaveatthatholdsformany of the wet laboratory procedures aswell —so

we recommend that researchers evaluate their specific utility and
performance for their own experimental context.

Applications

ExM has enabled discoveries across a wide range of biological fields
by providing nanoscale resolution on conventional microscopes. The
building blocks of life, biomolecules and their relative organization
and the distances over which they interact are nanoscale. The rapid
adoption of ExXM over the past decade to answer biological questions
hasunlocked many discoveries by allowing researchers toidentify, and
localize, biomolecules in their specimens.

Applicationsin cellular and structural biology

The inner workings of a cell are orchestrated by biomolecules, often
organized in organelles or other structural compartments with
nanoscale organization. ExXM makes these structures accessible to
conventional fluorescence imaging and enables new insights into
fundamental biological processes.

Molecular organization of nuclear components. Inside the cell
nucleus, the eukaryotic genome is compacted into chromatin,acom-
plex of DNA and proteins. This organization is hierarchical, starting
fromthe10-nmnucleosome (‘beads-on-a-string’), whichfoldsinto com-
plex higher-order structures that ultimately form micrometre-scale
chromosome territories'®. The way chromatin is organized regulates
which genes are turned on or off, often through chemical modifica-
tions to histone proteins that act like a regulatory code'” %, Although
sequencing-based assays can identify which histone modifications are
present across the genome, they do not reveal their physical, spatial
arrangement along the chromatin fibre. EXM helps to bridge this gap.
Forexample, an EXM method for epigenetics was developed to spatially
map multiple histone modification patterns onindividual genes within
single cells*. This approach made it possible to directly visualize how
different epigenetic marks were arranged on both housekeeping and
developmentally regulated genes, revealing cell-to-cell variability
in these nanoscale patterns. To study the transcriptional machinery
itself, ChromExM was developed and applied to zygotic genome
activation, in which embryos are reprogrammed to become zygotes.
ChromExM was used to map transcription factors, nucleosomes and
RNA polymerasell, visualizing the transcriptional machinery (Fig. 3a).
The images produced resulted in a new hypothesis that they call the
‘kiss and kick’ model, in which certain DNA contacts (enhancers and
promoters) are transient, and transcription terminates the contact®"*°.
More recently, ExM with in situ genome sequencing has been used to
connect abnormalities in the nuclear lamina (a protein network pro-
viding nuclear structure) to disruptions in chromatin organization
and genesilencing®.

Resolving centriolar ultrastructure with ExM. The centrioleis a
cylindrical organelle thatis a core component of the centrosome, the
main microtubule-organizing centre in animal cells. A mammalian
centrioleisaninefold triplet microtubule organizedin acircular, radial
arrangement, measuring about 400-450 nm long and 200-250 nm
wide™. Although the overall size of the centriole is above the diffrac-
tion limit, the nanoscale spatial arrangement of its constituent pro-
teins, such as theinternal cartwheel (a scaffold-like protein assembly
atthebase thatestablishes the ninefold symmetry) and the organiza-
tion of microtubule triplets — three closely associated microtubules
(A,Band Ctubules) that form the cylindrical wall of a centriole — can
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Fig.3|Novel biological findings using expansion microscopy. a, Visualizing
the machinery of gene expression. Representative image (left) of a nucleus from
azebrafish embryo (acommon model organism) obtained using chromatin
expansion microscopy. Zebrafish embryos were stained for the transcription
factor Nanog (blue), RNA polymerase Il (yellow) and DNA (purple). Zoomed-in
views (right column) show corresponding yellow and magenta boxed regions
from the leftimage; each shows varied chromatin organization based on
enrichment of either Nanog or RNA polymerase Il. Arrowheads indicate regions
enriched for either Nanog (hollow arrowheads) or RNA polymerase Il (solid
arrowhead). Scale bar, 1 um (left), 500 nm (yellow box), 100 nm (magenta box), in
biological scale. b, Mapping sub-elements of a centriole. Side-view (top row) and
top-view (bottom row) images of eight centriolar proteins during the assembly
process in human osteosarcoma U20S cells using ultrastructural expansion
microscopy (U-ExM). Each column represents U20S cells co-stained for tubulin
(magenta) with CEP63, CCDC77, CEP44, CEP135, y-tubulin, C2CD3, CP110 or
CEP164. Scale bar, 200 nm (top row) and 100 nm (bottom row), in biological

CCDC77
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scale. ¢, Revealing the cytoskeleton of parasites. U-ExM image of a Plasmodium
berghei ookinete immunostained for tubulin (magenta) and stained with
N-hydroxysuccinimide ester dye (grey). The image of expanded parasite ookinete
uncovers the apical tubulin ring (ATR), a conoid-like structure previously thought
to belostin this lineage. Scale bar, 1 um (top image), 500 nm (bottom row).

d, Visualizing the transcriptome inside a single bacterium. Images of Escherichia
colicells showing individual RNA molecules identified using multiplexed error-
robust fluorescence in situ hybridization (MERFISH) in bacteria combined with
tenfold robust expansion microscopy. The 50-fold (left column) and 1,000-fold
volumetric expansion (right column) allow the physical separation and
detection of transcripts. Top and bottom rows represent MERFISH signals and
identified transcripts, respectively. Scale bar, 20 pm, in physical scale. NHS,
N-hydroxysuccinimidyl. Part aadapted with permission from ref. 31, AAAS.

Part b adapted with permission from ref. 132, Elsevier. Part cadapted from
ref.144, CCBY 4.0. Part d adapted with permission from ref. 90, AAAS.

typically only be resolved by electron microscopy™. ExM provides a

powerful way to visualize this intricate architecture with molecular
specificity. For example, by applying U-ExM to centrioles isolated
from Chlamydomonas (asingle-celled green alga often used as amodel
organism for studying centrioles), researchers were able to resolve the
ninefold symmetry of microtubule cylinders with nanoscale precision
comparable tothatachieved by direct stochastic optical reconstruc-
tion microscopy, a classic super-resolution technique that builds
an image by precisely localizing individual fluorescent molecules®.
When combined with STED, the same study visualized the microtu-
bule triplet structure, a feature typically resolved only by electron
microscopy?®. Beyond static architecture, ExM has been used to map
the dynamic process of centriole assembly. Centriole duplicationisan
essential process that ensures the fidelity of chromosome segregation
during cell division. U-ExM was used to map the precise nanoscale

distribution of 21 different centriolar proteins (some of which are
showninFig.3b) throughout the assembly process. By correlating the
spatial location of these proteins with structural features over time,
they reconstructed a4D model (a3D model thatalsoincorporates the
dimension of time) to reveal the chronological sequence of human
centriole growth',

Nanoscale microbiology with ExXM

In the field of microbiology, a central challenge is imaging viruses,
microorganisms and their subcellular components, which are often
at or below the resolution limit of conventional light microscopy.
Detailed structural analysis has been limited to either electron micros-
copy, which provides nanoscale resolution but struggles with specific
biomolecule identification, or standard fluorescence microscopy,
which provides molecular identity but lacks sufficient resolution'*,
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Optical super-resolution techniques such as SMLM and STED have
been instrumental in bridging this gap — revealing the nanoscale
organization of structures such as the bacterial cytoskeleton*',
However, these methods often require specialized microscopes, spe-
cific fluorophores or high laser powers, and achieving high-quality 3D
super-resolution deep within complex microbial communities such as
biofilms remains a hurdle'”'**, By physically enlarging these small cells,
ExM provides an alternative route to nanoscale imaging that is compat-
ible with standard fluorescent labels and conventional microscopes.
Beyond the analysis of single organisms, ExM is also proving tobe a
valuable tool for studying microorganisms in more complex environ-
ments, such as those involved in bacterial biofilms**"* and amidst
host-pathogen interactions***>14°,

Nanoscale imaging of parasites. In parasitology, a key challenge
has been to visualize the precise location of specific proteins within
organisms. ExM addresses this by providing both nanoscale reso-
lution and molecular specificity through fluorescence labelling,
enabling researchers to investigate parasite ultrastructure, devel-
opmental stages and key molecules involved with various biological
processes™'. Amajorapplication has been inresolving the cytoskeletal
structures critical for parasite motility and invasion. For instance,
in Toxoplasma gondii (a single-celled parasite that can infect some
warm-blooded animals), U-ExM was used to map the apical polar
ring, a microtubule-organizing centre essential for motility. These
studiesidentified new structural proteins and revealed how they form
amultilayered scaffold that is crucial for the ability of the parasite to
move and invade host cells'***2, Similarly, in the intestinal parasite
Giardia lamblia, combining ExM with SIM produced highly detailed
images of the network of acetylated tubulin'®®. ExM has also provided
new insights into the dormant stages of parasites that are critical for
chronic infection. Toxoplasma, for example, can form a protective,
dormantstructure called a cyst within host tissue. The dense cyst wall
is difficult to study with conventional methods. By using an enhanced
U-ExM protocol, researchers were able to visualize the nanoscale
organization of proteins within the wall*. They discovered that a key
secreted protein, previously seen as asmooth signal'*®, forms distinct
punctate structures distributed throughout the cyst wall matrix. For
Plasmodium (the parasite that causes malaria), U-ExM was used to show
that the Plasmodium ookinete retains a vestigial apical tubulin ring,
consistent withareduced conoid-like structure previously thought lost
in this lineage™* (Fig. 3c). Additionally, researchers have used U-ExM
to generate a detailed atlas of its development inside red blood cells,
cataloging the changing architecture of 13 different organelles and
structures across its life cycle'’. This provides a valuable reference
for understanding parasite cell biology, potentially yielding new drug
targets.

Resolving bacterial organization from single cells to communi-
ties. An Escherichia coli cell in its logarithmic growth phase contains
thousands of transcripts within a volume of just a few cubic micro-
metres, a density that makes it difficult to resolve individual RNA
molecules with conventional microscopy’*'*. Although bacterial
single-cell RNA sequencing can profile these transcripts, it loses all spa-
tialinformation. To address this, ExXM was combined with multiplexed
error-robust FISH (MERFISH) to spatially map transcripts in single
bacterial cells” (Fig. 3d). This study revealed previously unappreciated
intracellular localization patterns for many transcripts. When applied
tothe gut commensal bacterium Bacteroides thetaiotaomicron within

mouse colontissue, the technique showed how these bacteriafine-tune
their gene expression depending on their specific location within
the colon®’. ExM has also been used to analyse bacterial biofilms. For
example, by expanding a multispecies biofilm, researchers were able to
perform proximity analysis at the single-cell level. Their results showed
thatinacommunity of three oral bacteria, one species (Fusobacterium
nucleatum) was in much tighter physical association with a second
species (Streptococcus sanguinis) than with the third (Streptococcus
mutans), suggesting stronger adhesive interactions between themand
providing insights into how the biofilmis structured.

Nanoscale neuroanatomy with ExM

Neuroscience has benefited from ExM because many key neuronal
structures, such as the synapses that mediate communication
between neurons, are too small to be resolved by diffraction-limited
microscopy”'®'*7114¢_ ExM has helped with the probing of synaptic
protein synthesis®**, neuronal transcriptome mapping>***"1*8, con-
nectomics (comprehensive mapping of how individual neurons are
connected to one another)*7°7>1201* and synaptic plasticity™.

ExM to study local protein synthesis. Although neurotransmission
relies on local protein synthesis, whether it occurs in presynaptic
terminals of mammalian neurons was difficult to explore using tra-
ditional means such as electron microscopy*”*°"**, ExM was used to
demonstrate the presence of ribosomes and mRNAs in axon terminal
of neurons of the mouse brain and characterize their distributions
in excitatory and inhibitory presynaptic terminals®. More recently,
tenfold robust expansion was used in combination with STED and
SMLM to reveal that axonal endoplasmic reticulum tubules (structures
themselves at 20-30 nmin diameter) are frequently in physical contact

with ribosomes, often in an activity-dependent manner®*,

Mapping brain connectome. A foundational goal in neuroscience is
to map the brain’s connectome, its comprehensive wiring diagram.
This has been challenging owing to the difficulty of tracing densely
packed axons and resolving individual synapses™’. Traditionally,
the domain of electron microscopy, ExM, offers a potentially more
accessible and higher-throughput approach for mapping brain cir-
cuits at single-synapse resolution across various species, including
zebrafish, mice, Drosophila and C. elegans'>'**>7>883120158 'ExM ena-
bles high-resolution imaging of brain circuits in large volumes using
standard confocal microscopy. For example, the proExM protocol
has been successfully applied to brain tissue where individual neu-
rons were colour-coded using Brainbow, a genetic labelling strategy
that expresses unique combinations of fluorescent proteins in each
neuron"°, The proExM protocol allows for both the preservation of
the native fluorescent protein signal and subsequent signal amplifica-
tion using antibodies that target the fluorescent proteins themselves
(anti-FP antibodies). This combined approach made it possible to
acquire multicolour, super-resolved images of densely labelled circuits
withan effective resolution of 70 nm after expansion'®. Another poten-
tialadvantage s its ability to accelerate the pace of connectomic data
acquisition. For instance, by combining ExM with lattice light-sheet
microscopy (EXLLSM)”°, researchers were able to complete two-colour,
high-resolution imaging of the Drosophila central complex in less
than 3 days. In arelated study using EXLLSM, researchers imaged the
Drosophila central complex andidentified both electrical and chemical
presynaptic and postsynaptic sites across asubstantial brain volume,
aprocess that would have taken many months with traditional electron
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microscopy?’. A technique called multiround immunostaining EXM
(miriEx) has been combined with Brainbow'”°. By integrating miriEx
with this dense colour coding, researchers have been able to profile
single-neuron morphologies and their connectivity with molecular
information, all within the same brain section in a mouse model'*.
More recently, light-microscopy-based connectomics (LICONN)”
hasbeenreported, via applying aniterative expansion approach with
ageneral ‘pan-protein’ stainto reconstruct dense brain circuitry. This
method combines manual tracing with deep-learning algorithms
to yield automated tracing and ultimately a molecularly annotated
reconstruction of axons and dendrites throughout a volume” (Fig. 4a).
Similarly, pan-ExM of tissue (Pan-ExM-t), an adaptation of pan-ExM,
also demonstratesits ability to provide rich molecular content of indi-
vidual synapses and tracing neuronal circuitry, even withoutapplying
deep-learning-based segmentation™.

Visualizing the nanoscale basis of disease

Inpathology, ExM allows for the visualization of subtle, disease-related
changesin cellular and tissue architecture that are below the resolution
limit of conventional light microscopy'~***!. Animportant factor driv-
ing its adoption in biomedical researchis its compatibility with clini-
cally relevant FFPE tissue samples, enabling high-resolution studies on
archival specimens exhibiting a wide range of diseases'*?% #1444547161162

Cancer. Many morphological and molecular changes that distinguish
cancerous fromnormal tissue occur at ascale below the diffraction limit
of conventional microscopy; such changes have been explored using
electron microscopy and super-resolution techniques'®*™®, To date,
many types of cancers, such as glioma®*, prostate", lung'**?, colon™,
ovary", liver'*, colon™, kidney"#*1*'"° and metastatic breast cancer*>'*,
have been characterized in their morphological and cellular changes
viaExM. For example, ExXM combined with SRRF revealed disorganized
cytoskeletal networks in glioblastoma tumour cells, the most aggres-
sive form of glioma®* (Fig. 4b). ExM was also used to visualize and
characterize the interactions between tumour spheroids (serving as
in vitro models of solid tumours) and immune cells. For instance, ina
renal cell carcinoma tumouroid co-culture system, ExM was used to
reveal immune cell infiltration patterns, demonstrating how natural
killer (NK92) cells expressing cytosolic GFP navigate and distribute
themselves throughout the tumouroid volume*’. Spatial gene expres-
sion analysis of ametastatic breast cancer biopsy sample using ExSeq
resolved heterogeneous clusters of tumour cells, immune cells and
fibroblast cells within the tumour microenvironment?. Owing to its
high resolution, ExSeq can identify how gene expression in one cell
type changes when it is physically close to another. For instance,
ExSeq identified hypoxia-inducible factor-1a (HIF1A), a gene com-
monly associated with metastasis and a predictive marker for therapy
resistance”'”?, to be overexpressed in tumour cells only when adjacent
to cancer-associated fibroblasts”'** (Fig. 4c). ExM has been used to
resolve theimmunological synapse (-15-nminterface’”) between acti-
vated lymphocytes and target cells'. For example, cryo-ExM*® was used
to visualize lytic contents in the synapse between an activated T cell
and a chronic myeloid leukaemia cell, including the T cell’s granzyme
B and perforin-containing granules aimed towards the cancer cell'”*.

Neurodegeneration. Alzheimer disease, acommon neurodegenera-
tive disease that causes dementia, is associated with the deposition
of extracellular amyloid-B (AB)-containing plaques, including vas-
cular Ap deposits, which were poorly resolved by diffraction-limited

microscopes”>7¢, EXM combined with SRRF has revealed deposition
of microvascular AB depositsin the human Alzheimer disease brains*.
Additionally, other EXM methods have been used to visualize patho-
physiological markers in human and mouse brains, showing the distri-
bution and organization of AB plaques and a-synuclein aggregates of
Alzheimer disease and Parkinson disease, respectively®**. A variant of
ExPath, termed dExPath, has been used to assess amyloid plaques in
Alzheimer disease®””’. dExPath was used to spatially map herpes sim-
plexvirus1(HSV-1) proteins in Alzheimer disease human brain samples
and HSV-1-infected human brain organoids. Although aggregates of
hyperphosphorylated tau (p-tau) and Ap plaques may contribute to the
pathogenesis of Alzheimer disease, their fine structure and interactions
with other molecules are often beyond the resolution of conventional
microscopy. dExPath showed the nanoscale colocalization of p-tau,
but not Ap plaques, with a HSV-1 protein in the entorhinal cortex and
hippocampus in human brain samples®'”’ (Fig. 4d).

Infection. ExM enables investigation of bacterial and parasitic infec-
tions with nanoscale resolution. One application is tracking how
pathogens build themselves using host materials. For example,
sphingolipid-ExM was used to investigate whether bacteriaincorporate
lipids from host cells into their own membranes*®; infected human cells
were supplied with a modified host lipid (a ceramide) that could be
fluorescently labelled. Using ExM, they were able to visualize these host
lipids beingincorporatedinto both the inner and outer membranes of
Gram-negative bacteria such as Neisseriagonorrhoeae. This approach
provided sufficient resolution to measure the ~-30 nm distance between
the two bacterial membranes, which previously required electron
microscopy*. Functional interactions between immune cells and
pathogens have also been visualized using ExM. For instance, ExXM was
used toimage animmunological synapse —in this case, the nanoscale
interface in which a natural killer immune cell physically contacts a
fungal hypha of Aspergillus fumigatus*. The high-resolution images
revealed the polarization and release (or degranulation) of lytic gran-
ules, containing toxic proteins such as perforinand granzyme B, from
the naturalkiller cell directly onto the fungus. The study observed that
this was associated with visible damage to the mitochondria within
the fungus near the synapse, consistent with the killing effect of the
immune response®’.

Reproducibility and data deposition

Expected effective resolution and imaging time

InExM, the final effective spatial resolution is not determined by asin-
gle factor butis afunction of the physical expansion factor combined
with the optical resolution of the microscope used forimaging®'°. For
example, astandard confocal microscope with alateral optical resolu-
tion of ~300 nm, when used to image a sample expanded by a factor
of 4x, will yield an effective lateral resolution of 75 nm (300 nm/4).
If the same microscope is used on a sample expanded 10x, the effec-
tive resolution would be 30 nm. Furthermore, if a higher-resolution
imaging system, such as a spinning disc confocal with deconvolution
that achieves ~150 nm optical resolution, is paired with a 10x expan-
sion protocol, the effective resolution would be ~15 nm (ref. 15). It is
importanttoremember that the practical resolutionis also limited by
thelabelling density, and the linkage error — that s, the size of the label.
Ifthe physical distance between the target biomolecule and the fluoro-
phore’sanchor point to the hydrogel, is substantial (most commonin
pre-expansion labelling, but also a possible concern for post-expansion
labelling), this would set a limit on localization precision.
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Fig. 4| Novel biological findings using expansion microscopy. a, Three-
dimensional reconstruction of a neural connection. A 3D model of amurine
hippocampal neuron’s signal-receiving branch (a dendrite) showing its
connections (synapses) with other neurons. Murine brains, subject to an
iterative expansion microscopy (ExM) approach, wereimmunostained with
presynaptic bassoon (cyan) and postsynaptic SHANK2 (red). The magnified
views show synaptically connected boutons. Scale bar, 10 pm, in physical
scale. b, Comparing healthy versus cancerous cell structures. Images, acquired
using ExXM combined with super-resolution radial fluctuations, comparing the
normal cytoskeleton of a healthy human astrocyte (top) with the disrupted
cytoskeleton of an aggressive brain cancer cell (glioblastoma, bottom) in the
same sample from a patient with glioblastoma. Cytoskeletal filament network
(immunostained for E3 ubiquitin ligase MIBI1, green) in the proliferative

cancer cell (bottom, immunostained for glial fibrillary acidic protein, orange)
is visibly disorganized, compared with the normal cytoskeleton in the non-
proliferative healthy astrocyte (top, orange). Scale bar, 10 pm, in biological
scale. ¢, Quantifying cell states in cancer. Images of expanded metastatic breast
cancer biopsy sample using expansion sequencing showing transcripts of
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tumour and immune cells. The physical expansion allows for identification and
quantification of gene expression changes when different cell types are in close
proximity to one another. In the top row, B cells are overexpressed in a biomarker
for disease progression, SIO0AS8, when adjacent to epidermal growth factor
receptor-positive (EGFR") tumour cells. In the bottom row, ALDHIA3" tumour
cells are overexpressed in the predictive marker for therapy resistance, HIFIA,
whenisin close proximity to cancer-associated fibroblasts. Solid arrows indicate
cellsin close proximity; hollow arrows indicate cells not in close proximity.

Scale bar,10 pm, in biological scale. d, Mapping molecular interactions in
neurodegeneration. Images from human brain samples with advanced Alzheimer
disease immunostained for herpes simplex virus 1 proteins (HSV-11CP27),
hyperphosphorylated tau (p-TAU) — a hallmark of Alzheimer disease — and
amyloid-B (AB) oligomers. Images, acquired using decrowding expansion
pathology, show that herpes simplex virus proteins colocalize (white arrows)
with p-TAU but not with AP oligomers. Scale bar, 20 um, in physical scale. FTL,
ferritin light chain. Part a reprinted fromref. 75, Springer Nature Limited. Part b
reprinted fromref. 41, Springer Nature Limited. Part cadapted with permission
fromref. 23, AAAS. Partd reprinted fromref. 177, CCBY 4.0.

The imaging time in ExM depends on two primary factors: the
total (expanded) volume of the sample to be imaged and the acqui-
sition speed of the microscope. This acquisition speed is itself a

function of several imaging parameters that differ by microscopy
modality. For point-scanning or line-scanning confocal microscopes,
the speed is in large part determined by the scanning mechanism
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(such as galvanometer scanners) and the resulting scan speed of the
laser beamacross the sample. This determines the pixel dwell time —the
detectorintegration per pixel —and together with the total pixel count,
sets the overall frame time. For camera-based systems such as spinning
disc, wide-field or light-sheet microscopy, the speed is determined in
large part by the camera exposure time for each captured image. Inall
cases, these timing parameters are also governed by the illumination
intensity (laser or light-emitting diode power); higher illumination
may permit shorter dwell or exposure times, for a given SNR, but in
turn may increase the risk of photobleaching'’®.

Because the sample volume increases by the cube of the linear
expansion factor (for example, a 4x linear expansion results in a 64x
increaseinvolume), acquiringimages throughout an entire expanded
sample withahigh magnification lens is more time-consuming than for
theunexpanded sample. For instance,imaginga25 pm x 25 um biologi-
calregionwith 100 nm pixels requires a 250 x 250 pixel image. After 4x
expansion, this region becomes100 pm x 100 um. To properly sample
newly revealed, higher-resolution details, one might use the same
100 nmmicroscope pixel size, which now corresponds to a25 nmeffec-
tive biological pixel size. This would require acquiringa1,000 x 1,000
pixelimage —al6-foldincrease in pixel number for the same biological
area — directly increasing the imaging time. Moreover, fluorophores
will have also been diluted by 64x, producing dimmer images and
potentially necessitating longer exposures or higher illumination. This
trade-off can be mitigated by using inherently fast imaging systems,
such as spinning disc or light-sheet microscopes, the latter of which
can be particularly well suited for large-volume imaging. A practical
strategy is often to first acquire alow-magnification overview scan of
the expanded sample toidentify regions of interest, which canthen be
targeted for slower, higher-resolution imaging, thus optimizing the
use of microscope time'*.

Reporting standards and data deposition

To promote transparency and reproducibility in the community, adher-
ing to reporting standards when publishing ExM data is essential. For
an experiment to be reproducible, key methodological details must
bedocumented. Thisincludes all aspects of sample preparation, such
asfixation conditions, anchoring chemistry, gel composition and the
specific softening method chemistry used. The measured expansion
factor and the method used to determine it (for example, measure-
ment of tissue size before versus after expansion) should be clearly
stated. Distortion analysis is required when introducing a new ExM
protocol or applying an existing one to a previously unreported speci-
men type. Pre-expansion and post-expansion imaging of the same
region remains the most common validation approach, often using
alignedimagesto quantify distortion, for example, <1-4% over typical
fields of view” (Fig. 5a,b). Internal ultrastructural references, such as
cilia®?°"?, microtubules'*"** or nuclear pore complexes'>****'%°, may
also be used (Fig. 5c-e). Alternative methods such as GeIMAP™ have
emerged (Fig. 5f), using microfabricated fluorescent grids imprinted
into gels toenablelocal expansion-factor measurement, deformation
field mapping®'® and nonlinear correction (via BigWarp). GelMap™'
offers precise, field-of-view-wide analysis and has been applied in some
studies (for example, U-ExM in HIV-1imaging'®?). Although GeIMAP
provides a powerful benchmark where available but requires special-
ized plates and computational pipelines, pre/post-comparison and
internal ruler methods are more commonly used for routine valida-
tion of new ExXM methods. Reporting must also detail the labelling
and imaging strategy, including whether staining was pre-expansion

or post-expansion, the specific probes used and all relevant imaging
parameters such as microscope type, objective magnification and
NA, pixel size, laser powers, exposure times and Z-stack intervals if
appropriate***®, Furthermore, any computational data processing
steps, such as the algorithms used for deconvolution, stitching or
background subtraction, should be clearly described. To complete
this commitment to transparency and enable re-analysis by others,
raw and processed image data should be deposited in a public data
repository that follows FAIR (Findable, Accessible, Interoperable and

Reusable) data-sharing principles'.

Limitations and optimizations

ExM has democratized nanoscale imaging by enabling super-resolution
visualization with conventional microscopes. However, similar to any
other tool, it has limitations that researchers should consider. This
section outlines these challenges and highlights potential solutions
and optimizations.

Requirement for fixed samples

A primary constraint of all EXM protocols is theirincompatibility with
live-cell imaging. The chemical and physical processes involved in
hydrogel embedding, softening and expansioninevitably disrupt native
molecularinteractions and thus cellular viability, precluding the study
of dynamicbiological processes over time. Although directlive-cell ExXM
is not feasible, researchers can perform imaging of live samples for a
precise duration immediately before rapid fixation and subsequent
ExM processing, to gain temporal context'*"**!, although this does
not capture any dynamics during or after expansion.

Signal dilution and amplification

The physical expansion of samples reduces the concentration of fluo-
rophores, leading to signal dilution'®*. This can sometimes be com-
pensated for by increasing illumination intensity or detector gain,
but these adjustments must be balanced against photobleaching and
reduced imaging speed. When imaging low-abundance targets or
using very high expansion factors, high-NA objectives can help but,
insome cases, dedicated signal amplification strategies are required.
These include enzymatic methods such as tyramide signal amplifi-
cation, which uses horseradish peroxidase to covalently deposit
a high density of fluorophores'?’. More recently, highly multiplex-
able, enzyme-free DNA-based methods have been widely adopted.
These strategies use anchored targets (such as RNA in EXFISH* or
DNA-barcoded antibodies'™) to initiate in-gel amplification, such as
HCR™®*¥ biotin-streptavidin-based amplification systems'*%'”1?2 or
rolling circle amplification as used in ExSeq®. Alternatively, methods
such as Immuno-SABER use pre-formed DNA concatemers to build a
bright, programmable signal, providing a high-gain, multiplex-friendly
solution to overcome signal dilution®* 122188159,

Expansion heterogeneity and deformations

A critical limitation for quantitative work is expansion heterogeneity,
in which expansion factors vary locally, introducing anisotropy and
distortions. Typically, root mean square errors of 1-2% over a field
of view (-10-50 pum) are reported”'®. For nanoscale measurements,
itis crucial to understand what this means: a 1-2% error translates to
an ~1-2 nm distortion per 100 nm distance. This may be tolerable for
most qualitative studies but is a key consideration for precise meas-
urements, such as the diameter of an ~-40 nm synaptic vesicle or the
width of an ~-20-30 nm synapse cleft. Sources of this variation are
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both procedural and sample-intrinsic. They can include pipetting
inconsistencies in monomer solutions, incomplete or uneven soften-
ing (especially in dense, ECM-rich or unevenly fixed tissues), sample
density differences and mounting effects such as gel compression.
This highlights a critical point for new practitioners: applying a pro-
tocoltoanew sample type not covered in the original publication will
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sometimes require re-optimization, as parameters such as the duration,
temperature or chemical composition of the digestion or denaturation
steps may need to be adjusted. It should always be remembered that
any image of a once-living specimen is an imperfect representation.
ExM adds further steps of gelation, digestion and expansion that
can perturb ultrastructure, so careful case-by-case validation is
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Fig. 5| Assessment of expansion quality for anew expansion protocol. New
expansion microscopy (ExM) protocols are validated to ensure that the expansion
isuniform (isotropic) and the expansion factor is consistent. Common validation
methodsinclude direct distortion measurement and the use of biological structures
withknown dimensions asinternal nanoscale rulers. a,b, Direct distortion
measurement. Pre-expansion and post-expansion images of the same structure

are compared to quantify distortion. a, Images of the human cell line HEK293
immunostained for microtubules (grey) are shown before (part ai) and after (part aii)
4.5xexpansion. The graph (part aiii) plots the measurement error between theimages
in parts aiand aii, confirming low distortion (<1% of the measured distance). The blue
lineand blue shaded arearepresent the mean error values and standard deviation.
Scalebar,20 pm, inbiological scale. b, A similar comparison between a super-
resolution stimulated emission depletion microscope for the pre-expansionimage
(partbi) of the monkey fibroblast cell line COS7 immunostained for microtubules
(grey) and aconfocal microscope for the 10x expanded image in part bii of the same
cell. The graph (part biii) plots the measurement error betweenimages in parts bi
andbii. The black line and green shaded area represent the mean error values and
standard deviation. Scale bar, 10 pm, in biological scale. c-e, Using internal biological
structures as nanoscale rulers to evaluate expansion factor and quality. ¢, Images of
the nuclear pore complex (NPC), which has a stable diameter. Immunostaining for
outer ringcomponent NUP-96 (part ci) or inner ring component NUP-205 (part cii),
withwheat germ agglutinin (WGA) marking the central channel and the insets show
magnified view of the dashed boxes. The plot (part ciii) shows measured diameters
ofthe NPCrings labelled by various markers. Scale bar, 240 nm (part ci) and (part cii);
insets: 40 nm, in biological scale. d, Images of humanairway cilia. di, Cross-section of

basal bodies from a human lung organoid stained with N-hydroxysuccinimide ester
(grey) imaged with Magnify revealing their internal ninefold microtubule symmetry.
dii, Imaged with Magnify combined with super-resolution optical fluctuation
(Magnify-SOFI), with plots quantifying the size and spacing of internal microtubule
components. Scale bar, 50 nminbiologicalscale, (part di) and (part dii). e, Image

of mouse photoreceptor connecting cilium. Ninefold organization of microtubule
double-stained for tubulin and POC5 revealed using iterative ultrastructure ExXM
(iU-ExM), with plots profiling their signals. Scale bar, 50 nm. f, Using expandable
andscalablerulers to determine expansion factors. Embedding microfabricated
fluorescent reference grids into gels to enable precise local expansion-factor
measurement. U20S cellsimaged before expansion (part fi) and after expansion
(partfii) (expansion factor, 9.6x) using tenfold robust expansion microscopy,
corrected using GelMap. Stained tubulin (cyan) in cells cultured directly on laminin-
patterned coverslip (lamininis an extracellular matrix protein and conjugated with
fluorophore (orange)). An example of the measurement of deformationand the
schematic of landmark spacing used for pattern correction (part fiii). This method
highlights theimportance of local quality controlin contributing to standardized
quantitative measurements in the ExM. The dashed lineindicates baseline error owing
tomanuallandmark selection (rescaling the pre-expansion tubulin channel to the
post-expansion dimensions and then registering it to the originalimage). Scale bar,
400 pm (part fi) and 40 um (part fii) in biological scale. ***P< 0.0001. a.u., arbitrary
unit; FWHM, full-width half maximum; PSF, point-spread function; RMS, root mean
square. Partareprinted with permission fromref. 9, AAAS. Part badapted fromref. 19,
CCBY 4.0.Partscand eadapted fromref.179, CCBY 4.0. Partd adapted fromref. 15,
Springer Nature Limited. Part fadapted fromref. 181, Springer Nature Limited.

essential. Various methods exist to calibrate these distortions,
from using internal biological rulers to more advanced, grid-based
mapping techniques.

Outlook

Advancing biomolecule retention

An ongoing pursuit in the ExM field is the development of more uni-
versal and efficient anchoring strategies. Although methods such as
Magnify have broadened the scope of retainable biomolecules>?5**,
future research may yield novel hydrogel chemistries or multifunc-
tional linkers to capture an even wider array of biological targets.
For example, new chemistries could be developed to covalently bind
molecules via functional groups other than the commonly targeted
primary amines, such as targeting carboxyl groups on acidic amino
acids or hydroxyl groups on sugars and post-translationally modified
proteins. Theideal would be strategies that are less sensitive to tissue
type or fixation history, ensuring more uniformand complete biomol-
ecule retention across diverse experimental contexts. A particularly
challenging frontier within this areais the efficient anchoring and visu-
alization of small metabolites, ions and other objects with few-to-no
easily anchorable motifs. Current ExM protocols are primarily opti-
mized for larger macromolecules such as proteins, nucleic acids and
lipids. However, the ability to map the precise nanoscale distribution
of small metabolites in situ — such as sugars or specific neurotrans-
mitters — would provide profound insights into cellular function,
signalling and disease states. Achieving this will require significant
innovationinrapid, in situ chemical fixation and anchoring strategies
that can capture these highly diffusible molecules before they are lost
during processing.

Towards ultimate resolution
Another frontierin the ExM field is the push towards its ultimate reso-
lution, with the goal of visualizing the shapes of individual proteins

and their complexes or even smaller molecules. The ultimate resolu-
tion of ExM is unknown: although the mesh size, or spacing between
polymer threads, is1-2 nm (refs.190,191), and the inhomogeneity size
isthought tobe10-20 nm (refs.192,193), it is possible that the expan-
sionerroritself could be smaller, as each node in the network is being
pulled on by multiple polymer threads, resulting in some ‘cancelling
out’ of error. This is a hypothesis that needs to be tested further. The
hydrogel’s mesh size and chemical composition are critical, interde-
pendent parameters. The final expansion factor is not determined
by monomer density alone, but by a balance between the outward
osmoticpressure driving swelling and the network’s elastic resistance.
Protocols achieve different expansion factors by precisely tuning this
balance, often by varying the ratio of charged polyelectrolyte mono-
mers (such as SA) to neutral monomers (such as AA). A higher ratio of
charged monomers increases the internal osmotic pressure, driving
alarger expansion.

Mesh size also fundamentally impacts the labelling strategy.
Recent single-molecule measurements using hydrogels with tunable
expansion have precisely quantified this effect’**, showing that dif-
fusion is strikingly size-dependent. For example, in a dense, partially
expanded gel (1.66x expansion), the diffusion of a 150 kDa IgG anti-
body was suppressed by ~-50%. By contrast, in a highly expanded gel
(3.31x expansion), the same IgG diffused almost as freely asit would in
asolution without a gel matrix. This finding provides a clear physical
mechanism for post-expansion labelling: the 4x expansion opens
the gel mesh sufficiently to allow for the free diffusion of probes
such as antibodies that would be severely hindered or blocked in the
unexpanded state.

Imaging ExM-expanded samples on existing super-resolution
microscopes has yielded images with higher resolution than achievable
by either technology alone. A growing body of work has explored this
synergy (Table 2). For example, the one-step nanoscale expansion™ pro-
tocol combined 10x expansion with SRRF to report sub-1 nm effective
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Glossary

Expansion factors
The linear fold increase in size of a

Anchoring

The process of covalently linking
sample after expansion. For example, a
4x expansion factor means a structure
becomes four times longer in each
dimension.

biomolecules or labels to the hydrogel
network, thereby retaining their spatial
fidelity during tissue expansion.

Anchoring agents

A chemical linker (Acryloyl-X) that forms
a covalent bond between biomolecules
of interest and the hydrogel network,
ensuring that they are retained and

Hydrogel

A 3D network of polymer chains that
can absorb large amounts of water
and swell. In expansion microscopy,

move apart with the gel during hydrogels are synthesized in situ

expansion. from a solution of monomers
(acrylamide) and crosslinkers
Decrowding (N,N'-methylenebisacrylamide)

The physical separation of that polymerize around a sample’s

biomolecules from one another biomolecules.
by isotropic hydrogel expansion,
which reduces molecular crowding
and steric hindrance to improve
epitope accessibility and imaging
resolution.

Isotropy

In the context of expansion microscopy,
the property of expanding uniformly

in all three spatial directions. Isotropic
expansion is essential for accurately
preserving the original shape and
relative spatial relationships of

Diffraction limit

The fundamental resolution limit in
classical light microscopy, typically molecules and cellular structures
around 200-300nm, defined as
the smallest resolvable distance
between two objects. Expansion

microscopy is designed to overcome

in the magnified sample.

Softening
The process of enzymatically or

this limit. chemically breaking down the native
structural components of a biological
Distortion sample after itis embedded in the

hydrogel. Molecules are either
separated, or fragmented, depending

Any deviation from perfectly

isotropic expansion, which would
result in the deformation of structures
and an inaccurate representation

of their true biological shape and
organization.

on the scientific goal. This softening
of mechanical rigidity is crucial for
allowing the sample to expand
uniformly with the gel.

resolution, allowing for the visualization of individual protein shapes
(the proteins were anchored to the hydrogel, chopped into pieces with
proteinase Kand then the fragments pulled apart and nonspecifically
stained). Beyond fluorescence, ExM has also been paired with label-free
methods such as vibrational imaging (for example, MAGNIFIERS™ and
VISTA*'7) to achieve high-resolution chemical imaging (Table 2).
Other approaches aim to engineer more uniform and defect-free
hydrogel networks. For example, changing the monomer structure
totetrahedral and the assembly method away from free radical polym-
erization, asin Tetra-gel'®, can create amore uniform diamond lattice
with -1 nmmesh, reducing expansion error and distortion to low single
digits. Although these cutting-edge methods demonstrate the exciting
potential of ExM, they are stillemerging and may require further valida-
tion by the broader scientific community to confirm their robustness
and general applicability.

Towards standardized, automated and scalable ExXM workflows
Exploring standardization, automation and scalability could enable
larger-scale biological inquiries with highly consistent results™. This
trend includes an increasing emphasis on well-characterized and
quality-controlled reagents, with some protocols already being offered
as comprehensive kits’*'*"'*’ that provide validated materials and stand-
ardized instructions for specific sample types. To further enhance
consistency and enable high-throughput studies for large-scale experi-
ments and potential clinical applications™, automation***** maybe a
key future direction'***°", This includes the development of robotic
and microfluidics-based systems designed to streamline multistep
processes such as sample handling, hydrogel embedding and multi-
round staining. Envisioned are fully automated, ‘turn-key’ ExM sam-
ple processing platforms that could integrate multiple steps, from
initial sample preparation through staining and perhaps even direct
transfer to imaging systems, analogous to current high-throughput
platformsingenomics or automated histology. Furthermore, integrat-
ing machinelearning into these automated workflows could optimize
imaging parameters inreal-time and streamline data analysis, enhanc-
ing experimental efficiency and potentially helping support future
development of ExM-based diagnostic applications.

Integrating spatial omics with ExM

ExMis facilitating a range of spatial omics technologies (Table 2). This
convergenceisanticipated to allow researchers to overlay enhanced
structural details offered by tissue expansion with more comprehen-
sive molecular data. ExM decrowds RNA molecules, which enables
more precise interrogation of RNA identity, especially when the same
punctum must be followed over many cycles of staining, imaging
and washing?> 2276364147188 Traditional single-cell RNA sequenc-
ing provides transcriptomic profiles but lacks spatial resolution to
map RNAs within cells, whereas conventional FISH cannot resolve
many different transcripts in the same sample. Variants of ExM that
increase distances between RNA molecules have been applied to a
range of tissue types, from cell culture to thin tissue sections to whole
organs*?*1*7188 ExFISH enabled multiplexed RNA detection in cell
culture and tissue®. In the mouse brain, Ex-ST? enabled detection of
more cell-type-specific transcripts (>80%) than Visium alone (50%).
Methods such as ExSeq* and expansion-compatible MERFISH can
be used to map numerous RNA species within expanded cellular or
tissue context, with higher yield than their unexpanded counterparts.
ExSeq”, for example, enables targeted or untargeted in situ sequenc-
ing of RNA transcripts directly within a hydrogel-expanded sample.
ExSeqwas used to map 42 genes related to key excitatory and inhibi-
tory cell types, highlighting their layer-specific spatial distribution
in mouse primary visual cortex®. At a finer, subcellular level, ExSeq
has also been used to visualize RNAs inside neuronal dendrites and
spines?. Similarly, by applying the EASI-FISH method to thick brain
sections, researchers have created multiplexed maps of gene expres-
sionthat revealed previously unknown spatially organized subregions
in the lateral hypothalamus®. MERFISH? uses a combinatorial strat-
egy in which each RNA species is assigned a unique binary barcode.
Through sequential rounds of hybridization and imaging, this barcode
isread out, allowing for the identification of hundreds to thousands
of different RNA species. Physical expansion helps to separate RNA
signals that might otherwise overlap, making it easier to distinguish
and decode individual transcripts, especially for highly expressed
or densely packed RNAs. ExM allows for more accurate assignment
of decoded RNA signals to specific cells and their ultrastructurally
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defined subcellular compartments*>*"%, Future work in this area
may focus on increasing multiplexing capacity and enhancing the
speed of these workflows.

Complementing RNA-focused methods, recent innovations in
iterative staining and barcoding have expanded the utility of ExM for
high-plex protein imaging, enabling multianalyte spatial omics. For
instance, iterative indirectimmunofluorescence combined with ExM
allows sequential staining of 10+ protein targets in the same sample,
revealing nanoscopic nuclear lamina networks at -50 nm resolution®>.
Similarly, DNA-barcoded antibodies coupled with HCR can be applied
to expanded tissues to facilitate multiplexed detection of up to 30 pro-
teins, improving signal amplification and reducing crosstalk'®. These
approaches, when integrated with RNA omics (for example, ExSeq®),
promise comprehensive multianalyte mapping with subcellular
resolution.

In the realm of proteomics and beyond, ExXM combined with
techniques for molecular identification is an emerging direction for
broader, discovery-based spatial proteomics and lipidomics, especially
untargeted methods enhanced by ExM’s resolution boost (Table 2).
Although highly multiplexed immunofluorescence onexpanded sam-
ples provides structuralinformation, integration with mass spectrome-
try (MS) imaging is an emerging direction for broader, discovery-based
spatial proteomics and lipidomics (Table 2). By applying MS imag-
ing techniques to expanded tissues — such as those described
for ExM-based liquid chromatography-MS (ExM-LC-MS/MS)*?,
ProteomEx**, tissue-expansion MS*** or gel-assisted mass spectrom-
etry imaging®® and EXPRESSO?%°, which creates vacuum-stable gels
for high-plex (>40 markers) analysis on platforms such as multiplexed
ion beam imaging and imaging mass cytometry — researchers aim to
map the distribution of specific endogenous proteins, peptides or
lipids at high spatial resolution. In situimaging proteomics viaexpan-
sion (iPEX) integrates isotropic tissue expansion with matrix-assisted
laser desorption/ionization mass spectrometry imaging to enable
untargeted, micrometre-resolution (1-5 um effective pixel size) deep
proteomics in diverse samples such as mouse retina, brain (including
Alzheimer models), intestine, liver, cerebellum and human cerebral
organoids®”. iPEX achieves 10-100-fold sensitivity gains, identify-
ing 600-1,500 proteins with high-precision spatial maps, revealing
layer-specific peptides and early disease markers (for example, mito-
chondrialaberrancyin Alzheimer disease). This points to future efforts
inscaling untargeted omics for whole-organ mapping, increasing sen-
sitivity for low-abundance molecules and easing integration with cor-
relative workflows for multi-omicinsightsinto cellular heterogeneity
and disease mechanisms.

Expanding ExM’s reach: from complex tissues

tolarge-scale systems

Akeytrajectory for expanding the impact of ExMinvolves enhancing its
applicability to abroader diversity of biological systems. This includes
bothspecimens that areinherently challenging owing to their material
properties and those that are physically large, such asintact organs or
evenorganisms, which present distinct but often overlapping hurdles
for sample processing and effective imaging. Specialized softening
strategies have enabled the application of ExXM to arange of challenging
specimens, fromtissues richin ECM to organisms with tough cell walls,
and ongoing work continues to push these boundaries. For example,
protocols such as Mosquito Tissue Ultrastructure-Expansion Micros-
copy (MoTissU-ExM)?°® have been developed to handle the tough,
chitinous cuticle of mosquito disease vectors, enabling ultrastructural

analysis of parasites such as Plasmodium within host tissues. In a
remarkable demonstration of this adaptability, U-ExM was recently
applied to more than 200 species of cultured planktonic eukaryotes —
organisms that are often small, difficult to culture and resistant to
standard labelling — to assign molecular identities to ultrastructures
previously only visible by electron microscopy, opening a new path
for environmental cell biology®®.

Concurrently, ExXM protocols are being refined for physically large-
scale specimens. For example, methods for whole C. elegans (ExCel)®
and zebrafish embryos®® must be optimized for both tough cuticles
and large volumes. Other protocols are designed for even larger speci-
mens, for example, whole mouse brains, intact kidneys, other organs
or even organisms, which can be many millimetres to centimetres in
scale before expansion®*°, Ensuring uniform anchoring and gelation,
complete softening, uniform expansion and deep, consistent labelling
throughout extensive volumes is a hurdle that may require further
protocol optimization in certain contexts. Subsequently, imaging
these physically massive, expanded hydrogelsis pushing the limits of
current microscopy systems in terms of field of view, objective work-
ing distance, data acquisition speed and management of the ensuing
large datasets. Light-sheet systems such as expansion-assisted selective
planeillumination microscopy*° have been used for capturing images
throughout large, expanded samples, such as entire mouse brain*’, and
there are opportunities for innovations in microscope design and opti-
cal systems specifically engineered for unique, multi-centimetre-scale,
transparent hydrogels. This includes the potential development of
objectives with exceptionally LWDs and very large fields of view, while
maintaining sufficient NA for high-resolution imaging. Collectively,
these parallel advancementsinboth tailored ExM protocols for diverse
and large specimens, alongside dedicated imaging technologies, will
allow high-resolution 3D whole-organ biomolecule mapping, expand-
ing ExXM’s utility infields such as developmental biology, neuroscience
and pathology.

Published online: 16 April 2026
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Supplementary Table 1. Characteristics of some foundational and/or commonly used ExM protocols

Acronym (ranked in | Anchoring Retained Applicable Fixation Softening Staining Expansion | Achievable Notes
chronological order) | strategy molecules tissue types | Prior to | method order factor resolution!”
Processing
ExM’ Indirect (via | No Cultured PFA Proteinase Pre- ~4.5% ~70 nm The foundational protocol that
trifunctiona | endogenous cells, brain K expansion introduced the ExM principle.
Loligos) molecules tissues
anchored
MA-NHS ExM? Direct (via | Proteins and | Cultured PFA, GA | Proteinase Pre- ~4.5% ~70 nm Provides an amine-reactive
MA-NHS) DNAZ cells, various | (low level, | K expansion anchoring alternative to Acryloyl-
tissues e.g.,0.1%) X.
proExM3 Direct (via | Proteins and | Cultured PFA Proteinase Pre- ~4.5% ~70 nm Directly anchoring proteins to
Acryloyl-X) DNA cells, various K expansion the polymer hydrogel
tissues
LysC
MAP* Direct (via | Proteins Cultured PFA Heat Post- ~4x ~70 nm Allow post-expansion labeling
acrylamide cells, tissues denaturatio | expansion
+PFA) n
ExFISH® Direct (via | RNA and | Cultured PFA Proteinase Post- ~4.5% ~70 nm The first protocol specifically
LabelX) proteins cells, brain K expansion designed for anchoring and
tissues imaging RNA molecules



https://www.zotero.org/google-docs/?I9z9YK
https://www.zotero.org/google-docs/?3kp21l
https://www.zotero.org/google-docs/?87j0ex
https://www.zotero.org/google-docs/?wjpeXo
https://www.zotero.org/google-docs/?JRRVi4

ExPath® Direct (via | Proteins and | Normal and | Formalin or | Proteinase Pre- ~4.5% ~70 nm Designed for expanding archival

Acryloyl-X) DNA pathological cold K expansion clinical specimens
(e.g., FFPE) | acetone/m
tissues ethanol
fixation

iExM’ Indirect (via | No Cultured PFA Proteinase Pre- ~16-20x ~20 nm Achieves high expansion factors
DNA endogenous cells, and K expansion (~16-20x) through an iterative
oligonucleo | molecules brain tissues process of forming a second
tides with 5’ | anchored swellable hydrogel within the
acrydite first expanded sample.
moieties)

X10 ExM® Direct (via | Proteins and | Cultured PFA, GA | Proteinase Pre- ~10x% ~25nm A single-step protocol for
Acryloyl-X DNA cells (low level, | K expansion achieving high (~10x) expansion
or MA-NHS) e.g., 0.1%)

U-ExM® Direct (via | Proteins and | Cultured PFA  with | Heat Post- ~4.5x ~70 nm A modified MAP protocol,
acrylamide | DNA cells acrylamide, | denaturatio | expansion optimized for preserving fine
+ PFA) PFA and [ n ultrastructural details of protein

methanol complexes.

ExCel'® Direct (via | Proteins and | C. elegans PFA Proteinase Pre- ~3.5x ~75nm Expands C. elegans’ tough

Acryloyl-X) RNAs K and | expansion cuticle
collagenas
e

pan-ExM'’ Direct (via | Proteins and | Cultured PFA  with | Heat Post- ~13-21x ~25 nm Uses an iterative expansion
acrylamide | DNA cells acrylamide, | Denaturatio | expansion strategy and a pan-protein stain
+ PFA) PFAand GA | n to visualize ultrastructure,

providing EM-like context.



https://www.zotero.org/google-docs/?3mK9SX
https://www.zotero.org/google-docs/?QgWTOc
https://www.zotero.org/google-docs/?AbaaJp
https://www.zotero.org/google-docs/?qm1VEN
https://www.zotero.org/google-docs/?vN72Ai
https://www.zotero.org/google-docs/?B6C9tX

Click-ExM"2 Direct (via | Proteins, Cultured PFA Proteinase Pre- ~4.5% ~70 nm Allows metabolic labeling via
Acryloyl-X nucleic acids, | cells K expansion bioorthogonal chemistry
or GA) lipids, and (via

glycans clickable
fluorescent
probes)

eMAP"® Indirect (via | Proteins and | Cultured No Heat Post- ~4x ~70 nm Allow post-expansion labeling
physically DNA cells, tissues | anchoring denaturatio | expansion
trapping of n
peptide
chains)

LR-ExM "4 Indirect (via | Proteins and | Cultured PFA Proteinase Pre- ~4.5% ~70 nm Uses customized linkers
customized | DNA cells K expansion designed for improved label
probes) retention during processing

TREx'® Direct (via | Proteins and | Cultured PFA Proteinase Pre- ~10x ~25nm One step 10x expansion on
Acryloyl-X) DNA cells, brain K expansion mouse brain tissue sections

tissues

LExM'® Direct (via | Lipids Cultured PFA Proteinase Pre- ~4-6x ~60-70 nm Allows simultaneous metabolic
metabolical cells, brain K expansion labeling and anchoring of
ly modifying tissues phospholipids to the hydrogelvia
endogenou bioorthogonal chemistry
s lipid
molecules)

ExR'’ Direct (via | Proteins Cultured PFA  with | Heat Post- ~15-20x ~20 nm Uses an iterative re-embedding
PFA with cells and | acrylamide | Denaturatio | expansion strategy to achieve high

acrylamide)

brain tissues

n

preserving
post-

expansion  while
biomolecules for
expansion staining.



https://www.zotero.org/google-docs/?DKiLqP
https://www.zotero.org/google-docs/?vlITYV
https://www.zotero.org/google-docs/?27kHvH
https://www.zotero.org/google-docs/?07oRxx
https://www.zotero.org/google-docs/?3PCfWy
https://www.zotero.org/google-docs/?9t2L5Z

Magnify18 Direct (via | Proteins, Cultured PFA and | Heat Post- Upto 11x ~28 nm A broad-spectrum, concurrent
methacrole | lipids, nucleic | cells, PFA- | formalin denaturatio | expansion anchoring strategy for retaining
in) acids fixed tissues, n multiple biomolecule types.

FFPE,
Concurrent organoids
anchoring

MicroMagnify19 Direct (via | Proteins, Cultured PFA and | Heat Post- Upto 11x ~28 nm Adapts the Magnify chemistry
methacrole | lipids, nucleic | cells, tissues, | formalin denaturatio | expansion and cell wall digestion for
in) acids FFPE, n pathogen-infected cells and

organoids, tissues.
Concurrent bacteria Cell  wall
anchoring digestion

iU-ExM2° Direct (via | Proteins and | Cultured PFA  with | Heat Post- ~16x% ~10-20 nm Achieves high expansion factors
PFA with | RNA cells, and | acrylamide | Denaturatio | expansion by combining U-ExM with iExM
acrylamide) retinatissues | and GA or | n

methanol

Cryo-ExM? Direct (via | Proteins and | Cultured freeze- Heat Post- ~4.5% ~70 nm Couples cryo-fixation with ExM
acrylamide | DNA cells substitutio denaturatio | expansion to preserve native ultrastructure.
+PFA) n with PFA | n

with
acrylamide

uniExM%2 Direct (via | Proteins and | Cultured PFA Proteinase Pre- ~4.5x ~70 nm New class of anchoring
epoxide) RNAs cells and K expansion simplifies multiplexed imaging of

tissues or post- proteins and RNAs
SDS expansion



https://www.zotero.org/google-docs/?F4dDhi
https://www.zotero.org/google-docs/?64EpNA
https://www.zotero.org/google-docs/?LFQZFI
https://www.zotero.org/google-docs/?qIyqHB
https://www.zotero.org/google-docs/?4flZoq

20ExM23 Direct (via | Proteins and | Cultured PFA Heat Pre- ~20x <20 nm Single-step 20x expansion
N- DNA cells and expansion
Acryloxysuc brain tissues LysC/trypsi | or post-
cinimide) n expansion
dExPath?* Direct (via | Proteins and | Normal and | Formalin Heat Post- ~4x ~70 nm A variant of ExPath that uses
Acryloyl-X) DNA pathological denaturatio | expansion heat-denaturation method to
brain tissues n improve immunofluorescence in
pathological specimens
umExM?® Indirect (via | Lipids Brain tissues | PFA and | Proteinase Pre- ~ 4-5x ~60 nm Designed to enable dense
custom calcium K expansion labeling of lipid membranes
lipophilic chloride or post- before expansion
probe) expansion
(via
customize
d
membrane
labeling
probes)
Whole-body ExM?® Direct (via | Proteins Whole mouse | PFA Proteinase Pre- ~4x Up to~90 nm | Designed for expansion of whole
Acryloyl-X) embryos K and | expansion organism, focusing on digestion
collagenas of connective tissues
e

Note:

MWith a diffraction limited confocal microscope, 600 nm emission and NA 1.2 water immersion objective, the diffraction limitis ~305 nm.

IDye to its extremely large size and entanglement within the polymer network, macromolecular DNA is typically entrapped efficiently by most
standard ExM methods, even those without a dedicated covalent nucleic acid anchoring chemistry.



https://www.zotero.org/google-docs/?RWWbSX
https://www.zotero.org/google-docs/?1RhWw4
https://www.zotero.org/google-docs/?b0ypr3
https://www.zotero.org/google-docs/?qOhHf8

PFA: paraformaldehyde; FA: formaldehyde; GA: glutaraldehyde; MA-NHS: Methacrylic acid N-hydroxysuccinimide ester; FFPE: formalin-fixed
paraffin-embedded; SDS: Sodium dodecyl sulfate.



Supplementary Table 2. Representative sample types successfully expanded by ExM

methods.
Specimen Examples Typical FP Examples of Refs
Types Scale of Compatible? Applied
tissues Protocols
Cultured Cells Hela, HEK293, Monolayer Yes Universally Validated in the vast
Primary culture compatible (e.g., majority of ExM
neurons, etc. proExM, U-ExM, publications.  See
MAP, TREx, X10, refg 348,9.15,17,18,23
ExR, Magnify,
20ExM, etc.)
Organoids Human cerebral, lung, 0.3-2mm Yes Magnify,, iPEX, 18,26,27
airway, etc. PhASE-ExM
Mouse Brain PFA-fixed mouse brain 30-200 pm Yes Universally Validated in the vast
(Slices) sections compatible (e.g., majority of ExM
proExM,  U-ExM, publications. See
MAP, TREx, X10, refg 3489,15,17,18,23
ExR, Magnify,
20ExM, etc.)
Mouse Brain Intact organ cm scale Yes Whole-body ExM, 26,28
(Whole) ExXASPIM
Mouse Organs Kidney, liver, lung 10-100 pm Yes proExM, MAP, 34,18
(Slices) Magnify



https://www.zotero.org/google-docs/?76J1fF
https://www.zotero.org/google-docs/?ZUWbQf
https://www.zotero.org/google-docs/?cuetcX
https://www.zotero.org/google-docs/?u4anDG
https://www.zotero.org/google-docs/?kuWU24

Mouse Embryo E12-E14 Whole (mm Yes TissUExM, Whole- 26,29
scale) body ExM
Human FFPE Brain (Alzheimer's, 5-50 uym No ExPath, rExPath, 6,18,24,30,31
glioma), kidney, liver, dExPath, Magnify,
lung, prostate, colon, ExSRRF
pancreas, breast,
uterus, ovary,
placenta, thymus,
thyroid biopsies
Nematodes Caenorhabditis Whole (~1 Yes ExCel 10
elegans mm)
Insects Drosophila Whole Yes EXLLSM, 29,32
(dissected) melanogaster brain brain, TissUExM
wings
Zebrafish Embryo / Larvae Whole (mm Yes TissUExM, proExM 3,29
scale)
Plants Arabidopsis thaliana Whole root Yes PlanteEx, = ROOT- 33,34
roots and seeds ExM
Bacteria Escherichia coli, Cell / Yes HEXM, 19,35
Staphylococcus Infected MicroMagnify
aureus Cell
Fungi Aspergillus fumigatus, Cell / Yes ExM with 19,36
Candida albicans Biofilm / Glucanex,
Tissue MicroMagnify



https://www.zotero.org/google-docs/?VqKND4
https://www.zotero.org/google-docs/?Fm6soN
https://www.zotero.org/google-docs/?Xk5kKa
https://www.zotero.org/google-docs/?aD3o67
https://www.zotero.org/google-docs/?xzoMsA
https://www.zotero.org/google-docs/?kbJN0R
https://www.zotero.org/google-docs/?7BheDY
https://www.zotero.org/google-docs/?JJi23p

Parasites

Plasmodium,
Toxoplasma,
Acanthamoeba

Cell /
Tissue/Cyst

Yes

U-ExM,
MicroMagnify

19,37



https://www.zotero.org/google-docs/?S4UdLG

Supplementary Table 3. Common fluorophores in the pre-expansion staining workflow

Type

Excitation Maxima (nm)

Emission Maxima (nm)

References

Fluorescent Dyes

CF405M 408 452 3
Alexa488 495 519 1,3
Alexa546 556 573 8
Alexa555 555 565 12
SYBR Gold 495 537 2
Atto565 562 589 !
Alexa594 590 617 8
CF633 630 650 8
Atto647N 644 669 1,3
Fluorescent Proteins
EBFP2 383 448 3
mTagBFP2 399 454 3
mTurquoise2 434 474 3
mCerulean3 433 475 8
ECFP 434 477 3
mTFP1 462 492 3
mEmerald 487 509 8



https://www.zotero.org/google-docs/?qxGgSN
https://www.zotero.org/google-docs/?26sUQq
https://www.zotero.org/google-docs/?gJb3aS
https://www.zotero.org/google-docs/?idsfLs
https://www.zotero.org/google-docs/?S65M8B
https://www.zotero.org/google-docs/?UibvAp
https://www.zotero.org/google-docs/?HheS0F
https://www.zotero.org/google-docs/?IZLzy9
https://www.zotero.org/google-docs/?q7ss4T
https://www.zotero.org/google-docs/?1VBRVs
https://www.zotero.org/google-docs/?8xSBtD
https://www.zotero.org/google-docs/?YxPzw1
https://www.zotero.org/google-docs/?GrERiW
https://www.zotero.org/google-docs/?lPts7T
https://www.zotero.org/google-docs/?U4X4gi
https://www.zotero.org/google-docs/?lmtywb

EGFP 489 509
mClover 505 515
EYFP 514 527
mVenus 515 528
mCitrine 516 529
mOrange2 549 565
LSSmOrange 437 572
tdTomato 554 581
mRuby2 559 600
mCherry 587 610
mKate2 588 633
mCardinal 604 659



https://www.zotero.org/google-docs/?pOc2Um
https://www.zotero.org/google-docs/?HuOlu9
https://www.zotero.org/google-docs/?tGNUkQ
https://www.zotero.org/google-docs/?wxyMSq
https://www.zotero.org/google-docs/?18Cf0Q
https://www.zotero.org/google-docs/?zdbuin
https://www.zotero.org/google-docs/?HQi4ew
https://www.zotero.org/google-docs/?vZ5DzS
https://www.zotero.org/google-docs/?wrYuHX
https://www.zotero.org/google-docs/?YUHZFC
https://www.zotero.org/google-docs/?SNqvaq
https://www.zotero.org/google-docs/?zeAElY
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