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Expansion and Light-Sheet Microscopy for Nanoscale 3D
Imaging

Luca Pesce,* Pietro Ricci, Giancarlo Sportelli, Nicola Belcari, and Giuseppe Sancataldo*

Expansion Microscopy (ExM) and Light-Sheet Fluorescence Microscopy
(LSFM) are forefront imaging techniques that enable high-resolution
visualization of biological specimens. ExM enhances nanoscale investigation
using conventional fluorescence microscopes, while LSFM offers rapid,
minimally invasive imaging over large volumes. This review explores the joint
advancements of ExM and LSFM, focusing on the excellent performance of
the integrated modality obtained from the combination of the two, which is
refer to as ExLSFM. In doing so, the chemical processes required for ExM, the
tailored optical setup of LSFM for examining expanded samples, and the
adjustments in sample preparation for accurate data collection are
emphasized. It is delve into various specimen types studied using this
integrated method and assess its potential for future applications. The goal of
this literature review is to enrich the comprehension of ExM and LSFM,
encouraging their wider use and ongoing development, looking forward to the
upcoming challenges, and anticipating innovations in these imaging
techniques.

1. Introduction

For centuries, optical microscopy has contributed to scientific
research, enabling us to explore the intricate details of life at
the cellular and molecular levels.[1] In recent years, two inno-
vative microscopy techniques, Expansion Microscopy (ExM) and
Light-Sheet Fluorescence Microscopy (LSFM), have emerged as
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groundbreaking approaches that revolu-
tionize our ability to visualize and un-
derstand biological structures with en-
hanced clarity and depth.
ExM is a recent technique that over-
comes the traditional limitations of op-
tical microscopy. Previously, the physics-
imposed diffraction limits the spatial res-
olution to a few hundred nanometers,
notably larger than individual biologi-
cal molecules.[2] Rather than trying to
improve the imaging system’s perfor-
mance to capture finer details,[3,4] ExM
introduces an opposite approach: phys-
ically enlarging biological specimens.
The process involves embedding the
sample in a swellable hydrogel matrix
and then expanding it by adding wa-
ter. This expansion effectively separates
molecules that were initially too close
to be resolved by traditional microscopy,

allowing for nanoscopic super-resolution imaging without the
need for specialized equipment. ExM offers a transformative so-
lution to the longstanding resolution limit imposed by the diffrac-
tion of light.[5] By physically expanding the sample, structures
that were once blurred together can now be distinguished and
studied in detail. This technique has profound implications for
studying intricate cellular structures, protein interactions, and
spatial relationships within biological samples. The capacity to
finely adjust the expansion factor (from 4× to 20× linear expan-
sion factor,[2] EF), thereby enhancing optical resolution, along-
side the concurrent reduction in the refractive index of specimens
– features shared with established clearing methodologies[6] –
creates a synergistic effect, in particular when combined with op-
portune optical setup.

LSFM, also known as selective plane illumination microscopy
(SPIM), represents another paradigm shift in imaging tech-
niques. Born out of the need to mitigate phototoxicity and im-
prove imaging speed with respect to other classical scanning
methods, LSFM utilizes a fundamentally different, faster, and
gentler approach to illuminate the sample. Instead of illuminat-
ing the entire specimen, as in traditional widefield microscopy,
a thin sheet of light is used to illuminate and then visualize a
specific plane of interest within the sample. This innovative ap-
proach drastically reduces light exposure and minimizes dam-
age to the specimen, enabling researchers to capture dynamic
processes and delicate structures with minimal perturbation.
Moreover, LSFM’s optical sectioning capabilities yield fast, 3D
images, making it a preferred choice for studying complex bio-
logical systems. This technique has provided previously unattain-
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able insights with conventional microscopy methods, from
observing embryonic development to tracking cellular dynamics
and imaging large cleared samples.[6] In addition, the combina-
tion of LSFM and ExM yields benefits. Indeed, the optical reso-
lution of LSFM is confined by the diffraction limit as defined by
the Abbe law.[5] To overcome this constraint, an effective strat-
egy involves integrating LSFM with ExM, thereby “transform-
ing” LSFM into a powerful super-resolution approach. On the
other side, ExM was initially devised as a super-resolution tech-
nique integrated with conventional diffracted microscopes (i.e.,
confocal and widefield microscopes).[7] While these methodolo-
gies excel in multicolor nanoscale imaging of biological speci-
mens, they are limited in their capacity for volumetric reconstruc-
tion. Using conventional optical systems, the reconstruction of
expanded samples can be time-consuming, although improved
approaches, like a spinning disk confocal microscope,[8] may
be considered for spatial mapping. Further considerations need
to be taken into account regarding the combined approach of
ExM and super-resolution optical instruments (i.e., ExSTED,[9–11]

ExSTORM,[12,13] and ExSIM[14]). Although these approaches are
limited to a few fluorophores and require a specific oxygen-
scavenging buffer system, recent works have demonstrated the
capability of imaging expanded samples with a spatial optical res-
olution down to 20 nm.[9,10,12] Nevertheless, the methodologies
outlined previously lack a crucial aspect when it comes to examin-
ing intricate biological samples: the capability to explore the sam-
ple within its nanoscale context, considering the interactions and
features of the sample as a cohesive entity. Indeed, these meth-
ods lose effectiveness when examining tissue samples or organs,
thus giving up the opportunity to study the specimens as a whole.
In combination, ExM and LSFM referred to as ExLSFM, offer
complementary strengths that amplify each other’s capabilities.
The rapid and gentle acquisition rate of LSFM aligns seamlessly
with cleared and expanded tissues. Specifically, ExLSFM exhibits
compatibility with diverse sample types and expansion factors,
does not require a specific buffer and antibody-conjugated fluo-
rophore for imaging, and enables comprehensive visualization of
specimens in all their intricacies. This review explores the prin-
ciples, applications, and transformative impact of ExLSFM. We
show how these techniques have paved the way to probe intricate
biological systems, from cells to whole-expanded organs. By ex-
amining their technological advancements, from optical config-
urations to ExM protocols, and considering the diverse biological
samples they have targeted, we emphasize the significant poten-
tial their integrated approach offers for future applications.

2. Expansion Microscopy

2.1. Procedure Overview

The primary goal of expanding biological specimens is to uni-
formly magnify them in all 3D using optical fluorescence mi-
croscopy (Figure 1a).[2] Over recent years, various labeling strate-
gies have been developed, and these can be used to categorize
the ExM procedure. These include i) pre-expansion labeling, ii)
expressing fluorescent proteins or self-labeling proteins, and iii)
postexpansion labeling.[2,15] Fluorescent labels can be applied to
targeted biomolecules either before the formation of the hydro-
gel, which is specific to ExM, or following gelation, which is

what we call post-expansion and is usually referred to as Magni-
fied Analysis of the Proteome (MAP).[16] For a clear and effective
ExM procedure, there are five primary steps commonly adopted
across various methodologies. However, the order of preparation
in these steps may vary (Figure 1b). Briefly, we outline the main
steps in the conventional ExM approach (Pre-expansion labeling),
which can be divided into:

1) Staining: the sample is fixed to preserve and stain it with spe-
cific fluorescent probes (see “Section 2.1.1 Preserving biolog-
ical integrity: an overview of tissue fixation techniques and
chemical agents”);

2) Anchoring: the specimen is modified using chemical an-
chors. These anchors are employed to retain the labels within
the hydrogel (see “Section 2.1.2 State of the art of biomolecu-
lar anchoring techniques”);

3) Gelation: the specimen is incubated into a swellable hydro-
gel. Different compositions and hydrogel recipes have been
developed according to the achievable sample characteristics
and expansion factor (see “2.1.3 Hydrogel formation and sig-
nal retention of fluorescent dyes”);

4) Homogenization: the hybrid hydrogel/sample is typically ac-
complished through enzyme digestion or heat denaturation
to disrupt the interactions among biomolecules (see “Sec-
tion 2.1.4 Homogenization”);

5) Expansion: the electrolytes present in the swellable hydrogel
facilitate water absorption and subsequent expansion of the
specimen (see “Section 2.1.5 Expansion”).

Each stage of the ExM protocol and its variants will be detailed,
emphasizing sample preparation for tissues and organs and pre-
cautions for acquisition using LSFM.

2.1.1. Preserving Biological Integrity: Tissue Fixation Techniques and
Chemical Agents

Fixatives serve multiple purposes. Primarily, they protect tissues
from autolysis (caused by enzymes) and putrefaction (due to
bacteria). Moreover, fixatives preserve the relationship between
cells and external compartments by rendering them nonsolu-
ble, minimizing alterations from subsequent processes, and pre-
venting osmotic harm that might lead to tissue contraction or
expansion.[17] The most common method of chemically fixing
biological specimens involves using paraformaldehyde (PFA)
to cross-link primary amines in proteins. PFA interacts with
nucleic acids and proteins, forming stable nucleic acid-protein
complexes,[17,18] forming highly reactive methylol compounds
upon interaction with amine groups present in endogenous
biomolecules. Alternatively, fixatives such as glutaraldehyde (GA)
can enhance structural preservation, despite its low penetration
rate into the samples.[17] GA has two aldehyde groups linked by a
flexible chain of three carbon atoms, which allows it to induce
greater protein cross-linking and structural preservation com-
pared to PFA. Combinations of PFA and GA lead to precise fix-
ation and decrease the movement of molecules, likely due to en-
hanced protein cross-linking.[19] For animals (such as mice), tran-
scardial perfusion with PFA in PBS, or a combination of PFA
and GA, is generally performed to flush out the blood from the
circulatory system and efficiently reach all parts of the brain and
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Figure 1. ExM protocols, optical resolution improvement, and expansion factor (EF) estimation. a) Schematic representation of the expansion process.
b) Three distinct labelling methods in ExM. The representation of a section of a mouse brain to depict the various stages associated with each ExM
method used (homog. corresponds to homogenization). c) Resolution enhancement demonstrated using the Nuclear Pore Complex (NPC). Confocal
images depict NPCs stained for Nup153, both pre (Expansion Factor, EF= 1×) and postexpansion (EF= (4.3± 0.7)×), alongside their respective intensity
plot profiles. Scale bar pre-expansion: 1 μm; scale bar postexpansion: 4 μm/4 = 1 μm. d) Characterization of the EF using both subcellular (mitochondria)
and cellular (actin staining) markers. The determined EF for mitochondria and cell area is 4.7 ± 0.43 (SD). Due to variations in expansion rates among
cellular regions, relying solely on the average expansion of one feature may lead to inaccuracies. It’s recommended to assess EFs across various biological
features for more precise EF determination. The experimental values are based on a total of 30 cells, with 15 cells each for actin staining and mitochondria
analysis. Panels c and d were adapted with permission from refs. [9,52].

body. In some methods, a hydrogel solution is used during per-
fusion to enhance structural preservation and facilitate subse-
quent embedding in a hydrogel mesh[16,20] (referred to “hydro-
gel formation”). Also, fixatives like glyoxal and cryo-fixation en-
hance antigenicity and achieve superior structural preservation.
Notably, glyoxal is a dialdehyde with two carbon atoms, and its
aldehyde groups are highly reactive.[17] Studies have shown that
samples preserved with glyoxal exhibit high cellular preserva-
tion, making it ideal for super-resolution imaging.[21] It should

be noted that the choice of fixative can influence the final signal-
to-noise ratio. For instance, GA can result in elevated background
fluorescence,[22] which may impact the quality of the expanded
sample acquisition.

However, methods that utilize these strategies inherently face
a significant limitation arising from covalent crosslinking: the
chemical alteration of biomolecules. Many endogenous proteins
present amine-rich amino acids on their exteriors (i.e., lysine and
arginine), susceptible to reactions with fixatives. As mentioned
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earlier, this chemical alteration is vital for maintaining the tis-
sue’s structure. However, modifying these surface residues could
lead to damage to the epitope. Indeed, during the hydrogel poly-
merization in ExM, elongated acrylic polymer chains, whether
attached directly to methylol-carrying epitopes or close, may ob-
struct antibody-epitope interactions (referred to postexpansion la-
beling method). The repercussions of this covalent integration
between tissue and hydrogel manifest as a loss in epitope di-
versity, significantly narrowing the range of commercially ac-
cessible antibodies suitable for probing biological systems. In
2021, Chung and team[23] effectively tackled this major limita-
tion in the study of biological materials using expansion proto-
cols. Their method begins with perfusion using PFA, devoid of
the gel mixture, followed by a rinsing step to eliminate surplus
formaldehyde before gel formation. During this thorough rinse,
the uncombined methylols may revert to formaldehyde due to
the reversible nature of the methylol formation, thereby rein-
stating the native characteristics of the associated amino acids.
Subsequently, the tissue is immersed in a hydrogel monomer
solution composed of a high concentration of acrylamide. The
hydrogel monomer solution is devoid of formaldehyde, ensur-
ing that acrylic monomers remain inert toward endogenous
biomolecules. Consequently, these biomolecules aren’t cova-
lently attached to the expandable gel matrix but are physically en-
trapped. While fixative molecules have played an essential role in
studying biological specimens, their chemical modifications can
sometimes obscure accurate analysis. Thus, specific ExM vari-
ants have been developed to address this challenge, enabling a
more precise examination of biomolecules’ native organization
at the nanoscale.

2.1.2. State of the Art of Biomolecular Anchoring Techniques

The novelty of the sample expansion protocols is the introduc-
tion of small anchors that act as a bridge between the sample
and the hydrogel. These small molecules are inserted immedi-
ately after the fixation and, eventually, permeabilization of the
sample. The anchoring of biomolecules can be achieved either
by directly preserving the biomolecule itself or by maintaining
the affinity probes used to stain specific biological features. His-
torically, the first approach used affinity probes, predominantly
antibodies conjugated to DNA oligonucleotides, called trifunc-
tional labels, explicitly made for ExM.[7] These labels can bind
to the target molecule through bioconjugation, become part of
the hydrogel structure, and provide a fluorescent readout due to
an incorporated fluorophore. The primary focus of this technique
was to study proteins. The tri-functional probe has 1) a methacry-
loyl component that can be incorporated in the mesh gel dur-
ing the polymerization, 2) a fluorescent molecule for imaging
purposes, and 3) an oligonucleotide strand that can bind to a
matching sequence linked to an affinity label, e.g., a secondary
antibody.[7] Affinity probes had inherent complexities, though.
Notably, custom-conjugated antibodies to DNA oligonucleotides
were required, which were not commercially available. As a re-
sult, ExM was not widely adopted in its initial form. Introduc-
ing bivalent chemical linkers, namely acryloyl-X (AcX)[22] and
methacrylic N-hydroxysuccinimide (MA-NHS),[24] solved this is-
sue. AcX and MA-NHS work as crosslinkers that form covalent

bonds between the target biomolecules and the hydrogel. For ex-
ample, MA-NHS reacts with the primary amines of proteins us-
ing its NHS ester group, while its methacrylamide group inte-
grates into the polyacrylic chains of the hydrogel. An alternative
method involves cross-linking gel polymers and proteins using
GA. However, the exact way glutaraldehyde-treated samples link
proteins to hydrogel is unclear. In water, glutaraldehyde exists
as a mixture, shifting between monomeric and polymeric forms,
each having aldehyde and alkene components. Both these com-
ponents could theoretically be incorporated into the acrylamide
polymer.[24] Traditionally, the initial methods developed in this
domain were primarily focused on targeting proteins within bio-
logical specimens. Recognizing this limitation and the need for
more versatile techniques, Boyden and colleagues introduced the
ExFISH method. ExFISH utilizes an anchor named LabelX. This
anchor possesses an alkylating group for labeling guanine in
RNA and an acrylamide group for crosslinking to the hydrogel.[25]

One notable advantage of this method is the simultaneous visu-
alization of endogenous YFP protein, which is anchored to the
polyacrylate gel via AcX, and RNA which is anchored via LabelX.

Soon after, new ExM methods were introduced that enabled
both the preservation and examination of native proteins fol-
lowing homogenization. The pioneering postexpansion labelling
method is MAP (Magnified Analysis of the Proteome),[16] and
then its evolution, termed eMAP (Epitope-preserving magni-
fied analysis of proteome).[23] This method was later adopted
in other techniques, such as ZOOM[20] and MAGNIFY.[26] Also,
proExM,[22] which exploits the anchor AcX, can retain the endoge-
nous biomolecules and perform postexpansion labeling. The
MAP technique, developed concurrently but independently from
proExM, also supports preserving and labeling epitopes post-
expansion. However, its fixation, polymerization, and homog-
enization processes differ slightly. In the MAP approach, the
spacing between proteins embedded in the gel increases by re-
ducing cross-linking between proteins during the formaldehyde
fixation phase. This reduction is achieved by introducing acry-
lamide during the fixation process. The acrylamide interacts with
the formaldehyde bound to proteins, thus inhibiting protein-to-
protein cross-linking.[16] The MAP protocol has also been com-
bined with SHIELD (Stabilization under Harsh conditions via In-
tramolecular Epoxide Linkages to prevent Degradation) to simul-
taneously preserve biological information, including protein flu-
orescence, protein immunoreactivity, and nucleic acids in cleared
intact tissues.[27] In recent years, significant research activity has
been focused on discovering new anchoring molecules that are
universal for various types of biomolecules. This enables simul-
taneous nanoscale multiplexed imaging of various biomolecules,
leading to more precise probing of biological samples. Indeed,
researchers have formulated universal anchoring strategies ap-
plicable to various biomolecules and not restricted to proteins,
including nucleic acids and lipids, potentially increasing the ver-
satility of ExM (for example, MAGNIFY[26]).

2.1.3. Hydrogel Formation and Signal Retention of Fluorescent Dyes

The anchoring procedure is essential for preserving the accu-
rate 3D arrangement of biomolecules in the specimens. Sim-
ilarly, achieving a dense and uniform hydrogel is crucial for
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the proper visualization of these biomolecules. The founda-
tional hydrogel composition is derived from a monomer mix-
ture combining nonionic acrylamide and ionic acrylate. N’N’-
methylenebisacrylamide is introduced as a crosslinking agent to
link these polymer chains together. The gel solution is further
enriched with ammonium persulfate (APS) or potassium per-
sulfate, an initiator, to instigate free-radical polymerization.[15,28]

To accelerate this process, tetramethylethylenediamine (TEMED)
is integrated into the mixture. The cascade can also be initi-
ated using heat-responsive initiators like VA-044 or V-50, or
the light-responsive initiator, riboflavin 5′-monophosphate.[28]

The use of APS/TEMED produced significant auto-fluorescent
background, particularly noticeable in ExFISH where signals
are inherently faint.[25,29] In contrast, VA-044 is preferred be-
cause it produces minimal auto-fluorescence, making it ideal for
ExFISH.[29] Additionally, VA-044 is particularly well-suited for tis-
sues and whole organs. At low temperatures (4 °C), it allows
gelling reagents to diffuse thoroughly into the thick samples’
core; then, at elevated temperatures (37 °C), it promotes a ho-
mogeneous polymerization.[16,30] Notably, the properties of the
gel composition are inextricably linked to the achievable expan-
sion factor. For instance, increasing the monomer concentration
is a recognized strategy for refining the expansion coefficient, as
showcased by the×10-ExM protocol,[31,32] which enables a tenfold
expansion of the specimen. On the other hand, decreasing the
concentration of crosslinkers – thereby enhancing gel elasticity –
positively influences the expansion coefficient. This relationship
is further evidenced by the ten-fold robust expansion microscopy
(TREx),[33] capable of producing sample expansions from four-
fold to 14-fold. For a comprehensive examination of existing gels,
we recommend the review conducted by Truckenbrodt.[28]

In most ExM variations, the inevitable degradation of dyes
occurs through free radical-induced processes during the poly-
merization step.[7,34] The highly reactive nature of the radical in-
termediates induces side reactions, resulting in the breakdown
of dye scaffolds. This issue is pervasive among all organic dyes
and can influence the post-expansion imaging of the sample.
Notably, popular cyanine dyes like Cy3 and Cy5 are particularly
susceptible, with almost destruction during the polymerization
step in ExM.[35] Consequently, this significantly diminishes the
fluorescent signal intensity post-expansion, limiting the achiev-
able imaging quality in ExM. To address this drawback, two
primary strategies can be employed. The first involves postex-
pansion labeling, extending to encompass the polymerization
process. However, this methodology necessitates robust tissue
preservation, and precautions should be taken to prevent epitope
loss during homogenization.[16,23] The second approach involves
the use of 4-nitrophenylalanine (NPA)-conjugated fluorophores,
which exhibit increased retention of fluorescent signals during
the free-radical polymerization process.[35] This improvement is
attributed to the protection of dyes against radical-induced degra-
dation and photoprotection during imaging.

2.1.4. Homogenization: Fundamentals and Strategies

Consistent homogenization ensures that the hybrid sam-
ple/hydrogel expands uniformly. If there are differences in these
properties, certain areas might not expand uniformly, which

could cause distortion or weaken the structure. To achieve me-
chanical homogenization, it is necessary to destruct the com-
plex biomolecular interactions that confer structural integrity
to biological samples. Homogenization is predominantly re-
alized through two strategic approaches in different expan-
sion protocols: Enzymatic Proteolysis or Thermal-Chaotropic
Denaturation.[28] Enzymatic Proteolysis employs enzymes to de-
grade pivotal biomolecules. Historically, such indiscriminate pro-
teolytic enzymatic digestion was the technique of choice for
expanding mammalian brain tissues and in vitro mammalian
cell cultures.[7] Instead, in the Thermal-Chaotropic Denaturation
process, protein–protein interactions are perturbed through the
combined action of elevated temperatures and chaotropic agents.
Respecting enzymatic proteolysis, this approach offers the added
benefit of antigen preservation, which facilitates subsequent im-
munohistochemical analyses. Typically, the antibodies employed
in traditional immunofluorescence protocols, such as IgG (with
a size of 150 kDa and a length of 15 nm[36]), are bigger than
the target proteins. This size discrepancy can complicate the la-
beling of tightly packed proteins. As a consequence, it becomes
challenging to label densely packed proteins. For example, in the
MAP protocol, a high acrylamide concentration in the gel com-
position reduces inter-protein crosslinking and generates a heat-
and chemical-resistant hybrid tissue/gel.[16] The decrowding ef-
fect generated by denaturation at high temperatures improves an-
tibody diffusion into the tissue and facilitates epitope recognition
by antibodies after expansion. Recent new protocols and/or ap-
plications of ExM indicate a shift toward this last method, which
requires a specific composition of the hydrogel and/or opportune
anchor molecules.

2.1.5. Expanding Hydrogels for Enhanced Imaging

Hydrogels in ExM are polymeric networks capable of absorb-
ing significant quantities of water while maintaining their shape.
Most of these hydrogels possess anionic side groups that are equi-
librated with metal cations during both the polymerization phase
and in their pre-expanded state. Eliminating these metal cations
through serial distilled water rinses instigates electrostatic repul-
sion amongst the anionic moieties, culminating in the enlarge-
ment of the hydrogel-biological specimen hybrid. Given a thor-
ough homogenization of the biological specimen, the composite
experiences an isotropic expansion, conserving the relative spa-
tial configuration of biomolecules whilst amplifying its overall
volume[9,37] (Figure 1c). For example, sodium acrylate constitutes
the primary backbone of the meshgel, which facilitates the for-
mation of a swellable hydrogel. The positively charged sodium
ions are removed upon rinsing with deionized water, leaving be-
hind the negatively charged carboxyl groups on the polymer back-
bone. This results in electrostatic repulsion between these car-
boxyl groups, inducing a stretching force and subsequently caus-
ing the expansion of the polymer.[38]

2.2. Isotropic Expansion: Influential Factors and Solutions

Extracting insights from numerous scientific studies, it becomes
evident that various factors influence the isotropy of the expan-
sion process. These encompass intrinsic sample characteristics,
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such as collagen density or prolonged fixation, extending to the
preparation of the matrix gel. However, these influences can be
mitigated through specific adjustments.

Anisotropic expansion commonly arises from the over-
crosslinking of proteins during fixation. The choice of a suitable
fixation method plays a crucial role in mitigating local distortions.
Notably, Ultrastructure Expansion Microscopy (U-ExM)[39] has
demonstrated near-native structural expansion of cellular con-
tents by employing a gentle fixation approach, combining low
formaldehyde and acrylamide incubation. Building on U-ExM,
cryofixation ExM emerges as a method to preserve the native
structural organization of cellular contents through rapid cryo-
fixation.[40] It is imperative to consider paraffin-embedded sam-
ples, as they often undergo prolonged fixation and paraffin em-
bedding, inducing anisotropic expansion due to inter- and in-
tramolecular binding effects caused by formaldehyde and amino
groups of proteins during extended fixation.[41] To counteract
these effects, one can either process thin slices of pathological
tissue combined with treatment with 20 mm sodium citrate at
pH 8 and 100 °C[42] or employ high-temperature homogenization
combined with a hydrogel recipe possessing robust mechanical
characteristics.[23,43]

An essential factor contributing to isotropic expansion is the
limited diffusion of monomers leading to premature gelation,
particularly pronounced in thick samples and whole organs. To
address this challenge, the addition of a surfactant (such as Triton
X-100 or saponin) to both the AcX solution and hydrogel solution
proves effective, enhancing the deep diffusion of these materi-
als into the specimens. In the gelation process, substituting the
traditional mixture of APS, TEMED, and 4-HT with the thermal
initiator VA-044 offers a viable alternative.[16] This modification
extends the sample’s incubation time in the hydrogel solution to
24 h or more. In contrast, employing a hydrogel solution con-
taining APS, TEMED, and 4-HT resulted in rapid gel formation
within 1 h, even at 4 °C, which is compatible with cell culture[29]

and small spheroids,[44] but it makes prolonged incubation un-
feasible.

Incomplete sample homogenization stands out as a significant
contributor to structural distortion. While enzymatic denatura-
tion proves to be an effective method for sample homogenization,
the drawback of utilizing proteinase K is the consequential signal
loss, especially in high-density biological samples that necessi-
tate prolonged digestion times. Opting for thermal denaturation
can be the preferred choice, contingent upon efficient function-
alization and the use of a dense mesh gel to preserve epitopes.
Furthermore, the adoption of novel, less deformable hydrogel
types can contribute to a more uniform expansion across the en-
tire sample. Consideration should be given to a recent advance-
ment involving the utilization of a highly homogeneous poly-
mer made up of tetrahedron-like monomers.[45] This innovation
has been reported to enhance isotropy in ExM methodologies
significantly.

Finally, intrinsic sample characteristics play a pivotal role in
the ExM process. Specifically, the presence of connective tissue
in vertebrate organ slices and tumor specimens, which are char-
acterized by mechanically resistant collagen, requires meticu-
lous consideration during the homogenization process. Specific
ExM protocols, particularly those with higher expansion factors
such as ×10, face challenges when expanding these resistant

samples.[31] To overcome this hurdle, some studies propose the
use of collagenase treatment to achieve isotropic expansion, par-
ticularly in tissues like kidney specimens.[46] A promising alter-
native has emerged through a protease-free homogenization ap-
proach. This method involves autoclaving tissue in a buffer so-
lution containing SDS and has recently been demonstrated for
both ×4[22] and ×10[47] expansion factors. Notably, this approach
significantly broadens applicability, even for thick tissue sections,
by eliminating the need for collagenase treatment and expand-
ing the potential of ExM in challenging sample scenarios. While
bone has traditionally posed a significant challenge for ExM stud-
ies, recent work by Sim et al.[48] showcased successful expan-
sion in the Zebrafish model. The optimized protocol, known as
Whole-ExM,[48] incorporates repetitive proteinase digestion and
treatment with the decalcifying agent ethylenediaminetetraacetic
acid (EDTA), commonly used in histology and bone clearing for
decalcification. Applying the decalcification process after diges-
tion, this protocol achieved a remarkable 4.1-fold expansion in
larvae aged 3–12 days postfertilization.

2.3. Resolution Estimation

The effective resolution of ExM, denoted as Reff, is governed by
two primary parameters: the inherent resolution of the micro-
scope, Rmicro, and the hydrogel’s length expansion factor, EF. A
higher value of EF correlates with enhanced ExM resolution as:

Reff =
Rmicro

EF
(1)

Rmicro can be determined, for example, using fluorescent beads.
It depends on the numerical aperture of the objective lens and
the wavelength, as outlined by Abbe’s law. Several aspects can in-
fluence the magnitude of the EF, such as the osmotic pressure
induced by polymer and biomolecule concentrations, the elastic-
ity of the gel-sample hybrid system, the presence of mobile ions
within this system, and the purity of the stock solution of sodium
acrylate. For instance, the standard ExM and proExM techniques
achieve approximately a 4.5× linear expansion,[7] while iExM[49]

allows an expansion of approximately 4.5× or 20×. For an objec-
tive lens with a ≈300 nm diffraction limit, a 4.5× expansion pro-
tocol provides an effective resolution of roughly 60–70 nm. With
a 20× expansion, the theoretical resolution would be ≈15 nm.
However, for the iExM’s documented approach, antibody size
pre-expansion sets a resolution bottleneck, resulting in an actual
resolution of 25 nm.[38,50] Thus, an accurate measure of the EF is
crucial for predicting resolution outcomes, establishing accurate
distances on the original biological scale, and interpreting data
correctly. Various methods exist for calculating this factor, from
the evaluation of the gel’s physical dimensions (millimeter-scale)
and weight before and after expansion to the measurement of
typical cellular features, such as nuclei, pre and postexpansion.
However, these methods are often less precise than imaging a
sample section before expansion and then re-imaging that same
section after expansion[9,51] (e.g., examining cellular components
like mitochondria or nuclear pore complexes, Figure 1c). This
latter method tends to produce the most consistent results.[52]

As different cellular regions expand at varying rates,[9] relying
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Figure 2. Light-Sheet Microscopy: optical setups and mounting strategies. a) Schematic of the plane-by-plane illumination of specimens in LSFM. b)
Optical architectures of LSFM and c) inverted LSFM. d) Hydrogel sample mounting, e) glue mounting, and f) hook mounting. g) common mounting
for inverted LSFM.

on the average expansion of a single cellular feature can intro-
duce errors. Therefore, it’s recommended to estimate the EF
across a range of biological features (Figure 1d), which helps
ascertain a more accurate EF. Misestimations of the EF can
lead to significant inaccuracies, especially in nanoscale biological
research.

Notably, the type of structure under examination and the label-
ing density significantly influence the reliability of the acquired
information.[53] It is crucial that the labeling of the imaged struc-
tures is uniform and that the nearest-neighbor distance between
fluorophores, within the structure of interest, is not larger than
half the achievable resolution. This is especially important for
ExM since, even if uniform and satisfactory dense labeling is
achieved in the pre-expansion sample, the stretching process of
the hydrogel during the expansion process can introduce “false”
gaps. This can lead to the resulting image being highly resolved
data with compromised interpretability. Finally, both the density
of labeling and the nature of the structure being labeled emerge
as pivotal factors influencing the outcome.

3. Light-Sheet Microscopy for the Imaging of 3D
Samples

3.1. Fundamentals of Light-Sheet Microscopy

Advanced optical methods are essential for achieving fast vol-
umetric imaging of biological specimens. Among these meth-
ods, LSFM has emerged as a pivotal platform that effectively ad-
dresses these objectives[54] and has proven its efficacy in imaging
thick samples. The origins of the technique can be traced back to

the early 20th century when it was first proposed as an imaging
method (known as Ultramicroscope) by Richard Zsigmondy and
Henry Siedentopf.[55] However, the technique remained largely
underexplored until the years turning the century, when Spelman
et al.[56] and Stelzer et al.[57] demonstrated its feasibility and po-
tential in capturing 3D images of biological specimens and live
samples. Since then, LSFM has undergone significant advance-
ments in technology and methodology, making it an essential tool
in contemporary biological research.[58,59]

Unlike traditional wide-field microscopes, where the sample
is entirely illuminated, LSFM makes use of a thin sheet of light
to selectively illuminate the specimen plane-by-plane (Figure 2a),
while the fluorescent emission is collected along the orthogonal
direction (Figure 2b). The sample is typically positioned in the
overlap between the illumination and detection focus, such that
a 2D image of the section is produced and recorded by a camera
detector. Then, the observation volume is usually translated over
the whole sample to acquire 3D image stacks and reconstruct
the entire structure. Thanks to its capacity for rapid imaging
across a broad field of view while maintaining sample integrity
and delivering high-quality images, LSFM emerges as an excep-
tionally fitting choice for imaging expanded samples such as tis-
sues, whole organs, and animals. In particular, LSFM is com-
patible with various model organisms, such as zebrafish,[60,61]

Drosophila,[62] and C. elegans,[63] making it ideal for develop-
mental biology,[64,65] neuroscience studies[65] and expanded sam-
ples. Indeed, due to the LSFM particular configuration, by illu-
minating only the focal plane of interest, the phototoxicity, and
photobleaching of the remaining parts of the sample are effec-
tively reduced.[66]

Moreover, since this geometry requires two distinguished ob-
jectives to be used, the lateral and axial optical resolution of the

Small Methods 2024, 8, 2301715 © 2024 The Author(s). Small Methods published by Wiley-VCH GmbH2301715 (7 of 16)
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system can be completely decoupled from each other. In detail,
assuming for simplicity a Gaussian beam illumination, they can
be described as:[67]

Rlateral =
0.61 × 𝜆em

NAdet
(2)

Raxial =
2 × 𝜆ex

𝜋 × NAill
(3)

where 𝜆em and 𝜆ex are the emission and excitation wavelength,
respectively; and NAdet and NAill are the numerical aperture of
the detection objective and illumination objective, respectively.
Notably, Equation (3) also defines the thickness of the sheet of
light used to illuminate the sample, which often is dominant in
the axial resolution evaluation. In the end, also the field of view
of illumination (FOVill) is related to these previous parameters.
Specifically, FOVill is the region where the illumination intensity
can be considered uniform for the sample, and only depends on
the characteristics of the excitation beam and of the illumination
objective, as:[68]

FOVill =
1.78 × n × 𝜆ex

NA2
ill

(4)

Therefore, depending on the sample geometry, objectives with
different NAdet and NAill are often used, with optimized resolu-
tions and depths of field.[69]

3.2. Optical Schemes of Light-Sheet Microscopy

The success of LSFM hinges on the design and construction of
specialized imaging systems. A typical LSFM setup consists of
two perpendicular optical paths: one for illumination and the
other for detection. The illumination path employs a light sheet
generator such as a cylindrical lens[57,70] or a rapid scanner for
the beam (digitally scanned laser light-sheet fluorescence mi-
croscopy – DSLM).[64,71] To improve image quality and fulfill spe-
cific specimen characteristics, several illumination approaches
alternative to the Gaussian beams have been adopted over time,
spanning from the Airy beam[72] to the Bessel beam.[73,74] On the
detection side, standard setups usually comprise high-sensitivity
cameras capable of capturing fluorescence signals emitted by the
illuminated sample. Notably, several efforts have been spent to in-
crease the image contrast, for example, by exploiting the confocal
detection of the emitted signal.[75,76]

In the last decades, a large variety of optical architectures have
been proposed. Single-sided illumination (also widely known as
Single-plane Illumination Microscopy) is one of the earliest and
simplest optical schemes used in LSFM (Figure 2b). This ap-
proach involves the illumination of a specimen from one side
while capturing the fluorescence signal from the orthogonal di-
rection. Despite the low photodamage and the high precision
allowed, single-sided imaging of thick samples can lead to shad-
owing artifacts,[77] limited imaging depth, and significant dif-
ferences in image quality within the same field of view. To ad-
dress these shortcomings, multi-directional illumination[71,78,79]

has been developed as a promising solution to mitigate the

shadowing, and dual-sided illumination[70,79] providing illumina-
tion from both sides of the sample, leads to improved imaging
depth and better overall sample coverage. Multi-sided illumina-
tion, however, increases the overall complexity of the setup and
requires precise synchronization of two opposing light sheets.
Furthermore, as reported by Equations (2) and (3), resolution
anisotropy usually affects image formation in the types of ar-
chitectures with inhomogeneities along the longitudinal and the
transversal direction. Possible solutions rely on the implementa-
tion of Bessel illuminations,[80] or as an alternative, on multiple-
view imaging of a rotating sample,[81–83] even though it increases
the photobleaching and requires long postprocessing phases to
fuse the different acquisitions. Conversely, there exist also multi-
view configurations that require no rotation of the sample, but
instead, the implementation of multiple detection paths along
orthogonal directions, leading to images with high resolution in
all 3D.[84,85] The main limitation lies in the complexity of the
setup and the need for advanced computational algorithms for
image reconstruction. In 2011 Inverted light-sheet microscopy
was proposed to solve the geometrical difficulties of specific
samples.[86,87] The key feature of this technique is the use of an
inverted microscope configuration, where the specimen is placed
at the bottom of the imaging chamber (Figure 2c). In 2014, lattice
light-sheet fluorescence microscopy (LLSFM), was introduced by
Betzig et al. to illuminate the sample using a structured light
sheet pattern,[88] typically generated using a spatial light modula-
tor (SLM). Even with a slightly compromised penetration depth,
LLSFM offers several benefits, including minimized background
noise, enhanced imaging speed, and minimal phototoxicity. No-
tably, this approach allowed researchers to optically section thick
samples with high and nearly isotropic 3D spatial resolution.[89]

To overcome the issues due to the presence of two objectives, sin-
gle objective-based systems (SO) have also been proposed.[90,91]

SO shares an elegant optical scheme where the light sheet is in-
clined at an angle to the detection axis. However, the inclined
light sheet introduces astigmatism, which needs to be corrected
during image processing, increasing the computational burden.

Afterward, the main challenge with LSFM is determining
whether it is the best method to image the target sample. Table 1
summarizes the advantages and disadvantages of the main light-
sheet designs mentioned above. Besides common benefits, the
technical aspects of designs that prioritize user friendliness and
practicality are still being refined today with significant efforts.
Nowadays, there are readily available commercial configurations
that aim to increase the LSFM’s adaptability. One of the earli-
est products available was the light sheet Z.1 from Carl Zeiss
Microscopy, a traditional SPIM that drew inspiration from the
cornerstones of Huisken[57] and Stelzer.[79] Today, Zeiss’s Light-
sheet and Lattice Lightsheet, make LSFM suited for large op-
tically cleared specimens and live cell imaging, respectively, at
subcellular resolution. Alternatively, for high-resolution imaging
of large, cleared tissues, LaVision BioTec’s ultramicroscope, in-
spired by Dodt,[70] combines a very wide field of view and uni-
form light-sheet thickness. In addition to those, Applied Scien-
tific Instrumentation provides parts for an inverted microscope
with a single- or dual-sided light-sheet arrangement. The pro-
posed design, ideated from Shroff’s work,[85] is especially well
suited for high-throughput screening of tissue culture cells and
other samples that are typically prepared on glass coverslips.

Small Methods 2024, 8, 2301715 © 2024 The Author(s). Small Methods published by Wiley-VCH GmbH2301715 (8 of 16)
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Table 1. Comparative table of the main light-sheet configurations. The optical architecture, the main advantages and disadvantages, and example refer-
ences are reported for each technique.

LSFM architecture Main optical characteristic Main Advantages Main disadvantages References

Single side illumination Illumination from one single
side

– Low photodamage;
– Fast acquisition

– Shadowing;
– Limited depth of field;
– FOV inhomogeneities

Huisken et al.[57]

Multidirectional illumination Simultaneous tilted light sheet
or fast pivoting

– Reduced shadowing;
– Improved image quality

– Geometrical constraints;
– Increased photobleaching

Huisken and
Steinier[81]

Dual-side illumination Illumination from two sides
(simultaneous or alternated)

– FOV homogeneity – Complex design;
– Synchronization of pivoting

Dodt et al.[70]

Multiple-view imaging Image recording from different
views

– Isotropic resolution imaging;
– Improved 3D imaging

– Increased acquisition time;
– Increased photobleaching;
– Long postprocessing

Krzic et al.[83]

Lattice light-sheet Uniform nondiffracting light
sheet illumination

– Isotropic resolution – Limited penetration deep for scattering
samples

Chen et al.[86]

Inverted light-sheet Optimized orientation of the
illumination and detection
objectives

– Compatible with common
confocal and widefield sample
mounting;

– Suitable for sliced samples

– Geometrical constraints due to
objectives steric hindrance

Wu et al.[87]

Single objective light-sheet Single objective for
illumination and detection

– Reduction of sample geometrical
constraints

– Limited FOV;
– Extensive optics for image realignment

Dunsby et al.[91]

Instead, a possible option for a multiview design is provided by
Bruker’s MuVi. Notably, Leica Microsystems provides a confocal-
plus-digital light-sheet combined solution, making a single sys-
tem adaptable and able to meet various experimental needs.

Nevertheless, commercial systems can be expensive and might
not exactly meet the researcher’s needs. In this regard, the Open-
SPIM platform was developed to offer a maximally cost-effective
solution that enables anyone to build an entry-level system and
further modify it for specific imaging needs.[92] Formalized as
a do-it-yourself process, the platform has a highly active online
community where very detailed instructions can be found for ba-
sic assembly and operations.

3.3. Sample Mounting for ExLSFM

The success of LSFM also greatly depends on the proper prepa-
ration and mounting of 3D samples to ensure optimal imaging
results. Samples need to be embedded or mounted in a way that
preserves their natural structures and minimizes light scatter-
ing and striping effects.[77] Also, implementing hydrogel block-
ing measures during image acquisition is essential for prevent-
ing any drift in the acquired images. For these reasons, sam-
ple mounting is a critical aspect of light-sheet microscopy, as it
directly impacts image quality, sample stability, and the preser-
vation of biological integrity. The mounting of expanded sam-
ples for ExLSFM strictly adheres to the conventional method em-
ployed for mounting samples in light-sheet imaging. Hydrogel
embedding is a common and straightforward method. Samples
are embedded in a hydrogel such as low-melting-point agarose,
which provides support and immobilizes the specimen during
imaging (Figure 2d). This technique is versatile and well-suited
for a wide range of sample types, including tissues, organoids,
and small model organisms. This method has been used for ex-

panded samples by Glaser et al.[93] by employing agarose. Ex-
panded hydrogel samples are trimmed and housed in a custom
anodized chamber. This chamber is submerged in a 0.05× saline
sodium citrate (SSC) solution, ensuring the hydrogel aligns with
light paths. After removal, a warm 2% agarose solution in 0.05×
SSC is poured behind the hydrogel for stability and left to solid-
ify. The chamber is then sealed and left in 0.05× SSC overnight
before imaging. However, the diffusion of agarose can affect the
refractive index and induce scattering artifacts, potentially lim-
iting imaging depth and quality. Another approach is based on
the development of transparent sample chambers filled with liq-
uid matching the appropriate refractive index, in which samples
are suspended or embedded. These chambers, often composed of
specialized materials with refractive indices closely matching that
of the sample, significantly reduce refractive aberrations.[94,95]

Certain works have utilized fluoropolymers, such as Teflon. Both
fluorinated ethylene–propylene (FEP) and polytetrafluoroethy-
lene (PTFE) have refractive indices (n = 1.34) that are com-
patible with expanded hydrogel specimens.[96] These fluoropoly-
mers can be fashioned into thin sheets, which can be tightly
stretched to create drumhead-like surfaces. Such surfaces serve
as optimal holders for expanded specimens, minimizing poten-
tial damage and immobilizing the sample during imaging. Uti-
lizing this approach, Scardigli et al.[43] and Glaser et al.[96] suc-
cessfully imaged a 4× expanded human brain cortex and mouse
kidney section, respectively, without causing harm to the ex-
panded gel. A similar approach is used by MESOSPIM that intro-
duces a cuvette-based approach enabling imaging of large sam-
ples where samples are immersed in a solution/gel inside a glass
cuvette.

In a microscope where specimens are suspended from above,
such as commercial LSFM Zeiss Z.1 and MUVI, it can be
advisable to use either the (super)glue or poly-lysine method

Small Methods 2024, 8, 2301715 © 2024 The Author(s). Small Methods published by Wiley-VCH GmbH2301715 (9 of 16)
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(Figure 2e). Initially, specimens can be secured to a coverslip or
another thin, durable backing with these adhesives. The cover-
slip can subsequently be attached to the top-mounted sample
rod. In certain setups, a 3D-printed adapter is utilized to me-
chanically connect to the sample rod. The gel-coated coverslip
is then affixed to this adapter using (super)glue. As an example,
Mascheroni et al.[97] demonstrated a method in which a slender
gel strip was trimmed and affixed to a 24 × 50 mm glass slide
with superglue. This approach ensured that the cells were ori-
ented upward and not in direct contact with the adhesive, effec-
tively addressing potential issues of gel movement or drift. This
approach is well-suited for expanded cells but can have limits for
large tissues or organs. On the other hand, flat mounting options,
exemplified by systems like commercial SMARTSPIM and LaVi-
sion, offer a stable and controlled environment. In the same line,
glass bottom dishes, as seen in the Zeiss LLS7 system, provide
a convenient platform for imaging expanded adherent cells. Oc-
casionally, specimens are affixed using hooks or pressed onto a
pointed mounting plate (Figure 2f) yet these approaches unavoid-
ably result in sample damage. When using an inverted LSFM
setup, the sample can be directly placed onto a glass microscope
slide or sandwiched between two coverslips[41] (Figure 2g). The
sample can be held in place using adhesive or a specialized sam-
ple holder that fits over the slide. For instance, Wang et al.[98] af-
fixed expanded samples onto a custom-made plastic holder us-
ing a Poly-L-Lysine coated 8 mm glass coverslip and adhesive. Fi-
nally, while not yet utilized for LSFM, bicomponent glues could
serve as a viable alternative to secure the boundary gel, ensur-
ing its stability across multiple acquisitions.[11] The choice of
sample mounting method depends on the nature of the speci-
men and the desired imaging outcome, highlighting the need
for a tailored approach to expanding the capabilities of ExM and
ExLSFM.

4. Nanoscale Investigation of Biological Specimens
Using ExLSFM

While innovative developments of LSFM and ExM have signif-
icantly advanced imaging capabilities, a novel strategy involves
their combination into a single imaging procedure. The com-
bined use of LSFM and ExM has facilitated research into a di-
verse range of biological fields, spanning from cell cultures to
primate brain applications. Different ExM protocols and optical
LSFM setups have been fine-tuned to align with the characteris-
tics of expanded samples and their respective staining methods.
For instance, Mascheroni et al.[97] utilized a commercial inverted
SPIM to visualize expanded LAIV-infected A549 cells (Table 2).
Utilizing an inverted LSFM allowed for a comprehensive scan of
the entire specimen, resulting in 3D renderings of the fully in-
fected cells. This method yielded superior image quality relative
to other techniques examined, including confocal and widefield
microscopy. Thus, ExLSFM emerges as a premier method for
the detailed examination of the interplay between viral proteins
and cellular organelles in intact cells. Additionally, ExLSFM has
emerged as a compelling technique for comparative anatomical
investigations, particularly in the Drosophila brain. As demon-
strated by Boyden, Betzig, and colleagues,[99] the integration of
a canonical ≈4× ExM with LLSFM enables comprehensive re-

construction of its entire brain, achieving ≈60 × 60 × 90 nm3

of optical resolution (Figure 3a). This approach facilitated de-
tailed examination of long-range tracing and stereotypy of neu-
ron bundles (Figure 3b), and presynaptic densities at dopamin-
ergic neurons across all regions of the fly brain. Furthermore,
Lillvis et al.[100] present an innovative pipeline tailored for rapid
imaging and reconstruction of synaptic connections in the fruit
fly. This pipeline exploits a variant of ProExM, which achieves
an eight-fold expansion and is combined with LLSFM. This com-
bination aims to correlate the analysis of circuit structure with
function and behavior within the same specimen. Shifting the
focus beyond insect models, ExLSFM has been utilized to cap-
ture nanoscale volumetric images of songbird brains in zebra
finches[101] and specific subregions in the mouse hippocam-
pal DG and CA1 regions[102] (Figure 3c). Based on this data,
a custom-made LSFM setup was used to conduct a nanoscale
study of MAP-processed mouse brains and tumor xenotrans-
plantation, stained with hematoxylin and eosin.[103] In this re-
search, tumor fibrotic tissue underwent high-temperature de-
naturation, expanded four-fold, and was imaged with an effec-
tive optical resolution of ≈250 nm. This innovative combination
of hematoxylin and eosin staining with nanoscale tumor sam-
ple reconstruction offers promising avenues for both research
and clinical labs. ZOOM- and TREx-processed mouse brain sam-
ples were also successfully combined to custom LSFM to im-
age neurons expressing Thy1-eYFP[20] and immunostained for
Bassoon (a marker for excitatory and inhibitory presynaptic ac-
tive zones) and Homer[33] (a marker for the excitatory postsynap-
tic apparatus). Applications of ExLSFM have been successfully
demonstrated in primate samples. Glaser and colleagues intro-
duced ExA-SPIM,[93] an innovative system capable of imaging a
volume of 200 × 52 × 35 mm3, with an effective optical reso-
lution of 300 nm laterally and 800 nm axially for three-fold ex-
panded tissues. This capability was employed to reconstruct both
the macaque motor cortex and sections of the human visual cor-
tex. Furthermore, human kidney sections[99] and paraffin-fixed
slices of the human cortex[43] underwent expansion using ExPath
and ProExM, respectively, and were then captured with desig-
nated LSFM systems (Figure 3d,e). Finally, by utilizing commer-
cially available LSFM to visualize multiple transcripts in Thy1-
YFP mouse brain slices with ExFISH, Boyden, and colleagues
bridged the gap between protein and transcript visualization with
nanoscale resolution.[25] Also, Wang et al.[98] introduced a signif-
icant enhancement for transcriptome visualization in thick brain
sections (300 mm), emphasizing the 3D relationships among var-
ious cell types within brain structures. Their innovative approach,
termed Expansion-Assisted Iterative-FISH (EASI–FISH), em-
ploys multi-round multiplexed RNA-FISH combined using com-
mercial LSFM (Zeiss Lightsheet Z.1 microscope, Zeiss). EASI–
FISH not only enables precise, in situ measurement of gene
expression at the cellular level but is also tailored for efficient
multi-round, multiplex FISH analysis across complete tissue vol-
umes. These approaches not only offer a more comprehensive
view of cellular processes at the molecular level but also set a new
benchmark for in-depth biological analysis. Studying both pro-
teins and transcripts in large biological tissues concurrently has
the potential to profoundly transform our understanding of intri-
cate cellular dynamics, marking a pivotal step for future research
endeavors.
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Figure 3. ExLSFM and its application across different organism models. a) Whole brain analysis of presynaptic sites and dopaminergic neurons in
Drosophila, acquired using proExM and LLSFM. Scale bar: 100 μm. b) Overlaid maximum intensity projection view of DC3 olfactory projection neurons
from five adult Drosophila brains (D1-D5) near CA. Scale bar: 10 μm. c) ExLSFM allows the identification of individual dendritic spines of sparsely labeled
pyramidal neurons in CA1 in mice. d) Maximum intensity projection of postexpanded human superior frontal cortex and zoom-in of a specific region.
The expanded brain slice (pre-expansion thick 100 um) was stained for NeuN and acquired using a custom-made LSFM. Downsampled reconstruction,
scale bar 1 mm. e) High-resolution images of neurons labeled for the neuronal markers NeuN. Scale bar (400/4) = 100 um. Panels a, b, and c were
adapted with permission from refs. [43,99,102].

5. Discussion and Conclusion

In this review, we provided insights into the present status of
ExLSFM, emphasizing its core strengths and associated chal-
lenges as an integrated multi-modality. Indeed, the balance be-
tween image quality and 3D volume imaging poses a clear
challenge for larger samples. When compared to traditional
super-resolution microscopy techniques and sample-clearing
processes, ExLSM offers a multitude of technical advantages.
These encompass the ability to achieve 3D nanoscale imaging
of multiple intricate biological structures within densely fixed
samples while maintaining a swift and user-friendly application
process. The main disadvantages of ExM in such an integrated
approach lie in its limited compatibility with living samples and
susceptibility to signal loss, posing challenges in real-time appli-
cations and dynamic studies involving living organisms.

The signal strength in expanded tissues is a highly delicate and
crucial topic to address. Expansion enhances resolution but di-
lutes fluorescence intensity, e.g., a four-fold expansion reduces
the signal by 64-fold. Pre-expansion treatments can also decrease
fluorescence caused by enzymatic digestion and gel polymeriza-
tion. To counteract signal loss, various amplification techniques,
such as hybridization chain reaction and iterative antibody bind-
ing, have been introduced.[2,104,105] Also, traditional antibodies,
especially when used with optically cleared tissue, find it hard to
penetrate thicker samples. This leads to increased background
noise due to sample volume and molecular crowding, in par-
ticular into the center of the specimen. Fortunately, recent ad-
vances in ExM can overcome this penetration barrier. Postexpan-
sion labeling strategies, for instance, benefit from a “decrowding”
effect, which increases fluorescence and reveals previously hid-
den nanostructures. Also, probe size is a critical factor in tissue
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staining. While the resolution provided by ExM, based on ad-
vancements in gel chemistry, has not yet reached its theoretical
peak, employing smaller labels can boost localization precision
and guarantee consistent staining.

LSFM, a method gaining prominence over the last two
decades, excels in deep imaging of expansive cleared tissues with
minimal photobleaching and phototoxicity. This approach guar-
antees faster imaging speed compared with other nondestructive
tomographic approaches such as magnetic resonance imaging
and computerized tomography.[106] Following imaging, LSFM
generates well-registered serial sections that can be used for ad-
ditional histological procedures or 3D reconstructions.

Although these two technologies have been developed inde-
pendently, in the last years numerous works demonstrated that
their integration can lead to synergistic outcomes, enhancing
the capabilities and performance of both in various applications.
Several synergistic benefits arise from the combination of both
techniques. Typically, the size of the specimen is not a limiting
factor in many LSFM setups. For this reason, different expan-
sion factors and multi-round approaches can be adopted. Specif-
ically, ExLSFM enhances our ability to visualize nanoscale details
in whole organs and tissues. Compared to other clearing tech-
niques, the use of distilled water for Refractive Index (RI) match-
ing is a safer and cost-effective alternative. Typically, LSFM de-
mands a substantial amount of index-matching solution to di-
minish optical aberrations and enhance image contrast. The ca-
pability to employ water with expanded samples simplifies this
procedure. Furthermore, LSFM offers a swift acquisition rate for
expanded hydrogels. This minimizes exposure time and reduces
the risk of the hydrogel drying out.

Tissue expansion works exceptionally well when combined
with LSFM, allowing for the rapid generation of imaging data.
As recommended by Schwarz and Kubitscheck,[107] ≈13 image
tiles are needed to cover a 1 mm2 object field when using a 40x
objective lens with a numerical aperture of 1.0, while imaging
at diffraction-limited resolution. Similarly, capturing optical sec-
tions spanning a 1 mm axial distance requires 3333 slices under
optimal conditions, such as those needed for deconvolution. Con-
sequently, imaging a specimen region with a volume of 1 mm3

takes ≈30 min at a frame rate of 25 hertz.[107] This enables the
rapid imaging of fluorescently sparsely labeled neurons, facilitat-
ing the creation of a super-resolved model of large brain areas and
elucidating the long-range connections of brain nuclei. An addi-
tional example comes from the recent work of Glaser et al.[93]

They developed ExA-SPIM, a refined version of LSFM tailored
for expanded tissues, to exploit the synergic effect of ExM and
LSFM. This system enables centimeter-scale tissue imaging with
sub-micrometer resolutions at up to 1 gigaVoxel/sec.[93] This effi-
ciency reduces the necessity for physical sectioning, streamlining
imaging data, and simplifying subsequent analysis.

ExLSFM offers 3D nanoscale imaging across multiple colors,
by preserving the integrity of protein profiles in entire organs and
tissues. This ability permits multi-round labeling, crucial for vi-
sualizing various markers in intact tissues. The ability of ExM
to optically clear and decrowd makes it instrumental for in-depth
single-cell omics research, including proteomics and spatial tran-
scriptomics. ExLSFM has the potential to redefine our approach
to cellular and molecular biology. Their combined insights could
significantly bolster our understanding of biology and associated

diseases. Moreover, the potential applications of this method ex-
tend beyond pure research; it could also make a pivotal contribu-
tion to the clinical fields, paving the way for enhanced diagnosis.

6. Future Perspectives

ExLSFM has found applications in diverse fields such as neu-
robiology, virology, and nephrology. Given the customizability
of ExLSFM, it presents an opportunity in solid tumor research,
particularly for investigating the nanoscale intricacies of large
biopsies. ExLSFM will deeply decipher the tumor’s microenvi-
ronment, identify markers’ activity, and track its biological pro-
gression over time. Enhanced by its high-throughput imaging
capabilities, ExLSFM also holds promise for real-time intraop-
erative imaging and precise margin identification in conditions
like squamous cell carcinoma.[108] Further, ExM has been piv-
otal in expanding cell nuclei to study chromatin ultrastructure.
While protocols for nuclear imaging await standardization, the
optimized method could revolutionize genetic and chromoso-
mal studies in both clinical and preclinical settings. For exam-
ple, ExLSFM will define the epigenetic modifications[109] in large
tissue or biopsies, paving a new way for understanding several
diseases, including cancer.

Given the complexity of cancer tissue structures and diverse
biomolecule signatures, protocols like MAGNIFY,[26] which can
simultaneously depict DNA, RNA, and proteins, or pan-ExM,
designed for labeling the entire proteome,[110,111] are invaluable
in deciphering these intricate assemblies. The robust structural
integrity of these methods, coupled with the ability to stain a
broad spectrum of biomolecules, makes them well-suited for ad-
vanced multiplexed imaging. Even though there are several clear-
ing methods available for multi-marker studies using LSFM (in
the human brain, for instance, seven different labels in the same
sample),[41,112] the potential of ExLSFM in this domain remains
largely unexplored.

The combination of ExM and LSFM addresses the challenges
of subcellular resolution and imaging depth, providing a power-
ful toolset for researchers across diverse fields. In seeking deeper
molecular understandings, it is essential to broaden our perspec-
tive and incorporate complementary techniques in a more com-
prehensive path from in vivo to cell investigation at different spa-
tial resolutions and temporal scales. In this regard, the marriage
of ExLSFM with positron emission tomography (PET) and au-
toradiography emerges as a potent strategy, enabling the concur-
rent visualization of molecular and structural details along with
dynamic metabolic processes and seamlessly complementing the
strengths of ExLSFM.

Positron Emission Tomography (PET),[113] is the hallmark
molecular imaging method offering in vivo noninvasive insight
into biological processes with molecular sensitivity. Exploiting
radiolabeled probes, PET has established itself in the realm
of cancer diagnosis and treatment. Considering that cancer of-
ten exhibits the intricate relationship between cancerous and
noncancerous cells, the uptake heterogeneity and dynamics of
Fludeoxyglucose F18 (18F-FDG) – a radioactive tracer that acts
as a glucose analog – can provide a deeper understanding of tu-
mor stage and aggressiveness. PET has excellent sensitivity but
is limited by a low spatial resolution. Autoradiography,[114] can
overcome the spatial resolution limitation of PET by offering
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high-resolution spatial (50–100 micron) mapping of radiolabeled
compounds ex vivo on thin slices of tissue, thus losing the dy-
namic information of PET.

These integrated approaches where the amalgamation of di-
verse techniques converge to provide a holistic understanding
of cellular phenomena can benefit from the incorporation of
ExLSFM with its capability to provide a detailed insight into the
cellular microenvironment and molecular interactions that may
drive the variability of tumor cell behavior, paving the way for
new discoveries in cancer and other applications in biomedical
research.
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