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Optical microscopy is limited by the 
diffraction of light

Difraction Limit (200 nm)

Modified from illustration by Johan Jarnestad/ The Royal Swedish Academy of Sciences (2014)

Sizes of various biological entities and the diffraction limit:

Ant Hair
Mammal Cell

Bacterium Mitochondria Virus Protein
Small Molecule

Human eye

Optical Microscopy

Electron Microscopy
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Microscopía de Super-Resolución

Super-resolution techniquesovercome the diffraction limit while retaining

valuableadvantagesof opticalmicroscopy,suchasbiologicaltargetspecificity

Classicexamples:

• Structuredilluminationmicroscopy(SIM)

• Stimulatedemissiondepletionmicroscopy(STED)

• Photo-activated localization microscopy (PALM)/Stochastic optical

reconstructionmicroscopy(STORM)

But...

• High costs

• Need for highly specialized personnel/equipment

• Limited multicolor capability,  low visualization depth, long acquisition times, 

etc.



Expansion Microscopy (ExM)

ExM

ὼ

ὼ< 200 nm ὼ > 200 nm

ὼ

• Isotropic expansion in 4x: Separation of objects while preserving relative positions

• Accessible and easy to implement in standardized models

5Chen, F., Tillberg, P. W., & Boyden, E. S. (2015). Optical imaging. Expansion microscopy. Science (New York, N.Y.), 347(6221), 543–548. https://doi.org/10.1126/science.1260088

https://doi.org/10.1126/science.1260088


Expansion Microscopy (ExM)
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In generalterms, the techniquestarts with the fluorescent

labelingof a sampleusingtraditional methods. Theselabels

are then anchored to a swellable ionic hydrogel that

polymerizesthroughout the sample. All biological material

that is not of interest is then degradedor denaturalized,and

finally,throughdialysisin water,the gelexpands,carryingwith

it the fluorescenttags.



“Standard” ExM Procedure (Chozinski
et al . 2016)

ProteinaseK

DigestionPolymerizationAnchoring Expansion

Fixed& stainedsample Proteins in the sample 

with anchor groups
ò Tissue-polymeró composite Gel with anchored 

fluorescent tags

4x Expandedgel

Performance criteria:

• Morphology conservation

• Expansion factor ~ 4

7
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How to compute the Expansion Factor 
(EF)

The performance of an ExM experiment can be partially* evaluated by the resulting EF

• Ratiobetweenpost-ExMsize(3) andpre-ExMsize(Ὓ).

• A sizedescriptor(length,perimeter,area,volume,or other) mustbemeasured.

• If surfaceor volumetricdescriptorsaremeasured,squareroots or cuberoots mustbe considered,respectively.

%&
3

3

ExM

pre-ExM

post-ExM
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How do the targets of interest within the 
sample get preserved after digestion & 

expansion?

• In the anchoringstep,the targetsof interest are conferredwith a functionalgroupcapableof participatingin the

polymerizationof the ionic polymernetwork,covalentlylinkingthemto the expandablehydrogel.

• Themost commonmethodsarebasedin protein andnucleicacidanchoring.

• Over time, methods have been developedto enablethe visualizationof lipids. More sophisticatedanchoring

methodshavealsobeendevelopedthat arecompatiblewith varioustypesof biomolecules.
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ExM with conventional antibodies and f luorescent 
proteins (Chozinski et al . 2016) /  Protein retention

ExM (proExM): Protein anchoring

Protein
Protein

N-(Methacryloyloxy)succinimide

MethacrylicacidN-hydroxysuccinimideester

MA-NHS

6-((Acryloyl)amino)hexanoicacidsuccinimidylester

Acryloyl-X SE

AcX

Activatedester towards

nucleophilicsubstitution
Protein-anchoringmolecules:
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ExM with conventional antibodies and f luorescent 
proteins (Chozinski et al . 2016) /  Protein retention

ExM (proExM): Protein anchoring

Modifiedfrom Chozinskiet al. (2016). Scalebars: 5 µm (e, f); 0.5 µm (g, h); 2 µm  (i, j)

N-(Methacryloyloxy)succinimide

MethacrylicacidN-hydroxysuccinimideester

MA-NHS

6-((Acryloyl)amino)hexanoicacidsuccinimidylester

Acryloyl-X SE

AcX

Doublebond reactive towards

free radical attack

Protein

Protein

Pre-ExM Post-ExM Pre-ExM Post-ExM
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Fluorescent in situ hybridization ExM
(ExFISH): RNA & DNA anchoring

Modifiedfrom Chenet al. (2016). Scalebars: 2 µm

Pre-ExM Post-ExM

R

Ureido group capable of nucleophilic attack on 

anchoring molecules such as MA-NHS or AcX

Alkyl halidegroupreactive towards nucleophilic 

attack by nitrogenous bases

Label-IT® probe

Nucleicacidanchoringmolecule:

12



Fluorescent in situ hybridization ExM
(ExFISH): RNA & DNA anchoring

Modifiedfrom Chenet al. (2016). Scalebars: 2 µm

Pre-ExM Post-ExM

R

Label-IT® probe

AcX

Guanine residue in 

an RNA or DNA 

molecule

òLabelXó construct
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Doublebond reactive towards

free-radical attack

Reactive imine

towards

nucleophilicattack

FormaldehydeAcrylamide

Magnif ied Proteome Analysis (MAP): s imultaneous 
anchoring of proteins and nucleic acids

Modifiedfrom Ku et al. (2016). Scalebars: 10 µm (a); 1 µm (b).

Simultaneous anchoring of proteins and nucleic acids through reaction with an imine 

(Schiff base)
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Protein
Protein

Guanine residue in DNA 

molecule



membraneExM (mExM): visualization
of lipid membranes

Modifiedfrom Kariagianniset al. (2019). Scalebars: 10 µm (i y ii); 5 µm (iii y iv)

Palmitoilgroup for association with lipid 

membranes Penthalisinregion for nucleophilic attack on 

anchoring molecules such as MA-NHS or AcX

Biotinylgroupfor binding

fluorescentstreptavidin

AmphipathicprobeòpGk5bó (palmitoyl-glycine-pentalisin-biotin):

Pre-ExM Post-ExM
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There are multiple ExM variants

By…

• Type of target biomolecule: StandardExM (usingMA-NHS or AcX); Protein retention ExM (proExM); FISH
ExM (ExFISH); MembraneExM (mExM); MagnifiedAnalysisof the Proteome(MAP),Bulk proteome labellingExM
(pan-ExM); ChromatineExM(chromExM); etc.

• Nature of the homogenization process: : Proteolytic digestionwith proteinaseK (StandardExMandothers)
vs protein denaturationwith ionic detergents, chaotropic agentsand/or temperature (proExM; MAP; pan-ExM;
etc).

• Achievable expansion factor (and resolution): Iterative ExM (iExM, reaches20x expansion); X10 ExM
(reaches10x expansion); pan-ExM(reaches16x expansion).

• Molecular structure of the expandable polymer (Level of isotropicity of the expansion): Ultrastructure
ExM(U-ExM); Tetra-gelExM.

• Combination of ExM with other optical microscopy techniques: Structured illumination ExM (ExSIM);
StimulatedemissiondepletionExM(ExSTED); SinglemoleculelocalizationExM(ExSMLM); EnhancedExM(EExM);
etc.

• Nature of the target sample: ExMfor microbes(µExM); ExMin plants; ExMin biofilms, etc.

Recommendedreadson ExMfundamentals& Variants:

Sheard, T., & Jayasinghe, I. (2021). Enhancedexpansionmicroscopyto measurenanoscalestructuralandbiochemicalremodelingin singlecells. Methodsin
Cell Biology,161, 147-180. https://doi.org/10.1016/bs.mcb.2020.04.019

Truckenbrodt S. (2023). Expansion Microscopy: Super-Resolution Imaging with Hydrogels. Analytical chemistry, 95(1), 3ð32.
https://doi.org/10.1021/acs.analchem.2c04921

Modifiedfrom Sheard& Jayasinghe(2021). Scalebars:  4 µm, insert 1 µm (A-i); 1 

µm (A-ii); 0.5 µm (A-iii, B-i); 10 µm (B-ii); 0.45 µm (B-iii); 5 µm (C-i, C-iii) 16

https://doi.org/10.1016/bs.mcb.2020.04.019
https://doi.org/10.1021/acs.analchem.2c04921
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Not using proteolytic treatments to homogenize the mechanical

propertiesof the samplehasa very important advantage: it allowspost-

expansionstaining,which prevents fluorescenceloss causedby the

deterioration of fluorophoresdue to free radicalpolymerizationof the

hydrogel. It also prevents fluorescenceloss due to degradationof

proteins conjugated to fluorophores (as occurs when employing

immunofluorescencetechniques).

https://doi.org/10.1016/bs.mcb.2020.04.019
https://doi.org/10.1021/acs.analchem.2c04921
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There are multiple ExM variants



Some general applications of ExM

•Nanoscale detection and localization of different biomolecules

•Nanoscale description of spatial organization of cellular and subcellular 
structures

•Mapping of nanoscopicstructures across large volumes of tissue (e.g., mapping 
of neural circuits)

•Enhancement of resolution in other optical microscopy methodologies (e.g., 
combination with classic super-resolution techniques such as SIM, STED, and 
PALM/STORM)

•Aid in clinical diagnosis based in cell morphology analysis (e.g., use in pathology 
for the detection of altered phenotypes)
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Advantages of ExM over other SR 
methods

•Super-resolution (SR) in diffraction-limited

microscopes

•Easy to implement in standardized models and

potentially low cost

•Compatiblewith imagingof thick simples

•Reducesoptical aberrationscausedby refractive index

mismatch(only applieswhen usinga water immersion

objective)

•Reduceslight scatteringfrom the sample

•Improved immunostainingefficiency (only applies to

methodsthat allowpost-expansionstaining)

Gelsimmersedin waterNon-immersedgels
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Considerations and disadvantages 
compared to other SR methods

•Decreased fluorescence intensity:

o Bleachingof fluorophores(in variantsthat do not allow post-
expansionstaining)

o Loss of fluorescent molecules (only in variants that use
proteolytic digestion)

o Decreasedstainingdensity

•Morphology checks

•Incompatible with live imaging

•Samplemagnificationvs.objectiveworkingdistance

•Expandedsamplesare labile

*Reference for ExM-compatible fluorophores: Faulkner, E. L., Thomas, S. G., & Neely, R. K. (2020). An introduction to the methodology of expansion microscopy. The international journal of biochemistry & cell biology, 

124, 105764. https://doi.org/10.1016/j.biocel.2020.105764

**Objective working distance:  distance between the front lens element of the objective and the nearest surface of the cover slip when the sampleis in sharp focus. For objectives designed to be used without cover slips, 

the working distance is determined by linear measurement from the front lens of the objective to the sample surface(https://www.microscopyu.com/tutorials/workingdistance).

ExM

ExM
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ExM in bacteria and bacterial biofilms

Chitin Peptidoglycan

òStandardó models:

Mammalcell cultures Mammaltissueslices

Other models:

Drosophila embrios

PK PK

Bacteria (planktonic)

ExM has been implemented in different models:
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ExM in bacteria and bacterial biofilms

òStandardó models:

Mammalcell cultures Mammaltissueslices

Other models:

Drosophila embryos

PK PK

PK

PK PK

PK

+ +Q Mut

Bacteria (planktonic)

Jianget al. (2018) Lim et al. (2019)

“µExM”

ExM has been implemented in different models:
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ExM for microbes (µExM)
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m-Cherry ðLactobacillus plantarum& GFP ðAcetobactertropicalis. Scale

bars:10 µm. Modifiedfrom Lim et al. (2019).

4x Expandedgel

Fixed& stainedbacteria

Bacteria with digestedcell-wall

Digestion1 (mutanolysin/ lisozyme)

Anchoring

Polymerization

Digestion2 (proteinaseK)

Expansion



ExM in bacteria and bacterial biofilms
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Illustrationby Karina Palma (PhD), SCIAN-Lab, Fmed, Uchile(2022)



ExM in bacteria and bacterial biofilms

Proteins

Extracellular

DNA

Exopolysaccharides

Cell wall

Capsule

Fimbriae& 

flagella
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Illustrationby Karina Palma (PhD), SCIAN-Lab, Fmed, Uchile(2022)



ExM in bacteria and bacterial biofilms
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4x
+

++
ProteinaseK

Mutanolysin

Glycoside-hydrolase



Study model: Proteus mirabilis biofilm

P. mirabilisbiofilm formed on a

microscopeslide,stainedwith

crystal violet. Courtesy of

Nicole Canales(MSc)

Visualization of P. mirabilis biofilm

DNA andcell wall/capsule/expolysaccharidesstaining. Scalebars: 50 µm (A,

A', A'ô); 10 µm (B,Bõ,B'')

25x

100x

Scalebars: 50 µm (C, C',C'ô); 10 µm (D,Dõ,D'')

25x

100x

Scalebars: 50 µm (E,E',E'ô); 10 µm (F,Fõ,F'')

25x

100x
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Design of a method for computing the 
expansion factor in P. mirabilis

Segmentation of individual bacteria

Deconvolvedimages

•Initialsegmentationbasedon a trainablealgorithm

•Refined segmentation (semi-automatic and manual 

operations)

Binary, segmentedimages
Images with overlay of smoothed contours and medial axes

Generationof smoothedcontoursandmedialaxes

Scalebars: 2 µm.
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Design of a method for computing the 
expansion factor in P. mirabilis

•Area

•Perimeter

•Length

•Max. width

Extracting and comparing morphological

descriptors

Area (µm2) Perimeter

(µm)

Length (µm) Max width (µm)

Mean 0.83 3.9 1.7 0.59

SD 0.40 1.4 0.68 0.070

SEM 0.0035 0.012 0.0060 0.00061

CV 48% 35% 40% 12%

Measuring Error 0.42% 0.31% 0.35% 0.10%

n 13153 13153 13153 13153

Mean,standarddeviation(SD),standarderror of the mean(SEM),coefficientof variation(CV),percentagethat the

SEMrepresentswith respectto the mean(measuringerror), andnumberof bacteriaanalyzed(n).

30



Expansion of the P. 
mirabilis biofilm

Spinning disk Confocal

Microscopy. 63x W (NA = 1.2).

48 h P. mirabilisbiofilm

Cellwall/capsule/expolysaccharides

(WGA-AlexaFluor488; Ex/Em

488/520 nm)

DNA (SYTO61; Ex/Em647/650 

nm).

Physicalscalebar (white): 10 µm

Normalizedscalebar (gray): 10 

µm (hypothetical)
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EF = 4.3 ± 0.44
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Evaluation of morphology and topology preservation

Overlaying ROIs Topological analysis: comparison of distances between neighboring objects

Morphological analysis by quantification and statistical comparison of descriptors: center of mass, area, circularity.



Spinning disk ConfocalMicroscopy. 63x W (NA = 1.2).

48 h P. mirabilisbiofilm

Cellwall/capsule/expolysaccharides(WGA-AlexaFluor488; 

Ex/Em488/520 nm)

DNA (SYTO61; Ex/Em647/650 nm).

Physicalscalebar (white): 10 µm

Normalizedscalebar (gray): 10 µm (hypothetical)
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Expansion of the P. mirabilis biofilm



Spinning disk ConfocalMicroscopy. 63x W (NA = 1.2).

48 h P. mirabilisbiofilm

(G) Cellwall/capsule/expolysaccharides(WGA-AlexaFluor488; Ex/Em488/520 nm)

(A ðE) DNA (propidiumiodide; Ex/Em568/617 nm).

(G ðK) DNA (SYTO61; Ex/Em647/650 nm).

Physicalscalebar (white): 10 µm

Normalizedscalebar (gray): 10 µm (hypothetical)
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Expansion of the P. 
mirabilis biofilm

What to take away from this figure: The

ultimategoalof standardizingthe techniqueis

to observebiologicalphenomenain biofilms

with greater resolution. For example, the

methodwasableto resolvedifferentpatterns

of DNA spatial organization that were

previously òhiddenóby diffraction-limited

resolution.
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