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Optical microscopy is limited by the
diffraction of light

Sizes of various biological entities and the diffraction limit:

Difraction Limit (200 nm)

Mammal Cell

|
|
i . . . . S 11 Mol [
Hair Bacterium Mitochondria  Virus Protein mall Molecule
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

I I I |
T mm 100 ym 10 pm T pm

100 nm 10 nm 1 nm

Modified from illustration by Johalarnestad The Royal Swedish Academy of Sciences (2014)




Optical microscopy is limited by the
diffraction of light

Supetresolution techniquesovercome the diffraction limit while retainingaction limit:
valuableadvantagesf opticalmicroscopysuchasbiologicaltargetspecificity

Classieexamples - - -
«  Structuredilluminationmicroscopy(SIM) I Microscopia de Super-Resolucién I
» Stimulatecemissiondepletionmicroscopy(STED)
* Photoactivated localization microscopy (PALM)/Stochastic optical

reconstructionmicroscopy(STORM) 'Im't (200 nm)
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Modified from illustration by Johalarnestad The Royal Swedish Academy of Sciences (2014)




Expansion Microscopy (ExM)

* Isotropic expansion in 4x: Separation of objects while preserving relative positions Ly NN
* Accessible and easy to implement in standardized models - fQ N TR 2
X N
é g ExM i 5 :
- § —
W W
w <200 nm @ > 200 nm

Chen, 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)




Fixed& stainedsample
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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

postExM

ExM

m
S
Fk
3
v

& E TOEIOYA

% &

w| w

* RatiobetweenpostExMsize(3 ) andpre-ExMsize("Y).
» A sizedescriptor(lengthperimeter,areayvolume or other) mustbe measured

» If surfaceor volumetricdescriptorsare measuredsquareroots or cuberoots mustbe consideredrespectively




How do the targets of interest within the
sample get preserved after digestion &
expansion?

In the anchoringstep,the targetsof interest are conferredwith a functionalgroup capableof participatingn the
polymerizationof the ionic polymernetwork, covalenthinkingthemto the expandablénydrogel

The mostcommonmethodsare basedn protein andnucleicacidanchoring

Over time, methods have been developedto enablethe visualizationof lipids More sophisticatedanchoring
methodshavealsobeendevelopedhat are compatiblewith varioustypesof biomolecules




ExM with conventional antibodies and fluorescent
proteins (Chozinski et al. 2016) / Protein retention
ExM (proExM): Protein anchoring

Proteinranchoringmolecules
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ExM with conventional antibodies and fluorescent
proteins (Chozinski et al. 2016) / Protein retention
ExM (proExM): Protein anchoring

Doublebond reactiveowards
free radicahttack
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Modifiedfrom Chozinskiet al (2016).Scalebars 5 um (e, f); 0.5 um (g, h); 2 um (i, j)




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

Nucleicacidanchoringmolecule

LabellT® probe f Pre-ExM g

Ureido group capable afucleophiliattack on
anchoring molecules such as NWMS or AcX

Alkyl halidegroupreactivetowardsnucleophilic
attack by nitrogenous bases

Modifiedfrom Chenet al (2016).Scalebars 2 um

PostExM




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

HZNJ\N/\/\N/\/\N an RNA or DNA
H / \ H molecule
N/

®
J\N/\/’\N/\\/\N
H / N\ H
N/
SN
oLabel>6 construct ® %NHQ
NN N
L

LabellT® probe f PreExM g

® Guanine residue in

Modifiedfrom Chenet al (2016).Scalebars 2 um

PostExM




Magnified Proteome Analysis (MAP): simultaneous
anchoring of proteins and nucleic acids

Simultaneous anchoring of proteins and nucleic acids through reagtibranimine
(Schiff base)
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membraneExM (mExM): visualization
of lipid membranes

Amphipathiqrobeo p G k pdindtoyiglycinepentalisirbiotin):
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Palmitoilgroup for association with lipid
membranes Penthallsmeglon for nucleophilic attack on Biotinylgroupfor binding
anchoring molecules such as NS or AcX fluorescentstreptavidin
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There are multiple ExM variants

ExSTED , o EXSTORM
He%r—" 4 ni 1 Spermatocyte

By...

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

Nature of the homogenization process: : Proteolytic digestionwith proteinaseK (StandardeExM and others)
vs protein denaturationwith ionic detergents chaotropic agentsandbr temperature (proExM MAP, panExM
etc).

v O \ *\ & \
Achievable expansion factor (and resolution): Iterative ExM (iIExM reaches20x expansio)y X10 ExM ﬁ;‘popocampal nedron é;?diomyomé; X It
(reacheslOx expansiol panExM(reachesl6x expansioh A

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 (ExSIN;
Stimulatedemissiondepletion ExM (EXSTED, SinglemoleculelocalizationExM (ExSMLN} EnhancedExM (EEXMN;
etc.

Nature of the target sample: ExMfor microbes(uExM) ExMin plants ExMin biofilms etc. B PR I E

Bacteria Lung epithelial ’ Chlamydia-infected Hel.a

Recommendedeadson ExMfundamental® Variants

SheardT., & Jayasinghé (2021). Enhance@xpansiormicroscopyto measurenanoscalestructural andbiochemicatemodelingin singlecells Methodsin
Cell Biology,161, 147-180 https//doi.org/10.1016bsmch202004.019

Truckenbrodt S (2023. Expansion Microscopy SuperResolution Imaging with Hydrogels Analytical chemistry 95(1), 3332 Modifiedfrom Sheard& Jayasingh@021).Scalebars 4 pm,insert1 um (Ad); 1
https//doi.org/10.102 acsanalchen2c04921 um (A-ii); 0.5 um (Aiii, Bi); 10 um (Bii); 0.45 pm (Biii); 5 um (Gi, C-iii)



https://doi.org/10.1016/bs.mcb.2020.04.019
https://doi.org/10.1021/acs.analchem.2c04921

There are multiple ExM variants

ExSTED , = EXSTORM
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Type of target biomolecule: StandardExM (usingMA-NHS or AcX); Protein retention EXM (proExM); FISH _ & ) § // ‘
ExM (ExFISHt MembraneExM (mExM); MagnifiedAnalysisof the Proteome (MAP), Bulk proteome labellingExM A~ y

(panExM) ChromatineExM(chromExN); etc. . ' . ' ' . .
Not using proteolytic treatments to homogenize the mechanical

Nature of the homogenization process: : Proteolytic digestionwith proteinaseK (StandardeExM and others) i i 'a L

vs protein denaturationwith ionic detergents chaotropic agentsandbr temperature (proExM MAP, panExM propertl_es of the Samp_lehasa HEln) Important advantag'et aHOWSpOSt

etc). expansionstaining,which prevents fluorescenceloss causedby the
Achievable expansion factor (and resolution): Iterative ExM (iExM reaches20x expansiojy X10 ExM deterioration of fluorophoresdueto free radlcalpolymerlzatloan the
(reacheslOx expansiojy panExM(reachesléx expansiojt hydrogel It also prevents fluorescenceloss due to degradation of
Molecular structure of the expandable polymer (Level of isotropicity of the expansion): Ultrastructure pfOteinS Conjugated to ﬂUOfOphOfes (as occurs when employing
ExM(U-ExM) Tetra-gelExM immunofluorescenceechniques

Combination of ExM with other optical microscopy techniques: Structured illumination ExM (ExSIN); Q
Stimulatedemissiondepletion ExM (EXSTED, SinglemoleculelocalizationExM (ExSMLN} EnhancedExM (EEXMN;

etc.

Nature of the target sample: ExMfor microbes(uExM) ExMin plants ExMin biofilms etc.

4x ExM
Bacteria

4x ExM
Chlamydia-infected Hel.a

Recommendedeadson ExMfundamental® Variants

SheardT., & Jayasinghé (2021). Enhance@xpansiormicroscopyto measurenanoscalestructural andbiochemicatemodelingin singlecells Methodsin
Cell Biology,161, 147-180 https//doi.org/10.1016bsmch202004.019

Truckenbrodt S (2023. Expansion Microscopy SuperResolution Imaging with Hydrogels Analytical chemistry 95(1), 3332 Modifiedfrom Sheard& Jayasingh@021).Scalebars 4 pm,insert1 um (Ad); 1
https//doi.org/10.102 acsanalchen2c04921 um (A-ii); 0.5 um (Aiii, Bi); 10 um (Bii); 0.45 pm (Biii); 5 um (Gi, C-iii)



https://doi.org/10.1016/bs.mcb.2020.04.019
https://doi.org/10.1021/acs.analchem.2c04921

There are multiple ExM variants
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Some general applications of ExM

Nanoscale detection and localization of different biomolecules

Nanoscale description aédpatialorganization of cellular and subcellular
structures

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

Enhancement ofesolutionin other optical microscopy methodologies (e.g.,
combination with classic supegsolution techniques such as SIM, STED, and

PALM/STORM)

Aid in clinicaldiagnosis based in cafiorphology analysi®.g., use in pathology
for the detection of altered phenotypes)




Advantages of ExM over other SR
methods

Super-resolution (SR) in diffraction-limited
microscopes

Gelsimmersedin water

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)

Reducedight scatteringfrom the sample

Improved immunostainingefficiency (only applies to
methodsthat allow post-expansiorstaining)




Considerations and disadvantages
compared to other SR methods

Decreased fluorescence intensity:

Bleachingf fluorophores(in variantsthat do not allow post

expansiorstaining)

Loss of fluorescent molecules (only in variants that use

proteolytic digestion)
Decreasedstainingdensity
Morphology checks

Incompatible with live imaging

Samplanagnificatiorvs objectiveworking distance

Expandedamplesre labile

ExM

*Reference folExM-compatible fluorophores: Faulkner, E. L., Thomas, S. G., & Neely, R. K. (2020). An introduction to the methodology arexpenosicopy. The international journal of biochemistry & cell biology,
124, 105764. https://doi.org/10.1016/j.biocel.2020.105764
**Qbjective workingdistance: distance between the front lens element of the objective and the nearest surface of the cover slip when this sesialg 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 sanfaleg(https://www.microscopyu.com/tutorials/workingdistance).



ExM in bacteria and bacterial biofilms

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

ExM has been implemented in different models:

0 St a nrdodelsd 6 Other models “nExM”

Mammakell cultures

Mammalissueslices Drosophilembryos Bacteria planktoni¢

—

P e p——— —

Jianget al.(2018) Limet al.(2019)




ExM for microbes (MExM)

Mechanically resolved imaging of bacteria
using expansion microscopy Fixed& stainedbacteria & D

Youngbin Lim', Anthony L. Shiver®', Margarita Khariton®', Keara M. Lane', Katharine

M.Ng@', Samuel R. Bray', Jian Qin(»?, Kerwyn Casey Huang'®*, Bo Wang'°*
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ExM in bacteria and bacterial biofilms

Reversible Irreversible Biofilm Biofilm
Adhesion - Adhesion » Maturation » Dispersion
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ExM in bacteria and bacterial biofilms

Cellwall

Reversible Irreversible Biofilm Biofilm

Extracellular Adhesion Adhesion Maturation Dispersion
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ExM in bacteria and bacterial biofilms




Study model: Proteus mirabilis biofilm

Visualization of P. mirabilis biofilm 24 a0 |

25X

Scalebars 50um (C,C', C *; 80um (D, D D)

100x

R et 25X
DNA andcell wallcapsule#xpolysaccharidestaining Scalebars 50 pum (A,
A',A'; 80um (B,B @)

P. mirabilisiofilm formed on a
microscopeslide, stainedwith
crystal violet Courtesy of

Nicole CanalegMSc)
Scalébars 50 um (E,E'\E '; 3® pm (F,F &")



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

Segmentation of individual bacteria

Images with overlagf smoothedcontours and mediaxes

Deconvolvedmages Binary segmentedmages

* Initialsegmentatiotasedon atrainablealgorithm Generationof smoothedcontoursandmedialaxes
» Refined segmentation (sewmiitomatic and manual

operations)

Scalebars 2 pm.



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

Extracting and comparing morphological

descriptors

Area (pm?) Perimeter Length (um) Max width (pm)
(um)
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)gcoefficientof variation(CV), percentagehat the

SEMrepresentswith respectto the mean(measuringerror), andnumberof bacteriaanalyzedn).



Expansion of the P.
mirabilis biofilm

Pre-expanded

Spinning diskonfocal
Microscopy 63x W (NA = 1.2).
48 hP.mirabilibiofilm
Cellwallcapsulegxpolysaccharideg
(WGA-AlexaFluor488; EXm
488/520nm)

DNA (SYTO61; EXEm647/650
nm).

Physicascalebar (white): 10 um
Normalizedscalebar (gray)10
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Evaluation of morphology and topology preservation

Pre-expanded Pre-expanded ‘.f PmbExM
PmbExM Cell Border == f . NeE Cell Border s
Pre-expanded + PmbExM Il 3 3NN Center Distance s : Y > 3NN, Center Distance s

Overlaying ROIs Topological analysis: comparison of distances between neighboring objects

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



Expansion of the P. mirabilis biofilm

Pre-expanded : - PmbExM

Spinning diskConfocalMicroscopy 63x W (NA = 1.2).

48 hP.mirabilibiofilm
Cellwallcapsulegxpolysaccharideg®WGA-AlexaFluor488;
EXEm488}0520nm)p ’ < PmbEXM
DNA (SYTO61; EXEm647/650nm).
Physicascalebar (white): 10um
Normalizedscalebar (gray): 1Qum (hypothetical
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Expansion of the P.
mirabilis biofilm

What to take away from this figure The
ultimate goalof standardizinghe techniqueis
to observe biologicalphenomenain biofilms
with greater resolution For example,the
methodwasableto resolvedifferent patterns
of DNA spatial organization that were
previously o h i d dbg nddfractionlimited
resolution

Spinning disk€onfocalMicroscopy 63x W (NA = 1.2).

48 hP.mirabilibiofilm

(G) CellwallcapsulegxpolysaccharideWWGA-AlexaFluor488; EEm488/520nm)
(A 0 E) DNA (propidiumiodide EXEm568/617nm).

(G 6 K) DNA (SYTO61; EX¥m647/650nm).

Physicascalebar (white): 10um

Normalizedscalebar (gray): 1Qum (hypothetical
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