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							uper-Resolu0on	Microscopy	

Jonathan	Howe	

Image	from	Zeiss	Website	

Spa0al	Resolu0on	of	Biological	Imaging	Techniques	

Op0cal	Resolu0on	Limit!	
~200-250	nm	
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Super-resolu0on	Microscopy	Techniques	

Schermelleh	et	al.,	JCB,	2010.	

•  Structured	Illumina0on	Microscopy	(SIM).	Sample	is	excited	with	paNerned	illumina0on,	which	
highlights	different	objects	at	different	0mes.	

•  S0mulated	Emission	Deple0on	(STED)	Microscopy.	Targeted	PSF	engineering	effec0vely	shrinks	
illumina0on	spot.	

•  Localisa0on	Microscopy	(LM)	e.g.	PALM	and	STORM.	Fluorophores	are	randomly	ac0vated,	
imaged	and	bleached.	Localisa0on	of	the	fluorophores	builds	up	a	super-resolu0on	image	over	
0me.	

Structured	Illumina0on	Microscopy	(SIM)	

•  The	paNerned	illumina0on	light	and	high	frequency	structures	in	the	sample	
interfere	with	each	other	to	form	a	third	paNern	(moiré	fringes)	that	have	a	
lower	spa0al	frequency	and	can	therefore	be	captured	by	the	objec0ve	lens.	

•  The	interdependency	of	the	3	paNerns	is	used	to	compute	the	unknown	
super-resolu0on	informa0on	in	the	sample.	

Images	from	Nikon	website.	

•  Acquiring	raw	images	with	paNerned	excita0on	at	3	(2D)	or	5	(3D)	phases	and	3-5	orienta0ons	
and	processing	all	acquired	images	using	computer	algorithms,	a	super-resolu0on	image	can	be	
generated	(2-fold	improvement	in	XYZ	resolu0on).	9-25	images	per	Z	plane	-	bleaching!	

XY	resolu0on:	100-130	nm	
Z	resolu0on:	250-350	nm	

d	≈	λ/4NA	
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5	µm	5	µm	

2-Colour	SIM	Example:	Ac0n	and	Mitochondria	

•  Bovine	Pulmonary	Artery	Endothelial	(BPAE)	Cells.	
‒  Alexa	Fluor	488	Phalloidin	(Ac0n).	
‒  MitoTracker	Red	(Mitochondria).	

Widefield	 SIM	

Nick	

Wipi2	

Ágnes	Föglein	(Randow	Lab)	

•  HeLas	infected	with	Salmonella:	
‒  mCherry-Salmonella	(Blue).	
‒  Galec0n8	(Alexa	488,	Green).	
‒  ATG13a	(Alexa	647,	Red).	

3/4-Colour	SIM:	Microdomains	of	Autophagy	Markers	

NDP52	Gal8	

•  HeLas	infected	with	Salmonella:	
‒  Galec0n8	(Alexa	488,	Green).	
‒  NDP52	(Pacific	Blue,	Red).	
‒  Wipi2	(Alexa	647,	White).	
‒  mCherry	Salmonella	(Blue).	

500	nm	

Decon	WF	 SIM	

500	nm	
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S0mulated	Emission	Deple0on	(STED)	Microscopy	

•  Resolu0on	increases	as	the	intensity	of	the	STED	beam	is	turned	up.	

•  I	=	STED	laser	power.		

•  IS	=	Satura0on	intensity	(STED	power	needed	to	quench	emission	by	50%	-	fluorophore	specific).	

Image	from	laserfocusworld.com	

d	≈	λ/2NA√⁠1+I/IS 	
XY	resolu0on	>10	nm	(25-80	nm	typical)	

Z	resolu0on	same	as	confocal	

I

IS


I


Mul0ple	excita0ons	
and	STED	deple0ons	
before	the	imaging	
spot	arrives!	
Photobleaching?	

Raster	scan	path	

STED	imaging	spot	

STED	deple0on	doughnut	

S0mulated	Emission	Deple0on	(STED)	Microscopy	

•  The	STED	image	is	built	up	by	raster	scanning	the	super-resolu0on	central	spot.	Because	it	is	
much	smaller	than	a	regular	confocal	spot	the	image	pixels	must	also	be	smaller.			
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Improving	Axial	(Z)	Resolu0on	-	3D	STED	

•  With	an	alterna0vely	shaped	STED	beam,	addi0onal	axially-shized	intensity	lobes	can	be	
created	that	quench	the	axial	extension	of	the	PSF	as	well.	

Harke	et	al.,	Nano	LeNers,	2008	

Z	resolu0on	~125	nm	

Leica	TCS	SP8	STED	3X	

•  Essen0ally	just	a	standard	Leica	TCS	SP8	confocal	plus	a	few	extra	bits:	
	
+	Tuneable	pulsed	supercon0nuum	“white	light”	laser	(470-670	nm).	

+	High	power	592	nm,	660	nm	and	775	nm	STED	lasers.	

	
	

	
+	3D	STED	alignment	unit.	
	
+	Gated	detectors.	
	
•  Scan	0me	scales	with	frame	size	

as	with	confocal.	

•  However,	pixel	density	must	be	
higher	(20	nm	pixels)	to	capture	
super-resolu0on	informa0on.	

•  Therefore,	scan	0me	is	
considerably	slower	(~16-fold).	

•  Resonant	scanner.	
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1	µm	

STED	

1	µm	

Merge	

1-Colour	STED	Example	(Microtubules)	

•  HeLa	Cells.		
‒  Primary	Ab:	Rat	An0-Alpha	Tubulin.	
‒  Secondary	Ab:	An0-Rat-Oregon	Green	488.		

Confocal	

1	µm	

1	µm	

STED	

1	µm	

Merge	

1-Colour	STED	Example	(Microtubules)	

•  HeLa	Cells.		
‒  Primary	Ab:	Rat	An0-Alpha	Tubulin.	
‒  Secondary	Ab:	An0-Rat-Oregon	Green	488.		

Confocal	

1	µm	

1	µm	1	µm	



!"#"$#%"&

$$&

$&r=&

0123145&'

$+\./.'*&CE[U&[`7=(/)&Q234*.8'B'/)-R&

•! :)H7&\)//-O&&
s! M*3=7*5&LBo&,78&L10+L/(97&E'B'/31O&
s! C)4.1W7*5&LBo&L10+,78+G*)>.1&Y*))1&gppO&&

$&r=&

(+,-'

0123145&'

$+\./.'*&CE[U&[`7=(/)&Q234*.8'B'/)-R&

•! :)H7&\)//-O&&
s! M*3=7*5&LBo&,78&L10+L/(97&E'B'/31O&
s! C)4.1W7*5&LBo&L10+,78+G*)>.1&Y*))1&gppO&&

$&r=&

(+,-'

$&r=&

L48'7/&
U37=)8)*&
%K&1=&

J%K"1=&

Je"1=&



30/01/20	

12	

2-Colour	STED:	Example	1	(Primary	Neurons)	

•  Primary	Rat	Hippocampal	Neuron	Culture	(Jake	Watson	–	Greger	lab).		
‒  Primary	Abs:	Rabbit	An0-GluA1R	+	Mouse	An0-PSD95.	
‒  Secondary	Abs:	An0-Rabbit-Alexa	488	+	An0-Mouse-Alexa	568.	

2-Colour	STED:	Example	1	(Primary	Neurons)	

•  Primary	Rat	Hippocampal	Neuron	Culture	(Jake	Watson	–	Greger	lab).		
‒  Primary	Abs:	Rabbit	An0-GluA1R	+	Mouse	An0-PSD95.	
‒  Secondary	Abs:	An0-Rabbit-Alexa	488	+	An0-Mouse-Alexa	568.	
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2-Colour	STED:	Example	2	(More	Primary	Neurons)	

•  Primary	Rat	Hippocampal	Neuron	Culture.	
‒  PSD95	(Alexa	488,	Green)	
‒  Bassoon	(Alexa	568,	Red)	

Jake	Watson	(Greger	Lab)	

500	nm	

Confocal	 STED	

3-Colour	STED:	Example	(Recycling	Endosomes)	

Sophie	Bruesegem	(Formally	of	Seaman	Lab,	CIMR)	

Confocal	
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3-Colour	STED:	Example	(Recycling	Endosomes)	

Sophie	Bruesegem	(Formally	of	Seaman	Lab,	CIMR)	

Confocal	 STED	

Super-resolu0on	Microscopy	Techniques	

Schermelleh	et	al.,	JCB,	2010.	

•  Structured	Illumina0on	Microscopy	(SIM).	Sample	is	excited	with	paNerned	illumina0on,	which	
highlights	different	objects	at	different	0mes.	

•  S0mulated	Emission	Deple0on	(STED)	Microscopy.	Targeted	PSF	engineering	effec0vely	shrinks	
illumina0on	spot.	

•  Localisa0on	Microscopy	(LM)	e.g.	PALM	and	STORM.	Fluorophores	are	randomly	ac0vated,	
imaged	and	bleached.	Localisa0on	of	the	fluorophores	builds	up	a	super-resolu0on	image	over	
0me.	
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Localisa0on	Microscopy	(LM)	

Zemer	Gitai,	Current	Opinion	in	Microbiology,	2009	

XY	resolu0on	~10	nm	(25-40	typical)	
Z	resolu0on	~50	nm	

N	=	number	of	photons	collected	
a	=	pixel	size	
b	=	background	
s	=	SD	of	the	PSF	

Photons	and	Precision	

•  An	image	taken	by	a	camera	contains	several	noise	factors	including	photon	noise,	the	effect	of	
pixela0on	and	fluorescent	background.		

•  Localisa0on	precision	scales	as	the	inverse	square	root	of	the	number	of	collected	photons.	

FWHMLOCALISATION	≈	FWHM/√⁠N 	
Thompson	et	al.,	Biophysical	Journal,	2002.	
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Localisa0on	Microscopy	(LM)	

133	nm	Effec0ve	Pixel	
Size	in	Object	Space	

30	nm	In	Silico	

Computer	
Processing	

Diffrac0on	
Limited	Spot	

CCD	camera	 LM	Image	

FWHMLOCALISATION	≈	FWHM/√⁠N 	

Gaussian	Fi~ng	

Photoac0va0on	Localisa0on	Microscopy	(PALM)	

Image	modified	from	Olympus	website.	

•  Op0cal	highlighter	fluorescent	proteins	used	as	switchable	probes.	2	useful	types	for	PALM:	-	

•  Photoac0vatable	fluorescent	proteins:	
	
‒  Ini0ally	non-fluorescent	(dark)	and	can	be	switched	on	by	illumina0on	at	a	specified	wavelength	

e.g.	PAGFP,	PATagRFP	and	PAmCherry.	

	
•  Photoconver0ble	fluorescent	proteins:	
	
‒  Emission	spectra	can	be	shized	(usually	to	longer	wavelength)	by	illumina0on	at	a	specified	

wavelength	e.g.	Kaede,	Eos	and	Dendra	(all	green-to-red).	
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Total	Internal	Reflec0on	Fluorescence	(TIRF)	Microscopy	

TIRFM	Image	from	Nikon	website.	

TIRF	

5	µm	

1-Colour	STORM:	Example	1	(Caveolae)	

•  HeLa	Cells.		
‒  Primary	Ab:	Rabbit	An0-Cavin1.	
‒  Secondary	Ab:	An0-Rabbit-Alexa	Fluor	647.	

5	µm	

STORM	



!"#"$#%"&

$e&

$+\./.'*&CEG,2o&[`7=(/)&$&Q\7c)./7)R&

•! :)H7&\)//-O&&
s! M*3=7*5&LBo&,7BB38&L10+\7c31$O&
s! C)4.1W7*5&LBo&L10+,7BB38+L/)`7&P/'.*&qg_O&

K&r=&

(+86*'

$+\./.'*&CEG,2o&[`7=(/)&$&Q\7c)./7)R&

•! :)H7&\)//-O&&
s! M*3=7*5&LBo&,7BB38&L10+\7c31$O&
s! C)4.1W7*5&LBo&L10+,7BB38+L/)`7&P/'.*&qg_O&



!"#"$#%"&

%"&

$&r=&

(+86*'

K&r=&

$+\./.'*&CEG,2o&[`7=(/)&%&Q234*.8'B'/)-R&

•! :)H7&\)//-O&&
s! M*3=7*5&LBo&,78&L10+L/(97&E'B'/31O&
s! C)4.1W7*5&LBo&L10+,78+L/)`7&P/'.*&qg_O&

K&r=&

!"#$%$&#'

$&r=&

J!K"1=& J_"1=&

$&r=&

$+\./.'*&CEG,2o&[`7=(/)&%&Q234*.8'B'/)-R&

•! :)H7&\)//-O&&
s! M*3=7*5&LBo&,78&L10+L/(97&E'B'/31O&
s! C)4.1W7*5&LBo&L10+,78+L/)`7&P/'.*&qg_O&

$&r=&

J!K"1=& J_"1=&



!"#"$#%"&

%$&

(+86*'

K&r=&

9-'(+86*'

K&r=&

$+\./.'*&CEG,2o&[`7=(/)&%&Q234*.8'B'/)-R&

•! :)H7&\)//-O&&
s! M*3=7*5&LBo&,78&L10+L/(97&E'B'/31O&
s! C)4.1W7*5&LBo&L10+,78+L/)`7&P/'.*&qg_O&

:'71>&!"#$%OZ&C43)14)Z&%""p&

%+\./.'*&CEG,2&[`7=(/)&Q,7W370.1+<1W'4)W&U7=7>)R&

•! :)H7&4)//-&
s! ,ML&Q\P&KqpZ&Y*))1RO&
s! ,7WK$&QL/)`7&qg_Z&27>)187RO&

�7/317&:77-&Q&P.*=)*/5&.?&Å)1^387*7=71&H7BZ&2,\&\714)*&
b138R&

%K"&1=&



!"#"$#%"&

%%&

H7B)/&C3])&71W&H7B)//31>&U)1-385O&

•! M9.8.1&1'=B)*&/3=38-&89)&(*)43-3.1&.?&-31>/)&=./)4'/)&/.47/3-70.1&
71W&-3>17/+8.+1.3-)&?.*&7//&-'()*+*)-./'0.1&8)4913F')-O&

•! E9)&*)-./'0.1&.?&89)&v17/&3=7>)&7/-.&W)()1W-&.1&/7B)//31>&W)1-385O&

•! E9)&(95-347/&-3])&.?&89)&/7B)/&471&/3=38&89)&7493)c7B/)&*)-./'0.1O&

•! <W)7//5Z&;)&;.'/W&/3^)&8.&/7B)/&(*.8)31-&;389&89)&-()43v4385&.?&7&>)1)04&
?'-3.1&B'8&;389&89)&-3>17/&318)1-385&.?&.*>7134&m'.*.(9.*)-I&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

T&

J%K&1=&

JqK&1=&

%&1=&
P4&

P*7>=)18&

P7B&

Pc&

P/'.*)-4)18&
M*.8)31&

G*>7134&U5)&

<>Y&

d71.B.W5&

\.=(7*3-.1&.?&C'()*+*)-./'0.1&2)89.W-&

•! L/;75-&3=7>)&89*.'>9&1.O&$OK&Q$_"&r=R&4.c)*&>/7--)-Z&3W)7//5&/.;+8./)*714)&QÇ&K&r=RO&&&&

•! <?&(.--3B/)&'-)&(9)1./&*)W+?*))&4'/8'*)&=)W3'=O&

•! b-)&93>9&*)?*740c)&31W)`&=.'101>&=)W37&)O>O&M*./.1>&U37=.1W&.*&%Z%É+893.W3)8971./&QEU[RO&<W)7//5&
;389&710?7W)&4.=(.'1W-&8.&/3=38&B/)74931>O&&

•! <?&3=='1.-873131>Z&4.1-3W)*&314*)7-31>&710B.W5&4.14)18*70.1-&8.&)1-'*)&93>9&/7B)//31>&W)1-385O&
L/-.Z&314*)7-)&1'=B)*&71W&W'*70.1&.?&;7-9)-&8.&*)W'4)&1.1+-()43v4&/7B)//31>O&

()*' (+,-' :*'

-$;$4;1.' A3W)+v)/W&[2\\U#
-\2GC&47=)*7& C471131>&M2E#LMU& A3W)+v)/W&[2\\U#

-\2GC&47=)*7&
:5;$.5&'<=>?'

6$@1&AB12'<2C?' $""+$!"& %K+p"& %K+g"&

DE"5&'<F?'
6$@1&AB12'<2C?' %K"+!K"& $%K& K"&

+$CG1.5&'
6$@1&AB12' =-+-)4& =-+=31& -+=31&

*A&BG&$E"2/' g&4./.'*-Z&*)>'/7*&
m'.*.(9.*)-&

!&4./.'*-Z&*)-8*348)W&B5&
1'=B)*&.?&CE[U&/7-)*-& %#!&4./.'*-Z&1.8&8*3c37/&

H1@;G.14$@@"2/' T)-Z&e+%K&*7;&3=7>)-&()*&
]+(/71)Z&*3-^&.?&7*8)?748-& d.& T)-Z&$"""{&3=7>)-&()*&&

]+(/71)&



30/01/20	

23	

Acknowledgements	

•  Light	Microscopy	Facility	
-  Nick	Barry	
-  Jérôme	Boulanger	
-  Ben	Sutcliffe	
-  James	Manton	
	
•  Ágnes	Föglein	(Formally	of	Randow	Lab).	

•  Jake	Watson	(Greger	Lab).	

•  Sophie	Bruesegem	(Formally	of	Seaman	Lab,	CIMR)	
	
•  Kalina	Haas	(Formally	of	Venkitaraman	Lab,	MRC	Cancer	Unit)	

Image	from	xkcd.com	




