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Four applications. Two devices. One system

SEM column

Scanning Electron Microscope imaging
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Focused lon Beam

FIB column
milling
Gas Injection System @
N
Micromanipulator . G

EDX spectrometer
STEM detector

Cryo stage




TEM BF

imaging mode

In back focal plane of
Objective lens

Electron Gun

System of condenser lenses
Condenser aperture

Specimen

A Objective lens

_ Objective aperture

Selected area aperture
Intermediate lens

(strength changes between two regimes)

Projector lens

Screen
Image
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SEM IMpaCT fougi=ens

FE-Gun

Condensor

EsB detector
Filter grid

Beam booster

Inlens SE detector

Gemini objective

Magnetic lens

Scan coils
Electrostatic lens

Sample



SEM image formation oG HE
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Electron range

Interaction volume and emission region

_ SE;: Secondary electrons, "single scattering"
P”mal?éaelfcmn SE,: Multiple scattering
BSE: Backscattered electrons
X: Xrays (characteristic and bremstrahlung)

-
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\ | || /) ] AE: Auger electrons | Emission
| | i
'Q&t
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Region of secondary

____________________________________ 51 electron emission
Eilftfastsrigl; ‘ Goldstein IlI edition
volume
trajectory Image resolution depends
volume X-ray h | b )
volume on the electron beam size

AND
on the interaction volume
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0.6 - 30keV

30kV electrons Vs Ga™ ions
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mass 9.1¥10%0 kg 1.2x10-%5 kg 130’000

Monte-Carlo Simulation Casino v2.42
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30kV electrons Vs Ga®* ions IMpaCT 5%

Y B @ + 30KV
e i 1keV @' Ga

High mass

high momentum

- gadagy palaEe] -
1
i

milling

electron Ga't ratio

particle size 0.00001 nm 0.2 nm 20°000
mass 9.1¥10%0 kg 1.2x10-%5 kg 130’000

Monte-Carlo Simulation Casino v2.42
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FIB working modes

ion beam is
scanned over |

substrate € =r—

" L] L™ .°

. © secondary ions
3 % & electrons from
substrate

substrate

T Y
ion beam is ion beam is
scanned over
scanned over €= N substrzse | @ ®
substrate @ o 2% ‘ volatile reaction
. =9 < products
1’\/‘ ) B @ C @
Ve C1 . @ - @ @ o
\¢ - ) o®
\|\@ /@ ®e
) . precursor@ /® @
. sputtered material molecules ® \ | @
o from substrate ] \ deposited film
A @ y e 206 ! L
5 4
substrate substrate

Emission of secondary ions and electrons

— FIB imaging - low ion current

Surface of a copper grid, SE imaging

Sputtering of substrate atoms

— FIB milling - high ion current

SEM imaging during milling

)

Cleaning cross

section cut ‘.
Raster scanning

Back-and-force

5 Um

Chemical Vapor Deposition (gas assisted)

— FIB induced Pt deposition

Local Pt deposition on a Si substrate
SEM imaging during deposition
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FROM MOLECULES

Dual beam FIB - SEM geometry IMp=CT 555

Scanning Ion beam

\ - . \
by
“k =
- 2um
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Before FIB exposure After exposure of 30s. I; =340pA

Electron beam

Frontal trench

Ion beam Polished block face

Pt protective layer

o ) L N _
oo dwel HV ag — 10 pm ——
323 10 ps ‘

500KV | 51.2pm | 42mm 2499 x

SEM images of FIB prepared cross section of T-cell
embedded into epon resin



Dual beam FIB - SEM geometry Moo HE e

Types of Ion Irradiation Damage

e Amorphization of surface — loss of crystallinity
e Lattice Defects — Vacancies / Interstitials / Dislocations

e JIon Implantation — Ga* atoms remain in the sample target

e Local heating )

* Melting-like effect

* Morphological deformations

Nanofabrication: principles, capabilities and limits, by Zheng, Cui, 2008

Surface damage induced by FIB milling and imaging of biological
samples is controllable. Drobne D., Microsc Res Tech. 2007
Oct;70(10):895-903.
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60 seconds about preparation

i i Chemical fixation Cryo-
Fixation (cross-linking) or fixation
Dehydration
Embedding

!

Thin sectioning

l & Wicroscopy
= = SRS Biologicél Applications
Fourth Edition

Staining (I@rast enhancement with heavy metals

l - _

TEM

ke )
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FIB - SEM Volume imaging

Ion Beam view — slicing SEM view — imaging
-block surface- -block ross section-

©Neta Varsano

Chlorella alga infected by PBCV-1

The Viral Factory spatial organization
and its replication cycle

Milrot E et al. Cellular microbiology, 2016
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SEM images stack alignment

Raw 3D stack

X =Y translation
Image processing




FIB-SEM dataset reconstruction IMpaCT i

61 nm vesicle at 3 nm z-interval. 18 serial X-Y images

74 nm vesicle at 15 nm z-interval. 6 serial X-Y images

X-Z

Scale bars =100 nm. Saccharomyces cerevisiae yeast cell
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Optimizing acquisition parameters IMp=CT

Aspiration: Isometric voxel size
Slice thickness (z) ~ image pixel size (x,y)

LARCE LOLUME

L
A L
) 7

= Smallest feature size
= SNR vs damage

= Acquisition time

* Data size FOV  pixelsize pixinframe pixnum frametime

n System stability 10um x10um 10nm 1000x1000  1million 30s
100um x100um  10nm 10kx10k 100m 5 min
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(a) Regular array of ribosomes
model. RS Morgan. Science 1965
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Y-Z plane of aligned stack
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voxel size 3x3x6 nm
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Reconstruction

XY

Acqu

- SEM Volume

FIB

X-Z[Y-Z

Modeling

3D

1000 images, steps of 15 um
volume stack 25 x23x15 um
voxel size 12x12x15nm




3D editor

. Dragonfly (C:/Users/emrechav/Desktop/Epithelial cells/SampLA_crop.ORSSession)

File Tools Developer Help

Manipulate

TvRee T

BLABCESL&A™™

o;[]&m Junctions zoom_RegiditAlign... 7:0‘

Selected range
0

Plotted range / Data range L - - "% 3
5 . gy y LRBT L5y : Vi 834,047,010
5 Mb Data type:
2D settings

3D presets

3D settings

Show scale bar

[J Show legends

[ Lower quality in motio
[ Anti-aliasing

[J Show text annotation:

View mode:

Background color:
» Lighting ¥ Explosion
Bricks

¥ Clio

m 5 Grid size:

i Lavout Grid lines M Borders [] Axis
cenes
Label: None ~ [ Lock text

amTmeEe

Views (in the selected scene)

> Visual effects

Current state: Track (Left mouse)

m IMAGING LIFE

lMpa ?g{)cgﬂgLECULES

Dragonfly

Object Research Systems,
Montreal, Canada

Epithelia cells interface.
With:

Nili Dezorella

Melanie Bokstad

Inna Grosheva

(Geiger's Lab, WIS)



Defining the area of interest oo 5 e

You don’t really see the object before cutting L DA
" resin‘block
‘ RQI

ROI

The challenge of ROl identification

ﬁ dwell [ HV HFW [ WD [ mag (&
® | 30ps | 10.00kv | 73.4m | 4.4mm | 1750x Helios

Dhanyasi et al. J Cell Biology 2015

“in blind”
« acquisition of large volume

« topography block face relief

« BSE image of the sample surface

« correlative with TEM, MicroCT, LM... Lashbrooke et al., Plant
physiology 2015

Revach et al., SCIENTIFIC REPORTS, 2015
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Correlative Fluorescent Microscopy IMpaCT 528

My fluorescent proteins

fluorescent proteins or synthetic fluorophores keep getting quenched!

Green
Fluorefcent In my hands they
Protein stay bright...
* i ’ ‘ 3 N ’
- -
FAN

g # v -
Fix Transfer FIB-SEM
to FIB scanning
Gridded electron microscope
coverslip

Focused ion beams in biology.

Kedar Narayan and Sriram Subramaniam.
NATURE METHODS, 2015.
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Correlative FM-FIB (confocal) IMpaCT i

60x objective 20x objective 10x objective FIB-SEM low mag FIB-SEM acquisition

30/44: 526x542 pixels: 8-bet 128

tion

acquisi

processing

Macropinosomes are Key Players in Early Shigella Invasion and Vacuolar Escape in Movie: courtesy of Allon Weiner

imi-Paris, Faculty of Medicin
Epithelial Cells. Weiner et al., PLoS Pathogens 2016 g;Tgo:r:g’Un?\flejrgt)? edicine,


FIB-SEM_RalAlon_corr.mov
FIB-SEM_RalAlon_corr - Copy.avi
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Cryo FIB applications

Cryo stage (Leica) + CrossBeam 550 (Zeiss)

FIB column

Cryo holder Loading station
(modified) (modified)



Cryo FIB applications

LT R R A

| IMpaCT frouygiscus

Ih-situ Lift-Ou
cryo-FIB lamella

M. Schaffer, Nature Methods 2019

HPF tissue or "big” cells

S Kumar et al.,

VOI ume Science advances, 2020
imaging

Cryo
lamellae

Plunged
grids

On grid cryo-FIB

prepared lamella Plunge-frozen cells

With I. Pereman, Elbaum’s lab
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100 um

sea urchin embryo

Cryo-FIB-SEM Large volume structural
analysis of HPF sea urchin embryo

3D reconstruction of the stack
X=20um,Y=12uymZ =11 uym

N. Vidavsky et al., Journal of Structural Biology, 2016
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BSE image of a cryo-FIB milled cross section
of HPF pellet containing T. pseudonana cells

Thalassiosira pseudonana cells in (A) valve view, (B)
girdle band view. (C) Freeze-fractured T. pseudonana
cell showing internal organelles.

—— Seawater
—— Horizontal

Intracellular silicon concentrations in
unsynchronized T. pseudonana cells as
revealed by cryo-focused ion beam
milling followed by energy-dispersive X-
ray spectroscopy. (upper row: cell with
low concentration Si-pool, bottom row:
cell with high concentration Si-pool

ital

Imaging and quantifying homeostatic levels of
intracellular silicon in diatoms. S Kumar et al.,
Science advances, 2020

3D animation of T. pseudonana cell. From
FIB-SEM acquisition at cryo-conditions.




IMAGING LIFE

'Mpac ig%hgﬂgLECULES

ey | § | '
1111111119
ARNEENEEMERENA.
nili1eil]] .-. HEER.

- .

L
EEEENN
HEMEEFT

ﬁ

_Mllllllllﬁp
“EETEETER”

Fluorescence signal under cryo-light MDA-MB-231 Human metastatic breast cancer cells
With Neta Varsano, Lia Addady&Steve Weiner group, WIS

Objective Olympus x40, cryo stage Linkam
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Vesicle 1
Vesicle 2 -

With Neta Varsano, Lia AddadyaSteve Weiner group, WIS
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Pixel Size: 14.28 nm
Slice thickness: 17.5 nm

With Neta Varsano, Lia AddadyaSteve Weiner group, WIS
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© Low contrast
HPF bone part with surrounding tissue.  Charging artifacts Plunged yeast cell.

The Pectoral Fin Rays of Mudskipper " Topographical artifacts - curtaining _ )
With Lihi Vevin, Addady’s lab » ROI definition for HPF prepared samples With Idan Pereman, Elbaum’s lab

Beam damage




Cryo FIB applications = g
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cryo-FIB lift-out lamella
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A < 3 ey - e L
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molecular-resolution cryo-ET within native C-elegans tissue M. Schaffer, Nature Methods 2019
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_ Cryo lamellae workflow
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Cg pat
Cells Plunging Transfer Imaging in Clipping to Transfer to FIB Transfer to
growing to cryo LM cryo LM AutoGrid rim cryo holder FIB/SEM

— S
S
Loading in Mapping ROIs Serial imaging / FIB Unloading from Transfer to Transfer to the TEM/STEM
FIB/SEM on sample lamellae cutting FIB/SEM LN2 storage Krios autoloader analysis
Illustration: from delmic product presentation
Risks: Samples damage due to devitrification / ice contamination / mechanical damage

Milling “blind” and missing the structure of interest in the lamella due to low z-resolution of FM
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STEM Tomography
With Debakshi Mullick, Elbaum’s lab

Window opening. FIB view Lamella face. SEM view
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Electron dense

Cryo FIB prepared on-grid lamella TEM
of PMC (skeleton forming cell)

With Keren Kahil, Lia Addadi’s group
WIS
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Ca/Mg=1
Ca/P=15
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00 05 1.0 1.5 20 25 3.0 35

Energy (KeV)

Ca/Mg= 3.7
Ca/P= 2.6

Counts

Ca/Mg= 1.7
Ca/P= 2.1

Ca/Mg= 0.9
Ca/P=1.5

=]

Cryo FIB lamella + TEM EDS analysis

1 Ca/Mg=1
'. Ca/P- 2.3

4.0 45

With Keren Kahil, Addadi’s group WIS
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Lamella 350 nm

'unctionality of photosynthetic
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, Hebrew University
WIS

With: Nir Kedem

cyanobacteria

Ziv Reich

l4

Biogenic regions of cyanobacterial thylakoids form contact sites

with the plasma membrane. Rast A et al.

Nat. Plants (2019)
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Biogenic regions of cyanobacterial thylakoids form contact sites
with the plasma membrane. Rast A et al. Nat. Plants (2019)
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Early microscope




iihankeYiou

g - )
[)Clor)




