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The stiffness of living tissues spans a wide range

E Soft
100

Stiff

= (Cancer, pathological alterations or

1GPa developmental differentiation can

100 .
change tissue:

L MPa = Elasticity
100 = Topography

kP =  Adhesion behaviour.

100

= Mechanics becomes a Biomarker.

- S & & e & K:
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Adapted from Guimaraes et al. 2020, Nat Rev Mat. 5, 351-370
© 2021 Bruker Innovation with Integrity | 18 June 2024 | 2



MULTIMODAL MICROSCOPY WORKSHOP 2024, BRNO CZECH REPUBLIC

Mechanics Becomes a Biomarker

= Development

brain

skin and dura

150

K (Pa) Stiffer

100

Softer

50

Adapted from Thompson et al. 2019, eLife. 8:2639356
Rapid changes in tissue mechanics regulate axon behavior in the developing embryonic brain.

Innovation with Integrity | 18 June 2024 | &
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Mechanics Becomes a Biomarker

Normal tissue

= Disease

Frequency count

| REELES o) EEn ) IR e e )
0O 2 4 6 8 10 12 14 16 18 20

Stiffness (kPa)

Invasive cancer

014

012 -
0.10 4
0.08 -
0.06
0.04 ]
0.02 4

- 4 X/Q : i
o OOO 111 1l 1] HIRHHRIE fapig =T T —T— T -
/ 0O 2 4 6 8 10 12 14 16 18 20
- Stiffness (kPa)

w‘me
Breast cancer malignant tissues display a broader stiffness

e distribution than their healthy counterparts.

Adapted from Plodinec et al. 2012, Nat Nanotechnol. 7(11):757-65

© 2021 Bruker Innovation with Integrity | 18 June 2024 | 4
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AFM-based Mechanical Measurements

B &'

Approacwe\m‘
\U B g Y
Retract Constant Constant Oscillatory
Force Height Height
"I >— "LL "‘ S "l /"
0 > ¢ Z ?
Force-distance  Creep Relaxation ~ Rheology

© 2021 Bruker

= What do we measure?

= Force distance curves elastic (Young's)
modulus, deformation, adhesion, work of

adhesion, energy loss (dissipation)

= With delay relaxation time, creep, storage and

loss moduli

ﬁ‘

Innovation with Integrity | 18 June 2024 | 5
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an
)
A Full Set of Mechanical Modes
- E
: MODE
height ?@egg'ziact distance [um] PEAKFOHCE.HI

{ %
SAMPLE SURFACE

PeakForce QNM

© 2021 Bruker
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Multiparametric imaging of living Vero cells

3D-height at 240 pN

force [nN]

I
[
I
$-
I
I
| A\, Young's modulus
I FON
I ’ ’
|
1 ’/ 4—
F-- Lo 2
P! '
I ! !
I ! !
LT T
height height distance [um]
@240pN @contact
point

© 2021 Bruker

Height [um]

3D-contact point image

— 240 pN
— Contact Point

Apparent Young's modulus image
Over 3D-height

Frequency (x10%)

15
Distance [um]

30 kPa

0 kPa

| ‘.

Apparent Young's modulus

1.0

Sample courtesy of A. Hermann group, HU Berlin, DE

5 10 15 20
Histogram (kPa)
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SmartMapping — Flexible, Large Area Nanomechanical Testing

. . Motor step up
MultiScan Selection Tools to recenter

e IEa] f

Available for:

NanoWizard 4XP and above
(SPM ver. 7.0 and above)

© 2021 Bruker Innovation with Integrity | 18 June 2024 | 8
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Viscoelastic mapping: living fibroblast cells

A

C

9O

8 W Phase shift — Viscosity
8 c

‘ S 3 Amplitude — Elasticity
<
. >
Time

Storage modulus E": Loss modulus E*

Hemispherical Probes — SAA-SPH-1/5/10-UM

© 2021 Bruker Innovation with Integrity | 18 June 2024 | 9
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Probing the elastic modulus of human osteoarthritic articular A
cartilage

Osteoarthritis Pathology

Elastic modulus / kPa

- 500

- 450

https://en.wikipedia.org/wiki/Osteoarthritis
M. Engelhardt, DZ Sportmedizin 54/6 (2003)

= 6 x 10 fluorescence images with optical tiling
= 3 x36maps (100 x 100 um?)

= Large Scale Mapping using colloidal probe (r=5 pm)

= Loss of Nanoscale Surface Stiffness in early OA regions

= (lear loss of fibre alignment in arthritic areas

" ASSOClated Wlth Cartllage remlnerallsatlon | " Wieland HA et al., Nat Rev Drug Discov 4 (2005) 331-44 | | Tschaikowsky M et al., Acta Biomater 126 (2021) 315-325 | | 2Sample courtesy of T. Hugel group (Freiburg, DE)

Innovation with Integrity | 18 June 2024 | 10


https://en.wikipedia.org/wiki/Osteoarthritis

MULTIMODAL MICROSCOPY WORKSHOP 2024, BRNO CZECH REPUBLIC

Data Processing

Dissipation

15

10

[um]

1 kPa hydrogel in PBS SAA-SPH-5UM probe

© 2021 Bruker

3x10-1)

0x10-15

PFT Force: Exten

600

500

400

300

200

100

4 T"' ‘&' -.H,V.Ilf.,?..-'-,- {! it "-'!,ll' ﬂ

-0.2 0.0
Vertical Tip Position (um)

W Colorize the regions' negative areas

Area

8.338x1017)
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Data Processing

Exponential Fit

2.20r

Fit exponential decay to data.
. . 218} The model is
| Ilw. ‘ EXpOnentlal fit y =y b + A exp[-{tt_start)ft_decay]
O — 216}
Fit Results

z
-g 2141
o Baseline 2,125 nN
S 212) _ _
__________ ! / g Amplitude 36.30 pN
I 5
20l - ! =20 Start Time 250.0 ps
_________ - 2.08f Decay Time 156.3 ms
z 154 206k Residual RMS 7.615 pN
g 0.0 0t5 1i0 1‘.5 2.0
B Time (s)
S 4ol www.brukerafmprobes.com
V] . B R
2 T T e S
3 e recommended probes
E &
- it -
0.0F b S
-05 0.5 15 25 35 45
Time (s) s =
1 kPa hydrogel in PBS SAA-SPH-5UM probe MLCT-BIO-DC MLCT-SPH-TUM-DC

© 2021 Bruker Innovation with Integrity | 18 June 2024 | 12
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Integration of AFM with other techniques
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BRUKER
Outline
" AFM and optical microscopy
2 AFM and Raman
8 AFM and nanolR
4 AFM and FluidFM
innovation with Integrity | 18 June2024 | 14
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BioAFM and optical microscopy integration

photodiodes

laser
beam

il NanoWizard® head
& Cantilever holder
Petri dish

Ed Motorized stage

il Transmission light beam path

& Condenser lens

Ed Objective

Ed Fluorescence excitation path (backport)
& Side port with fluorescence camera

@ Eye piece beam path

Tip-scénning
’)

While in motion, the tip scanner of the NanoWizard® AFM
scans the surface of your steady probe.

Sample-scanning
’)

While scanning the surface, a sample scanning AFM
moves the sample holder.

Innovation with Integrity | 18 June 2024 | 16
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Optical integration perfected

= Tip-scanner AFM design means sample does not move while AFM is scanning

= Standard condenser strongly recommmended, particularly for living cells

= Perfect integration with inverted optical microscopes

= Compatible with optical super-resolution techniques (STED, STORM/PALM, SIM)

= Fully simultaneous operation with fluorescence, even for TIRF, FRET, FLIM, FRAP,
FCS, Raman, SNOM...

Innovation with Integrity | 18 June 2024 | 17
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DirectOverlay™ 2 - optical image calibration

Automatic detection of the tip position in the optical image
— Correlation of optical and AFM space

« Import optical image into the AFM software

« Select region of interest and start scanning

; Wl Cj“‘_\ All AFM images can be selected in the optical image

£ Y

© 2021 Bruker | 18
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AFM & STED on living human lung cancer cells (A549)

medium.

overlayed

<)
BRUKER
(>

= Living A549 cells imaged at 37°C in

= Left: STED image of microtubules
labelled with silicon rhodamine

with AFM topography

= Mid: AFM Ql topography image at 240
pN imaging force (height range 3.5 pm)

= Right: Corresponding Young's modulus
image (z range 100 kPa)

Collaboration with Abberior Instruments — STEDYCON on Zeiss Axio Observer

Sample courtesy of A. Hermann group, HU Berlin, DE

Innovation with Integrity | 18 June 2024 | 19
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Raman spectroscopy

What is Raman spectroscopy?
« Chandrasekhara Venkata Raman in 1928

 Inelastic scattering of photons - shift in wavelength - vibrational modes of molecules
« Non-destructive (30 mW)

Why is it interesting for integration?

\ /

FROM OBJECTIVE TO DETECTOR

« |abel-free identification of molecules

Raman subst

Innovation with Integrity | 18 June 2024 | 21
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AFM and Raman

Spectrograph &
CCD camera

BRNO CZECH REPUBLIC

AFM-Topography Raman-Map

~

: ; ,
Nucleus /{
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Optical
microscope
view
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Nanoscale IR spectroscopy in the life sciences

S=—_\

ANASYS Dimension IconIR

INSTRUMENTS

The nonoscale onalysis company

is a part of Bruker nanolR3™
nanolR platform with Tapping AFM-IR

© 2021 Bruker Innovation with Integrity | 18 June 2024 | 25
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Accumulation of TriAcylGlycerols in Streptomyces Species

C-H stretching C=0 stretching

= 2900 cm™! 1740 cm™!
S. lividans
0 F \x "‘,
I / v J
H/C—0 —C—(CH, )n—CH | N7 |
0 L i
0 —C—(CH, )n—CH {:S\;;‘(d F
0 Y
C —J——(L» )n—CH z v l
. i
B w\’\"a\'clnl,tklmbcrl,(‘'cm'')
£ <
-~ S
B &
0
Fi . (A) AFM t h d (B) chemical i t 1740 .
igfiive 3 (A) Ry A () ChrE SR o Deniset-Besseau, et al, Chem. Lett., 5 (4) 654-658 (2014)
cm for the two strains.
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FluidFM technology

PRE-ASSEMBLED FluidFM* PROBE HOLDER

RESERVOIR

control
FluidEM FIWdFM? PROBE
= 300 nm -8 uym aperture
= ~5plL volume

MICROSCOPE

= Femtoliters per second flow

ETH:zurich

Innovation with Integrity | 18 June 2024 | 28



MULTIMODAL MICROSCOPY WORKSHOP 2024, BRNO CZECH REPUBLIC
BRUKER

FluidFM probes

Single cell manipulation, colloids, local dispensing & single cell
isolation and adhesion

Nano-printing, manipulation of sub pm particles, bacteria adhesion

Injection into & extraction from Siﬂgle cells

Application depending on the customization

© 2021 Bruker Innovation with Integrity | 18 June 2024 | 29
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Major FluidFM applications

Innovation with Integrity | 18 June 2024 | 30
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Cell adhesion/separation of adherently growing cells

& Batch process: cellHesion-2018-07-10

NI

Phase contrast of living cells. A 4um Resulting force distance curve.
micropipette is used to separate the
cell from the substrate.

© 2021 Bruker Innovation with Integrity | 18 June 2024 | 31
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Cell injection and extraction

© 2021 Bruker

Brightfield

Phase contrast and
epifluorescence imaging of living
CHO cells. A nanosyringe is used
to inject Propidium iodide into the
indicated cell

Force [nN]

250

200

150

100

50

perforation

-2.5 -2.0 -1.5 -1.0

Innovation with Integrity |

nuclear envelope

perforation
cytoplasmic membrane

contact
with cell

-0.5 0.0
Tip-sample separation [pm]

18 June 2024

0.5
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Nano spotting

High reproducibility using the NanoWizard®
Optical image of the

Phase contrast while spotting a
glycerol/water mixture on glass.

Slope channel useful to calculate
the spotting area and volume.

© 2021 Bruker Innovation with Integrity | 18 June 2024 | 88
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Technical implementation on NanoWizard AFM

Cantilever holder with Cyto clip
mounted on AFM head

Innovation with Integrity | 18 June 2024 | 34
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High-Speed AFM

Dr Alexander Dulebo
Application Scientist

Innovation with Integrity
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Cellular and Molecular Dynamics — Across Multiple Timescales

108

Innovation with Integrity | 18 June 2024 | 36
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Speed of scanning

Head internal

15 um

Nested scanner technology (NW5-4XP fast, NWUS2-3)

Fast Z-scanner

— +—
— —_—
= Bi-derectional scanning (NW5-4XP fast, NWUS2-3, — —
NanoRacer, FastScanBio, Resolve, MultiMode, Icon) cveryline 1<t line trace,
traceand 20 fine retrace,
retrace

Active balancing (NWUS3, NW5 fast) faster scanning

over large scan ranges

3D acceleration sensor near the probe and feed-
forward technology (NWUS3)

FastScan Bio NanoWizard UltraSpeed 3 NanoRacer

© 2021 Bruker Innovation with Integrity | 18 June 2024 | 37



Specific Biotin-Streptividin Binding Dynamics in DNA
Nanostructures for Targeted Cell Stimulation

Overview

Video — binding dynamics

Topography: x,y-range 150 nm, scan speed: 10 frames/sec

Topography: z-range 3.1 nm, scan speed: 4 sec/frame

in collaboration with C.M. Dominguez, C.M. Niemeyer, Institute for Biological Interfaces (IBG-1), KIT (Germany).

Innovation with Integrity | 18 June 2024 | 38
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Dynamics of Collagen I Fibrillogenesis

r PBS (pH 7.4) ' PBS (pH 7.3)
2.7 mM KCl 0.2Mkcl |

Position # 01

10.2 sfframe

Cant: USC-f0.3-k0.3, Z: 3 nm, Linerate: 15 Hz, Pixels: 256x256 Cant: USC-f0.3-k0.3, Z: 3 nm, Linerate: 32 Hz, Pixels: 256x256
Env: 1x PBS (2.7 mM KCI) at pH 7.4, Ch: Height, Videorate: 10x Sped Up Env: 1x PBS (0.2 M KCl) at pH 7.3, Ch: Height, Videorate: 10x Sped Up

= Reduced fibrillogenesis kinetics at pH 9.2 (high ionic strength of KCL lowers IEP of collagen | fibrils)
= Faster Assembly Kinetics at pH 7.4 (no additional Gly)

= Higher [K+] are critical for the proper D-banding packing Stamov DR ot l, Ultramicroscopy (2015) 86.94

. . Innovation with Integrity | 18 June 2024 | 39
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Observing amyloid fibrils disassambly in situ
= Before injection = After injection = From: PNAS September 7, 2021 118 (36) 2105548118
& 1% injection 1 277 injection
n 50 1 :
S I
2 40 - :
S .
2 30 - I
E)O I
50 20 - :
g 10 4 :
I
0 '
Time (min)
= Cumulative disaggregation events
INJECTION 1 were plotted as a function of time

= a-syn fibrils observed with HS-AFM

Chaperone-induced fibril depolymerisation

before  chaperone and ATP after two consecutive injections of ATP = Fast and stable imaging if big and loosely
injection (Full image size: 350 x 350 and ATP-regeneration system (Full image bound v--lvsine) fibrils f Nt

nm; imaging rate: 300Hz, total time: size: 1000 x 1000 nm; imaging rate: ound (poly-Fysine) fibrils for minutes.

16 min 9 s). 100Hz, total time: 90 min).
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High-Speed AFM molecule analysis example

H4K20me2: Inhibits BARD1 ARD binding

H2AK15ub : Recognised by BARD1 BRCTs
H4K20me0: Recognised by BARD1 ARD

H2A (K15)

e

H4(K20)/ ‘ //
= | BRCA1-BARD1 bridging
across nucleosomes
H2A (K15) H2A tail

(K125, K127, K129)

\

Ha (K20) @

~
- .

Npaa®

DSB RING-mediated
ubiquitin transfer

Adapted from: H. Burdett, M. Foglizzo, et al., Nucleic Acids Research, 2023, Vol. 51, No. 20

MNucleic Acids Research, 2023, 51, 11080-11103

httpsz/doi.org/10.1083/nar/gkad793

Advance access publication date: 12 October 2023

Genome integrity, repair and replication OXFORD

BRCA1-BARD1 combines multiple chromatin recognition
modaules to bridge nascent nucleosomes

Hayden Burdett'", Martina Foglizzo ©“2*, Laura J. Musgrove?, Dhananjay Kumar',
Gillian Clifford’, Lisa J. Campbell?, George R. Heath?, Elton Zeqiraj%* and Marcus D. Wilson ©1-*

"Wellcome Centre for Cell Biology, University of Edinburgh, Michael Swann Building, Kings Buildings, Mayfield Road, Edinburgh EH9 3JR, UK
Astbury Centre fpr Structural Molecular Biology, School of Molecular and Cellular Biology, Faculty of Biological Sciences, University of
Leeds, Leeds LS2 9JT, UK

#Astbury Centre for Structural Molecular Biology, School of Physics & Astronomy and Biomedical Sciences, Faculty of Engineering &
Physical Sciences and Biological Sciences, University of Leeds, Leeds LS2 9JT, UK

“To whom correspondence should be addressed. Tel: +44 1316507029; Email: marcus.wilson@ed.ac.uk

Correspondance may also be addressed o Eiton Zeqiraj. Tel: +44 113 343 3079; Email: EZeqiraj@leeds.ac.uk

Correspondence may also be addressed to Martina Foglizzo. Tel: +44 113 343 3079; Email: M Foglizzo@leeds.ac.uk

tThe authors wish it to be known that, in their opinion, the first two authors should be regarded as Joint First Authors.

H. Burdett, M. Foglizzo, et al., Nucleic
Acids Research, 2023, Vol. 51, No. 20

1.56 fps
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High-Speed AFM molecule analysis example
Image averaging

Panel 1 Panel 2 Panel 3 Panel 4 Panel 5
“

Adapted from: H. Burdett, M. Foglizzo, et al., Nucleic Acids Research, 2023, Vol. 51, No. 20

www_brukerafmprobes.com Co

recommended probes L= |

FASTSCAN-D
FASTSCAN-D-SS
HISPEED FLUID
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High-Speed AFM molecule analysis example
Localisation AFM (LAFM)

Article

L ocalisation AFM AFM Localization atomic force microscopy

hitps:/jdei.org/101038/s41586-021-03551x_ George R. Heath', Ekaterina Kots®, Janics L. Robertson’, Shifra Lansky', Gaorge Khelashvilf’,
Received: 20 December 2019 i & g

Accepted: 13 April 2021
Bublished online: 16 June 2021

Understanding structural dynamics of biomolecules at the single-molecule level is
vital to advancing our knowledge of molecular mechanisms. Currently, there are
few that dynamics at the sub-nanometre scaleand in
physiologically relevant conditions. Atomic force microscopy (AFM) has the
advantage unlabelled ulesin phy andat

#| Check for updates

ambient temperature and pressure, butits resolution limits the assessment of
conformational details of biomoleculles®. Here we present localization AFM (LAFM), a
technique developedto overcome current resolution limitations. By applying
localization image reconstruction algorithms® to peak positionsin high-speed AFM
and conventional AFM data, weincrease the resolution beyond the limits set by the tip
radius, and resolve single amino acid residues on soft protein surfacesin native and
dynamic conditions. LAFM enables the calculation of high-resolution maps from
either images of many molecules or many images of a single molecule acquired over
time, facilitating single-molecule ralysis. LAFM is a post-acq ]
image reconstructionmethod that can be applied to any biomolecular AFM dataset.

Heath, G.R., Kots, E., Robertson, J.L. et al. Localization
ag Uaporm AgpZ atomic force microscopy. Nature 594, 385-390 (2021)

-
l .
“Localisation AFM (LAFM) images of di-nucleosomes o e—— CRTp——

were generated using 273 HS-AFM images of a single

di-nucleosome captured at 3 pixel/nm and processed Surface AFM traces Average-AFM LAFM height LAFM probability
High High

100] 7

N
I
|

N

with bicubic subpixel localisation.” P

Adapted from: H. Burdett, M. Foglizzo, et al., Nucleic Acids
Research, 2023, Vol. 51, No. 20
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High-Speed AFM molecule analysis example
Simulated AFM images

Cryo-EM maps

Simulated AFM (BRCAT:BARD1)

“Open” state “Closed” state
Connecting
density

“closed” state 3 B e

- i ¢

_______________________________________________________

‘open” state

67 A

“Simulated topographies were generated using Mat-SimAFM software
available at: github.com/George-R-Heath/Mat-SimAFM”

Adapted from: H. Burdett, M. Foglizzo, et al., Nucleic Acids Research, 2023, Vol. 51, No. 20
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High-Speed AFM molecule analysis example
Simulated AFM images using Biomolecular AFM Viewer

PLOS COMPUTATIONAL BIOLOGY

RESEARCH ARTICLE

BioAFMviewer: An interactive interface for
simulated AFM scanning of biomolecular
structures and dynamics

Mouse immunoglobulin
lgG2a
(PDB ID:TIGT)

iroshima University, Higashi-
Kakum:

Check for
Updates

Abstract

Amyot R, Flechsig H (2020) BioAFMviewer: An interactive
interface for simulated AFM scanning of biomolecular
structures and dynamics. PLOS Computational Biology 16(11):
e1008444

@ ARM Simulater - X

@ Biomolecular AFM viewer - m] X

Biomolecular AFM
Viewer

Next generation

File Display Help

4nm

Open a POB/PQR fle

Tip radius: 5 nm Tip radius: 2 nm
www.bioafmviewer.com
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NanoRacer High-Speed AFM

Innovation with Integrity | 18 June 2024 | 46
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NanoRacer High-Speed AFM

R
NanoRacer™ "gg

Scanning Stagé

NanoRacer head + stage + scanner

NanoRacer head flipped up
+ stage + scanner

NanoRacer Head + Stage + portable
scanner unit detached

Innovation with Integrity | 18 June 2024 | 47
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