Seeing is believing?
High speed imaging of cell
cultures in ultrasonic fields.
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Low intensity pulsed US (LIPUS): No heating, no cavitation, no microbubbles




Some reported
biological effects of LIPUS

Killing cancer cells selectively:

. ”Oncotriﬁsy”: 4 publ. 2016-2020
(J.Appl.Phys.++)

e US+hyperthermia = Apoptosis (Feril
2002)

* Mike Sheetz group: Piezo = Ca?* =
apoptosis

* Apoptosis while other cells increased
proliferation (Schuster2013)

* Microbubbles, cavitation or thermal =
d2015
==

No effect: One single study (Lucas 2021)!

Increased insulin release from
pancreatic beta cells (Castellanos 2017)

Enhanced diverse transcription factors,
increased proliferation (Puts
2016,2018,2018hb)

Improved osteogenic comittment &
differentiation (Costa 2018)

Enhanced viability & proliferation of
iPSC (Lv 2013)

Increased expression of chondrogenic
markers (Subramanian group 2012,
2013, 2017)

Perturbs cytoskeleton dynamics
(Misrahi 2012, incl. Dave Weitz!)

Increased growth & proliferation of
stem ceIIs%Gao 2016)

Modulates ion channel currents
(Kubanek 2016)

Interleaflet cavitation (Kimmel group,
PNAS 2011)

+++++




Mechanosensing

how can cells be affected by US pressure?
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How do you measure a force?

* Newtons law: [ =ma

nce:

* Elasticity:

That’s how cells do it




Mechanosensing
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Stress, strain and waves in
homogeneous, isotropic solids

- — =P
nany 8
ap lst P i '4_;LP
normal stress |
Bulk modulus: K=-V—= , Lg'__|_,’
dv normal strain 1~
AXx A
0. F/A shear stress
Shear modulus: G =22 = — : |
Yxy Ax/1 shear strain 5

In soft tissues K>G
Liquids

K+3/,G K
Pressure waves: Vp = ~ |-
p p All Soft Tissues > Bone
_ /G
Vs = +/ / p

Shear waves:

102 103 104 105 105 107 108 10° 1010 Bulk Modulus (Pa) K

| bbb
/—l— l l l Shear Modulus (Pa) (7

Dermis Bone
Connective Tissue
Contracted Muscle

Palpable Nodules

cell

Glandular Tissue of Breast Epidermis e
Liver é)anilage Emilianov et aI, 2006

s Comea IEEE Ultrasonics Symposium



Soft tissue, soft cells

e “stiffness”

e = (7 : shear modulus

E
i Youngs modulus

e~ 1—100 kPa

o= Cortical actin filament

Microtubule

Stress fiber — | ntermediate filament



Sound wave

Density Speed of Sound

Tissue or Material (g/cm?) (m/sec)
Water 1 1480
Blood 1.055 1575
Fat 0.95 1450
Liver 1.06 1590
Kidney 1.05 1570
Brain 1.03 1550
Heart 1.045 1570
Muscle (along the fibers) 1.065 1575
. Muscle (across the fibers) 1.065 1590
water, cells: K = 2 GPa g, 115 1730
K Eye (lens) 1.04 1650
Eye (vitreous humor) 1.01 1525

v, % |[—= 1500 m/s
p p
1= Up / 20k 100k 1M 10M 1G
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For a cell [~10 um:
* hydrostatic pressure variation
1031075

2109

low intensity amplitude: p,,4, < 10° Pa

=5A, (¢<5-107)



| will not believe it unless | see it!

2-states: open/closed

open probability:

Tk 18P domain 1

: P(f) = 1 + e—(OF—f6x)/kT

Sx <5A

= Attempt direct measurement of
e pressure field
e calibrate transducer
* high speed (interferometric) imaging of substrate displacements
e simulate wave propagation
e displacement field
* high speed imaging of cells & tracers



Current instrument

®

US transducer

* annular for illumination

* lens focuses US

* water filled for impedance matching
e submersible in petri dish
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STROBOSCOPIC IMAGING - PRINCIPLE

» time

Reconstruction: M/\/\ ’\/\M

AR
Vg < 150 kHz XHL\

current illumination limit

on shutter speed: 4 - 107° s Vys < 50 kHz



First result: pressure waves do nothing
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* No motion
* No fluorescense
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Second result: Shear waves give biological response
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Correlative imaging

-~

& = 5
‘ | ¥ * phase contrast

 mechanical stimulus:
mean displacement
33 kHz

* biological response:

Ca?* fluorescence
2s - 2h

frequencies, amplitudes and
fluorescent reporters to be
varied

100 micrens
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Mechanosensing: strain, not stress
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Bulk modulus: K=2 GPa
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Biological effects of LIUS: sound wave -> shear wave transformation



Fysikkens universalitet vs. biologiens spesialisering

Vare resultater (en celletype, lite utvalg frekvenser, rytmer, pulser) viser at skjaer trigger respons,
trykkbglger gjgr ingenting

Fysiske argumenter indikerer at resultatene er universelt gyldige

Men andre forfattere fant at trykkbglger gir biologisk virkning

=> vare resultater gjelder kun for den celletypen ved ngyaktig de tilstandene

=> forferdelig utilfredsstillende for en fysiker

Mer universell fysikk: trykkbglger kan omformes til skjaerbglger

Kanskje skyldes alle biologiske virkninger av LIPUS skjaerbglger ingen tenkte pa?

Hvordan bevise det?



Ultralyd er
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Oncotripsy: finlesing av artikler kan
avslgre feil

* Heyden & Ortiz 2016, 2017: theoretical ( KV ) v G

* Mittelstein et al 2020, J. Appl. Phys: "Moreover, our experiments o o s -
revealed that the formation of standing waves and the emergence of

y Bt
cavitation were necessary to disrupt cancer cells.” @ Q 6 o

S = 849764 rad/s S=979926 rad/s S = 991430 rad/s

Table 1
Set of constitutive parameters (bulk modulus « and shear moduli x; and y5) used in the eigenfrequency analyses.

x [kPa] w1 [kPa] uz [kPa]
Plasma membrane 39.7333 0.41 0.422
Cytoplasm 39.7333 0.41 0.422
Nuclear envelope 239.989 241 2.422
Nucleoplasm 239.989 241 2422
Nucleolus 719.967 7.23 7.266
ECM 248.333 5.0 5.0

faktisk: 2 GPal

e Data based on data fittin%of AFM indentation by Kim et al Med Biol Eng
Comput (2011) 49:453-462 assuming Poisson ratio v=0.499, Heyden &

Ortiz assume v= 0.49!




Other
mechanisms
are possible

Pressure waves
trigger phase
separation?

Dolgin, Nature 2018

Separate ways

A cell’s contents are thought to segregate through a process
called phase separation to perform a wide variety of tasks.
But flawed phase separation can also cause disease.

Isolated
droplet

Physical forces between protein or RNA molecules can pull
them apart or attract them to each other. Once the molecules
reach a certain concentration, they can phase-separate,
clustering similar components together to speed up reactions,
or sequestering unwanted molecules.

Signalling at the membrane

In neurons, proteins necessary for
sending signals to neighbouring cells
cluster at junctions and phase-separate
to ensure smooth communication.
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DNA packaging
In the cell nucleus,
phase separation
helps to compact
unused DNA and
quell its activity.
Some proteins —
possibly those
involved in
transcription —
are excluded.

Packaged DNA
(chromatin)

4
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Protein
exclusion

Drops become clogs

In amyotrophic lateral sclerosis, proteins that
separate into liquid droplets can congeal over
time, forming harmful, solid aggregates.

J../‘ Liquid-liquid Phase
separation transition
Disordered Liquid Strong
protein droplets aggregates




US rheology of cell cultures?
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20X objective, 33 kHz US

shear strain:
e smaller in nucleus
* noisy




Conclusions

+ Shear, not pressure waves triggers Ca%* influx in
adherent Hela cells

- Biological effects of LIPUS are probably always due
to induced shear, not pressure waves

—That is impossible to prove (and brands lots of
papers “rubbish”)

- Finding and proving a pressure wave mechanism is
very high risk and (moderately?) high gain.

+US driven shear flow opens a huge frequency
domain for rheology studies.



ALL CELLS DO NOT REACH MAXIMUM OF
FLUORESCENCE AT THE SAME TIME
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TWO MAIN GROUPS OF FLUORESCENCE BEHAVIOR

Histogram of time when max of fluo was acheived
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"IN-SYNC" DISPLACEMENT FOR THE TWO GROUPS
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Oncotripsy

= 849764 rad/s J=979926 rad/s f=991430 rad/s
 Heyden & Ortiz 2016, 2017: theoretical
* Mittelstein et al 2020, J. Appl. Phys: "Moreover, our experiments
revealed that the formation of standing waves and the emergence of
cavitation were necessary to disrupt cancer cells.”
Table 1
Set of constitutive parameters (bulk modulus « and shear moduli x; and u;) used in the eigenfrequency analyses.
x [kPa] w1 [kPa] uz [kPa]
Plasma membrane 39.7333 0.41 0.422
Cytoplasm 39.7333 0.41 0.422
Nuclear envelope 239.989 241 2422
Nucleoplasm 239.989 2.41 2.422
Nucleolus 719.967 7.23 7.266
ECM 248.333 5.0 5.0

water: 2 GPa

* Data based on data fitting of AFM indentation by Kim et al Med Biol
Eng Comput (2011) 49:453—-462 assuming Poisson ratio v=0.499,
Heyden & Ortiz assume v=0.49!
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protruding lipid

Fig. 4.5 Mammalian mechanosensitive Piezol architecture and a putative membrane-mediated
gating mechanism. (a) Schematic of the side view of Piezol structure. (b) Top view of Cryo-EM
structure of mouse Piezo1 as shown in shaded grey surface (PDB: 3JAC) [72]. (¢) View from the top
of the human Piezol (homology model based on mouse Piezol) shows the interlocked arrangement
of its 3 subunits at the level of the hydrophobic core of the lipid bilayer. An increase in lateral
bilayer tension is thought to result in a clockwise or counter-clockwise deflection of the ‘Blade’
domains around the ‘Anchor’ and outer helix (OH) domains. This movement ultimately results in
the displacement of the inner helices (IH) away from the center of the pore to allow ion conduction,
as shown in the diagram. This hypothesis aims to explain the intrinsic mechanosensitivity of the
channel different from the Blade-deflection model proposed by Ge et al. (2015) [72]



Bulk and shear modulus of tissues

Liquids
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Fat

= soft tissue and cells can be considered incompressible and Poisson’s ratiov = 0.5

1
gij = E O-ij(]- + V) — V(Sij kkO'kk]

Young’s modulus, E, shear modulus, G, and bulk modulus, K:
E=26(1+v) = 3G
=3K(1 — 2v)



