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Biomedical Applications

 Bacteria/virus
inactivation

* Blood coagulation
* Wound healing

* Cancer therapy

Laroussi et al., [IEEE TRRMS, 2022



Summary: Plasmas for Medicine
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Clinical study

Baton Rouge General Medical Center,
March 2015

Treatment of surgical
margins was performed

Rush University Medical Center applied
USMI/GWU CAP device for treatment for
pancreatic cancer, April 2017

20 new cases starting August 2019

JCRI-ABTS and USMI
Successfully Complete Phase 1
Multi-Center Clinical Trial Using

CanadyHelios™ Cold Plasma for
the Treatment of Cancer
April 20, 2021 10:30 AM EST



Research Background:
Plasma leads to cell death
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Journal of Physics D: Applied Physics 2021, 54 (9), 095207

ACS Appl. Mater. Interfaces 2020, 12, 31, 34548-34563
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Research Background: Selectivity
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Plasma in biomedical application

Molecular Mechanism | ST
ROS & RNS — Inhibition

Reactive Oxygen & INET chemical
Nitrogen Spgcies A S ‘
(RONS) Ieadl.ng to TS Lo _* s
apoptosis i S s
Oncotarget, 2017, Vol. 8, (No. 9), 15977
Physical effect: CAP
treatment with cover physical

on Petri dish
(no RONS)

" | scientific reports 10 (1), 1-17




Mechanism of CAP action. Chemical
pathway
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Adaptive plasma platform
for cancer therapy

Uniqueness of plasma is its
ability to change its
composition and key
parameters on demand,
dependent on specific
requirements of diseased
cells

Keidar et al, Trends in Biotechnology, 2017
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Self-adaptive ?

PLASMA JET
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Li et al., ACS AMI, 2019



Self-organization simulation
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Impedance Increment [£]
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Li et al. Phys. Plasmas 27, 063501 (2020)

Example of adaptive treatment via electrical
impedance spectroscopy
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Model predictive control (MPC) limitations

Relative cancer cell viability

— — treatment goal
—ideal response
—w/o MPC
—MPC

t (days)

Lui et al., J. Phys D, 2019

p — relative cancer cell viability
t — time after treatment in hours |

0 10 20 30 40 50
t

Due to the complexity of plasma-
target system:
— The control algorithm should

consider multiple status variables
and CAP setup parameters.

— MPC may encounter difficulties
during the fitting due to the
simplicity of the model.



ANN and Deep Q Learning

Artificial neural network (ANN) can be

considered to replace the mathematical
« Each neuron at the output layer

model.

— ANN as a function: computes output vector represents an action such as
based on multiple weighted linear combinations increasing the discharge voltage,
of mp_ut vector. T_hus, it can represent a very decreasing the gas flow rate, etc.
complicated function. _ ) _

_  Training ANN: updating weights « The action with the highest Q value

= curve fitting an MPC model will be selected to operate

Real-Time Target Feedback

Feedback ‘ Real-Time CAP Status Feedback
Signals SN
Control ‘ CAP Circuit
and Gas CA

Algorithm
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Plasma composition optimization using ANN
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State of the art: adaptive CAP jet device
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Normalized Cell Viability

Adaptive CAP jet device
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Intelligent Plasma

* The plasma itself can be a programmable intelligent material

« Train a low-temperature plasma system to play a board game Tic-Tac-
Toe

Material-Based Artificial Intelligence
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Li & Keidar, Adv. Intell. Syst. 2022, 2200157



Chemical Pathway Network (CPN)
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Main Species in a helium-air plasma
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Train the plasma to play a boardgame

-
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Lin & Keidar, Adv. Intell. Syst. 2022, 2200157

Only one wavelength is
compared to indicate the
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Score of Version 1
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New plasma modality



Treatment via physical barrier.
The activation state of the CAP-treated cancer cells

—-rag'[tid\o"u 1

Reactive Species Cells Activated cells Damaged cells Apoptotic cells

Yan, et al, Sci. Rep., 2018.
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Physical treatment
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Physical Effects of CAP
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ROS scavenger cannot inhibit necrosis
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Discharge Tube

(a) Voltage Supply

Yao et al., Phys. Plasmas (2020)
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Chemical vs Physical
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Cell interaction with EM fields
Methods: Laser Interferometer

Two External Electric Field Sources
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Cell Images of Oscillations

An example of real-time 3D single-cell imaging of A549
Exposed in the electric field of a pair of plate electrodes
(6000 V pk-pk at 12.5 kHz)
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The Natural Frequency of Membrane

Wave equation of an arbitrary 2D membrane:

0%z

DV*z + Pm oz = 0
For specific mode
VZZOTI + A727Z077 =0

A,z7 D

where ]‘;7 =

d,; — membrane thickness
v — Poisson ratio

Z oy — the amplitude of the #*" mode

[ — the natural frequency of the " mode
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The Average Natural Frequencies of the Membranes
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Natural Frequency [Hz]

The natural frequencies of Mode 1 (the
most contribution mode) agree with the
selectivity relations:

U87MG easier to kill than hTERT/E6/E7
L929 easier to kill than B16F10
A549 easier to kill than BEAS-2B

The discharge frequency of plasmais 12.5
kHz. A higher frequency in this figure is
closer to the discharge frequency. The
plasma has a bandwidth (peak width) of
the 12.5 kHz, therefore, covers the natural
frequencies.

Li et al, Langmuir., 2023



U87MG Sensitization Test

2 . . | T T . Control: the cells with no treatment.
p = 0.0006 TMZ: the cells were treated with temozolomide.
DT: thecells were treated with the discharge tube.

el LU E: the cells were treated with the electrodes.
p=0.044 MW: the cells were treated with the microwave.
165¢F p <0.0001 -
p <0.0001
p =0.0004
p =0.9537
p <0.0001 .
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Discharge Tube in vivo

* Groups of 3 mice were randomized into
groups 10 days post tumor implantation:

« control group D09-0394 MG IC Response Curve
* ‘TMZalone’ group 100
* ‘PDT alone’ group 90- -»- Control
* ‘combination’ (PDT+TMZ) group = 80 - TMZ 10mg/kg
* TMZwas administered IP using a dosing ; 70- v — CPT- 4 min
strategy below its maximum tolerated dose 5 60+ -¥- Combination
at 10 mg/kg IP x 3 days ; 30+
* PDT treatment was performed for 4 min § g: & = A
o 20
104
0 ol

1 1 I I I 1 1 | 1 !
0 10 20 30 40 50 60 70 80 90 100110120
Days Post-Tumor Implant

Discharge tube | SRS
2 -4
T e ’._ )

Based on the patient-derived
xenograft model, PDT treatment
drastically improved mean survival
days of the tumor-barrier mice by

Yao et al., Phys. Plasmas, 2020 more than 100% compared to control
Yao et al., ACSAppl. Biomat., 2022



Conclusions

Adaptive plasma for biomedical application: Uniqueness of plasmais its
ability to change its composition and key parameters on demand, dependent
on specific requirements of diseased cells. Intelligent plasma. Key in situ
diagnostics

Chemical vs Physical Treatment is introduced

In chemical model, plasma adaptation might be important way to optimize

treatment by plasma. It uniquely utilizes potential of CAP to produce RONS in
real time

Plasma-based activation (sensitization) has been discovered. Fast activation
and slow de-activation. EM causes cell membrane oscillation

Physical treatment might lead to translational pathway
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