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Supplementary Figure 1. Photograph of cell-seeded collagen hydrogel maintained in
PDMS well.
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Supplementary Figure 2: Individual cells modeled in a large domain 2D
axisymmetric domain. (a) For numerical modeling of a single cell an electric field is
applied across a block of media and a cell centered within. Changes in TMP and nTMP
are calculated from time-dependent solutions. (b) Electric field isocontours in cytoplasm
for HFIRE therapy (700V) of glioma cell model

For most single cell simulations the final mesh contained around 3,000 elements and
solutions were found in no longer than 1 minute on a Pentium i3 processor. For each
domain (media, cytoplasm, nucleoplasm), a separate Electric Currents physics module
was used and the dependent electric potential variables ¢.,04i0,Pcyt0, Pruc for the
media, cytoplasm, and nucleoplasm domains were defined, respectively. These
variables were then defined to calculate the voltage across the cell membrane (¢,,) and
nuclear envelope (¢,,)

d)m = (pmedia - (pcyto (1)
bn = ¢cyto — bnuc (2)



In each Electric Currents module, the boundaries representing membranes were
defined as impedance boundary conditions with reference potentials prescribed as the
electric potential in the adjacent (¢rer) domain

1 d
n- (]1 _]2) = E<0(¢ - ¢ref) + Sogma((,‘b - ¢ref)> (3)

where o is the conductivity, € is the permittivity of free space, &, is the relative
permittivity, and d is the thickness of the cell membrane or nuclear envelope. The
boundary was defined as a ‘thin layer and the electrical conductivity, relative
permittivity, and surface thickness were defined using the values presented in
Supplementary Table 2. Domain boundaries perpendicular to the z-axis (z = 150 um)
were defined as time domain voltages (¢ = V(t)) simulating the 1 or 100 ps pulses with
rise times of 16 ns or 10 ps, respectively. The remaining external boundary was given
electrically insulating properties (—n - J = 0). To simplify the model, these simulations do
not take into account the rapid change in membrane conductivity which occurs when
cells become electroporated by pulsed electric fields. Incorporating these changes in
conductivity would require us to experimentally quantify the dielectric response of the
cell membrane and nuclear envelope to the HFIRE pulse parameters used, which goes
beyond the scope this study.
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Supplementary Figure 3. Schematic of IRE pulse and HFIRE bursts (a) The IRE
therapy delivers a series of mono-polar pulses which are 100 us in duration. (b) In
HFIRE, the mono-polar pulse is replaced by a rapid burst of 100x bi-polar pulses 1 ps in
duration. A 5 ys delay in between alternating pulses is used to protect the electronics
from ringing.



Supplementary Table 1: Physical properties used in finite element models of hydrogel
treatments. * measured values, ¥ default material values in COMSOL

Parameter Symbol Value Unit Reference
IRE Voltage Vire 450 % ¥
H-FIRE Voltage VHFIRE 450-700 vl *
Electrode Density Pe 7850 [kg/m?] 1
Electrode Specific Heat Capacity Cpe 475 [J/(kg-K)] I
Electrode Thermal Conductivity ke 44.5 [W/(m-K)] I
Electrode Conductivity Oe 4.03x10° [S/m] I
Electrode Permittivity €. 1 I
Hydrogel Density Ph 997.8 lkg/m?] 18
Hydrogel Specific Heat Capacity Cph 4181.8 [J/(kg-K)] 18
Hydrogel Thermal Conductivity kn 0.6 W/(m-K)] 18
Hydrogel Conductivity on 1.2 [S/m] 18

Hydrogel Permittivity €n 0 18




Supplementary Table 2: Physical properties used in finite element models of single
cells. * measured values, T approximation based on water composition

Parameter Symbol Value Units Reference
Media Conductivity Om 0.98 [S/m] *
Media Permittivity €m 80, [F/m] T
Cytoplasm Conductivity Oyt 0.3 [S/m] *
Cytoplasm Permittivity Eoyt 154.4g,  [F/ml 43
Nucleoplasm Conductivity Onuc 1.35 [S/m] 2
Nucleoplasm Permittivity € nue 52€0 [F/m] *
Cell Membrane Thickness t mem 5x107° [m] .
Nuclear Membrane Thickness t Nmem 40x10°° [m] 2
Cell Membrane Conductivity Omem 3x107 [S/m] o
Cell Membrane Permittivity €mem 8576 /] *
Nuclear Membrane Conductivity ONmem 6x107° [S/m] *
Nuclear Membrane Permittivity € Nmem 28€&g [F/m] *
Domain Side Length Ly 300x10° [m] -
Benign Cell Length Le 60x10°8 [m] *
Benign Cell Width We 20x10°8 [m] *
Benign Nuclear Length Ln 19.7x10° [m] *
Benign Nuclear Width Wh 6.2x10° [m] ¥
Malignant Cell Length L. 120x10°® [m] ¥
Malignant Cell Width We 20x10°® [m] ¥
Malignant Nuclear Length Ln 20.4x10®  [m] .
Malignant Nuclear Width Wn 14.7x10% Ml .

Supplementary Note 1: Finite element models for electric field distributions.
The electric field distribution was found by solving the Laplace Equation:
Vi$ =0 (4)

where ¢ is the electrical potential. The boundaries of one electrode were set to the
applied voltage (¢ = Vappiied) and the boundaries of the second were set to ground (¢ =
0) while the initial voltage (Vo) for all subdomains were set to OV. All other external
boundaries were set to electrical insulation (—n - J = 0).



Supplementary Note 2: HFIRE and IRE joule heating considerations.

Thermal effects on the scaffolds due to resistive losses were modeled by solving the
Joule heating equation:

V- (kVT) + a|V¢|? 4 = pc or (5)
T P st

where k is the thermal conductivity, T is the temperature, c, is the specific heat
capacity, and p is the density of the 3D scaffold. a|V¢|? is the Joule heating term, which
was simplified by using a scaling factor proportional to the ratio of pulse duration d and
pulse interval t. This duty cycle approach, in which the total energy delivered to the
tissue is averaged throughout the duration of the treatment, has been shown to
accurately reproduce experimental results in hydrogels'” and tissue®'. Provided that the
upper most boundary (perpendicular to electrodes) was exposed to the environment, it
was assigned convective cooling properties (—n-(—=kVT) = h(T,,; —T) with a
coefficient value, h, of 50 W/m?K 3! while the remaining external boundaries of the
simulation domain were set to thermal insulation (—n-(—kVT) =0). The initial
temperatures for all domains as well as the exterior temperature were set to 20°C.
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