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Abstract

The use of electrical stimulation (ES) has been found to affect cell movement, proliferation, and growth
throughout in-vitro experiments. Many studies performing in-vitro ES do not report changes in the
electrical signal through the cell culture media. This study quantified the change in impedance
throughout the cell culture media under the application of voltage and current stimulation at three
stimulation levels and three waveform types (constant, monophasic and biphasic). It was found that the
measured impedance increased throughout the duration of the stimulation, with the change in
impedance and the final impedance level varying based on the stimulation level and the waveform,
where the biphasic and monophasic waveforms demonstrated lower impedance levels than constant
stimulation. This study informed the changes in the media throughout the duration of the applied in-vitro
stimulation, suggesting it is important to monitor stimulation parameters as they may vary throughout
the experiment. Changes in the expected stimulation may affect the cellular responses and affect the
interpretation of stimulation parameters required for cell lines.

Background

Endogenous electric signals are responsible for the movement, proliferation, and growth of cells. (1, 2)
This has been extensively recreated in vitro to further the understanding of cellular electrical sensitivity,
focused mainly on neuronal and connective tissue cells. (3—11) Low voltage exogenous electric fields
have been used to trigger cell proliferation, adhesion, and migration. (1, 2, 9)

While performing electrical stimulation (ES) of cells in vitro, it is very difficult to get consistent results.
(12) The exact pathways that are activated within the cells are unknown and vary across cell types. It is
hypothesized that an influx/efflux of ions is triggered through the cell membrane, (12) but the exact
trigger varies. Movement of ions causing local concentration gradient changes in the medium, or charge
differences opening voltage-gated channels, are hypothesized to be the main triggers of cellular
activation. (13)

Electrical current is the movement of electrical charge over time, whereas the strength of an electrical
field is the voltage gradient over a distance. In electrical stimulation of tissues, the important factor
appears to be the amount of charge delivered as opposed to the field strength.(6, 14) Studies suggest
that cells respond best to current in the range of 250 pAmps. (15, 16) However, this varies depending on
the method of stimulation. (8)

A consistent factor across all in vitro experiments is the need for a cell culture medium to maintain cells.
While culture media come in many forms, they generally share similar compositions and are designed
for cellular viability, not with ES in mind. The effects of excessive stimulation can directly affect cell
viability, specifically through changes in pH (17), but also through secondary electrochemical reactions
that can cause cellular apoptosis.(17, 18) Hydrogen peroxide is one of these products, and the amount
generated is directly proportional to the pulse width, frequency, and voltage of ES in the medium.(19)
Changing the shape of the electrical signal can mitigate the level of byproduct but does not fully
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eliminate its production(20, 21) As a double layer of charged ions forms at the electrode-medium
interface, it behaves as a resistor and capacitor (RC circuit) in series,(21) which is likely to cause the
medium'’s electrical properties to behave as an RC circuit over time. The effects of ES in media have not
been well quantified, and understanding the behaviour of the media under these conditions would give
better insight into the consistency of the stimulation delivered as well as the side effects that are
produced.

The purpose of this work was to assess electrical changes to cell culture media during ES to determine
its behaviour. Specifically, we looked at spatial and temporal pH changes through changes in phenol red
colour, and temporal changes in electrical impedance of the medium through the application of constant,
monophasic, and biphasic stimulation at varying EFs and currents.

Methods
Electrode set up

Platinum wires (90% platinum, 10% iridium, Thermo Fisher Scientific Inc.) were bent into an “L"-shape
with a horizontal leg 10 mm long and a vertical leg of 20 mm. A 3 mm acrylic plate was laser-cut to hold
electrodes parallel with 10 mm separation between the horizontal legs in a standard 12-well plate
(Corning Falcon). The electrodes were inserted into holes in the acrylic plate and held in place with
polycyanoacrylate (Krazy Glue, Elmer’s Products, Inc., Columbus, OH, USA) 10 mm apart and 5 mm from
the bottom of a 12-well plate. The long legs of the electrodes (perpendicular to the bottom of the well)
were positioned on opposite sides of the well to generate an electric field between the small legs of the
electrodes parallel to the bottom of the well (Fig. 1A, B). The tops of the electrodes exposed above the
acrylic were connected to the stimulating circuit through alligator clips (Fig. 1C).

Stimulating circuits

Two circuits were designed to apply ES, one delivering a target voltage and the other a target current;
referred to henceforth as the voltage circuit and current circuit, respectively. The voltage circuit
consisted of a pulse generator (DG535, Stanford Research Systems INC, Sunnyvale, California) as the
input to three parallel branches, each consisting of a 1 kQ resistor in series with a set of Ptir electrodes
(Fig. 2A). The tests performed using the voltage circuit included: 1) constant target voltage at three
levels (DC) (0.5, 1, and 2.5 V), 2) biphasic target voltage pulses (x 0.5, 1, and 2.5 V), and 3), and
monophasic target voltage pulses (+ 0.5, +1,+2.5,-0.5, 1, and - 2.5 V).

The current circuit used a Howland current pump (Fig. 2B). This circuit modifies the voltage across the
load to maintain the desired current (22). In this case, the load consisted of a 1 kQ resistor in series with
three sets of electrodes. The input to the Howland current pump was from the function generator. The
three sets of PtIr electrodes were placed in series with the resistor, and a single Howland current pump
was used for all wells to reduce variations among the wells. The tests performed using the current circuit
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included: 1) constant target current (DC) (50, 100, 500 pA), 2) biphasic target current pulses (z 50, + 100,
+500 pA), and 3) monophasic target current pulses (+ 50, + 100, +500, -50, -100, and - 500 pA).

For both the current and the voltage monophasic and biphasic stimulation, the input was set as a square
wave, with a frequency of THz and a 50% duty cycle. The monophasic stimulation was created by adding
either a positive or a negative offset to the biphasic waveform. In both cases, a 1 kQ resistor was added
upstream of the electrodes to monitor the current passing through the electrodes. The impedance of the
cell culture media was not known, the voltage across the known resistor was used to estimate the
current through the media and Ptir electrodes. The voltage across the electrodes and the calculated
current were used to estimate the total impedance, which included the electrodes and the cell culture
media.

Experimental Design

Cell culture media (McCoy's 5A, Sigma-Aldrich) was removed from 4°C storage 1 hour before testing to
allow it to reach room temperature. This was to ensure that any measured changes in impedance or
observations of colour change were not due to changes in the temperature of the media. The media
contained phenol red, a pH indicator that is yellow in colour at a pH of 6.4 or less and is red at a pH of
8.2 or greater.(23) During the experiments, the voltage across the electrodes and the voltage across the
measurement resistors were measured. Observations were collected on physical changes in the media,
such as bubbles or accumulation of precipitates on the electrodes, and colour changes in the media
were noted. The stimulation was applied for a 1-hour period. Images and visual observations of the
stimulated wells (containing electrodes) and the control wells (no electrodes) were taken at 0 minutes,
15 minutes, 30 minutes, and 1 hour.

Voltage measurements were taken with an NI DAQ system (NI USB-6218, National Instruments, Austin,
Texas). This system was used to measure the voltage difference between two points in the stimulation
system. For the voltage tests, recorded measurements included the voltage across each measurement
resistor before each well (R,1, Ry, @and R,3), the input voltage (Vin+ - Vin-), and the voltage across the

electrodes (Vg4, Vs, Vig). For the target current circuit, the recorded measurements included the voltage
across the measurement resistor (R,,,), the input voltage, and the voltage across the electrodes (Vgq, Vio,
Vi3). Data were collected using LabView (2017, National Instruments, Austin, Texas), saved as an Excel

file (Microsoft Excel v. 16.107.4), and data analysis was performed in MATLAB (V 202643, The
Mathworks, Inc., Natick, Massachusetts). Stimulation circuits are shown in Fig. 2, where the inset in
Fig. 2B shows the Howland Current Pump with VCC and VEE of + 15 and - 15V, respectively. In the
circuit, Re and Ry were 1 kQ, Rg was 4.7 kQ, and the input signal was a constant, square monophasic, or

square biphasic wave depending on the stimulation type.

Data Analysis
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For the voltage stimulation, the voltage measured across the measurement resistors (R;,1, Rmp @and Ry3)
was minimal and was susceptible to noise. To combat this, the resistor voltages were calculated by
subtracting the value of each electrode voltage (Vgq, Vg, and Vg3) from the input voltage, V,,. For the
current stimulation, this subtraction was not required, as the measured voltage across the resistor was
higher, less noisy, and a single resistor was used to calculate the current passing through all the wells.
Before calculating the impedance, a low-pass filter was applied to the data; a cutoff frequency of 0.1 Hz
was used for the constant stimulation, and a cutoff frequency of 2Hz was used for the monophasic and
biphasic waveforms.

For the constant waveforms, the current through the resistor was calculated by dividing the resistor
voltage by its corresponding resistance (1kQ) following Ohm's law rule of V =1Z, where Z is the
impedance. The impedance between the Ptir electrodes was calculated by dividing the measured
electrode voltages at every point by the corresponding calculated current.

For the monophasic and biphasic waveforms, the first pulse was determined from the input voltage, and
groups of 5 data points were used to analyze each pulse. For the monophasic waveforms, the
impedance was calculated for the ‘ON’ positions, and for the biphasic waveforms, all calculations were
done on the positive half of the waveform. For each pulse, the max voltage across the Ptlir electrodes
was divided by the current calculated from the resistor voltage for the same time point.

Calculated impedance values were considered outliers and removed if they were more than three
standard deviations away from the mean. The average impedance was calculated for each minute in the
test. The average change in impedance between the first and last minute and the average final
impedance in the three wells was calculated for every stimulation level and waveform.

The average energy of the voltage signals measured for the three wells was calculated for all
combinations of stimulation level and stimulation type. The energy of the signal was calculated for each

well using the formula: E = fls S ® |z [n]]>. Where x[n] is the voltage signal at sample n, and f,

is the signal sampling frequency.

The average impedance for each minute was fit with a two-term exponential equation in the form of

Y = ae?® + ce?™ consistent with the second-order RC equivalent circuit models used in other studies.
(21, 24-26) The fit was performed with the use of the curve fitting toolbox in MATLAB, with the data
centred and scaled based on the time. To determine the time constants, the values of b and d in the
equations were multiplied by the standard deviation, followed by the subtraction of the mean that was
used to scale the data. The average of the time constants 1/b (t;) and 1/d (t,) for all three wells was

determined.

Statistical Analysis

All statistical analyses were performed in RStudio (R v4.5.2, R Foundation for Statistical Computing,
Vienna, Austria). Statistics were performed on the constant, positive monophasic and biphasic signals.
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For simplicity, the negative monophasic signals were not included due to their similarity to the positive
monophasic signals; for the remainder of this paper, monophasic will refer to the positive monophasic
stimulation. A linear model was fit to include the waveform type and stimulation level as the main effects
and included the interaction between the waveform and stimulation level. A two-way ANOVA was
performed on the linear model for the change in impedance, the final impedance, and the two time
constants (T, and 1), for the voltage and current stimulation separately. The factors used were the
stimulation level (Low, Mid, and High), and the waveform type (Constant, Positive Monophasic, and
Biphasic). The stimulation levels for the current stimulation were 50, 100, and 500 pA, and the levels for
the voltage stimulation were 0.5, 1, and 2.5V. Following statistical significance in the ANOVA, a Tukey
post-hoc analysis was performed on the estimated marginal means using the emmeans (Estimated
Marginal Means, v. 2.0.4) package.(27) The voltage and current stimulation were not directly compared
as the stimulation method and levels were not equivalent.

Results

Stimulation Levels

For the current circuit, the actual current produced varied slightly from the targeted current values of 50,
100, and 500 pA, the values that were achieved in the tests were approximately 52, 103, and 470 pA,
respectively. The deviation from the target current was due to variations in the circuit and the use of
standard-value resistors that varied from the value required to achieve the target current values.

Waveform Shapes — Biphasic and Monophasic Stimulation

When biphasic voltage stimulation was applied, the voltage across the resistor demonstrated a sharp
increase in voltage and then a relaxation or discharge with each cycle (Fig. 3A). As expected for
elements in series, changes in voltage across the resistor through the stimulation cycle exhibited a
reciprocal relationship to changes in the voltage across the electrodes; when there was an increase in
voltage across the electrodes, there was a drop in voltage across the resistor, and the balance of the
resistor and electrode voltages maintained the targeted voltage value throughout the circuit. The voltage
pulses across the electrodes were close to a square wave in shape and exhibited characteristic charging
and discharging seen in capacitors (Fig. 3B). When voltage was applied with a monophasic waveform,
the response across the resistors (Fig. 3C) was similar to that of the biphasic voltage (Fig. 3A) but with a
lower magnitude. The voltage across the electrodes for the monophasic voltage was more square

(Fig. 3D) compared to the biphasic voltage (Fig. 3B). Compared to a biphasic voltage, the biphasic
current stimulation demonstrated a square wave across the resistor reflecting the consistent current,
while the voltage across the Ptlir electrodes followed a triangular wave shape (Fig. 3E,F).

Overall, during the voltage stimulation for the biphasic and monophasic stimulation, the voltage across
the resistor decreased over the hour of stimulation while the voltage across the Ptlir electrodes remained
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at the same magnitude.

When the current was applied using a monophasic waveform, the voltage across the resistor followed a
consistent square wave (Fig. 3G) while the voltage across the Ptlr electrodes was smaller in magnitude
than the biphasic current (Fig. 3H). In addition to a smaller magnitude, the Ptir electrode voltage was
shifted in the direction of the monophasic pulse (positive or negative) and was similar to the shape of a
charging capacitor. The side of the curve that had the highest magnitude (i.e., most positive in positive
monophasic and most negative in negative monophasic) had a flattened peak indicative of clipping in
electrical signals.

Impedance Measurements

The average impedance for each minute was determined for the three voltage and current levels for
constant, monophasic and biphasic stimulation. The middle stimulation levels (100pA and 1V) are
shown in Fig. 4 as representative changes in the average impedance over the stimulation period. For all
stimulation and waveform types, except for the highest biphasic stimulation levels, the average
impedance increased throughout the duration of the stimulation period and, in many cases, increased
and reached a plateau. The average change in impedance across the three wells for each type of
stimulation is shown in Fig. 5. The calculated change in impedance and the time constants for the
biexponential fit are in Table 1 for the voltage stimulation and in Table 2 for the current stimulation.

The reported time constants are in minutes, where a positive value represents an increasing exponential
while a negative value represents a decreasing exponential (Table 1, Table 2). In general, the time
constants were larger for the current stimulation, indicating that it took longer for the impedance to
increase or decrease than with voltage stimulation. The change in impedance and the final impedance
decreased with a larger stimulation amplitude for both the current and voltage stimulation for all
waveform types. The only stimulation where this trend was not seen was the change in impedance for
the biphasic current. Overall, the change in impedance and the final measured impedance were larger
with voltage stimulation compared to current stimulation.
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Table 1

Voltage stimulation numerical results for the average across the three wells of the fitted time constants,
change in impedance, final impedance, and energy through the well throughout the duration of the test.
Values are displayed with the average value followed by the standard deviation in ().

Change in Final Impedance T4 T, Energy
Impedance [kQ] [kQ] [min] [min] [V2s]
Constant 0.5V 6598 7272 -16 3 897
(2734) (2813) a1 (24) (0.7)
1A% 1400 1522 3 -27 3580
(107) (107) (2) (23) (0.9)
2.5V 66 84 33 -28 21681
(11) an (38) (17) (150)
Monophasic 0.5V 800 1030 39 -55 437
(135) (136) (111) (36) (0.7)
1V 184 244 59 -18 1803
(31) (31) (115)  (18) (7)
25V 03 10 -298 104 9531
(0.3) (0.3) (370) (134) (76)
Biphasic 0.5v 37 72 102 -45 890
(0.9) (2) (0.8) (0.8) (2)
v 11 24 1577 -62 3293
(M) (2) (1445)  (25) (36)
2.5V -3 4 -39 -746 7795
(0.7) (0.2) (1) (298) (183)
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Table 2

Current stimulation numerical results for the average across the three wells of the fitted time constants,
change in impedance, final impedance, and energy through the well throughout the duration of the test.
Values are displayed with the average value followed by the standard deviation in ().

Constant

Biphasic

For the voltage stimulation, the change in average energy between the stimulation levels was

Monophasic

50pA

100pA

500pA

50pA

100pA

500pA

50pA

T00pA

500pA

Change in

Impedance [kQ]

9
(0.7)
5
(0.03)
0.56
(0.01)
8
(0.2)
4
(0.02)
0.9
(0.07)
0.3
(0.2)
5
(0.1)
0.3
(0.02)

Final

Impedance [kQ]

52
(0.2)
27
(0.03)
7
(0.004)
50
(0.06)
27
(0.1)
7
(0.02)
18
(0.2)
17
(0.1)
4
(0.02)

T4 [min]

3385
(1626)

10
(31)
1615
(93)
1065
(49)
1111
(33)
i)

-1089
(974)

2189
(1799)

-56
(9)

T
[min]

36
(2)

134
(88)
02

-33
(0.2)

-34
(0.2)

-34
(0.9)

366
(714)
-36

(2)

352
(140)

Energy
[V2s]

25112
(154)
25839
(98)
33859
(36)
16739
(13)
18756
(106)
24911
(37)
1307
(20)
3272
(79)
48712
(43)

approximately a 300% increase from 0.5V to 1V for all types of stimulation. The change in energy
between 0.5V and 2.5V was highest for the constant stimulation (2300% increase), followed by
monophasic (2100% increase) and the biphasic stimulation (776%). The change in energy delivered
relative to 0.5V was lowest for the biphasic stimulation. The constant and biphasic stimulation had
similar average energy levels when the same level was compared for 0.5 and 1V, while the monophasic
stimulation had a lower energy at the same level. For the 2.5V stimulation, the energy was highest for the
constant stimulation, followed by the positive monophasic and biphasic waveforms.
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For the current stimulation, the percent increase in the average energy was lower than that of the voltage
for all comparisons except for 500 pA compared to 50 pA (3600% increase). The percentage change in
average energy was lowest for the constant waveforms (3% and 35% increase for 100 and 500 pA),
followed by the positive monophasic (12% and 39% increase for 100 and 500 pA) and the biphasic
stimulation (151% and 3600% increase for 100 and 500 pA).

For the voltage stimulation, the initial ANOVA demonstrated significant effects of waveform on the
difference in impedance (F(2, 18) = 23.04, p < 0.001), the final impedance (F(2, 18) =25.72, p < 0.001), T4
(F(2,18) =4.04,p =0.035), and T, (F(2, 18) = 19.47, p< 0.001). The stimulation level had a significant
effect on the difference in impedance (F(2, 18) =18.14, p < 0.001), the final impedance (F(2, 18) =21.67,
p<0.001), T4 (F(2,18) =4.16, p =0.033), and T, (F(2, 18) =8.77, p = 0.002). Finally, the ANOVA revealed a
significant effect of the interaction between the waveform and stimulation level for the difference in
impedance (F(4, 18) =12.66, p < 0.001), the final impedance (F(4, 18) = 14.25, p < 0.001), T, (F(4, 18) =
2.97,p=0.048), and 1, (F(4,18) =16.03, p< 0.001).

The results from the post-hoc tests following a significant ANOVA for the voltage stimulation can be
seen in Table 3. Following the ANOVA, the change in impedance was significantly greater for the
constant waveform than the biphasic (p < 0.001) and monophasic (p < 0.001) waveforms, but
monophasic and biphasic waveforms were not significantly different. The change in impedance was
significantly greater for 0.5V compared to 1V (p <0.001) and 2.5V (p < 0.01), but there was no significant
difference between 1 and 2.5V. The interaction between the waveform and stimulation level was
significant for the change in impedance only for the constant stimulation 0.5 vs 2.5V (p < 0.001) and 0.5
vs 1V (p < 0.001). The final impedance demonstrated the same trends and significant differences as the
change in impedance. The time constant T, was significantly longer for the biphasic waveform than the
monophasic waveform (p < 0.05), but not between any other waveform combinations. The time constant
was significantly shorter at 2.5V compared to 1V (p < 0.05), but not between any other stimulation levels.
The interaction effects were significant between the 2.5 vs 1V (p<0.01) and 0.5 vs 1V (p < 0.01) for the
biphasic waveform and not for any other interactions. The time constant 1, was significantly shorter for
biphasic waveforms compared to constant (p < 0.001) and monophasic (p < 0.001) stimulation, but not
between the constant and monophasic waveforms. The time constant was significantly shorter at 2.5V
compared to 0.5V (p<0.01) and 1V (p < 0.01), but not between 0.5 and 1 V. The interaction effects were
significant for the biphasic waveform between 2.5 and 0.5V, and 2.5 and 1V (p < 0.0001), but not for any
other interaction effects.
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Table 3

Voltage Stimulation Tukey Post-Hoc test results. Tukey Post-Hoc analysis was performed on the linear
model based on a significant ANOVA result. The main effects and the interactions are shown in the table
as the t-ratio and the corresponding p-value. Significance is indicated as * = p < 0.05, ** = p< 0.01, and

*** = p<0.001.
Comparison Difference Final T4 T,
in Impedance
Impedance
Main Waveform Biphasic - t-ratio: -6.2 t-ratio: -6.6 t-ratio: t-ratio: -5.1
Effects Constant 2.3
p: p: p:
<0.0007 *** <0.00071***  p:0.08 0.0002***
Biphasic - t-ratio: -0.7 t-ratio: -0.9 t-ratio: t-ratio: -5.6
Monophasic 2.6
p: 0.7 p: 0.6 p:
p: <0.0007***
0.045*
Constant - t-ratio: 5.5 t-ratio: 5.7 t-ratio: t-ratio: -0.5
Monophasic 0.3
p: p: p: 0.9
<0.0007*** <0.00071***  p:0.95
Stimulation 2.5V - 0.5V t-ratio: -5.7 t-ratio: -6.2 t-ratio: t-ratio: -3.7
Level -0.6
p: p: p: 0.005**
<0.0007*** <0.0001***  p:0.8
2.5V -1V t-ratio: -1.2 t-ratio: -1.3 t-ratio: t-ratio: -3.6
2.7
p: 0.5 p: 0.4 p: 0.006**
p: 0.03*
0.5V -1V t-ratio: 4.5 t-ratio: 4.9 t-ratio: t-ratio =
-2.1 0.07
p: 0.0007***  p:
0.0003*** p: 0.1 p: 1.0
Interaction Biphasic 2.5V - 0.5V t-ratio: -0.05  t-ratio: t-ratio: t-ratio: -7.8
Effects -0.09 -0.3
p: 1.0 p:
p: 1.0 p: 0.9 <0.0007***
2.5V -1V t-ratio: -0.02  t-ratio: t-ratio: t-ratio: -7.5
-0.03 -3.9
p:1.0 p:
p:1.0 p: <0.0007***
0.003**
0.5v -1V t-ratio: 0.03 t-ratio: 0.06  t-ratio: t-ratio: 0.2
-3.6
p:1.0 p:1.0 p:1.0
p:
0.005**
Constant 2.5V - 0.5V t-ratio: -8.7 t-ratio: -9.4 t-ratio: t-ratio: -0.3
0.1

Page 11/28




p: p: p:1.0 p: 0.9
<0.0007 *** <0.0007***
2.5V -1V t-ratio: -1.8 t-ratio: -1.9 t-ratio: t-ratio:
0.07 -0.01
p: 0.2 p: 0.2
p:1.0 p:1.0
0.5V -1V t-ratio: 6.9 t-ratio: 7.5 t-ratio: t-ratio: 0.3
-0.05
p: p: p: 0.9
<0.0007 *** <0.00071***  p:1.0
Monophasic 2.5V - 0.5V t-ratio: -1.1 t-ratio: -1.3 t-ratio: t-ratio: 1.7
-0.8
p: 0.5 p: 0.4 p: 0.2
p: 0.7
2.5V -1V t-ratio: -0.2 t-ratio: -0.3 t-ratio: t-ratio: 1.3
-0.9
p: 0.97 p: 0.95 p: 0.4
p: 0.7
0.5V -1V t-ratio: 0.8 t-ratio: 1.0 t-ratio: t-ratio: -0.4
-0.05
p: 0.69 p: 0.6 p: 0.9
p:1.0

For the current stimulation, the initial ANOVA demonstrated significant effects of waveform on the
difference in impedance (F(2, 18) = 468.02, p < 0.001), the final impedance (F(2, 18) = 67685, p < 0.001),
T4 (F(2,18) =7.13, p=0.005), but not T, (F(2, 18) =2.86, p < 0.083). The stimulation level had a significant
effect on the difference in impedance (F(2, 18) = 1295.1, p < 0.001), the final impedance (F(2, 18) =
260694, p < 0.001), but not on t; (F(2, 18) = 1.37, p = 0.28), or T, (F(2, 18) = 0.29, p = 0.75). Finally, the
ANOVA revealed a significant effect of the interaction between the waveform and stimulation level for
the difference in impedance (F(4, 18) = 385.47, p< 0.001), the final impedance (F(4, 18) = 24524, p <
0.001), T (F(4,18) =12.05, p< 0.0001), but not t, (F(4, 18) =1.41, p< 0.27).

The results from the post-hoc tests following a significant ANOVA for the current stimulation can be
seen in Table 4. Following the ANOVA, the change in impedance demonstrated a significant difference
between all combinations of waveform types (biphasic < monophasic < constant) (p < 0.0001). The
change in impedance was significantly different for all combinations of stimulation levels (50 > 100, 50 >
500, and 100 > 500 pA) (p < 0.0001). The interaction between the waveform and stimulation level was
significant for the change in impedance for all interactions (p < 0.05); the individual comparisons can be
found in Table 4. All comparisons for the main effects and the interaction effects were significant for the
final impedance (p < 0.0001); this followed the same trend as the change in impedance. For the time
constant T, the biphasic waveform was significantly shorter than for constant (p < 0.05) and
monophasic (p < 0.01) waveforms, but not monophasic vs constant waveforms. There were no
significant effects of the stimulation level on 1,. The interaction effects were significant between the 500
vs 100 pA (p < 0.05) and 50 vs 100 pA (p < 0.01) for the biphasic waveform, between 50 vs 100 pA (p <
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0.01) for the constant stimulation and 500 vs 100 pA (p < 0.05) and 50 vs 500 pA (p < 0.01) for the
monophasic waveform and not for any other interactions. (Table 4) The current stimulation
demonstrated clear trends where the change in impedance and final impedance were greater for
constant stimulation followed by monophasic and then biphasic waveforms. There was also a clear
trend that the change in impedance and final impedance decreased as the stimulation magnitude
increased.
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Table 4

Current Stimulation Tukey Post-Hoc test results. Significance is indicated as * = p < 0.05, ** = p < 0.01,
and *** = p <0.001. Post-Hoc analysis was not performed for T, because there was no significance

found through the two-way ANOVA.

Main Effects Waveform
Stimulation
Level
Interaction Biphasic
Effects
Constant

Comparison

Biphasic -
Constant

Biphasic -

Monophasic

Constant -

Monophasic

500pA — 50 pA

500 pA — 100 pA

50 pA — 100 pA

500 pA - 50 pA

500 pA — 100 pA

50 pA - 100 pA

500 pA - 50 pA
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Difference in
Impedance

t-ratio: -28.5
p: <0.0007***

t-ratio: -23.8
p: <0.0007***
t-ratio: 4.7

p: 0.0005***

t-ratio: -48.6
p: <0.00071***

t-ratio: -37.3
p: <0.0007***

t-ratio: 11.3
p: <0.0007***

t-ratio: -3.2 *
p: 0.01

t-ratio: -26.3
p: <0.0007***

t-ratio: -23.1

p: <0.0007***

t-ratio: -43.5
p: <0.0007***

Final
Impedance
t-ratio: -328

p:
<0.0007***

t-ratio: -308
p:

<0.0007***
t-ratio: 20.8

p:
<0.0007#***

t-ratio: -722

p:
<0.0007#***

t-ratio: -379

p:
<0.0007***
t-ratio: 342

p:
<0.0007***
t-ratio: -173

p:
<0.0007***
t-ratio: -164

p:
<0.0007***

t-ratio: 9.8
p:
<0.0007***
t-ratio: -554

p:
<0.0007***

t-ratio:

p: 0.02*
t-ratio:
-3.5

p:
0.006**

t-ratio:
-0.7

p: 0.8

t-ratio:
1.4

p: 0.3

t-ratio:

p: 0.3

t-ratio:
0.04

p: 1.0

t-ratio:
-1.3

p: 0.4

t-ratio:
-2.8

p: 0.03*
t-ratio:
-4.1

p:
0.002**

t-ratio:
-2.2

p: 0.09




500 pA - 100 pA  t-ratio: -22.4 t-ratio: -250 t-ratio:
2.0

p: <0.0007*** p:

<0.0007*** p: 0.1

50 pA - 100 pA t-ratio: 21.1 t-ratio: 304 t-ratio:
4.2
p: <0.0007*** p:
<0.0007*** p:
0.007**
Monophasic 500 pA - 50 pA t-ratio: -37.5 t-ratio: -523 t-ratio:
3.4
p: <0.0007*** p:
<0.0007*** p:
0.009**
500 pA - 100 pA  t-ratio:-16.0 t-ratio: -244 t-ratio:
3.3

p: <0.00071*** p:
<0.0007*** p:0.01*

50 pA - 100 pA t-ratio: -21.5 t-ratio: 279 t-ratio:
-0.06

p: <0.0007*** p:

<0.0007*** p: 1.0

Physical Observations

No precipitates were seen on the electrodes when they were removed from the media after the tests;
there was, however, a thin yellow film/discolouration on the electrodes. The yellow appeared on both
electrodes but was more prominent on the positive electrode. However, this was cleaned easily with
wipes and 70% ethanol. Colour changes within the media were isolated to the area around the electrodes
and did not demonstrate a full media split throughout the entire well. Overall, there were no colour
changes throughout the entire well and a small production of bubbles isolated to the surface of the
electrodes. Within the first 15 minutes of the tests, the high stimulation levels for voltage and current
stimulation that were held at a constant magnitude produced bubbles from the electrodes, with more on
the negative electrode than the positive electrode. Slight yellowing of the media (more acidic)
surrounding the positive electrodes occurred and was more prominent at higher stimulation levels.

Discussion

Many studies performing electrical stimulation do not discuss the changes in the signal throughout the
stimulation period or the effects on the media (17, 28—33). This study determined that changes in the
stimulation type and level change the signal measured across the media. Previous tests by our group
saw bleaching of the media at high voltages and currents; the media around one electrode would
become more pink (more basic) and the other more yellow (more acidic) as indicated by the phenol red
in the media. Changes in media colour were consistent with Dubey et al (34) who reported yellow-
coloured media around the positive electrode with stimulation at higher voltages, and this shift toward
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acidity resulted in cell death. The change in media colour in our experiments was more prominent when
the constant waveforms were applied; media changes were not clearly visible during the monophasic
and biphasic waveform stimulations. This is likely due to the cyclic charge and dissipation of any
chemical changes during the off-cycle or the switching of charge.

The waveform shapes of the measured voltage between the Ptir electrodes were consistent with
waveforms generated through tissue in studies in which current(21, 35, 36) or voltage(21, 35, 37)
stimulation was applied. During voltage stimulation, the voltage remained consistent while the current
varied due to changes in impedance. During current stimulation, the current remained consistent, and the
voltage adjusted based on the impedance between the electrodes to maintain the current. The biphasic
responses in this study were similar to those in a similar study by Zimmermann et al.(26) and to those
seen in vivo with deep brain stimulation (DBS) (38). It is also interesting to note that the current through
the well in the voltage-controlled stimulation was more rectangular in shape at higher frequencies than
lower frequencies (26); the current in our stimulation, performed at low frequency, was not rectangular.

In this study, we calculated the impedance using a method similar to other studies (39-41), where the
impedance was estimated by dividing the measured voltage within the well by the current, which was
often determined from a shunt resistor. This impedance was used as an estimate of the total impedance,
which included the impedance of the cell culture media, lead wires, and the impedance at the electrode-
electrolyte interface (EEI) (38, 40-42). Other studies have determined the impedance of the media and
have reported values in the range of 10-200 Ohms (25, 26, 43). Our estimated impedance was much
higher but also reflected the entire circuit, not just the media. The calculated total impedance in this
study was lower than values reported for different solutions and those containing cells (42). This could
be due to the addition of cells or the differences in measurement techniques. The charge transfer
resistance measured by Blandon et al. (43) with electrical impedance spectroscopy (EIS) was
approximately 16 kQ, which is in the same order of magnitude as the calculated final impedance of the
biphasic voltage stimulation and all current stimulation waveforms applied in this study. Low
frequencies are dominated by the EEI (26, 38, 39, 43), with the capacitive double layer contributing more
to the impedance. So, the impedance is higher, and the response is nonlinear (26, 39, 43). At high
frequencies (lower limit between 100 and 1000 Hz), the impedance is dominated by the resistance of the
electrolyte; (26, 38, 43) this can be modelled as a fixed resistance (26) and is dependent on the
composition and volume of the solution (43). This study operated in the low frequency range (DC and
1Hz), and the measured impedance was higher than previously estimated media impedance since the
impedance included the electrodes and was dominated by their capacitive nature.

During voltage stimulation, the voltage across the measurement resistor decreased. This indicates a
drop in the current within the well. Zimmermann et al., (26) using a similar electrode setup as this study,
also reported a decrease in current over time during a 1V DC stimulation. Their voltage magnitude was
equivalent to the middle voltage level used in this study; however, a 6-well plate and 25 mm electrode
spacing were used, a larger well size and spacing than our study. When a 20Hz AC voltage signal was
applied, the current decreased throughout the stimulation. (39) From these other studies, the current did
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not scale linearly with the applied voltage. (26, 39) This drop in current was not seen in the current
stimulation in our tests because the current was at a fixed value.

Measured impedance has been found to increase with the application of cyclic voltage stimulation. (39,
42) In these studies, cells were seeded on electrodes and stimulated with similar current magnitudes.
They found that the lower currents of 50pA and 200pA had a slight increase in total impedance, while the
highest current of 500uA saw a decrease in impedance consistent with the trends seen in our study. (40)
In our study, the impedance decreased as the stimulation level increased. This is consistent with other
studies where the impedance was dependent on the applied stimulation. (26, 39) Lembcke et al. (39)
found a decrease in impedance magnitude with an increase in applied voltage.

For many of the stimulation waveforms, the change in impedance and final impedance were greater for
the voltage stimulation than the current stimulation. This may be the case as the voltage across the
electrodes in the current stimulation was higher in the 50pA stimulation than any of the voltage levels for
constant and biphasic stimulation. When a biphasic waveform was applied, 500 pA and 2.5V stimulation
had a similar voltage across the electrodes. The difference in electrode voltage may explain why the
impedance of the current tests was less than the voltage tests; the impedance decreased as the voltage
level of stimulation increased. The current throughout the media was greater for the current stimulation;
as shown in Fig. 3, the voltage across the resistors reflects the current. This was especially evident in the
monophasic stimulation, whereas the voltage across the resistor for the biphasic stimulation had a
higher voltage spike than the corresponding current but decreased rapidly to a value lower than the
current stimulation.

The monophasic current stimulation demonstrated a DC offset in the voltage measurement across the
electrodes. A similar DC offset was observed by Zimmerman et. al.(26) with the application of a
monophasic current waveform (6.5mA, 60us, 130Hz) within 3.5 mL KCl solution. Although the
stimulation parameters were different, it is interesting to note that the DC offset in both was in a similar
range around 1.5-2V. These DC offsets are potentially damaging to cells as they may cause
electrochemical reactions. (26)

From the statistical analyses, it was found that the effects of the stimulation level and the stimulation
type on the change in impedance of the media are dependent on one another. It has been reported that
the optimal voltage to promote proliferation of mouse fibroblast cells was dependent on the frequency of
the applied ES, where the optimal voltage decreased when the frequency increased. (34)

The statistical analyses revealed that some interactions between the stimulation level and the waveform
type were significant. More interactions were significant for the current stimulation than the voltage
stimulation. The energy calculated for the measured voltage between the two Ptlr electrodes changed
based on the stimulation level and the waveform for both voltage and current stimulation. This may be
an indication as to why these interactions were significant. There may have been fewer interaction terms
that were significant for the voltage stimulation because the energy for the constant and biphasic
waveforms was similar for the low and mid voltage levels.
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Although consistent with the above studies, the calculated impedances in this study vary from the
published results due to variations in electrode material, experimental setup, electrical parameters, and
media composition. It is difficult to compare directly across studies with these differences. It has also
been found that the conductivity of the culture media varies based on frequency. (43) So, stimulation
parameters can affect impedance measurements.

Despite variations in this study and others, this work was a comprehensive study on changes within the
well during an electrical stimulation period of one hour. The benefit of this study is that it explored two
types of stimulation, voltage and current, three applied waveforms, constant, monophasic and biphasic,
and three levels of stimulation, providing an understanding of the ES delivered throughout the well.
Differences in outcomes from other studies can be affected by the stimulation parameters, materials,
cell culture media, and the overall experimental setup. This highlights the importance of measuring
changes in individual systems before using them for the application of ES. The results from this study
have been used to inform the design of an ES system with the goal of performing in vitro testing with cell
cultures.

Limitations

This study made general assumptions about the change in pH based on the colour of the cell culture
media. The colour change of the media was difficult to quantify and compare across stimulation trials.
The electrodes were held with an acrylic plate that had become increasingly cloudy throughout the tests,
making it difficult to see the colour change. It would be beneficial to obtain pH readings of the culture
media. This task was difficult due to the design of the system, as removing the electrodes would disturb
the media and could remove localized pH changes. Standard pH probes are unable to obtain precise
measurements within the small, localized area where the pH change was visually observed. To provide
pH monitoring, it would have to be incorporated into the system for real-time measurements. However,
this may also alter the electrical properties of the system.

Basal media was used in this experiment due to the cost of other reagents that are commonly added to
basal media such as fetal bovine serum (FBS). However, the addition of these reagents may affect the
changes in the signal or the changes in pH. FBS contains components including growth/attachment
factors, lipids, hormones, electrolytes and factors that protect the media from pH shifts (44). Studies
have found that the addition of serum caused a 28% increase in impedance when compared to a saline
control. (42) These factors may affect the conductivity, the response of the media to stimulation, and
changes in colour/pH of the media during stimulation. Although the complete media was not used, this
study provides insight into changes during stimulation and the importance of monitoring the signal
applied in vitro.

It would also be advantageous to perform EIS, as numerous studies use these techniques (25, 26, 38, 42,
43), as the properties of the EEIl can be inferred from EIS measurements. (26)
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Dubey et al. (45) did not find any changes in temperature due to the application of short-pulsed ES.
However, their study applied stimulation in bursts of 5 or 10 minutes. The tests performed during this
study applied electrical stimulation for 1 hour. With the longer stimulation time and the different
stimulation parameters, temperature may play a part in the change in impedance. The measurements
throughout this study were performed at 21°C while cell cultures are maintained at 37°C; this limits the
study as the behaviour of the media may vary at the higher temperature at which cells are maintained.

Conclusions

Under current and voltage stimulation, the impedance of our cell media circuits increased throughout the
length of the hour-long stimulation. In general, the voltage stimulation produced larger impedance values
than the current stimulation. The change in impedance for the voltage stimulation was greater for a
constant waveform when compared to the pulsed stimulation (biphasic and monophasic), but the two
pulsed stimulation waveforms were not significantly different from one another. For current stimulation,
the change in impedance and final impedance were greater for constant stimulation, followed by
monophasic and biphasic stimulation waveforms. For the voltage stimulation, there was less change in
impedance for the 1 and 2.5V stimulation compared to 0.5V, but the change in impedance was not
significantly different between 1 and 2.5V. When current stimulation was applied, the change in
impedance and the final impedance decreased as the applied stimulation magnitude increased. For both
the voltage and current stimulation, the monophasic and biphasic waveforms were an improvement over
the constant stimulation, as the change in impedance was less than the constantly held stimulation. The
biphasic waveform caused a smaller change in impedance than the monophasic waveform for the
current stimulation. These results indicate that the most consistent waveform for the application of
current stimulation over an extended period (1 hour) is the biphasic waveform. The monophasic and
biphasic stimulation for voltage provides similar changes in impedance and would be most consistent
for voltage stimulation compared to a constantly held voltage. The stimulation level and waveforms
affected the change in impedance throughout the duration of the hour-long stimulation. This suggests
that it is important to monitor changes in electrical stimulation parameters during electrical stimulation
protocols as the initial conditions are likely to change over the duration of the protocol. This work has
outlined for the first time, a comprehensive look at the temporal changes to cell culture media in a
stimulation environment. This is vital to our understanding of cellular activity in stimulation experiments
as this directly impacts the media they need to survive and carry out cellular processes and
communication.
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Figure 1

Experimental Setup of Ptlr Electrodes. A) 3D model of positioning of electrodes in a single well. B)
Bottom view of acrylic plate with three sets of PtlIr electrodes glued into it, and C) acrylic plate with
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electrodes placed in the cell plate without any culture media, demonstrating connection of electrodes to
Ptir electrodes above the acrylic plate.
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Figure 2

Voltage and Current Stimulation Circuit Experimental Setup. Stimulation circuits where R, are
measurement resistors with a value of 1kQ, and the pink circles represent three control and three
stimulated wells filled with culture media for A) Voltage and B) Current stimulation setup.
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Figure 3

Sample waveform shapes for monophasic and biphasic stimulation voltage and current stimulation.
Examples of voltage waveform shapes across the resistors and the electrodes for biphasic (+1V and
+100pA) and monophasic (+1V and +100 pA) stimulation for voltage and current stimulation. A) Resistor
voltages for 1V biphasic, B) electrode voltages for 1V biphasic, C) resistor voltages for 1V monophasic,
D) electrode voltages for 1V monophasic, E) resistor voltage for 100 pA biphasic, F) electrode voltages
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for 100 pA biphasic, G) resistor voltage for 100 yA monophasic, and G) electrode voltages for 100 pA
monophasic. In the resistor voltage graphs, R,,,; is shown in blue, R, in orange, and R,,,3 in purple. In the
electrode voltage Vg, is shown in blue, Vg, is shown in orange, and Vg3 is shown in purple. Note that the

y-axes have different scales so the waveform shapes could be visualized.
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Figure 4

Average impedance per minute over one hour stimulation for 1V voltage and 100pA current
stimulation. Average impedance over one hour stimulation period for the three tested wells under A)
constant, B) positive monophasic, and C) biphasic 1V stimulation and D) constant, E) positive
monophasic, and F) biphasic 100 pA stimulation. Note: y-axis scales are different to demonstrate the

respective increase in impedance for each test.
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Average change in impedance across three wells over one hour stimulation period. Average change in
impedance across three wells over one hour stimulation period for A) constant voltage, B) monophasic
voltage, C) biphasic voltage, D) constant current, E) monophasic current, and F) biphasic current
stimulation. Note: y-axis scales are different to demonstrate differences in impedance for each test.
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