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Abstract

Cell proliferation and survival are dependent on mass transfer. In vivo, fluid flow promotes mass
transfer through the vasculature and interstitial space, providing a continuous supply of nutrients and
removal of cellular waste products. In the absence of sufficient flow, mass transfer is limited by diffusion
and poses significant challenges to cell survival during tissue engineering, tissue transplantation and
treatment of degenerative diseases. Artificial perfusion may overcome these challenges. In this work, we
compare the efficacy of pressure driven perfusion with electrokinetic perfusion toward reducing cell
mortality in 3D cultures of Matrigel extracellular matrix. We characterize electro-osmotic flow through
Matrigel to identify conditions that generate similar interstitial flow rates to those induced by pressure. We
also compare changes in cell mortality induced by continuous or pulsed electrokinetic perfusion. We report
that continuous electrokinetic perfusion significantly reduced mortality throughout the perfusion channels
more consistently than pressure driven perfusion at similar flow rates, and pulsed electrokinetic perfusion
decreased mortality just as effectively as continuous electrokinetic perfusion. We conclude that
electrokinetic perfusion has significant advantages over pressure driven perfusion for promoting tissue

survival prior to neovascularization and angiogenesis.

Impact Statement

Interstitial flow helps promote mass transfer and cell survival in tissues and organs. This study
generated interstitial flow using pressure driven perfusion or electrokinetic perfusion to promote cell
viability in 3D cultures. Electrokinetic perfusion through charged extracellular matrices possesses
significant advantages over pressure driven perfusion and may promote cell survival during tissue

engineering, transplantations, and treatment of degenerative diseases.



Introduction

Mass transfer is one of the greatest challenges to tissue engineering."? In vivo, mass transfer is
performed mostly through blood and lymphatic vessels, and to a lesser extent, interstitial flow occurs in the
extracellular space.’ These forms of fluid flow enhance cellular exposure to gases, nutrients, and growth
factors while removing metabolic wastes, cellular detritus, and death signals. Challenges with mass transfer
are also associated with degenerative diseases and during tissue transplantation when sparse or damaged
vessels limit repair and regrowth.>*> These challenges might be overcome with artificially generated
interstitial flow to promote cell survival during periods of neovascularization and angiogenesis that are

required for tissue survival.

In the absence of flow, mass transfer is a limiting factor in cell culture when mortality most
commonly occurs through apoptosis in response to hypoxia, metabolically induced low pH, or low growth
factors.®’ Starvation can cause autophagy® and more severe physical and chemical stresses can promote
necrosis®. Artificial perfusion of media as low as 0.07 pm/s is reported to overcome diffusion limitations in
2D culture and increase cell proliferation by 40%.° While pressure promotes perfusion through 3D cell
cultures, it also causes compaction of the tissue and increases hydraulic resistance.'™!! Charged hydrogels
that mimic the native extracellular matrix show greater hydraulic resistance to physiological saline
compared to neutral gels.'> Moreover, pressure driven perfusion (PDP) is limited by drag. According to

Poiseuille’s Law, average flow velocity changes with the square of the distance between the walls of a

particular pathway. Given the same pressure gradient across a tissue (Apressure / length), narrow pathways

in the tissue have greater resistance to flow and slower flow velocity than larger diameter pathways with
lower resistance and faster flow. Therefore, flow velocity through narrow pathways is slow and may be
insufficient to promote survival, while the velocity through wider pathways is faster and may damage cells
through shear stress. These limitations of pressure driven perfusion may be overcome using electrokinetic

perfusion (EKP).



Applied electric fields (EFs) through isotropic, charged gels generate electro-osmotic flow (EOF)

and electrophoresis without gel deformation.!!*

In 2D culture, applied EFs generate EOF within
nanometers of the boundary layer of cells, sufficient to redistribute surface macromolecules within minutes
and activate mechanosensitive ion channels via shear stress.!>'” In 3D tissues, relatively weak EFs generate
EOF that is comparable in speed to endogenous velocities of interstitial flow, 0.1-2 pm/s.>!#2 EOF velocity
is more uniform in narrow pathways where PDP is limited by drag. In 3D culture, we hypothesize that EKP
will help cells overcome diffusion limitations and reduce cell mortality. To test this hypothesis, we have
induced interstitial flow through 3D cultures in Matrigel, using pressure or electricity. We controlled the
average interstitial flow rates in the gels and compared efficacy of the two methods in reducing cell

mortality. Our results indicate that steady and intermittent EKP generate interstitial flow and reduce cell

mortality.



Materials and Methods

Measurement of electro-osmotic flow

EOF through Matrigel (Corning, New York) that was cast in IBIDI channel slides (IBIDI p-slide
VI 0.4 Collagen IV), was measured at ambient temperature in experimental media by tracking the dye front
of neutral Texas red dextrans (3, 10, or 70 kDa). Microbial transglutaminase (Moo Gloo RM
Transglutaminase, Modernist Pantry) at a final concentration of 100 png/ml was used to crosslink Matrigel
in modified Ringer’s (MR) to provide strength. Addition of the transglutaminase solution diluted Matrigel
to 88%. The dye front of Texas red dextran (ex./em. 595/615 nm) was tracked in the presence of DC EFs
(Lambda Electronics Inc., Melville, N.Y.) and pulsed EFs using a 611 stimulator (Phipps and Bird, Inc.
Richmond, VA) for 50% duty cycle and an arbitrary function generator (AFG 3021, Tektronix, Inc.,
Portland, OR) controlling a voltage amplifier (Model MDT693, Thorlabs Inc., Newton, NJ) for 25% duty
cycle. Time-lapse images of the dye front were acquired using an Olympus FV1200 Confocal system with
an IX81 inverted microscope. A MATLAB script (MathWorks, Natick MA) was used to track the dye front
in successive frames and calculate the net flow velocity. EOF was calculated by subtracting the velocity of
the dye in the absence of EFs from the velocity of dye in the presence of EFs. More details are provided in

the Supplemental Information. Statistical significance was determined using unpaired t-tests.

3D Culture

Chinese hamster ovary (CHO) cells, cultured in phenol-red free Dulbecco’s Modified Eagle’s
Medium (DMEM) with 10% FBS and 1% Pen-Strep were concentrated and mixed with the Matrigel stock.
Prior to mixing, cell counts were made with a hemocytometer (Fisher Scientific) enabling determination of
a final cell density of ~4.5x107 cells/mL or approximately 8% by volume. The mixture of Matrigel, cells,
and transglutaminase was loaded into IBIDI channel slides and allowed to gel at room temperature for 10
min. before transferring to a 37°C CO; incubator to complete crosslinking for 2 hours. The final Matrigel

dilution is estimated to be near 54% of its original concentration._Transglutaminase in MR was added to



the channel wells to promote crosslinking at the gel edges. After crosslinking, transglutaminase was rinsed
from the gels with two volumes of experimental media using EOF at 1000 mV/mm for ~40 minutes each

time.

Cell assays in 3D culture

Cell mortality was assessed after 48 hours in the absence of perfusion (control) and in the presence
of PDP or EKP. Mortality was monitored using the cell-impermeant Propidium lodide (PI, 20 uM) which
stains nucleotides of apoptotic, autophagic, and necrotic cells as they lose membrane integrity.?!?
Disintegrated nuclei or ruptured cells would be diluted by greater than 10-fold**** and would be below the
threshold of detection. Cells in 3D culture were exposed to PI using EOF as described above. Images of
Pl-stained cells (ex./em. 535/615 nm DNA bound) were collected 30 um from the bottom of the channels
using an optical section 14.5 = 4.6 um thick with the confocal system described above. ImageJ software
was used to measure the percent area of the field of view that was covered by PI stain. Three regions of
each channel were sampled twice near the inlet, center, and outlet regions to assess PI staining throughout
the channel. Six channels total from at least two different experiments were used for each of the conditions
that were studied. In the absence of 48 hr. perfusion, the inlet and outlet of the channel refer to the perfusion
direction used to remove the transglutaminase and load the PI. For consistency, each region of the
experimental channels was compared to the same region of the control channels. Relative mortality was
calculated after 48 hr. as a ratio of the percent area of Pl-stained cells after perfusion with the percent area
of Pl-stained cells from the nonperfused, control cells. The average mortality of the same batch of cells at
0 hr. was subtracted from both 48 hr. measurements. Statistical significance was calculated using unpaired
t-tests.

PDP was applied through the 3D cultures with programmable syringe pumps (NE 1002X, New Era

Pump Systems, Inc, Farmingdale, NY) at 300 puL/day or 60 uL/day, equivalent to 10 and 2 times the empty

volume of the IBIDI channel. The experimental setup is described in the Supplemental Information.



Pressurized flow occasionally dislodged Matrigel so a protective low electroendosmosis (EEO) agarose gel
(1%) was placed in the upstream well just before connecting the chambers to the syringes. Control
experiments were performed using the same batch of cells in IBIDI channels. Both sides of control channels
possessed equal volumes of CO, equilibrated, sterile media in tubing but the upstream syringes were not
pressurized.

DC EFs at 300 mV/mm or 60 mV/mm were applied to cells using 9V battery banks. Battery banks
and the pulsed power supplies were each connected to a series resistance substitution box (RS-500, Elenco,
Wheeling, IL). The high series resistance was used so that applied EFs across the cells could be kept
relatively constant despite subtle changes in the channel resistance. Pulsed EFs were increased by a factor
of 2 and 4 for the 50% and 25% duty cycles, respectively, to maintain time averaged EFs of 300 mV/mm.

More details describing the experimental setup are described in the Supplemental Information.

Velocity Profiles
To directly compare velocity profiles between PDP and EKP we modelled flow between two planes
using the planar Poiseiulle equation? and equation 25 from Soderman and Jonsson 26, respectively. Excel was

used to calculate the pressure generated profiles and a MATLAB script was used to calculate the EOF profiles.



Results
Electro-osmotic flow through Matrigel

EOF through crosslinked Matrigel was tracked by monitoring progression of the dye front of
neutral Texas Red-linked dextrans. Fig. 1A illustrates the experimental setup used to apply EOF through
the Matrigel in the IBIDI channel and image movement of the fluorescent dye front. Examples of the
profiles of the dye front are shown in Fig. 1B+C during exposure to 100 and 1000 mV/mm, respectively.
The average movement of the dye front was determined at the steepest regions. EOF was determined for
the most concentrated crosslinked Matrigel, 88%, and half its concentration, 44%, during exposure to EFs
of different magnitude, Fig. 1D. The average EOF in 44% Matrigel increased from 0.6 = 0.1 pm/s at 100
mV/mm, to 1.5 £ 0.3 um/s at 300mV/mm, to 7.4 = 0.2 pm/s at 1000 mV/mm. In 88% Matrigel EOF was
lower by 24%, on average, i.e. 0.4 £ 0.1, 1.4 £ 0.1, and 5.0 £ 0.4 um/s, for 100, 300 and 1000 mV/mm,
respectively, Fig. 1D.

To determine the influence of cell density on EOF velocity, similar measurements were performed
through crosslinked 50% Matrigel loaded with CHO cells. EOF velocity at 1000 mV/mm did not change
significantly when Matrigel was loaded with 1%, 3% or 10% cells by volume, Fig. 1E (p>0.05 for all 3
comparisons), indicating that EOF is dominated by the charge on the Matrigel macromolecules at these
cellular densities.

Movement of larger neutral fluorescent dextrans was tracked to determine how well larger
macromolecules could penetrate the crosslinked 50% Matrigel. The average velocity for 10 kD and 70 kD
dextrans at 1000 mV/mm was significantly lower, 4.7 £ 0.3 and 5.7 = 0.4 um/s, respectively, than EOF for
the 3 kD dextran, 8.9 + 0.4 um/s, Fig. 1F. We conclude that movement of the larger dextrans was impeded
but still maintained relatively high mobility through the Matrigel.

In addition to continuous DC EFs, we measured EOF velocity in response to monophasic, pulsed

EFs with 0.5 ms duration. Pulses with a 50% duty cycle showed an average EOF velocity of 8.4 + 0.3 um/s



that was not significantly different than continuous EOF, Fig. 1F. However, the 25% duty cycle showed

slightly lower EOF, 6.9 + 0.5 um/s (p < 0.01), compared with continuous EOF.

Electromigration of charged solutes
PDP generates unidirectional mass transfer while EKP generates bidirectional transfer. EKP

through negatively charged gels generates both electrophoretic and electro-osmotic forces on solutes. Eq.
1 describes the sum of the forces due to electrophoresis of a solute i.e. the product of solute charge (q) and
applied electric field (E), and due to electro-osmosis using Stokes’ drag where solute radius (o), fluid
viscosity (1), and solute velocity (v) relative to EOF are involved. Diffusion of macromolecules through
low density, porous Matrigel and low density collagen gels is similar to diffusion in water,*”* therefore a
correction for tortuosity is not included.?

Y'F = qE + 6mtoan(EOF — v) eq. 1
During equilibrium, the sum of the forces equals zero and the velocity of the charged solute equals zero.

0 = qE + 6man x EOF eq. 2
Rearranging the terms yields the relationship for the relative charge (z) to radius ratio in eq. 3, where z is
the absolute charge (q) divided by the unit of charge on an electron (e).

VA 6t * EOF eq. 3
«a  Exe

Eq. 3 describes equilibrium between electrophoresis and electro-osmosis and is useful for
predicting the direction of electromigration for specific solutes. Solutes with a z/a ratio greater than
equilibrium will migrate toward the cathode while solutes with a z/a ratio less than equilibrium will migrate
toward the anode. The z/a ratios of representative solutes, i.e. inorganic ions, growth factors and cytokines,
are plotted in Fig. 2. Surface charge of proteins was determined using relative solvent accessibility of

charged residues'® and size was approximated using the Hydrodynamic Radius Converter (Fluidic Analytics

Ltd, Cambridge, UK) assuming proteins were in a globular conformation.



Equilibrium between the forces of electrophoresis and electro-osmosis in 44% Matrigel is indicated
by the solid black line, Fig. 2. A greater negative charge density of the extracellular matrix will make
equilibrium more negative. Solutes with neutral or net positive charge will migrate toward the cathode,
Fig. 2. Negatively charged solutes with a z/a ratio less negative than equilibrium will also migrate toward
the cathode, e.g. cytokines IL-6 and TNFa. However, negatively charged solutes with a z/a ratio more
negative than equilibrium will migrate toward the anode, e.g. CI', epidermal growth factor (EGF), pro-
inflammatory cytokines IL-1a & 1P. These results indicate that EOF will dominate migration of neutral and
positively charged solutes toward the cathode under physiological conditions. However, electrophoresis
will dominate electromigration of negatively charged solutes toward the anode. As a result, media at both

ends of the 3D culture must be replaced during EKP to maintain solute homogeneity.

Electrokinetic perfusion decreases cell mortality in 3D culture

We compared cell mortality between 3D cultures exposed to no perfusion, PDP and EKP. Cells
were cultured in crosslinked Matrigel loaded into IBIDI channel slides, illustrated in Fig. 3A. PDP at 300
and 60 uL/day generated flow rates of 2.3 and 0.5 um/s, respectively, Fig. 3B, while EKP using EFs of 300
mV/mm and 60 mV/mm generated EOF of 1.5 £ 0.4 and 0.4 £ 0.4 pm/s, respectively, Fig. 3C. The
arrangement of connectors shown in Fig. 3D-E prevented a change of net fluid height and buildup of back
pressure. The 300 mV/mm field strength across the Matrigel filled channel was generated using an applied
voltage difference of 5.1 V and 0.7 mA, equivalent to only 3.6 mJ/s. We conclude that the temperature of
the chamber was dominated by its surroundings and not the low amount of current through the gel. Neither
PDP nor EKP directed mass cell migration in Matrigel, consistent with earlier reports using higher rates of
pressure driven interstitial flow.*%>!
Cell mortality was assessed within 1.5 mm of both ends of the 17 mm long channel and in a region

near the center. Mortality was assessed immediately after Matrigel crosslinking was completed (0 hr.) and

used as the baseline to determine changes to cell mortality in other channels, 48 hours later, Fig. 4. Average



mortality associated with cell handling’ accounted for cells covering 5.4 + 0.5 % of the sampled regions
(Fig. 5, black). After 48 hours in the CO» incubator (Fig. 5, gray) or on a 37° C heating block (Fig. 5, white),
PlI-stained cells increased on average to 26.8 = 1.7% and 24.0 £+ 2%, respectively.

Two perfusion rates for PDP and EKP were performed in the presence and absence of serum
containing growth factors, Fig. 6. Relative mortality was assessed as the ratio of Pl-stained cells of the
perfused channels to the same regions of the nonperfused, control channels and compared using one-tailed
t-tests, Fig. 6. The dotted line highlights normalized mortality in the absence of perfusion. PDP of serum
containing DMEM at the high rate (2.3 um/s) was the only perfusion experiment that showed differences
in mortality between the 3 regions of the chamber. Mortality was significantly reduced at the inlet (p <
0.005) that was supported by agarose, but not at the center (p > 0.1) or outlet (p > 0.4) of the channel, Fig.
6. As none of the other experiments showed statistically different mortality between the 3 regions of the
chambers, the results from the three regions were combined before further analysis.

In the absence of serum, the high rate of PDP significantly reduced mortality to 0.53 +0.02. Under
similar conditions the higher EKP (300 mV/mm) significantly reduced mortality to 0.3 = 0.1 and 0.50 +
0.04 using serum-containing DMEM and serum-free DMEM, respectively. This difference in mortality
supports the fact that common CHO cells are dependent on growth factors.’?33 Reduced mortality between
PDP and EKP at the high rates in the absence of serum is not different (p > 0.5, two-tailed t-test).

At the lower rate of PDP (0.5 um/s), mortality was reduced significantly to 0.74 £+ 0.03 (p < 0.005)
in the presence of serum but was not significantly reduced compared to controls in the absence of serum (p
> 0.05). In contrast, cell mortality at the lower EKP (60 mV/mm) reduced mortality to 0.74 + 0.09 (p <
0.05) in the presence of serum and to 0.65 = 0.06 (p < 0.005) in the absence of serum and are not statistically

different from each other (p > 0.4, two tailed t-test).

To test whether the increase in cell mortality was due to starvation-induced autophagy we replaced
the high basal glucose level in the serum-free DMEM (25 mM) with lower glucose (5 mM). Relative

mortality in serum-free high glucose conditions was not significantly different for PDP (p > 0.05) or EKP



(p > 0.7) when compared with lower glucose levels (two-tailed t-test for both). Mortality for PDP and EKP
in serum-free DMEM are displayed for comparison, Fig. 7. We conclude that depletion of glucose in the

dense 3D cell culture was not increasing mortality through starvation-induced autophagy.

Repeated electrical pulses of short duration are applied for long periods of time to promote healing
of nonexcitable soft tissues.***® We hypothesize that these intermittent EFs would generate a time averaged
EKP to reduce mortality. Cell mortality from continuous EFs at 300 mV/mm was compared to intermittent
EFs with 50% and 25% duty cycles using a 0.5 ms pulse duration. The electrical waveforms associated
with each condition are illustrated at the top of Fig. 8. The time averaged field strength was kept constant
between the DC high rate and pulsed waveforms. The 50% and 25% duty cycles significantly reduced
mortality on average to 0.49 = 0.07 and 0.56 + 0.05, respectively, and are not significantly different from

the high rate, continuous EKP, p > 0.9 and p > 0.5, respectively.



Discussion

We report that electrokinetic perfusion through porous tissue promotes mass transfer, Fig. 1, and
reduces cell mortality with significant advantages over pressure driven perfusion, Fig. 6. We hypothesize
that perfusion reduced apoptosis of CHO cells by preventing hypoxia and stabilizing the culture pH.’
However, the high rate of PDP with serum significantly reduced mortality only on the inlet side of the
chamber, while the high rate of EKP with serum reduced mortality to a significantly greater extent
throughout the channel, Fig. 6. At the lower perfusion rate in the presence of serum or at the higher
perfusion rate in the absence of serum, PDP and EKP showed similar reduction of mortality in these low-
density matrices, Fig. 6. We conclude that the combination of greater flow velocity and serum proteins
inhibited PDP from reducing mortality throughout the channel. PDP through porous materials favors the
wider pathways through Matrigel, Fig. 9. However, through isotropic charged gels, EKP generates more
uniform EOF over a larger range of pathway width,?® Fig. 9.

We hypothesize that the larger pathways favored by PDP, became blocked with the larger
hydrophobic serum proteins. Matrigel pores range from 6 nm to < 1 um for 100-50% Matrigel ''*7% Low
density lipoprotein (~22nm diameter) is known to aggregate within Matrigel and reduce hydraulic

37 Other hydrophobic proteins may have the same effect. For example, serum albumin

conductivity.
(triangular configuration with 8 nm edges®’) is the most abundant protein in plasma and serum, and is
normally absent from interstitial fluid between cells. Albumin is known to be ‘sticky’, adhering to both
hydrophobic and charged moieties including collagen and albumin itself.**** Even though the flow
pathways could become blocked with these proteins during EKP, i.e. anodal migration of BSA (Fig. 2), we
hypothesize that the narrower pathways continued to allow sufficient perfusion to reduce mortality. In
addition, we hypothesize that while PDP is known to cause compaction at the inlet side, it also may have
caused increased stretch toward the outlet side due to an increase in blocked pathways. This effect would
increase deformation of the gel and subject the cells to greater strain induced damage. Therefore porous

supports may be required at both the inlet and outlet sides during PDP.>** These constraints make it very

challenging to apply PDP through tissues in vivo. However, careful placement of electrodes in vivo



promotes EKP through even dense brain tissue.?’ Additional experiments will be needed to test the efficacy
of EKP in vivo where extracellular matrix density and net negative charge vary.

We hypothesize that electrical therapies with a time-averaged DC component,***3643 may promote
interstitial flow to promote healing and recovery of soft tissues. We tested whether short duration,
monophasic pulses, commonly used during these electrical therapies, were sufficient to reduce mortality.
Both pulsed waveforms, significantly reduced mortality and were not different than 300 mV/mm DC EF,
consistent with a time averaged EKP. This hypothesis might be questioned for electrical therapies when
electrodes are placed on top of high resistance skin. However, it is dry skin that has high electrical
resistance while resistance across wet skin is an order of magnitude lower.** Moreover, the resistance of
electrically stimulated skin decreases by 2-3 orders of magnitude within milliseconds of stimulation.*>*
Therefore, monophasic electrical pulses, commonly applied to heal chronic epidermal wounds or promote
healing of skin grafts,**® lower the electrical resistance of skin and may generate time averaged interstitial
flow through tissues.

EKP rescued cell viability in an EF dependent manner but we did not explore the upper limit of
this phenomenon due to limitations with the current system. Addition of blood vessels has supported
construction and transplantation of 2 dimensional cardiac patches > 1 mm thick.*>*® However, in the
absence of blood flow, diffusion limits tissue construction to about 0.2-0.4 mm diameter.!> We show that
EKP reduced cell mortality over a distance 50 times greater and its limit has not yet been reached. In longer
channels we hypothesize that nutrients will be depleted before they reach the opposite end of the chamber
and that higher flow rates may extend this limit. We hypothesize that EOF could be increased 10-fold
greater than used in these studies. An upper limit for artificial interstitial flow appears to be ~13 pm/s,
when pressure driven flow began to increase cell rounding and death of fibroblasts in 3D cultures.’**!' With
respect to the upper limit for applied EFs, increased mortality of electrically excitable cells was identified
in brain slices exposed to DC EFs > 2800 mV/mm for 5 min., while lower voltages did not increase

mortality.>!>? This indicates that the DC EKP may be increased by nearly 10-fold before voltage-dependent



mortality is expected. Greater charge density of native extracellular matrices will enable higher EKP at
lower applied EFs.

Intermittent EKP requires further investigation near excitable and nonexcitable cells. Brief,
monophasic pulses require much greater amplitude to charge membrane capacitance and depolarize cell
membranes. While this varies with cells and their plasma membrane time constant, our results indicate that
EKP can be induced at a higher frequency that is below sensory threshold for excitable cells.>® Therefore,
EKP may be useful for sustaining viability during construction of electrically excitable tissues as well as

nonexcitable tissues.

Conclusion

We conclude that electrokinetic perfusion through negatively charged extracellular matrices
promotes interstitial flow and reduces cell mortality by preventing apoptosis. This form of perfusion has
significant advantages over pressure driven perfusion especially in the narrow spaces that exist between
cells in vivo and in 3D tissue culture. In the absence of sufficient flow through blood or lymphatic vessels,

electrical therapies may stimulate healing of soft tissues by promoting interstitial flow.
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Figure 1. Electro-osmotic flow through Matrigel measured with neutral fluorescent dextrans. A. The
experimental setup used to measure electro-osmotic flow through Matrigel filled IBIDI lanes included a
power supply connected to the chamber via Ag/AgCl wires and 2% low EEO agarose bridges. Current was
monitored using an ammeter in series and maintained by altering the applied voltage. B. The flow profile
of 3kDa Texas Red dextran at 100 mV/mm is progressing from left to right. Flow profiles are shown at 3
min. intervals. C. The flow profile of 3kDa Texas Red dextran at 1000 mV/mm is progressing from left to
right. Flow profiles are shown at 15 s intervals. D. EOF is dependent on EF strength and Matrigel density.
Texas Red dextran (3 kDa) was used to measure EOF in Matrigel at three different field strengths. E. EOF
is independent of cell concentration when cell density is < 10% by volume. F. Texas Red dextrans of 10
kDa and 70 kDa showed slightly lower velocities than EOF measured with 3 kDa dextran in 50% Matrigel.
Monophasic pulsed EFs with a 50% duty cycle showed similar average flow velocity compared to
continuous EFs but flow velocity during pulsed EFs with a 25% duty cycle was lower. Error bars represent
S.EM.
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Figure 2. Electromigration of charged solutes is dependent on size and net surface charge. Solutes
plotted above equilibrium between electrophoresis and electro-osmosis (solid black line) are predicted to
migrate toward the cathode while solutes below the line are predicted to migrate toward the anode. Dotted
and dashed lines illustrate the change in z/a ratio when the hydrodynamic radius of the solute increases and
relative charge (z) remains constant. IGF — insulin-like growth factor, BFGF — basic fibroblast growth
factor, TGFB1 — transforming growth factor, EGF — epidermal growth factor, PDGF — platelet derived
growth factor, IL1, IL6, IL8 — Interleukins 1, 6 & 8, TNFa - Tumor Necrosis Factor, BSA — bovine serum
albumin, HEPES" - anionic form of H" buffer, Ca*", Na*, K*, CI- HCOs™- inorganic ions.




Side view
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Figure 3. IBIDI chambers were used to induce interstitial flow through 3D cultures in Matrigel.

A. Illustration of a single IBIDI channel with dimensions of 0.04 cm deep (a), 0.38 cm wide and 1.7 cm
long. B. Top view of PDP slide. PDP was generated through the channels by programmed compression of
syringes connected to the channels using T-connectors and silicone tubing. Channels were drained using
similar connectors and tubing (see also Fig. S1). C. Top view of EKP slide. EKP was applied to the channels
using power supplies and Ag/AgCl electrodes connected to the channels by 2% low EEO agarose bridges
(see also Fig. S2). Syringe filters (0.2 um) were connected to the ends of culture media containing
connectors to allow gas exchange and maintain aseptic conditions. D. Top view of partial EKP channel.
Culture media (CM) is present in the L-connectors (L) and both branches of the Y-connector. Low EEO
agarose bridges (AB) are connected to the angled branch. The asterisk marks the IBIDI channel containing
cells and Matrigel, and the plus and minus symbols indicate electrical polarity. E. Side view of a magnified
EKP channel. Black arrows show direction of fluid movement induced by an applied EF. Net fluid
movement in the straight branches did not change height, preventing formation of pressure gradients.

Figure 4. Propidium iodide stain of control cells in Matrigel filled channels. Images display overlays
of PI fluorescence (pseudo-colored white) on the transmitted light images. A. After Matrigel crosslinking
(0 hr.) a small fraction of cells show membrane disruption that allows PI staining. B. After 48 hr. in the
absence of flow a significantly higher density of cells shows PI staining. Scale bar — 60 pm.
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Figure 5. Cell mortality in 3D culture in the absence of interstitial flow. Propidium iodide staining was
used to assess cell viability immediately after 3D culture of CHO cells and 48 hours later. ‘cultured in Co,
incubator. "cultured on 37° C heating block and sealed from the atmosphere. Inlet and outlet for the

nonperfused channels refer to the direction of perfusion during removal of transglutaminase and loading of
PIL.
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Figure 6. Perfusion most commonly reduces cell mortality in 3D culture. Relative mortality for PDP
(black) and EKP (gray) were collected after 48 hr. at two different flow rates in DMEM culture media in
the presence and absence of 10% serum containing growth factors. Symbols indicate p-values for the

comparison between perfused conditions and nonperfused controls. * p <0.05, ** p < 0.005, Tt p <0.001,
T+ p <0.0001.
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Figure 7. Lowered glucose does not significantly change viability in serum-free DMEM. Glucose
reduction from 25mM to SmM did not increase cell death in these 3D cultures. Symbols indicate p-values
for the comparison between perfused conditions and nonperfused controls.
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Figure 8. Time averaged EKP reduces mortality. Time averaged electric fields were maintained at 300
mV/mm for DC, and pulsed waveforms with 50% and 25% duty cycles. Waveform profiles are displayed
above their relative mortality results. Reduction of mortality between DC and pulsed waveforms is not
significantly different (p > 0.5 for both comparisons). Symbols indicate p-values for the comparison

between perfused conditions and nonperfused controls. *** p < 0.0005, Tt p <0.0001.
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Figure 9. Modelled comparison of pressure driven flow and electro-osmotic flow through narrow
planar channels. An applied pressure gradient of 1.2 mmHg/mm generates a parabolic flow profile (black)
with peak flow of 1.8 um/s in the 300 nm channel, that decreases with distance between the two planes
according to plane Poiseuille flow, i.e. 0.2 and 0.02 um/s for 100 and 30 nm distances. An applied EF of
only 100 mV/mm through a channel with a -10 mV zeta potential, generates a plug profile (gray) in
physiological saline with peak flow of 1.8 um/s for a range in distance between the walls.?®
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SUPPLEMENTAL INFORMATION
Electrokinetic Perfusion Through 3D Culture Reduces Cell Mortality
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Additional Materials and Methods
Experimental setup for electro-osmotic flow measurements

EOF through Matrigel was measured by casting Matrigel mixed with transglutaminase into IBIDI
lanes. Texas Red dextrans, 3 or 10 or 70 kDa, mixed with culture media was added to the anode well at a
final concentration of 20 uM while the other well was filled with an equal volume of culture media.
Ag/AgCl electrodes were immersed in modified Ringer’s (MR) and connected to the IBIDI wells with 2%
low EEO agarose bridges (Fisher Scientific, Waltham, MA) containing MR. The electrodes were connected
to a power supply and the average current density was maintained by monitoring current with an ammeter
in series and adjusting the applied voltage. Time-lapse images of the dye front were recorded at 4, 2 and 1
frame(s)/min for EFs of 1000, 300 and 100 mV/mm, respectively, until the dye had travelled ~750 um.
Images were also collected between EOF experiments in the absence of EFs to track EOF independent

migration.

Experimental setup for 3D viability assays

CHO cells were cultured in crosslinked Matrigel by allowing cells to settle to the bottom of a sterile
tube in MR before collecting a volume of the concentrated cells and mixing with Matrigel stock to make
their final volumes in the mixture as 40% and 50%, respectively. Microbial transglutaminase was added to
make up the final 10% volume of the mixture. This mixture was then loaded into IBIDI channel slides and
allowed to gel as described previously. PDP was applied using syringe pumps connected to IBIDI slides
with T-connectors or L-connectors and silicone tubing, Fig. S1A. A protective 1% agarose gel was added

to the inlet well of both perfused and control lanes to prevent the gel from being dislodged from the IBIDI



lane during application of fluid pressure. T or L-connectors were added to the inlet side of the lanes after
the agarose had gelled. Syringe pumps were fitted with 3mL syringes filled with CO»-equilibrated sterile

culture media. T-shaped connectors, Fig. S1B, were fitted on both wells of the perfused lanes and L-shaped

Drive-screw Experimental fmedla
A
/

Y Clamp-_
|: ' 3:1: Syringe”
‘ »

i N
End plate Pusher block

Figure S1. Experimental setup of perfused lanes for PDP. A. Illustration shows the top view of an
IBIDI channel fitted to a programmable syringe pump to deliver PDP. B. Side view of a magnified PDP
channel. T-connectors on both sides are sealed with caps after filling them with experimental media.
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connectors were fitted to the control lanes. After the T-shaped connectors were joined to the syringe by
tubing they were filled with media and capped. The L-shaped connectors were filled and fitted to the control
syringes. IBIDI channel outlets were drained into a collecting beaker via tubing, Fig. S1A. Cells and IBIDI
chambers were maintained at 37°C using a temperature-controlled heating block. The 37°C heating block
was used during PDP to protect the syringe pumps from the heat and humidity of the CO; incubator while
keeping the silicone tubes short.
EKP was generated using power supplies connected to IBIDI channels using Y-connectors in-line
with L-connectors, Fig. S2. The straight branch of the Y-connectors supplied culture media. Air exchange

occurred through 0.2 um syringe filters to maintain aseptic conditions. EFs were applied through 2% low
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Figure S2. Top view of the experimental setup for an EKP channel.
RSB: Resistance Substitution Box. MR: Modified Ringer’s

EEO agarose bridges connected to the angled branch of the Y-adapter, Fig. S2. This arrangement of



connectors prevented a change of net fluid height and buildup of back pressure. The low EEO agarose
bridges in culture media were formed in silicone tubing (9 cm long) that joined the Y-connectors to the
power supplies through Ag/AgCl electrodes immersed in MR contained in small beakers. Electrodes were
connected to power supplies using a resistance substitution box in series for each circuit. The EF across
the circuit was maintained by repeatedly checking the voltage drop across a known 100-ohm resistor
connected in series between the power supply and the resistance substitution box. In the absence of EFs,
channels were sealed on both ends with ~650 pL of media in wells and L-connectors, i.e. greater than 21
times the volume of the cell loaded channel, on both sides. Chambers were kept in a 37°C CO, incubator
for the duration of the experiment and media was replaced on each side of the perfused channels and in the

Ag/AgCl electrode baths every 12 hours.



