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Modeling iontophoretic drug delivery in a microfluidic device

We present the first iontophoresis-on-chip (I0C) platform
that mimics the outcome of iontophoretic drug delivery

for the treatment of breast cancer. The IOC platform

and corresponding mathematical model enabled the
precise quantification of carboplatin drug delivery and its
corresponding anti-cancer efficacy under various voltages
and currents. We show that a 50 mV DC electric field and a
3 mA electrical current significantly increased drug delivery
and tumor cell death (MDA-MB-231 triple-negative breast
cancer cells). The IOC platform and drug delivery model are
promising tools for precise delivery of chemotherapeutics
into solid tumors.
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1. Introduction

Modeling iontophoretic drug delivery in a
microfluidic devicef

Maryam Moarefian,? Rafael V. Davalos, ©° Danesh K. Tafti,?
Luke E. Achenie® and Caroline N. Jones@;t*de

lontophoresis employs low-intensity electrical voltage and continuous constant current to direct a charged
drug into a tissue. lontophoretic drug delivery has recently been used as a novel method for cancer
treatment in vivo. There is an urgent need to precisely model the low-intensity electric fields in cell culture
systems to optimize iontophoretic drug delivery to tumors. Here, we present an iontophoresis-on-chip
(I0C) platform to precisely quantify carboplatin drug delivery and its corresponding anti-cancer efficacy
under various voltages and currents. In this study, we use an in vitro heparin-based hydrogel microfluidic
device to model the movement of a charged drug across an extracellular matrix (ECM) and in MDA-MB-
231 triple-negative breast cancer (TNBC) cells. Transport of the drug through the hydrogel was modeled
based on diffusion and electrophoresis of charged drug molecules in the direction of an oppositely
charged electrode. The drug concentration in the tumor extracellular matrix was computed using finite
element modeling of transient drug transport in the heparin-based hydrogel. The model predictions were
then validated using the IOC platform by comparing the predicted concentration of a fluorescent cationic
dye (Alexa Fluor 594®) to the actual concentration in the microfluidic device. Alexa Fluor 594® was used
because it has a molecular weight close to paclitaxel, the gold standard drug for treating TNBC, and
carboplatin. Our results demonstrated that a 50 mV DC electric field and a 3 mA electrical current
significantly increased drug delivery and tumor cell death by 48.12% t 14.33 and 39.13% t 12.86,
respectively (n = 3, p-value <0.05). The IOC platform and mathematical drug delivery model of
iontophoresis are promising tools for precise delivery of chemotherapeutic drugs into solid tumors. Further
improvements to the I0OC platform can be made by adding a layer of epidermal cells to model the skin.

perfusion. In an attempt to improve the efficacy of anti-
cancer drugs while mitigating their side effects, many groups

Intravenous chemotherapy is the traditional method for
administering  cytotoxic agents to cancer patients.
Unfortunately, the full potential of anti-cancer drugs is
limited because of systemic toxicity and poor tumor

“ Department of Mechanical Engineering, Virginia Polytechnic Institute and State
University, Blacksburg, VA 24061, USA

b Department of Biomedical Engineering and Mechanics, Virginia Polytechnic
Institute and State University, Blacksburg, VA 24061, USA

¢ Department of Chemical Engineering, Virginia Polytechnic Institute and State
University, Blacksburg, VA 24061, USA

 Department of Biological Sciences, Virginia Polytechnic Institute and State
University, Life Sciences 1 Bldg., Rm. 221, 970 Washington Street SW, Blacksburg,
VA 24061, USA

¢ Department of Bioengineering, The University of Texas, Dallas, TX, 75080, USA

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0lc00602e

1 Current address: The University of Texas at Dallas Bioengineering and Sciences
Building, 12.806, 800 N Loop Rd, Richardson, TX 75080 Caroline.
Jones@UTDallas.edu

3310 | Lab Chip, 2020, 20, 3310-3321

have reported on the clinical use of electric fields to improve
drug  delivery. Most studies focus on the
electropermeabilization of cells via high-intensity electric
fields."”” More recently, however, the use of iontophoresis via
low intensity electric fields® was reported in animal
models®™* and in humans."*™"” Tontophoresis enhances drug
delivery by electrophoresis, the movement of charged drug
molecules in the tumor's extracellular matrix surrounding
tumor capillaries. During cancer treatment, iontophoretic
devices with external power and drug flow controls are
implanted proximal to the tumor or onto the skin of the
patient.”” " However,  iontophoretic ~ delivery  of
chemotherapeutic drugs into the tumor microenvironment is
still not well-defined.>**" After passing the epidermis,
iontophoresis enhances drug delivery via three mechanisms
in the tumor vasculature (Fig. 1): 1) the electric field and
current drives ions through the endothelial membrane of the
blood vessels; 2) the ion-electric field interaction provides
electrophoretic movement of ions, which increases ion

This journal is © The Royal Society of Chemistry 2020
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lontophoretic transdermal drug delivery into the tumor vasculature in vivo. The schematic shows the in vivo transport of an anionic drug

from the artery to the tumor where it eventually drains into the lymph vessel. lontophoretic transdermal drug delivery includes insertion of the
cathode along with the drug patch on the skin from where the anionic drug molecules move to the tumor facilitated by the transport of the

counter ions (from carrier solvent) to the anode.

delivery out of the blood vessel; and 3) electroosmotic flow
produces bulk motion of the solvent itself, which carries ions
or neutral species within the solvent ‘stream’.’®?* To date,
most in vitro®>*?® and in vivo®”*® studies focused on
overcoming human epidermal membrane (HEM) drug
resistance by using iontophoresis with a short delivery
duration of the electric field. There is a need, however, to
precisely control and predict the rate, direction, and distance
of drug delivery in the tumor extracellular matrix (ECM) when
using iontophoresis techniques. After passing through the
HEM, iontophoretic drug delivery is still blocked by the ECM.
Physiological and biological barriers within the ECM not only
decrease the efficacy of chemical compounds, but also delay
the compounds from reaching tumor cells in concentrations
sufficient enough to exert a therapeutic effect."*'” Barriers to
iontophoretic drug delivery created by the ECM is a critical
issue that must be addressed. Using a diffusion-based model,
our groups has previously®® described that a 70% porosity,
heparin-based hydrogel was a biomimetic scaffolding for
modeling the chemoresistance of MDA-MB-231 triple-negative
breast cancer (TNBC) ECM.> Therefore, we chose to use a
heparin-based hydrogel with 70% porosity to represent the
ECM of an in vivo tumor.*>*!

This journal is © The Royal Society of Chemistry 2020

Previous microfluidic in vitro studies have been conducted
to mimic the three-dimensional microenvironments of
tumors using on-chip technologies including the tumor
vasculature network, which promotes drug resistance in the
tumor microenvironment. Recent studies have utilized
microfluidic platforms to obtain further insights into the
mechanisms of electric field stimulation on cancer cells in
3D as well as the specific parameter values that affect tumor
growth but do not harm surrounding, non-cancerous cells
present in the tissue.** The microfluidic approach facilitates
numerous advantages including: (1) the precise control of the
biomaterials' physical and chemical properties to resemble
the physiological ECM; (2) nanoliter volumes reduce reagent
usage and facilitates reproducibility;** and (3) controlling the
physics of drug transport phenomena in the presence of an
applied electric field aids in the design and testing of new
therapeutic approaches.**°

In silico simulations are well-suited for testing
combinations of multiple physical laws (e.g., diffusion and
electrophoresis) and are wused for estimating drug
concentration profiles in the tumor.*’*° However, the
fundamental mathematical model that incorporates the
physics of electrophoresis transport is not well-defined.
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Based on the work of Pascal et al.,*° it was demonstrated in
their electrokinetics drug delivery model*" that the
application of an electric field enhances drug delivery at both
micro- and macro-scales. However, a validated electrokinetics
model** that can be used for the prediction of the tumor
response to chemotherapy in the presence of an applied low-
intensity DC electric field has not been reported.

To address these issues, we developed both iontophoresis-
on-chip (IOC) platform and mathematical model of
iontophoretic drug delivery. Our iontophoresis-on-chip (IOC)
platform allows for three unique applications: (1)
acupuncture electrodes facilitate electrode insertion into the
microfluidics and precise control over the location and
direction of the applied electric field. (2) Incorporation of
heparin-based hydrogels into fluidic channels to mimic and
precisely control the physiology of the tumor ECM.**™' (3)
The open microfluidic platform facilitates exchange of the
cell medium so as to maintain a constant pH and expose
cancer cells to a drug of interest up to 48 h after 3D cell
culture. Our mathematical model enabled us to predict
optimal parameters (electric field intensity, direction), which
were then validated in vitro. Our iontophoresis-on-chip (IOC)
platform is the first microfluidic system in the literature to
offer the opportunity to investigate the effects of
electrophoretic carboplatin delivery into TNBC cells (MDA-
MB-231) that are encapsulated in a heparin-based hydrogel.
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2. Materials and methods

2.1. Design and fabrication of the microfluidic iontophoresis
platform

The iontophoresis-on-chip (IOC) platform was designed to
mimic tumor vasculature by providing a top layer of arterial
capillaries and two side channels of lymph capillaries in the
bottom layer (Fig. 2A). The heparin-based hydrogel and cell
culture medium (DMEM/F-12 + 10% FBS) is found between the
top and the bottom layers and plays the role of a salt bridge.
Sterile stainless-steel acupuncture needles with a diameter of
0.12 mm (Kingli, China) were used as electrodes to construct
the DC electric field circuit (Fig. 2B and C). The negative
electrode was placed in the top layer and the positive electrodes
were placed in the inlet and outlet of the bottom layer's
hydrogel channel (Fig. 2A and B). The master mold was
patterned using two layers of photoresist: (i) the first layer (ie.,
the top layer) consists of a central well (1.5 mm wide and 3 mm
thick) and has the role of supplying media to cells that are
encapsulated in hydrogel in the bottom layer; (ii) the second
layer (i.e., the bottom layer) consists of a cell culture chamber
that has the dimensions of 3 x 3 mm?, two sink channels with
the dimensions of 0.5 x 3 mm?, 15 ports with the dimensions of
0.15 x 0.15 mm”* between the cell culture chamber and each
sink channel, and two side hydrogel channels with the
dimensions of 0.5 x 5 mm?® (Fig. 2A). The thickness of the
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Fig. 2 lontophoresis-on-chip (IOC) for quantifying iontophoretic delivery of chemotherapeutic drugs in vitro. (A) Microfluidic experiment setup,
three-dimensional top view of microfluidic device, negative electrode inserted in drug source well and positive electrodes added to the bottom
tumor region layer. (B) Side view of the open microfluidic device and the electric field circuit. (C) Image of experimental setup and application of a
DC electric field for drug delivery from the top layer into the tumor region in the bottom layer. (D) Microfluidic device designed to measure
iontophoresis drug delivery. Bottom layer includes: 1) drug sink. 2) Cell culture chamber for MDA-MB-231 cells (blue, Hoechst stain). 3)
Electrophoresis channels for the delivery of drugs from the cell culture chamber to the side channels through electrophoresis and diffusion. Top
layer is the drug source.
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bottom layer was optimized to 400 um using the SU8-2100
photoresist and was fabricated according to the manufacturer's
(MicroChem Corp.) instructions. Microfluidic devices were
produced by replica molding using polydimethylsiloxane,
(PDMS, Sylgard 184; Ellsworth Adhesives, Wilmington, MA,
USA) on the master wafer, and fabricated using standard
microfabrication techniques.”> We aligned and bonded the two
PDMS layers of the microfluidic platform using a Nikon SMZ-1
stereo microscope and a Nordson MARCH (AP-300) oxygen
plasma bonder, respectively. After bonding the two layers, the
inlets and outlets were punched using a 0.75 mm biopsy
puncher (Fig. 2D). Finally, a 6-well glass-bottom plate (MatTek,
Ashland, MA, USA) was plasma-treated along with the PDMS
I0C devices and the devices were bonded to the plate using a
hot plate (85 °C for 10 min).

2.2. Hydrogel preparation and dose response curve

The HyStem-HP Hydrogel Kit w/ PEGSSDA (ESI BIO GS315P) was
used to prepare the heparin hydrogel. The kit is composed of
lyophilized solids of Heprasil® (thiol-modified sodium
hyaluronate with thiol-modified heparin), Gelin-S® (thiol-
modified gelatin), and PEGSSDA™ (disulfide containing
polyethylene glycol di-acrylate), as well as degassed deionized
water (DG Water). Gels were prepared as per manufacturer's
directions. Cell seeding density and drug concentration
optimization experiments were done in 384 well-plates with a
0.06 cm?> growth area, which is approximately the growth area of
the fabricated microfluidic device (0.09 cm?). The drug was
applied after 48 h of incubation. Cells were stained using a live
and dead cell fluorescent assay (Abcam, Cambridge, MA) after 72
h of incubation. Dose-response curves of paclitaxel (Sigma-
Aldrich, St. Louis, MO) and carboplatin (Sigma-Aldrich, St. Louis,
MO) were obtained in single cells using a 10 K cell density in 30
pL of heparin-hydrogel. The paclitaxel dose response curve
showed that 11 nM was the 90% effective dose (ECqo) and the
carboplatin dose response curve showed that 12 nM of
carboplatin killed the maximum fraction of cells (85%) (Fig.
S1At). Because of these dose response curves, we chose to use 2
nM of the drugs to use doses less than the ECy, for both
paclitaxel and carboplatin in the microfluidic in vitro
environment. We tested the effect of electric field on the delivery
of paclitaxel and carboplatin separately to examine this effect on
both charged (carboplatin) and neutral (paclitaxel) drug delivery.

2.3. Cell culture and iontophoresis-on-chip (I0C) assay

The human TNBC cells used in this study were from an
invasive ductal carcinoma cell line (MDA-MB-231, American
Type Cell Culture HTB-26). Gibco™ Dulbecco's modified
Eagle's medium F-12 (DMEM/F-12), containing high levels of
glucose and GlutaMAX™ supplemented with 10% (v/v) fetal
bovine serum (FBS, ATCC, Manassas, VA) and 1% (v/v)
penicillin-streptomycin (100 units per mL penicillin and 0.1
mg per mL streptomycin), was used as a complete culture
medium for the TNBC cells. The encapsulated breast cancer
cells were studied using heparin hydrogel in complete media

This journal is © The Royal Society of Chemistry 2020
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(DMEM + 10% FBS + 1% P/S). The cells were suspended in the
Heprasil and Gelin-S mixture before adding the PEGSSDA
crosslinker at a density of 10 K single cells in 30 pL of
hydrogel. 2 nM concentrations of paclitaxel and carboplatin
were used because they kill approximately 71% of cells
without an applied electric field (Fig. S1At). We used cells on
top of the gel, and encapsulated cells inside the gel for 3D cell
culture in the microfluidic device. The encapsulated cells in
the hydrogel were introduced into the device through manual
injection using a syringe and tubing until a uniform
distribution of cells was attained in the cell culture chamber.
In our study, we set the flow rate to zero (eliminating
electroosmotic flow) and focused on electrophoresis transport
only. To model the iontophoresis, we needed to define: 1)
ECM porosity; 2) drug concentration; 3) cell density; and 4)
drug charge. We set the drug concentration to be less than
the effective dose of 90% (EDyo), which we measured in both
standard well plates and in the microfluidic device (Fig. S17).
Application of an external electric voltage resulted in faster
delivery of anionic drugs compared to cationic drugs.>® We
compared an anionic drug,’*** carboplatin, to the gold
standard non-ionized drug, paclitaxel. We also studied TNBC
cells cultured in heparin-based hydrogel as a tumor ECM
biomaterial.*>>® In our device, we validated the application of
a 50 mV electric field to an ECM of 70% porosity to increase
drug delivery to a tumor's single cells. We also varied the drug
type (charge). In this study, we controlled low-intensity DC
electric fields for electrophoretic drug delivery in the tumor's
single cells. We quantified the effect of a 50 mV DC electric
field and a 3 mA electric current on the percent of dead cells
both mathematically and experimentally using a mass
transfer model and a microfluidic platform, respectively. Our
I0C mimics the tumor extracellular matrix through the use of
MDA-MB-231 single cells in a heparin-based hydrogel, the
lymph capillary (drug sink), and the blood capillary (drug
source). We initially used a physics based mathematical
model*' for sensitivity analysis and parameter optimization to
reduce the number of in vitro experiments. To experimentally
prove the chosen electric field intensity of 50 mV derived from
the sensitivity analysis, we showed the effect of
electrophoresis transport on increasing ionic macromolecule
delivery in heparin-based hydrogel.

The experiment was conducted for a total of 72 h where
the cells were initially seeded and allowed to grow for 48 h
and then treated with 2 nM of the drug and 50 mV of electric
field for 5 h. The electric field was discharged after 5 h,
however, the cells were left in the drug solution for an
additional 19 h. Finally, the cells were stained with live and
dead cell fluorescent assay medium (Abcam, Cambridge, MA)
after 72 h (Fig. S37).

2.4. Electrokinetics and mass transfer model

To reduce the number of in vitro experiments, we
employed a physics-based model to predict the minimum
electric field intensity needed to affect the maximum

Lab Chip, 2020, 20, 3310-3321 | 3313
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fraction of cells killed by simulating the effect of
iontophoresis on carboplatin delivery. The model was then
validated with a biomimetic three-dimensional microfluidic
experiment by comparing the measured and predicted
percentage of dead cells. See the ESIt for a more detailed
description of the coupled electrokinetics and mass
transfer model.

2.5. Drug delivery model optimization and sensitivity analysis

Sensitivity analysis was used to eliminate a trial and error
approach for determining the electric field intensity when
conducting the IOC experiments. Sensitivity analysis of the
electric field potential, between 0 and 70 mV, at the blood
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vessel wall showed 43.01 mV as the optimum electric field
intensity to obtain a 79% cell death rate (Fig. 3B).

Three non-dimensional numbers and the electric potential in
the tumor region were optimized using GRG (generalized reduced
gradient) nonlinear solver.>® The optimal value of ¢, (electric field
intensity), 43.01 mV, was instrumental in eliminating multiple
microfluidic in vitro experiments for electric field intensity
optimization. Tables S1 and S2f show the dependent and
independent variables, their sensitivity ranges, and optimum
value to obtain the maximum fraction of cells killed.

2.6. Transport of macromolecules into heparin-based hydrogel

The first experimental setup was used to determine the
ionized fluorescent dye concentration with and without
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Fig. 3 Mathematical model sensitivity analysis of the fraction of tumor cells killed model. (A) The schematic illustrates the volume of the analytical
domain under study (V1ota), Which is the sum of the volume of a single blood vessel and the surrounding tumor mass (Vrumor): Vrumor includes
both the live and dead tumor cells, represented by the green and red circles, respectively. V.ontror depicts the volume between two consecutive
blood vessels and is used as the control volume for the mathematical model, with idealized system boundaries (H, -H, H - yi, -H = yi). (B) The
graph shows the variation in the fraction of tumor cells killed (f,;,) over a dimensionless kill distance y,, for different values of Pm; and electric field
intensities. The sensitivity analysis predicted 43 mV as the optimal electrical voltage required to maximize the fraction of tumor cells killed (0.79).
(C) The graph shows the variation in the fraction of tumor cells killed (f;) over a dimensionless kill distance, yy, for different values of o (which is
the ratio of electric potential in the drug source () to the electric potential in the tumor (p,)). When ¢, is 50 times more than ¢, the diffusion and
electrophoretic movement of the charged drug molecules are in the same direction, and the fraction of tumor cells killed is at its maximum (0.75).
(D) The graph shows the variation in the fraction of tumor cells killed (fi;) over a dimensionless kill distance, y,, for different values of g (the ratio
of the drug uptake rate to the drug diffusion). For carboplatin g = 2.4, where the fraction of cells killed is 0.25.
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applying a 50 mV of DC electric field. Sensitivity analysis and
model optimization show that the electric potential of 43.01
mV resulted in the maximum fraction of tumor cells killed.
Due to the restriction in the precision of our DC power
supply (DC power supply must be >10 mV), we had to choose
between 40 mV and 50 mV. We loaded a heparin-based
hydrogel in the bottom layer, closed the outlets to eliminate
gravitational flow, placed the device under a Nikon TiE time
lapse microscope, and allowed the hydrogel to solidify (10-15
min). 30 pL of dye was added to the top layer and live
imaging was started simultaneously. Live images were taken
every 1 minute for 5 h in two 1 mm? x-y planes in the central
chamber and the hydrogel channel over a 1.2 mm distance.
The fluorescence intensity was measured over 10 different
depths (40 pm) within the hydrogel (400 um). The average
intensity was determined over the 1 mm? x-y plane. The final
average intensity is the average of x—y plane intensities at 10
different hydrogel depths. The calibration curve was used
(Fig. S2f) to convert average dye intensity to dye
concentration. We used Alexa Fluor 594® fluorescent dye
with a molecular weight of 819.85 g mol™, which is similar
to paclitaxel's molecular weight (853.91 g mol™) and close to
carboplatin molecular weight (371.25 ¢ mol™"). The
experimental result of Alexa Fluor 594® concentration versus
time validated the finite element model of dye concentration
(diffusion and electrophoresis delivery with 50 mV electric
potential gradient) in the porous hydrogel region.

2.7. Confocal microscopy and image processing

Confocal microscopy was used to measure the fraction of cells
killed with and without applying a 50 mV DC electric field. A
confocal microscope (ZEISS LSM 880 with Airyscan) fitted with
a ZEISS Axiocam 503 mono camera and a computerized stage
was used to take fluorescent images. The microscope was
controlled using ZEN software (Carl Zeiss Microscopy GmbH,
Germany). Images were processed using Image] (NIH, Bethesda,
MD). To calculate the fraction of cells killed (or the percentage
of dead cells), the fluorescent light intensities from tetramethyl
rhodamine iso-thiocyanate (TRITC, red: dead cells) were divided
by the total fluorescent light intensities from TRITC (red: dead
cells) and fluorescein isothiocyanate (FITC, green: live cells) in
each 10 um plane along the hydrogel's z-axis. Results from the
confocal images were used for validation of the fraction of cells
killed model** (Fig. 6C).

2.8. Microfluidics in vitro experiment statistical analysis

Statistical analyses were performed using Prism version 8.1.2
(332) software (GraphPad Software, La Jolla, CA) with a
confidence level of o = 0.05. Two-way analysis of variance
(ANOVA) was used to test for differences in the number of
dead cells after electrophoresis treatment (n = 3) in our
microfluidic device (n = 3). When results of ANOVA were
significant, Tukey post hoc comparisons were used to
examine differences among treatment groups. Data are
presented as the arithmetic mean + SD.

This journal is © The Royal Society of Chemistry 2020
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3. Results and discussion

The combined mathematical and experimental approach in
our study included four steps. First, we used a physics-
based mathematical model,*" sensitivity analysis, and
parameter optimization to eliminate trial and error in
conducting in vitro experiments to determine the optimal
voltage. Second, we the effect of
electrophoresis transport on macromolecule

concentration (Alexa Fluor 594®) in the porous region

electric showed

cationic

(heparin-based hydrogel) using a transient electrokinetics
drug release computational model, which was validated by
a microfluidic in vitro experiment. Third, the IOC device
was used to study carboplatin and paclitaxel delivery to
TNBC cells in an in vitro experiment using 50 mV of
electric field (EF) and 3 mA of electric current. Fourth, the
in vitro experimental results were used to validate the
fraction of cells killed in the mathematical model.

3.1. Drug delivery mathematical model optimization and
sensitivity analysis

The physics-based model development is shown in the ESLf
In the final fraction of tumor killed function, eqn (24),} three
non-dimensional numbers relate to the physics of uptake,
diffusion, and electrophoresis drug transport and needed to
be analyzed. Pm; is the ratio between the electric potential
and diffusivity, g is the ratio between the uptake rate of the
carboplatin and diffusivity, and « is the ratio of electric
potential in the drug source to the electric potential in the
tumor. Three non-dimensional numbers and the electric
potential in the tumor region were optimized using GRG
(generalized reduced gradient) nonlinear solver.>®

2Fpp, s i
55 is the ratio

The first non-dimensional number, Pm; =
between the electric potential and the diffusion coefficient. We
consider the problem of maximizing the fraction of cells killed
subject to varying non-dimensional numbers. The Pm; number
is the function of the electric potential in the tumor region.
Except for ¢,, other terms in Pm; are constant properties of
carboplatin. We only look at the carboplatin property because it
is a charged drug candidate for studying the effect of electric
field on its delivery. At a large Pm, (3.47), the electric potential
¢, has the highest value (43.01 mV); therefore, the fraction of
cells killed is maximized (0.79) (Fig. 3B). Our results show the
positive effect that electric potential has on the fraction of cells
killed and that it can overcome carboplatin's low diffusion
coefficient. As Pm; decreases, the fraction of cells killed also
decreases due to a decrease in ¢,. When Pm; is zero, the result
indicates the fraction of cells killed (0.37) without applying an
electric field.

The direction of electrophoresis can be opposite the
direction of drug diffusion. The second non-dimensional
number is @, which is the ratio of electric potential in the
drug source to the electric potential in the tumor. The
fraction of cells killed decreases when « is close to 1, ie.,
when there is no electric potential gradient. Therefore, when
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a = (p1 = ¢,) the fraction of cells killed is minimized (0.44)
(Fig. 3C). As a increases (p; > ¢,), the electrical potential
gradient is in the opposite direction of the concentration
gradient, so the fraction of cells killed decreases. Note that «
=1/50 means ¢, is 50 times more than ¢,, at which point the
fraction of cells killed is maximized (0.79).

The non-dimensional number is analyzed to examine the
fraction of cells killed based on drug uptake rate and
diffusion. g is the ratio of the drug uptake rate to drug
diffusion. Since ¢ is always positive, the model always
increases (monotonic) with different values of positive g. At
small g values (0.16), carboplatin diffusion dominates over
the uptake rate. High carboplatin diffusion can occur due to
a decrease in the tumor drug uptake rate. Therefore, the
number of cells killed at high carboplatin uptake (g = 14.2)
leads to a maximized fraction of cells killed (0.55) and a
decrease in tumor drug resistance (Fig. 3D).

When g is 2.4 for carboplatin, the uptake rate of carboplatin
is smaller than its diffusion where the fraction of tumor cells
killed is 0.25. The fraction of cells killed reaches an asymptote
by increasing the value of g, which depends on the properties
of the drug. Therefore, applying an electric field to enhance
chemotherapy delivery of carboplatin is essential to kill the
maximum fraction of cells (0.79). The graph shows that the
primary sources of uncertainty in percent dead cells are the

(A) Control +EF (50 mV)
[ R S e
L= Concentration [mol/m’] 500 o

o)

o
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drug uptake rate and diffusivity, and this type of sensitivity
analysis allows drug designers to assess the effects of the
physical properties of the drugs in the interest of building
robust drug delivery models. Our model investigated diffusion
and electrophoresis drug transport into single cells. Increasing
the electric field intensity increases the fraction of cells killed;
however, the new physics of transport, such as joule heating
and electroosmotic flow, should be added to the model for a
more accurate prediction.

3.2. Delivery of cationic fluorescent dye into the hydrogel
using a low intensity electric field

Sensitivity —analysis and electric potential gradient
optimization showed that an electric potential of 43.01 mV
resulted in the maximum fraction of tumor cells being killed
(0.7-0.8 or 70-80%). Based on mathematical model
sensitivity analysis, we used a 50 mV electric field intensity
for drug delivery experiments on single cells. Because of the
restriction in the precision of our DC power supply (DC
power supply must be >10 mV), we had to choose 50 mV
instead of 43.01 mV. To test our hypothesis using a 50 mV
electric field in transient condition, finite element modeling
of macromolecule transport in hydrogel was computed. The

model was validated with an electrophoresis microfluidic
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Fig. 4 Low-intensity electric fields increase cationic macromolecule transport into the hydrogel. (A) Snapshots comparing the transient
concentration of the Alexa Fluor 594® dye in the hydrogel channel at 0.5 h, 1 h, and 2 h time points under the following conditions: left: diffusion
only (top: finite element model result, bottom: experimental result); right: diffusion and electrophoresis at 50 mV electric fields (top: finite element
model result, bottom: experimental result). (B) Representation of the regions in the cell culture chamber and the hydrogel channel of the device,
for the measurement of dye transient concentration (top: experimental regions, bottom: computational domain). (C) The graph shows the
validation of finite element model results for the dye transient concentration obtained experimentally by measuring average fluorescence intensity
in the hydrogel channel under the following conditions: (i) control (diffusion only), (ii) diffusion and electrophoresis at 50 mV electric fields. (D)
Summary of the average fluorescence intensity of Alexa Fluor 594® dye at 0.5 h, 1 h, and 2 h time points under the same conditions as C. Graph
show an increase (48.12%, n = 46, p-value <0.0001) in the average fluorescence intensity of the dye by applying 50 mV of electric potential
gradient in the hydrogel microchannel after 2 h.
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experiment using the IOC device by comparing the measured
and predicted normalized fluorescence intensity of the dye.
Alexa Fluor 594® cationic dye diffusion and electrophoretic
delivery were investigated in a 3 h experiment and a transient
continuum mass transfer model. The regions in the cell
culture chamber and hydrogel channel of the device for the
measurement of dye transient concentration (top:
experimental regions, bottom: computational domain) are
shown in Fig. 4B. The in silico simulation and in vitro
experiment showed an increase (48.12%, n = 46, p-value
<0.0001) in the average fluorescence intensity of the dye by
applying 50 mV electric potential gradient in the hydrogel

(A) Paclitaxel (2 nM)

+ EF (50 mV)

Paclitaxel (2 nM)

(C

N

Control

+ EF (50 mV)

Carboplatin (2 nM)
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microchannel (Fig. 4A, C and D). The finite element model of
the concentration profile in the microchannel was validated
with an in vitro experiment of Alexa Fluor 594® cationic dye
diffusion and electrophoretic delivery (Fig. 4C).

3.3. A low-intensity electric field increases carboplatin
delivery in breast cancer single cells

Based on model sensitivity analysis (section 3.2), we specified
the low-intensity electric field to be 50 mV. Drug concentration
optimization (Fig. S1At) showed that 2 nM of paclitaxel and
carboplatin have around a 59% and 71% tumor cell death rate,

(%) Cell Culture Chamber

801 P-value<0.05

ns

60
40+

% Dead Cells

201

Hydrogel Channel

100+ P-vall:f<0.05

% Dead Cells

Fig. 5 Low-intensity electric fields increase the delivery of carboplatin to single tumor cells. Confocal microscope images showing the live-dead
cell staining of single tumor cells when exposed to the following treatments: cell culture medium, DMEM/F-12 (no drug); 2 nM of paclitaxel (non-
ionized drug); and 2 nM of carboplatin (anionic drug), with and without 50 mV of electric field in the device's (A) cell culture chamber and (C)
hydrogel channel. Graph shows the percent dead tumor cells when exposed to the six following treatments: (1) control (bright green): cell culture
medium, DMEM/ F-12 (no drug, no electric field), (2) +EF (dark green): cell culture medium, DMEM/F-12 (no drug, with 50 mV of electric field), (3)
Paclitaxel (bright blue): 2 nM of paclitaxel (non-ionized drug, no electric field), (4) Paclitaxel+EF (Dark blue): 2 nM of paclitaxel (hon-ionized drug,
with 50 mV of electric field), (5) Carboplatin (black): 2 nM of carboplatin (anionic drug, no electric field), and (6) Carboplatin+EF (red): 2 nM of
carboplatin (anionic drug, with 50 mV of electric field), in the device's (B) cell culture chamber and (D) hydrogel channel, respectively. Tumor cells
that are treated with 2 nM of carboplatin in the presence of 50 mV electric field showed the least viability of all the treatments, with dead cell
percent about 64% (n = 3, p <0.05) in cell culture chamber and 83% (n = 3, p <0.05) in hydrogel channel.
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respectively. Therefore, we specified operating at 2 nM drug
concentrations, which is less than the ECy, (effective
concentration for 90% of the cells being dead). A significant
difference was observed in the percent of dead cells by applying
a 50 mV electric field and 3 mA electric current for 3 h
(Fig. 5A and C). The percent of dead cells increased by 22% (n =
3, p-value <0.05) in the cell culture chamber (Fig. 5B) and 39%
(n =3, pvalue <0.05) in the hydrogel channel (Fig. 5D).

3.4. Fraction of cells killed model validation with in vitro
experiment

The “fraction of cells killed” model was developed to
facilitate the prediction of the iontophoresis outcome. The
in vitro results of percent dead cells versus hydrogel depth
were used for model validation (Fig. 6A). A summary of
results of the percent of dead cells at different distances from
the bottom of the chamber shows an increase in percent
dead cells when delivering carboplatin using electrophoresis
(Fig. 6B). The validated fraction of cells killed model shows

Measurement
Region

(A)

View Article Online
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an increase in the percent of dead cells when applying a 50
mV electric field and 3 mA electric current for 3 h
experimentally and mathematically (Fig. 6C).

Our results demonstrate that 50 mV of DC electric field and
3 mA of electric current increases drug delivery by 48.12% and
increases cell death by 39.13%. Our obtained experimental
results validated our recent drug transport model.**

The correlation between the fraction of cells killed model
and the in vitro experiment was measured using two different
methods (Table S31):*” 1. RNMSE (root normalized mean
square error) and 2. FB (fraction of bias). The correlation
between cationic dye concentration in hydrogel experimental
and theoretical values was calculated using the same
methodologies. We found that the FB (fractional bias) value
was equal to 0.02, where a positive FB indicated that the
model is under prediction, and an RNMSE (root normalized
mean square error)>* equal to 0.3 indicated low scattering
from the mean. Overall, the statistical analysis indicated a
strong correlation between the model and the microfluidic
experiment.
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Fig. 6 Percent dead tumor cells model validation shows that low-intensity electric field promotes iontophoretic delivery of carboplatin into breast
cancer cells. (A) Representative of the experimental measurement region in the cell culture chamber of the device, for calculating the percent dead
tumor cells when treated with 2 nM of carboplatin with and without 50 mV of electric field. (B) Graph shows increase in percent dead tumor cells
that are seeded at 50 um,150 um, and 250 um distance from the bottom of the cell culture chamber and treated with 2 nM of carboplatin with
and without 50 mV of electric field; the difference in the percent dead cells when treated with 2 nM of carboplatin with electric field is significantly
higher at 250 um (closest to drug source) compared to other distances. (C) Percent dead tumor cells model validation with the in vitro experiment
shows an accurate correlation between model and experiment (Table S37).
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4. Conclusion

This paper demonstrates, for the first time, an iontophoresis-
on-chip platform that mimics the outcome of iontophoretic
drug delivery for the treatment of breast cancer. The
mathematical model for the carboplatin concentration profile
between two blood vessels in a confined tumor volume was able
to accurately predict our in vitro microfluidic results. In this
study, we varied the drug type (charge) and cell density as the
two main parameters for the on-chip experiments. As expected,
iontophoresis was only effective in increasing the charged drug
(carboplatin) delivery to the individual tumor cells. Our device
could potentially be used for high-throughput screening of
charged drug candidates for iontophoretic treatment for breast
cancer. Our modeling and experimental results show that an
applied electric field intensity of 50-70 mV of DC electric fields
and 3 mA of electric current led to the maximum percentage of
dead cells (70-90%). This low intensity electric field has been
reported to have minimal side effects on healthy tissues and is
significantly lower than that following electroporation. The on-
chip platform allows us to precisely control the physics of
transport phenomena by adjusting the device geometries,
boundary conditions, and initial values of drug dose and
electric field intensity to match the mathematical model. The
predictive models that we developed in this manuscript define
the influence of DC electrical fields and electric current on
iontophoretic drug delivery to tumors and may possibly assist
physicians in designing an effective treatment regimen for
breast cancer patients.”® We proved the synergy between our
mathematical models and our i vitro experiments, which led to
a reduction in the number of electric field intensity trials using
the mathematical model sensitivity analysis. We then proved
the accuracy of the chosen electric field intensity values from
the sensitivity analysis by macromolecule electrophoretic
delivery into the heparin-based hydrogel microfluidics
experiment. The results of the macromolecule electrophoresis
delivery into the porous hydrogel was used to validate a
transient electrokinetics mass transfer model.

In the future, our device also has the capability to vary
flow, ECM porosity, electric field intensity, tumor size, and
tumor type. This model is the first step towards generating a
predictive model for in wvivo applications. Further
improvements to the model for transdermal iontophoretic
drug delivery can be made and validated by adding additional
components in the microfluidic device, mimicking the
human epidermis. Currently, iontophoresis is only used for
transdermal drug delivery to accessible tumors. In the future,
endoscopic surgeries may enable the implantation of 3D
printed hydrogels and electrodes®®® for electrically-
controlled drug delivery into inaccessible solid breast tumors.
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