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Introduction

Cancer is the number two cause of death worldwide. About

Controlled pharmacokinetic anti-cancer drug
concentration profiles lead to growth inhibition of
colorectal cancer cells in a microfluidic devicef

Job Komen, @ *2 Eiko Y. Westerbeek,?® Ruben W. Kolkman,?® Julia Roesthuis,?
Caroline Lievens, @9 Albert van den Berg @®2 and Andries D. van der Meer ®¢

We present a microfluidic device to expose cancer cells to a dynamic, in vivo-like concentration profile of a
drug, and quantify efficacy on-chip. About 30% of cancer patients receive drug therapy. In conventional cell
culture experiments drug efficacy is tested under static concentrations, e.g. 1 uM for 48 hours, whereas
in vivo, drug concentration follows a pharmacokinetic profile with an initial peak and a decline over time.
With the rise of microfluidic cell culture models, including organs-on-chips, there are opportunities to more
realistically mimic in vivo-like concentrations. Our microfluidic device contains a cell culture chamber and a
drug-dosing channel separated by a transparent membrane, to allow for shear stress-free drug exposure
and label-free growth quantification. Dynamic drug concentration profiles in the cell culture chamber were
controlled by continuously flowing controlled concentrations of drug in the dosing channel. The control
over drug concentrations in the cell culture chambers was validated with fluorescence experiments and
numerical simulations. Exposure of HCT116 colorectal cancer cells to static concentrations of the clinically
used drug oxaliplatin resulted in a sensible dose-effect curve. Dynamic, in vivo-like drug exposure also led
to statistically significant lower growth compared to untreated control. Continuous exposure to the average
concentration of the in vivo-like exposure seems more effective than exposure to the peak concentration
(Cmax) only. We expect that our microfluidic system will improve efficacy prediction of in vitro models,
including organs-on-chips, and may lead to future clinical optimization of drug administration schedules.

patients are an intense topic of clinical research.’ In contrast,
in vitro, novel drugs are tested on cultured cells in a time-
constant concentration, e.g. 1 uM for 48 hours,* and this lack

30% of cancer patients receive drug therapy, dependent on
cancer stage.' Drug concentration in blood and tissues is
dynamic; it first increases after administration and declines
due to distribution, drug metabolism and excretion.> These
varying concentrations, or ‘pharmacokinetics’ are an
important aspect of the efficacy of a treatment and the ideal
dosing regimes to control concentrations of a therapeutic in
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of realistic dosing regimes contributes to the poor correlation
of in vitro results with observations in the clinic.’

Certain pharmacokinetic parameters of clinically relevant
drug exposures are available and can in principle be used to
inform the static drug concentrations used in cell culture
studies.® For example, maximum concentration in blood (Cay)
values can be used to set the maximum concentration of a drug
for in vitro experiments. Alternatively, drug half-life (¢,,) and
total drug exposure over time (area under the curve, AUC) can
be used to inform approximate drug exposure durations.

Nevertheless, it cannot be known beforehand whether either
the Cupax, ti2, AUC, and/or a combination, is the
pharmacokinetic driver of drug efficacy, as this depends on
drug characteristics such as diffusion, binding and mechanistic
effects.  For many drugs the  pharmacokinetic-
pharmacodynamic (drug efficacy) correlation often remains a
topic of discussion, as illustrated by the debate on the widely
used anti-cancer drug cisplatin.” As pharmacokinetic
parameters of drugs are correlated, e.g. by increasing the dose,
both Cpa. and AUC increase, isolating the pharmacokinetic
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driver of efficacy can be a challenge. A partial solution is dose
fractioning in animals,® however this is resource-intensive and
there are limits to dosing frequency for animals. Due to these
challenges and lack of in vitro testing possibilities, a final resort
is trial and error in humans. For example, the anti-cancer drug
oxaliplatin, a first line therapeutic for metastasized colorectal
carcinoma in a schedule with 5-fluoruracil and leucovorin, is
sometimes administered with a prolonged infusion time of 6
hours instead of 2 hours, thereby lowering Cay, to reduce side
effects.”"’

Hence, it would add a lot of value to in vitro studies if it
were possible to not simply pick a single static concentration
and exposure time, based on some of the pharmacokinetic
parameters, but instead to have full control over the
dynamics of drug concentrations. This could also accelerate
the adoption of the FDA of advanced in vitro models into the
drug development regulatory pathway."

Conventional technical solutions to mimic in vivo
concentrations in vitro have been developed, for example
dynamic flow chamber set-ups or hollow fibre models for
antibiotics. However, drawbacks of these systems are high
reagent use, low throughput and membrane blockage."?

Microfluidic technology is ideally suited to overcome these
challenges.”® Mimicking in vivo-like drug concentrations over
time, on-chip, is an emerging field where pioneering work has
been done on antibiotics and kidney toxicity."*'® While cancer
drug testing has been performed extensively in microfluidic cell
culture systems,'®* mimicking in vivo-like drug concentrations
over time on-chip has up to recently been largely neglected in
the oncology field, with recent notable exceptions.**>* Several
current solutions rely on active perfusion of cell culture
chambers with dynamic drug concentrations.”**® This
perfusion results in shear stress, which increases with a higher
concentration change rate. Systems in which cells are cultured
in a separate compartment to prevent direct exposure to fluid
flows suffer from other drawbacks. For example, cells are
cultured directly on a membrane, which hampers visual
inspection, or specific geometries limit concentration rate
change or concentration range.'*">?%>!

Lohasz et al defined a hypothetical in vivo-like
concentration profile for the non-clinical drug staurosporine
and controlled its concentration on-chip through gravity-
driven flow controlled by chip tilting and a specific chip
geometry.>® Chou et al. administered a flat (investigative)
drug dosage which stopped after two hours, and the diffused
drug in the tissue channel acted as a reservoir to provide the
drug for the declining concentration phase.*! Although these
technical solutions are sophisticated, its strong reliance on
microfluidic chip geometry might limit broad adoption and
puts constraints on dosing schedules. Guerrero et al. used
two microfluidic pumps to administer a dynamic drug dose
in a one layer chip. Two clinically approved drugs,
doxorubicin and gemcitabine, were administered to breast
cancer cell line cells at in vivo-like concentrations.*

To prevent shear stress, as this is often absent in
interstitial tumor tissue due to deficient lymphatic drainage
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and increased interstitial and oncotic pressure,** we
developed and characterized a two layer chip with a
membrane for dynamic drug concentrations. Dynamic drug
concentrations are administered by pre-programmed syringe
pumps. This solution allows for freedom in the design of the
microfluidic chip and is widely applicable to organ-chip
systems. Moreover, cells are seeded not at the membrane but
at the bottom, which allows for on-chip, label-free, pre-post
quantification of cell growth of a single culture condition.

Here, we use our microfluidic system to investigate the
in vitro effect of oxaliplatin on colorectal cancer cells.”
Oxaliplatin was chosen as a model drug as it is a first line
drug in the treatment of colorectal cancer, one of the most
frequent cancers."® We also use the results of our assay to
explore the pharmacokinetic driver of efficacy of oxaliplatin
at an in vivo-like dosage.

Experimental
Device design and fabrication

The microfluidic device consists of two crossing channels, a
(bottom) culture channel containing the cells and a so called
(top) treatment channel for drug dosing, separated by a
membrane (Fig. 1a). The cross shape allows for seeding cells at
the intersection of the channels, below the membrane in a
controlled manner (Movie S1t). After seeding the cells in the
bottom channel the bottom channel is closed to enable shear
stress free dynamic drug exposure. Dynamic drug dosing is
provided via changing the drug concentration in the top channel
via two separate syringe pumps and subsequent diffusion of
drug to the bottom channel via the membrane. The membrane
is a 35 pm thick transparent hydrophilic polytetrafluorethylene
(PTFE) membrane purchased from Sterlitech (US), consisting of
random fibres which block particles >1 pm, and with a typical
empty volume of ~80%. The bottom layer is glass for cell
adherence and growth, other layers are made out of
polydimethylsiloxane (PDMS) for oxygen diffusion in static
experiments. Channel dimensions are 17 X 2 x 0.5 mm and 21 X
2 x 1 mm for the bottom (culture) and top (treatment) channel
respectively, to allow for sufficient nutrients in static conditions
and sufficient cell numbers for quantitative analyses.

Chips were fabricated using PDMS in a 1:10 weight ratio of
base vs. curing agent (Sylgard 184, Dow Corning, US). The PDMS
was poured on a mould, degassed, and cured at 60 °C overnight.
For the top channel, a micro milled (Datron Neo, Germany)
mould was used. For the bottom channel, a flat silicon wafer-
based mould with subsequent press-cutting (Bleijenberg, The
Netherlands) of the channel geometry was used. The chips were
bonded to glass microscope slides after activation by oxygen
plasma using a plasma cleaner (model CUTE, Femto Science,
Germany). PDMS parts and membrane were glued by using a
mixture of toluene and PDMS at a 2: 3 ratio and were allowed to
bond overnight. Inlet and outlet holes were punched using
Harris UniCore punchers of 1 mm diameter.

For static condition treatments, Tygon (Cole Palmer, US)
tubing with a 0.05” inner diameter was connected to the

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Microfluidic chip design and function. (a) Multilayer cross channel chip design; glass (1), PDMS (2), PTFE membrane (3), PDMS (4 and 5).
Dashed blue and brown lines represent cross section view direction for b and c respectively. (b) Cells in the bottom channel are seeded exclusively
below the membrane, at the intersection of the top and bottom channel by forcing flow over the membrane by blocking the outlet of the bottom
channel when introducing cells. (c) Drug is administered in the treatment channel, separated by a PTFE membrane from the closed bottom
channel, to prevent shear stress while maintaining diffusion and optical transparency. (d) Photograph of the device filled with medium. (e)
Brightfield microscope image of adhered cells on the bottom of the device below the membrane and (f) confluency algorithm (see ‘Growth

inhibition experiments’ paragraph) translation for quantification.

inlets and outlets of the chip, and for dynamic experiments,
1/16" outer diameter, and 1/32" inner diameter Teflon tubing,
with an IDEX (US) P712 Peek flow splitter was used.

Microfluidic dynamic drug exposure characterization
experiments

The ability to control dynamic drug concentrations in the chip
was verified by fluorescein experiments and oxaliplatin
measurements. To evaluate lag induced by dead volume, two
programmable syringe pumps were used (Harvard PhD2000,
US), one of which holding a 10 ml syringe (B. Braun,
Germany) with 10 uM fluorescein sodium salt (molecular
weight, 332 Da, Sigma-Aldrich, US) in phosphate-buffered
saline (PBS) and one with only phosphate buffered saline
(PBS). Tubing was combined with a flow splitter, with the
combined tube connected to the chip. The administration
schedule covered the (relative) dosing steps and absolute flow
rates of the administration schedule used for cell
experiments, with dosage steps of fluorescein of 5, 2, 1.0, 0.3
and 0 uM with flow rates of 10, 10, 3, 3, 3 ul min™*, for 15, 15,
30, 30, 60 minutes respectively. Fluorescence images were
obtained with a green filter (GFP) fluorescence microscope
(Leica DM IRM, Germany). Quantification of fluorescence was
done in Image] software.> For quantification of fluorescence

This journal is © The Royal Society of Chemistry 2020

a fixed location and fixed exposure time per time series is
used, and background fluorescence was subtracted.

The time to achieve a stable concentration of fluorescein
in the top channel for different flow rates was evaluated with
5 uM fluorescein in the top channel on the inlet side, before
the membrane, at flow rates of 3, 10, 30 pl min~'. Flow rates
were chosen to cover the relevant flow rates and explore a
potential relation between flow rate and time to achieve a
stable concentration. Time measurements were corrected for
dead volume after the flow splitter (see Fig. 2).

Diffusion across the membrane was evaluated by loading
the bottom channel with 5 uM fluorescein in PBS with a
closed top channel with PBS, closing the bottom channel via
plugs in the bottom channel inlet and outlet, and then
continuously flowing PBS across the top channel at 3, 10, 30
ul min™ while quantifying decline of fluorescence over time
in the bottom channel.

To validate fluorescein as a model for oxaliplatin
diffusion, the top channel was loaded with both, and after 16
hours, diffusion into the bottom channel was measured with
UV-vis spectrophotometry (Thermo Fisher Nanodrop 2000,
US). Starting concentrations were 200 pM and 6.25 mM
respectively, so measured values would be in the range of the
spectrophotometer based on calibration curves of fluorescein
and oxaliplatin (Fig. S17).

Lab Chip, 2020, 20, 3167-3178 | 3169
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Fig. 2 Dynamic drug control characterization. (a) Schematic overview of the dynamic solute control chip-system and factors influencing control;
dead volume, channel filling, diffusion time. (b) Dynamic drug concentration control in the top (treatment) channel is affected by dead volume
(~85 pl). There is a (varying) time lag due to dead volume, as shown between uncorrected expected and corrected (for dead volume) expected
fluorescence. An initial dead volume time of ~8 minutes (A1) arises when starting with PBS between the flow splitter and chip, and additional dead
volume time of ~20 minutes (A2) after flow rate decrease from 10 to 3 ul min™. Measured fluorescence follows expected corrected fluorescence
closely, except for lags marked with an asterisk, which are the result of Taylor dispersion. (c) Due to Taylor dispersion there is a time lag until the
top channel solute concentration equilibrates. Top channel equilibrium time decreases in flow speed, with about six minutes for 10 pl min™*. (d)
Diffusion quantification of fluorescein over the membrane and bottom channel. 50% fluorescence decrease within 5-10 minutes at the membrane
area independent of (relevant) flow speeds after loading the bottom channel with fluorescein and flowing PBS through the top channel.

PDMS is known to potentially adsorb and absorb
molecules, especially small lipophilic molecules.>® To verify oc +VXJ, =0,
no significant sorption, oxaliplatin at 30 pM was flushed ot
through the top channel for 30 minutes at 10 pl min™,
collected, and analysed with UV-vis spectrophotometry.

For determining oxaliplatin in the top channel outlet, the
concentration of platinum (Pt) was measured with a 8300DV
ICP-OES (Perkin Elmer, US). The calibration standards for Pt
was made by diluting a standard solution (Merck, Certipur,
1000 mg L™* Pt) with PBS.

with for the flux, Jp, diffusion according to Fick's law;

.]D = DVC)

with D, the diffusion coefficient and ¢ the concentration of
the solute, with a no-flux boundary condition at the channel
walls. The flux through the membrane was modelled as the
boundary condition:

Numerical simulations of drug concentration over time
Two-dimensional diffusion equation simulations were

performed with Comsol 5.1 (Comsol AB, Burlington, MA).
The equation solved is the continuity equation;

3170 | Lab Chip, 2020, 20, 3167-3178
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with, C, the concentration in the top channel, k, the

permeability constant of the membrane and w the thickness
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of the membrane. The flow velocity in the top channel was
considered to be sufficiently high to neglect the local
depletion in the top channel just above the membrane.

Chip geometries were used, in 2D, assuming a closed
system (Fig. S8t). For fluorescein, with a molecular weight of
332 Da, a known diffusion from the literature of 4.2 x 10°°
cm?® s~" was used, on the lower side of the range of estimates
of 4.0-5.7.*” For oxaliplatin, with a comparable molecular
weight of 397 Da, the diffusion coefficient is unknown. Based
on a similar diffusion in the chip as fluorescein (Fig. S17) we
used the same diffusion coefficient for oxaliplatin for
simulations. This is likely a conservative diffusion coefficient
as cisplatin, with a more similar molecule structure to
oxaliplatin, at molecular weight of 300 Da, has an estimated
diffusion coefficient of 8.2 x 107 cm? s7.?®

The optimal value of k (0.2) was determined by fitting the
model to experimental data from the diffusion experiment
(Fig. 2d and S10%). Flow in the top channel was assumed
infinite for finding the membrane characteristics and
dynamic drug dosing, based on relatively large flow of 3, 10,
30 ul min™" in experiments.

With the permeability constant found from the diffusion
experiment, the drug exposure to cells on the bottom of the
bottom channel with a given dosage schedule was simulated
using the same computational model.

Growth inhibition experiments

HCT-116 colorectal cancer cells (Sigma-Aldrich) were cultured
in McCoy 5A medium (ThermoFisher) with 5% foetal bovine
serum (FBS, ThermoFisher) and 1% penicillin-streptomycin
(ThermoFisher) and used at passage numbers under 30. For
experiments, 3000 cells were seeded for a 25% (Fig. S167)
starting surface coverage of the bottom channel and
concentrated under the membrane, via forced fluid flow of
20 ul min™ through the membrane. After cell localization
under the membrane, the bottom channel was closed with
plugs.

Cells attached overnight and were subsequently treated
for 48 hours with static or dynamic concentrations of
oxaliplatin (Sigma-Aldrich, US), or medium as a control. All
experiments were performed in a cell culture incubator.

Medium, drug, and staining were administered in the top
channel with a syringe pump, or two programmable pumps
for dynamic drug concentrations as described above. Static
treatment consisted of a flush of 10 pl min™ for 20 minutes
through the top channel and 48 hours incubation. The
dynamic dosing schedule of oxaliplatin was based on mice
pharmacokinetics, as mice pharmacokinetics are often
available at an earlier stage in the drug discovery process
than human pharmacokinetic data. Pharmacokinetics found
in a study using 8 mg kg™' oxaliplatin dosage were used.”
This dosage is a midpoint in the standard dosage range of 5-
10 mg kg ".>**' The in vivo pharmacokinetics are used as a
starting point. With one pump containing 60 uM oxaliplatin
in medium, and one pump with medium, combinations of

This journal is © The Royal Society of Chemistry 2020
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flow rates are programmed to match the in vivo
pharmacokinetics, taking chip mass transport characteristics
into account.

Cell growth was quantified before and after treatment by a
label-free confluency analysis®® and expressed relative to
starting confluence. Brightfield images were obtained at 10x
magnification (Leica DM IRM, Leica Microsystems, Wetzlar,
GmbH, Germany). Images were split into individual red-
green-blue (rgb) channels, and the green channel images
were stitched in Image]/FIJI.>* The stitched images were
evaluated with the PHANTAST segmentation algorithm at
standard settings of sigma 1.20 and epsilon 0.03. Corrections
for background signal were made by sampling three areas
without cells and subtracting this from the confluency
number. Growth was expressed relative to average control
growth in the following manner:

(Confluency end)/(confluency start),...;ment — 1

Z ((Confluency end)/(confluency start) .. .., ~1)/n

where 7 is the number of control experiments. Results were

pooled per control and treatment condition to have 3 or more
chips in total per condition from at least two independent,
i.e. executed on a different date, experiments. Statistical
significance is tested with an analysis of variance (ANOVA)
test and subsequent Tukey HSD test for individual
conditions, in software package R version 3.6.3.

CalceinAM (ThermoFisher) at 10 pM was used for
assessing  overall  viability, = ethidium  homodimer
(ThermoFisher) at 10 uM for late apoptotic cells and NucBlue
(ThermoFisher) at 8 drops per ml for nucleus identification.
Fluorescence images were obtained with GFP, Texas Red,
DAPI filter (ThermoFisher EVOS) at 10x.

For 96-well validation experiments, 10 x 10° cells in 100 ul
medium were seeded per well, attached overnight and
treatment added for 48 hours in 100 pl medium. Growth was
quantified with confluency analyses as described above.

Results and discussion
Microfluidic device design and cell seeding

The microdevice that we designed for our studies contained
two intersecting channels, separated by a transparent porous
membrane (Fig. 1). The top channels serves as the treatment
channel via active fluid flow, whereas the bottom channel
remains static and serves as the cell culture channel.
Dynamic drug concentrations are created by two separate
programmable syringe pumps. Tubing from these two pumps
is combined via an Y splitter and connects to the top
channel. Cells were seeded and analysed exclusively at the
intersection of the channels. To hold enough cells to limit
spiking errors and stochastic drug responses, a bottom and
top channel width of 2 mm, and therefore a culture area of 4
mm?, was chosen. This allows for culturing thousands of
cells at full confluency. In order to expose cells to dynamic
drug concentrations, diffusion time should be relatively short

Lab Chip, 2020, 20, 3167-3178 | 3171
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from the top channel to the bottom cell culture area. We
therefore designed a microfluidic system which has a bottom
channel of limited depth (0.5 mm). The top channel has a
depth of 1 mm, which combined with the bottom channel of
0.5 mm, satisfies the 1.2 mm medium column per 48 hours
rule of thumb for sufficient nutrients in static experiments.**
For seeding, 3000 cells in 5 ul were manually pipetted in the
bottom channel and were allowed to sink for 1-3 minutes.
Then a flow rate of 20 ul min~" was applied as cells then have
sufficient horizontal speed to locate under the membrane,
but upward flow is insufficient for lifting the cells from the
bottom (Movie S17).

Controlling dynamics of solute concentrations inside the
microfluidic chip

To study the control over the dynamic concentration of the small
molecule drug oxaliplatin in the top channel of the chip we
measured oxaliplatin in the outlet. The oxaliplatin concentration
measured in the outlet follows the administered oxaliplatin well,
with a deviation of less than 10% (Fig. 3a). As the bottom
channel is a sealed compartment, a direct measurement would
require local concentration sensing in the culture area, which is
not practically feasible for oxaliplatin and other drugs. Therefore,
we took the approach of tracking fluorescein, a fluorescent
molecule which behaves similar to the solute of interest, as an
alternative for direct sensing. To verify comparable diffusion
characteristics for fluorescein and oxaliplatin, a static diffusion
experiment was conducted, in which the top channel was loaded
with oxaliplatin and fluorescein, while the bottom channel was
loaded with PBS, and after 16 hours the bottom channel was
flushed and analysed with UV-vis spectrophotometry. Relative
diffusion of both solutes was equal from the top to the bottom
channel (Fig. S17).

Administered dose, outlet measurement

Administered concentration
2 Measured sample at outlet

0 1 2 3 4 5 6
Time (hr)
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PDMS allows for static drug exposure which is
methodologically closest to 96 well experiments, thereby
providing an intermediate step between well plate
experiments and dynamic/continuous flow chip experiments.
However PDMS is known to absorb certain drugs,*®
nevertheless oxaliplatin is not suspect for PDMS sorption
based on lipophilicity as expressed by octanol/water
coefficient (logP) of —0.47.>>"*” With UV-vis spectroscopy we
detected no absorption of oxaliplatin (Fig. S2+).

By applying fluorescein as a model compound, we studied
the time resolution of dynamic solute control, focusing on
three key parameters: dead volume lag time, equilibrium
time of the top channel and diffusion time to the bottom
channel (Fig. 2).

Dead volume lag time is defined as the time needed for a
new concentration of the solute to travel from the flow
splitter to the top channel over the cell culture area. Dead
volume comprises the volume of the common inlet tubing
(75 pl) and the first part of the treatment channel (10 pl). At
a flow rate of 10 ul min™" there would be a delay of about 8
minutes for the fluorescence signal to start, while at a flow
rate of 3 ul min™" this lag time would be about 28 minutes.
This was also confirmed by measurements of the dead
volume lag times in the system (Fig. 2b). The potential delay
caused by hydraulic resistance and capacitance is assumed
insignificant compared to the dead volume time and required
dosing time steps.

It also takes time to homogeneously fill the top channel
with the solute (Fig. 2¢). This equilibrium time is a result of a
parabolic flow profile in a square channel cross-section
causing Taylor dispersion of the solute along the channel
axis. These lags are flow rate dependent, as equilibrium is
achieved in 4, 6, 15 minutes for 30, 10, 3 pl min"" respectively
(Fig. 2c¢).

& Cell exposure simulation and in vivo profile
354
30 A — Administered concentration
% 25 - Cell exposure simulation
< 20- —  In-vivo like concentration
S 154
8 104
3 10
5 -
0 -

0 1 2 3 4 5 6
Time (hr)

Fig. 3 Administered, measured, simulated oxaliplatin concentration over time. (a) The measured concentration in the outlet is within 10% of the
administered concentration. Deviation from the administered concentration at * is due to collection of medium at the outlet for the first 30
minutes which combines the 30 and 12 uM steps, due to the detection limit. For the timing of sample collection taking dead volume into account
see Fig. S3.1 (b) Cell exposure is based on a numerical simulation taking into account drug administration, dead volume, channel filling and
diffusion lag. Cell exposure follows the in vivo like drug concentration over time closely. First six hours of 48 hour infusion schedule shown for

optical clarity.

3172 | Lab Chip, 2020, 20, 3167-3178

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0lc00419g

Open Access Article. Published on 30 July 2020. Downloaded on 10/24/2025 3:19:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip

After reaching equilibrium, variation in fluorescence over
the width of the channel is within 10%, illustrating the
homogeneity in the distribution of solute upon entry into the
chip (Fig. S4, S5 and S7).

To characterize the diffusion time to the bottom channel,
the bottom channel of the chip was loaded with fluorescein.
Any fluorescein diffusing into the top channel was washed
out by perfusing the top channel with PBS. A decrease of
50% of fluorescence was observed within 10 minutes,
independent of which perfusion rate was chosen for the top
channel (Fig. 2d). Remaining fluorescence after thirty
minutes is due to diffusion out of the areas of the bottom
channel adjacent to the cell culture area. Fluorescent images
supporting the data in Fig. 2, as well as a comparable
analysis for the fluorescent drug doxorubicin are provided in
Fig. S4-S6 and S13-S15.}

As dead volume lag can be controlled for, and the
combination of a typical top channel equilibrium time of 6
minutes with a diffusion time to the bottom channel of less
than 10 minutes for a 50% concentration reduction, the
typical half-life for fluorescein (and thus oxaliplatin) that we
can achieve in our system is within 20 minutes.

Delivering a pharmacokinetic concentration profile to the
microfluidic cell culture chamber

To expose cultured cells in a microfluidic chip to oxaliplatin
concentration  profiles that match the in vivo
pharmacokinetics, a short peak of 20 uM needs to be given
which declines over several hours to a lengthy exposure of 1-
2 uM (Fig. S17+).” Distribution half-life of oxaliplatin, i.e. the
time it takes from the peak dose to halve, based on
distribution of the drug from the vascular space to the
tissues, is ~20 minutes. This is the most constraining drug
concentration change, as a rapid rise can be induced by
using a higher concentration, while decline is limited by zero
concentration in the top dosing channel. Therefore
distribution half-life can be used as the minimally required
rate of concentration change for the chip-system. In the
previous section it was shown our chip can indeed achieve
50% of concentration reduction within 20 minutes.

The pump programming schedule for delivering
oxaliplatin to the cell culture chamber is based on the drug
concentrations found in vivo, taking dead volume, channel
equilibrium lag times and diffusion into account. During
phases of peak exposure and distribution half-life, a flow of
10 pl min™" was used to reduce top channel equilibrium
time, whereas for the remaining time a lower flow rate of 3 pl
min~" was used to conserve medium. The decrease in flow
rate was programmed after 1 hour to prevent extension of
dead volume time to coincide with a required steep
concentration decline. The lower flow rate still supplies an
abundance of oxygen and nutrients.’*?*

As Cpax peak exposure of 20 uM occurs after 15 minutes,
there is a need to administer a higher starting concentration
dose of 30 uM as the diffusion assay (Fig. 2) indicated that
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after 15 minutes 2/3rd of the fluorescein has diffused out,
which should mirror loading solute into the culture area.

Importantly, control over drug concentrations in the cell
culture chamber still needs to be translated to local
concentrations in the bottom of the chamber, where the
adhered cancer cells will grow. To estimate cell exposure in
the microfluidic chip with the programmed pumping, a
numerical simulation was used. As the membrane has a
random fibre like structure, experimental diffusion results
from the diffusion assay (Fig. 2b) were used to find an
equivalent large pore membrane with equal thickness with
numerical simulations. The best fit with experimental data
from the diffusion assay was obtained by using 20% (k = 0.2)
porosity (Fig. S107).

The modelled membrane was used as an input in a
numerical simulation of drug exposure of cells on the bottom
of the bottom channel, along with the following assumptions:
diffusion coefficient of oxaliplatin of 4.2 x 107® cm® s,
which is equal to fluorescein based on diffusion experiments
(Fig. S17), and top channel concentrations follow the
administration schedule with drug concentrations adjusted
for concentration change lags based on used flows.>”

The numerically simulated cell exposure follows the
in vivo blood concentrations measured (Fig. 3b). Deviation on
key pharmacokinetic parameters such as the area under the
curve (AUC), AUC of the first hour and the Cy,.x are within
20%, which we deem acceptable given the biologic variation
observed within and between studies and species.®® The
current approach of an administration schedule based on the
in vivo-like concentration, taking into account lags in
concentration change, works well. In the future we do
envision a formal transfer function to further ease translation
of the desired dynamic drug
administration schedule.

A limitation of the system is the inability to measure
drugs directly under the membrane in the cell culture area.
To ensure sufficient diffusion of the molecule to the cell
culture area when using a different drug than oxaliplatin,
non-absorbance and transport through the membrane and
bottom channel should be tested (Fig. 3a and S1, S2 and
S11t). The system is primarily intended for small molecule
drugs, typically with a molecular weight up to 1500 Da, and
diffusion coefficients in the range of 2.9-9.0 10°® ecm?® s .*°
Diffusion coefficients within this range have a limited
influence on diffusion time towards the cell culture area of
less than 5 minutes, which is acceptable depending on the
in vivo pharmacokinetic profile (Fig. S127).

concentration to an

Static oxaliplatin cancer cell growth inhibition in the
microfluidic chip

The developed microfluidic chip allows us to expose cancer
cells to controlled concentration profiles of oxaliplatin,
including those that mimic pharmacokinetics of the drug
in vivo. The colorectal cancer cell line HCT116 was seeded in
the cell culture area of the bottom channel, and its growth
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was tracked by brightfield microscopy. Methodologically
closest to standard laboratory 96 well growth inhibition is
static exposure. Static exposure on chip leads to a sensible
dose response effect, i.e. reduction of HCT116 cell growth in
increasing dosages of oxaliplatin (Fig. 4a). For 48 hours of 0
(control), 1, 10, 100 uM oxaliplatin exposure, growth versus
control is 100%, 100%, 40%, 10% respectively. The effect of
the drug is statistically significant for 10 and 100 pM
oxaliplatin versus control. Starting confluency for control, 1,
10, 100 pM oxaliplatin were between 0.2 and 0.3 on average
for all conditions and differences were not statistically
significant (Fig. S167).

To confirm the dose-response effect, a calcein/ethidium
homodimer (‘live-dead’) staining after drug exposure was
performed. The results showed lower growth and higher late
stage apoptosis at 10 and 100 uM oxaliplatin and a general
loss of viability at 100 uM oxaliplatin (Fig. 4c).

It must be noted that static on-chip administration of
oxaliplatin leads to an effective dose that is 25% lower than
the administered dosage. This is due to the fact that the drug
is only introduced in the top channel, after which it diffuses
into the bottom channel, thereby diluting the administered
dose.

On-chip cell growth versus control was comparable to
internal and external 96 well results for 10, 100 puM
oxaliplatin (Fig. S181)." Growth versus control for 1 uM
oxaliplatin treatment is higher on chip. Besides the 25%
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lower actual drug concentration in the cell chamber, this is
primarily driven by a lower growth rate of cells under control
conditions in the chip (Fig. S187).

Altered baseline cell growth in microfluidic devices versus
macroscale culture is common.*! A specific potential
explanation for our chip system is that a confluency read-out
based on brightfield microscopy typically underestimates cell
numbers at high confluency.*> This effect is more
pronounced with less homogeneous seeding, which could
occur on chip compared to 96 well plates. This explanation is
supported by the observation that a typical control
confluency increase of 20% to 50% (2.5%) based on analysis
of brightfield images is matched by a 3.5 fold increase in cell
nuclei (Fig. S197).

Other potential, but more difficult to quantify, factors
could contribute to the control growth difference. Besides
less confluency growth compared to DAPI nucleus count
based growth, less homogeneous seeding can also lead to
slower actual cell growth. Also PDMS can leach uncured
molecules and absorb growth factors, which has been
implicated in lower microfluidic baseline cell growth.*!

A comparison to macroscale culture helps understand the
effect of the microfluidic chip system on cell growth
(inhibition) versus a 96 well plate. However 96 well plate
results are an imperfect gold standard for both control and
treated tumour growth as in vivo, tumours grow much slower
than in well plate experiments. As an indication, an estimate

Fig. 4 Treatment of human colorectal cancer cells in the microfluidic chip with static concentrations of oxaliplatin leads to growth inhibition and
cell death. (a) Average 48 hour confluency growth relative to control is 1.0 for control, 1.0 for 1 uM, 0.4 for 10 uM, 0.1 for 100 uM. Error bars are
standard error of the mean (SEM). N = 3-5 per treatment condition. *p < 0.05 versus control. (b) Brightfield images show lower cell density and
less spreading with increasing dosages. Scale bar 20 um. (c) Staining shows lower growth and increasing apoptosis with higher concentrations,
and general loss of viability at 100 pM; cell nuclei (NucBlue/Hoechst 33342, blue), viability (calcein AM, green), late stage apoptosis (ethidium

homodimer, red). Scale bar 200 pm.
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of tumour doubling times for colorectal carcinoma is 4
months, while doubling time in a 96 well plate for HCT116
colorectal cancer cells is 21 hours.”*

In summary, the chip-system displays a clear dose
response effect for oxaliplatin which corresponds well with
96 well results, albeit with a lower sensitivity for (sub)
micromolar oxaliplatin concentration. Still, the growth
reduction sensitivity at dosages higher than 1 uM provides
the opportunity to test in vivo-like drug concentrations.

Growth inhibition by in vivo-like concentrations of
oxaliplatin in the microfluidic chip

To test the effect of an in wvivo-like concentration of
oxaliplatin, published pharmacokinetic data of oxaliplatin
blood concentration over time were translated into a drug
administration schedule and infused into the chip treatment
channel by syringe pumps (Fig. 5a and S171).”> Cell growth
relative to control is 60% of control (Fig. 5¢). The difference

is statistically significant with a significance of p < 0.05.
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Hence the microfluidic chip-system is able to detect a
significant growth reduction when applying an in vivo-like
concentration of a clinically approved drug.

Using concentration profiles to find the pharmacokinetic
driver of efficacy of oxaliplatin

The dynamic control over drug concentrations that our
system provides can be used to perform detailed studies on
the role of pharmacokinetic parameters in drug efficacy. For
example, to our knowledge, it is not experimentally verified
whether the peak concentration (Cp,ax) is the major driver of
efficacy of oxaliplatin, or whether continuous exposure to the
average in vivo concentration over 48 hours would lead to
higher growth inhibition.

To investigate whether the Cp,,x Or continuous exposure is
more effective we compare the efficacy of two treatment
schedules: one without a peak but with the average in vivo
concentration of 2.5 uM over 48 hours. This concentration
results in an area under the curve (AUC) equal to the AUC of

b Pharmacokinetic driver schedules
35
3097 — 2.5 pM cont. gg_
S 254 — Peakonly &
£ 204 1
k) 5
£ 151 0 ;
0]
5 -
0 T T T T T T T
0 6 12 18 24 30 36 42 48
d Time (hr)

Control Peak only

In vivo like - * =3

Fig. 5 HCT116 growth under in vivo-like oxaliplatin concentrations and pharmacokinetic driver exploration. (a) Administration schedule of the
in vivo-like drug concentration over time. (b) Administration schedules for 2.5 uM oxaliplatin continuous, which leads to an equal AUC as the
in vivo-like administration, and a peak only administration, which leads to an equal C,,.x as the in vivo-like administration. (c) Confluency growth
of cells treated with dynamic drug concentrations. In vivo-like, oxaliplatin concentration growth is 60% of continuous medium perfusion (control).
In vivo-like and 2.5 uM continuous have a significant lower growth than control, whereas peak only does not. N = 3-5 per treatment condition, n =
8 for control. Error bars are SEM. *p < 0.05 versus control growth. (d) Staining shows mostly live cells, with limited late-stage apoptosis for the
in vivo-like exposure. Cell nuclei (NucBlue/Hoechst 33342, blue), viability (calcein AM, green), late stage apoptosis (ethidium homodimer, red).
Scale bar 200 pm.
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the in vivo concentration profile of 120 uM h. And the second
schedule with only the peak exposure but without (90% of)
the AUC, ie. after the first 30 minutes of the in vivo-like
administration  schedule containing the 30 uM
(administration) peak, 47.5 hours of medium perfusion
(Fig. 5d).

When 2.5 pM oxaliplatin is continuously administered,
confluency growth is 40% of control, with a statistically
significant difference versus control growth. If peak exposure
only is administered cell growth is higher at 70% of control,
and the difference versus control growth is not statistically
significant. This implies continuous exposure is a more
important pharmacokinetic driver of efficacy than peak
exposure in our model. Retaining or even improving efficacy
with constant exposure without a peak could be relevant for
drug dose schedule optimization, as clinical experience
suggests prolonging oxaliplatin infusion time from 2 to 6
hours reduces side effects.’

A potential explanation for efficacy improvement through
constant exposure could be the time needed for oxaliplatin to
enter the cell and exert its main effect through binding to
DNA at sufficient levels. Transport across membranes and
DNA binding can be relatively slow, as time to equilibrium
intracellular concentration could take as much as 24 hours at
a stable extracellular concentration for HCT116 cells.***
When peak exposure is very short compared to time needed
for equilibrium, as is the case for a 30 minute peak versus a
24 hour equilibrium, achieved DNA bound oxaliplatin will be
relatively low. Growth inhibition will then be low as well, if
peak DNA bound oxaliplatin determines growth inhibition,
as is suggested for cisplatin.” However shorter equilibrium
times have been found for other cell lines,*® which could lead
to a higher effect of a peak exposure. Furthermore potential
off-target (desired) effects could also change the relative
contribution of peak and continuous exposure, especially if
the pharmacokinetic-pharmacodynamic relation is different
for on-target and off-target binding.

Hence for guiding drug schedule optimization, e.g. bolus
versus extended infusion times, several in vitro and in silico
models should ideally be combined in a single study. Besides
combining these assays, the chip system could incorporate
other potentially relevant biological factors. Administered
dosages could be corrected for in vivo protein binding as
drug effectiveness is likely caused by free drug
concentrations.”” Also the cell chamber can be adjusted to
mimic the tumour microenvironment. E.g. by introducing
different cell types, 3D structures and nutrient variation. By
leveraging recent advances in organ-on-chip and cancer-on-
chip technology, the in vitro-in vivo gap can be further
reduced.”®

Conclusions

In this study we have administered a dynamic, in vivo-like,
drug concentration of first line drug oxaliplatin to colorectal
cancer cells in a microfluidic device. Growth (inhibition) was
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measured label free on chip. We found significant growth
inhibition of oxaliplatin at an in vivo-like dose, primarily
driven by continuous exposure and not maximum
concentration (Cpax). Hence microfluidics, with its ability to
control geometries, flow and concentrations, enables
mimicking in vivo-like drug concentrations in cell culture
experiments.  This is an  emerging field in
microfluidics.'*'>?°"** We contribute to this emerging field
by offering an alternative technology to induce and validate
dynamic dosing, test a drug used in the clinic, and translate
clinical pharmacokinetics to technical requirements. We
foresee use of this technology in the drug discovery process,
for example in the lead optimization process where a handful
of drugs are tested and optimized in in vitro and in vivo
models. The device could aide in optimization and selection
of compounds, based on pharmacokinetics found in mice. In
the device also additional cell lines and concentration
profiles could be tested. In general, the described
microfluidic technology could be used for (i) increasing the
mechanistic and predictive translational quality of in vitro
models, including advanced microfluidic organ-on-a-chip
and cancer-on-chip models,"””*** (i) finding the
pharmacokinetic driver of efficacy and optimizing dosing
strategies, and (iii) screening and selection of novel and
repurposing drugs.
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