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provides mechanistic insight into the underlying biochemical processes. Due to the recognized
importance of preserving the natural diffusion processes within the local microenvironment, mea-

surement approaches which provide uptake rate and local surface concentration of adherent cells
in static media are needed. This paper reports a microelectrode array device and a methodology
to measure uptake kinetics as a function of cell surface concentration in adherent 2D cell cultures
in static fluids. The microelectrode array simultaneously measures local concentrations at five
positions near the cell surface in order to map the time-dependent concentration profile which in
turn enables determination of surface concentrations and uptake rates, via extrapolation to the
cell plane. Hydrogen peroxide uptake by human astrocytes (normal) and glioblastoma multiforme
(GBM43, cancer) was quantified for initial concentrations of 20 to 500 uM over time intervals of
4000 s. For both cell types, the overall uptake rate versus surface concentration relationships ex-
hibited non-linear kinetics, well-described by a combination of linear and Michaelis-Menten mech-
anisms and in agreement with the literature. The GBM43 cells showed a higher uptake rate over
the full range of concentrations, primarily due to a larger linear component. Diffusion-reaction
models using the non-linear parameters and standard first-order relationships are compared. In
comparison to results from typical volumetric measurements, the ability to extract both uptake
rate and surface concentration in static media provides kinetic parameters that are better suited
for developing reaction-diffusion models to adequately describe behavior in more complex cul-
ture/tissue geometries. The results also highlight the need for characterization of the uptake rate
over a wider range of cell surface concentrations in order to evaluate the potential therapeutic role
of hydrogen peroxide in cancerous cells.

1 Introduction

In studies involving uptake or release of selected extracellu-
lar analytes, determination of kinetic information is vital to
move from phenomenological descriptions to mechanistic insight
on fundamental cellular processes,! such as signalingZ® and
metabolism.”8 Simultaneous measurement of uptake/release
rates and concentrations at the cell surface has generally involved
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adherent cell cultures in stirred fluid or suspended cells in static
fluid. While these configurations can be characterized using vol-
umetric approaches, the chemical microenvironment, which in-
cludes natural diffusion of chemical species, local depletion of
consumed analytes, build-up of byproducts, and availability of
cell-secreted soluble factors,® 1! is altered by the stirring or the
distributed nature of cells in suspension. 12 Approaches which bet-
ter maintain the natural diffusion processes within the microen-
vironment, e.g., adherent 2D cell cultures in static media, can in
principle account for the influence of the chemical microenviron-
ment on the cell behavior. However, the relevant concentration in
static media is the concentration at the cell surface, which can be
significantly different from the concentration yielded by volumet-
ric approaches. To address this problem, this paper presents time-
resolved measurements of gradients and concentrations within
few hundred of um from adherent 2D cell cultures in static media
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to simultaneously determine concentrations and uptake rates at
the cell surface. The ability to simultaneously determine surface
concentration and uptake rate can provide mechanistic insight
beyond first-order reaction kinetics, enable development of more
sophisticated diffusion-reaction models, and potentially help ex-
plain the differences in cell behavior in 2D versus 3D cultures.

As a representative example, as well as the focus of this paper,
consider the cellular uptake of hydrogen peroxide (H,0,), a re-
active oxygen species (ROS) that plays a vital role in the normal
cell functioning when tightly regulated®13-16 and is associated
to neurodegenerative diseases 17 and cancer onset® when dysreg-
ulated. The uptake rate of H,O, (Ug), defined as the number
of H,0, molecules transported across the plasma membrane per
unit time per cell (or per unit mass of protein), has been widely
studied in bacterial,!® fungal®>!? and mammalian cells, 15-20-32
including brain cells such as neurons, astrocytes and glioma cells.
Neurons have the highest glycolytic rate in brain and are a major
producer of ROS, including H,0,,3? but the cooperative coupling
of neurons with astrocytes neutralizes H,0,.2%3435 Glioblastoma
multiforme (GBM) is the most aggressive form of brain cancer, 36
originated from astrocytes37 and, like astrocytes, express similar
mechanisms to scavenge H202.38 Maintenance of ROS levels in
GBM is pivotal since high oxidative stress aids malignant progres-
sion but insufficient regulation results in cytotoxicity.3? GBM re-
liance on antioxidant defenses to control metabolically-associated
ROS, including H,0,, is a vulnerability which could be exploited
therapeutically®4° and therefore has motivated the recent inter-
est in characterization of H,O, uptake rate of cancer vs. normal
cells. 8:27,32,41,42

While many studies on H,O, uptake by various cell types have
focused on the low concentration range where the uptake rate fol-
lows first-order kinetics, i.e., the uptake rate is proportional to the
concentration, 1>20-22-2743 other studies have extended the con-
centration range and found that uptake rate exhibits a non-linear
dependence on concentration for various cell types, including as-
trocytes and glioma cells. 2832 Separate determination of enzyme
activities allowed this behavior to be ascribed to a combination of
linear kinetics due to catalase (CAT) and Michaelis-Menten kinet-
ics due to glutathione peroxidase (GPx1).%8-32 Since these obser-
vations were obtained with adherent cell cultures in stirred fluid,
it is thus desirable to arrive at the same results but in static media.

Dynamic mapping of the concentration profile near the cell sur-
face allows for determination of surface concentration (Cg) and
surface gradient (Gg) by extrapolation to the cell plane. Sur-
face uptake flux (Fg) is derived from Gg using Fick’s law. Avail-
able fluorometric assays for extracellular H,O, detection (see re-
views4447) have not been used to dynamically map concentra-
tion profiles. The most popular fluorometric assays, 10-acetyl-
3,7-dihydroxyphenoxazine and boronate-based probes, are irre-
versible and therefore measure cumulative bulk effects rather
than real-time local concentrations. %4849 In contrast, elec-
trochemical techniques like scanning electrochemical microscopy
(SECM) °9-54 and self-referencing vibrating probe (SR)°>! can
map concentration profiles perpendicular to the surface of 2D cell
cultures57:60:62 but are generally limited in terms of the over-
all measurement time required to obtain multi-point concentra-
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tion measurements over relevant spatial scales, without perturb-
ing the solution around the probe tip.>0-57-63 Electrochemical
techniques based on microelectrode arrays (MEAs) ®+81 can pro-
vide real-time, customizable (in time and space) measurement
capabilities and are more amenable to miniaturization, automa-
tion, and lab-on-a-chip integration,””-82:83 which are desirable
features for applications like point-of-care, microfluidic cell cul-
tures, high-throughput drug screening, and space missions. MEAs
have been generally utilized for 2D imaging of ex-vivo tissue and
multi-point detection of cellular exocytotic release. Recently, MEA
geometries and measurement approaches suitable for real time
measurement of multi-point concentrations/gradients near aero-
bic granules and 2D cell cultures have been reported. 681

In this study we have utilized a MEA-based approach to mea-
sure the time-dependent local concentration of H,O, at multiple
spatial locations near the surface of adherent 2D cell cultures of
human astrocytes and glioblastoma multiforme (GBM43) cells in
unstirred solutions. At each time point, the spatial profile is ex-
trapolated to the cell plane to determine the corresponding Cg
and Gg. Experiments over a range of initial concentrations (20-
500 uM) allow determination of relationships between Up and
Cg. For both cell types, we found that the uptake rate is non-
linear with the cell surface concentration, and this behavior is de-
scribed by a combination of linear and Michaelis-Menten kinetic
mechanisms, in agreement with observations from astrocytes and
glioma cells from rat.32 The obtained kinetic parameters describe
the concentration dependence of the uptake rate and therefore
can be used to refine reaction-diffusion models of antioxidant
metabolism. Our results point to the need for characterization of
Uy over a wider range of Cg whenever H, O, plays a role as a ther-
apeutic agent against cancer. Altogether, the MEA, methodology
and experimental results constitute a proof-of-concept of on-chip
characterization of H,0, uptake kinetics of cancer vs. normal
cells.

2 Experimental

2.1 Reagents

Human cerebral cortex astrocytes, astrocyte medium, cell freez-
ing medium and 10 mg/ml poly-L-lysine were purchased from
ScienCell Research Laboratories (Carlsbad, CA). Dulbecco’s Mod-
ified Eagle’s Medium (DMEM) and EDTA solution were purchased
from Life Technologies (Carlsbad, CA). Astrocyte medium con-
tained 500 ml of basal medium, 10 ml of fetal bovine serum
(FBS, Cat. No. 0010), 5 ml of astrocyte growth supplement (AGg,
Cat. No. 1852) and 5 ml of penicillin/streptomycin solution (P/S,
Cat. No. 0503). Glucose solution (50 ml of 200 g/L) and cham-
bered coverglass systems with 1.0 borosilicate glass and 4-wells
were purchased from Thermo Fisher Scientific (Waltham, MA).
Hydrogen peroxide 30% (w/w) was purchased from Alfa Aesar
(Ward Hill, MA) and phosphate buffer saline (PBS) pH 7.4 was
purchased from Sigma-Aldrich (St. Louis, MO).

2.2 MEA design, fabrication and characterization

The 1D MEA array consists of five electrodes (10 um x 10 pm)
with inter-electrode separation of 140 um center-to-center such

This journal is © The Royal Society of Chemistry [year]
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Table 1 List of symbols and units

Analyst

Symbols Definition and Units

C(z,1) Concentration of H,0, as a function of position z and time t (uM)

Co Initial concentration (M)

Cg Surface concentration (uM)

Chulk Concentration at the air/solution interface (uM)

Gg Surface gradient (uM um~")

Fg Surface uptake flux (pmol cm~2 s~1)

Ur Uptake rate (fmol s~! cell™!)

kg Uptake rate factor, defined as the ratio Up/Cg (L s~!cell ™)

k, Rate constant of the linear kinetic mechanism (L s~! cell™!)

Jo Saturation rate of the Michaelis-Menten kinetic mechanism (fmol s~! cell™!)
k, Concentration at Jo/2 (uM)

Kops Observed rate constant during volumetric sampling (s~!)

Keen k,ps Normalized by the number of cells per unit volume of solution (L s™! cell™!)
A Culture area (cm?)

N Number of cells (cell)

\% Volume of solution (L)

that the spatial range of the gradient measurements is 560 um
(Fig. 1). Electrodes are located very close to the bottom edge of
the silicon die and are designated E1, E2, E3, E4 and E5. Relative
to the bottom edge of the die, E1 and E5 are the closest and the
farthest electrodes, respectively. Fig. S-31 provides details of the
microfabrication process. Platinum black was electrodeposited
to increase the sensitivity of the electrodes, using reported pro-
tocols. 61:84 Electrodes were characterized for H, 0, response by
performing cyclic voltammetry and amperometry in unstirred so-
lution, finding sensitivity variations from electrode to electrode
(21.8%) and from experiment to experiment (2.5%). The effects
of these sensitivity variations are minimized via in situ transient
calibrations where calibration factors are acquired immediately
prior to the measurements near the cell surface.®! No additional
functionalization was required to achieve selectivity for H,0, in
the medium consisting of glucose and buffered inert electrolyte
(phosphate buffer saline), a composition commonly found in the
literature, 2432,43.85-90 Control experiments (Fig. S-11) showed
that background signals measured for astrocytes and GBM43 in
PBS/glucose (without H202) were smaller than the signal mea-
sured during exposure to 20 uM H,0,. The relative sensitivities
of the electrodes to H,0,, glucose and lactate were also char-
acterized (Fig. S-27), and the selectivities of H,0, with respect
to glucose and lactate were found to be 1130 and 437, respec-
tively. In general, changes in metabolic activity upon exposure to
H,0, would change the magnitude of background signals. Re-
ports from the literature can be used to estimate the relative ef-
fects. The exposure of rat astrocytes to a sustained concentration
of 50 uM H,0, for 2 hours has been reported to reduce both
glucose uptake and lactate release.”! While some types of can-
cer cells release H,O, due to oxidative stress, >3 no release of
H,0, by human glioblastoma cells has been observed upon ex-
posure to H,0,.%* Therefore, for cells in PBS/glucose with or
without H, O, the response due to cellular release of interferents
(if any) is expected to be below the magnitude of the signals mea-
sured for H,0,, even for the smallest H,0, concentration in this
study.

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 MEA simultaneously measures concentrations at five
positions near the surface of cells in 2D cell culture. (A) Photograph
of a representative MEA. 10 platinum microelectrodes, 10 um x 10 um
each, are arranged in a one-dimensional array, with the five electrodes
indicated by arrows used in experiments, thus yielding a pitch of 140
um. Scale bar is 100 um. (B) Photograph of a representative culture of
human astrocytes on a 2D surface. Scale bar is 100 um. (C) Schematic
of the experimental setup (not drawn to scale) illustrating how the five
MEA electrodes acquire five spatial data points of the concentration
profile near the cell surface. The MEA packaging allows positioning of
E1 at 110 um from the cell surface.

2.3 Apparatus and method for spatio-temporal resolution of
gradients
The schematic diagram in Fig. 1(C) illustrates a reaction-diffusion
system comprising a 2D cell culture (astrocytes or GBM43) sur-
rounded by H,0O, solution and having five MEA electrodes ar-
ranged perpendicularly to the cell culture plane. Each electrode
in the MEA operates amperometrically due to the application of a
potential that drives the electrooxidation of H, 0O, at the electrode
surface and results in an electrical current proportional to the lo-
cal concentration of H,O,. The MEA electrodes were individually
addressed by dedicated potentiostats (Reference 600, Gamry In-
struments Inc., Warminster, PA) using shared counter and refer-
ence electrodes. The counter electrode was a platinum wire of 0.5
mm diameter and the reference electrode was Ag/AgCl (sat’'d 3M
NaCl), both purchased from BASI Inc. (West Lafayette, IN). Un-
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less stated otherwise, all potentials are referred to the Ag/AgCl
(satd 3M NaCl) reference electrode, and all experiments were
performed at room temperature. The 1D arrangement of the MEA
electrodes allows mapping of the concentration profile over a spa-
tial range of 560 um. The sampling period of each electrode was
set at 0.5 s. The measurements were run in a sequence of steps, as
follows. Initially, no intentional H, O, was in the culture medium.
Upon exposure to H,0, at t = 0 s, the cells immediately begin up-
taking H,0, and this uptake generates a transient concentration
gradient in the direction perpendicular to the cell culture plane.
As it is usual in amperometric measurements, the signals must
be conditioned for some time such that the diffusion field around
each electrode is reasonably stable. In the present study the con-
ditioning time is 300 s and begins by biasing the electrodes 30 s
after H, 0, exposure. During the conditioning time the MEA chip
edge is at 5 mm from the cell surface, and just at the end of this
conditioning time (i.e., at t = 330 s) the chip edge is positioned
at 30 um from the cell surface using a XYZ motion control system
(Applicable Electronics, New Haven, CT). This movement of the
MEA chip from 5 mm to 30 um takes 4 s. The relevant data is
thus acquired from t = 334 s onwards and the electrode closest
to the cell surface (i.e., electrode E1) is located at 110 um from
the cell surface, as illustrated in Fig. 1. The amperometric signals
measured at t = 330 s and the bulk initial concentration of H,0,
provided the information to compute the calibration factors for
the electrodes, as reported elsewhere. 8!

2.4 Astrocyte cell culture

Human cerebral cortex astrocytes arrived from ScienCell (Carls-
bad, CA) cryopreserved at passage one. Astrocytes were ex-
panded and maintained according to the company’s protocol.
For each measurement of H,O, consumption, passage-three as-
trocytes (5.0 x 10* cells cm~2) were seeded onto poly-L-lysine-
coated chambered coverglass 4-well systems and incubated for
two days in a humidified atmosphere at 37 °C with 5% CO,.
Medium was replaced with fresh astrocyte medium one day af-
ter seeding. H,O, uptake rate was measured after two days of
incubation. By this time, cultures had grown to approximately
1.2 x 107 cells cm~2. This number was calculated from a growth
curve of three human astrocyte cultures (5.0 x 104 cells cm™2)
counted each day of incubation for three days. The doubling time
was calculated to be 1.547 days. The exponential fit of the cell
counts had an R? > 0.99. Cells were counted by hemocytometer
and viability was determined through Trypan Blue Exclusion. In-
dividual cell counts for each culture were acquired immediately
following each measurement.

2.5 Glioblastoma cell culture

Primary patient-derived GBM43 cells were provided by Dr. Jann
Sarkaria (Mayo Clinic, Rochester, MN) and have been described
prior.?> Cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 10% fetal bovine serum in humid-
ified atmosphere at 37 °C with 5% CO,. Cells were propagated
in T75 flasks and fed with growth media every other day. Cells
were enzymatically dissociated using 0.25% trypsin/0.5 mmol
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L' EDTA solution and passaged every 3 days. For each mea-
surement of H,O, uptake rate, propagated GBM43 cells were
trypsinized and plated at a density of 10° in 1 mL of growth me-
dia in 12-well plates (Corning Costar 3515). H,O, uptake rate
was measured after the cells had grown to confluency over 3 to 4
days. Cells were counted by hemocytometer and viability was de-
termined through Trypan Blue Exclusion. Individual cell counts
for each culture were acquired immediately following each mea-
surement.

2.6 Cell imaging and preparation for MEA measurements

Prior to exposing cultures to H,0, and measuring uptake rate,
cultures were imaged at 100X magnification with ToupView then
washed twice with 5.5 mM glucose in PBS (pH 7.4). The culture
wells were then filled with 0.3 ml (astrocytes) or 1 ml (GBM43) of
5.5 mM glucose in PBS. Next, the culture wells and MEA were put
in position for measurement. Finally, 1.2 ml (astrocytes) or 2 ml
(GBM43) of PBS with 5.5 mM glucose and H,0, was added, so
the resulting H,O, concentrations were 20, 60, 100, 200, 300 or
500 uM in total volumes of 1.5 ml (astrocytes) or 3 ml (GBM43).
The corresponding surface area and height of the liquid were 1.8
cm? and 0.83 cm (astrocytes), and 3.8 cm?and 0.79 cm (GBM43),
respectively. Following each measurement in H, O, solution, cells
were imaged again. Fig. S-47 shows representative pictures of
astrocyte and GBM43 cultures before and after exposure to 500
uM H,0,.

2.7 Viability assays

Live/dead assay of astrocyte and GBM43 was used to assess vi-
ability of cells after 2 hours of H,O, exposure. Cultures were
treated in one of four ways: (1) 2 hours in PBS with 5.5 mM glu-
cose, (2) 2 hours in PBS with 5.5 mM glucose and 500 uM H,0,,
(3) 20 minutes in formalin (negative control), and (4) directly as-
sayed without treatment (positive control). Following treatment,
cultures were stained with CellTracker Green (live stain) and
propidium iodide (dead stain) (Thermo Fisher Scientific). Im-
ages were obtained using confocal fluorescence microscopy with
model FV1000 (Olympus). Fig. S-51 shows the results. Two hours
in 500 uM H,0, had no apparent harmful effect on glioblastoma
viability (Fig. S-5(H)T). On the other hand, two hours in H,0,
caused a fraction of astrocytes to lose adherence and thus being
washed away during the live/dead assay, which would explain
the apparent reduction in cell confluence (Fig. S-5(D)f). How-
ever, the astrocytes that remained adhered were viable.

2.8 Simulation details and numerical model

Since the concentration field induced by cellular uptake of H,O,
is one dimensional, i.e., perpendicular to the plane of cell culture,
the simulation geometry consisted of a one-dimensional domain
with length L equal to the distance between the cell surface and
the solution/air interface, as shown in Fig. S-61. The diffusion
equation (1) is solved numerically using Comsol finite element

software,

aC(z1) 9°Clar)
B =D 272 M

This journal is © The Royal Society of Chemistry [year]
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where C(z,r) is the concentration of H,0, as a function of po-
sition z and time 7, and D = 1.71x 1072 m? s~! is the diffusion
coefficient of H,0,.%® The boundary condition at the cell surface,
located at z = 0, is set by Uy which is a function of Cg, as given
by Eq. (2),

Dé dC(z,1)

=Ugr =kp(Cg)-C 2
N9z | r =kr(Cs)-Cs @)

where A is the culture area and N is the number of cells. The
Cg dependent uptake rate factor k;(Cg) is defined as the ratio
Ug/Cg. As discussed in Section 3.4, the Uy vs. Cg relationship for
each cell type is determined from experiments at multiple initial
concentrations C,, and ky(Cg) is expressed in units of L s~ cellL.
The boundary condition at the air/solution interface is set to zero
flux, as given by Eq. (3).

dC(z,1)

D
az z=L

=0 3)

For each cell type, simulations were performed at the same values
of Cy used in the experiments, i.e., C(z,0) = C, where C; = 20,
60, 100, 200, 300 or 500 uM.

3 Results

3.1 Real time acquisition of transient concentrations at mul-
tiple positions from the cell surface

Fig. 2 shows representative concentration transients measured in
real time at the electrode positions during experiments wherein
the cell cultures of astrocytes and GBM43 are exposed to G, of
100 uM H,0,. Electrodes are labeled as E1 through E5, with E1
and E5 denoting the electrodes nearest to and farthest from the
cell surface, respectively. These signals were acquired with sam-
pling period of 0.5 s and were neither filtered nor averaged over
time. Corresponding results for C, of 20, 60, 200, 300 and 500
uM H,0, are included in Fig. S-7f. The relative values of the
concentration amplitudes (E1 < E2 < E3 < E4 < E5) indicates
the presence of a gradient in H,O, concentration due to cellular
uptake. The recorded concentration transients shown in Fig. 2
provide the information required to dynamically map the concen-
tration profile of H,0, and determine the corresponding uptake
kinetics.

3.2 Mapping of the dynamic concentration profile from ex-
perimental data
Fig. 3 shows concentration as a function of distance from the cell
surface at selected time points for both astrocytes and GBM43
cells exposed to C, of 100 uM H,0,. Solid symbols are exper-
imental data points obtained from the MEA electrodes (E1-E5)
at the indicated time points. The solid red lines represent fits at
the corresponding time points, discussed later. Collectively, the
data points indicate the evolution of C(z,t) measured over a spa-
tial scale of ~700 um and for various time points between 360
and 4000 s. Although the concentration at each electrode was
sampled every 0.5 s, as shown in Fig. 2, C(z,¢) is only shown for
selected time points for the sake of clarity. Corresponding results
for C, of 20, 60, 200, 300 and 500 uM H, O, are included in Fig.

This journal is © The Royal Society of Chemistry [year]
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S-67.

The uptake of H,O, at the 2D cell surface depletes the analyte
nearby and therefore induces a one-dimensional concentration
gradient extending continuously into the bulk solution. Overall,
the GBM43 cells exhibit higher H,0, U than the astrocytes since
the concentrations near the surface of GBM43 cells are smaller
than those of astrocytes. While a nonlinear C(z,t) was observed
for both cell types at early times (0-500 s), non-linearity is more
evident in GBM43 cells due to higher U. Beyond 500 s, the C(z,?)
over the spatial scale addressed is linear for both cell types.

100 1 1 1 1
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80

60 +

40

20 [
Astrocytes
0 1000 2000 3000 4000

60

40

Concentration at electrode positions (uM)

20+

0 GBM43
0 1000 2000 3000 4000

Time (s)

Fig. 2 Curves are representative measurements of local
concentrations at the positions of the electrodes E1-E5 (located
within 700 um from the cell surface) for astrocytes (A) and GBM43
(B) exposed to C, of 100 1M H,0,. The sampling period is 0.5 s and
no filtering nor moving-window averaging is performed on the acquired
signals. A 330 s interval between addition of H,O, (t = 0 s) and start of
measurement allows stabilization of electrode response, and in-situ
calibration technique described in text utilizes the current at each
electrode at the end of that interval. The order in the amplitudes of the
signals, E1 < E2 < E3 < E4 < E5, indicates the presence of a
concentration gradient since E1 and E5 are the closest and farthest
electrodes from the cell surface, respectively. Measurements were
conducted with astrocytes and GBM43 cells at various initial
concentrations, as described in text.

For each time point, Cg and Gg can be obtained via extrapola-
tion of the concentration to z = 0 and calculation of the corre-
sponding gradient, respectively. Considering the nonlinear C(z,t)
observed in the experimental points in Fig. 3, particularly at ear-
lier time points, a simple linear extrapolation does not provide
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accurate values for Cg and Gg. In order to provide an expres-
sion which better fits the experimental data and can be directly
related to physical parameters, a general form of an expression
describing a first-order irreversible reaction at a planar electrode
in contact with a semi-infinite volume of solution®’ (see discus-
sion and original expression in ESI{) was employed,

C(z) = A1 [1 +Azerfc(Asz)] @

where A;, A, and A, are fitting parameters. Eq. (4) was used
to fit the experimental concentration versus distance data at time
points spaced by 10 s. Fig. 3 shows the fitted curves (solid red
lines) corresponding to the experimental data sets presented in
the figure. In the current study, the depth of the solution is finite
and the 2D monolayer of cells is expected to act as H,0, sink ex-
hibiting kinetics beyond first-order; hence the fitting parameters
A;, A, and A, will have somewhat different but related physi-
cal interpretations from the original expression. The fitting was
performed at each time point independently, without carrying any
information over from prior time points, and the obtained best fits
consistently provided R? > 0.99 at every time point for all the ex-
periments: 36 experiments in total; 18 experiments for each cell
type, comprising triplicates of 6 initial concentrations. The exper-
imental results were also fitted by linear regressions (not shown),
resulting in R? values within 0.79-0.95 and therefore confirming
that fitting to a well-established diffusion-reaction model is better
than simple linear regression.

3.3 Determination of surface concentration and gradient
from experimental data

Once A;, A, and A, are determined for a given time, the cor-
responding Cg(t) and Gg(t) can be obtained using expressions
developed from Eq. (4), namely

C(z,1)|,—g =Cs(t) = A1 + Az (5)
8C(z,t) - . 72A2A3
97 .o =Gs(t) = NG (6)

Curves of Cg and Gg versus time are determined using (5) and
(6), respectively, for all the experiments performed in this study.
The triplicate curves of Cg and Gg for each initial concentration
are combined into averaged curves, and these averaged curves
are indicated by solid lines in Figs. 4 and 5, respectively, for as-
trocytes and GBM43 cells exposed to C, of 20, 60, 100, 200, 300
and 500 uM H,0,. The error bars indicate standard deviation
of the averaged curves (n = 3). The dashed lines in Figs. 4 and
5 represent the results of simulations for the corresponding C,,
discussed later. Gg is presented in units of uM um~! to facilitate
physiological interpretations but other relevant units such as mol
cm~* can be obtained using appropriate conversion factors. Using
the H, 0, diffusion coefficient from the literature, 96 the Gg values
are converted into surface fluxes (Fg) as indicated by the corre-
sponding scale in Fig. 5. Considering the whole spectrum of C,
from 20 to 500 uM, astrocytes show less uptake than the GBM43
cells. Although both astrocytes and GBM43 cells showed changes
in morphology after exposure to 300 and 500 uM H, 0O, (see Fig.

6| Journal Name, [year], [vol.],1-13

S-47), the cells kept consuming H,O,, highlighting the robust na-
ture of the oxidant scavenging mechanisms present in both cell
types. Separate live/dead stains (see Fig. S-57) performed on
the cells after exposure to 500 uM H,O, indicated high viabil-
ity of both cell types. The GBM43 cells exhibited better viability
than astrocytes, suggesting that the cancerous cells are more re-
silient to H,O, than their healthy counterparts. The dashed lines
in Figs. 4 and 5 are simulated curves obtained from numerical
solutions of the reaction-diffusion model (see Section 3.4) at the
indicated C,, using the geometry of the 2D cell culture and the
kinetic parameters extracted from analysis of Uy as a function of
Cg, as discussed in Section 3.5. It is important to note that only
C, is modified from simulation to simulation, indicating that the
diffusion model developed here qualitatively captures the physics
of cellular uptake of H,O, over the different time regimes and
over the whole spectrum of Cj,.

100 1 1 1
A Astrocytes 360s
804 400s |
500s
- 1000s
i 2000s |
3000s
40—’///‘///’//'//,,,,-f—””"”"—'44000s -
~ E4 E5
= .0 g2 B9 I
= E1 .
= = Experimental
c — Fit
.9 0 T T T
o 0 200 400 600 800
—
E 100 1 1 1
3 g GBM43 00
S 500s
80 F
O
60 - L
1000s
40 2000s |
3000s
4000s
20- gqa E5 |
E2 E3
E1
0 T T T
0 200 400 600 800
z (um)

Fig. 3 Representative concentration profiles at the indicated time
points, as measured by the electrodes E1-E5 (symbols) and as
obtained from the best fits to a reaction-diffusion model (solid
lines) for astrocytes (A) and GBM43 (B) exposed to C, of 100 uM
H,0,. The procedure for the best fits and the reaction-diffusion model
are described in the text. For clarity, the profiles are shown at relatively
fewer time points as compared to the sampling time of 0.5 s.
Concentration profiles within 360 and 400 s are shown in steps of 10 s.
The data fits allow determination of surface concentration and surface
gradient at each time point by extrapolation to the cell surface.

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Transient surface concentrations, Cg, for experiments with
the indicated C, values for astrocytes (A) and GBM43 (B), as
extrapolated from the concentration profiles fitted from
experimental data (solid lines) and as obtained from simulations
(dashed lines). Data points in solid lines are spaced by 10 s. Error bars
indicate standard deviation of the mean value from triplicate
experiments. For the sake of clarity, error bars are plotted every 100 s.
The kinetic parameters (see Table 2) were kept fixed and only the initial
concentrations were changed from simulation to simulation. Other
simulation details are described in the text.

3.4 Real time determination of uptake kinetics and extrac-
tion of kinetic parameters

The transient behavior of Cg and Gg discussed above captures the
effects of cellular kinetics in conjunction with the diffusion pro-
file in the given geometry. In order to minimize variability in cell
density between multiple experiments and extract the kinetic pa-
rameters in the same units as standard volumetric rate constants
(see Discussion), the Fg (mol ecm 2 s presented in Fig. 5 is
normalized to the cell density (cell cm™2) to obtain Uy on a per
cell basis (mol s~ ! cell™1).

Open symbols in Figs. 6 and 7 indicate the values of Uy versus
Cg extracted from experimental data for astrocytes and GBM43;
both figures present the same data but over different ranges of
Cg to help visualize some details in the Up—Cg relationship. For
each cell type, data is plotted for the various C, values in or-
der to span the whole spectrum of concentrations for both cell
types. This yields a series of overlapping segments (e.g. within
astrocyte data, segments corresponding to C, of 300 and 500

This journal is © The Royal Society of Chemistry [year]

Analyst

uM correspond to segments covering Cg ranges of ~110-240 uM
and ~175-350 uM, respectively). Shaded bands surrounding the
open symbols indicate standard deviation of the mean value of
Ur (n = 3). Overall, the Uy—Cg relationships are observed to be
non-linear.

171

Experimental
— - - Simulation A

°
-

0.01{ ‘3% L1.7

0.004 ST R Y
0 1000 2000 3000 4000
1 e eo— 171
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Surface gradient G (uM pm’™)
(,.s ,wo jowd) ] xn|} 99eUNg

0.014

04 T T T T
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Fig. 5 Transient surface gradients, Gg, for experiments with the
indicated C, for astrocytes (A) and GBM43 (B), as extrapolated
from the concentration profiles fitted from experimental data (solid
lines) and as obtained from simulations (dashed lines). The
corresponding surface flux, Fg, (right axis) is computed as the product
of Gg and diffusion coefficient of H,O,. Data points in solid lines are
spaced by 10 s. Error bars indicate standard deviation of the mean
value from triplicate experiments. For clarity, error bars are plotted every
100 s. The kinetic parameters (see Table 2) were kept fixed and only the
initial concentrations were changed from simulation to simulation. Other
simulation details are described in the text.

The solid lines passing through the experimental data points
(open symbols) in Figs. 6 and 7 are best fits to Eq. (7), which
describes the dependence of Uy on Cg using established kinetic
mechanisms, namely linear (first term) and Michaelis-Menten
(MM) 98:99 (second term),

UR(Cs) =kr(Cs)-Cs = {kl + @2

Jo
ky +Cg ] Gs
where k; is the rate constant of the linear mechanism, J; is the
saturation uptake rate of the MM mechanism and k, is the MM
constant (i.e., concentration at Jy/2). Note that the term in the
brackets in Eq. (7) is the definition of the uptake rate factor
kg (Cg), which clearly demonstrates the deviation from first-order
kinetics. Eq. (7) was fit to the data in Fig. 6 using k;, k, and J as
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fitting parameters. The data fitting procedure included the over-
lapping data points (points from multiple C, overlapping over
portions of their corresponding Cg ranges), along with the stan-
dard deviation of Uy (shaded bands in Fig. 6 ). The inclusion
of the standard deviation of Uy in the data fitting places stronger
weighting on data points having the least uncertainty. R? for as-
trocytes and GBM43 cells are 0.997 and 0.985, respectively. The
extracted values of ky, k, and J,, are presented in Table 2 for as-
trocytes and GBM43 cells.

Table 2 Kinetic parameters extracted from experimental data

k; (1072 Ls~Teell™)  k, (uM) Jo (fmol s=! cell™))
Astrocytes 0.87 + 0.007 46 + 0.8 0.09 £+ 0.002
GBM43 2.3 £0.03 13+ 1.3 0.06 + 0.003

Fig. 7 magnifies the low Cg range (0-100 uM) of Fig. 6 to
illustrate more clearly the non-linearity of Uy vs. Cg and the tran-
sition from a regime in which both terms contribute strongly to a
regime in which the linear term dominates. In Fig. 7, solid lines
labeled as ‘Kinetic Model Fit’ are the same curves shown in Fig. 6
, and solid lines labeled as ‘linear’ and ‘MM’ represent the linear
and MM terms from Eq. (7) using the corresponding values from
Table 2. These linear and MM curves quantify the contribution of
each mechanism to the measured Uy at any given Cg. The cross-
over point between linear and MM curves indicates the concen-
tration at which both mechanisms contribute equally. The cross-
over points occur at 13 and 55 uM for GBM43 and astrocytes,
respectively, mainly due to the fact that the linear term (k;) is 2.5
times larger in GBM43 than in astrocytes (see Table 2). In the
low concentration range (0-20 uM), which corresponds to the
extracellular H,O, concentration associated to the homeostatic
level, %190 GBM43 and astrocytes exhibit contribution ratios of
approximately 1:1 and 2:1 (MM:linear), respectively. As the con-
centration increases the MM mechanism reaches saturation and
the linear mechanism takes over the MM mechanism. The MM
saturation value (J;) in GBM43 is 66.6% of that in astrocytes.

To illustrate how Up-Cg deviates from first order as Cg in-
creases, dashed lines in Fig. 7 show linear extrapolations of the
initial slopes in the data curves, obtained from linear regressions
of the experimental data of Ug-Cg in the range of 0-20 uM H,0,.
These linear regressions yielded kg of (2.63 + 0.005) x 107! L
s~! cell~! for human astrocytes and (4.2 + 0.02) x 10~12 L s~!
cell”! for GBM43, which are comparable to results from typical
volumetric measurements, 2’ as discussed in Section 4.

3.5 Simulation of the 2D cell cultures based on the deter-
mined parameters
The kinetic parameters k;, k, and J, in Table 2 are included in
the numerical solution of a diffusion-reaction system represent-
ing the same geometry of the 2D cell culture. For a given cell type,
simulations are performed at various C, while keeping the values
of ki, k, and J, fixed. Simulated curves of Cg and Gg versus
time are indicated by dashed lines in Figs. 4 and 5, respectively.
The simulation captures the qualitative features of the experimen-
tal curves, including decreasing slopes with increasing time, rela-
tive changes in Cg and Gg at long times for various values of C,

8| Journal Name, [year], [vol.],1-13
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Surface concentration Cg (uM)

Fig. 6 The uptake rate of H,0,, Ug, as a function of surface
concentration, Cg, for astrocytes and GBM43 as measured
experimentally (symbols) and as obtained from the best fits to a kinetic
model (solid lines) that considers linear and Michaelis-Menten
components. Ug is computed as the experimental surface flux, Fg,
divided by the cell density. Shaded bands indicate standard deviation of
the mean of Ug from triplicate experiments. For each cell type, results
are presented for C, of 500 (squares), 300 (circles), 200 (up-triangles),
100 (down-triangles), 60 (rhombuses) and 20 uM (pentagons); within
each experiment at a given G, Cg evolves from high concentration
(short time) to low concentration (long time).

and the relative differences between behavior of astrocytes and
GBM43. The simulation did not include effects such as natural
convection!? and potential mixing effects due to the MEA chip
motion at 300 s, which would result in a better fit to the data but
would require assumptions regarding the magnitudes of these ef-
fects. Compared to simulations with the constant k; extracted at
low H, 0, concentrations (0-20 uM), the simulated curves using
the kinetic parameters in Table 2 better capture the main features
of the uptake mechanisms of astrocytes and GBM43 cells over the
investigated range of Cg and over a larger time window (see Fig.
S-97).

4 Discussion

In this study we have demonstrated the analytical capabilities of
the MEA approach to measure cellular uptake kinetics in real
time. It is informative to compare the results from the current
study with those from prior experiments. In typical volumetric
experiments, 1°-23:24.101-104 5 first_order rate coefficient ks (in
units of s—!) is obtained from

dc,
d‘;0[ = kobxcval ®

where C,; is the volumetric concentration. As discussed by Wag-
ner et. al.,?* the value of k , is dependent on both the solution
volume (V) and number of cells (N), but normalization by N and
V yields a rate constant K., in units of L s™! cell™!, which can

be directly compared for various experiments.

\%
kcell = Nkobs C))

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 The uptake rate, Ug, as a function of the surface concentration, Cg, over the low concentration range for astrocytes (A) and GBM43
(B). Experimental data points (symbols) and solid lines labeled as “Kinetic Model Fit” are the same as in Fig. 6, and the same symbols are used to
indicate initial concentrations. Shaded bands indicate standard deviation of the mean of Ug from triplicate experiments. Linear and Michaelis-Menten
(MM) kinetic components are indicated by solid lines which are labeled accordingly, illustrating the relative magnitudes and the cross-over point of the
two terms. Dashed lines extrapolate the slope from experimental data within 0—20 uM in order to predict uptake rates at higher concentration range

based on the conventional first-order kinetics approach.

The uptake rate factor kg, defined earlier as the ratio Ug/Cg,
allows quantitative comparison of MEA results to k. or k.,
from volumetric measurements, independent of diffusion geom-
etry and mass transport. Based on Figs. 6 and 7, it is clear that
kp varies with Cg; the units for Uy and Cg in these figures have
been chosen in order to provide kg in the same units as k. (L
s~! cell™!). In addition to this concentration-dependence, differ-
ences between kg values from MEA measurements and k., values
from volumetric measurements are expected due to differences in
cell geometry (i.e., adherent versus suspended) and different re-
lationships between Cg and C,, associated with the hydrodynam-
ics (i.e., static versus stirred solution). In experiments involving
adherent cells in stirred solutions or suspended cells, Cg ~ C,,
and Eq. (8) is the governing equation, so volumetric measure-
ments yield k), values corresponding to C, if sampled within a
short period after exposing the cells to C,. By considering a num-
ber of C, values, such techniques have been used to study the
concentration-dependence of k.. 2-32 In contrast, experiments
involving adherent 2D cultures exposed to analyte in unstirred
solution for specific intervals, followed by stirring just prior to
volumetric sampling, will have C(z,¢) (during the uptake period)
comparable to that in the current study. In this class of experi-
ments, the C,; observed after an uptake period T, can be related
to Cy, Cg and kg, via

To

o

Cot (o) =Co— 3, / krCs(1)dt (10)
0

For small T,, which is typical in this class of experiments, a
semilogarithmic plot of C, vs. T, is approximately linear and
ke is extracted from the slope of this curve. Since Cg is less than
the concentration averaged throughout the volume, such experi-

This journal is © The Royal Society of Chemistry [year]

ments will yield k;, values lower than k;; (obtained in this work)
or lower than the k_; values inferred from experiments governed
by Eq. (8). These observations indicate that there are qualita-
tive and quantitative differences between experiments, dictated
by cell geometry (adherent or suspended) and hydrodynamics
(stirred or unstirred).

In our experiments, values for k; at low Cg were determined
from the average slope of the Ug-Cg relationships in the range
of 0 < Cg < 20 uM (dashed curves in Fig. 7), yielding k; =
(2.63 + 0.005) x 10712 L 57! cell™! for human astrocytes and
(4.2 + 0.02) x 1072 L s7! cell”! for GBM43. Using volumet-
ric approaches with initial concentration of 20 uM, Doskey et.
al. measured k) values (all in units of L s~! cell”!) between
4.4 x 10712 and 7.3 x 10~!2 for human astrocytes, 4.8 x 10712
for GBM U87, and 4.6 x 10~ !2 for GBM U118.27 Compared to
Doskey et. al., our values of k;; are in the same range, although
the smaller value for astrocytes relative to that for GBM43 is in
opposition to the general trend of tumor cells having lower kg
than normal cells.?” Since this trend may invert itself at higher
concentrations, as indicated by Makino et. al.,32 characterization
over a wider range of surface concentrations is warranted if H,O,

is going to be used as a therapeutic agent against cancer.

The concentration dependence of Uy can also be compared
to prior volumetric studies. The biphasic behavior in Up—Cg is
comparable to that reported by Makino et. al. in studies on rat
astrocytes and C6 glioma using 2D cell cultures in stirred me-
dia.?8-32 These studies attributed the linear behavior to catalase
(CAT) and the Michaelis-Menten behavior to glutathione peroxi-
dase (GPx1).32:105-107 Ty observations are evident between our
results for human cells and those of Makino et. al. for rat cells.
First, Makino et. al. observed that C6 glioma cells exhibit a higher
Uy compared to astrocytes for concentrations above 20 uM, but
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a lower rate between 0-20 yM.?’z In contrast, our results show
higher Up in GBM43 than in astrocytes over the entire investi-
gated concentration range (0-350 uM). Second, the ratio of J,
for cancer to normal cells in Makino et. al. is 1.76 whereas that
ratio in our results is 0.67.32 Based on various issues which have
been raised regarding the use of rat C6 glioma as a model for hu-
man glioblastoma and comparisons regarding growth, invasion,
metastasis and drug response, 198-110 differences are expected be-
tween human and rat cells. For human cells, biochemical analy-
ses indicate that glioblastoma contains more CAT but less GPx1
than astrocytes; 111 assuming the correlation by Makino et. al.28
wherein the linear and MM mechanisms correspond to CAT and
GPx1, respectively, our results are in qualitative agreement with
that report.

The Up—Cg relationships shown in Figs. 6 and 7 consist of sets
of overlapping time trajectories, obtained using various C, val-
ues. For each cell type, these trajectories can provide insights into
the relative effects of cumulative exposure to the analyte, e.g. by
comparing the behavior at long exposure times for a large C, with
that at short time for a smaller C;,. Such time-dependence could
be used to quantify the onset of toxicity in prior studies. %112 In
the current experiment, the trajectories for GBM43 show a tail-
off in Uy after long exposure, i.e., the Uy values fall below those
extrapolated from the intermediate-time regime. Such a roll-off
could be indicative of H,O, toxicity or reduction in H,0, scav-
enging ability. In the case of astrocytes, comparable roll-off is not
observed. Although clear changes in morphology were observed
for both cell types after exposure to 300 and 500 uM H, O, (see
Fig. S-47), the roll-off in U was moderate even for the GBM43
cells. The continuous monitoring of Cg over the course of the ex-
periment allows a more accurate determination of the cumulative
exposure of the cells to the analyte, in comparison to experiments
in unstirred solutions followed by volumetric sampling.

The MEA approach should be well-suited to assess the chem-
ical impact of one cell type on others when multiple cell types
are cultured together (i.e., co-cultured). Studies have shown that
the chemical microenvironment differs significantly among 2D
cultures containing one, two and three different cell types cul-
tured together, 113 and these observations have been ascribed to
paracrine signaling via cell secreted factors.11:114 Seeding of
various cell types on a surface using cell patterning techniques 11°
followed by co-culture could be used to measure kinetic param-
eters under the influence of paracrine signaling. The MEA ap-
proach allows measurements in unstirred solution, preserving the
natural diffusion environment, and can in principle provide infor-
mation on spatial heterogeneity, e.g., by localizing at the cell type
of interest. Once the kinetic parameters are determined, they
can be incorporated into 3D models to study the behavior of cells
within tissue.

The MEA approach could be applied for other electroactive
species without major adjustments and provides customizable
spatial and temporal resolutions. Although the focus of the
present study is on H,0,, the same MEA and methodology, ex-
cept for minor adjustment of bias potential, can be used to mea-
sure uptake kinetics and Cg of other electroactive species of bi-
ological interest including dopamine and serotonin. The current

10| Journal Name, [year], [vol.], 1-13

experiment utilized platinum electrodes, which yielded relatively
high sensitivity but also a relatively long time for stabilization of
the H,0, response.116-121 The latter dictated a waiting period of
300 s between addition of H,O, and start of concentration mea-
surements. Other materials, e.g., carbon electrodes, could reduce
the electrode stabilization time, but trade-offs in sensitivity are
expected. 117-121 A5 shown elsewhere, 8! parameters such as sam-
pling period and spatial resolution can be customized to fit other
requirements, e.g., sub-second transient concentrations and gra-
dients have been measured with sampling period of 10 ms and
inter-electrode distance of 35 um.

5 Conclusions

In this work, we demonstrate the use of a MEA customized for
typical 2D culture setups to measure dynamic H,O, concentra-
tion profiles from normal (human astrocytes) versus astrocyte de-
rived cancer (GBM43) cells. The MEA provides multi-point con-
centration data with a sampling period of 0.5 s. At each time
point, the concentration data is fit using an analytical expres-
sion for a 1D diffusion/reaction system, allowing extrapolation
of the surface concentration and surface gradient. Measurements
at various initial concentrations allow determination of the up-
take rate over a wide range of surface concentrations. Both cell
types show surface concentration dependent uptake rates, i.e.,
non-linear kinetics. The results show that GBM43 cells have in-
creased H,O, uptake rates as compared to astrocytes due primar-
ily to an elevated linear scavenging mechanism, which has previ-
ously been attributed to catalase. The Michaelis-Menten compo-
nents are comparable for the two cell types for H,O, concentra-
tions within the 0-100 uM range. A comparison of the diffusion—
reaction models using the non-linear parameters and standard
first-order relationships indicates that the overall behavior is bet-
ter described by the non-linear relationships. As shown in Eq.(10)
and associated discussion, our results can also be used to quanti-
tatively understand the differences between volumetric measure-
ments using stirred versus unstirred media during uptake.

The monitoring of Uy vs Cg can also be used to quantify cu-
mulative exposure effects, e.g., by comparing the uptake rate
observed at the same Cg for different initial concentrations and
therefore different cumulative exposures to H,O,. In the current
experiment, a tail-off in uptake rate after long exposure to high
concentrations of H,0, is observed for GBM43 cells. The capa-
bilities to quantify cumulative exposure effects and uptake rates
over a wide range of cell surface concentrations are relevant for
both toxicity studies and evaluation of potential therapeutic ap-
proaches based on differential uptake by cancerous versus normal
cells.

In addition to shedding light on mechanistic behavior, the re-
sulting kinetic parameters should be well suited for developing
reaction—diffusion models that more accurately describe more
complex culture/tissue geometries. Key aspects include measure-
ments in a more natural local environment and the ability to ob-
tain Uy vs Cg relationship which are nominally independent of the
specific diffusion geometry. The MEA technique can also be ex-
tended to mixed cultures and multi-analyte measurements, e.g.,
monitoring of both uptaken and released analytes. Collectively,

This journal is © The Royal Society of Chemistry [year]
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these capabilities can provide parameters which, when coupled
with a diffusion model representing a realistic geometry for in-
flux/efflux of various analytes, can yield models which more ac-
curately represent the behavior of 3D cultures and tissue microen-
vironments.
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Reconstructed analyte concentration profile using 1D microelectrode array enables characterization of
uptake kinetics vs. analyte concentration at the cell surface.
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