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Pancreatic islets play a major role in glucose homeostasis as well as in diabetes, and islets-on-chip devices

have been mainly developed using optical means for on-line monitoring. In contrast, no well-characterized

electrophysiological platform for on-line analysis with unrivalled temporal resolution has been reported.

Extracellular electrophysiology monitors two crucial parameters, islet β-cell activity and β-to-β-cell

coupling, does not require chemical or genetic probes with inherent potential bias, is non-invasive and

permits repetitive long-term monitoring. We have now developed and characterized a microfluidic islets-

on-chip for combined electrophysiology (on-line) and hormone monitoring (off-line) with two chambers

for concomitant monitoring. Fabrication of the device, based on commercial or easily manufacturable

components, is within the reach of non-specialized laboratories. The chip permits convenient loading as

well as long-term culture with comparable glucose kinetics and low shear stress in both chambers. An

optimized flow rate did not alter islet β-cell electrical activity or coupling in response to glucose. Culturing

for up to 8 days did not change islet survival as well as glucose-induced electrical or secretory kinetics of

islet β-cells. The addition of a physiological amino acid mix, in the presence of elevated glucose, made a

considerable change in the functional organisation of islet β-cell activity in terms of frequency and

coupling, which explains the ensuing strong increase in insulin secretion. This device thus allows reliable

long-term multiparametric on-line monitoring in two islet populations. The ease of fabrication, assembly

and handling should permit widespread long-term on-line monitoring of islet activity in native micro-

organs (e.g. controls/mutants), pseudo-islets or stem-cell-derived islet-like organoids.

1. Introduction

Diabetes is an increasingly prevalent, chronic and incurable
disease, characterised by elevated blood glucose levels.1 In its
most prevalent form, type 2 diabetes, pancreatic β-cell
dysfunction plays a crucial role.2 For this reason, the study of
β-cells has focused on islet function in physiological and
dynamic microenvironments.3

Pancreatic islets contain four main cell types, β, α, δ and γ

cells, which secrete insulin, glucagon, somatostatin or
pancreatic polypeptide, respectively.4 Islet cells are
electrogenic, and in the case of β-cell response to an increase
in glucose, their metabolism augments the ATP/ADP ratio,
and the ensuing closure of KATP channels results in plasma

membrane depolarisation, opening of voltage-dependent
Ca2+-channels and exocytosis of insulin via a Ca2+-dependent
process.5 Activation of islets by glucose leads to a typical
biphasic response, with a marked, short-lasting first phase
and a longer, less pronounced second phase. A normal diet
also contains amino acids, which make up about a quarter of
the recommended dietary caloric intake, but amino acids are
less often considered in regard to β-cell responses in vitro.6

To study islet and β-cell function, a number of islet(s)-on-
chip devices have been published as culture and analysis
platforms over the two past decades,3 ranging from simple
single-channel or compartment devices for mass analysis7–9 to
sophisticated models for single-islet analysis,10–12 linking islets
with other organoids-on-chips,13,14 obtaining vascularised
islets15,16 or featuring on-line determination of hormones and
other secreted molecules of physiological relevance.17–19 In
most instances, islet activity has been determined via on-line
fluorescent measurements of calcium or redox
intermediates12,20–22 or analysis of hormone secretions.17,23–25

The monitoring of cell, organoid or micro-organ activity by
extracellular electrophysiology offers certain advantages
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compared to other currently used approaches.26,27 Extracellular
electrophysiology is on-line and non-invasive, ensuring long-
term survival of the sample. It does not require loading with
fluorescent agents, which precludes long-term studies, or
genetic manipulation of the biological sample (e.g. genetically
encoded sensors) with evident problems of potential bias or, as
in the case of viral transduction, of variable penetration into
the whole islet. In addition, the chip and its biological sample
are reusable, allowing comparisons over time. Moreover,
electrophysiology offers a temporal resolution unmatched by
other methods and is compatible with real-time electronic
processing.9,28 Most early microfluidic electrophysiology was
done in neurons or cardiomyocytes,29,30 as those cells
depolarize to much larger positive voltages than pancreatic islet
cells5 and consequently those recordings are less sensitive to
noise. Extracellular electrophysiology by microelectrode arrays
MEAs or organic–electrochemical transistors of islets measures
changes in field potentials and thus allows the detection of
single cell events via the frequency of slow potentials.31,32 In
addition to β-cells, δ-cells may contribute to electrical signals
but are numerically only minor components of islets33 whereas
α-cells are never detected.34 Furthermore, intercellular coupling
and coordination between islet β-cells are hallmarks of islet
activation,35 which can be reliably detected and analysed
without bias by monitoring the amplitude of so-called slow
potentials.7,31,34,36 In β-cells, the main ionic current is caused
by Ca2+ fluxes,37 and signals recorded by MEAs are closely
linked to insulin secretion driven by calcium influx,7 providing
insights at the millisecond scale. Finally, MEAs or other
electrodes and transistors31 are open to future development for
on-line detection of specific compounds, such as Zn2+, as
surrogates for insulin secretion.38–40

We have now developed an on-line electrophysiological
microfluidic chip for pancreatic islets coupled to off-line
measurements of insulin secretion with certain characteristics.
In-house fabrication of MEAs is intensive work and requires a
considerable degree of skill and amount of equipment, and
often exhibits an unfavourable signal/noise ratio,26,41 while
high-quality MEAs are commercially available. Adapting the
microfluidic chip to existing commercial MEA layouts should
ensure high-quality recordings and general accessibility for
non-specialized laboratories. Electrophysiological recordings
require electrode–islet contact and thus preclude certain very
elegant chip configurations in PDMS,10 except when resorting
to complex and expensive procedures such as micromilling.42

In the same vein, fabrication of the chip should be easy, to
permit its widespread use. A system with at least two (islet)
channels offers the advantage of comparing distinct samples
(e.g. control and mutant) within the same experiment. The
device should permit easy sample loading and long-term
culture. Moreover, the chip should also monitor more than
one physiological parameter. As fully translucent electrodes
are not yet available in MEAs,42 fluorescent imaging is not an
option, but the concomitant collection of fractions for
hormone assays should be included, despite the risk of
increasing noise in MEA recordings.

2. Material and methods
2.1. Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Thapsigargin and forskolin were dissolved in
dimethyl sulfoxide (final concentrations ≤0.1%, vol./vol.).

2.2. Microfluidic chip design

The microfluidic chip mold and caps were drawn using
Fusion 360 software (Autodesk, San Francisco, CA, USA) prior
to 3D printing by stereolithography with ABS-like resins. The
mold was fabricated by ProtoLabs using MicroFine resin
(Proto Labs, Le Bourget du Lac, France). Caps were produced
using an LCD 3D printer (ELEGOO, Mars 2, Lespinasse,
France). Caps were washed with isopropyl alcohol, UV-cured
for 12 hours, further cured at 60 °C for 6 h and sterilised
with 70% ethanol. The microfluidic chip was fabricated using
polydimethylsiloxane (PDMS). PDMS was poured onto the 3D
mold without covering the chambers and polymerised at
room temperature for 48 h. The microfluidic chip on MEA
(μMEA) was obtained by bonding PDMS chips onto MEA500/
30iR-Ti-gr (electrodes with 30 μm of diameter are spaced 500
μm apart, Multi Channel Systems MCS, Reutlingen, Germany)
using surface activation by oxygen plasma (RIE FLIRE300 C,
Diener Electronic, Ebhausen, Germany). A ring (Ø 1 mm, h =
12 mm) was printed by the fused deposition modelling
method43 and bonded to μMEA with unpolymerized PDMS at
60 °C for 3 hours.

2.3. Microfluidic system

Fig. 1A shows the experimental setup. The flow was driven by
a vacuum pump (MFCSEZ; Fluigent, Villejuif, France), split
between up to 10 tubes (Falcon, Thermo Fisher, Illkirch
Graffenstaden, France) and maintained at 37 °C. A
distributor valve automatically selected the solution to be
injected into the chip (M-Switch; Fluigent, Villejuif, France).
The flow rate was controlled by a flow sensor (Flow unit M;
Fluigent, Villejuif, France) operating at up to 120 μl min−1.
The outlet was connected to a microfraction collector (Amuza
Inc., FC-90, San Diego, California) with a 96-well plate pre-
coated with BSA 0.1%. PFTE tubing was used along with
high-resistance PEEK tubing to achieve a minimum pressure
of more than 100 mbar for flow stability. The inlet and outlet
flow were connected to the electrical ground by steel tubes.
All devices were monitored automatically using pre-
programmed protocols via Microfluidic Automation Tool
(MAT) software for the Fluigent devices and Amuza software
for the fraction collector. All equipment was carefully earthed
to reduce electrical noise.

2.4. Simulations

The entire experimental microfluidic setup (including tubing
and fraction collector) was modelled in COMSOL
Multiphysics software 6.1 (COMSOL Inc., Burlington, MA,
USA) to generate a digital twin of the setup, to simulate the
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circulation of chemical species within the chamber up to the
collector. Two physics interfaces were used: “laminar flow” to
compute the pressure and fluid velocity dynamics within the
microfluidic setup, and “transport of diluted species” to
compute the resulting variations in concentration of
chemical species. Physical parameters were set according to
the literature: the diffusion rate of glucose was 8.5 × 10−10 m2

s−1 and the dynamic viscosity of water (at 37 °C) was μ =
6.913 × 10−4 Pa s.25,44,45 All the tubing dimensions, from the
distributor to the fraction collector, were duplicated to the
experimental dimensions. Simulations were performed with a
hybrid 2D axisymmetric/3D model. As the velocity gradient of
a fluid flowing in a cylinder presents a concentric shape, the
tubing was modelled as a 2D-axisymetric cylinder coupled to
a 3D model of the microfluidic chamber, to decrease
simulation time. For each in vitro experiment, the
experimental protocol was accurately reproduced in silico, in
terms of flow rate, concentration of studied species, and

duration. The simulation validation was performed with a
colorimetric glucose assay (Thermo Fisher, Illkirchen
Graffenstaden, France).

2.5. Assessment of islet viability and activity

Adult male C57BL/6J mice (12–22 weeks old) were sacrificed
by cervical dislocation, according to the University of
Bordeaux ethics committee guidelines. Islets were obtained
by enzymatic digestion and hand-picking and cultured for 12
hours at 37 °C (5% CO2, 90% relative humidity) in RPMI
medium (11 mmol l−1 glucose, Thermo Fisher, Illkirchen
Graffenstaden, France).7,36,46 The microfluidic chip was
cleaned and hydrophilized by air plasma (Diener Electronic,
Ebhausen, Germany) for 2 minutes and loaded with Matrigel
(5% v/v) (BD Biosciences, San Diego, CA), at room
temperature for 30 minutes.7,32,47 Between 150 and 200 islets
were loaded through the top of the chamber with culture
medium to achieve a final Matrigel concentration of 2% (v/v).
After 45 minutes, culture medium was added and the chip
was stored at 37 °C (5% CO2, 90% relative humidity). The
medium was changed every 3 days.

Islet viability was assessed using a LIVE/DEAD kit assay
(Thermo Fisher, Illkirchen Graffenstaden, France) 4 and 8
days after seeding. Half of the culture medium was removed
and the same volume of calcein AM and ethidium
homodimer-1 were added to the chambers for at least 90 min
at room temperature. Images were taken at 494/517 nm
(excitation/emission) for live cells and 528/617 nm
(excitation/emission) for dead cells. Hypoxia was detected
using a fluorescent marker (BioTracker 520 Green Hypoxia
Reagent) according the manufacturer's instructions.

Insulin secretion was collected every 2 min in BSA-coated
plates, stored at −20 °C and quantified using mouse insulin
ELISA kits (Mercodia, Uppsala, Sweden).

2.6. Electrophysiology

Experiments in μMEA chips were performed at 37 °C in a
buffer containing (in mM) NaCl 135, KCl 4.8, MgCl2 1.2,
CaCl2 1.2, HEPES 10 and glucose and amino acids as
indicated (pH 7.4 adjusted with NaOH). The physiological
amino acid mix was prepared as follows: Ala 0.88, Arg 0.38,
Asp 0.076, Cit 0.19, Glut 0.24, Gly 0.6, His 0.15, Ile 0.19, Leu
0.32, Lys 0.74, Met 0.1, Orn 1.4, Phe 0.16, Pro 0.7, Ser 1.14,
Thre 0.54, Trp 0.15, Val 0.4, Glut 2 (in mM).48 Extracellular
recordings were performed on the μMEA placed in an MEA
recording system (MEA1060 System, Multi-Channel Systems
GmbH [MCS], Reutlingen, Germany). Extracellular field
potentials were acquired at 10 kHz, amplified, and band-pass
filtered at 0.1–3000 Hz using a USB-MEA60-Inv-System-E
amplifier (MCS; gain: 1200) controlled by MC_Rack software
(v4.6.2, MCS).7,36,46 Images of islets on MEAs were taken
before and after each experiment to localize electrodes
covered with islets. Electrophysiological data were analysed
with MC_Rack software. Slow potentials (SPs) were isolated
using a 0.1–2 Hz band-pass filter, and frequencies were

Fig. 1 Overview of the microfluidic system and of the design of the
islets-on-chip. (A) Front view of the automated microfluidic MEA
system and fraction collector. (B) Exploded view of the microfluidic
chip. PDMS chambers are bonded to the MEA by O2 plasma and closed
with 3D-printed caps. The reference electrode is given in black. (C)
Image of the assembled microfluidic chip with 3D-printed media
containment ring. (D) Drawing of the channels and chambers on the
electrodes and corresponding dimensions. The TiN electrodes (Ø 30
μm) were spaced 500 μm apart. (E) Image of the chambers with the
electrodes in titanium nitride (TiN).
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determined using the threshold module of MC_Rack with a
dead time (minimum time between two events) of 300 ms
(SPs). The peak-to-peak amplitude module of MC_Rack was
used to determine SP amplitudes.7,36,46

2.7. Statistics

Graphics, quantifications, and statistics were performed with
Prism software (v7; GraphPad, La Jolla, CA). Data are
presented as means and SEM. The minimal value of mean SP
frequency after the first peak (corresponding to the lowest
point) was taken as the limit between phases. Gaussian
distributions were tested using the Shapiro–Wilk test and
comparison of two groups with paired data by two-tailed
unpaired t-tests or nonparametric Mann–Whitney tests. For
more than two groups, one-way ANOVA with appropriate post
hoc tests was used, as indicated in the legends.

3. Results
3.1. Microfluidic system and islet-on-chip design and
fabrication

The first aim was to design an automated microfluidic
system, optimised for extracellular MEA recording of a
standardised microfluidic islets-on-chip (Fig. 1). The system
required easy access to culture medium, islet loading and
contact of islets to the microelectrodes of the MEA. Moreover,
it had to be compatible with commercial MEAs which have
an excellent signal/noise ratio. The choice of equipment was
further guided by the sensitivity of electrophysiological
measurements to flow fluctuations, which introduce noise
that interferes with optimal measurement of electrical islet
signals. Consequently, the microfluidic system consisted of a
pump, a pressure controller and a flow sensor to control the
flow either by pressure or flow rate (Fig. 1A).

The use of a splitter and a distributor allows the injection
of up to 10 different solutions each kept at 37 °C. The length
and diameter of the tubing were chosen to ensure pressure
above 100 mbar for a stable flow rate. The liquid inside the
tubes upstream and downstream of the chip and all the
equipment were electrically earthed (Fig. 1A). All microfluidic
devices were automatically controlled by software (fluids,
MAT; MEA, MC_Rack v4.6.2; fraction collector, FC-90 Amuza
apps via Bluetooth) according to previously established
protocols.7,9 For electrophysiological measurements, the
microfluidic chip was inserted into the temperature-
controlled MEA-System, which amplified and recorded the
signals detected by the electrodes. The outlet of the chip was
connected to an automated fraction collector.

The chip itself consisted of two parallel open PDMS
chambers bonded to an MEA (Fig. 1B). A 3D-printed ring was
added to encircle the PDMS chambers and maintain a large
volume of medium during islet culture (Fig. 1C). The
chambers were open for loading of islets and culture and
closed with 3D-printed caps during the fluidic experiments.
In terms of dimensions, the commercial MEAs were chosen
with 500 μm electrode spacing to distribute microelectrodes

throughout the chamber (Fig. 1D and E). The chamber
dimensions were optimised according to three criteria: (i) the
distribution of the electrodes within the chambers, (ii) the
distance between the two chambers to ensure bonding of the
PDMS wall separating them (≥0.5 mm), and (iii) the flow in
terms of shear stress and kinetics of changes in glucose
concentrations.

3.2. Model validation in COMSOL for characterisation of
microfluidic flow in the twin chambers

COMSOL Multiphysics simulation software was used to
visualise the fluid circulation inside the chip and optimise
the microfluidic system. The tubing and its dimensions
were designed in COMSOL based on the experimental setup
(Table S1†).

Glucose kinetics for a step from 3 to 11 mM of glucose
were simulated and glucose was measured at different points
in the system (Fig. S1A†). A delay of 136 s was found for the
solution to reach the chip without altering its square pulse
kinetics profile (blue line). The squared profile in glucose
ascent and descent was slightly smoothed by the flow
transition through the chip (red line). A glucose diffusion
phenomenon was observed inside the downstream tubing. A
short delay was evident between the plateau of the glucose
injected (chip inlet) and the glucose collected (chip outlet),
not considering the 3 min delay due to the circulation in the
tubing (collector). The tubing between the chip and the
fraction collector added only a slight delay during the ascent
or descent of glucose, which is easily explained.
Subsequently, the simulation of the complete system was
compared with the direct experimental determination of
glucose concentrations in the absence of islets (Fig. S1B†).
Switching glucose solutions from 3 to 11 mM, the stimulatory
glucose level of 5 mM was reached after 1.5 min and the
maximal value of 11 mM was attained after 5 min of
switching. The two chambers (Fig. S1B†) showed very similar
kinetics and very good agreement with the simulation, which
thus validates the simulation model.

3.3. Optimisation of flow parameters for islets activity
measurement

To estimate the effect of chip geometry and flow rate on
shear stress, shear stress was determined at flow rates from
15 to 100 μL min−1 (Fig. 2A and B). As expected, shear stress
was highest at the inlet and the outlet of the chip. At 70 and
100 μL min−1, shear stress values approached the limit of 6
mPa for electrodes in these areas, but remained low (<1
mPa) for two-thirds of the electrodes. Interestingly, at 50 μl
min−1 or lower, this value was below 4 mPa for all the
electrodes in the chamber.

A comparison of the glucose kinetics between 3 and 11
mM was simulated for increasing and decreasing
concentrations between 15 and 50 μL min−1 at the electrodes
(Fig. 2C and D) and at the collector (Fig. 2E). Note that mouse
β-cell electrical activity starts to increase from a threshold at
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6 mM,7,9 and a range of glucose concentrations between 8.2
and 11 mM is commonly used to simulate postprandial
glucose concentrations. At 15 μL min−1, a 72 s delay was
found between the first and the last row of electrodes to cross
the 6 mM threshold of glucose concentration (Fig. 2C). As
expected, doubling the flow rate halved these times between
the first and the last rows of electrodes. Increasing the flow
rate to 50 μL min−1 further reduced this delay time. In this
case, starting from 3 mM glucose, a delay of 20 s was
observed to reach 6 mM of glucose in the last row of
electrodes compared to the first row, 34 seconds to reach 8.2
mM, and 64 s to reach 11 mM. Symmetrical behaviour was
observed when the glucose concentration was decreased from
11 to 3 mM (Fig. 2D). The flow rate influenced the diffusion
in the downstream tubing to the collector (Fig. 2E), which
has been taken into consideration during the subsequent
analysis of secretion data. A 3D view of the glucose

concentrations at 50 μL min−1 is given in Fig. 2F, indicating a
rather homogenous distribution in the bottom part of the
chamber, i.e. the plane of the electrodes and islets. The
bottom part of the 5 mm deep chambers changes glucose
concentrations according to input concentrations, whereas
the concentration in the upper part is not altered.
Determination of glucose at the outlet of the chip in the
presence of islets confirmed the simulation values,
suggesting the absence of any significant changes in glucose
concentrations by islet metabolism (Fig. S2†). We chose 50
μL min−1 as the flow rate, as it results in a negligible delay in
the activation and deactivation of β-cell activity between all
the electrodes and negligible shear stress.

3.4. Measurement of β-cell electrical and secretory activity

Nutrient metabolism in islet β-cells leads via numerous steps
to the opening of voltage-gated channels and insulin
secretion (Fig. 3A).5 MEAs measure changes in field
potentials due to ionic currents emitted by channels near
electrodes and we have coupled this approach to hormone
measurement, such as insulin, in the fractionated effluent
with an ELISA off-line assay (Fig. 3A). As these biological
parameters depend strongly on the viability of the islets and
their adhesion to the electrodes, the seeding protocol was
optimised for the microfluidic device (Fig. 3B). Small and
medium-sized islets (<100 μm) were selected and seeded in
the microfluidic chamber coated with polymerised
extracellular matrix, i.e. Matrigel. The islets were placed
homogeneously throughout the chamber to allow optimal
coverage of the electrodes without aggregation of the islets.
After 4 days of culturing, half of the electrodes were covered
by islets in each chamber (Fig. 3B). Electrodes without islets
were used as quality and noise control in the analysis.

To evaluate the impact of flow rates on electrical islet
activity, the chip was perfused at low (3 mM) and elevated (11
mM) glucose (Fig. 3C). The latter concentration was chosen
as at lower glucose concentrations, pancreatic islets showed
physiological electrical oscillations starting about 40 min
after the glucose increase, which complicates the analysis.7

Glucose stimulation induced a clear biphasic response, a
hallmark of β-cell activity,5 with a short first phase and a
long-lasting second phase (Fig. 3D). The flow rate was
changed during the stimulation with 11 mM glucose
(Fig. 3C and D), when the signal reached the plateau of the
second phase as a steady state (without oscillations and
silent periods). Comparable kinetics of electrical activity were
found between the two chambers in culture medium, at low
glucose and high glucose for the first and second phases and
also in response to forskolin, an activator of adenylyl
cyclases. A tendency to changes in mean SP frequencies and
amplitudes at 11 mM glucose was found for flow rates above
50 μL min−1, though they were not statistically significant
(Fig. 3E and F).

The analysis of the mean SP frequency and amplitude
confirmed that the different stimulations induced significant

Fig. 2 Optimisation of flow rate for islet activity measurement. (A)
Simulated shear stress at the electrode (bottom) level at different flow
rates (15 to 100 μl min−1); dimensions of channels and chamber are
given. (B) Simulated shear stress as measured over three distinct
electrodes either at the entry/exit (red, green) or at the middle border
(blue) under indicated flow rates. (C) Simulated glucose concentrations
during an increase from 3 to 11 mM glucose or (D) decrease from 11 to
3 mM glucose on the first or last row of electrodes (full vs. dashed
lines) in the chamber using a flow of 15 (green), 30 (blue) and 50 μl
min−1 (red). (E) Simulated glucose concentrations at the fraction
collector at different flow rates. (F) 3D presentation of changes in
glucose concentrations over the whole 5 mm deep chamber (after
closure by caps; islets are at the bottom; z-planes are indicated) at a
flow rate of 50 μl min−1.
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changes in electrical islet activity (Fig. 3G and H). Moreover,
we did not see any significant difference between their effects
in chamber 1 versus chamber 2. We also noticed an
improvement in performance in terms of pressure effects
and electrode distribution compared to our initial chip
design (Fig. S3†). Collectively these data validate the physical
parameters and the comparability between the two chambers
in the chip.

3.5. Long-term culture and analysis

In view of long-term and repetitive measurements, we tested
the activity of the islets after 4 and 8 days of culturing in our

microfluidic system (Fig. 4). First, we examined the conditions
for islet cell survival and hypoxia, the latter being a recurrent
problem in suspension cultures.49 The survival of the islets on
the microfluidic chips was tested after 4 and 8 days of culturing
on the chip, and representative images of islets on an electrode
are shown in Fig. 4A. Only a few dead cells were found after 4
and 8 days of culturing, whereas the addition of 1 μM of
thapsigargin for 6 h used as a positive control induced a
considerable amount of cell death, as expected. The fluorescent
oxygen probe showed no hypoxia after 8 days in culture, in
contrast to islets that remained in suspension (Fig. 4B).

The electrical and secretory activity of β-cells was tested
during the same culture period after 4 and 8 days and both

Fig. 3 Characterisation of islet β-cell activity on the microfluidic chip. (A) Scheme of β-cell activation in response to nutrients flanked by the
methods used to determine electrical and secretory activity (extracellular electrophysiology on MEAs for on-line detection of slow potentials, SPs,
and determination of insulin secretion off-line by ELISA). On the left, a magnification of islet cells on an electrode, measuring and amplifying the
β-cell specific slow potential signals (SP, in red). On the right, the measurement of insulin secretion by ELISA assay. (B) Seeding and culture of
pancreatic islets on the microfluidic MEA; an image of the entire culture/recording chamber is given on the left with electrodes (black dots), islets
(brownish circular structures) and scale bar. (C) Solution and flow rates used during experiments. (D) Recording of slow potentials in complete
medium (CM), 3 mM glucose (G3) and at 11 mM (G11) glucose under different flow rates for chamber 1 (black) and chamber 2 (red). SP frequencies
and SP amplitudes (mean ± SEM), n = 8–11 are given. SEM is given in grey or light red. (E) and (F) are mean SP frequencies and amplitudes for both
chambers at different flow rates, n = 8–11. (G) and (H) Overall effect of complete medium (CM), 3 or 11 mM glucose (G3, G11) and the adenylyl
cyclase activator forskolin (FORS, 10 μM) on mean SP frequency and amplitude (mean ± SEM), n = 8–11; *, **, *** 2p < 0.05, 0.01 or 0.001
(ANOVA/Dunnett) versus G3.
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microfluidic chambers were compared (Fig. 5). Analysis of
signal/noise ratios (Fig. S5†) showed values similar to those
we published before7 despite the fact that additional
components (fraction collector) were coupled to the device.
As given in Fig. 5A, 11 mM glucose induced an increase in
frequency and amplitude with a clear first and second phase.
Frequencies and insulin secretions remained comparable
between the chambers and days of culturing, whereas a
difference was apparent in absolute values of amplitudes
between the chambers at day 4, but not at day 8. In contrast
to frequency, amplitude is influenced by islet adhesion and
the degree of covering a given electrode. Normalisation of
recorded amplitudes (Fig. S4†) revealed comparable kinetics
between the two chambers. The adenylyl cyclase activator
forskolin, added only on day 8 as it may alter subsequent
islet function, induced similar changes for both parameters
in the chambers.

Glucose at 11 mM induced a typical biphasic pattern
with a first phase and second phase in electrical
responses and in insulin secretion (Fig. 5A and B). The
changes were quantified (Fig. 5C and D) and were most
often significant. The addition of amino acids, in the
presence of 11 mM glucose during the second phase,
produced a remarkable effect (Fig. 5B and D): an increase
in frequency and initially a strong decrease in amplitude.
During the decrease in amplitude a steep and large
increase in insulin secretion was observed. Statistical
analysis centred on the effect of amino acids on slow
potential frequency, amplitude and insulin secretion 6
min before and after their addition is given in Fig. S6.†
The addition of forskolin at the end of the experiments
increased insulin secretion, similar to its effect on the
frequency and amplitude of SPs (Fig. 5A and B).

4. Discussion

We have developed here a microfluidic two-chamber device
for pancreatic islet electrophysiology. Its detailed
simulation and characterisation indicated comparable flow
parameters in both chambers as well as functional
behaviour of mouse islets. Although microfluidics have
been used for islets for two decades,17 only one
electrophysiological system had been published, by our
group, which, however, did not allow precise kinetics, was
not characterized for flow kinetics,9 was not coupled to a
hormone secretion assay, and was designed only for acute
experiments, i.e. several hours after seeding. To permit
more widespread use of microfluidic electrophysiology in
laboratories without access to material science, our device
now relies on a combination of commercially available
components, unlike our previous work.

The use of the device also provided new biological
insights. Amino acids are part of a normal diet and are
known to stimulate islets,50 and consequently insulin
secretion.48,51 Here they had an interesting effect on the
electrical activity of islet β-cells by immediately increasing SP
frequency and insulin secretion but strongly reducing SP
amplitude. We have previously shown that the two known
phases of islet activation have distinct electrophysiological
profiles in extracellular recordings.7 The first phase,
characterized by its strong but short-lived insulin secretion,
has high SP frequency but relatively low SP amplitude,
reflecting highly active but poorly coordinated islet β-cells. In
contrast, the second phase, characterized by moderate but
long-lasting hormone release, exhibits lower SP frequency
and higher SP amplitude, reflecting highly synchronized islet
β-cells working in an energy-sparing mode. Modelling
revealed that SP frequency is positively correlated with
insulin secretion, whereas amplitudes are negatively
correlated. Thus, the electrical pattern observed here suggests
that amino acids, in the presence of elevated glucose, lead to
a functional reorganisation of electrical islet β-cell networks,
resulting in a considerable surge in insulin secretion.

Fig. 4 Long-term islet cell viability on the microfluidic chip. (A)
Representative live/dead images of mouse islets on electrodes (green,
calcein, live; red, ethidium homodimer, dead) under normal conditions
after either 4 or 8 days of culturing or after exposure to apoptosis-
promoting tharpsigargin (1 μM, 6 h) at day 8. (B) Comparison of intra-
islet oxygen of islets either cultured on the microfluidic MEA Chip
(μMEA) or in suspension (suspension). Staining with BioTracker 520
Green Hypoxia Reagent identifies hypoxic cells (green).
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The kinetics of glucose concentration observed in our
system were in the same range as those reported for other
devices52,53 and are also in line with those observed in vivo in
mice upon glucose injection54 and are clearly more
physiological than square pulses of glucose, as used in static
incubation. In addition, microfluidic flow has been shown to
increase the penetration and speed of buffer exchange within
the islet micro-organ.53

Applications of microfluidic devices have so far been
limited mostly to short-term (≤48 h) islet assessments,
including dynamic glucose-stimulated insulin secretion or
calcium-based imaging8,19,20,52,55,56 with only a few long-term
applications.10,12,57,58 In contrast to intracellular
electrophysiological and calcium imaging, extracellular
electrophysiology, as implemented here, is non-invasive and
can be used in the long term or reused several days later to
test conditions on the same preparation without exogenous
probes or transgene expression.59 The culture on the chip
seems to improve survival in comparison with suspension
cultures, as previously observed by others.60,61

A number of published devices for islets are designed for
the investigation of single islets.8,10,13,19 Although this
provides high resolution, it may not always provide the best
solution in view of the considerable heterogeneity of human
and murine islets.33,62 They also seem preferentially to trap
larger islets,8,19,44 which are not representative of the entire
islet population.33,62,63 This issue may be solved using dams
or traps of different heights.9,11,64,65 However, single-islet
trapping devices have not been used in long-term
investigations and these configurations would also
complicate the alignment of the PDMS mask with electrodes.

Our device has limitations in terms of throughput, and
comparability between chambers. In contrast to biochemical
or imaging approaches, throughput remains limited,
although considerably higher than with a classical perforated
patch clamp. Nevertheless, the electrophysiological approach
used here permits high-resolution kinetic analysis of the
entire micro-organ activity and its coupling without resorting
to complex post hoc algorithms.7,34,36 Imaging is now possible
in the kHz or near-kHz range, but only in a single optical

Fig. 5 Dynamic electrical and secretory β-cell activity after 4 and 8 days of culturing in the microfluidic MEA. (A) Stimulation of islet β-cell activity
in response to glucose (3 or 11 mM) and amino acids (AA, 10 mM, in the presence of 11 mM glucose). Forskolin was only added at the end of
recording on day 8. Black lines, chamber 1, red lines, chamber 2, given are means ± SEM, n = 22. SEM is given in grey or light red. (B) Insulin
secretion (as percent of content; black, chamber 1, red, chamber 2; 162 islets/chamber). (C) Statistics of mean electrical activity (frequency,
amplitude) for 3 mM glucose, 11 mM glucose (G11 1st phase or G11 2nd phase), 11 mM glucose and amino acids (G11 AA) or forskolin (10 μM). (D)
Statistics of mean insulin secretion during perfusion with media as in (C). *, **, ***, ****, 2p < 0.05, 0.01, 0.001 or 0.0001; &, 2p < 0.05 vs. 2nd
phase glucose alone (ANOVA/Tukey).
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plane or as a line scan excluding capture of the whole micro-
organ.11,66,67 Note that MEA-based approaches have already
proved useful for addressing a number of biological
questions.7,46,47,68,69

The dual-chamber system allows concomitant
comparisons and only one other dual-chamber design has
been reported previously, but the performance of the
chambers had not been compared.70 In our device, SP
frequencies remained comparable between the two chambers
during the different experiments. In contrast, we noted in
one set of experiments (Fig. 5A) a discrepancy in SP
amplitude between the two chambers on day 4 of culturing.
In contrast to frequency, extracellular recording of amplitude
in these electrically coupled micro-organs depends on
electrode coverage and may vary depending on adhesion or
whether a single islet of less than 100 μm in diameter
adheres and partially or completely covers an electrode with
a diameter of 30 μm. Interestingly the difference between
chambers was no longer apparent on day 8 of culturing.
Therefore, sufficient culture time may be needed for uniform
adhesion. Alternatively, normalisation of amplitude values, as
shown here, may allow a comparison of kinetics between
chambers. The loss of information on absolute values is
acceptable as, in contrast to intracellular recordings (patch
clamps), extracellularly recorded amplitudes do not represent
absolute values. We have previously reported electrophoretic
migration of islet cells to electrodes to ensure optimal
coverage and their subsequent re-aggregation to pseudo-
islets.71 Such an approach may also be used to obtain more
homogenous electrode–islet coupling in both chambers.

Another current limitation is given by the off-line nature
of secretion measurement. Several elegant on-line read-outs
for hormone measurements have been published17,44,72,73

with a resolution of 0.1 Hz or less.19,74 They provide very
important information at high time resolution, but such
approaches may not be feasible for most laboratories.

5. Conclusions

Analysis of islets in well-characterized electrophysiological
microfluidic devices offers a number of advantages and
perspectives. The ease of fabrication, assembly and handling
should allow long-term on-line monitoring of islet activity in
native micro-organs, pseudo-islets or stem-cell-derived islet-like
organoids.25,47,75 Future developments may include the
controlled formation of islet cell spheroids, from native or
stem-cell derived islet cells via application of an electric field
directly on the electrode, thus circumventing complex islet
trapping.71 The use of electrochemical organic transistors
provides high resolution and, in addition, the detection of
single action potentials.31 Sophisticated three-dimensional
electrodes or even electrode meshes76,77 may provide 3D
electrophysiology of islets while retaining the high temporal
resolution. Finally, electrodes and transistors may be
manufactured for the recognition of specific ions, such as K+ or
Zn2+,39,78 thus further advancing the analysis of islet function.
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