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Abstract

The design, fabrication and test of an indium tin oxide (ITO) microdevice to investigate exocytotic behaviors of migratory
dendritic cells (DCs) in confined three-dimensional environment were reported in this work. Indeed, immature DCs were
able to migrate into micro-fabricated biocompatible polydimethylsiloxane (PDMS) channels that mimic their natural
constrained environment of tissues for patrolling in search of danger associated antigens through an endocytotic process
called macropinocytosis. In order to coordinate membrane trafficking and prevent cell volume increment, DCs will release
part of their contents back to the extracellular medium while migrating. Through electrochemical measurements, we
demonstrated that exocytotic events of migratory DCs could be monitored by our ITO microdevice. In addition, the
transparency of ITO electrode should facilitate future combining assays of exocytosis with other fluorescence-based

measurements of cell physiology.
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Dendritic cells (DCs), the most potent antigen (AG)
presenting cells, are the sentinels of the immune
system.[:-8] They effectively patrol peripheral tissues in
search of danger associated AG through a biological
phenomenon called “macropinocytosis”. This process
constitutes the first step of the adaptive immune response
and significantly relies on specific DCs properties,
including their high endocytic capacity [* 51 as well as
their efficient motility 81 in confined three-dimensional
(3D) environments. Macropinocytosis represents a
distinct pathway of endocytosis in mammalian cells
(Scheme 1).I91 It includes the uptake of cargo from the
extracellular  medium by  macropinosomes, the
preservation of the surface membrane area, and the
regulation of membrane traffic along the intracellular
pathway. Interestingly, previous study [l shows that

macropinosome traffic is not unidirectional (endocytic),
but bidirectional (endocytic and exocytotic), indicating
that DCs macropinocytosis is accompanied by exocytotic
events. Recently, high resolution time-lapse imaging
confirms that exocytosis is taking place when DCs
migrate in the confined 3D microchannels.l*?) Such
secretory events might favor matrix remodeling and
membrane recycling required for cell migration.
Moreover, this exocytotic process taking place in DCs
plays an important role in  proper cell
communication/activation, and need to be tightly
controlled in order to allow either an efficient clearance
of pathogens, or the maintenance of immune homeostasis.
Characterization of exocytosis of migratory DCs is thus
significant to better understand the cellular trafficking in
3D-confinement. In this context, secretion coupled to cell
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migration has been poorly addressed. This is why we
considered to use amperometry in 3D-confined
microchannels that mimics the confined environment in
which DCs migrate. Indeed, amperometry is a routine
analytical technique for quantitative, real-time monitoring
of exocytosis at single cell level.l181 In general, a
microelectrode is positioned in the close vicinity of a
target cell during amperometric measurement, either on
the top or at the bottom, and a constant potential is
applied to the working electrode at which electrochemical
biomolecules (mainly catecholamines) released during
exocytosis could be oxidized. As a consequence, the
exocytotic fluxes are depicted as a series of amperometric
current spikes and each single spike results from an
individual exocytotic event.[**] The frequency and shapes
of amperometric spikes elucidate particular information
about the dynamics of the release process while their
integrals give the exact quantity of electroactive
molecules released. Different microelectrodes (carbon
fiber (11 14161 Ay [I71 Pt [18] ) have been employed for
amperometric detection of electroactive molecules
discharged from individual vesicle during exocytosis.
Among them, indium tin oxide (ITO) microelectrodes
appear to be a good choice due to their excellent optical
transparency, high electrical conductivity as well as their
appropriate electrochemical working window for the
electroanalysis of biomessengers. Our group and others
have been developing microchips based on transparent
ITO microelectrodes on a glass substrate in order to
facilitate higher throughput measurements of exocytosis
as well as to enable fluorescent measurements that are not
possible with usual carbon-fiber electrodes.[1%-23]
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Scheme 1. Schematic view of macropinocytosis process. Top :
Formation of macropinosomes at the front of the migrating
dendritic cell while it is moving. Middle : Antigen presentation
towards the back of the cell, behind the nucleus. Vesicles
undergo series of morphological changes to concentrate the
internalized antigen. Bottom: Possible exocytotic event towards
the extracellular medium so as to achieve the membrane
retrieval and excessive fluid discharge.

To the best of our knowledge, there have been so far
few researches focusing on studies of exocytotic
behaviors of DCs. In 2006, by means of fluorescent
microscopy, macropinocytosis of DCs was found to be a
regulated coordination of endocytic and exocytotic
membrane traffic events.l" The membrane release of
serotonin from DCs upon ATP stimulation was also
confirmed by amperometric measurement with carbon
fiber microelectrode.?l However, these studies have
been mainly performed ex vivo on flat two-dimensional
(2D) surfaces and such substrates rarely apply to in vivo
cell migration, which mainly occurs in 3D confined
environment. Exocytotic behaviors of migratory DCs in
3D confinement, as in vivo, were investigated in this
article by designing and fabrication of a PDMS
microchannels/ITO microsystem (Fig.1 (A)) allowing
simultaneous observation of cells and amperometric
detection of exocytosis as described herein. (The details
concerning ITO microdevice assembly are shown as
supporting information in Fig.S-1)

ITO band

160 um
Cell front

(€) Cell rear Nucleus

Dlstance

Figure 1. (A) ITO microdevice for amperometric detection; (B)
DCs migrating to the fibronectin coated 1TO/glass substrate;
the blue double headed arrow depicts the position of the
transparent ITO microelectrode and the red ellipse indicates the
single migratory DC lying on ITO band; (C) A typical example
of an individual DC migrating in 4-pm width*5-pm height
fibronectin-coated microchannels. Sequential images were
processed to remove the channels so that only the cells are
visible (white). Temporal sequences were put one below the
other (Magnification 10x, the interval between two images is 2
min, scale bar 40 um). (D) Top: A representative Life-act-GFP
DC in  8-um width*5-pym height fibronectin-coated
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microchannels: the nucleus was stained with Hoechst (in blue);
lysosomes in red were tagged with WGA-AF647 and
macropinosomes of the migrating DC were indicated by the
white arrows at the cell front (Magnification 60%); Sequential
images of the life-act-GFP DC migrating in microchannels
filled with OVA AF-647 (in red). Temporal sequences were put
one below the other (Magnification 20x, one image every 3 min,
scale bar: 5 um). DC was able to internalize the OVA-647 in
the channels and it was finally accumulated into the lysosomes
at the cell rear during migration Several events of secretions
might be envisionned for a single DC.*! For instance, a vesicle
formed at the cell front could be exocytosed (indicated by the
red arrow in the top image).

3D-confined microchannels made of PDMS, a
biocompatible  silicone  elastomer, have  been
demonstrated to be able to induce DCs to move inside the
microchannels at speeds similar to those observed in
vivo.[8:10. 25,261 |In our case, the transparent property of the
bottom ITO-embedded glass slide allowed us to observe
DCs’ behaviors through high-resolution microscopy.
Additionally, multiple parallel channels in each device
(around 80 channels per chamber), enabled an easy
recording of many cells’ behaviors at low magnification.
As shown in Fig.1 (B), after overnight incubation, DCs
previously loaded into the entry plug of the ITO
microdevice spontaneously entered into PDMS
microchannels and were able to move across the ITO
electrode, without any mechanical or chemical
stimulation. By tracking DCs’ migration along PDMS
microchannels with time-lapse imaging, we noticed that
not all the cells acted at the same way inside the
microchannels (see movie 1 shown in supporting
information). Firstly, there were big differences of cell
sizes; secondly, most cells underwent important speed
fluctuations during motion, resulting in different
migration distances; finally, some cells showed changes
in direction during migration (Fig.1 (C)). However, after
overnight incubation, we always saw DCs moving on
ITO electrode.
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Figure 2. (A) Measurements of the electrical noise in PBS
(pH=7.4) at a constant potential value (E=+650 mV vs.
Ag/AgCI) as a function of electrodes dimensions (y=70x-2,
R2=0.948); (B) Electrical noise of ITO microelectrode with and
without DCs and its dimension is of 200 pum by 320 pum;(C)
Cyclic voltammograms of 1 mM serotonin and 1 mM dopamine
in PBS solution (pH=7.4) respectively, scan rate 20 mV/s. (D)
Cyclic voltammograms of 100 uM K;Fe(CN)y in PBS
(pH=7.4) on ITO electrode with and without fibronectin
treatment, scan rate 20 mV/s.

As shown in Fig.1(D), by staining the different
compartments of DCs with specific dyes, we found that
while migrating along the microchannels, DCs could
form lots of macropinosomes (as indicated by the white
arrows in Fig.1(D)) in front of the nucleus to sample the
microenvironment so as to take up extracellular antigens
and the internalized antigens were accumulated in
lysosomes at the cell rear (Fig.1(D)). We thus believe that
migrating DCs are able to expel part of their contents to
the extracellular space so as to achieve the coordination
of endocytic and exocytotic membrane trafficking. That
is, exocytotic events are properly taking place during
migration. Previous studies have shown that DCs are able
to not only accumulate neurotransmitters but also
synthesize, store and degrade them.  Since
neurotransmitters play important roles in immune
response of DCs,[?” 28 we try to figure out if there are
electroactive neurotransmitters, like serotonin or
dopamine, expelled by DCs during migration with
amperometric detection. [24 2931 This is different from
what have been shown before in the literature in the way
that secretion is monitored here while the DCs are
confined in 3D microdevices and are migrating into the
ITO microsystem channels assembly.

Fig.2 (A) presents the relationship between the current
noise and the surface area of ITO working electrode of
which the band widths varied from 200 um to 1000 pm.
Globally the line depicts a good linear fit with a slope of
0.07 fA/um?. Moreover, the best electrical properties
were obtained from 200 um ITO band with minimum
surface area of 0.06 mm? , with a rms noise of typically 2
to 4 pA , which is consistent with our previous work
based on ITO microelectrodes.[?2 We also compared the
current noises obtained from ITO microelectrodes with
and without DCs. As illustrated in Fig.2 (B), migratory
DCs adjacent to ITO electrodes didn’t increase the
background noise for amperometric recordings. All
measurements were performed in PBS (phosphate buffer
saline) solution and no obvious difference was seen for
the two parallel ITO microelectrodes in the same
microdevice.

Fig.2 (C) shows cyclic voltammograms of two well-
known neurotransmitters (1 mM serotonin and 1 mM
dopamine) inside the 3D-confined microchannels
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collected on ITO microelectrode at a scan rate of 20 mV/s. g0
We can see that dopamine started to be oxidized at about o * (7:Y N ) S — Imax  (B)
+200 mV while the oxidation of serotonin occurred at < < I;;;
+400 mV, and their oxidation peaks were located at  § * I Wl (1 W
around +450 mV and +550 mV, respectively. According 3 3 Areal@)
to the results mentioned above, our ITO microdevice is 0
adequate from an electrochemical point of view for e Time
amperometric  detection of these electroactive "
neurotransmitters release. Therefore, in the following (@
experiments, we applied a potential of +650 mV to track 3 3
neurotransmitter release from DCs on ITO electrode by 5" &
amperometric measurement, this value being identical - - 7
with the one we used to detect serotonin discharged from =

)

cells by carbon-fiber and ITO electrodes in previous
references. [22 23,32

In our microdevice, the bottom surface for DCs’
migration is composed by both ITO and glass, showing
inhomogeneity, further surface treatment is thus
necessary to let DCs adhere and spread in PDMS
microchannels. For the sake of creating a homogenization
of the whole surface, we pre-coated the microchannels
with 20 pg/mL fibronectin solution for one hour. To
investigate whether electrochemical properties of ITO
electrodes were affected by fibronectin treatment, we
compared cyclic voltammogram of a well characterized
redox mediator K;Fe(CN), (100 uM) acquired on naked
ITO microelectrode with that obtained from 20 pg/mL-
fibronectin precoated ITO band. As shown in Fig.2 (B),
besides the slightly shift of the oxidation peak,
fibronectin coating did not alter the electrochemical
detection at ITO microelectrodes.

In our 3D-confined PDMS microchannels that mimic
the natural constrained environment of tissues, DCs were
able to migrate through the ITO microelectrode
(Fig.1(B)). Previous study shows that for migrating DCs,
exocytosis was taking place so as to empty part of the
ingested fluid as well as to recycle the internalized
membrane during macropinocytosis (Fig.1(D)).1X In this
present work, based on ITO microelectrode, we tried to
investigate the spontaneous exocytotic events of
migratory DCs by amperometric detection, which
provides the accurate amount of released biomolecules
and precise kinetic characteristics with high sensitivity
and sub-millisecond temporal resolution.

We applied a +650 mV constant potential at the 1TO
electrode vs. Ag/AgCl and recorded the current as a
function of time. The exocytotic release trace from
migratory DCs in 3D-confined PDMS microchannels
thus appeared as a succession of individual, well
separated amperometric spikes, as presented in Fig.3 (A).

tyja/ms Log(Q/fC

Figure 3. (A) Representative amperometric trace monitored on
the 3D-confined ITO microdevice from migratory DCs; (B) A
typical amperometric spike extracted from amperometric trace
(indicated by the red star); (C) Histogram of half-height width
( tiz ) (Dl Statistical logarithmic distributions ( y =
0.2e~56(x=349" RZ = 0,932) of the charge Q obtained for each
exocytotic event electrochemically detected on the 3D-confined
ITO microdevice for DCs.

At a potential at the foot of the oxidation waves of
dopamine or serotonin (see Fig.2 (C), respectively, 100
and 300 mV vs. Ag/AgCl, no spikes were detected (data
not shown). The current spikes suggested electroactive
biomolecules were discharged by migratory DCs and
then immediately oxidized at ITO surface, confirming the
viewpoint that macropinocytosis of migratory DCs is
accompanied by exocytotic events, resulting in the
coordination of endocytic and exocytotic membrane
trafficking. It is important to note that this secretion is
detected in the absence of any stimulation/secretagogue
nor prior loading of the cells with any neurotransmitter or
electroactive molecule, pointing out the facts that the
DCs have endogenous electroactive neurotransmitters(?é]
and that the spontaneous secretion is probably triggered
by confinement. Indeed the same experiments performed
in Petri dishes with the technique of carbon fiber
microelectrodes used by amperometry showed no
secretion in the absence of stimulation or prior loading of
the cells (data not shown).

Fig.3(B) displays a typical single oxidative spike on
expanded time scale extracted from Fig.3(A), which is
corresponding to an individual exocytotic event. In
amperometric measurement, maximum current amplitude
Imax (PA), half-height width t,,, (ms) and area Q (pC)
are typical characteristics for a single spike analysis. Note
that Ip,ax represents the maximum release flux, t;/, is
defined as the time interval where current amplitude
exceeds 50% of I, While the integral charge Q was
employed to calculate the precise release amount on the
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base of Faraday’s law. For migratory DCs, we analyzed
the results from a total of 125 events with a wide range of
amplitudes varying from 5 to 120 pA (mean value,
21.94£3.4 pA) and histograms of t, ;, and integral Q were
presented separately in Fig.3(C) and Fig.3(D). The
distribution of ti» values shows a half-height width of a
few milliseconds, with a mean value of 25.05+3.44 ms
and the mean Q value is 0.74+0.16 pC. However, larger,
more irregularly shaped events also occured (see Fig.S-2
shown in supporting information). These spikes may
come from sites further from ITO microelectrode or
represent multiple releases or another type/size of
vesicles.

We have designed and manufactured an effective 3D-
confined ITO/PDMS microdevice which allows
simultaneously cell observation and amperometric
measurement of exocytosis from migratory DCs. The
phenomenon that macropinocytosis of migratory DCs is
accompanied by exocytotic events was monitored by
amperometric  detection. We propose that our
experiments will identify specific modes of exocytosis
and will display the mutual interaction of endocytic and
exocytotic trafficking of DCs as well as will
quantitatively analyzing exocytosis during cell migration.
In addition, further optimization of our microdevice
based on transparent ITO microelectrode should facilitate
future real-time combining assays of DCs’ exocytotic
behaviors with other fluorescence technology.[?3 3334 By
doing so, correlations between place (on the DC surface,
rear or front) or size of wvesicles (lysosomes,
macropinosomes etc...) and quantitative parameters of
secretion could be drawn.

Experimental

ITO  microelectrodes  were  manufactured by
photolithographic process and acidic wet etching (see
Fig.S-1(A) shown in supporting information). A thin film
of ITO (90% In,03/10% Sn0,; 150 nm thickness; ACM,
Villiers Saint Frédéric, France) was previously sputtered
onto optical glass slides (22 mm x 22 mm x 0.13 mm) in
order to afford a material of low electrical resistance (<
20 ohms per square) and transparency. To be specific,
firstly, an insulating photoresist (AZ 9260, Clariant
GmbH, Germany) was patterned onto the ITO/glass
slides by the following steps: (a) spin-coating (b),
prebaking on a hotplate at 110°C, exposure to UV light
through a specific mask design (c) and development (AZ
400K+ H,0) (d). Then, the ITO with no “photoresist
protective layer” was chemically etched by commercial
HCI solution and the photoresist remaining on ITO band
was removed with acetone. This ‘wet etching’ step left

two identical ITO microelectrodes of about 200-um
width respectively on the glass slide.

Biocompatible PDMS microchannels with the inlet and
outlet ports were prepared as previously described. [25 261
In brief, microchannels were fabricated in PDMS using
rapid prototyping and soft lithography. As a result, for
each PDMS chamber (see Fig.S-1(B) shown in
supporting information), multiple microchannels are run
in parallel which makes it suitable for multiple cells
observation. Moreover, we fixed a homemade PDMS
gasket with diameter of 1.5 cm onto the top of the PDMS
microchannels so as to hold the culture medium, making
the chamber an appropriate environment for cells ((see
Fig.S-1(C) shown in supporting information)). PDMS
chamber and the ITO-embedded glass slide were then
activated in a plasma cleaner (PDC-32G Harrick) for 1
min at 400 mTorr and were stuck together. One hour
incubation in 60 °C oven was used to strengthen the
binding. The upper surface of the microchip was then
activated by plasma treatment for 2 min at 400 mTorr to
produce hydrophilic inlet which enabled 20 pg/mL
fibronectin  (fibronectin from bovine plasma 0.1%
solution) to fill into the microchannels. After one hour
coating at room temperature, the microchip was rinsed 3
times with PBS. The system could be used immediately
or stored up to 3 days at +4 °C. Before loading cells,
microchannels were washed twice with cell culture
medium and kept in the incubator while collecting cells.

Amperometric  detection of exocytosis at ITO
microelectrodes was carried out using a picoamperometer
(model AMU-130, Radiometer Analytical Instruments,
Copenhagen, DK) at a constant potential E = + 650 mV
vs. a silver/silver chloride reference electrode (Ag/AgCl,
a 1-mm diameter wire). The time course of the
amperometric current was monitored (output digitized at
40 kHz) and stored on a computer (Latitude D600, Dell)
through a DJ/A converter (Powerlab 4SP, AD
Instruments) and its software interface (Chart version 4.2
for Windows, ADInstruments). The significative
parameters of an amperometric spike are the maximum
oxidation current I.., (pA), the half-height width
t1/2 (ms) and the total electrical charge Q (pC). All the
values are presented as the mean + s.e.m. (standard error
of the mean = standard deviation/vn, where n is the
number of spikes analyzed). Voltammetric analyses were
performed with an EA162 Picostat (eDAQ, Australia)
through an e-corder 401 system associated with EChem
software. The reference electrode was also Ag/AgCl.
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