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Dopamine (DA) is a classical neurotransmitter and dysfunction in its synaptic handling underlies many neurological disorders, including addiction, depression, and neurodegeneration. A key to understanding DA
dysfunction is the accurate measurement of dopamine uptake by dopaminergic neurons. Current methods
that allow for the analysis of dopamine uptake rely on standard multiwell-plate based ELISA, or on carbonfibre microelectrodes used in in vivo recording techniques. The former suffers from challenges associated
with automation and analyte degradation, while the latter has low throughput and is not ideal for laboratory
screening. In response to these challenges, we introduce a digital microfluidic platform to evaluate dopamine homeostasis in in vitro neuron culture. The method features voltammetric dopamine sensors with
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limit of detection of 30 nM integrated with cell culture sites for multi-day neuron culture and differentiation. We demonstrate the utility of the new technique for DA uptake assays featuring in-line culture and
analysis, with a determination of uptake of approximately ∼32 fmol in 10 min per virtual microwell (each
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containing ∼200 differentiated SH-SY5Y cells). We propose that future generations of this technique will
be useful for drug discovery for neurodegenerative disease as well as for a wide range of applications that
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would benefit from integrated cell culture and electroanalysis.

Introduction
Dopamine (DA) is a classical small-molecule neurotransmitter. In a typical dopaminergic neurotransmission event, DA
molecules are exocytosed from a presynaptic neuron, where
they diffuse across the synaptic cleft to bind an appropriate
receptor on the postsynaptic neuron. DA is then cleared from
the synapse through a number of mechanisms including passive diffusion, receptor internalization and transporter uptake. Defects in DA clearance and regulation are implicated in
a host of diseases such as attention deficit hyperactive disorder, depression, addiction, and Parkinson's disease (PD).1,2
For example, in some cases of PD, the dopamine transporter
interacts with parkin and synuclein,3–6 forming anomalous
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constructs which decrease the rate of dopamine clearance.
Currently, the most common technique used to evaluate these
phenomena is the dopamine uptake assay, in which neurons
are incubated with exogenous dopamine, after which the
amount of dopamine found in cell lysate or remaining in the
extracellular media is measured as a function of time.1,4,7–9
Dopamine uptake assays are often implemented in vitro in
multiwell plates, which allows for convenient screening of
molecular species to identify effectors of dopamine clearance.
A popular model for these experiments is the SH-SY5Y cell
line, which differentiates into a functional dopaminergic neuron model when incubated with retinoic acid (RA) and 12-Otetradecanoylphorbol-13-acetate (TPA).10 The amount of dopamine uptake by SH-SY5Y or other dopaminergic neurons is
typically determined using immunochemistry (e.g., Western
blot or ELISAs) or radioisotopes.1,10 This requires tedious
steps involving transfer of analytes between vessels and instruments, which may lead to data loss and variability. This
is particularly problematic for DA given its propensity to become oxidized when exposed to air.11,12 An alternate technique (which is often applied in in vivo studies13,14) is the
use of microelectrodes and amperometry to measure dopamine directly in the extracellular milieu. While this technique
has become an important tool for correlation of dopamine release and uptake with whole-organism behaviour, two key issues hold back its adoption for in vitro biochemical studies:
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(1) the method uses fragile (and typically home-made) pulledcapillary carbon fiber electrodes as the transducer, and (2)
usage of these electrodes requires 3D micromanipulators and
a microscopy stage, limiting the throughput for screening.
Here, we report a potential solution to the problems described above, relying on digital microfluidics15 (DMF) to
integrate two functions: (a) multi-day neuronal cell culture
and (b) quantitative electroanalyis of dopamine. In DMF, discrete droplets are manipulated across an open surface,
sandwiched between two parallel glass plates (top and bottom). The top plate is coated with transparent, conductive indium tin oxide (ITO) acting as a DMF counter-electrode, and
the bottom plate is a patterned array of driving electrodes
coated with a dielectric layer. Towards application (a), DMF
has proven useful16 for automating many of the tedious steps
involved in in vitro mammalian cell culture17–23 but (unlike
methods relying on microchannels or micropatterning, which
have been used extensively for applications in
neuroscience24–31), DMF has never before been applied to
neuron cell culture and analysis. Towards application (b),
DMF has been combined with electroanalysis,32–36 and was
recently applied to detecting dopamine.33 However DMF has
never been used to integrate cell culture with electroanalysis,
and in fact, we are unaware of any report of DMF cell culture
being integrated with any type of chemical sensor. Multi-day
cell culture and electroanalysis have disparate (and in some
cases, contraindicated) requirements, but after a significant
amount of design and trial and error, the two functions
proved to be compatible, as described here.
The new technique introduced here is a comprehensive
tool, allowing for automated multiday dopaminergic neuron
cell culture and differentiation combined with in-line quantification of dopamine using a custom, integrated voltammetric
sensor. The new system was validated by application to the
evaluation of dopamine uptake in differentiated SH-SY5Y
cells. We propose that these and related techniques will be
applicable to a wide range of problems in neuroscience and
beyond that would benefit from integrated in-line cell culture
and electroanalysis.

Materials and methods
Unless otherwise specified, reagents were purchased from
Sigma Chemical (Oakville, ON, Canada) or Fisher Scientific
Canada (Ottawa, ON, Canada). Fluorescent dyes and cell culture reagents were purchased from Life Technologies (Burlington, ON, Canada). Antibodies were purchased from
Abcam (Ab) (Cambridge, UK) and Cell Signaling Technologies
(CST) (Danvers, MA, USA). A stock solution of dopamine was
prepared by dissolving 1.90 mg of dopamine in 10 mL of 1×
phosphate buffered saline (PBS) buffer (pH = 7.4) to a final
concentration of 1 mM. Two sets of serial dilutions of dopamine were prepared in PBS: (a) 500, 100, 50, 10, 5, 1 μM, and
(b) 500, 100, 50, 10 nM from the stock solution. All solutions
used in DMF experiments contained a surfactant additive;
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when not explicitly listed, the surfactant was 0.05% Pluronic
F68.
Macroscale cell culture
SH-SY5Y and MDA-MB-231 cells were acquired from ATCC
(Manassas, VA) and cultured in T25 flasks in a humidified incubator at 37 °C with 5% CO2. SH-SY5Y cells were grown in
1 : 1 DMEM : F12 supplemented with 10% FBS and 100 U
mL−1 penicillin/streptomycin. MDA-MB-231 cells were cultured in DMEM supplemented with 10% FBS and 100 U mL−1
penicillin/streptomycin. Cellular protein content was determined with the Lowry method according to manufacturer's
instructions (TP0300, Sigma, Oakville, Canada), measuring
the absorbance at 570 nm on a Pherastar multi-well plate
reader (BMG Labtech, Offenburg, Germany).
Fabrication of DMF bottom plates
DMF bottom plates were fabricated in the cleanroom facilities of the Toronto Nanofabrication Centre (TNFC), University
of Toronto. Patterned chromium-on-glass substrates were
coated with Parylene-C and Teflon AF as described previously.37 Briefly, the design features 80 chromium actuation
electrodes (2 × 2 mm), connected to 8 reservoir and 4 waste
electrodes, all coated with ∼15 μm parylene C (Specialty
Coating Systems, Indianapolis, Indiana, USA) and ∼100 nm
Teflon AF (Dupont, Wilmington, Delaware, USA).
Fabrication of DMF top plates
ITO coated glass substrates (Delta Technologies Ltd, Stillwater, MN) were processed in two photolithography stages to
create DMF top plates with integrated electroanalytical
electrodes and designated areas for neuron culture. In the
first stage, ITO was patterned and etched as described previously,32 resulting in five electrically isolated electrodes. Four
of the electrodes comprised two identical two-electrode
electrochemical cells (in the center of the substrate), and the
fifth electrode occupied an irregular area covering the remainder of the substrate (and served as the DMF counterelectrode). Each electrochemical cell featured one working
electrode (WE) with a surface area of 1.19 mm2, surrounded
by a circular counter/pseudoreference electrode (CE/RE),
which was 11.9 mm2 (with a 10 μm gap between each WECE/RE pair). Working electrodes were patterned either in the
shape of an eight-armed star (arm-width: 100 μm, armlength: 0.95 mm), a four-armed cross (arm-width: 200 μm,
arm-length: 0.95 mm), a line (width: 310 μm, length: 3.84
mm), or a solid circle (radius: 0.61 mm). Each of the electrochemical cell electrodes was connected by a thin wire (width:
100 μm) to a dedicated square shaped contact pad (10 mm ×
10 mm) located on the edge of the substrate.
The second photolithography stage was adapted from a
protocol described previously21 to form hydrophilic liftoff
spots on Teflon AF-coated DMF top plates. Briefly, substrates
from stage one (above) were cleaned, spin coated with photoresist (S1811, Dow Chemicals, Midland, Michigan, US) and
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exposed to UV light through a photomask. After developing,
Teflon AF was spin-coated at 4000 RPM and post baked at
175 °C for 5 minutes before immersion in acetone to lift-off
four circular 2 mm dia. apertures through the Teflon AF.
Then, the substrate was baked successively on a hot plate at
260 °C and 170 °C for 10 minutes each. When complete, the
final substrate had a global coating of Teflon AF, with four 2
mm dia. circular (open) apertures, two of which were centered over the electrochemical cells (defined in the first
photolithography stage, above), and two of which were over
the DMF counter-electrode (dedicated for neuron culture).
Two plate DMF device assembly and operation
Top and bottom plates were assembled with 150 μm thick
spacers formed from double-sided tape, such that unit droplets (covering one actuation electrode) were 600 nL. Droplets
were actuated by applying 100 VRMS electric potentials between DMF actuation electrodes (on the bottom plate) and
counter-electrode (on the top plate), controlled and managed
using the open-source DropBot system as described previously.38 In all droplet manipulation procedures, the device
was oriented with the top plate on “top,” but in all incubation
procedures, the device was inverted, with the top plate on the
“bottom.”
On-chip cell culture and differentiation
24 h prior to beginning experiments using DMF devices, the
hydrophilic liftoff areas on top-plates designated for cell culture were incubated overnight with 10 μM poly-D-lysine (PDL)
in double distilled water. 3 h before cell seeding, the top
plates were washed three times with sterile water and allowed
to air dry in a biosafety cabinet. SH-SY5Y cells that were destined to be differentiated into neurons were grown to 65%
confluence in a T25 flask, detached with 0.05% Trypsin in
EDTA and resuspended at 4 million cells per mL in retinoic
acid (RA) differentiation medium [1 : 1 DMEM : F12
supplemented with 1% FBS, 100 U mL−1 penicillin/streptomycin, 20 μM all-trans retinoic acid (RA), and 0.05% Pluronic
F68]. A 10 μL aliquot of the resuspended cells was loaded
into a reservoir on the assembled DMF device and two unit
droplets were dispensed, merged, and then actuated across
one of the PDL-coated hydrophilic sites to passively dispense
a ∼470 nL virtual microwell to seed the cells (and the remainder of the solution was driven to waste). 5 hours after
seeding, fresh RA differentiation medium was loaded into
the device and a unit droplet was driven across the hydrophilic site to replace the spent media in the virtual microwell
with fresh medium. This was repeated every 24 hours for 3
days, after which the medium was switched to 12-Otetradecanoylphorbol-13-acetate (TPA) differentiation medium
(identical to RA differentiation medium but supplemented
with 10 μM TPA instead of RA). The 24 h media replacements
were continued for another 3 days. MDA-MB-231 cells and
SH-SY5Y cells not destined to be differentiated were prepared
similarly, but were suspended in (and replenished every 24 h
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in) MDA-MB-231 media or standard SH-SY5Y media. During
all times in which droplets were not being manipulated, devices were inverted and kept in a humidified incubator at 37
°C with 5% CO2.
Immunocytochemistry on DMF
Day 6 differentiated SH-SY5Y cells grown on PDL-coated hydrophilic sites in DMF devices were evaluated by a technique
known as digital microfluidic immunocytochemistry in single
cells22 (DISC) in a 10-step procedure. Briefly, (1) cells were
fixed by dispensing and driving a unit droplet of 4% paraformaldehyde in PBS with 0.05% Pluronic F-68 across the hydrophilic site. (2) The cells were washed by dispensing and driving two unit droplets of PBS containing 0.05% Brij-35 across
the site (in series), and (3) they were permeabilized by dispensing and driving a unit droplet of 0.2% Tween 20 in PBS
across the site. (4) Step two was repeated. (5) Primary antibodies were delivered to the fixed, permeabilized cells by dispensing and driving a unit droplet containing one or more of
rabbit anti-beta 3 tubulin (ab18207 diluted 1 : 800), or murine
anti-mitochondrial (ab3298 diluted 1 : 20) in 1% non-fat dry
milk in PBS supplemented with 0.05% Brij-35 across the hydrophilic site. (6) Step two was repeated again, and (7) step
five was repeated with secondary antibodies including Alexa
Fluor 647 conjugated anti-mouse (CST#4410 diluted 1 : 600)
or Alexa Fluor 555 conjugated anti-rabbit (CST#4413 diluted
1 : 1200). (8) The top plate was detached from the DMF device
and immersed in 0.1% PBS with 0.05% Tween 20, followed
by (9) washing in distilled water, and subsequently (10) the
substrate was allowed to air dry.
The dried substrate was evaluated by whole-well microscopy using an Axon Instruments (Sunnyvale, CA, USA) Genepix 4000B microarray plate reader and an Olympus (Tokyo,
Japan) IX71 microscope with a BH2-RFL-T3 fluorescent
source. Images were white-balanced and stitched together
using Affinity Designer (Serif, Nottingham, England.)
Electrochemical analysis
Electrochemical analysis was performed using an Emstat
potentiostat (PalmSens, BV, Utrecht, the Netherlands). As an
initial characterization, each WE geometry (circle, line, cross,
star) was incubated with 200 μM dichlorotrisĲ1,10phenanthroline)rutheniumĲII) in 1× PBS and cyclic
voltammagrams (CVs) were collected at 0.1 V s−1, scanning
from −1 V to 1.5 V. The star-shaped WE geometry was also
characterized by collecting CVs of 1 mM 1 : 1 potassium
hexacyanoferrateĲII) : potassium hexacyanoferrateĲIII) in 1× PBS
buffer at scan rates of 2, 1, 0.5, 0.25, 0.1 V s−1, scanning from
−1.2 V to 1.2 V. For each condition, the final five scans were
recorded, and the average cathodic and anodic peak currents
were calculated for analysis.
An voltammetric calibration curve for dopamine was generated on-chip by performing cyclic voltammetry on unit
droplets containing dopamine (10 μM to 10 nM in PBS) at
100 mV s−1, scanning from −0.9 V to +0.9 V (on devices with
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the star-shaped WE). Ten scans were collected at each concentration, and the average cathodic peak currents at 720 mV
from the final five scans were recorded for analysis. The cathodic peak was plotted as a function of concentration and
fitted with a linear least squares regression. The limit of detection (LOD) was defined as the concentration (from the regression) corresponding to the average blank signal plus
three times the standard deviation of the blank signal.
Dopamine uptake assay
Day-6 differentiated SH-SY5Y cells were washed by dispensing
and driving two unit droplets (in series) containing PBS (prewarmed to 37 °C) across the virtual microwell (moving the
droplet remainder to the waste reservoir). A droplet of PBS
containing 1 μM dopamine (pre-warmed to 37 °C) was then
driven across the virtual microwell, followed by incubation
for 10 minutes in the 37 °C incubator. After incubation, a
fresh unit droplet of differentiation media was dispensed
and driven across the microwells to collect the spent dopamine solution. The droplet containing spent-solution was
driven to the electroanalytical cell for measurement using the
procedure described above. The procedure above was repeated for PDL-coated microwells with no cells, as well as
PDL-coated microwells bearing day-2 undifferentiated SHSY5Y cells or day-2 MDA-MB-231 cells. In addition, the procedure was repeated for day-6 differentiated SH-SY5Y cells with
PBS not containing dopamine. Statistical significance was
evaluated by student's t-test.
Supplementary methods
Supplementary methods describing simulations of diffusion
over working electrodes, as well as experiments evaluating
SH-SY5Y cell differentiation and analyte transfer efficiency
are described in the online supplementary materials.

Results and discussion
Device and detector
The overall goal for this work was to develop an integrated
system capable of multi-day neuronal cell culture with in-line
electroanalysis of dopamine uptake. As a first step towards
this goal, a new device architecture was designed combining
two previously published techniques: DMF top-plates modified with hydrophilic liftoff areas for in vitro adherent cell
culture in so-called “virtual microwells”21 and DMF top-plates
modified with electrochemical cells for quantitative analysis
by amperometry.32 We call the new system an
Electroanalysis-Microwell DMF top plate (or “EM-top plate”).
The EM-top plate was designed to enable rapid, integrated
transfer of reagents between cell culture zones and detectors,
thus minimizing the dopamine auto-oxidation11,12 that
plagues conventional dopamine uptake assays.
Fig. 1a depicts an EM-top plate patterned with three distinct regions: (1) a hydrophobic Teflon AF-coated DMF
counter-electrode for droplet actuation, which covers most of
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Fig. 1 Digital microfluidic (DMF) device for integrated neuronal cell
culture and electroanalysis. a) Top view schematic of the new
Electroanalysis-Microwell DMF top plate (EM-top plate). The conductive ITO is patterned into 5 electrically isolated zones: 2× working
electrodes (red), 2× counter/pseudoreference electrodes (blue), and
one large, irregular DMF counter electrode. A magnified view (below)
shows the composition of four hydrophilic liftoff spots (i.e., apertures
through the Teflon AF): 2× electrochemical cell (red/blue – bare ITO)
and 2× cell culture areas (green – ITO coated with poly-D-lysine). b)
Side view schematic of a DMF device bearing a droplet positioned on
one of the cell culture areas. c) Isometric view of the assembled
device.

the top plate, (2) two hydrophilic Teflon AF lift-off spots for
electroanalysis, and (3) two hydrophilic Teflon AF lift-off
spots for cell culture. Each culture site is positioned adjacent
to an electroanalytical cell (4 mm edge-to-edge). The magnified view of Fig. 1a demonstrates that the electroanalytical
cell comprises a two-electrode system: an ITO working
electrode (WE, red) and an ITO counter/pseudoreference
electrode (CE/RE, blue). Each cell culture site is coated with
poly-D-lysine (PDL, green).
Fig. 1b shows a side view of an EM-top plate assembled in
a DMF device. In DMF, droplets sandwiched between top and
bottom plates are manipulated by applying potentials between driving electrodes on the bottom plate and a ground
electrode on the top plate. As described previously,21 the Teflon AF liftoff sites on the top plate (either for cell culture or
for electroanalysis) facilitate a phenomenon called “passive
dispensing” in which a two-unit droplet (in this case ∼1200
nL) crosses a hydrophilic region, spontaneously forming a
virtual microwell (in this case ∼470 nL). After initial formation of the virtual microwell, passing a single unit droplet
across the site is sufficient to sweep the microwell's contents
away for analysis or to waste.
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The final design of the system used here (Fig. 1) was determined after several iterations, striving to balance numerous
requirements. First, because adherent cell culture is (by its
nature) destructive to surfaces, the devices cannot be re-used
for multiple experiments, making it critical that the fabrication protocol be as straightforward as possible (to allow for
rapid generation of many devices for replicates). Thus, in
contrast to all previous DMF-electroanalysis devices,32–36 the
electroanalysis electrodes used here were formed from
unmodified ITO rather than metal. This is advantageous because ITO is already incorporated (by design) as the DMF
counter-electrode; only minor additions to the conventional
fabrication steps are necessary to integrate the electroanalytical cell. Likewise, given the complexity of the overall device
design (Fig. 1), it was desirable to use a simple two-electrode
electrochemical cell format32 (incorporating one WE and one
CE/RE) rather than the more common three-electrode cell
format.33–36 Second, despite the non-standard material and
format imposed on the new detector (above), it was critical
that it be stable, precise, and have sensitivity sufficient to detect changes in dopamine concentration on the order of
∼nM.
The criteria for the new electroanalytical cell (above) posed
some design challenges. For example, it is well known39 that
to avoid the possibility of potential drift inherent in twoelectrode cells, the CE/RE must have an area ≥10× larger
than the WE area. A problem with this strategy is solution resistance – if the electrode geometries are not carefully considered, a large CE/RE area : WE area ratio can result in large
distances between the electrodes (and/or samples that lie primarily over the CE/RE), which can exacerbate the problem of
uncompensated solution resistance, reducing sensor efficiency and increasing the measurement error. To evaluate
this phenomenon and optimize detector performance, the
WEs used in this study were formed bearing four different geometries: i) round, ii) line, iii) cross, and iv) star, all embedded as inserts into the larger CE/RE (Fig. 2a). These cells were
constructed with consistent size ratio of 10 : 1 between CE/RE
and WE, where the area of WE = 1.19 mm2. Photomicrographs of the four WE geometries tested here are pictured in
Fig. 2b shows representative cyclic voltammograms (CVs)
generated for each of the geometries using a common
electroanalysis test-mixture, dichlorotrisĲ1,10-phenanthroline)rutheniumĲII). Fig. 2c compares the oxidation peak currents
(blue squares, referenced to the left axis) for this analyte for
each of the four WE geometries at 1.3 V. It is evident that an
increased WE perimeter, ranging from 1.83 mm for the circular WE (the geometry most similar to conventional screenprinted electrochemical cells) to 11.85 mm for the star
shaped WE, results in increased signal and reduced noise;
the star-shaped electrode was used for all subsequent
experiments.
We attribute the effect of WE perimeter on signal to improved access for the analyte diffusing onto the WE during
the measurement period. A similar trend can be found by
simulating the diffusion of analyte onto regions with
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Fig. 2 Characterization of working electrode (WE) geometries in EMtop plates. a) Micrographs of WEs formed with i) round, ii) line, iii)
cross, and iv) star geometries, scale bar is 500 μm. b) Representative
cyclic voltammograms (CVs) of 200 μM dichlorotrisĲ1,10phenanthroline)rutheniumĲII) in 1× PBS buffer (pH 7.4), recorded at 1 V
s−1 for the star (purple), cross (red), line (blue), and round (green) WE
geometries. The inset is a magnified region around 1.3 V. c) Comparison of measured peak current measured at 1.3 V (blue squares, left
axis) and simulated total flux for 10 s (red diamonds, right axis; see online supplementary information for details) as a function of WE perimeter, increasing from the round geometry on the left, to the star on the
right. For the current measurements, error bars represent ±1 standard
deviation (S.D.) for n = 5 The star-shaped WE geometry had the
greatest signal and lowest variance, and thus was used for all subsequent experiments.

geometries that match the working electrodes (Fig. S1 in the
online ESI†). The total flux of analyte onto each geometry in
a 10 s period is plotted for each geometry (red diamonds,
referenced to the right axis) in Fig. 2c. Note that the
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phenomenon observed here (increasing perimeter of the
working electrode to increase signal strength) is fundamentally the same as that established by microband electrodes
which are commonly used and have been characterized in
detail.39
All-ITO electroanalytical cells are rare; thus, the starshaped ITO vs. ITO electroanalytical cell was further characterized for reversibility and stability by recording cyclic
voltammograms of ferri/ferrocyanide mixtures at scan rates
of 0.1–2 V s−1. As shown in Fig. 3a, the peak separation was
found to be ∼1.8 V, which is different than the ideal case because of the uncompensated solution and electrode resistance (a consequence of thin wires and the relatively low conductivity of ITO). Note that this has negligible effects on the
sensitivity of the system because the dopamine measurements generate currents in the ∼nA range, which causes little
electrode polarization. More importantly, Fig. 3b shows a linear relationship between the peak current and the square
root of the scan rate as predicted by the Randles–Sevcik equation,39 ip = (2.69 × 105)ACiD 1/2v 1/2n 3/2, where ip is peak current,
A is the area of the WE, Ci is the concentration of the electroactive species, D is the diffusion coefficient, and v is the scan
rate. Taken together, the electrochemical characterizations in

Fig. 3 Characterization of reversibility for EM-top plates bearing starshaped WEs. a) CVs of 1 mM 1 : 1 potassium hexacyanoferrateĲII) :
potassium hexacyanoferrateĲIII) in 1× PBS at scan rates of 0.1 (black),
0.25 (purple), 0.5 (red), 1 (blue), and 2 (green) V s−1. Inset: photograph
of star shaped electrode. b) Randles–Sevcik plot of anodic (●) and cathodic (○) peak currents as a function of the square root of scan rate.
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Fig. 2 and 3 confirm the ability of the new ITO vs. ITO twoelectrode electroanalytical cell to provide a platform with a
reasonable potential window, as well as a stable and measurable electrochemical current signal in the nA scale.
Voltammetry has been employed for in vivo dopamine detection,13,14,40 and while there have been reports of dopamine
detection on metal-coated ITO surfaces,33,40 we are not aware

Fig. 4 Electrochemical analysis of dopamine standards in PBS using
the EM-top plate. a) Representative CVs of 1 μM dopamine solution
(blue) and background buffer, PBS (green). Inset: CV of backgroundsubtracted trace (red), showing the oxidative peak at 0.72 V. b) Representative CVs of DA at 50 nM (orange), 100 nM (pink), 500 nM (black),
and PBS (purple). c) Calibration curve generated by measuring the currents at 0.72 V for standards ranging from 0 nM to 1 μM DA. Error bars
represent ±1 S.D. for n = 50. The limit of detection (defined as the concentration corresponding to the blank signal plus 3× the standard deviation of the blank) was determined to be 30 nM. The inset is a magnified view of the low end of the curve.
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of any previous dopamine analyses carried out using bare
ITO vs. ITO electrodes. Fig. 4a shows a representative CV of 1
μM dopamine in PBS collected using an EM-top plate. Since
dopamine oxidation is a two-electron process, two oxidation
peaks are observed, at 0.3 V and 0.72 V, confirmed by
subtracting the background signal (PBS only) from the dopamine signal (Fig. 4a inset). These peak potentials are different from those reported in other electroanalytical studies of
dopamine,13,14 likely caused by electrode material differences
(i.e., ITO vs. ITO here, carbon fiber vs. Ag/AgCl in other studies13,14). Since the peak at 0.3 V is poorly resolved, the peak
at 0.72 V was chosen for quantitative analysis. Fig. 4b shows
that the CVs demonstrate consistent behavior across a wide
concentration range, and Fig. 4c indicates a linear trend with
respect to concentration (y = 4.145x + 1.570, R 2 = 0.9949),
with a limit of detection of LOD = 30 nM (better than 10× improved relative to the LOD = 420 nM for dopamine analysis
by DMF/electroanalysis reported previously33).

Dopaminergic neuron culture and DA uptake
Armed with a capable DA sensor, we turned to the other goal
of this work, on-chip neuron culture and analysis. In initial
work, it was determined that the previous methods reported
for adherent cell culture in DMF17–23 were inadequate for the
delicate task of growing and differentiating neuronal cells.

Fig. 5 Neuron differentiation by DMF. a) Top view schematic of EMtop plate (left). Cell culture areas (green) are coated with poly-D-lysine
(necessary for neuron attachment, growth and differentiation) and are
located adjacent to the electroanalytical cell (WE, red; CE/RE, blue).
Fluorescent micrograph (right) of an entire growth area (10× mag.) of
day-6 SH-SY5Y cells grown and differentiated by DMF on an EM-top
plate. Cells were stained for neuronal structural marker, β3-tubulin
(yellow); the extended neurites are consistent with differentiated SHSY5Y cell morphology. Scale bar is 500 μm. b) Fluorescent micrographs
(40× mag.) of undifferentiated day-1 SH-SY5Y neurons (left) stained for
β3-tubulin (yellow) and day-6 differentiated SH-SY5Y neurons (right)
stained for β3-tubulin (yellow) and mitochondria (pink). Compared with
undifferentiated SH-SY5Y cells, the differentiated cells have longer,
thicker, and more pronounced neurites. Arrows show mitochondrial
migration into a developing neurite, a marker of healthy, active neurons. Scale bar is 25 μm.
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Building from well-plate techniques,10,41,42 we found that
coating cell culture sites with PDL (Fig. 5a), allows for neurons to attach and thrive. We optimized the PDL coating conditions for maximum cell attachment and differentiation
(data not shown), and obtained mature dopaminergic neurons by seeding immature SH-SY5Y cells on PDL coated liftoff
spots, followed by a 6 day differentiation protocol (adapted
from one reported elsewhere10) in which cells are first exposed to RA and then to TPA (in this case, all automated by
DMF). A representative image of undifferentiated cells
(Fig. 5b, left) features cells with short, thin neurites, consistent with an immature neuron phenotype. In contrast, terminally differentiated neurons (Fig. 5b, right) show a phenotype
consistent with neurons, with β3-tubulin staining (a marker
for neuronal cytoskeleton,43 in yellow), and mitochondria distribution in the neurites, (denoting active transport, a marker
of neuron health,44 in pink). On average, the main neurites
observed in day-6 (terminally) differentiated cells grew ∼15fold relative to basal lengths on day 0; this stands in contrast
to those in day-6 undifferentiated cells, which did not grow
relative to basal lengths (Fig. S2 in the ESI†). After optimization of the differentiation conditions, a series of virtual
microwells (n = 15) bearing terminally differentiated SH-SY5Y
cells was found to support 209 ± 17 cells, each of which
contained 833 ± 63 pg total protein (mean ± S.D.).
As far as we are aware, the data shown here represent the
first report of neurons grown on a digital microfluidic platform. Although not evaluated specifically, the process of
droplet movement (either to seed suspended cells or deliver
reagents to adhered cells) does not appear to affect cell viability or phenotype. This is not surprising, as previous studies
on other mammalian cell types20 have reported that DMF actuation has negligible effects on cell phenotype when probed
for targeted (quantitative PCR for stress-related genes) and
untargeted (cDNA microarrays) expression changes (noting
that DMF driving potentials drop almost exclusively across
the dielectric layer, leaving droplets largely field-free). While
differentiated SH-SY5Y cells have been grown in
microchannel-based platforms,31 we propose that the low
shear stresses inherent to DMF (e.g., 0.5 dyn cm−2 even with
high-speed solution transfer22) makes DMF an attractive platform for neuron growth and analysis applications, given the
sensitivity of neurons to modest shear forces (i.e., DNA damage at 1 dyn cm−2 or more45).
Finally, equipped with a device capable of (a) multiday
neuron culture and differentiation and (b) electroanalysis of
dopamine in solution, the two functions were integrated into
an uninterrupted process-flow, as illustrated in Fig. 6a. In
each experiment, after on-chip culture and differentiation for
6 days, the culture/differentiation medium in a virtual microwell (highlighted for clarity with yellow dye) is exchanged
with a droplet of PBS containing 1 μM dopamine
(highlighted for clarity with green dye) (frames i–iii). After a
suitable incubation step, a second droplet is delivered to collect the contents of the virtual microwell and deliver it to the
voltammetric sensor (frames iv–vi). The total elapsed time
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Fig. 6 DMF dopamine uptake assay. a) Frames from a movie showing
the assay protocol, with neuron differentiation medium identified by
yellow dye, and 1 μM dopamine in 1× PBS identified in green dye. i) A
virtual microwell containing adherent neurons is shown on the right,
and a (transparent) electroanalytical cell is indicated on the left. ii) The
initial differentiation medium on the neurons is replaced with
dopamine solution, and iii) the neurons are incubated with dopamine
solution. iv) The dopamine solution is replaced with media to maintain
neuron viability. v) The spent dopamine solution is collected and vi) is
moved to the electroanalytical cell for analysis. b) Representative
cyclic voltammograms generated from droplets of 1 μM dopamine
after incubation for 10 min over an empty microwell (blue), MDA-MB231 cells (green), undifferentiated SH-SY5Y cells (pink), and differentiated SH-SY5Y cells (purple). As positive control, a droplet of buffer
containing no dopamine was incubated over differentiated SH-SY5Y
cells (orange). c) Bar graph comparing the percentage of dopamine
remaining in 1 μM dopamine droplets (determined from cyclic
voltammetry) after incubating on virtual microwells with (left-to-right)
no cells, MDA-MB-231 cells, undifferentiated SH-SY5Y cells, and differentiated SH-SY5Y cells. The final condition (right-most) is for droplets
containing no dopamine exposed to differentiated SH-SY5Y cells. Error
bars represent ±1 S.D. for n = 10.
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between the two steps (incubation and analysis) is short (<5
s), limiting the potential for unwanted DA oxidation. Note
that the analyte collection step (frames iv–vi) is not 100% efficient – that is, a small amount of analyte remains in a VM after a single unit droplet is driven across it. To account for
this effect, experiments were carried out to determine that
the transfer efficiency for the procedure used here is 85%
(Fig. S3 in the ESI†), a property that was accounted for in dopamine uptake calculations, below.
Fig. 6b shows representative cyclic voltammograms (CVs)
of 1 μM dopamine solutions processed as in Fig. 6a with inline incubation for 10 min with differentiated SH-SY5Y cells,
undifferentiated SH-SY5Y cells, MDA-MB-231 cells (a nonneuronal cell type, included as an organic negative control),
and with PDL-coated regions containing no cells (inorganic
negative control). In addition, a CV is shown for a droplet
containing no dopamine incubated for 10 min with differentiated SH-SY5Y cells (positive control). It is evident that these
signals are noisier than those generated from standard solutions (Fig. 4a and b), likely caused by interference of proteins
or other solution constituents secreted by cells during the incubation step. Importantly, the shape and magnitude of the
CV for the positive control (differentiated SH-SY5Y cells exposed to no dopamine, orange trace in Fig. 6b) is nearly identical to that of the standard solution containing no dopamine
(purple trace in Fig. 4b), suggesting that the cells have not
secreted appreciable dopamine or other analytes with similar
oxidation potentials (e.g. norepinephrine) that might obscure
the measurement of dopamine uptake.
Ten replicates of each condition represented in Fig. 6b
were conducted using the procedure outlined in Fig. 6a, and
the results are summarized in Fig. 6c. As shown, the average
dopamine signal measured in droplets after exposure to differentiated SH-SY5Y cells is ~8% lower than that measured
for the inorganic control. This signal is significantly different
than that measured for undifferentiated SH-SY5Y cells (p =
0.0059), and the post-incubation dopamine signals for
undifferentiated SH-SY5Y and non-neuronal MDA-MB-231
cells are similar (p = 0.3225). Accounting for the 85% transfer
efficiency described above (which applies to all conditions in
Fig. 6c), the amount of dopamine taken up by differentiated
SH-SY5Y cells is ∼32 fmol per VM. This is equivalent to 184
pmol dopamine per mg cellular protein after 10 min exposure to 1 μM dopamine, a rate that is ∼4× higher than what
was reported for these cells previously.10 This level of difference is perhaps not surprising given the radically different
techniques employed (direct radiometric analysis of [3H]DA
in tens of millions of cells previously10 vs. electrochemical
analysis of unlabeled DA remaining in supernatant exposed
to hundreds of cells here). More tests are needed to know for
sure, but it is possible that the higher uptake rates measured
here are reflective of the rapid, integrated protocol, which
limits the opportunity for dopamine oxidation.
The data presented in Fig. 6 was collected using the first
method (of any kind) we are aware of that is capable of automated neuron culture with in-line neurotransmitter
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quantitation (and further, the first digital microfluidic
method integrating cell culture of any kind with chemical
sensors). In this proof-of-principle work, we evaluated one
concentration of dopamine at one duration. But we propose
that future generations of similar devices (perhaps enabled
by recent reports of DMF arrays bearing thousands of driving
electrodes46) will be useful for multiplexed analysis of dopamine uptake (perhaps with primary neurons or differentiated
neurons formed from stem cells47 rather than the SH-SY5Y
cells used here), which would be invaluable for drug discovery
for PD and other DA-related neurodegenerative diseases.1,2
More generally, we propose that the techniques described
here will be applicable to a wide range of problems that
would benefit from miniaturized, automated techniques
that couple cell culture with electroanalysis.

Conclusion
We demonstrate the first integrated in-line detection system
to study dopamine uptake. The method relies on digital
microfluidics and combines 1) multi-day, in vitro culture and
differentiation of neurons, and 2) a sensitive electrochemical
sensor for neurotransmitter detection. The system allows for
integrated dopamine uptake assays in an automated format
suitable for screening. We propose that future generations of
this platform will be useful to study a number of neuropathologies, as well as applications involving other electroactive neurotransmitters and their associated transporters.
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