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Organic electronics for precise delivery of
neurotransmitters to modulate mammalian
sensory function
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Significant advances have been made in the understanding
of the pathophysiology, molecular targets and therapies for
the treatment of a variety of nervous-system disorders.
Particular therapies involve electrical sensing and stimulation
of neural activity1–4, and significant effort has therefore
been devoted to the refinement of neural electrodes5–8.
However, direct electrical interfacing suffers from some
inherent problems, such as the inability to discriminate
amongst cell types. Thus, there is a need for novel devices
to specifically interface nerve cells. Here, we demonstrate
an organic electronic device capable of precisely delivering
neurotransmitters in vitro and in vivo. In converting electronic
addressing into delivery of neurotransmitters, the device
mimics the nerve synapse. Using the peripheral auditory
system, we show that out of a diverse population of cells, the
device can selectively stimulate nerve cells responding to a
specific neurotransmitter. This is achieved by precise electronic
control of electrophoretic migration through a polymer film.
This mechanism provides several sought-after features for
regulation of cell signalling: exact dosage determination
through electrochemical relationships, minimally disruptive
delivery due to lack of fluid flow, and on–off switching. This
technology has great potential as a therapeutic platform
and could help accelerate the development of therapeutic
strategies for nervous-system disorders.

Todevelop a programmable ‘machine-to-brain’ communication
platform, numerous criteria must be met, such as dosage precision
and dynamic spatial and temporal control. Furthermore, delivery
should preferably be achieved with minimal fluid flow, as liquid
flow can lead to undesirable effects such as chemical gradient
disruption9 or increased pressure in compartments with limited
volume. Non-convective delivery would enable the introduction of
biological substances per se into small compartments in organs such
as the cochlea. Organic conjugated polymers have been investigated
in recent years as delivery platforms that fulfil many of these req-
uirements, in part owing to their chemical and material properties
that facilitate their incorporation into bio-medical devices10,11. As
volume-change actuators, they have been explored as reversible
valves exposing drug-loaded microreservoirs12. This electrochem-
ical actuation has also been investigated for the release of drugs
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from the polymer itself13,14. Abidian et al. have even demonstrated
controlled release from conducting polymer-coated drug-loaded
nanofibres fabricated directly on a neural implant electrode15.

Each of these technologies takes advantage of the role of ions in
polymer conduction. Electronic and ionic conduction coexist—and
are often coupled—in conducting polymer systems16,17. Indeed, the
fact that electronic conduction can be ion mediated leads to the
conclusion that these materials could provide an ideal interface
for signal transduction between electron- and ion-mediated
systems. This concept was recently demonstrated in an organic
electronic ‘ion pump’18. When addressing the device with a driving
voltage, K+ was electrophoretically transported from a source
electrolyte, through a film of the conducting polymer19 poly(3,4-
ethylenedioxythiophene) doped with poly(styrenesulphonate)
(PEDOT:PSS)20–22, into a target reservoir containing neuronal cells.
Local increase of extracellular [K+] depolarized the cell membrane,
thereby activating membrane-bound Ca2+ pumps; that is, the
electronic input signals were translated into ion fluxes and, in turn,
activation of intracellular signal transduction pathways.

This technology, based on simple monolithic design, realizes
the criteria stated above. Delivery is achieved with minimal
physiological disturbances, as electronic signals are translated
into ion transport in the absence of fluid flow. Spatial control
is defined by photolithographic patterning18 (see Supplementary
Information), whereas temporal control is achieved by modulation
of the electrophoretic driving voltage. The latter provides the
possibility of programming the ion transport to mimic dynamic
temporal patterns, for example, the oscillations characteristic of
Ca2+ signalling23.

To analyse whether we could expand the repertoire of signal
substances transported through the electronic matrix, we tested
the neurotransmitters glutamate (Glu), aspartate (Asp) and
γ -amino butyric acid (GABA). These small molecules exist as
positively charged ions depending on the pH, which is required
for the electrophoretic action of the ion pump. Glu is the
principal excitatory neurotransmitter in the central nervous
system (CNS), where it mediates fast synaptic transmission.
Together with its receptors, Glu has critical roles in synaptic
plasticity, basic processes of memory and learning, and brain
development, as well as neurological and psychiatric disorders24.
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Asp is also an excitatory neurotransmitter, whereas GABA is the
principal inhibitory neurotransmitter in the mammalian CNS.
The pathophysiology of numerous neuropsychiatric disorders,
including anxiety and depression, is suggested to be due to
disturbances in the GABA system25.

We prepared planar ion pump devices, comprising a single,
biocompatible PEDOT:PSS layer, as previously reported18. The
single film is divided by an electronically insulating—but still ioni-
cally conducting—region (Fig. 1 and Supplementary Information).
When voltage is applied, an electrochemical circuit is established,
leading to oxidation of the source electrode (anode, equation (1)),
and reduction of the target electrode (cathode, equation (2)), where
M+ is the cation present in the source electrolyte.

PEDOT0
+M+:PSS−→PEDOT+:PSS−+M++e− (1)

PEDOT+:PSS−+M++e−→PEDOT0
+M+:PSS− (2)

The cations are electrophoretically transported through the region
of film joining the two electrodes, then enter the cathodic side
of the film, where they are delivered into the electrolyte. This
structure of electronically conducting electrodes separated by an
electronically insulating channel enables application of a wide range
of voltages—in excess of 30V—without excessive electric fields in
the target system. Furthermore, the use of PEDOT:PSS alleviates
problems associated with secondary electrochemical reactions at
such elevated voltages (see Supplementary Information).

Using Glu, Asp and GABA as source electrolytes, the delivery
capabilities of the device were demonstrated at multiple driving
voltages for a variety of times, with individual devices used for
each parameter tested (Fig. 2a–c). By comparing the integrated
electronic current to the quantity of neurotransmitters delivered
into the target electrolyte (see Supplementary Information), a
transport efficiency can be defined by the electron/molecule ratio.
This ratio is precisely 2.7± 0.2 for Glu (n = 16), 6.3± 0.5 for
Asp (n= 10) and 1.3± 0.1 for GABA (n= 10) (value± s.d.). For
materials with low pKa, that is, Glu and Asp, the excess protons
present in the source solution will also be pumped. Owing to the
smaller size of protons compared with Glu or Asp, their mobility
through the channel can be significantly higher, explaining the
larger electron/molecule ratios for Glu and Asp. The transport
rate can be tuned by the operating voltage, providing a full
range of transport up to quantities of the order of 100 µM in
the total liquid volume. Locally however, the concentration can
be significantly higher before the molecules diffuse away23. The
approximate concentration of Glu in the synaptic cleft has been
reported to be 2–1,000 µM (ref. 26); thus, the device operates in a
relevant physiological range.

The lifetime of the device is limited by the amount of
oxidizable PEDOT (see equation (1)) and can thus be tailored by
the electrode dimensions (see Supplementary Information). The
present electrode geometry enables device operation of the order
of 1 h in constant pumping mode, that is, constant current. The
PEDOT could also be returned to amore reduced state, for example,
by reversing the voltage. Using pulsed delivery23, the lifetime should
be bounded only by the concentration of molecules in the source
electrolyte and could therefore be markedly extended. Figure 2d
illustrates that the delivery rate is stable after an initial equilibration
period corresponding to the time required to fill the channel with
the intended ions on first use.

The successful transport of neurotransmitters encouraged us to
redesign the device into an encapsulated, syringe-like form to enable
its use in vivo. The first step in this development was the realization
that the channel region could comprise an extra electrolyte
(Fig. 1b). This geometry could enable the central electrolyte to

T
Cathode

Anode, S

Anode CathodeT

S

Anode Cathode

S T

A

Hydrophobic encapsulation (10 µm thick)

Over-oxidized PEDOT:PSS channel (250 nm thick)

PET substrate (~150 µm thick)

PEDOT:PSS (250 nm thick)

2 mm

30 mm

~6 mm
~3.4 mm

0.75 mm

7 mma

b

c

d

T

S reservoir

anode

Figure 1 | Planar and encapsulated geometries of the delivery device.
a, Side view of the planar device used in initial Glu, Asp and GABA transport
studies. The black arrow indicates the flow of charged neurotransmitters
from the source electrolyte, S, through the anode, then through the
over-oxidized channel and finally out into the target electrolyte, T, through
the cathode. Layer thicknesses are indicated in the material legend. b, Side
view showing the developmental progression from the planar device (a), to
the planar device with intermediate electrolyte (salt bridge)—that is, the
effective target system T. The white arrow indicates the flow of arbitrary
positively charged species from T into the cathodic electrolyte. c, Side-view
scheme of the encapsulated device. Only the source/anode system is
shown with cylindrical encapsulation. The arrow again indicates ion flow.
d, Top view of the encapsulated device, showing both electrolyte chambers
and the requisite target system T. The arrows are analogous to those in b.
The electrolyte reservoir tubes are 2 mm in outer diameter.

become the effective target system, with the original target acting
simply as the electrochemical cathode. By ‘folding’ this system,
and providing encapsulation around the individual electrolytes, a
syringe-like device is achieved (Fig. 1c,d). The operating principle is
similar to the planar device, except that cations from the source are
delivered to an external target electrolyte, and cations are extracted
from this target region and drawn in towards the cathode system,
completing the electrochemical circuit.

To ascertain whether the encapsulated device can be used for
cell stimulation similarly to the planar device18, in vitro experiments
were carried out. Astrocytes, a sub-type of glial cells present in the
CNS, express the receptor for Glu. On binding of Glu, membrane-
bound ion channels open immediately, promoting Ca2+ influx27–29.
Therefore, astrocytes represent an ideal system to monitor Glu
activation of cells using real-time single-cell ratiometric Ca2+
imaging. The device was loaded with Glu (source) and NaCl
(cathodic) electrolytes andmounted with the tip in contact with the
bottomof a dish, adjacent to primarymurine astrocytes. After initial
baseline recordings of intracellular Ca2+ with the delivery device
in the off-state, Glu transport was activated. A significant increase
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Figure 2 | Transport of neurotransmitters in the planar delivery device. a–c, Concentration of Glu (148 g mol−1) (a), Asp (134 g mol−1) (b) and GABA
(104 g mol−1) (c) in the target electrolyte (150 µl) as a function of time, where the device was operated at 4 V (open symbols) and 8 V (filled symbols). The
grey lines are linear fits with non-zero time offset (see Supplementary Information). The insets show the chemical structures of the materials in their
positively charged form. d, Representative current versus time data at 4 V (dashed line) and 8 V (solid line) with equivalent delivery rate on the right axis.
The data shown are for GABA delivery.
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Figure 3 | Glu-induced Ca2+ responses in astrocytes. Time-lapse
fluorescence microscopy of intracellular Ca2+ recordings in astrocytes
induced by Glu delivered by the encapsulated device. Representative
tracings from three cells (solid, dotted and dot–dash lines) in one
experiment are shown. The device was switched on by application of
voltage for 370 s (solid grey line) and then switched off. Cells were then
allowed to re-establish their basal Ca2+ level. At 730 s, Glu was applied
manually using a pipette ([Glu]final= 1 mM), eliciting responses of similar
magnitude to those from the device-delivered Glu. The experiment was
repeated three times.

in intracellular Ca2+ revealed successful delivery of Glu (Fig. 3)
after an equilibration delay similar to that observed in Fig. 2d. The
Ca2+ response declined when the voltage was turned off and cells
re-established their basal intracellular Ca2+ level. As a control, Glu
was next applied manually using a pipette, resulting in a Ca2+
response of similar magnitude to that induced by Glu delivered
from the encapsulated device. Collectively, this substantiates the
usability of the device for cell activation, and that Glu retains its
potent biological form after transport through the polymer.

Having demonstrated how this device converts electronic
addressing signals into precise non-convective delivery of Glu, we
next investigated its potential use as a novel communication inter-
face between human-made electronics, selective neurotransmission

and brain function. To test the feasibility of this concept, we used
the auditory system of the guinea pig as an in vivo experimental
platform. Within the cochlea, sound waves of various frequencies
are transduced primarily by the inner hair cell system, as opposed to
the outer hair cell system30. As Glu is the primary neurotransmitter
for the inner hair cells, the auditory system can be used to evaluate
the ability of the device to target specific cells, that is, whether the
encapsulated ion pump can be used to selectively affect specific
cell types in vivo. Excessive Glu is known to exert an excitotoxic
effect on the inner hair cells as opposed to the outer hair cells31,32,
and this pathophysiological effect can be monitored by histological
analysis. In addition, excitotoxicity can be analysed in real-time,
by monitoring the auditory brainstem response (ABR). Excessive
Glu will damage the inner hair cells, leading to hearing loss and
an attenuated ABR. In the cochlea, high-frequency sound waves
are transduced at the base, near the round window membrane
(RWM), whereas lower frequencies are transduced towards the
apex. Therefore, shifts in ABR threshold (re:pre-treatment thresh-
old) at different frequencies indicate, in real-time, the effect of Glu
at different distances up the cochlea. At present, osmotic pumps are
used to modulate such effects by direct fluid injection33. However,
the inner hair cells, positioned on a delicate membrane that vibrates
with sound stimulation, are highly mechanosensitive, for example,
to disturbances in fluid flow and pressure34. To bypass this problem,
the ion pump can be used to deliver substances through the RWM,
which is an established port of diffusive entry into the cochlea.

The tip of the delivery device was introduced in close proximity
to the RWM of anaesthetized guinea pigs using conventional
ontological surgery (Fig. 4a). The procedure is non-invasive to the
cochlea, because the device delivers Glu to the outside of the RWM
through which Glu enters by diffusion (Fig. 4b). Once the device
was in place, Glu was delivered continuously for 60min (n= 5)
and during this time, ABR shifts were assessed at 0, 15, 30 and
60min. Within this time frame, stimulation in the lower basal
region (corresponding to 20 kHz transduction), upper basal region
(16 kHz) and lower apical region (8 kHz) could be achieved without
risking saturation of the entire cochlea withGlu. As theGlu solution
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Figure 4 | In vivo application of the ion pump. a, Photograph of the device
mounted on the RWM, with the two ion channels (see Fig. 1d) visible as
dark blue strips on the transparent substrate. The dashed lines indicate the
obscured shape of the device leading back to the electrolyte reservoirs,
seen in the upper left of the image. b, Illustration of the experimental
scheme. The dotted line indicates a slice through the cochlea, expanded
below. The grey arrow indicates the diffusion of ions through the RWM,
scala tympani and finally to the hair cells. c, Mean ABR shift
(re:pre-treatment thresholds) as a function of recording frequency after
15 min (hatched bars) and 60 min (filled bars) of Glu (blue) and H+

(yellow) delivery. The frequencies are illustrated in relation to their
increasing distance from the RWM. The error bars indicate the standard
deviation. e, Histological sections of the cochlea with the inner hair cells on
the right and outer hair cells on the left showing (i) effect of H+ delivery (as
control) and (ii) effect of Glu delivery (excitotoxic-induced damage to the
auditory dendrites indicated with asterisks) in the lower basal region
(turn 1), and similar (iii) H+ and (iv) Glu effect in the upper basal region
(turn 2). Scale bar: 20 µm.

was at low pH, control experiments (n = 3) delivering only H+
were also carried out. At 15min, an ABR shift of only ∼7.5 dB was
observed for both Glu and H+ for all frequencies, indicating that
the Glu concentration had yet to reach excitotoxic levels (Fig. 4c).
At the 30min time point, increased ABR shifts (∼10 dB, data not
shown) were observed in some cases for Glu, whereas the H+
response remained consistently low. After 60min of Glu delivery,
however, a strong, statistically significant ABR threshold shift (that
is, hearing loss) was noted at all frequencies, whereas the H+
response remained consistently low.

After the ABR recordings, cochleae were removed and prepared
for histological analysis using cresyl violet (Fig. 4d). Control
experiments revealed that delivered H+ had little or no effect on
any cell type. Similarly, no morphological changes were observed
in the most apical regions of the cochlea after Glu was introduced
into the perilymph (see Supplementary Fig. S1). However, in the
lower and upper basal region, a strikingly large number of the
dendrites of the inner, but not the outer hair cells, were observed
to be swollen. As these dendrites represent the main connection
between the inner hair cells and the underlying auditory nerves,
the damaging, excitotoxic effect of Glu explains the corresponding
ABR shifts at these frequencies. Collectively, these data indicate that
the encapsulated ion pump can be used to establish concentration
gradients within the perilymph, providing a means to spatially
control excitotoxicity. Furthermore, this demonstrates that delivery
of a particular neurotransmitter from the device can be used to
selectively target a specific cell type in vivo, as responses are induced
solely in the subset of cells expressing the relevant receptor.

Electronic control provides another highly desirable feature: the
ability to expose cells to pulsed, rather than continuous delivery.
Sustained exposure to neurotransmitters quickly desensitizes the
receptors, reflected in, for example, malfunctioning signalling
pathways or downregulation of receptor expression. Using pulsed
delivery, such problems can be circumvented. In the present
experiment, ∼14 nmol of Glu was delivered during the 60min
‘pulse’. The device could accordingly be pulsedmore than 100 times
without depleting the ∼30 µl Glu solution. Tailoring the pulsing
scheme according to the physiological requirements could increase
the effective lifetime even further.

Having demonstrated the ability to translate electronic address-
ing signals, through neurotransmitter signalling, into brainstem
responses, this technology establishes a new paradigm in machine-
to-brain interfacing. Indeed, the device described herein is the first
successful realization of an organic electronic device capable of
modulating mammalian sensory function by precise delivery of
neurotransmitters. These developments represent a significant step
forwards in biology–technology interfacing, and promise to pioneer
further symbiosis of electronics and living systems.

Methods
Planar ion pump devices were fabricated using standard photolithographic
methods as previously reported18. Briefly, prefabricated films of PEDOT:PSS on
a polyethylene terephthalate substrate were dry-etched, selectively (by means
of photolithographic masking) chemically over-oxidized and selectively (again
by photolithographic masking) coated with the hydrophobic photoresist SU-8.
After soaking in deionized water for >12 h, Glu, Asp and GABA were transported
at various driving voltages between 2 and 10V for a variety of times at each
voltage from 0.1M source electrolytes. Individual devices were used for each set
of parameters. The transport was characterized in terms of the current versus time,
as measured by the custom control electronics, and the quantity of the delivered
molecules, as determined by quantitative HPLC analysis of the target electrolyte.
Device efficiency was thus evaluated as the ratio of electrons passed through the
driving circuitry to the number ofmolecules delivered to the target electrolyte.

Encapsulated ion pump devices were fabricated in a similar fashion as the
planar devices. Devices were cut from the substrate using a computer-controlled
flatbed cutting plotter, and sheathed with two pieces of silicone tubing each. The
delivery-end of each tube was sealed and much of the length of the delivery ‘tip’ was
coveredwith the ion-impermeable silicone encapsulant Sylgard 186 (DowCorning).

For in vitro testing, primary murine astrocyte cultures were prepared and
maintained as previously described35, then loaded with the Ca2+-sensitive dye
FURA-2 AM. The encapsulated device was evaluated by delivering Glu and
observing the subsequent fluxes in intracellular [Ca2+] using ratiometric time-lapse
fluorescence microscopy. As a control, Glu was also applied manually using a
pipette to a final concentration of 1mM.

For in vivo testing of the encapsulated device, access to the RWM of the
anaesthetized guinea pig was achieved by a retro-auricle approach. Once the device
was placed on the RWM, delivery using either 0.1M l-glutamic acid in 10 µM
HCl(aq) (pH∼ 3) as the source electrolyte and 0.1M NaCl(aq) as the cathodic
electrolyte was initiated. Control experiments delivering H+ used 0.1M HCl(aq)
(pH 1) as the source electrolyte. Over a 60min time frame, auditory function
was assessed by means of auditory brainstem response at frequencies of 8, 16 and
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20 kHz at 0, 15, 30 and 60min time points. Afterwards, cochleae were collected for
histological analysis and stained with cresyl violet.

Full methods are available in SupplementaryMethods.
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