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ABSTRACT 

Current technologies for cell stimulation suffer from a 
variety of drawbacks.  Indeed, precise, localized, and 
minimally disruptive machine-to-cell interfacing is 
difficult to achieve.  Here we present the organic electronic 
ion pump (OEIP), a polymer-based delivery system 
exhibiting high spatial, temporal, and dosage precision.  
Based on electrophoretic transport of positively charged 
species, the OEIP can deliver – with high precision – an 
array of biologically relevant substances without fluid 
flow, thus eliminating convective disturbance of the target 
system’s environment.  We discuss our results to date, 
including oscillatory delivery profiles and stimulation of 
neuronal cells in vitro, as well as our ongoing work. 
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INTRODUCTION 

Conjugated polymer systems, doped and un-doped, 
can exhibit high conductivity for both ions and electrons.  
In their oxidized state, high concentrations of holes are 
easily transported along the π-conjugated backbone.  
Meanwhile, an open, amorphous bulk structure, in 
conjunction with the chemical properties of the polymer-
dopant ion system, provides for fast ion conduction.  We 
have chosen the conducting polymer system poly(3,4-
ethylenedioxythiophene) doped with the polyanion 
poly(styrenesulfonate) (PEDOT:PSS) [1] (Figure 1) to 
achieve “ion pump” delivery devices that exploit this 
combined ionic and electronic conduction.  Upon biasing 
these organic electronic ion pumps (OEIPs) [2], electronic 
addressing signals are converted into exact delivery of ions 
and bio-substances at very high spatiotemporal resolution, 

and in the absence of fluid flow – i.e., only molecules are 
delivered, not solution.  We explore these devices to create 
precision microenvironments and to precisely regulate the 
cellular responses of several cell lines, such as HCN-2 
neuronal cells.  

In addition to their now widespread utilization in 
LEDs and solar cells, conjugated polymers have been 
explored for more unique applications based on their 
electrochemical characteristics.  The redox-activated 
swelling and contraction of certain polymers has led to the 
development of various actuator technologies [3], whereas 
the electrochemical modulation of electronic conductivity 
has paved the way for mixed electronic-ionic transistors 
[4,5], and light-emitting electrochemical cells (LECs) [6].  
More recently, the organic electronics field has begun to 
merge with bio-medical research, yielding a host of 
biosensors, bio-electrodes, and drug delivery platforms 
[7,8]. 

For delivery devices in particular, while many great 
strides in the technology have been achieved, there is still 
room for much improvement.  These devices typically 
suffer from limitations such as low release rates and poor 
on/off ratios, as well as inadequate electronic control of the 
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Figure 2: The organic electronic ion pump (OEIP).  a, Side and, 
b, top view of the device structure.  M+ and C+ represent cations 
in source and target electrolyte, respectively, where M+ is the 
species “pumped” through the channel. 
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Figure 1: The π-conjugated conducting polymer poly(3,4-
ethylenedioxythiophene) (left) doped with the polyanion 
poly(styrenesulfonate) (right) (PEDOT:PSS). 



delivered dose [9].  Micro-  and nanofluidic techniques 
have successfully bypassed some of these problems and 
have been used to generate controlled concentration 
gradients – analogous to many biological systems [10].  
However, these systems are based on fluid flow, which 
necessarily disrupts the fragile liquid environment 
comprising the target system.   

The OEIP reported here addresses these limitations, 
and can deliver a broad range of bio-substances – 
including neurotransmitters – with precise electronic 
control and without convectional disturbances. 

 
THE OEIP DEVICE 

The OEIP consists of a single film of PEDOT:PSS 
photolithographically patterned into electrodes joined by 
an “ion channel” (Figure 2).  The channel region, based on 
the same original film of PEDOT:PSS, is over-oxidized,  
thus deactivating electronic conduction while preserving 
ionic conduction [11].  A hydrophobic encapsulation layer, 
such as SU-8, covers the channel region, and provides 
openings over the electrodes for application of source and 
target electrolytes.   

Upon application of a voltage between the electrodes, 
an electrochemical circuit is established, resulting in the 
oxidation of PEDOT at the anode and reduction of PEDOT 
at the cathode.  Since the channel region is electronically 
insulating and the polyanionic PSS essentially forms a 
cation exchange membrane, the only mechanism whereby 
electronic current can be sustained is for cations from the 
anode/source side of the device be transported to the 
cathode/target side.  Owing to the rapid ion exchange 
between the thin film PEDOT:PSS electrodes and their 
accompanying electrolytes, the source electrolyte serves as 
a reservoir for the positively charged species to be 
delivered, and the target electrolyte serves as the system 
into which species emerging out of the ion channel are 
immediately delivered (Figure 2). 

This electrophoretic delivery mechanism ensures that 
the delivery rate of positively charged species through the 
channel and into the target system is directly (and exactly) 
proportional to the current measured in the electronic 
branch of the circuit.  Furthermore, since charged species, 
and not solution, are transported through the channel, 
material is delivered into the target system without 
convective flow.  The OEIP therefore represents an ideal 
platform for precise, non-disruptive study of biological 
systems. 

 
RESULTS AND DISCUSSION 
Delivery Characteristics and Efficiency 

Using KCl as the source electrolyte, upon biasing the 
device, K+ ions are transported through the channel and 
delivered into the target electrolyte. By comparing the 
amount of K+ delivered into the target electrolyte (e.g., by 
atomic absorption spectroscopy) to the integrated current 
measured in the driving circuitry, a precise linear 
relationship can be established between the delivered 
concentration and the driving current (Figure 3).  Indeed, 
these results indicate an approximately 100% efficiency, 
i.e., for every electron measured in the electronic circuit, 
exactly one K+ ion is transported through the channel.  In 
addition to K+, this precise electron-to-molecule ratio has 
been observed for all species successfully pumped to date.  
In addition, one or several miniaturized electrodes or ion 
channels can be incorporated to further refine the spatial 
resolution of the device.   
 
Using the OEIP to Induce pH Oscillations 

Many cell signaling events are defined by 
concentration oscillations.  Here, we show that the OEIP 
device can be used to induce pH oscillations [12] in the 
target reservoir (Figure 4).  When the voltage was applied 
(5 V, 10 s) protons were pumped out and the pH decreased 
rapidly close to the channel outlet.  When the voltage was 
turned off the pH increased due to diffusion in the 
electrolyte.  The diffusion process was slower than the 
delivery through pumping, and thereby limiting the 
frequency of which pulses can be applied to generate a 
regular pH oscillation. 
 
Pumping K+ to Regulate the Intracellular Ca2+ Level in 
Neuronal Cells 

K+ is an activator of excitable cells such as HCN-2 
neuronal cells.  High extracellular [K+] depolarizes the 
plasma membrane, thus activating voltage-operated Ca2+ 
channels (VOCCs) in the membrane.  The open channels 
allow a rapid influx of Ca2+ ions from the extracellular 
environment into the cytoplasm.  We investigated whether 
K+ pumping could activate the Ca2+ homeostasis in HCN-2 
cells.  The cells were loaded with Ca2+ sensitive 
ratiometric probe FURA-2 AM and the intracellular Ca2+ 
level was recorded during the pumping experiment.  
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Figure 3 K+ transport. a, Comparison of [K+] in AB and CD when starting with identical electrolyte solutions in both (no Ca2+ present). Off indicates that no voltages were
applied and on means VAB = 1 V, VBC = 10 V, VCD = 1 V. Standard deviations are shown as error bars (n= 4). b, Time-resolved transport of K+ between the electrolytes and
of electrons between B and C (VAB = 1 V, VBC = 10 V, VCD = 1 V). c, Current measured between B and C for three different VBC (VAB = 1 V, VCD = 1 V). d, Corresponding
relationship between transported K+ and total B–C charge after 10min. The red line shows the linear fit and the outer blue lines represent the 95% confidence interval.

the electrolytes AB and CD are defined with the negative photoresist
SU-8. The electrodes labelled B and C are separated by a water-
saturated polymer electrolyte (over-oxidized34,35 PEDOT:PSS),
which conducts ions but not electrons. The water-saturated
polymer electrolyte prevents the reservoir electrolyte (AB) and the
target electrolyte (CD) from mixing directly. When the potential
VBC is applied (Fig. 2b), the cations in the reservoir electrolyte (and
hence in the polymer film B) are transported through the polymer
electrolyte to the target electrolyte (Fig. 2c).

Electrodes A and B form yet another two-electrode system,
allowing B to be replenished. Similarly, electrode D prevents
electrode C from being completely reduced. Electrodes A and D are
much larger than electrodes B and C. Consequently, the capacity of
the ion pump is defined by the number of redox sites at electrodes
A and D. As PEDOT:PSS in the initial state is closer to fully oxidized
than to completely reduced36, A is the limiting electrode. As large A
and D electrodes enable B and C to be continuously regenerated, a
proper ion transport capacity is achieved without using very thick
B and C electrodes that may limit the ease of manufacturing and
the build-up of high local concentrations.

To increase the ion mobility in the polymer film, the ion
pumps were conditioned in deionized water for 24 h before use.
Immediately before operation, the devices were dried with N2 gas,
before 150 µl of the appropriate electrolytes were placed in openings
AB and CD. The AB electrolyte consisted of a water solution of
a chloride salt (0.1 M unless otherwise stated) of the cation to be
pumped. The target electrolyte consisted of a 0.1 M solution of
an acetate salt (calcium acetate when K+ was transported and vice
versa), or complex cell-culturing medium when cells were included
in the experiments (see later paragraphs). A high concentration

of cation in AB increases the transport rate of that particular ion
(data not shown). The initial cation concentration in CD on the
other hand, does not influence the transport at all, as the di!usion
rate through the polymer is almost negligible as compared with
electromigration. This is particularly interesting when the initial
ion concentrations in AB and CD are equal. Figure 3a shows that
it is possible to pump ions against a concentration gradient. In
this measurement, both the reservoir and the target electrolyte
contained 2 mM potassium acetate, that is, no additional ions were
added to the target electrolyte. There is an ion exchange between
the electrolyte and the PEDOT:PSS, which can be seen as a decrease
in the concentration after leaving the solution on the polymer film
for 25 min. If potentials are instead applied for the same length of
time, the final concentration of K+ is significantly higher in the CD
electrolyte than in the AB electrolyte.

Figure 3b shows the time-resolved transport of the total charge
and K+ between B and C in a device operated for 30 min. The
transport rates for both total charge and K+ are constant during
the first 8–10 min of operation, whereas at later stages, the current
and consequently the ion transport rate decreases rapidly (also
seen for 10 V curves in Fig. 3c). This is due to consumption of
the oxidation sites on electrode A. The pump capacity can be
increased by, for example, making electrodes A and D thicker.
It is evident from Fig. 3b that when electrode A is consumed
and the current drops, the ionic transport rate is slightly higher
than the measured B–C charge transport rate. This results from
K+ that electromigrate partly through the polymer electrolyte as
long as the electric field is maintained and subsequently di!use
into the target electrolyte when the current drops (this di!usive
flux is initially larger than that observed in a device with no
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Figure 3: K+ delivered to the target system versus charge 
measured in the electronic circuit (i.e., integrated current) at 
various driving voltages. 



Figure 5 shows how the intracellular [Ca2+] was modulated 
in HCN-2 cells by pumping of K+.  The dashed line shows 
how the intracellular [Ca2+] increased after a few minutes 
of pumping.  When the voltage-operated Ca2+ channels 
were blocked by Gd3+ (solid line) or nifedipine (dotted 
line) the intracellular [Ca2+] remained unaffected thus 
proving the physiological relevance of the Ca2+ influx. 

In cell signaling research, spatiotemporal control of 
ion fluxes is of great importance.  To achieve local 
stimulation of cells the channel width was shrunk down to 
50 µm.  When K+ was pumped with this device geometry, 
only cells close to the channel outlet responded while cells 
500 µm away were unresponsive. 

 
ONGOING WORK AND CONCLUSION 

Building on the results reported above, we are 
currently investigating further development of the OEIP 
platform.  One focus is on the decrease of the device 
dimensions for even better spatial and temporal delivery 
resolution [13].  This will allow for true single-cell 
stimulation in vitro.  In parallel, we are developing the 
device in an encapsulated scheme to enable its use in vivo 
as well as in expanded in vitro applications [14].  The 

encapsulated form of the OEIP could lead toward fully 
implantable drug delivery devices.  Finally, we are 
exploring new delivery profiles which could expand the 
stimulation capabilities of the OEIP, thus enabling better 
machine-to-biosystem interfacing. 

The findings above, and our ongoing research efforts, 
promise for a versatile technology platform to precisely 
regulate physiology and signaling in vitro as well as in 
vivo.  
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5 min. This corresponds very well to the time scale
observed in many cell signaling events, such as ion
controlled gene transcription [3,36].

5. Conclusions

An organic electronic ion pump, using PED-
OT:PSS as the active material, can be used to elec-
tronically control the delivery of protons to a
receiving electrolyte. Ordinary pH indicator paper
in the electrolyte is a simple way to detect changes
in pH and gradients stretching along several mm.
By adjusting the applied voltages and pulse times,
it is possible, not only to control the shape of pH
gradients, but also to create local ion concentration
oscillations. Such gradients and oscillations in ion
concentration are highly interesting for various
kinds of cell signaling studies as well as lab-on-a-
chip applications and should not be restricted to
protons, since the same behaviour apply for other
mobile ions such as e.g. K+ and Ca2+. The amount
of transported ions can be counted by integrating
the current between the transport electrodes and
the on/o! ratio is around 1000 for protons. All these

characteristics make the organic electronic ion
pump a very promising device for future drug deliv-
ery applications. Conducting polymer electrodes
have been explored for drug delivery applications
in the past. In those earlier devices the electrochem-
ically triggered release function occurs from the
same volume, within the polymer film, as the drug
molecules themselves are stored. Typically, this lim-
its the scenario to applications for which low dose
levels and high spontaneous di!usion (losses) can
be accepted. In the organic delivery device, reported
here, ions from a separate storage chamber migrate,
via electrical addressing, to the delivery electrode.
This suppresses high levels of spontaneous leakage
and enables us to choose applications which require
high delivered doses.
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Figure 4: pH modulation using the OEIP.  a, The increase in pH 
closest to the outlet of the ion channel into the target electrolyte. 
The pH was measured using a red pH indicator and analyzing 
the green intensity of subsequent microscope images.  b, The 
associated device current (solid) and voltage (dotted). 
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Figure 5 Microscopy recordings of electronically induced ion flux in electrolyte and cells. a, Time-lapse microscopy of ion-pump-mediated K+ transport from AB (0.1M
KCl) to CD electrolyte (0.1M Ca2+ acetate containing the K+-sensitive probe PBFI) at VBC = 10 V (solid line). Dotted line: dH2O as AB electrolyte, where increased fluorescence
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responses. e, Solid line: Time-lapse microscopy of intracellular [Ca2+] in FURA-2-AM-loaded HCN-2 cells located adjacent to the 4-mm-wide barrier. Dotted and dashed lines:
Cells located 1mm (dotted line) and 2mm (dashed line) from the barrier. f, Time-lapse microscopy of intracellular [Ca2+] in FURA-2-AM-loaded HCN-2 cells located on the
50-µm-wide microchannel (solid line) and cells located 500µm from the microchannel (dotted line).

nature materials ADVANCE ONLINE PUBLICATION www.nature.com/naturematerials 5

 
Figure 5: Fluorescence microscopy of intracellular Ca2+ levels 
in HCN-2 neuronal cells versus time.  At 4 min, the pump was 
turned on, delivering K+ which resulted in (dashed line) 
increased response due to K+-opened Ca2+ channels, and (solid 
and dotted lines) no response when Ca2+ channels were blocked 
by secondary substances. Dr
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