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Abstract 

Dynamic control of chemical microenvironments is essential for continued development in 

numerous fields of life sciences. Such control could be achieved with active chemical 

circuits for delivery of ions and biomolecules. As the basis for such circuitry, we report a 

solid-state ion bipolar junction transistor (IBJT) based on conducting polymers and thin 

films of anion- and cation-selective membranes. The IBJT is the ionic analogue to the 

conventional semiconductor BJT and is manufactured using standard microfabrication 

techniques. Transistor characteristics along with a model describing the principle of 

operation, in which an anionic base current amplifies a cationic collector current, are 

presented. By employing the IBJT as a bioelectronic circuit element for delivery of the 

neurotransmitter acetylcholine, its efficacy in modulating neuronal cell signaling is 

demonstrated. 
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\body Numerous biochemical, biomedical and clinical applications demand technology 

allowing for the spatiotemporally controlled delivery of ions and biomolecules. In order to 

gain dynamic control of cellular microenvironments, substance delivery in complex high-

resolution patterns where each point of delivery is individually addressable is required. In 

analogy to the addressing schemes found in active matrix displays (1-2), addressability in 

active chemical circuits can be achieved by introducing transistor functionality into each 

delivery point. Transistors are generally three-terminal devices in which the current 

between the first and second terminals is controlled by an electric signal applied to the 

third. The semiconductor solid state transistor (3) is the key component which enables 

amplification, addressing and processing of electronic signals in circuits. Analogously, a 

transistor based on transport of ions rather than electrons would render the same 

functionality possible in chemical circuits, e.g. for addressable delivery of charged ions and 

biomolecules. To date, few reports of transistor-like active control of ion transport have 

been published (4-8). The principle of operation in the majority of these devices is the 

modulation of the surface charge in nanochannels and nanoporous membranes. However, 

these devices are typically difficult to manufacture, hard to integrate into circuits, and do 

not operate well at the high ion concentrations required to generate physiologically relevant 

conditions. 

Bipolar junction transistors (BJTs) (3) are a major class of transistors with their own 

nomenclature: the input, output and control terminals are denoted emitter, collector and 

base, respectively. A pnp-BJT can bee seen as two pn-junctions sharing a narrow base 

region, where the emitter and collector are p-doped and the base is n-doped. Anion- and 
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cation-selective membranes (9) are the ionic equivalents to n- and p-doped semiconductors, 

respectively. These membranes contain fixed ionic groups compensated by mobile ions of 

the opposite charge (counter-ions). Mobile ions of the same charge (co-ions) are 

electrostatically repelled when the concentration of the surrounding electrolyte is well 

below that of the fixed charges (Donnan exclusion) (9). A bipolar membrane (BM) is a 

sandwich of an anion- and a cation-selective membrane (10). BMs exhibit several 

similarities to bipolar semiconductor pn-junction diodes, such as current rectification. The 

introduction of a neutral intermediate membrane layer, separating the two charged 

membranes, maintains a high current rectification ratio (10-11). A BM separating two 

electrolytes is biased in the forward direction when a positive voltage is applied to the 

electrolyte contacting the cation selective side (Fig. 1a). This causes accumulation of 

mobile ions in between the two charged membranes, resulting in a high ionic current 

through the BM. In reverse bias, the region in between the membranes is depleted of 

mobile ions, and the ionic current is significantly lower (11).  

Inspired by the similarities of pn-junctions and BMs, we have developed a solid-

state ion bipolar junction transistor (IBJT). Its use as a circuit element for neurotransmitter 

delivery was demonstrated by its dynamic control of the physiological microenvironment 

of neuronal cells via acetylcholine (ACh) delivery. Based on the theory of ion transport 

through selective membranes, a model of operation is proposed and compared with the 

characterization. 
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Fig. 1. Architecture of the IBJT. (A) The principal device structure of a BM, including a 

neutral intermediate membrane layer. In reverse and forward bias voltage, mobile ions are 

extracted from or accumulate within the intermediate layer, respectively. This results in 

ionic current rectification. (B) The IBJT biased according to the common-emitter 

configuration. PEDOT:PSS electrodes with aqueous electrolytes generate the ionic currents 

within the device. Emitter and collector (cation selective, L x W = 1.5 x 0.2 mm) meet the 

base (anion selective) defining the junction. (C) Vertical cross section along the emitter-

collector configuration (not to scale). The emitter and collector (~250 nm thick PSS) are 

patterned on top of a PET substrate. A crosslinked PEG gel (referred to as the junction) is 

employed into the opening of the 10 µm thick SU-8 insulating layer. The base (~20 µm 

thick) contacts the gel and is covered by a PDMS seal layer. IC is the flow of cations (M
+
) 

from the emitter to the collector while IB, in steady state, primarily consists of anions (A
-
) 

migrating from the base to the emitter. (D) Top-down view of the IBJT. Emitter and 

collector are horizontally separated by 100 µm and the base covers the whole junction area. 

(E) The proposed circuit symbol of the pnp-IBJT. 

 

Results and discussion 

Materials and device architecture. The IBJT consists of two BMs, emitter-base and 

collector-base, with the same base region sharing a neutral intermediate layer (Fig. 1b,c). 

The emitter and collector regions are both cation selective while the base region is anion 

selective. Thus, the configuration is equivalent to the electronic pnp-BJT. The IBJT device 

is fabricated from a thin film of the conductive polymer (12-13) poly(3,4-

ethylenedioxythiophene) (14) doped with the polyanion poly(styrenesulfonate) 
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(PEDOT:PSS) coated on a plastic (PET) foil. Patterned PEDOT:PSS electrodes (15) 

together with aqueous electrolytes serve as the ion supply terminals according to the 

electrochemical reaction PEDOT
+
:PSS

-
 + M

+ 
(aq) + e

-
  PEDOT

0
 + M

+
:PSS

-
. The cation 

selective emitter and collector regions comprise over-oxidized (16) PEDOT:PSS. An 

insulating SU-8 film is deposited on top of the PEDOT:PSS pattern with openings located 

at the electrodes and at the junction (Fig. 1d). The emitter and collector are then connected 

by a junction consisting of a neutral crosslinked poly(ethylene glycol) (PEG) gel layer 

(Figs. 1c,d). An anion selective membrane, Fumatech FAB, is applied over the PEG gel, 

defining the base. Finally, the stack is sealed by a polydimethylsiloxane (PDMS) layer. 

Modes of operation and transport equations. Throughout this work the common-emitter 

transistor configuration is used (Fig. 1b). When operated in the cutoff mode, both the 

emitter-base (E-B) and the collector-base (C-B) diodes are reversely biased. The ion 

concentration in the bulk of the junction (cJ) is then low and consequently the current 

between the emitter and collector (IC) is small. After reversing the bias voltage of only the 

E-B diode, the transistor operates in active mode. As cJ increases, both IC and the resistive 

potential drop along the emitter (VE) rise. This causes the potential drop across the E-B 

junction to decrease until the base current (IB) equals the E-B leakage current (steady state). 

Since VE is resistive and equals the emitter-base voltage (VEB) in magnitude, the emitter 

current (IE) and thus IC are expected to depend linearly on VEB: )( TEBEC VVRI   where 

VT is the threshold voltage. 
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Charge transport equations for BJTs are commonly expressed assuming a 1D model and a 

similar approach is employed here. By assuming that VEB only modulates cJ and that cJ only 

varies along the direction from emitter to collector, the model system can be simplified to 

the E-J-C stack. This stack can be modeled using the transport theory developed for 

electrolyte-cation selective membranes (17) (Text S1). A linear diffusion gradient is created 

from emitter to collector in the bulk of the junction (Fig. 2), and the resulting IC is 

proportional to cJ. At the J-C interface a space charge region is formed with a low cJ and a 

high electric field (18-19). In the cutoff mode the overall cJ is low and the entire potential 

drop occurs across the junction. Conversely, in the active mode cJ is high and the potential 

drop is more evenly distributed along E-J-C. When VEB approaches VEC/2, the transistor 

operation turns into the so-called saturation mode. At this mode of operation ion 

accumulation occurs in the junction region, resulting in a failure of membrane selectivity 

causing a high IB value. 

IBJT characterization. Aqueous 0.1 M NaCl electrolytes were employed to all electrode 

configurations and the transfer curve was obtained by measuring IC, keeping VEC = 10 V 

and scanning VEB back and forth between -0.5 to 4.5 V at a 2.5 mV/s scan rate (Fig. 3a). 

The onset threshold of IC occurs at VT = 0.7 V after which IC increases linearly versus VEB, 

as predicted. Interestingly, at this scan rate only minor hysteresis was present. The IB 

leakage, primarily due to anions that escape through the emitter, increases as cJ becomes 

higher. Further, the current-voltage output characteristics were obtained by ramping VEC for 

different fixed values of VEB (Fig. 3b). By keeping VEC/2 > VEB the transistor is operated in 

the active mode. As predicted, IC is constant with respect to VEC and is entirely modulated 
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by VEB. At VEC = 10 V, the IC on-off ratio between VEB = 4 V and 0 V is 100. The gain at 

VEB = 4 V is: g = IC / IB = 10. 

 

Fig. 2. Schematic drawing of ion concentrations and electric potentials along emitter-

collector in the active- and in the cutoff mode. The salt concentration of the electrolytes (c0) 

is lower than the concentration of negative fixed charges in the membranes (XN). In the 

emitter and the collector, the concentration of mobile cations (cP) is high while the 

concentration of mobile anions (cN) is low. In the cutoff mode, the salt concentration in the 

junction (cJ) is low and therefore the potential (Φ) drop primarily occurs across this region. 

In the active mode, cJ is relatively higher and the potential drop is split over the emitter 

(VE), the collector and the junction.  

 

The amount of anionic charge in the junction (QJ) is expected to depend linearly on IC, 

which was found to depend linearly on VEB (see Fig. 3a). To verify this, the IBJT was first 

operated at VEC = 10 V for different fixed VEB values at steady state. VEC and VEB were then  
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Fig. 3. Characteristics of the IBJT. (A) The transfer curve reveals a linear relationship 

between IC and VEB, with only minor hysteresis. IB is higher in the forward scan due to 

injection of ions into the junction. (B) The output characteristics of the IBJT shows ion 

current saturation in the active mode. The saturation mode (grey region) is avoided in these 

scans. (C) The amount of anionic charge in the junction (QJ) versus different VEB. A linear 

fit to the data is displayed in red. (D) The switching transient for a voltage step in VEB. The 

rise and fall of IC correlates with positive and negative IB, respectively. (E) Current versus 

voltage characteristics for the emitter-base diode circuit (VEC disconnected). The expected 

rectification of the ionic current is observed. 

switched to 0 V and -2 V, respectively, at the same time as IB was recorded in order to 

estimate QJ. We found a linear relationship between QJ and VEB (Fig. 3c). QJ at VEB = 4 V 

corresponds to a concentration of 0.6 M NaCl at the emitter, a reasonable concentration for 

functional selective membranes (9). The on-off switching transients were measured by 

applying voltage steps to VEB keeping VEC = 10 V (Fig. 3d). When switched on, IC rises 

quickly after an initial delay and reaches steady state. When VEB is turned off the ions leave 

the junction, followed by a fast decrease in IC as the junction becomes depleted. The 90% 

rise time of IC is 12 s and the 10% fall time is 5 s, see Fig. 3d. The E-B diode was 
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characterized separately by disconnecting VEC and scanning VEB from -5 V to 5 V (5 mV/s) 

(Fig. 3e). We measure a current rectification ratio (IB(5 V)/IB(-5 V)) of 39; which compares 

well with previously reported rectification characteristics of BMs (20). No pronounced 

field-enhanced dissociation of water was observed, as IB remains low at reverse bias for the 

voltage region studied here. 

In the characterization above, the IBJT shows good performance at high salt concentrations, 

thus enabling biological applications at physiological conditions. The functionality of the 

IBJT lies in the ion selectivity of the materials, which is less sensitive to high salt 

concentration than the surface effects utilized in nanofluidic transistors and diodes (5-8, 

21). The use of bulk material properties rather than surface effects allows for devices with 

features in tens and hundreds of micrometers, enabling standard parallel microfabrication. 

However, it is likely that the performance of the IBJT can benefit from miniaturization, e.g. 

the switching speed is expected to increase. Polymers can readily be patterned on the 

nanoscale (22), provided that the material has a continuous phase. Whether the IBJT is 

functional at these dimensions is at this point unclear. 

The IBJT as the active control element of ACh delivery. We recently demonstrated the 

use of organic conducting materials as a communication interface for translating electronic 

signals into precise delivery of chemical messengers, such as ions (e.g. Na
+
, K

+
, Ca

2+
) and 

neurotransmitters (e.g. ACh) (23-25). In order to generate complex, high-resolution 

signaling patterns typical of neuronal cell signaling, matrix-addressed delivery systems are 

required. This could be accomplished if ion transistors actively controlled the release from 
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each delivery point. To test if the IBJT could be used as an addressable delivery point for 

modulation of neuronal signaling, aqueous ACh solution was placed on the emitter 

electrode whereas human neuroblastoma SH-5YSY cells were cultured on the collector 

electrode (Fig. 4a). As SH-5YSY cells express receptors for ACh, they rapidly respond to 

ACh stimulation by opening of membrane bound ion channels that promotes Ca
2+

 influx 

(26). Changes in the intracellular Ca
2+

 concentration, [Ca
2+

]i, can be monitored in real-time 

by fluorescence microscopy. Keeping the IBJT in the off-state (VEC = 10 V and VEB = -1 V), 

[Ca
2+

]i baselines were recorded. Local delivery of ACh was initiated by applying VEB = 4 V 

to the IBJT. As cells located at the collector outlet were exposed to ACh, an immediate 

increase of the [Ca
2+

]i was observed (Fig. 4b). ACh delivery was terminated by switching 

the IBJT to the off state, which resulted in a rapid decrease in local ACh concentration due 

to diffusion out into the cell media. As the [Ca
2+

]i declined and returned to a lower level, 

cells were re-exposed to ACh by applying VEB = 4 V and again, a Ca
2+

-response was 

induced. In control experiments, when the procedure was repeated using NaCl (0.1 M) as 

emitter electrolyte, no intracellular Ca
2+

 response was observed, whereas a prompt response 

was initiated by manual addition of ACh to the cells.  

 

Based on this first proof-of-principle experiment of ACh delivery to cholinergic 

cells, the use of the IBJT can be expanded to include a vast number of positively charged 

biomolecules, acting on different cell receptors, to any type of cells or tissue in vitro. By 

connecting a large number of IBJTs in a chemical circuit, an addressable delivery matrix 

can be achieved, which provides a novel interface for biological systems. Generation of 
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controlled, complex, high-resolution signaling patterns will be of utmost importance to 

increase our understanding in areas such as cell communication in neuronal networks. 

 

Fig. 4. The IBJT as an addressable delivery point for modulation of neuronal cell signaling. 

(A) Schematic illustration of the IBJT in a circuitry. SH-SY5Y cells were cultured on top of 

the collector electrode and ACh was placed on the emitter electrode. When switching on 

the device, ACh migrates through the E-C circuit and is released to the cells. (B) 

Intracellular Ca
2+

 recordings of ACh stimulated SH-SY5Y cell. Switching VEB on/off 

regulates ACh delivery, which then modulates the cellular Ca
2+

 response. 

 

Conclusions 

Despite the fundamental differences between selective membranes and semiconductors, 

bipolar transistors based on these materials show strikingly many similarities. The current 

rectification analogy between bipolar membranes and semiconductor pn-junctions is well 

established. With this work, we extend the analogy to include transistors and we show how 

a solid-state ion bipolar junction transistor, the pnp-IBJT, can be constructed in a similar 

way as its pnp-semiconductor counterpart. In the next phase, we aim to construct the 
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complementary version, i.e. the npn-IBJT, to modulate anion transport. This opens up the 

possibility for addressable delivery systems for both positively and negatively charged ions 

and biomolecules, as well as for complementary ion circuits. Whereas we have 

demonstrated the use of the IBJT in modulating neuronal cell signalling, we envisage that 

the IBJT will have major impact as the key component for amplification, addressing and 

processing of chemical signals in complex circuits for drug delivery (27), lab-on-a-chip 

(28), sensor (29) and electrochemical (30-31) applications. 

 

Materials and Methods 

Manufacturing. The surface of PEDOT:PSS (AGFA-Gevaert OrgaconTM
 F-350), coated on 

a polyethylene terephthalate (PET) substrate, was cleaned using 1112A remover (Shipley), 

then rinsed in acetone and deionized water. Shipley 1805 photoresist was deposited onto 

the PEDOT:PSS surface after pre-treatment with O2-plasma and primer 

(hexamethyldisilazane). PEDOT:PSS was patterned using a O2/CF4 plasma etch-step. 

Overoxidized patterns of PEDOT:PSS were achieved by exposing the unsealed 

PEDOT:PSS areas to a sodium hypochlorite solution (1% (vol/vol), 50 s). A layer of SU-8 

2010 (MicroChem) was patterned on top of the electrode configuration. A mixture of 

poly(ethylene glycol diacrylate) (Mn 575, Sigma) and 2% (w/w) 1-hydroxycyclohexyl 

phenyl ketone (Sigma) was placed in an opening in the SU-8 by differential wetting and 

photopolymerized (30 s, VL-208 BL 32 W, 365 nm) in N2 atmosphere. An approximately 

0.8 x 5 mm stripe of Fumatech FAB membrane was cut and laminated on to the device by 
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heating from underneath (hotplate 110 ºC, 5s). The stack was sealed by a PDMS mixture 

(10:1 Sylgard 186) and cured at 80 ºC for 1 h. 

Characterization. Devices were soaked in deionized water for 24 h prior to use. Voltages 

were applied with a Keithley 2602 source meter controlled via LabVIEW (sample rate 5 

Hz) and aqueous 0.1 M NaCl electrolytes were used throughout the characterization. All 

devices were repeatedly turned on and off, typically about 5 times, until stable performance 

was reached. Each type of characterization was repeated on different devices at least three 

times, representative recordings are presented. 

Cell Cultivation. Human neuroblastoma SH-SY5Y cells (ATCC nr: CRL-2266) were 

propagated according to instructions from the supplier. At 80% confluency, cells were re-

seeded at a ratio of 1:5. One to two days prior to experiments, cells were seeded in fresh 

medium on the bovine fibronectin (5 g/cm
2
) (Sigma) pre-coated collector electrode, 

whereas water was placed on the emitter and base electrodes to allow hydration of the 

polymer. 

Intracellular Ca
2+

 Recordings. Cells were loaded with the membrane-permeable Ca
2+

-

sensitive dye FURA-2 AM. ACh (80 µl, 10 mM in 0.1 M NaCl, Fluka) was applied as 

emitter electrolyte and NaCl (80 µl 0.1 M, Sigma) as base electrolyte. Cells were monitored 

using an upright Nikon Eclipse 80i with a 40 x /0.80 epifluorescence objective. Excitation 

at 340 and 380 nm was achieved with a DeltaRAM illuminator and a DeltaRAM-V 

monochromator with a computer controlled SC500 shutter controller. Emission (510 nm) 

was collected every 13 s with a Photometrics Coolsnap CCD camera. Data were analyzed 
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using PTI ImageMaster3 Software. Each set of experiments was repeated a minimum of 

three times, one representative recording is presented. 
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