APPLIED PHYSICS LETTERS 89, 053505 (2006)

Gating of an organic transistor through a bilayer lipid membrane

with ion channels
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The authors use bilayer lipid membranes (BLMs) as a means to control the gating of organic
electrochemical transistors (OECTs). Upon formation of a high quality BLM, the gating of an OECT
can be fully suppressed. Gating is restored when gramicidin ion channels are incorporated into the
BLM. The valence-dependent permeability of gramicidin enables these devices to discriminate
between monovalent and divalent ions. This work shows that ion channels can be effectively
employed to control the selectivity of organic transistor-based sensors. © 2006 American Institute

of Physics. [DOL: 10.1063/1.2266250]

Over several decades, extensive studies have been un-
dertaken to understand the nature of bilayer lipid membranes
(BLMs) due to their importance in biological systems.1
While normally blocking to ions, the ionic permeability of a
BLM can be altered with the addition of ion channels, which
have been shown to have a wide range of complexity and
functionality.z’3 Laboratory techniques, such as patch clamp,
have provided a means to understand the behavior of indi-
vidual ion channels present in BLMs.* Due to their inherent
relevance to biological systems, methods to utilize BLMs for
sensing applications have been explored with some urgency;
this has given rise to a range of systems engineered for this
purpose, including mechanically stabilized BLMs via solid,”
gel,6 or porous7 supports, chemically stabilized BLMs rein-
forced by cross—linking8 or polymeric stabilizers,” and sensor
arrays that are a precursor to lab-on-a-chip-type
technologies.lo’11 These BLM-based systems demonstrate ad-
equate sensitivity and selectivity towards a wide range of
analytes. However, interfacing BLMs with electronics to
yield a high throughput and low cost design remains a chal-
lenging issue.

In recent years, organic electronic materials have been
explored for their use in sensing applications.12 This class of
materials is particularly interesting due to their low cost, ease
of processing, and tunable properties. To date, organic field
effect transistors have been explored as gas sensors,>'® and
organic electrochemical transistors (OECTs) have shown
promise for sensing in aqueous systems.17 In particular,
OECTs based on poly(3,4-ethylenedioxythiophene) doped
with poly(styrene sulfonate) (PEDOT:PSS) have been inte-
grated into microfluidic systems,]8 used for logic circuits,
and utilized effectively for sensing water vapor,zo glucose,21
and deoxyribonucleic acid.** These devices act as ion to
electron converters, providing a facile route for interfacing
the worlds of biology and electronics.'®* One key advan-
tages is that a relatively small ionic current can cause large
changes in the electronic current.'® For this reason, coupling
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OECTs with BLMs provides an interesting route to amplify
normally small ionic currents observed in BLM-based sen-
sors. Given the wide selection of ion channels and the flex-
ibility to modify them chemically, many types of analytes
can be sensed.’

In this letter, we used a bilayer lipid membrane to con-
trol the gating of an organic electrochemical transistor. Com-
plete suppression of gating was observed when a BLM was
formed between the conducting polymer and the gate elec-
trode. Gating was restored once the BLM was ruptured. In
addition, gramicidin ion channels® were incorporated into
BLMs, demonstrating that varied levels of gating can be ob-
tained by modulating the ion permeability of a BLM. Also,
given the dependence of permability of gramicidin channels
on ion valence,24 we fabricated sensors that can differentiate
between monovalent and divalent cations.

Figure 1 shows a schematic of an OECT that is gated
through a BLM. The active material used in these OECTs
was Baytron P, a commercial formulation of PEDOT:PSS. A
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FIG. 1. Schematic of PEDOT:PSS electrochemical transistor gated through
a bilayer lipid membrane (not drawn to scale). (a) Representation of BLM
formed on a Teflon support with gramicidin, shown as ion blocking mono-
mers (1) and an ion permeable dimer (2). (b) Layout for overall device
design (some device details omitted for clarity).
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mixture of 80% Baytron P and 20% ethylene glycol, used to
enhance conductivity,25 was spun onto clean glass substrates
to yield films which were approximately 50 nm thick. Sub-
strates were cleaned mechanically with liquid detergent and
primed with a water-isopropanol mixture to allow for uni-
form film formation. Strips of PEDOT:PSS, approximately
6 mm wide, were patterned with adhesive tape. 100 nm thick
films of gold were evaporated on top of the PEDOT:PSS
films (omitted from Fig. 1 for clarity) to reduce background
resistance and define an active region of 3 mm?. Devices
were exposed to three sequential de-ionized water baths and
then dried with nitrogen to remove contaminants that might
leach out of the device during operation. An elastomeric
polymer, polydimethylsiloxane (PDMS), was used to define
electrolyte wells. PDMS was prepared by mixing Sylgard
184 with a 10:1 base:curing agent ratio, casting the mixture
on a silicon wafer, and curing at 60 °C for 1 h. Desired mold
shapes were formed by cutting the PDMS. The gate electrode
(Ag/AgCl) was soaked in a bleach solution (6 wt % sodium
hypochlorite) for approximately 10 min followed by a thor-
ough de-ionized water rinse just prior to device assembly. A
stereoscope was mounted above the device to monitor BLM
formation on the Teflon support.

Lipid solutions were prepared from 1,2-diphytanoyl-
sn-glycero-3-phosphocholine (4ME 16:0 PC) powder ob-
tained from Avanti Polar Lipids. A 25 mg/ml solution of
lipid in chloroform was prepared as a stock solution. Chlo-
roform solutions were then dried under nitrogen and lipids
were dissolved in n-decane to yield concentrations of
25 mg/ml. The ion channel gramicidin D (a mixture of
gramicidins A, B, and C) was obtained from Sigma-Aldrich.
A stock solution of gramicidin was prepared by dissolving
gramicidin in ethanol at a concentration of 0.15 mg/ml.
Gramicidin was either stirred into the electrolyte solution or
mixed directly with a lipid solution to achieve higher degrees
of incorporation.

A 1 mm diameter hole was machined in a 500 pum thick
Teflon support, which was utilized for bilayer lipid mem-
brane formation. The Teflon component was cleaned thor-
oughly by rubbing with liquid detergent and was allowed to
sit for approximately 10 min in detergent prior to being
rinsed extensively with de-ionized water. Prior to submersing
in electrolyte, a small amount of lipid-decane solution was
applied to the support in order to prime the Teflon surface.

Once dried, the Teflon was assembled along with the
PDMS components to define a well for electrolyte solution.
A small amount of vacuum grease was applied to Teflon-
PDMS interfaces to prevent leakage. Electrolyte solution (ei-
ther 1M KCl or 0.5M CaCl,) was then added until the Teflon
support was fully submersed. To form a BLM, a small
amount of lipid solution (<1 ul) was applied to the Teflon
support with a glass pipet by the painting method.”® The
evolution of this process was observed optically with a ste-
reoscope to verify realistic BLM formation.

To increase the ionic permeability of the BLM, gramici-
din stock solution was added to the electrolyte (in the range
from 1 to 20 ul of stock solution), which then consequently
incorporated in to the BLM. Because gramicidin must be
present on both sides of a BLM to form ion transporting
channels,24 the electrolyte was stirred prior to BLM forma-
tion to ensure good dispersion of the gramicidin monomers.
If after sufficient time no significant gate currents were ob-
served with a particular gramicidin addition, the BLM was
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FIG. 2. Transient response of a PEDOT:PSS electrochemical transistor
gated through a BLM (V4=0.1 V). The BLM was formed at <0 s. When
a BLM is intact, gating of the source-drain current is completely suppressed
(r<<80 s). With extended application of larger gate voltages (V,=0.3 V),
rupture of the BLM is observed (1~ 80 s). Once the BLM ruptures, gating of
the PEDOT:PSS film can be observed.

ruptured, the electrolyte was stirred and the BLM was re-
formed. If a reformed BLM still lacked the desired ion con-
ductivity, additional gramicidin was added to solution and
the process was repeated. To obtain the highest degree of
gramicidin incorporation in BLMs, gramicidin solution was
mixed directly with lipid solution (up to a 4:1 lipid to grami-
cidin ratio) prior to applying the BLM.

Figure 2 shows typical source-drain current (I;) for a
device probed with various gate voltages (the BLM was
formed at <0 s). It can be clearly observed that with an
intact BLM (#<<80 s) no modulation of I is observed. This
is consistent with the absence of significant gate current: in
the case of a high quality BLM, the gate current shows a
small transient response that decays below the noise thresh-
old within 100 ms. If sufficiently high voltages are applied
for extended times, rupture of the BLM occurs (1~ 80 s). At
this point, a substantial gate current (100 wA initially) re-
sults, and a large modulation of the source-drain current is
clearly observed. The decrease of I observed here is the
result of ion drift into the PEDOT:PSS film and the subse-
quent dedoping of the conducting polymer.23 For identical
voltage pulses of 0.1 V, it is clear that there is no modulation
when the BLM is intact (r<<80 s), while there is significant
modulation after the BLM is ruptured (>80 s).

Figure 3 shows how the incorporation of gramicidin ion
channels impacts gating through a BLM. In the case of a
pristine BLM, no gating is observed until after a gate pulse is
applied to rupture the membrane. When gramicidin is added
to the BLM, gating is reintroduced. Depending on the
amount of gramicidin added, initial gate currents can be
modulated from 10 pA (pristine BLM) to 50 uA (nearly
equivalent to the absence of a BLM). Equivalent experiments
performed on a device with CaCl, electrolyte show some
gate current is reintroduced; however, due to the much lower
permeability of gramicidin to divalent species,24 gating cur-
rents can only be modulated in the range of 10 pA—1 nA.
Currents in this range are not sufficient to gate OECTs of this
geometry on a reasonable time scale. The modulation of Iy
with CaCl, is equivalent to a device with a pristine BLM
only. This selectivity arises from the valence-dependent per-
meability of gramicidin channels, and it is reflected by the
difference in the gate currents mentioned above. Hence,
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FIG. 3. Transient response of a PEDOT:PSS electrochemical transistor
gated through a BLM with the introduction of gramicidin (V4=0.1 V). The
response with CaCl, electrolyte in the absence of gramicidin is equivalent to
that of a pristine BLM in KCI electrolyte and is omitted for clarity. [/,
=1y (V,=0 V) and I =1 (V,=0.1 V)].

gramicidin channels present a simple route to enable OECTs
to differentiate ionic valence. It should be noted that the
temporal response of I, depends on the permeability of the
membrane and the device geometry. Faster response can be
obtained by decreasing the area of the PEDOT:PSS channel.

Significant work has been done to modify gramicidin to
introduce additional functionality,27 which can be easily in-
tegrated into this device structure. Beyond simple channels
such as gramicidin, there are a multitude of ion channels
available with various stimulus-dependent responses.3 While
the long term stability of the BLMs is not addressed in this
letter, several methods have been established to improve the
long term stability of BLMs,”™ which can be incorporated
into this type of device in a straightforward manner. Biosen-
sors based on ion to electron conversion in OECTs offer
great promise, particularly when coupled with BLMs. In
these devices, biological recognition elements can be incor-
porated into a BLM, providing both transduction elements
for biological analytes as well as segregating analytic solu-
tions from electronic components. This is a significant op-
portunity, as properly designed BLMs can essentially isolate
and conceal electronic components from the biological
world: to an analyte, these sensors appear to be cell mem-
branes. Finally, given the ease of processing and simple elec-
tronic readout, these devices represent a step toward a new
generation of disposable, high-sensitivity sensors.

In summary, this work shows that bilayer lipid mem-
branes can be utilized to control the gating of organic elec-
trochemical transistors. Using ion channels, such as gramici-
din, the magnitude of gating can be controlled. Capitalizing
on the valence-dependent permeability of gramicidin ion
channels, it is also possible to distinguish between solutions
of monovalent and divalent ions.
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