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Supported lipid bilayers (SLBs) have emerged as powerful model
systems to study various membrane-governed cellular events.
Conducting polymers are excellent materials to establish electrical
communication with SLBs. However, forming SLBs that are defect-free
on the existing library of electronic polymer films, which have not been
designed to interface lipids, remains a challenge. Moreover, the
existing polymers are predominantly p-type conductors, hindering
the development of devices that can be superior to current tech-
nologies. In this work, we synthesized an n-type semiconducting
polymer based on a naphthalene 1,4,5,8 tetracarboxylic diimide
bithiophene (NDI-T2) backbone functionalized with bio-inspired,
lysine-based side chains (L2). The lysine chains, that are oriented
on the surface of the film, facilitated the assembly of the zwitter-
ionic lipid vesicles into an SLB. The n-type polymer also proved to be
an ideal channel material for the state-of-the-art bioelectronic
transducer, i.e., organic electrochemical transistor (OECT). We used
the n-type, accumulation mode OECTs to assess the quality of the
SLB as well as to monitor the activity of a pore forming protein
integrated into the SLB. Our work marks the first demonstration of a
bio-functionalized n-type polymer, specifically designed for inter-
facing the lipid membrane, alongside the high operational stability
in biologically relevant electrolytes and sufficient performance in
microscale transistors for biosensing applications.

Introduction

Cell membranes regulate the selective transport of ions and
biomolecules in and out of the cell, a function crucial for the
healthy operation of a whole cascade of following cellular
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New concepts

We report the very first ion channel sensor based on an n-type, accumulation
mode, microscale organic electrochemical transistor (OECT), which interfaces
a supported lipid bilayer (SLB) embedded with a pore-forming protein. Fluidity,
mobility, and resistivity are key characteristics of native membranes in our cells
where cation channels regulate numerous molecular mechanisms (e.g., the
excitation of neurons). Interfacing with biomimetic membranes via electronic
devices promises to expand our understanding of the function of these
membranes in disease states. The challenge is to form SLBs on semi/
conducting films while sustaining high sensitivity and operational stability.
The novelty of this work lies in the uniquely engineered n-type semiconducting
polymer functionalized with bioinspired side chains to create a desirable
surface for the SLB. The “accumulation mode” operation of this n-type
device is ideal for biosensing - the transistor switches ON as cations penetrate
through the channel, indicating protein activity and SLB integrity. This is the
first-time use of an n-type polymer to monitor biological activity, as well as the
first demonstration of the air/water stability of an n-type OECT biosensor. The
side-chain engineering of semiconducting polymers prompts the development
of next-generation bioelectronic hybrids where electron-transporting and
cation-sensitive polymers establish bilateral electronic communication with
living systems.

events. Acting as a shield between intra- and extra-cellular
environments, the membrane also maintains the cell’s integrity
by providing a confined interface for cell-surface recognition,
signaling, and transport. Monitoring the membrane in action
allows us to understand, and maybe control, how it distinguishes
the differences between various types of biosignals and their
interactions with pathogens. These studies are key to unravel
processes occurring at the molecular level and their contribution
to disease state.

Our knowledge of the structural and physical properties of
the cell membrane has expanded tremendously since the first
deposition of artificial model membranes on solid surfaces.*?
Supported lipid bilayers (SLBs) are two dimensional assemblies
that have emerged as a popular membrane model.»> The SLBs
are formed typically via adsorption of lipid vesicles (sometimes
coupled with membrane proteins) on solid substrates and their
subsequent fusion into a bilayer. Their planar geometry enables
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characterization by various surface-sensitive techniques including
fluorescence microscopy, atomic force microscopy (AFM),°
and quartz crystal microbalance with dissipation monitoring
(QCM-D).*” The ideal substrates for SLB formation have hydro-
philic surfaces, such as those of silicon dioxide,® mica,” and
glass,® as they allow for adsorption of vesicles; while inter-
actions between the lipid vesicles and the surface play a role in
their fusion. Owing to their insulating nature, silica-based
substrates provide limited means (compatible only with optical
microscopy methods) to monitor the SLB. Secondly, frictional
coupling between such rigid surfaces and SLB-incorporated
proteins increases the risk of protein denaturation due to a
mechanical mismatch at the protein integrated SLB/substrate
interface.”'® This becomes a concern when studying membrane
proteins such as ion channels because denaturation disrupts their
function.’®! Ion channels are of utmost importance regulating
pathways of many cellular functions," ranging from growth to
survival,” and alterations in signaling cascades indicate disease
state. Without ion channel proteins (or pore forming species such
as toxins) embedded into the membrane, the transport across the
bilayer is limited, giving rise to a highly resistive bilayer. Hence,
when electronic substrates are used to interface SLBs, they offer a
labelfree platform to study ion channel activity as they are
sensitive to ionic fluxes passing across the membrane.'* Further-
more, if these electronic substrates are made of soft materials,
they can even act as “a cushion” and support the conformation
of proteins integrated into the SLBs in contrast to lower-moduli
counterparts.

(Semi)conducting polymers can fulfill the requirements of
an electronic substrate ideal for interfacing SLBs due to a
unique combination of properties they exhibit. When diligently
designed, conjugated polymers can combine tissue-compatible
softness, biocompatibility, and transparency, with mixed electronic/
ionic conductivity and mechanical integrity in aqueous
solutions.’>*® Integrated into micron scale channels of a
high-performance electronic transducer, the organic electro-
chemical transistor (OECT), they form the basis of powerful
biosensors.”” For instance, OECT based electrical impedance
sensing platforms have monitored motion, morphology and
integrity of barrier forming tissues cultured on top the transistor
channel.’®'® Similarly, SLBs assembled on OECT channels have
been used to monitor the effect of antibiotic on the bacterial
membrane integrity,>® and effect of pore forming toxins on the
archaeal membrane integrity.”* The SLBs were predominantly
formed on OECT channels comprising the p-type (hole conducting)
poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate)
(PEDOT:PSS) films, made from a commercially available dispersion.
The SLBs on PEDOT:PSS however contained patches of bilayers with
a number of vesicles remaining intact.*** This leads to poor
modulation of OECT properties. The inherent complexity of the
PEDOT:PSS dispersion formulations and the substantial swelling of
the polymer film in water® are expected to increase the surface
heterogeneity and roughness, which might be responsible for the
difficulties in obtaining a defect-free SLB. Moreover, the negatively
charged PEDOT:PSS surface is not compatible with the fusion of
all types of vesicles such as those that form negatively charged
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bacterial membranes. Recent work has shown another method
for lipid bilayer formation on PEDOT:PSS, namely, solvent-
assisted lipid bilayer formation, to bypass the stringent requirements
of vesicle compositions and surface properties.>*** This method is
however only compatible with polymer films that are not soluble in
alcohols as the film has to be exposed to lipid micelles which are
suspended in an isopropanol/water mixture. This mismatch hinders
the application of the method with different types of polymers that
should be cast from non-orthogonal solvents. Overall, for some
applications in organic bioelectronics, the limitations of PEDOT:PSS
have been eclipsed by its set of advantages while new materials
and device operations can provide favorable features for biological
interfacing and biosensing.

A particular polymer class that is interesting to study lipid
bilayers is the n-type (electron transporting) polymers as they
specifically respond to cation fluxes. In contrast to PEDOT:PSS,
these materials are insulators in the absence of a gate voltage,
and they become conducting if cations are introduced into
their bulk. This type of operation, known as ‘“‘the accumulation
mode”, is advantageous for ion channel monitoring, as the
OECT current increases only when the electrolyte cations
penetrate the channel.”® The SLB integrated channel blocks
the vertical ion flow and hence keeps the device in OFF state
(i.e., no current in the channel) at a given frequency of recording.
When an ion channel is integrated to the SLB and it is open, it
allows cations to flow towards the channel, leading to an abrupt
increase in the OECT current, such large changes in drain current
cannot be seen in depletion mode PEDOT:PSS based OECTs.
Moreover, the accumulation mode OECTs have the advantage of
requiring low power inputs compared to depletion mode devices
(e.g., those comprising PEDOT:PSS) which are always ON. While
the n-type, accumulation mode OECT is an excellent platform to
monitor ion channel activity, the existing (and unfortunately
limited) library of n-type polymers does not allow for SLB formation
as they either lack functional groups that promote fusion or are not
compatible with OECT operation.”® Developing bio-functional
n-type semiconducting polymers that show operational stability at
the solid/liquid interface will open up avenues in other applications
as well, such as energy storage and conversion, neuromorphic
computing, and thermoelectrics, to name a few.

In this work, we design an n-type polymer with a dual role;
supporting a lipid bilayer and achieving high performance in
OECT channels. The polymer contains lysine-based side chains
tethered to a naphthalene 1,4,5,8 tetracarboxylic diimide bithio-
phene backbone, which enable interactions with zwitterionic
vesicles while providing sufficient hydrophilicity to achieve high
volumetric capacitance. The charged and hydrophilic surface of
the polymer film enables vesicle adsorption, rupture, and fusion.
We investigate the assembly of SLBs on the surface of these
polymer films using fluorescence recovery after photobleaching
(FRAP) and quartz crystal microbalance with dissipation monitoring
(QCM-D). Taking advantage of the mixed conductivity of the
polymer, we build micrometer scale n-type OECT channels,
through which we monitor the integrity of the SLB. Incorporating
gramicidin (GA) channels into this SLB and modulating its
conductance via Ca** ions, we demonstrate the functionality
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and robustness of our microfabricated sensors. While highlighting
this very first demonstration of an n-type, accumulation mode
OECT for monitoring SLB integrity, we envision that such electron
transporting and cation-sensitive polymers will provide a new
avenue for interfacing lipid bilayers and various proteins that
are integrated therein.

Results and discussion
An n-type semiconducting polymer for interfacing lipid bilayers

The conjugated polymer developed in this work comprises a
backbone with electron-deficient naphthalene-1,4,5,8-tetracarboxylic
diimide (NDI) and electron-rich bithiophene (T2) units (Fig. 1a).
Previous work with the same conjugated backbone showed that
functionalization with polar, ethylene glycol side chains results in a
polymer film capable of water uptake and ion transport.”>*” These
polymers showed stable electrochemical charging in aqueous
electrolytes for about 2 hours,?” promising for biological appli-
cations at the interface with aqueous systems. As an alternative
to ethylene glycol side chains, we attached lysine-based charged
side chains to the backbone (see ESIt for the synthetic route).
Lysine functionalization aimed to render the surface biologically
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relevant for zwitterionic lipid membrane components. We also
expected the lysine chains to increase the hydrophilicity of the
NDI-T2 backbone, facilitating the penetration of hydrated ions in
the bulk of the film and their transport therein.

We determined the ionization potential of our lysinated
n-type polymer, named hereafter as p(NDI-T2-L2), using photo-
electron spectroscopy in air (PESA). The p(NDI-T2-L2) exhibited
a slightly higher ionization potential (5.9 eV) than the branched
alkyl analogue, p(NDI-T2-Cg 1,) (5.7 eV). This result in contrast
to the effect of ethylene glycol side chain functionalization on
NDI-T2 based copolymers, which lowered the IP by interacting
with the polymer backbone and increasing the electron density.*
The energetic difference between the work function of Au
electrode and transport level of the n-type mixed conductors
can be typically large, which leads to contact resistance in
OECTs, inhibiting charge carrier injection/extraction. We have
however reported for a similar n-type OECT that while contact
resistance can be influential for low Vg regime, at higher Vg
regime ion doping compensates this effect and hence n-type
OECT performance is not governed by the energetic mismatches
at the Au/polymer interface.?® The performance of such devices
can however be further improved by ensuring wetting of the
polymer on the electrode overlaps. The cyclic voltammetry (CV)
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Fig. 1 The n-type, lysinated semiconducting polymer and the accumulation mode OECT. (a) The chemical structure of the n-type semiconducting
polymer, p(NDI-T2-L2). L2 corresponds to the lysine-based side chains with TFA being the trifluoroacetic acid. (b) Schematic of the OECT configuration
alongside a microscope image of a channel (scale bar: 100 um). The channel dimensions are 10 um (length) x 100 pm (width), and the film thickness is
~100 nm which was measured by a mechanical surface profilometer. The SLB (purple) with integrated gramicidin pores (green) is shown on the n-type
channel (blue) suspended in PBS where Ag/AgCl was used as the gate electrode. (c) Output characteristics of a best performing p(NDI-T2-L2) OECT
recorded in PBS after being treated with Ca®*. Gate voltage increases from 0 to 0.6 V with a step of 0.05 V, following the direction of the arrow.
(d) Transfer characteristics of a best performing p(NDI-T2-L2) OECT measured in PBS at V5 = 0.6 V along with the corresponding gate current. Curves are
shown both on a linear scale, as well as on a logarithmic scale. (e) XPS spectrum of a p(NDI-T2-L2) film. (f) Water contact angle images for the p(NDI-
T2-C8,12) and p(NDI-T2-L2) cast from chloroform and ethanol on glass substrates, respectively.
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curves of the polymer film recorded in phosphate buffered
saline (PBS) show that that the reduction onset is around
—0.2 V vs. Ag/AgCl, indicating the high electron affinity of the
polymer (Fig. Sla, ESIt). The curve shows a reversible redox
couple located at ca. —0.2/—0.3 V with reduction currents
increasing drastically from —0.2 V onwards. The almost identical
shape of 3 consecutive cycles suggests exceptional stability of the
polymer film in the aqueous buffer (Fig. S1a, ESIT). The linear
increase of the peak reduction current with scan rates suggests a
diffusion-controlled charging for the film (Fig. Sib, ESIt). The
magnitude of electrochemical impedance of the film recorded
in PBS decreases drastically as the film is subject to doping
potentials (<—0.2 V vs. Ag/AgCl) (Fig. Sic, ESIf). From the
impedance spectrum recorded at —0.6 V vs. Ag/AgCl, we extract
the volumetric capacitance of the film to be ca. 95 F cm > at 1 Hz
(Fig. S1d, ESIY). The large change in the capacitance of the film
induced by doping potentials in the aqueous medium suggests
that this polymer will be ideal for use in an OECT. Therefore, we
next fabricated OECTs with micrometer-scale channels patterned
on Parylene C (PaC) coated glass substrates. PaC coating
enhanced the adhesion of the polymer film to the substrate
and ensured its integrity in the channel during the course of
our experiments. We used an Ag/AgCl pellet as the gate electrode
which was immersed in PBS in contact with the channel, as
illustrated in Fig. 1b, on top of which the SLB was formed. The
miniaturized dimensions of the OECT channel (a width of
100 pm and a length of 10 pm) was chosen to maximize the
probability of a defect-free bilayer formed on top of channel while
accommodating multiple channels on the chip covered by the
same lipid bilayer solution. Fig. 1c shows the output characteristics
of the best performing p(NDI-T2-L2) OECT. As the gate voltage (V)
exceeds 0.15 V, the film becomes conducting with the maximum
source-drain current (I) values reaching 1.3 + 0.064 pA measured
at a Vi of 0.6 V and a source-drain voltage (Vp,) of 0.6 V. Fig. 1d
shows the transfer characteristics of the same device along with
the corresponding gate current. The low threshold voltage of the
OECT (Vy, = 0.22 V) is in agreement with the onset of the reduction
current observed in the CV curve. The typical transconductance
(gm = 0Ip/0Vg) of the micrometer scale devices is ca. 840 nS at
Ve = ~0.45 V (see Fig. S2 for transconductance versus Vg plots
of various devices, ESIT). The device shows an ON/OFF ratio of
ca. 220 (Vp = Vg = 0.6 V) and with the OFF currents matching the
gate currents which are on the order of 1-22 nA (Fig. 1d). Fig. S2
(ESIT) shows data from other channels, following a similar
trend. Future work aims to lower the leakage current further
for these devices. Moreover, the devices showed minimal
hysteresis with almost identical behavior, as observed from
backward and forward voltage scans at different sweep rates
(Fig. S3, ESIt). We next evaluated the aqueous stability of the
devices by recording their steady-state and transient characteristics.
The ON currents of devices measured after one week of first-time
use were similar to those of fresh devices (Fig. S4a and b, ESIt). Note
that within that week, the devices have been stored in air and used
multiple times. Fig. S4c and d (ESIT) show that the current of the
doped channel does not change over 100 cycles of continuous
gate and drain sweeps. The devices also show no negligible
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change in the drain current as they were addressed with continuous
square shaped gate bias pulses (Vg = 0.5 V, 5 s) for one hour
(Fig. S4e, ESIt). Table S1 (ESIt) summarizes the performance of
p(NDI-T2-L2) OECTs used in this work. These results evidence
the exceptional stability of the n-type polymer film in the OECT
channel alongside the high gain and low threshold voltage of
the devices, promising for electrical monitoring of the integrity
of the SLB which will be assembled on top of the channel.

The lipid-surface interactions and the resulting fusion are
governed by a complex interplay of various factors such as
surface hydrophilicity, charge density, roughness as well as the
rigidity of lipids, their composition, polarity and size.*?*!
Although the exact mechanism is not completely understood,
the transformation from a vesicle to a planar bilayer involves,
firstly, the adsorption of small unilamellar vesicles on the
substrate.? After vesicle crowding and reaching a critical concen-
tration on the surface, the vesicles deform, rupture, and spread,
finally transforming into an SLB. Since conjugated polymer
films typically have hydrophobic and uncharged surfaces, they
may not be regarded as ideal candidates for vesicle fusion,
where the vesicles are likely to remain intact.>”> We, therefore,
first investigated the elemental composition of the p(NDI-T2-L2)
film surface using X-ray photoelectron spectroscopy (XPS). XPS
analysis suggests that lysine groups are located at the upper-
most surface of the film, alongside the backbone (Fig. 1e). We
recorded XPS signals from organic fluorine and carboxylic acids,
two molecular features that are only present in the side chains
(Fig. S5, ESIT). We also found that the film exhibited a relatively
hydrophilic surface, confirmed by a water contact angle measured
to be 36.25° + 1.6° (Fig. 1f, bottom). The effect of lysine groups on
the surface polarity becomes more obvious when this value is
compared to the contact angle measured for the alkylated analo-
gue of NDIFT2 (p(NDI-T2-Cg;,)), which is 108.3° + 2.1° (Fig. 1f,
top). We also found the zeta potential of the p(NDI-T2-Cg ;,) to
be —59.07 £+ 2.94 while the value becomes more positive for
p(NDI-T2-L2) (—22.5 & 0.55), attributed to the positively charged
lysine groups accumulated on the surface. From the atomic
force microscopy (AFM) image of the film in air (Fig. S6a, ESIT),
we calculated a root mean square (RMS) roughness of 4.9 nm in
a scan area of 5 um by 5 um, suggesting that the film surface
may be compatible for the fusion of vesicles which were
reported to prefer smooth surfaces.’*> In PBS, this polymer
swells only up to 8% of its initial thickness (Fig. S6b, determined
by quartz crystal microbalance with dissipation monitoring
studies, ESIt), a value significantly lower than that of PEDOT:
PSS - which is about 80%.?* While water uptake enhances the
softness of the film, we hypothesize that excess swelling could
lead to a heterogenous surface, hindering SLB formation.
Swelling is also suggested to be responsible for mechanical
and electrochemical instability of conjugated polymer films
subject to bulk charging.®® The minimized swelling of our
polymer alongside its high OECT performance is an advantage
for SLB integration on OECT channels made thereof. Taken
together, p(NDI-T2-L2) is a promising mixed conductor to
interface lipids and use in OECT channels thanks to the lysine
modification at the side chains.

Mater. Horiz., 2020, 7, 2348-2358 | 2351
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SLB formation on p(NDI-T2-L2) films

We used the 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
vesicles to assembly a SLB on top of the p(NDI-T2-L2) film (Fig. 2a).
These zwitterionic lipids have a positively and a negatively charged
moiety within their head groups (phosphocholine). DOPC is an
unsaturated lipid with two fatty acid chains with a single double-
bond in each chain, a common lipid used to form biologically
relevant SLBs.>** We used two well-established methods to inves-
tigate whether a lipid bilayer is formed on the p(NDI-T2-L2) film
and evaluate its quality by comparing our findings to those of
the literature. Firstly, we used fluorescence recovery after photo-
bleaching (FRAP) to determine the fluidity and diffusion of the
lipid bilayer formed on the polymer surface. We mixed a small
quantity of fluorophore-labeled vesicles (BODIPY-DHPE) with
DOPC and fused them on the p(NDI-T2-L2) coated glass slides. A
defined area was then photobleached and the recovery of the
fluorescence intensity at that area was monitored in real-time.
From the changes in intensity over time, the diffusion coefficient
(D) of the lipids within the SLB and their mobile fraction (MF) were
estimated. Fig. 2b shows FRAP images of DOPC lipids on a p(NDI-
T2-L2) film where we observe the recovery of fluorescence signal at
the bleached plot within 2 minutes, suggesting rupture of vesicles
and their fusion into a SLB. The obtained values of D and MF
(D=2.1 =+ 0.23 pm> s, MF = 0.86 + 0.05) and the fit for the
data (Fig. S7, ESIY) are in agreement with values reported for
SLBs formed on glass substrates (D = 1.5 £ 0.40 um?* s ',
MF = 0.91 + 0.01, Fig. S8a, ESIt), which are the ideal surfaces
for SLB formation.>>>° These results suggest that the vesicle
constituents of the SLB formed on top of the film have sufficient
lateral diffusion.

We next performed quartz crystal microbalance with dis-
sipation monitoring (QCM-D) studies to follow vesicle fusion
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on pNDI-T2-L2 films coated on QCM-D crystals. This is a
surface-sensitive technique that is used to monitor, in real-
time, interactions of vesicles with the film surface and SLB
formation through changes in the resonance frequency (Af)
and the dissipation of energy (AD) of the crystal. While Af
signals are associated with changes in mass uptake/release, AD
signals are related to the viscoelastic properties of the layer. As
the p(NDI-T2-L2) film is exposed to DOPC vesicles (step 1), we
observe a monotonic increase in dissipation and a decrease in
frequency, indicating that the DOPC vesicles are absorbing on
the film surface (Fig. 2c). At ¢ = 36 min, there is an abrupt
decrease in AD while the decrease in Af slows down. We
attribute this behavior to the water loss from the adsorbed
vesicles as they assembly into a bilayer resulting in simultaneous
vesicle adsorption.>”® As we replace the vesicle solution with PBS
(step 2 in Fig. 2c), both signals stabilize with a final mass
accumulating on the sample calculated to be 776 ng cm >
(Afmin = —39 Hz, calculated from Sauerbrey model, see experi-
mental section for details) while the AD decreasing to ADg, =
1.1 x 10”°. The AD value decreased, indicating a strongly coupled
membrane on the film surface and the change of the signal over
time is comparable to the ideal case,***° which is an SLB on glass
(ADgina = 0.4 x 10~ %) (Fig. S8b, ESIf). It is important to note that
the presence of the thin n-type film on the sensor may lead to
higher dissipation values. The incomplete increase in Af, how-
ever, may suggest the presence of unfused vesicles on the surface
alongside supported lipid bilayer patches.® Note, however, that
the vesicle solution will interface an area of 0.5 cm?® on our chip,
covering 6 identical OECT channels underneath. Given the
miniaturized dimensions of the OECT channel (100 x 10 pm?),
the probability of a defect-free bilayer formed on top of channel is
maximized compared to the case of these larger films used in FRAP
and QCM-D experiments. Moreover, as we will see later (Fig. 3g),
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Fig. 2 Characterizing lipid bilayer formation on p(NDI-T2-L2) films via FRAP and QCM-D. (a) Chemical structure of DOPC vesicles used to interface the
polymer surface and a schematic depicting assembly of lipid vesicles into an SLB on the p(NDI-T2-L2) surface. (b) FRAP images taken before the beam
and after photobleaching at t = 0 and t = 2 min (from left to right). (c) Frequency (hollow circles) and energy dissipation (filled circles) shift responses for
DOPC lipid vesicles on p(NDI-T2-L2) coated sensor surface. Step 1: vesicle addition, Step 2: PBS rinse. The measurement values show the final frequency

and energy dissipation shifts of the third harmonic.
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Fig. 3 Monitoring the lipid bilayer with p(NDI-T2-L2) based OECTs. The gate voltage dependence of the drain current (/p, top) and the transconductance
(gm. bottom) before (blue) and after the addition of lipid vesicles on the channel: (a) DOPC (pink), (b) DPhPC:DPhPE (purple). The g, is reported for Vp =
0.6 V. The transient response of the channel before (blue) and after the addition of lipid vesicles: (c) DOPC (pink), (d) DPhPC:DPhPE (purple). (e) and (f)
show the response after subtracting the capacitive current component alongside the normalized transient profile of the channel (x-axis: time, y-axis: NR)
(inset) for DOPC and DPhPC:DPhPE, respectively. For the transients, Vp was 0.4V, and Vs was 0.5 V applied for 5 seconds with a 5 second duty cycle. The
error bars in all the data presented are derived from measurements from at least 3 different devices or more for each condition. g. FRAP images taken in the
OECT channel showing the formation of DOPC based SLB. Note the transparency of the n-type film allowing to take these images.

the FRAP monitored directly on top of the channel happens
within 1 min after photobleaching, evidencing the bilayer
formed therein.

n-Type OECTs for monitoring SLB integrity

As we found out that a DOPC based SLB can be formed on the
p(NDI-T2-L2) film, we next assembled the lipid bilayer on the
micrometer scale p(NDI-T2-L2) channel of an OECT (see
the schematic in Fig. 1b). Fig. 3a shows the current vs. gate
voltage (transfer curve) and the gain (transconductance, gy,) vs.
gate voltage plots of these devices before and after the assembly of
the SLB, evidencing distinct differences between the two conditions.

This journal is © The Royal Society of Chemistry 2020

Firstly, the p(NDI-T2-L2) OECT operates in accumulation mode in
the aqueous electrolyte (PBS) gated with an Ag/AgCl pellet (recall
Fig. 1c and d). Upon application of a positive gate voltage (Vg),
cations penetrate the film and compensate for the injected elec-
trons, the net result being an increase in polymer conductance, thus
the OECT drain current (Ip). Iy increases with an increase in Vg,
consistent with the accumulation mode operation. If the SLB
formed on top of the p(NDIFT2-L2) is defect-free and resistive
enough to block the vertical cation transport, the drain current
would remain at low values, even when the gate bias is high. The
formation of the SLB, indeed, causes a substantial reduction in I,
(e.g, for Vg =0.4 Vand Vp = 0.6 V, Ip, = 80 =+ 8.0 nA for the lipid-free
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vs. In = 7.0 £ 2.4 nA for the SLB assembled channel) and prevents
the device from reaching a high transconductance (g, = 837 +
87 nS vs. gm = 96 + 54 nS at Vg = 0.4 V before and after
DOPC fusion, respectively). These changes in the steady-state
properties of the device are accompanied with a shift in the
threshold voltage towards more positive values (Vi &~ 0.22 V
and 0.30 V before and after the lipid assembly, respectively). The
sealing properties of the DOPC SLB become more evident when
we compare the characteristics of OECT channels incubated
with non-fusing vesicles. For this negative control experiment,
we chose a mixture of two types of lipids, namely, 1,2-
diphytanoyl-sn-glycero-3-phosphocholine and 1,2-diphytanoyl-
sn-glycero-3-phosphoethanolamine (DPhPC : DPhPE; 7 : 3). These
vesicles remained intact on the polymer film, confirmed by
FRAP and QCM-D measurements (Fig. S9, ESI{). Fig. 3b shows
that there are no notable differences in the output character-
istics of the OECT upon adsorption of DPhPC:DPhPE vesicles on
the channel. For example, at Vg = 0.6 V and Vp = 0.6 V, the
maximum I, is measured to be 146 + 10 nA before the addition
of lipids and 124 + 24 nA after their adsorption, suggesting that
ions are able to penetrate the polymer when its surface is
covered with (non-fusing) vesicles.

It is not only the steady-state current, but the transient
response is also sensitive to the presence of lipids. To determine
the switch-ON/OFF time of the devices, we applied 5-second-
long square-shaped pulses at the gate electrode with a duty cycle
of 5 seconds and magnitude of 0.5 V. We monitored the changes
in drain current during these pulses in real-time while the
channel was biased at 0.5 V or 0 V. The latter condition (Vp, =
0 V) was performed to account for stray capacitance currents in
the measured response. In Fig. 3c, we notice that the transient
response profile of the OECT changes drastically once the DOPC
assembles into a SLB on the channel. For the DPhPC:DPhPE
vesicles, however, there is no significant change in the shape of
the transients (Fig. 3d). Bernards and Malliaras have proposed a
model for transient current response of OECTs describing two
qualitatively different behavior: monotonic decay vs. spike-and-
recovery.*’ When the electronic transport of the organic film is
faster than the ionic transport, the temporal response of I, for a
given Vg is monotonic. A spike-and-recovery, on the other hand,
indicates that ionic charging is the speed limiting step, yielding
a spike in the drain current which stabilizes exponentially.*"
In our response time measurements, we observed spike and
recovery behavior for the pristine (lipid-free) devices as well as
for those covered with DPhPC:DPhPE vesicles. DOPC exposed
channels, on the other hand, exhibit a monotonic decay (see the
response of other channels in Fig. S10a-c, ESIf). When we
subtracted the capacitive current component (measured at
Vb = 0 V) from the current transient recorded at V, = 0.4 V, we
clearly observe that the channel switches ON more slowly
following the addition of DOPC, a result of the barrier that
the SLB imposes (Fig. S10c, ESIt). Overall, both the steady state
and transient response of the n-type OECTs can be used to
assess the integrity of the SLBs. A further demonstration of the
SLB formation on the channel comes from the FRAP images that
we took from these very same channels (Fig. 3g). The images
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show the recovery of the bleached spot on the micrometer scale
channel 1 min after the exposure of the beam (Movie S1, ESIT).
Thanks to the transparency of the polymer film, we could
simultaneously optically monitor the SLB on the OECT channel,
highlighting the multi-modality of our platform.

n-Type OECTs for monitoring the activity of a transmembrane
channel

To assess the ability of our platform in monitoring channel
activity, we incorporated a small peptide antibiotic, gramicidin
A (GA), into the DOPC bilayer. GA has been used extensively to
study interactions of peptides and lipids, providing mechanistic
insight of membrane protein function.*” The ability of GA to
form cation-selective channels for monovalent ions alongside
its effect on macroscopic lipid organization have rendered this
protein a gold standard for studies of protein-lipid model
systems.*>** In phospholipid membranes, conformations of
GA may be distinguished by evaluating its ability to form cation
permeable transmembrane channels.** We assembled SLBs on
OECT channels from a mixture of DOPC vesicles with various
concentrations of GA. Fig. 4a shows the transfer characteristics
of selected channels. The presence of GA in the bilayer has a
clear impact on the channel current: the higher the concentration
of GA in the bilayer, the higher the ON currents, reflecting the
permeability of the n-type channel to cations. Fig. 4b demon-
strates the effect of GA content of the SLB on OECT output
current. We calculated the normalized difference between the
maximum ON current of a pristine device (lipid free) and that of
a GA-incorporated SLB incorporated device and plotted these
“permeability” values as a function of the GA content of the SLB.
We find that the SLB formed from a mixture of DOPC vesicles
with 0.1 mg mL~" of GA yields the highest permeability to cations
(0.15, lowest bilayer sealing). We also report 0.025 mg mL ™" of GA
content having the lowest permeability to ions (0.71, highest
bilayer sealing) as opposed to 0.01 mg mL .

As we confirmed that GA integrated SLBs have permeability
to cations, the next question concerns the conformation of GA
in the SLB. GA is known to adopt two forms, channel (pore)
forming or SLB integrated.*> While a pore forming confirmation
would enable the cation permeability that we observed above,
GA may, as well, simply be generating defects in the bilayer,
making it leaky and, therefore, leading to similar changes in
OECT characteristics. Besides providing selective transport to
monovalent cations, GA pores are known to be blocked by
Ca**.***” We hypothesized that if the peptide forms pores in
the membrane, the GA-integrated bilayer permeability should
be compromised in the presence of Ca>*. We thus recorded the
current response of the GA-incorporated SLB channels in the
presence of increasing concentrations of CacCl, in the medium.
These experiments would also benchmark the sensitivity of our
device to changes in the permeability of the bilayer, hence, the
Ca*" triggered activity of the channel.

First, we show that the presence of variable concentrations
of CaCl, has no effect on the integrity of the DOPC bilayer if the
bilayer does not contain GA in the first place (Fig. 5a, see also
Fig. S8 for results from other channels, ESIf). Then, we record

This journal is © The Royal Society of Chemistry 2020
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the transfer characteristics of OECTs comprising the GA
(0.1 mg mL ") integrated bilayer in the presence of the same
Ca®" concentrations in the measurement solution. Fig. 5b
demonstrates that an increase in Ca®>" concentration limits
the currents that can otherwise be generated by the n-type
channel. For instance, at a gate voltage of 0.4 V, we measure a
drain current of 174 £ 14.2 nA when the measurement solution
contained no CaCl,. In the presence of 0.94 M of CaCl, in
the solution, the current is, however, only 104 + 5.9 nA (see
Fig. S12, for data from other channels, ESIt). High concentrations
of Ca®" in the solution cause a ca. 50% reduction in the maximum
current that can be otherwise drawn from the SLB integrated
channels. We suggest that the divalent cation blocks the GA
pores and dopant cations can no longer drift towards the
polymer channel through these closed pores. The pores are
closed by Ca®" and we can see the effect in the OECT current. We
note that with 0.56 M of Ca®" in the solution, the channel shows

This journal is © The Royal Society of Chemistry 2020

slightly lower I, than with 0.94 M. Although the blocking
mechanism is not fully understood, we suspect that at this high
concentration of Ca*>*, the GA pores are already fully blocked
and the difference between 0.56 M and 0.94 M becomes
negligible. An additional control experiment showed us that
the n-type channel (in the absence of SLB) has ON currents
increasing with Ca®* concentration (Fig. S11; upper panel, ESI{).
Interestingly, once measured at electrolytes with high CacCl,
concentrations, the channel becomes permanently doped, while
its electrochemical charging ability remains unaffected and the
device in fact achieves higher ON currents and transconductance
values in PBS (Fig. S11; lower panel, ESIt). Cycling the devices in
CaCl, bearing solutions can thus be a strategy to improve the
OECT ON currents and transconductance. Investigation of the
origin of this increase and its optimization for this particular
n-type polymer as well as applicability to other n-types polymers
are beyond the scope of this current work. Overall, with these
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control experiments, we also rule out the possibility of a Ca**
induced decrease in the SLB-free channel current and verify that
the decrease in the current of GA integrated SLB devices is due to
the Ca®>" ions blocking the GA pores.

Conclusion

In this work, we designed an n-type polymer functionalized
with lysine side chains, firstly, to create desirable surface
properties for vesicle adsorption and fusion into an SLB and,
secondly, to enable bulk cation charging at low voltages, hence
high performance in OECT channels. We demonstrated, for the
first time, SLB formation on an n-type polymer and accumulation
mode OECT channels made thereof. The SLB formation and
quality were evaluated using FRAP and QCM-D measurements,
indicating a fluid and mobile bilayer. The micrometer scale, n-type
OECT channels offered a sensitive platform to assess the quality of
the SLB while its transparency allowed for monitoring the lipid
bilayer optically. The OECT current and transient characteristics
were sensitive to the presence and function of a pore forming
protein integrated into the SLB and exhibited high operational
stability. Showing the first example of a bio-functionalized n-type
polymer and an n-type OECT interfacing a biomimetic platform,
we demonstrated the advantages of developing new and improved
chemistries for customized electronics for the biological interface.
Future work will focus on enhancing the biomimicry of this
platform and integrating catalytic and ligand-gated proteins
into the SLB, paving the way for next-generation biosensors
and bioelectronic hybrids.

Experimental
Materials

The n-type polymer p(NDI-T2-L2) was synthetized according to
the synthetic route described in the ESILf{ All lipids were
purchased from Avanti Polar Lipids (Alabaster, USA). Chloro-
form, phosphate-buffered-saline, calcium chloride, and gramicidin
A were purchased from Sigma-Aldrich while 99% ethanol was
purchased from VWR.

Vesicle preparation

Lipids were dissolved in chloroform to reach the desired
concentration. They were dried using Nitrogen flow for 5-10 min
to remove chloroform then placed under vacuum overnight. They
were re-suspended in PBS to reach 2 mg mL™" concentration and
sonicated in a sonication bath for 20-30 min. Multilamellar lipid
vesicles were extruded through a polycarbonate membrane
(pore size: 50 nm, Whatman Nucleopore) using a mini extruder
(21 cycles) to make unilamellar vesicles. The average size of the
vesicles was measured using dynamic light scattering (Malvern,
Zetasizer Nano S). Lipid vesicles containing gramicidin were
mixed together in chloroform, using a stock solution of grami-
cidin A (10 mg mL™") to form a dilution series of desired
concentrations, and then dried with a nitrogen gun, followed
by the same extrusion process.
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Film preparation

Microscope cover glasses (24 x 32 mm; No. 1.5; VWR) and
QCM-D crystals were cleaned in a NH,OH: H,0,: H,0 (1:1:5)
solution for 15 min at 80 °C. p(NDI-T2-L2) was dissolved in 99%
ethanol at a concentration of 10 mg mL™ . It was spin coated
at 1000 rpm for 30 sec with 1500 rpm of acceleration on any
given surface and left to dry overnight at room temperature.
Polydimethylsiloxane (PDMS) wells were assembled on the
films to confine the lipid bilayer solution.

Contact angle measurements

The contact angle of the films was determined using a gonio-
meter (KRUSS, DSA100, Germany). A drop of water (5 pL) was
placed on top of the film and the mean value was obtained
from 2 samples.

Photo electron spectroscopy in air (PESA)

Measurements were performed with a Riken Keiki AC-2 PESA
spectrometer with a power setting of 5 nW and a power number
of 0.3. Samples were prepared on glass substrates by the spin-
coating procedure as described above.

Surface zeta potential

Zeta potential of the films was measured using Zetasizer Nano
ZS (Malvern Instruments Ltd, UK). 7 mm x 4 mm glass cover-
slips were coated with the polymer. A zeta potential cell
(ZEN1020) was used where polystyrene beads were the tracer
particles. The Zeta potential was measured using the Zetasizer
software based on the electrophoretic mobility of the tracer
particles from the sample and the distance was measured in
4 different positions. The measurements were performed for
3 times and in 1x PBS (pH 7.4) as the electrolyte.

X-ray photoelectron spectroscopy (XPS)

XPS was carried out using a KRATOS Analytical AMICUS instrument
equipped with an achromatic Al Ko X-ray source (1468.6 eV). The
source was operated at a voltage of 10kV and a current of 10 mA
generating a power of 100 Watts. The high-resolution XPS
spectra were acquired using a step of 0.1 eV. The pressure in
the analysis chamber was in the range of x 10”7 Pa during the
course of the measurements.

Atomic force microscopy (AFM)

Atomic force microscopy images were obtained with a Veeco
Dimension 3100 Scanning Probe System in non-contact mode
using FESPA-V2 probes supplied by Bruker (Nominal Resonant
Frequency: 75 kHz, Spring constant: 2.8 N m'). Gwyddion
software was used to analyze the data.

Fluorescence recovery after photobleaching (FRAP)

FRAP was performed using an inverted Zeiss LSM 880 confocal
microscope with Airyscan (Carl Zeiss Germany). Lipids were
labeled with a fluorescent lipid (0.5% BODIPY DHPE, Thermo
Fisher Scientific) and visualized using a 488 nm laser. Lipid vesicles
were adsorbed on the pNDI-T2-L2 film and incubated overnight.

This journal is © The Royal Society of Chemistry 2020
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A small scratch across the lipid bilayer was made using a needle
to facilitate focusing at the bilayer plane using the microscope
objective. The bilayer was then washed with PBS to remove
unbound vesicles. A defined area was photobleached using the
488 nm-laser to evaluate membrane fluidity where fluorescence
intensity recovery and mobile fraction was measured. Data were
analyzed in the FRAP module in ZEN 2009 software, which
calculated the mobile fraction percentage and fit the data after
the subtraction of background and normalization. Diffusion
coefficient (D) was calculated using the following equation:
D = w?/4t,,, where w is the radius of photobleached spot and
t1/» is time to reach half of the maximum fluorescence recovery
intensity.>>

Quartz crystal microbalance with dissipation monitoring (QCM-D)

QCM-D measurements were carried out using Qsense Analyzer
system (Biolin Scientific AB, Sweden). P(NDI-T2-L2) films were
coated on SiO, based QCM-D sensors as described above. The
sensors were annealed at for 10 min at 100 °C to avoid film
delamination. The experiments were performed at room tem-
perature with a flow rate of 0.1 mL min~" using a peristaltic
pump. PBS was injected first and stabilized (baseline), then lipid
vesicles were added (0.5 mg mL™"). The changes in dissipation
(AD) and frequency (Af) over time were analyzed as lipids
adsorbed on the film surface. For the swelling experiment, the
SiO, sensor was ran in air and in PBS, then, the same sensor was
coated with p(NDI-T2-L2) and measured in air and PBS again.
The data were stitched using the QSoft software and the water-
swollen mass (m) was calculated using the Sauerbrey equation

17.
with a selected overtone (1) (Am = —%Afn).23 To calculate the

final mass for the lipid bilayer, the difference in mass between
PBS stabilized data and after the lipid bilayer formation on
p(NDI-T2-L2) were calculated, which is related to Af.

OECT fabrication

All devices were fabricated using standard photolithographic
procedures. Glass substrates were cleaned by immersion in hot
piranha solution, rinsing with water, and dried under nitrogen.
A final cleaning step was performed using oxygen plasma. A
thin layer of Parylene C (SCS Labcoater 2) was vaporised on the
substrates and adhered with 3-(trimethoxysilyl)propyl methacrylate
(A174). Transistor geometry was transferred to the substrates using a
bilayer resists structure (LOR 5B, Microchem; S1813, Shipley), and
defined by sputtering 10 nm of Cr as an adhesion layer, followed by
100 nm of Au (Equipment Support Company Ltd ESCRD4). Two
parylene C layers were later deposited: one to electrically insulate
interconnects, which was also adhered by A174, and another to use
a sacrificial layer for polymer patterning. Openings for polymer
deposition were dry etched by O, plasma (Oxford Instruments
Plasmalab 100 - ICP 380). Each OECT chip contained 6 identical
channels with a width of 100 pm and a length of 10 pm.

OECT characterization

We characterized OECTs using Keithley 2612A with a customized
LabVIEW software. Ag/AgCl electrode was used as the gate and
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PBS as the electrolyte. The gate voltage varied from 0 to 0.6 V, just
as the drain voltage Vp, with a step of 0.05 V. PDMS wells were
placed on top of the OECT to contain the solutions. OECT
measurements were performed in 1X PBS (ie, 137 mM NaCl,
2.7 mM KCl, 8 mM Na,HPO,, 2 mM KH,PO,, pH 7.4). Measure-
ments in PBS were used as “No lipid” condition in all experiments
unless stated otherwise. Lipid : PBS (5 : 3) mixture was then pipetted
on the same devices and left overnight to form a SLB and measured
the next day. Gramicidin (GA)-containing lipid vesicles were depos-
ited and incubated as above to form a GA-integrated SLB. After
forming the lipid bilayer with GA pores, different concentrations
of CaCl, were added sequentially to the devices followed by a
10-20 min incubation before characterization (total volume of
the measurement solution = 80 pL). 0.25, 0.5, 0.75, and 1 M of
CaCl, were added consecutively to the devices resulting in
final concentrations of 0.09, 0.28, 0.56, 0.94 M in solution,
respectively, while the total volume solution remained constant
with each CaCl, titrations. We calculated the difference in the
maximum ON current that was measured with a GA-incorporated
SLB assembled device and its pristine condition (no lipid) and
plotted these “permeability” values as a function of the GA
content in the SLB.
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