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Abstract

Assembling transmembrane proteins on organic electronic materials is one promising approach
to couple biological functions to electrical readouts. A biosensing device produced in such

a way would enable both the monitoring and regulation of physiological processes and the
development of new analytical tools to identify drug targets and new protein functionalities.
While transmembrane proteins can be interfaced with bioelectronics through supported lipid
bilayers (SLBs), incorporating functional and oriented transmembrane proteins into these
structures remains challenging. Here, we demonstrate that cell-free expression systems allow
for the one-step integration of an ion channel into SLBs assembled on an organic conducting
polymer, poly(3,4-ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS). Using the large
conductance mechanosensitive channel (MscL) as a model ion channel, we demonstrate that MscL
adopts the correct orientation, remains mobile in the SLB, and is active on the polyelectrolyte
surface using optical and electrical readouts. This work serves as an important illustration of

a rapidly assembled bioelectronic platform with a diverse array of downstream applications,
including electrochemical sensing, physiological regulation, and screening of transmembrane
protein modulators.
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INTRODUCTION

Membrane proteins are important regulators of cellular homeostasis, mediating the transport
of information and materials across cellular membranes. The ability to recapitulate these
electrochemical functions achieved by biology on material devices opens the door to

a variety of technological applications, from implantable devices to wearable sensors

to platforms for drug screening.1=3 To harness specific membrane functions, biological
membrane components need to be interfaced with abiotic materials in a manner that
maintains their native behavior.
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Conjugated polymers, such as poly(3,4-ethylenedioxythiophene) polystyrenesulfonate
(PEDOT:PSS), have emerged as a standard bioelectronic interface material due to their
biocompatibility, optical transparency, and ease of use.* Several biological molecules,
including peptides, polysaccharides, and even living cells have been conjugated to these
material surfaces in order to bridge biological sensing functions to electronic readouts.2>:6
However, transmembrane proteins (TMPSs) are one class of biomolecules that have
historically been the most challenging to interface with bioelectronic platforms. Maintaining
the structural and functional properties of TMPs requires a specific environment, namely, a
lipid bilayer, that allows the proteins to adopt their proper structure and diffuse within the
membrane to interact with other proteins and lipids. It has been a challenge in the field to
recreate the appropriate membrane environment on electronic interfaces that preserve TMP
activity.

Supported lipid bilayers (SLB) assembled on the surface of conducting polymers provide

a unique solution to couple TMP activity with electronic interfaces.” SLBs are planar,
supported membranes that are compatible with various surface analytical techniques.8-11
Importantly, SLBs can be used to coat electrodes with a lipid membrane to translate
biological activity into electrical readouts.10:12-15 \While the direct deposition of cell
membranes on PEDOT surfaces has provided a promising strategy to interface lipid
bilayers and TMPs onto electronically active materials,10:16 biological membranes are
highly complex, which can confound measurement signals. Additionally, these methods can
have a lengthy development timeline, are often costly, and require specialized equipment and
reagents. Hence, developing methods to rapidly and efficiently integrate TMPs into SLBs
on electrically responsive devices with defined components is of importance to the field and
will ultimately enable more complex and precise biosensing platforms to be developed.

An emerging route to rapidly assemble TMPs into an SLB is co-translational integration,

in which TMPs are synthesized directly into a lipid membrane.1” By supplementing these
cell-free protein synthesis (CFPS) reactions with synthetic membranes, like nanodiscs and
liposomes, the traditional challenges in TMP expression are circumvented. These include
both the long and laborious method for TMP synthesis and purification, as well as the need
to disrupt native folding through detergent extraction. The modular nature of CFPS allows
the protein synthesis and the reaction environment to be engineered to create novel synthetic
biology tools.1” Even further, this enables the synthesis of difficult-to-express proteins,
including those that are cytotoxic. This approach has been successfully used to generate
membrane-spanning TMPs for both basic structural measurements!8 and biosensing in
2D-supported membranes.1® Unlike more common methods that use detergent-mediated
reconstitution of purified proteins, CFPS retains the native cellular machinery and allows
for the direct insertion of proteins into a bilayer as they are produced. This approach
minimizes both the number of steps required to assemble the TMP-integrated bilayer as
well as the use of detergents, which can change membrane properties and correspondingly
affect TMP function. Furthermore, the use of CFPS can enable the oriented integration of
TMPs into SLBs compared to reconstitution methods. TMPs typically must thread through
the membrane multiple times and therefore need to be oriented correctly. Recreating the
proper orientation of a given TMP within the membrane is important, as this can impact the
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protein’s interactions with the underlying electronic materials, mobility within the bilayer,
and function (e.g. the directional transport of ions or signal transduction).

Recently, we used CFPS to demonstrate the synthesis of the large conductance
mechanosensitive channel (MscL) into a fluid hybrid-supported lipid bilayer (HSLB)
containing phospholipids and diblock copolymers.29 MscL is a well-characterized bacterial
pore-forming membrane protein, composed of five subunits, that senses and dissipates
physical stresses in cell membranes.?! We reported the expression, proper folding and
orientation, and mobility of this ion channel by monitoring a fluorescent reporter (GFP)
covalently linked to this membrane protein. The readouts for these attributes were
straightforward to assess using fluorescence microscopy as the HSLBs were formed on
transparent glass supports. However, glass supports are electrically insulating and thus
preclude measuring ion flux across the SLB, and we could not measure ion channel activity
directly in this system. To solve this problem, we used cell-free integration of the same

ion channel (MscL) into an SLB on a conducting polymer film and then optically and
electrically recorded small molecule transport mediated by this channel.

We report here the cell-free co-translational synthesis of an ion channel, MscL, into a
supported lipid bilayer on a conducting polymer film. Specifically, we used a PEDOT:PSS
film on ITO electrodes and measured ion flux across the supported membrane through the
embedded ion channels (Figure 1). In addition to the conducting polymer enabling electrical
readouts, PEDPT:PSS is transparent, making this electrical device compatible with optical
measurements using fluorescence microscopy, making this a dual modality sensor. Another
attractive feature of the conducting polymer is that it acts as a hydrated hydrogel cushion
that enables TMP mobility throughout the supported lipid bilayer—a necessary feature

for some TMP functions. Following device fabrication, we co-translationally integrated
MscL proteins into the SLB and measured their transport properties using fluorescence
microscopy and electrochemical impedance spectroscopy (EIS). We used two different
versions of MscL to detect a differential response to exposure of 2-(trimethylammonium)-
ethyl methanethiosulfonate, bromide (MTSET). The wild type (WT-MscL) is not responsive
to MTSET, while a cysteine modification enables the channel to open (G22C-MscL). This
illustrates the ability to directly read out the activity of individual membrane proteins

and discriminate them based on a differential electrical response. Integrating functional
TMPs with a multimodal bioelectronic membrane platform is an important advancement in
biosensor capabilities as we move closer to the goal of creating high-throughput designer
biosensors with broad applications across medical, manufacturing, pharmaceutical, and
research sectors.

EXPERIMENTAL SECTION

Materials.

1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine (16:0-18:1 PC, POPC) and 1-palmitoyl-2-
oleoyl-srglycero-3-phospho-(1’-rac-glycerol) (sodium salt) (POPG) were obtained from
Avanti Polar Lipids (Alabaster, AL, USA). Texas Red 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine, triethylammonium salt (TR-DHPE), 2-(trimethylammonium)ethyl
methanethiosulfonate, bromide (MTSET), and octadecyl rhodamine 123 (R18) were
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obtained from Thermo Fisher Scientific. All of these chemicals were used without
further purification. PEDOT:PSS (Clevios PH 1000) was obtained from Heraeus Clevios
GmbH. 4-Dodecylbenzenesulfonic acid (DBSA), (3-glycidyloxypropyl) trimethoxysilane
(GOPS), ethylene glycol (EG), polyallylamine hydrochloride (PAH), poly-L-lysine (PLL),
and phosphate-buffered saline (PBS) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Patterned ITO electrodes on glass substrates were purchased from Xin Yan
Technology Limited (China).

Plasmid Information.

Plasmids used here have been described previously.20-22 pET19b-EcMscL and pET19b-
EcMscL-G22C were used for cell-free synthesis into supported bilayers coating ITO-
PEDOT:PSS sensors. MscL is natively a mechanosensitive channel, but the G22C mutation
allows for specific chemical channel activation via the addition of MTSET, which reacts
with the cysteine mutation.23 For fluorescence tracking, we used pET19b-EcMscL-mEGFP
which is C-terminally tagged by the monomeric enhanced green fluorescent protein
(mEGFP). A Tobacco Etch Virus (TEV) protease cleavage site is located between MscL
and GFP for post-synthesis GFP removal. All plasmids contain the T7 promoter to enable
robust cell-free gene expression.

Small Unilamellar Liposome Preparation.

Small unilamellar liposomes of POPC and POPG (1:1 mol %) were prepared using thin-film
hydration and extrusion methods. The required amounts of POPC and POPG dissolved

in CHCI3 were mixed in glass vials to achieve the desired mole percentage. CHCI3 was
evaporated using a stream of nitrogen gas to form a thin phospholipid film, and the glass
vial was kept in a vacuum for a minimum of 4 h to remove trace amounts of CHCls, if
present. Eventually, the lipid films were rehydrated with 300 mOsm PBS to a concentration
of 2 mg/mL, vortexed to resuspend the phospholipids completely, and extruded 10 times
through a 50 nm Nucleopore polycarbonate membrane using an Avanti Extruder (Avanti
Polar Lipids, Birmingham, AL).

Characterization of Phospholipid Liposomes.

The average hydrodynamic size and zeta potential of phospholipid liposomes in 300 mOsm
PBS were monitored on a Zetasizer Nano-ZS instrument (Malvern Instruments) with a 4
mW He—Ne laser (1 = 632 nm) and backscattered detector angle 173°. Liposomes were
approximately 75 £ 5 nm in diameter with a zeta potential of =30 £ 3 mV in 300 mOsm PBS
(Figure S1, Supporting Information).

Preparation of PEDOT:PSS Suspension.

Ninety-five percent v/v Clevios PH 1000 (Heraeus), 5% v/v ethylene glycol, 1% v/v
(3-glycidyloxypropyl)trimethyoxysilane, and 0.002% v/v 4-dodecylbenzenesulfonic acid
(DBSA) were mixed together in a glass vial. The mixture was then placed in a bath sonicator
(ultrasonic cleaner, VWR) for ~0.5 h. Prior to use, the solution mixture passed through a
0.45 1m syringe filter (Thomas Scientific).
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Glass/PEDOT:PSS Slide/ITO Electrode Preparation.

A microscope cover glass (25 mm x 25 mm; No. 1.5; VWR) was cleaned using a 70%
sulfuric acid (H,SO,) and 30% hydrogen peroxide (H,O5) solution mixture for 10 m and
then washed with deionized water (18.2 MQ cm) for 0.5 h. After that, the glass slides were
kept in deionized water and just prior to use, and these slides were dried with a stream of
nitrogen gas and used immediately to assemble supported lipid bilayers.

To prepare PEDOT:PSS films, washed glass slides or patterned ITO electrodes were briefly
rinsed with deionized water and dried with a stream of nitrogen gas before being plasma-
cleaned at 29.6 W and 700 micrometer pressure for 2 min (Harrick Plasma, Ithaca, NY).
The plasma-cleaned glass slides were then coated with the PEDOT:PSS suspension at 2500
rpm for 30 s using a spin-coater (Apogee Spin coater, Cost Effective Equipment). The
PEDOT:PSS-coated slides were baked at 140° for 1 h and then immersed in DI water for ~4
h. Finally, before use, these slides were dried with a stream of nitrogen gas and treated with
oxygen plasma at 29.6 W and 700 micrometer pressure for 2 min.

Supported Lipid Bilayer Formation.

Cleaned glass/PEDOT:PSS coated slides/electrodes were used as a solid surface for SLB
formation. First, PDMS (polydimethylsiloxane, 10:1 elastomer: cross-linker mixture of
Sylgard 184) wells (with average area of ~1 cm?2) were attached to a glass/PEDOT:PSS
slide. PEDOT:PSS is negatively charged, so it requires a thin coating of either PAH or
PLL, positively charged polyelectrolytes, to promote the rupture POPC-POPG liposomes
on this surface. To prepare the PAH-coated glass slide or ITO device, first, 80-100 zL of
PAH solution (concentration 1-2 mg/mL) in 0.5 M NaCl solution was added to the well
and incubated for 15-20 min. The unabsorbed PAH was washed with DI water and then
with PBS buffer. Poly-L-lysine (PLL) was used directly from the manufacturer without
modification in place of PAH for protein imaging. This substitution was made to reduce
background noise in single particle tracking. Eighty microliters of liposome solution at ~0.5
mg/mL concentration was then added into the well and incubated for 15-20 min for the
absorption and subsequent rupture of liposomes to form contiguous SLBs. Finally, the well
was rinsed with PBS to remove excess unruptured liposomes.

Fluorescence Recovery after Photobleaching Measurements.

The formation of a fluid supported lipid bilayer on the surface was monitored by
fluorescence recovery after photobleaching (FRAP) of a fluorescently labeled phospholipid,
TR-DHPE (~1.0 mol %). TR-DHPE was added into a mixture of POPC-POPG lipids
before resuspension into PBS to provide labeled liposomes for FRAP analysis. The FRAP
instrument consisted of an inverted Zeiss Axio Observer Z1 microscope containing an a
Plan-Apochromat 20x objective and a 150 mW 561 nm optically pumped semiconductor
laser (Coherent, Inc). The laser bleached a ~20 xm diameter spot, and then the recovery

of the bleached spot’s intensity was recorded over time. After background subtraction and
normalization for photobleaching effects, fluorescence intensity recovery data was fit to the
2D diffusion equation following the method of Soumpasis et al.24 The following equation
was used to calculate the diffusion coefficient (D).
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where w denotes radius of the photobleached spot and ¢,,, represents the time required to
achieve half of the maximum recovery intensity.

Cell-Free Protein Synthesis.

CFPS was performed using a PUREXxpress In Vitro Protein Synthesis kit (E6800) from
New England Biolabs, Inc. (Ipswich, MA). We followed the manufacturer’s protocol for
protein expression using 200 ng of plasmid per 30 gL of reaction volume; however, we
augmented the system by conducting the reaction in the presence of SLBs. We used 0.5
mg/mL liposomes in PBS for SLB fabrication on PAH-coated glass/PEDOT:PSS. After
formation of the SLBs, wells were rinsed with PBS and then autoclaved DI water to remove
the unruptured liposomes and salts. The CFPS reaction was then added to the surface of the
SLB and incubated at 37 °C for 30—-40 min; afterward, the SLBs were rinsed with PBS to
stop the reaction.

Cleavage Assay for Protein Orientation.

The orientation of MscL-GFP in the SLBs was determined using a TEV protease (New
England Biolabs, Inc.) assay according to the manufacturer’s protocols (1:10 dilution of
TEV protease and incubation at 30 °C for 1 h) to cleave the GFP molecules from MscL after
insertion into the SLBs.20 We used total internal reflection fluorescence (TIRF) microscopy
to quantify fluorescent GFP particles before and after TEV protease treatment. Samples
were incubated with TEV protease overnight in the dark at 4 °C to prevent photobleaching
of GFP molecules, and cleaved GFP molecules were rinsed away with PBS before imaging.
We used ImageJ (N1H) to count the fluorescent punctate particles.2> To provide better visual
clarity of punctate spots, the contrast was modified slightly in the presented images but the
images were left unmodified for all analyses.

Mobility Characterization of Individual Membrane Proteins.

The mobility of MscL-GFP molecules in SLBs were determined using TIRF microscopy on
an inverted Zeiss Axio Observer Z1 microscope with an a Plan-Apochromat 100x objective.
A 561 nm solid-state laser was utilized to excite GFP molecules for tracking. A Laser TIRF
3 slider (Carl Zeiss, Inc.) was used to control the incident angle to create an evanescent wave
of ~100 nm. A Semrock LF488-B-ZHE filter cube was used to filter excitation light that was
then sent to the electron-multiplying CCD camera (ImageEM C9100-13, Hamamatsu). All
images were analyzed using ImageJ (NIH) and Matlab (Mathworks).

EIS Measurements.

Impedance spectra were recorded using a Potentiostat (Autolab PGSTAT128N) equipped
with a frequency response analysis module. A commercially available Ag/AgCl electrode
and a platinum mesh were used as reference and counter electrodes, respectively.

ACS Synth Biol. Author manuscript; available in PMC 2024 August 30.
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PEDOT:PSS-coated ITO electrodes were used as working electrodes, with average areas

of ~0.5 cm2. MTSET was added to the samples at a final concentration of 10 M for roughly
15 min before rinsing with PBS. EIS was monitored within the 100,000 to 0.1 Hz frequency
range with an applied AC voltage of 0.01 V and a DC voltage of 0 mV versus OCP (open
circuit potential). The measured impedance spectra were fit to a model using the Metrohm
Autolab NOVA 2 software. Specifically, the model consists of a resistor and capacitor for

the electrolyte and PEDOT:PSS-coated electrode, respectively, and a resistor and capacitor
in parallel for the SLB.26 This model was chosen based on inherent properties of the SLB, as
has been discussed previously.2”

RESULTS AND DISCUSSION
A Cationic Surface Coating Enables Assembly of Fluid SLBs on PEDOT:PSS Surfaces.

To maximize the sensitivity of our transmembrane ion channel biosensing platform, we first
needed to successfully form SLBs on an electrode surface of low impedance. PEDOT:PSS
is a biocompatible conducting polymer that, when coated on electrode surfaces, has

been shown to drastically reduce their impedance.28.29 However, the surface charge of
PEDOT:PSS is negative at neutral pH, which poses a challenge for the adsorption, rupture,
and self-assembly of SLBs made with anionic lipids. Negatively charged lipids, such as
POPG, are commonly found in bacterial membranes where many ion channels like MscL
typically reside. To make the surface more amenable to negatively charged liposome rupture
and the self-assembly of SLBs, we deposited a broadly used, nanometer-scale cationic
polyelectrolyte layer on the surface prior to liposome addition.3%-34 These coatings do
provide an additional electrical resistance, but this effect is minimal compared to the
addition of the SLB and protein activity.

We confirmed the formation and fluidity of POPC-POPG bilayers on polyallylamine
hydrochloride (PAH)-coated glass or PEDOT:PSS surfaces using fluorescence recovery
after photobleaching (FRAP). FRAP experiments were conducted with a POPC-POPG
bilayer containing 1 mol % of the fluorescently labeled phospholipid TR-DHPE. We carried
out these FRAP experiments using several comparative surfaces. First, we demonstrated
that without the cationic electrolyte coating on either glass or PEDOT:PSS, these anionic
liposomes are not able to rupture and self-assemble into a SLB, as evidenced from the

lack of fluorescence recovery after photobleaching (Figure S2A,B). However, on PAH-
coated glass, we observed POPC-POPG liposome rupture and fluorescence recovery after
photobleaching (Figure S2C). We obtained a diffusion coefficient of TR-DHPE as ~0.60
+0.10 um?/s with a mobile fraction of 0.99 + 0.02 (Figure S3). Finally, for PAH-coated
PEDOT:PSS surfaces, we also observed liposome rupture and fluorescence recovery. Figure
S2D-F shows the FRAP images, the intensity data, and the fits of these data to the 2D
diffusion model. From this fit, we calculate the diffusion coefficient of TR-DHPE in a
POPC-POPG bilayer as ~0.56 + 0.09 zm?/s with a mobile fraction of 0.94 + 0.02. The
fluorescence recovery in both cases confirms that the liposomes adsorbed to the cationic
surfaces and ruptured to form a contiguous SLB at least over the length scale of the

bleach spot. Additionally, similar diffusion coefficients between the PAH-coated glass and
PAH-coated PEDOT:PSS indicate that the PEDOT:PSS polymer does not affect the diffusion

ACS Synth Biol. Author manuscript; available in PMC 2024 August 30.
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coefficient or mobile fraction of lipid molecules in the SLB supported by it. A set of
data from three experiments for each surface is provided in Figure S4 of the Supporting
Information.

Cell-Free Expression of MscL Results in Oriented, Diffusive Proteins in SLBs Supported
on PEDOT:PSS Surfaces.

After verifying the formation of mobile SLBs on PEDOT:PSS surfaces, we investigated
the cell-free synthesis approach to integrate ion channels into these SLBs. We measured
two figures of merit for proteins: orientation and mobility. Both factors confirm the state

of the synthesized protein as well as the presence of a mobile SLB. Protein orientation

is an important indicator of function as it can influence the direction of ion transport in
certain protein channels. Here, we used the mechanosensitive channel of large conductance
(MscL) and cell-free methods to co-translationally insert MscL into a phospholipid bilayer
containing anionic and zwitterionic phospholipids on PEDOT:PSS-coated ITO electrodes.
Once the devices were formed and MscL’s orientation and mobility in the bilayer were
confirmed, we electrically assessed its ion flux activity.

To first characterize both protein synthesis and orientation, we used a fluorescence-based
assay. We used a poly-(L)-lysine (PLL) coating on the glass surfaces as we observed high
background fluorescence from the PAH coating on PEDOT:PSS. We synthesized MscL
with a C-terminal GFP tag containing a TEV cleavage sequence between MscL and GFP
(MscL-GFP). This construct design achieved two goals: first, we can readily observe protein
synthesis by the emergence of fluorescence as the synthesis reaction proceeds via the

GFP folding reporter. Second, we can assess orientation of the synthesized proteins by
cleaving GFP after synthesis and monitoring the subsequent loss in fluorescence. To assist
in quantification, we carried out the CFPS reaction over the preformed SLB until we could
identify single fluorescent particles and then stopped the reaction by rinsing the surface
with PBS buffer and removing the reactants and plasmids from the bulk phase. Individual
fluorescent spots corresponding to MscL-GFP are shown in a representative image (Figure
2A\), indicating successful expression and, most likely, folding of the channel.20:35.36

After confirming that the CFPS system had generated MscL-GFP within the SLB, we
introduced TEV protease into the device to assess protein orientation. TEV should cleave
GFP from the transmembrane protein only if it has adopted the correct orientation within
the membrane, with the GFP accessible and facing the bulk phase. After treatment with

the TEV protease, we observed a nearly 90% reduction in the number of individual
fluorescent spots, indicating that MscL-GFP is being co-translationally synthesized into the
SLB predominantly in one orientation (Figure 2A).

After determining the orientation of MscL-GFP, we performed a second set of experiments
to assess protein mobility in these fluid SLBs using single-particle tracking analysis. A
representative image and the trajectories of mobile particles in the frame is shown in Figure
2B, and representative MSD plots are shown in Figure S5 (Supporting Information). We
measured the trajectories of individual MscL-GFP molecules and calculated the mean square
displacement (MSD) to determine local diffusion coefficients. We used the initial slope from
the first three time points to determine the diffusivity in the local region of MscL-GFP. We

ACS Synth Biol. Author manuscript; available in PMC 2024 August 30.
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plotted these diffusion coefficients as a histogram and fit the data with a gamma distribution
to determine the mean diffusion coefficient for the population (Figure 2B). We found that
the mobile proteins have an average diffusion coefficient of 0.18 + 0.07 zm?2/s with an
overall mobile fraction of 0.37 £ 0.03 (which means roughly 40% of proteins have mobility).
This diffusion coefficient and mobile fraction suggest that the polymer layer is providing a
“cushioning” effect here that maintains mobility for proteins that are synthesized into the
bilayer plane. The fluorescence of the GFP folding reporter, accessibility of the C-terminal
TEV cleavage site as a readout of protein orientation, and protein mobility together indicate
that the channel is fully integrated and adopts a native-like conformation in the SLB on the
PEDOT:PSS support. These data provide further experimental validation that the supported
lipid membrane is contiguous on the surface given the length scale of the protein diffusion.

Electrochemical Impedance Spectroscopy Confirms the Function of MscL Channels.

After confirming the insertion, orientation, and mobility of our target protein using
fluorescence, we used electrochemical impedance spectroscopy (EIS) to functionally
characterize the performance of our biosensor. To determine whether MscL ion channels
synthesized into supported bilayers using cell-free methods were functional, we utilized our
electrode platform to sense the ion flux activity across the bilayer using label-free electrical
methods. To assess the specificity of protein responses, we used a previously characterized
mutant version of the MscL protein (G22C-MscL). This point mutation (Gly-22 to Cys-22)
puts a sulfhydryl group on each subunit of the channel, making G22C-MscL responsive to
methanethiosulfonate (MTS) reagents.23:37 Addition of MTS therefore triggers the opening
of the G22C channel. In contrast, the wild-type (WT) version of MscL is not activated by
this chemical.

We monitored the EIS response at critical stages of electrode functionalization using
Nyquist plots (Figure 3). The corresponding Bode and phase representations of the data

are shown in Figure S6 (Supporting Information). First, we obtained the impedance spectra
of PAH-coated PEDOT:PSS ITO electrodes alone as a baseline for the device. Next, we
incubated POPC-POPG liposomes on the electrode surfaces and monitored the formation of
a POPC-POPG bilayer via an increase in the impedance values (red data sets) from the bare
electrode. This increase in impedance corresponds to the formation of a lipid bilayer that
then impedes the flux of ions to the electrode.

We then integrated MscL into the membrane. On separate electrodes, we synthesized WT-
MscL, and the chemically activatable mutant (G22C-MscL) into SLBs and EIS spectra were
taken prior to MTSET addition. In both cases, the impedance spectra shifted to higher
resistance values, consistent with increased packing within the bilayer upon insertion of
protein (blue data sets). Although the reactions were run for the same amount of time

and under the same conditions (plasmid concentration, synthesis reagents, etc.), there was
occasional variation in the overall increase in impedance. However, these small differences
are not statistically significant and do not affect the ability to detect protein expression

nor to measure protein activity and response to MTSET. The insertion of WT-MscL

and G22C-MscL increased the R, by 80 = 10 and 90 + 40%, respectively (Supporting
Information, Table S1). We confirmed this by comparing the fluorescence signals from
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both G22C-MscL and WT-MscL folding and observed no difference in the incorporation
efficiency (Supporting Information, Figure S7-S8).

After cell-free expression of the WT- and G22C-MscL into our SLBs, we exposed them to
the chemical activator MTSET to study their function. We monitored the channel activity
during addition of MTSET as changes in membrane resistance. Regardless of the starting
impedance, the addition of MTSET is known to trigger the opening of the mutant G22C-
MscL channel and in turn should lower membrane impedance, while the WT-MscL channel
should remain unaffected by addition of MTSET. Accordingly, after addition of MTSET

to the G22C-MscL- and WT-MscL-integrated membranes, we observed distinct electrical
responses that are consistent with the expected channel activities in each case. The spectra
shown in Figure 3A,B are representative of the expected results for these cases; when the
channels are open, there is increased ion flow. For the G22C-MscL integrated membranes,
we observe a shift in the impedance to lower values, indicating that the resistance has
indeed dropped, presumably due to the opening of the ion channels triggered by MTSET.
For WT-MscL, we do not observe this drop in the presence of MTSET and instead see

a slight increase in impedance. To interpret the results, we next monitored the effect of
MTSET on a bare SLB without protein. We observed an increase in impedance (Figure 3C)
after addition to the membrane. One plausible explanation for this observed increase is that
MTSET, which is positively charged, is interacting with the anionic SLB. Other reports have
used EIS to detect charged molecules interacting with a membrane or surface, showing that
this explanation is a possibility in our system as well.38:3% Based on the previous inherent
impedance change from the bare SLB, we were able to correct the impedance changes to
reflect this intrinsic response. Most importantly, the lower impedance values observed with
G22C-MscL indicate that these channels are functional, chemically specific, and responsive
to MTSET.

Within the same working electrode, there is a clear distinction between the impedance
response of G22C-MscL and WT-MscL after MTSET addition. To compare the observed
responses across different devices, we fit the data to an equivalent circuit and calculated
the membrane properties, (i.e., resistance and capacitance) of the supported membranes in
each case and the changes in response to MTSET. The equivalent model circuit is depicted
in Figure 4A, where the membrane is represented as an RC circuit in series with a resistor
for the electrolyte and a capacitor element for the conducting polymer layer.16 This circuit
is representative of the physical properties of the sensing system.2” The resistance and
capacitance for membrane components for each sample in all three cases are given in Table
S1, Supporting Information.

When WT-MscL was exposed to MTSET, we observed a 3% increase on average in
resistance across three separate experiments when compared to baseline MTSET effects
(Figure 4B). Because there are no interaction sites for MTSET, the cause of this increase in
impedance is likely non-specific interactions. For G22C-MscL, we observe an 18% decrease
in the membrane resistance relative to the baseline effect of MTSET. The individual values
are provided in Table S2, Supporting Information. This decrease in the membrane resistance
is presumably due to the activation and opening of the channel by MTSET as compared with
the wild-type case. The electrolyte resistance and PEDOT:PSS capacitance are unaffected
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during this process (Table S3, Supporting Information). To provide further validation that
we are observing specific protein activation, we conducted a mathematical analysis on our
observed resistance changes. This matches with our observed protein counts obtained using
fluorescence imaging (Supporting Information). Taken together, these results validate CFPS
methods as a viable approach to producing functional, biologically complex proteins in vitro
in sensing devices capable of optical and electrical readouts.

CONCLUSIONS

We describe here the combination of a biomembrane-based electronic biosensor with cell-
free protein synthesis as a platform to rapidly integrate functional transmembrane proteins
and assess their activity. We first demonstrate that we can easily fabricate SLBs on a
conducting polymer support. Then, using a well-studied bacterial TMP (MscL), we show
that we can incorporate a mobile membrane protein into SLBs in these devices using

a one-step cell-free protein synthesis reaction, bypassing purification and reconstitution.
Crucially, we demonstrate with our device, in conjunction with a chemically responsive
MscL mutant (G22C-MscL), that we can monitor ion channel activity upon treatment with a
chemical activator. These observations indicate that cell-free synthesis can directly integrate
membrane proteins as sensing elements and create a suitable biosensor interface.

By using commercial ITO electrodes with the widely used, biocompatible, and transparent
PEDOT:PSS coating, this biosensor platform is easily assembled and proteins are readily
integrated using cell free protein synthesis. Protein activity, orientation, and mobility are

key features in native biological function that we retain in our biosensor platform and are
easily assayed by fluorescence microscopy. As such, this biosensor preserves the ability to
assess biophysical properties of the protein and membrane, which leaves open the possibility
of using fluorescence to study some aspects of the target protein and a label-free electrical
readout for others. Therefore, an exciting possibility for the future is the simultaneous
readout of optical and electrical signals that can potentially be leveraged for the single
molecule resolution of protein activity.

Using this cell-free protein expression system, we can rapidly integrate specific and active
transmembrane proteins into the biosensor interface and measure membrane protein activity.
This approach can be done without the need for cell culture, protein purification, or other
intensive procedures that are typically required to construct transmembrane protein-based
biosensors. Such accessible fabrication will further expand the adoption and innovation

of biosensing platforms. Recently, other modalities of biosensing capabilities have shown
potential as well, for example with membrane droplets* or freestanding membranes.! With
our configuration, however, we can provide customized circuit design for any electrical
configuration and great ease of use by using vesicle fusion techniques. We also envision that
our technique can be applied to a wide range of transmembrane proteins, potentially even

in a single device. This would enable the creation of a robust sensor able to detect a broad
range of different molecules.

By dramatically simplifying TMP synthesis and biosensor fabrication, this platform is
poised to provide a convenient tool to study protein function in this age of biotechnology.
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For example, synthetic additives can be added to modify the proteins in a way not possible
using cell culture methods, or reactions can be scaled to vary protein expression levels.
Furthermore, by employing a cell-free environment, large libraries of protein variants

can be easily synthesized and introduced using microfluidic environments, both of which
will be critical in building advanced biosensors. Overlaying these advances with the
massive parallelization possible with microfluidics will enable the scaling-up needed to
rapidly screen for TMP activity beyond what is currently feasible. This enables a broad
spectrum of applications that are at the forefront of biotechnology research and that
benefit from transmembrane protein studies, including the evaluation of protein structure—
function relationships, the development of drug discovery pipelines that screen the effect of
therapeutics on membrane proteins, and the development of multiplexed biosensors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representation of the cell-free bioelectronic sensor. The modular nature of cell-

free protein synthesis enables electrodes to be created in an array and integrated with
microfluidics. The sensing environment is created after supported lipid bilayer (SLB)
formation from the fusion of synthetic liposomes to the surface and then in a single

step co-translational insertion of protein directly into a preformed SLB on a bioelectronic
platform. The SLB provides a biomimetic interface to retain protein activity, while the
conductive, transparent polymer support (PEDOT:PSS) allows both optical and electrical
measurements to be conducted. The final configuration allows an electrical circuit to be
established wherein changes in protein activity can be measured using electrochemical
impedance spectroscopy. Note that the protein and supported membrane are not drawn to
scale.
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Figure 2.
The nascent MscL-GFP proteins incorporated into SLBs using cell free protein synthesis are

uniformly oriented and mobile. (A) Fluorescence microscopy images of an SLB containing
MscL-GFP before and after TEV protease treatment. Individual white spots represent
detected GFP fluorescence (scale bar is 10 x/m). Treatment with TEV protease results in
the nearly complete loss of GFP fluorescence from the SLB. Total protein counts were
quantified before and after protease treatment (error bars represent standard error of the
mean, n=5). (B) Representative image of a SLB used to trace the trajectory of mobile
MscL-GFP particles (scale bar is 5 ym). Mean square displacement measurements were
made using the first three time points and fit to a Gaussian distribution to find the overall
diffusivity and mobile fraction of MscL-GFP.
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Figure 3.
Impedance monitoring to show the channel activity of WT and mutant (G22C) MscL-

containing SLBs on a PAH/PEDOT:PSS-coated ITO electrode. Schematics and Nyquist
plots of POPC-POPG bilayer formation (red), protein synthesis (blue), and interaction with
MTSET (green) (10 4M) are presented for (A) WT-MscL (channel remains closed), (B)
G22C-MscL (channels open), and (C) bare SLB (no channel).
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Impedance measurements were analyzed to calculate membrane electrical properties. (A)
Equivalent circuit diagram representing each component in the system. (B) Relative change

in resistance after the addition of MTSET in either WT or G22C incorporated SLBs,

accounting for the effect of MTSET on a bare SLB. Error bars represent standard error of
the mean, n=3.
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