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Abstract

Interfacing nanoelectronic devices with cell membranes can enable multiplexed detection of
fundamental biological processes (such as signal transduction, electrophysiology, and import/
export control) even down to the single ion channel level, which can lead to a variety of
applications in pharmacology and clinical diagnosis. Therefore, it is necessary to understand and
control the chemical and electrical interface between the device and the lipid bilayer membrane.
Here, we develop a simple bottom-up approach to assemble tethered bilayer lipid membranes
(tBLMs) on silicon wafers and glass slides, using a covalent tether attachment chemistry based on
silane functionalization, followed by step-by-step stacking of two other functional molecular
building blocks (oligo-poly(ethylene glycol) (PEG) and lipid). A standard vesicle fusion process
was used to complete the bilayer formation. The monolayer synthetic scheme includes three well-
established chemical reactions: self-assembly, epoxy-amine reaction, and EDC/NHS cross-linking
reaction. All three reactions are facile and simple and can be easily implemented in many research
labs, on the basis of common, commercially available precursors using mild reaction conditions.
The oligo-PEG acts as the hydrophilic spacer, a key role in the formation of a homogeneous
bilayer membrane. To explore the broad applicability of this approach, we have further
demonstrated the formation of tBLMs on three common classes of (nano)electronic biosensor
devices: indium-tin oxide-coated glass, silicon nanoribbon devices, and high-density single-walled
carbon nanotubes (SWNT) networks on glass. More importantly, we incorporated alemethicin into
tBLMs and realized the real-time recording of single ion channel activity with high sensitivity and
high temporal resolution using the tBLMs/SWNT network transistor hybrid platform. This
approach can provide a covalently bonded lipid coating on the oxide layer of nanoelectronic
devices, which will enable a variety of applications in the emerging field of nanoelectronic
interfaces to electrophysiology.
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1. INTRODUCTION

Nanoelectronic probes can be used to interrogate biophysical properties, an emerging theme
in the life sciences.? Of particular interest is the electrophysiological activity of cell
membranes and even organelle membranes. Although model systems such as the black lipid
membrane (lipid bilayers suspended over an orifice) allow classical interrogation of
electrophysiological function with exquisite precision, it lacks the scalability of modern
micro and nanoelectronics. In order to more directly interface state of the art nanoelectronic
devices with lipid bilayer electrophysiology, a more intimate and chemically well-defined
interface between active electronic devices and lipid bilayers is required.

To date, this has been accomplished using direct physisorption of lipid bilayers onto the
nanostructures themselves, including, for example, silicon nanowires,2 GaP nanowires,3
carbon nanotubes,* and nanoparticles.® These studies are based on over a decade of
experience of attaching lipid bilayers to solid supports using a variety of noncovalent
attachment schemes, including solid-supported lipid bilayers (s-SLBs) and polymer-
cushioned/SLBs.5-12 We have recently developed a polymer-cushioned lipid bilayer/single-
walled carbon nanotube (SWNT) transistor platform through three noncovalent polymer
functionalization schemes and successfully demonstrated single ion channel sensing using
this platform.13 Additionally, we have previously developed an analogous demonstration
using a SLB-graphene platform.14 In the meantime, other groups have interfaced silicon
nanowire electronics with model SLBs and proteins at the ensemble level .15 At the cellular
scale, a variety of approaches are under development to replace the patch clamp pipette
technique (nanostraw, nanopipette, nanopillar, etc.) with a nanowire-type approach.16-20 Al|
of these approaches and goals depend crucially on the interface between the nanostructure
and the lipid bilayer membrane. Solid-supported and polymer-cushioned methods inherently
lack molecular precision and chemical stability at the interface between the lipid bilayer and
the nanostructure. For example, although some advances have been made in lipid bilayer
silicon hybrid devices using SLBs,2:3:15.20 this type of lipid membrane fails to address a
serious issue: the spacing between lipid bilayers and solid substrate is not well-controlled,
typically between 0.5 and 2 nm due to direct support.? This spacing is insufficient for
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providing an aqueous layer to completely separate lipid bilayers from the substrates,
resulting in strong interactions between membranes and substrates with a high risk of
membrane protein?! Also, the noncovalently attached bilayers have limited lifetimes
(minutes to hours). It is desirable to develop a feasible approach to synthesize a more robust
and chemically well-defined interface between the nanostructure and the lipid bilayer
membrane.

In this work, we develop and demonstrate a covalent tether attachment chemistry based on
silane functionalization of the commonly occurring —OH groups that are found on the oxide
coating of most nanoelectronic devices, followed by step-by-step stacking of two other
functional molecular blocks: oligopoly(ethylene glycol) (PEG) and lipid. As the surface of
most nanostructures/nanoelectronic devices includes a dielectric coating between the active
electronic channel and the physiologically relevant electrolyte, the oxide material becomes
the most common and important target for attaching lipid bilayers on the nanostructures/
nanoelectronic devices. The architecture of the monolayer. we designed from bottom to top,
consists of a self-assembled monolayer (SAM) of 3-glycidyloxypropyltrimethoxysilane
(GOPS), an oligo-PEG (carboxyl-(ethylene glycol)g-amine compound (CA(PEG)g)) layer
providing a hydrophilic reservoir, and a 1,2-dioleoyl-sr-glycero-3-phosphoethanolamine
(DOPE) lipid layer. This heterofunctional oligo-PEG molecule containing terminal amine
and carboxyl groups also serves as a biocrosslinker covalently conjugated with lipids and
silane layers on each side. The synthetic route of monolayer functionalization includes three
well-established chemical reactions: self-assembly,22 epoxy-amine reaction,?3 and the
EDC/NHS cross-linking reaction.2* The reactions are facile and simple and can be easily
implemented in many research labs on the basis of common, commercially available
precursors and mild reaction conditions.

We performed the usual soft-material characterization of the resulting biomembrane,
including fluorescence imaging, X-ray photoelectron spectroscopy (XPS), and atomic force
microscopy (AFM). The functionalized surface after each reaction step was characterized by
AFM and XPS for monitoring the evolution of surface morphology and identifying the
chemical compositions of surface groups, respectively. The tethered bilayer lipid membranes
(tBLMs) were prepared on monolayerfunctionalized substrates by the vesicle fusion (VF)
method. The surface morphology, continuity, and fluidity of the tBLMs were sequentially
measured by AFM, fluorescence microscopy, and fluorescence recovery after the
photobleaching (FRAP) technique. For nanoelectronics biosensing applications, in contrast
to most works on lipid bilayer chemistry, electrochemical impedance spectroscopy (EIS)
was employed to monitor the formation of tBLMSs and probe the incorporation of the ion
channel protein a-hemolysin (a-HL).

To explore the applicability of this approach, we have demonstrated this approach on three
common classes of nanoelectronic biosensor candidates: indium-tin oxide (ITO)-coated
glass, silicon nanoribbon devices, and high-density single-walled carbon nanotubes (SWNT)
networks on glass. Moreover, after incorporating the ion channel peptide alamethicin into
the tBLM on the SWNT network transistor, we have detected ion channel currents through
alamethicin channels using this tBLM-SWNT transistor hybrid biosensor platform.
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Therefore, this tBLM can provide a biocompatible and functional interface for hosting ion
channels or other membrane proteins to be integrated with nanoelectronic devices.

This work on nanoelectronics platforms is enabled by the pioneering work done over 10
years ago on the covalent tether chemistry of lipid bilayers on Au using thiol conjugation
chemistry, developed by Cornell et al.25-27 and followed up by other research teams28-32
and the silane tether chemistry of lipid bilayers on silicon wafer developed by Ingo Képer et
al.33 The advantage of the approach developed on Au by Cornell et al. (and later by follow-
on work) as compared with the physisorption approach with polymer cushions is that the
covalently linked spacer molecule can allow for control of the water layer thickness between
the tBLM and the substrate. By using different oligo spacer lengths, both Cornell (using
EIS25-27) and others (using neutron scattering?8-32) showed that, with this general approach,
(1) the water layer thickness between the tBLM and the substrate could be controlled, (2) the
polymer spacer layers were hydrated, and (3) the insertion of some peptides up to a certain
size into the membrane is possible, while maintaining their electrophysiological activity.

Our work has certain advantages over that of Képer et al. Direct synthesis of the silane-
oligo-(PEG)4-lipid precursor requires a multistep, complicated organic synthesis process,
including critical non-water-based synthesis conditions. Moreover, the unstable silane head
group makes the silane precursor unsuitable for long-time storage and shipping; thus, it is
not commercially available. In addition, silane-polymer-tethered lipid bilayers on SiO,
substrates have been reported by Tamm et al.34 and Andruzzi et al.3® using two different
length polymer PEGs, respectively, containing 77 unit ethylene glycol and 45 unit ethylene
glycol. However, neither electrochemical measurements nor electrophysiological recordings
have been reported in their studies.

Thus, although the thiol chemistry of gold is well established, it is not amenable to
integration with nanoelectronic devices made of semiconducting materials, such as
nanowires, nanotubes, and 2d materials. Therefore, even though our work is not as extensive
as that of prior researchers on Au (e.g., we have not performed detailed neutron reflection to
measure the detailed water layer between the bilayer and the substrate, and we have not
measured many different tether lengths or chemistries), it is much more powerful and
significant in terms of the applications to nanoelectronics rather than to gold. In the past,
each time a new tether molecule was developed, it turned into an entirely new major paper/
study, for example, “WC14” (an EO 6-mer28), “FC16” (an EO 9-mer29), and “HC18” (an
EO 6-mer with unsaturated anchor molecules®l). Rather than being an evolutionary study of
the effect of different spacer chemistries, our work uses well known and well-studied spacer
chemistry themes (in our case an 8-mer of EO as proof of concept), and provides a
dramatically simplified recipe that can be performed by labs with minimal expertise in
organic chemistry synthesis, and applies it to open up an entirely new domain of applications
of this scheme by (1) demonstrating integration with several example nanoelectronic
platforms and (2) demonstrating the ability to sense single ion channel events electrically.
This general strategy should find a wide range of applications in the emerging field of
nanoelectronic interfaces to electrophysiology.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 February 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou and Burke Page 5

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials.

The lipids including 1,2-diheptadecanoyl-sn-glycero-3-phosphocholine (DPhPC) and DOPE
were purchased from Avanti Polar Lipids. The dye lipid Lissamine Rhodamine B 1,2-
dihexadecanoyl-sr-glycero-3-phosphoethanolamine, triethylammonium salt (LR-DHPE)
was purchased from Life Technologies. 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), and carboxy-(ethylene glycol)g-
ethylamine (CA(PEG)g) were purchased from Thermo Fisher Scientific Inc. Alamethicin, a-
hemolysin, GOPS (299%), ITO-coated glass slides with the surface resistivity of 30-60
Q/sq, and all other chemicals, including solvents and buffers, were purchased from Sigma
Aldrich. GOPS was purchased every 6 months and was stored in a vacuum desiccator.
Solvents and buFFers were used as received without further purification. DI water was
processed by a Sartorious Stedim Arium water purification system to give 18.2 MQ cm
resistivity. Highly doped silicon wafers (boron doped 0.005-0.01 Q cm) purchased from
Rogue Valley Microdevices were used as semiconductor chips and electrodes. The high-
density SWNT network was deposited on glass slides of semiconducting nanotube ink
purchased from Nanointegris Inc. (IsoNanotubes-S 99%) by the vacuum filtration method.36
Silicon nanoribbon devices were fabricated using top-down lithographic techniques on 4 in.
ultrathin-silicon-on-insulator wafers (Soitec).37

2.2. Self-Assembly of GOPS.

The native oxide layer on silicon wafers was stripped away by a buffered oxide etch
solution.38 The freshly etched silicon wafers and cover slides used for later imaging were
thoroughly cleaned by hot piranha solution (a mixture of concentrated sulfuric acid and 30%
hydrogen peroxide in the ratio of 7:3) for 1 h to generate sufficient —OH groups on the
surface before the self-assembly process. Then, the substrates were washed by copious
amounts of DI water and dried under a N, stream and immediately immersed into a GOPS
ethanol solution (9 mM) for another 1 h to form a GOPS SAM on substrates with epoxy
functional groups, followed by thoroughly rinsing with acetone, methanol, and isopropanol
to remove excessive GOPS silane on the surface. After surface modification, all substrates
were stored in a desiccator to prevent air pollution for later use. The ITO chips were
immersed in a solution of HyO2/NH4OH/H,0 (1:1:5, v/v) for 30 min at 80 °C to obtain a
uniformly distributed OH group on the ITO surface. The silicon nanoribbon device was
cleaned by oxygen plasma at 50 W for 30 s; more hydroxyl groups were generated on the
silicon nanoribbon surface by this treatment. For the substrates with SWNT networks, all
procedures are the same except using a 1 h hot water bath (60 °C) instead of the piranha bath
to increase the surface —OH group density.

2.3. Coupling CA(PEG)g to GOPS Terminated Surface.

CA(PEG)g powder was dissolved in a 1x PBS buffer solution (pH 7.4) with 2 mM
concentration. The substrates with GOPS monolayers were incubated in the CA(PEG)g
solution at room temperature for 3 h. CA(PEG)g spacers were coupled onto substrates
through the reaction of their primary amine groups with active epoxy groups on the silane
monolayer. Then, the substrates were transferred into a 50 mM ethanolamine DI water
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solution (pH 9.0) for 30 min to quench unreacted sites, and subsequently washed with PBS
buffer, and kept wet for the next step.

2.4. Covalent Conjugation of DOPE to CA(PEG)g-GOPS.

DOPE lipid molecules were covalently tethered on silicon wafer/glass slide surfaces by a
two-step EDC/NHS process.3940 First, the carboxylic groups at the other end of the spacer
CA(PEG)g functionalized on the substrates were activated for 2 h in MES-buffered saline
solution (pH 4.7) with 75 mM EDC and 25 mM NHS.#0 In the meantime, a chloroform
solution with DOPE lipids was evaporated under a nitrogen stream for 2 h. The dried lipids
were dissolved in an ethanol solution with 1 mM EDC and 2 mM NHS3° to result in a lipid
concentration of ~0.3 mM. Then, the substrates were rinsed with fresh MES buffer, 1x PBS
buffer, DI water, and ethanol successively, followed by an immediate immersion in freshly
prepared lipid ethanol solution overnight. The next day, the substrates were rinsed with the
following solvents (in order): chloroform, acetone, methanol, and isopropanol, and stored in
ethanol solution in a glass Petri dish with a glass lid at 4 °C. The substrates must be kept wet
during the whole process.

2.5. Preparation of tBLM by the Vesicle Fusion Method.

A chloroform solution containing 4.25 mg DPhPC lipid was evaporated under a nitrogen
stream for 2 h, forming a uniform lipid film on the bottom of a glass vessel, and further dried
in a desiccator under vacuum overnight. The dried lipid films were rehydrated in 5 mL of 1x
PBS buffer to have a lipid concentration of ~1 mM, and sonicated for an hour to make small
unilamellar vesicles. Finally, the suspension was extruded at least 20 times through a mini-
extruder with a 0.1 xm pore size membrane (Avanti Polar Lipids), until the final solution
appeared clean. The lipid vesicle solution was dropped into a homemade wet chamber with
substrates, giving an active electrode area of ~0.12 cm?, and incubated for 2 h at 60 °C,
followed by cooling down to room temperature. The unbounded lipids were removed
through rinsing with copious 1x PBS buffer. The chip was stored at 4 °C overnight for
further characterization.

2.6. AFM and XPS Characterizations.

AFM images were recorded using Agilent Technologies 5500 AFM and operated in ac
contact mode (tapping-mode). XPS spectra of the monolayers on functionalized silicon
wafers were recorded on a Kratos axis supra system (Kratos Analytical, Manchester, U.K.)
using Al Ka as an X-ray source. The resolution was 160 eV in the wide and 20 eV in the
region scans of the Cq5 and N1 peak. All XPS spectra were analyzed with the CasaXPS
software. All wafers were thoroughly washed with acetone, methanol, and isopropanol, to
ensure the removal of all unbound molecules, and stored in a vacuum desiccator overnight,
before being loaded into the XPS chamber.

2.7. Fluorescence Imaging and FRAP.

To obtain fluorescence images, DPhPCs were mixed with 1 mM fluorescent dyes (LR-
DHPE) at the molar ratio of 1000:1. FRAP experiments were performed on tBLM on a glass
cover slide for studying lipid fluidity using a Zeiss LSM 780 confocal laser microscope with
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an excitation laser at 561 nm. The 561 nm laser was set at 100% intensity to bleach a spot in
the lipid membrane. The fluorescence recovery was recorded with a 20x objective lens with
20 s intervals between images at a reduced laser power (<4 mW). The diffusion coefficients
of tBLMs were calculated by measuring percentage recovery of fluorescent intensity of the
bleached spot in time lapse. Another upright fluorescence microscope (Leica DM400B) was
used to characterize the tBLM on the silicon nanoribbon surface with a 63x water
immersion objective lens at a reduced laser power (5%).

2.8. EIS Characterizations.

EIS was used to investigate the electrochemical properties of tBLMs on highly p-doped
silicon wafers using a Gamry model 600 potentiostat. The measurements were performed
using a standard three-electrode system. The working, counter, and reference electrodes,
respectively, are the silicon wafer, a platinum wire, and an Ag/AgCl wire. In all
measurements, the potentials were applied versus the Ag/AgCI electrode. A homemade
PDMS wet chamber provides an active electrode area of ~0.12 cm?2. The spectra were
recorded for frequencies from 0.1 or 0.01 Hz to 100 kHz at 0 V bias potential with an AC
modulation amplitude of 10 mV. The raw data were analyzed by Gamry echem analyst
software and using the equivalent circuits consisting of a series resistor and one or two RC
meshes. To investigate the insertion of ion channel proteins, the tBLMs were further
monitored by EIS, after 1 h of addition of 4 4L of a-HL (0.25 mg/mL ethanolic stock) into
the cis chamber (final concentration: 76 nM).

2.9. Fabrication of SWNT Network Transistor.

A microfluidic channel is integrated with SWNT transistors for the delivery of DPhPC
vesicles and electrolyte buffers. Source and drain electrodes are patterned by a standard
photolithography and lift-off process. The microfluidic channel with a width of 25 zm was
placed between source—drain electrode pairs having a channel length of 50 4/m and width of
30 um to isolate the buffer solution from metal electrodes. A Ag/AgCl wire immersed in the
electrolyte solution at the channel entrance is used as the reference electrode for applying a
voltage to gate SWNTSs. The detailed fabrication process of the SWNT transistor biosensor
platform was described in our previous study.13

2.10. Electrical Measurement and Data Acquisition of lon Channel Recording.

The voltage-gated ion channel alamethicin was incorporated into preformed tBLM by
adding its ethanolic stock solution into a PDMS entrance chamber, resulting in a final
concentration of ~5 M. KCI (0.5 M) in 1x PBS solution was used for recording. lon
channel recordings were performed at an applied potential of +100 mV using a patch-clamp
amplifier system, as previously described.13 A syringe pump was connected to the
microfluidic channel to control the flow rate and exchange fluids. Data were low pass
filtered at 5 kHz using the four-pole Bessel filter built into the Axopatch 200B and sampled
at 10 kHz. Data collection was performed by electrophysiology software (pClamp10) and
plotted using Igor Pro.
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As shown in Scheme 1, three well-established chemical reactions have been performed for
bottom-up synthesis of monolayers on the SiO, surface: (i) self-assembly of silane:22 (ii)
ring addition reaction of the epoxy group with the primary amine for linking the oligo-PEG
spacer onto silane;23 (iii) EDC/NHS two-step reaction for bioconjugation of lipid molecules
onto oligo-PEG.24 (Note that the (EO)x region is disordered and flexible (like a cooked
noodle), and the scheme only shows it extended for clarity.) GOPS as an epoxy group-
terminated silane molecule has been extensively used for the covalent immobilization of the
molecules containing amino groups, especially biomolecules, on SiO, substrates due to its
simple self-assembly process.23:41-43 Although, it cannot generate highly ordered structures
on silicon surface as long-chain alkylsilanes do,*4 the SAM of GOPS can still provide a
relatively flat surface for subsequently growing or patterning nanostructures on silicon
wafers®3 or glass slides.#> Although aggregation of the GOPS in solution before attachment
to the silicon surface is possible, it is a very minor effect, as the AFM images (see
Supporting Information) show a relatively uniform surface (surface roughness of ~1 nm).
Kuno et al.*! also reported the rootmean-square roughness of GOPS SAM on silicon to be
0.303 nm.

The SAM of GOPS on glass or SiO,/Si wafers is covalently linked with amine-terminated
oligo-PEG (CA(PEG)g) molecules by simply immersing the wafer in 1x PBS buffer solution
of CA(PEG)g. To prevent the direct binding of DOPE lipid molecules to unreacted epoxy
groups in the following step, ethanolamine was applied to quench unreacted sites on the
surface. The carboxyl group at the other end of CA(PEG)g was activated by EDC/NHS to
form a stable intermediate NHS ester, and further reacted with the primary amine groups at
the hydrophilic head of DOPE lipids to form amide bonds. The EDC/NHS chemistry is one
of the most important approaches in bioconjugation and surface immobilization of
biomolecules including small amines, DNA, and proteins on carboxyl-group modified
surfaces.24 We choose CA(PEG)g as the hydrophilic spacer instead of CA(PEG), or
CA(PEG)1» (also commercially available) due to its suitable arm length (~3.4 nm) in this
study. The SWNTSs that we used in this work have a diameter range of 1-2 nm, whereas
CA(PEG), only has an arm length of 1.8 nm. The hydrophilic spacer should have enough
length to provide a sufficient hydrophilic reservoir for hosting transmembrane proteins and
support ion transport, and lift the proximal lipid leaflet up by an adequate distance from the
SWNT network-covered SiO» substrates, allowing those bilayers to form above the SWNT
networks. In the meantime, CA(PEG);» is not chosen because an increased tether length
usually yields a looser packing order, which can increase the risk of poor electrical sealing.46
Moreover, recent research has indicated that the sensitivity of SWNT biosensors can be
significantly reduced with the increase of the sensing distance in buffered solutions, due to
Debye screening.*’

We observed that a uniform thin water film formed on the silicon wafer or glass slide surface
after 3 h of incubation in CA(PEG)g solution at room temperature, indicating that the sample
surface became more hydrophilic, due to the linkage of the hydrophilic spacer. After the
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overnight incubation in lipid ethanol solution at 4 °C, we noticed an obvious dewetting
behavior of the sample surface, when a DI water rinsing step was performed, indicating that
the surface turned more hydrophobic due to the hydrophobic tails of DOPE lipids that were
tethered on the surface. The morphologies of the wet and dried monolayers are dramatically
different as shown later in AFM characterization. Therefore, no contact angle measurement
was performed because a drying process is required to measure the contact angle, and the
measurement would not be representative of the in-solution hydrophobicity. The surface
property of the monolayer-functionalized wafer for subsequent bilayer formation is
determined by the wet monolayer structure, not the dried monolayer structure.

To verify the chemical compositions of the surface groups, XPS was used to analyze the
functionalized silicon wafers after each reaction step, due to its high surface-sensitivity.
High-resolution C15 XPS spectra of the surfaces of silicon wafers in different reaction steps
are shown in Figure 1a—c. Three carbon components were determined in all three spectra
after the deconvolution of the curves: C—C bond at 285.2-285.4 eV, C—O ether bond at
287-287.1 eV and C=0 ester bonds or amide bonds at 288.7-289 eV.3548 The C1; XPS
spectrum of the GOPS-functionalized silicon wafer is shown in Figure 1a, in which the C—
O peak at 287 eV corresponds to the epoxide rings and ether moieties of GOPS. The
presence of the O—C=0 peak at 288.7 eV is probably due to contamination (as it occurs in
all samples independent of the functionalization step), which is consistent with other studies.
48 The peak area ratio of C—C to C—O can be quantitatively calculated using CasaXPS,
which is 1.5 for the GOPS-functionalized silicon wafer (Figure 1a), and decreases to 1.1
(Figure 1b) because more ether bonds are added into the monolayer structure after the
linkage of CA(PEG)g molecules to GOPS via the reaction of the epoxy group with the
primary amine, while it increases to 1.3 (Figure 1c) due to the further conjugation of the
DOPE lipid onto the GOPS-CA(PEG)g-functionalized surface after the EDC/NHS two-step
reaction. It should be noted that the percentages of C=0 bonds, shown in Figure 1b,c, are
much higher than that shown in Figure 1a, indicating more COOH or CO—NH bonds were
formed in steps (ii) and (iii). In addition, we observed a small nitrogen peak at ~400 eV in
the wide scan spectrum of the GOPS-CA(PEG)g-DOPE-functionalized surface (Figure 1d)
and further confirmed the presence of the N 1s peak by performing a region scan (Figure
1e).%9 This is important evidence of amide bond formation after the EDC/NHS two-step
reaction. Therefore, the XPS results are in good agreement with the chemical structure after
each reaction, as shown in Scheme 1.

The morphology evolution of the silicon wafer after each surface functionalization step was
monitored by AFM using the ac contact mode (tapping mode) in air and is shown in Figure
S1. After each functionalization step, one wafer sample was randomly taken out from the
same reaction container, successively rinsed with fresh solvents and DI water, and blown dry
under a N, stream for AFM characterization. Compared with the bare silicon wafer with an
extremely flat surface, the GOPS SAM (Figure S1b) has a noticeable increase of surface
roughness, but the morphology can be considered to be uniform and homogenous. The
nanoparticles observed on the surface have a height of <1.0 nm. The clusters and largearea
domains in Figure S1c with roughnesses of <1.6 nm arise from the dried flexible PEG arms.
Furthermore, more clusters were observed on the surface modified with GOPS-CA(PEG)g-
DOPE (Figure S1d). A pronounced contrast of particles with uniform sizes and high density
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has been observed in a high-magnification phase image (Figure S1f), even though the
topographical images do not show significant roughness change (Figure S1d,e). We attribute
this to the fact that phase imaging can distinguish materials with different surface properties,
due to their different interactions with AFM tips. In contrast to a hydrophilic surface, the
hydrophobic tails of tethered DOPE lipids can self-assemble to small particles and therefore
become more obvious in the phase image (Figure S1f) than in the topological image (Figure
Sle).

The GOPS-CA(PEG)g-DOPE monolayer, without drying, during the synthesis process was
characterized by liquid-AFM in 1x PBS solution using tapping mode and AFM probes with
low spring constants (~0.3 N/m). Both topological (Figure 2a) and phase (Figure 2b) images
clearly illustrate that submicron-sized domains have formed on the silicon wafer after three
chemical reactions. The height of the monolayer domains is 5-6 nm, according to the z-scale
measurement shown in the height profile chart (Figure 2a), which is a reasonable value, on
the basis of the total molecular length of CA(PEG)g and DOPE lipid.

The phenomenology of domain formation (so-called “clusters™) on gold was studied in ref
32, although the mechanism of cluster formation in that case was related to the drying
process. Our work is slightly different, in that we observed the domains, even without a
drying step. The schematic in Figure 2c shows the molecular interpretation of the domain
structure, prior to assembly of the top layer, which is consistent with the AFM images and
ref 32. It should be noted that the hydrophobic tails in the monolayer are flexible and
bundled together to minimize contact with aqueous solution. Figure 2c is a simplified
cartoon for illustration purposes.

3.2. Formation and Characterization of tBLM.

After successful synthesis of the bottom monolayer, a VF process was carried out to form a
bilayer lipid membrane on the monolayer surface through incubation with DPhPC vesicles at
60 °C for 2 h. The unbounded lipids were removed from the wafer surface by rinsing with
copious 1x PBS buffer after slowly cooling down to room temperature. The wafer was
stored at 4 °C for further overnight incubation. Liquid-AFM characterization was performed
on day 2. The topological image (Figure 2d) shows a smooth surface with a roughness of <1
nm, and the phase image (Figure 2e) illustrates that tBLM has a more uniform surface
property than the monolayer (Figure 2b). (More AFM images of the monolayer and tBLMs
are shown in Figure S2.) Thus, although the domains provide inhomogeneity, which, ideally,
should be minimized in future work, in this work, they did not prevent the formation of
complete surface coverage of the lipid bilayers, as shown in Figure 2d, after complete
assembly. The schematic (Figure 2f) shows the interpretation of the final tBLM structure.
The AFM image clearly shows a uniform, smooth tBLM surface with less than 1 nm
roughness after final assembly, confirming that the final tBLM provides complete surface
coverage.

To conclude, both XPS and AFM results have confirmed the formation of the GOPS-
CA(PEG)g-DOPE monolayer on SiO, substrates via our bottom-up approach presented in
Scheme 1. The surface coverage and height of monolayers could be further tailored,
according to research purposes, by massively screening different arm-length spacers and
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optimizing ratios of mixed long/short spacers, for example, CA(PEG)g/methyl-(ethylene
glycol)s-amine (MA(PEG),). As a “proof-of-concept” demonstration, we only focus on
studying the CA(PEG)g spacer in this article.

To perform fluorescence characterization, DPhPCs were mixed with 1 mM fluorescent dyes
(LR-DHPE) at a molar ratio of 1000:1. Fluorescence imaging (Figure 3a) shows that a
continuous and uniform film formed on the entire functionalized surface (~0.12 cm?). The
membrane fluidity plays an important role in planar lipid bilayer membranes because it can
affect the diffusion or conformational changes of ion channel proteins and other
biomolecules within the membrane. Therefore, a FRAP analysis was performed to evaluate
the lateral diffusion of tBLM on a glass cover slide. Figure 3c shows the fluorescence
images of a sample spot, with a diameter of about 64 xm, recorded before (left),
immediately after (middle), and 670 s (right) after photobleaching. According to the plot
shown in Figure 3d, the diffusion coefficient, D, for LR-DHPE in the tBLM can be
determined by the equation: D = 0.224/2/#, in which ris the radius of the photobleached
area, and £ is the time required to achieve 50% fluorescence intensity recovery.50 The
calculated D value is ~1.9 zm? s~1 (an average of three experiments), which is comparable
to the FRAP results of the PEG polymer-cushioned®! or tethered polymer bilayer34:35 on
glass slides (0.8-2.5 xm? s71) in earlier studies. No FRAP data have been reported prior to
this work for tBLMs, when oligo-PEG was used as the hydrophilic tether. In addition, we
observed only 70% fluorescence intensity recovery after complete recovery compared to the
intensity before bleaching, indicating that the tethered membrane has an immaobile fraction
of ~30%. This effect has been discussed with respect to polymer-tethered or cushion lipid
bilayers, and the main reason is the presence of tethered lipids in the proximal leaflet, which
behave as immobile obstacles on planar substrates.34 According to previous studies,
immobile fractions have been observed from 0 to 80%, depending on polymer
concentrations, and thus the immobile fraction of ~30% in this work corresponds to a
relatively low tether density.3* The same VF process has been performed on the monolayer
only consisting of GOPS and DOPE, as DOPE has a primary amine head group, which can
directly react with the epoxy group. However, the results of fluorescence imaging of the
tBLM without the oligo-PEG spacer show more heterogeneous structures (Figure 3b), which
indicates that the oligo-PEG hydrophilic spacer plays a crucial role in forming a uniform
tBLM. Another similar experiment has been performed by Casford et al. to covalently tether
dipalmitoylphosphatidylethanolamine lipids onto an SAM of mercapto-undecanoic acid
(MUA)-modified gold substrate.>2 However, the sum frequency generation vibrational
spectra in their paper showed incomplete bilayer or multilayer membrane formation, when
the distal leaflet was added by the VF method, indicating that MUA is not a suitable spacer
for tBLM due to its long hydrocarbon molecular chain.

We next demonstrated this approach on silicon nanowires (or nanoribbons) for translating
this advance to nano/micro systems. The nanowire device is a silicon nanoribbon device
fabricated by top-down lithographic techniques.3” Figure 3f shows a bright field optical
image of a 2 ym wide and 20 zm long nanoribbon. A small window in the SU8 protective
layer is used to expose the surface of the nanoribbon solution. A 15-20 nm top-oxide layer
was grown on the silicon surface by a prior thermal O, oxidation. Prior to the
functionalization process, a gentle oxygen plasma treatment was used to clean the
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nanoribbon surface and generate —OH groups. After the monolayer functionalization and
VF process, the nanoribbon surface within the small window shows obvious and uniform
fluorescence (Figure 3e), which indicates the formation of the tBLM on the silicon
nanoribbon.

3.3. Investigation of the Electrical Properties of Monolayer and tBLM on Silicon Wafer by

EIS.

We next characterized the electrical properties of the tBLM using EIS. A highly boron-
doped (p-type) silicon wafer served as the functionalization substrate and also the working
electrode (Figure 4a).33:53 The EIS data of the bare silicon wafer (Figure S3a) and GOPS-
CA(PEG)g-DOPE monolayer-functionalized silicon wafer (black triangle in Figure 4b) were
analyzed using an equivalent circuit consisting of a series resistor and an RC mesh Figure 4a
(inset). The raw data was analyzed and fitted by Gamry echem analyst software. The
capacitance, C5102 includes the contributions from the capacitance of the native SiO, layer

with/without monolayer, the space charge layer capacitance, and the double layer

capacitance. The resistance, Rg;, , represents the charge transfer resistance at the
2

electrolyte/substrate interface. After functionalization, Cg;, calculated from the EIS data
2

slightly decreased from 2.3 to 2.2 4 cm™2, due to the additional thickness of the tethered
monolayer on silicon,33 while RSi02 significantly increased from 1.2 to 10.0 MQ cm? (Table

1), which can be ascribed to the influence of the GOPSCA(PEG)g-DOPE monolayer
tethered on silicon that prevents the silicon electrode from coming into direct contact with
the electrolyte solution and introduces a more complicated solid/monolayer-liquid interface.
After 2 h incubation of the monolayer-functionalized silicon wafer with DPhPC vesicles, a
shoulder impedance peak and the corresponding phase peak promptly rose in the middle-
frequency region of the Bode plot, indicating that another RC mesh had started to form.
Hence Rmem and Gnem are added into the equivalent circuit (Figure 4a inset) to describe the
resistance and capacitance of the tethered bilayer membrane. After further overnight
incubation, Ryem Was steady at 42.7 kQ cm? and Crem Was 0.9 4F cm™2. The capacitance of
tBLMs dominates in the middle-frequency region of the Bode plot, whereas the capacitance
of the silicon substrate dominates in the low-frequency region. The two regions are separated
by the shoulder (red circle in Figure 4b), whose position is determined by the resistance of
tBLM. The fit /, Cvalues are shown in Table 1.

To confirm that electrically active membrane proteins can be inserted into the bilayer
successfully, we next measured EIS after incubation with (and incorporation of) a-HL. The
a-HL is a very conductive pore, and the incorporation of many of these is expected to
significantly change the membrane resistance, without changing its capacitance. As
expected, after 1 h incubation with a-HL at room temperature, the resistance of the tBLM
rapidly decreased to 8.9 kQ cm? and the capacitance stayed the same at 0.9 /& cm=2 (blue
circle in Figure 4b). We have performed control experiments and found that without any ion
channel incorporation, the tethered bilayer membrane is stable for a week, when stored at

4 °C. As shown in Figure S3b, the resistance of tBLM fell from 31 to 14 kQ cm?, after 1
week, suggesting all measurements should be performed within 1 week. The capacitance of
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tBLM is higher than that of a typical black (i.e., suspended) lipid membrane, 0.7 i cm2,
and in accord with other studies of thiol-based tBLM on gold, consisting of a single anchor
and an eight ethylene glycol unit spacer.?® The Ryem value is slightly higher than that of the
tBLMs on gold with a similar structure®® but lower than the reported values of tBLMs on
silicon using a synthetic silane precursor with a shorter spacer.33 This result indicates that
the resistance of tBLM could be improved by screening different arm-length spacers and
optimizing the ratio of mixed long/short spacers. The value of Rnem is in the typical range of
transmembrane resistances, 10%-107 kQ cm2.54

3.4. Formation of tBLMs on ITO Glass.

In addition to SiO,, ITO is also another attractive substrate for silane functionalization, due
to its —OH abundant surface, and has been widely demonstrated to covalently immobilize
many biomolecules on its surface using silane anchors for the application of impedance
biosensors.5® Therefore, the same functionalization strategy was carried out on ITO. The
functionalization process on ITO is the same except that we used a hot solution of HyOo/
NH4OH/H,0 (1:1:5, v/v) to treat the ITO surface to obtain a uniformly distributed OH
group instead of the hot piranha solution. After the VF process, a uniform tBLM formed on
the functionalized 1TO surface, according to the fluorescence characterization (Figure S4a).

3.5. Investigation of the Formation of SLBs and tBLMs on SWNT Network Transistors.

Interfacing cell membranes with nanoelectronic devices is an emerging theme for in vitro or
in vivo study of cell activities; thus, it is important to provide a biocompatible and stable
interfacing surface. For example, the SLB/SWNT hybrid structure has shown promising
applications in the electrical sensing of membrane-based biological processes.4>¢ Recently,
we have demonstrated that SWNT transistors can be used to detect individual ion channel
activity using polymer-cushioned SLBs.13 In contrast to noncovalently attached SLBs, the
tBLM can provide a chemically stable interfacing surface with a delicately controlled and
well-characterized structure, which is more desirable for reducing the experimental
uncertainty and complexity of electrical sensing, especially electrophysiological recording.
Therefore, we decided to investigate the formation of tBLMs on SWNT nanostructures. A
random SWNT film (Figure 5a) with a density of ~10 SWNT/zm? was deposited on a glass
slide by the vacuum filtration method from semiconducting nanotube ink purchased from
Nanointegris Inc. (IsoNanotubes-S 99%).36 The SWNTs in the purified inks have a mean
diameter of ~1.4 nm and formed a monolayer in most areas (Figure 5a). In contrast to the
flat, hydrophilic surface of glass or SiO,/Si wafers, SWNTSs have a highly curved structure,
rough supporting surface, and hydrophobic surface properties. As a result, lipid bilayers do
not form uniform SLBs on a dense SWNT network film. Figure 5b shows that the surface
morphology of lipid bilayers duplicated the fiber structures of the underlying SWNT film
after the VF process, indicating that lipid tails tend to be self-assembled on carbon nanotube
walls via hydrophobic interactions rather than spread as a film. Other inhomogeneous
features, such as bright spots, were observed on SWNT supports. In contrast, the
fluorescence of tBLM formed on monolayer-functionalized surfaces, using our new
approach developed above, is more homogenous (Figure 5c). All monolayer
functionalization processes are the same as those on bare glass slides, except that a 1 h hot
water bath (60 °C) was used to increase the surface —OH group density, instead of the
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piranha bath. Therefore, it can be concluded that the hydrophilic spacer CA(PEG)g can
effectively lift up the lipid bilayer away from the rough SWNT surface and thus prevent the
absorption of lipid molecules on carbon nanotube sidewalls. In the meantime, SWNTS, in
this approach, can not only serve as an electrically active readout but also as a lateral spacer
to generate sparse tethers, which can be beneficial to membrane protein incorporation.

3.6. Study of Single lon Channel Activity Using a tBLM-SWNT Transistor Platform.

Using this tBLM functionalization approach, we were able to realize the detection of the
single ion channel activity on SWNT transistors. As demonstrated in Figure 5d, a
microfluidic channel is integrated with SWNT transistors for the delivery of DPhPC vesicles
and electrolyte buffers. Source and drain electrodes (inset in Figure 5e) were patterned by a
standard photolithography and lift-off process. A microfluidic channel (width = 25 gm) was
placed between source—drain electrode pairs, having a channel length of 50 ym and width of
30 um, to isolate the buffer solution from the metal electrodes. A Ag/AgCI wire, immersed
in the electrolyte solution at the channel entrance, is used as the reference electrode for
applying a voltage to gate SWNTSs. The detailed fabrication process of the SWNT transistor
biosensor platform was described in our previous study.13 The transfer characteristics of a
representative electrolyte-gated SWNT transistor presented in Figure 5e show typical p-type
FET behavior. As discussed in our previous studies of electrolyte-gated SWNT/graphene
FETs,13.14 there always exists a small faradic current (gate current) from SWNTs/graphene
to the electrolyte solution in the range of the applied gate voltage, which, here, is ~1 nA, at
an applied gate voltage of Vs = 100 mV (red line in Figure 5f). After the tBLM formed on
the transistor surface (Figure 5f), we found that the gate leakage current of the electrolyte-
gated SWNT transistor was significantly reduced to ~10 pA at Vg = 100 mV (blue line in
Figure 5f). In other words, a 10 GQ seal was achieved over a 750 xm? (25 m PDMS
channel width x 30 zm electrode width) area and accordingly, the corresponding specific
resistance is 7.5 MQ cm2. This indicates that a high-quality tBLM has been formed on the
surface of the SWNT transistor and behaves as an electrically insulating layer, which can
allow high-quality recording of single ion channels by the patch-clamp technique.

Next, the voltage-gated ion channel, alamethicin, was incorporated into the preformed
tBLM, by adding its ethanolic stock solution into a PDMS entrance chamber, resulting in a
final concentration of ~5 £M. lon channel recordings were performed at an applied potential
of +100 mV, using a patch-clamp amplifier system, as previously described.® Current
spikes or steps with multiple conductance levels occurred within 1 h after the introduction of
alamethicin (Figure 6b). Figure 6c¢ is the corresponding histogram of the current trace shown
in Figure 6b. For alamethicin in suspended lipid bilayers, channel openings usually appear in
a steplike fashion in the current versus time trace.5” However, we, recently, showed that this
is not the case with respect to carbon nanotube electrodes with lipid bilayers formed by
physisorption,13 although, it does approach that of steps using graphene.# In ref 13, we
developed a circuit model, taking into account the ultrasmall quantum capacitance of carbon
nanotubes, which explained this waveform semiquantitatively. In this new work using tBLM
(instead of physisorbed LB), we also observe a waveform of spikes, rather than steps,
consistent with the model we developed in ref 13. Most of the current spikes or steps only
lasted several milliseconds or even submilliseconds, which is consistent with our study of
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the SLB-polymer-SWNT platform.13 More interestingly, we observed more frequent
openings/closings of the alamethicin channel in this work than those observed in our study
of the SLB-polymer-SWNT platform. The detailed mechanism is unclear, but we speculate
that after incorporation into the tBLM ion channels have to stay in close proximity to the
SWNTSs, as compared with the much thicker polymer layer due to the short oligo-PEG tether
length, which could result in great improvement of the sensitivity of SWNTSs in electrolytes
because of less ionic screening.4’

Our work has used electrical measurements (both EIS and single ion channel events) to
demonstrate that both alamethicin and a-HL are electrophysiologically active in our tBLMs.
This indicates that a water layer is present in the interstitial space between the tBLM and the
substrate. However, without neutron scattering data, we cannot quantify the hydration level
or thickness of the water layer. This remains an important topic for future studies. Just as
Cornell et al.2>-27 |aid the foundation for tBLM on Au, which resulted in many years of
studies on the hydration level and water layer thickness between the tBLM and the substrate,
28-32 \ye expect a similar, comprehensive series of future papers could elucidate this
relationship for tBLM on oxides. Our work demonstrates the proof of concept of this
approach to several classes of nanoelectronic devices, and therefore, we believe such future
studies are well justified.

4. CONCLUSIONS

In conclusion, a new architecture of tethered lipid bilayers on oxide surfaces has been
developed by step-by-step stacking of three functional molecular blocks: GOPS silane,
CA(PEG)g oligo-PEG spacer, and DOPE lipid via three well-established chemical reactions.
The silane-based tether chemistry was confirmed by AFM and XPS from the morphology
evolution of the surface as well as the chemical components of the functional groups in each
reaction stage. A uniformly fluorescent tBLM over a GOPS-CA(PEG)8-DOPE-
functionalized glass surface was observed by fluorescence microscopy, after a VF process,
where the hydrophilic spacer, oligo-PEG (CA(PEG)g), plays an essential role. The fluidity
of tBLM was further investigated by the FRAP technique, and additional electronic
characterization via EIS provides a quantitative circuit model for the membrane
—nanoelectronic interface and electronic properties. Furthermore, we have demonstrated the
formation of tBLMs on ITO, silicon nanoribbon surfaces, and a high-density, random
SWNT network on glass surfaces. More importantly, the tBLM structure can provide a
stable, biocompatible interface between SWNT networks and lipid bilayers, and thus enable
the detection of single ion channel activities with high sensitivity and high temporal
resolution, demonstrating the successful integration of nanoelectronics with
electrophysiology. Recent experimental results and theoretical interpretations have
demonstrated single charge sensing of electrolyte-gated SWNT FETs.47:58.59 Therefore, this
new tBLM-SWNT platform opens up new possibilities for the study of the transport
properties of single ions through ion channel pores, potentially opening up a new area in
studies of fundamental electrophysiology. In addition, this silane chemistry-based approach
can be applied to various nanostructures and nanoelectronics, such as 0d semiconducting
particles (quantum dots) with native or grown/deposited oxide shells,®0 metallic
nanoparticles, such as iron oxide with native oxide,®! dielectric coated 1d nanowires/
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nanotubes, and 2d nanomaterials, and even for carbon nanotubes and graphene, structures,
which can readily be functionalized to contain —OH side groups by design. This work
provides a strategy to conveniently build up biocompatible interfaces on nanostructures and
nanoelectronic devices, enabling future advances in nanotechnology and nanomaterials, to
be applied to emerging problems in fundamental biology and electrophysiology.
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Scheme 1.

Schematic Illustration of Covalent Functionalization of a tBLM on an Oxide Surface via

Step-by-Step Stacking of Three Functional Molecular Building Blocks and the VF Method

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 February 13.

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhou and Burke

—_—
2
S

Intensity (a.u.)

(b)

Intensity (a.u.)

—_—
()
S

Intensity (a.u.)

Figure 1.

High-resolution XPS C14 spectra of GOPS (a), GOPS-CA(PEG)g (b) and GOPS-CA(PEG)g-
DOPE (c) functionalized silicon wafers, and the corresponding XPS wide scan spectra (d),
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and high-resolution XPS N14 spectrum (e) of a GOPS-CA(PEG)g-DOPE-functionalized

silicon wafer.
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Figure 2.
AFM images of lipid monolayer-functionalized silicon wafers (a, b) and tBLMs formed on

the same substrate after a VVF process (d, €), and the corresponding schematic illustrations of
monolayer domains (c) and the smooth surface of the final tBLM structure (f). (a, d) AFM
topography images. (b, €) AFM phase images. The chart below each AFM image is the
height or phase profile of the horizontal line shown in the corresponding image. AFM
characterizations were performed in 1x PBS buffer. It should be noted that the hydrophobic
tails in the monolayer are flexible and bundled together to minimize contact with aqueous
solution. (c) A simplified cartoon for illustration purposes.
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Figure 3.

Fluorescence images of the two types of tBLMs, respectively, formed on GOPS-CA(PEG)g-
DOPE (a) and GOPS-DOPE (b) functionalized glass slides, FRAP images (c) of the tBLM
shown (a) before (left), immediately after (middle), and 670 s (right) after photobleaching,
and the corresponding FRAP recovery curve (d). The fluorescence image (e) and the
corresponding bright field image (f) of a silicon nanoribbon device after tBLM formation on
a GOPS-CA(PEG)g-DOPE-functionalized surface.
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Figure 4.
(a) Schematic demonstration of the EIS experimental setup. (b) Bode plots of EIS spectra of

monolayers (black triangles), and tBLMs completed with DPhPC by VF before (red circles)
and after 1 h incubation with 76 nM a-HL (blue circles). The inset in (a) is the equivalent
circuit model of a series resistor and two RC meshes that is used to fit the Bode plot of the
tBLMs. The solid lines and dash lines in (b) represent the fitted impedance and phase
curves, respectively.
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Figure 5.
(a) SEM image of a high-density, random SWNT film on a glass surface. (b) Fluorescence

image of the SLBs formed on the SWNT film surface. (c) Fluorescence image of the tBLM
formed on the SWNT film surface. (d) Schematic demonstration of tBLM-SWNT transistor
platform for ion channel recording. (e) Transfer characteristics of an electrolyte-gated
SWNT field-effect transistor (FET) in 1x PBS solution and at Vs = 0.1 V. Inset: The
corresponding SEM image of the SWNT FET device. (f) The gate leakage current vs gate
voltage characteristics of the SWNT FET before and after tBLM functionalization.
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Figure 6.
Current traces before (a) and after incorporating alamethicin (b) into a tBLM on a SWNT

transistor at an applied potential of +100 mV. The inset in (b) is the enlargement of the
section of the current trace enclosed by a dashed rectangle. (c) The corresponding histogram
of the current trace shown in (b). All traces were recorded at a sampling frequency of 10
kHz and cutoff frequency of 5 kHz. KCI (0.5 M) in 1x PBS solution was used for the
recording.
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Table 1.

Resistance and Capacitance Values of Bare Silicon Wafers, Monolayer Membranes, and tBLMs Calculated
from the Impedance Data Shown in Figures 3S and 4b

Rsio,  Csi0,  Rmem  Conem
Macm?d)  (uF cm™?) (kQcm?)  (UF cm™?)
bare silicon 1.2 2.3
monolayer on silicon 10 2.2
tBLM after 12 h 7.2 1.9 42.7 0.9
tBLM after 1 h incubation with a-HL 7.3 2.0 8.9 0.9
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