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Abstract

Transmembrane Transport in Biomimetic Assemblies of

One-Dimensional Nanomaterials
by
Kyunghoon Kim
Doctor of Philosophy in Engineering - Mechanical Engineering
University of California, Berkeley

Professor Costas P. Grigoropoulos, Chair

The creation of biomimetic structures based on one-dimensional nanomaterials
and lipid membranes will provide a unique platform for achieving functionalities of
biological machines and mimicking nature at the nanoscale. Silicon nanowires (SiINW)
and carbon nanotubes (CNT) are of significant interest due to the novel properties not
present in bulk materials as well as characteristic dimensions comparable to the size of
biological molecules. My thesis describes the creation of fabricated nanomaterials
integrated with biomaterials such lipid membranes and their constitutive proteins to
create biomimetic assemblies.

In the first part of my dissertation, I report transmembrane carbon nanotube pores
as a biological ion channel analogs. Biological ion channels in nature transport ions
across cellular membranes showing two functions of gating and ion selectivity. CNT
pores give structural and functional mimic of an ion channel, in part because smooth,
narrow and hydrophobic inner pores of the CNT are remarkably similar to natural
biological pores. First, CNTs served as a materials platform that can replicate the features
of biological channels. 1 successfully created ultrashort CNTs (ca. ~10nm) using lipid-
assisted sonication-cutting method. Lipid molecules self-assemble on the long CNTSs to
form a template for sonication cutting. These short CNT pores with their length
comparable to the lipid membrane thickness provide a much closer match to protein-
channel dimensions. Short CNT pores were incorporated into lipid vesicles to mimic
membrane ion channels and study transport properties through CNT pores. These short
CNTs in a lipid membrane can transport water, protons, and small ions and reject large
uncharged species. lon rejection in CNT channels is determined by charge repulsion at
the CNT rim. Electrophoretic ion transport measurements for individual CNT pores
revealed an ion conductance value of 0.63ns which is comparable to those of biological
channels. CNT pores inserted in the membrane exhibited stochastic gating behavior
common for biological ion channels. These fluctuations result from a spontaneous
reversible ionic penetration-exclusion transition previously reported in nanofluidic



transport of sub-2-nm pores. Electrophoretically-driven translocation of individual single-
stranded DNA molecules through CNT pores produced well-defined ion current
blockades. Overall, short CNT mimics transport properties of a biological protein channel.
Since the structure and functionality of short CNT pores self-inserted in a lipid membrane
resemble the B-barrel structure of a porin, they are termed as “carbon nanotube porins”.

In the second part, | describe synthesis of SINWs grown via vapor-liquid-solid
(VLS) mechanism. Silicon nanowires were grown on silicon substrates via chemical
vapor deposition (CVD) using silane as a precursor gas and diborane for p-type doing of
wires. These nanowires were utilized for a bioelectronics platform for integration of
membrane protein functionality based on one-dimensional lipid bilayer. This lipid bilayer
provides shielding the nanowires from the solution species and environment for proteins
preserving their functionality, integrity, and even vectorality. Here, | report a hybrid lipid
bilayer- silicon nanowire bioelectronic device with output controlled via light-induced
proton pump protein, bacteriorhodopsin (bR). SiINW field effect transistors (FET) were
fabricated via conventional micro/nanofabrication process. bR proteins were incorporated
into SINW transistors covered with a lipid bilayer shell and different ionophore
molecules, valinomycin and nigericin were co-assembled to create biologically-tunable
bioelectronics devices. In this way, the devices convert photoactivated proton transport
by bR protein into an electronic signal. The addition of ionophores tuned the device
output by altering membrane ion permeability and the two ionophores were able to
modulate different system parameters.
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Chapter 1 Introduction

1.1 Background

Biological systems control the transport of ions or small molecules across the
biological membranes to maintain ionic concentration gradient, electric potential and to
transmit chemical signals. To carry out these tasks, living organisms have evolved a
sophisticated arsenal of membrane receptors, photo-activated proton pumps and
membrane ion channels that form highly-efficient and selective pores in lipid membrane.
Discovery of one-dimensional nanomaterials such as carbon nanotubes (CNT) and silicon
nanowire (SINW) that has characteristic dimensions comparable to the size of biological
molecules opens up the possibility to integrate these biological components in electronic
circuits for achieving and controlling increased functionality. A considerable effort has
also been made on creating biomimetic nanopores that replicate some of the transport
properties of the biological channels. Biological molecules are in the plasma membrane,
which consists of membrane phospholipids arranged in two layers of tightly packed lipid
molecules with their polar heads on the outside and hydrophobic tails inside[1].
Supported phospholipid bilayer closely mimics a cellular membrane and is a universal
matrix for housing transmembrane proteins[2]. Lipid bilayer could serve as a versatile
platform for creating nanoelectronics with functional biological molecules and assembly
of synthetic membrane channel to mimic biological protein pore.

carbohydrate —|
chain

cholesterol

phospholipid
bilayer

Protein molecule
(membrane pore)

glycoprotein al

hydrophilic
regions

Hydrophobic o
region

Figure 1.1 Illustration of a cellular membrane. It is composed primarily of phospholipids
and transport proteins. The lipid molecules consist of the hydrophilic heads and
hydrophobic tails (credit: © 2007 McGraw-Hill Higher Education)
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Figure 1.2 Schematic of biological molecules such as membrane channels and pumps

Biomimetic transmembrane carbon nanotube pores: Artificial nanopores have
emerged as an exciting field with applications in nanofluidics, membrane technology,
pore-based sensing and artificial skin. Biological membrane channels are very
important in the activity of living cells. lon channels in nature allow ions to flow
across cellular membranes and shows two aspects of channel functioning with
gating and selectivity in the ions[1]. Even though many efforts and progresses, the
nature of biological machines are very complicated and their ion transport
mechanism still has not been fully understood. Here, more simplified and robust
platform is required for understanding of how they transport at the nanoscale.
Although bottom-up synthesis using DNA origami technology[3], and top-down
fabrication such as focused-ion-beam (FIB) manufacturing[4, 5] and nanofabrication
using lithography[6, 7] could produce pores of comparable size, an effective and
robust mimic of ion channel have not been made. An unresolved challenge still
remains to build nanopore scaffolds that fully replicate affinity and transport
properties of membrane channels. Recent experimental and theoretical works
presented that CNT is a promising candidate for simplified models of membrane
nanochannels. There is a similarity between nanotubes and aquaporins, which are
proteins embedded in cell membrane and regulate water flow across cell membrane.
Inner pores of CNT is narrow, hydrophobic and very smooth. Surface properties are
very similar to those of aquaporin. It is reported that the calculated rate of water
transport is comparable to that of aquaporin water transport [8, 9].

1 20.,.%

! O
o\

Figure 1.3 lllustration of conceptualized biomimetic transmembrane CNT channels [3]
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Recent computer simulation work predicted that a very short nanotube with
a length comparable to the lipid bilayer thickness could self-insert into the
membrane and form a pore with properties closely matching those of a biological
membrane channel[10]. But this possibility had not been demonstrated
experimentally yet. Therefore a much shorter carbon nanotube with a length
comparable to the lipid bilayer thickness would enable providing a much closer match to
a protein-channel structure. To verify that short CNT channels indeed should provide an
excellent mimic of a biological channel, they should show similar properties to those of
biological channels such as insertion into the lipid membrane and efficient transport of
water, ion and small molecules across lipid bilayer and transport properties of gating
behavior common in biological channels.

Hybrid bioelectronics with functional biological proteins: Many biological
processes involve ion transport across the biological membrane. Previous researchers
showed that a one-dimensional silicon nanowire or carbon nanotube can be coated with a
continuous lipid bilayer membrane and the lipid bilayer acts as a mimic of cellular
membrane, creating an impermeable barrier around shielded 1D nanowires and nanotube
and membrane proteins can be incorporated into this barrier[11, 12] (See Fig. 1.5). The
hybrid platform of 1D lipid bilayer-inorganic nanostructure enables integrating
functionalities of biomolecules such as membrane proteins, channels, and pumps into
nanoelectronic devices based on nanowires and nanotubes[13-15]. Bacteriorhodopsin (bR)
is a light-driven proton pump and has emerged as an interesting candidate for its
functionality integrated into bioelectronic devices due to its photoactivity and unusual
stability. To incorporate bR molecules on silicon nanowire device, we need to use
template-driven assembly based on one dimensional structure comparable to the size of
biological molecules. Incorporation of bR molecule functionality in lipid bilayer allows
the bioelectronics device to convert protein photocycle events into a transistor response
like a biological gate. Biological regulation mechanisms can be tuned for bioelectronics
device performance.

Figure 1.4 lllustration of conceptualized bionanoelectronic platform using nanowire or
nanotube as underlying template for self-assembly of lipid molecules [12, 16]



1.2 Scope of the Dissertation

The main objective of this study is to investigate experimentally transmembrane
transport properties in biomimetic assemblies based on one-dimensional nanomaterials.
This dissertation is organized into the following four chapters.

In Chapter 2, the synthesis and characterization of ultrashort carbon nanotubes
(CNT) are presented. Short carbon nanotubes incorporated into a lipid membrane can
form pores with transport properties similar to that of biological protein channels. Thus a
much shorter carbon nanotubes could give a structural and functional mimic of biological
channels.

In Chapter 3, 1 will introduce carbon nanotube porins. Since the graphitic structure
and functionality of these channels resembles the B-barrel structure of porins—water
filled channels in biological membranes— we termed them “carbon nanotube porins”. |
will report on the incorporation of ultrashort CNTSs into liposomes and osmaotically-driven
experiment to understand transport properties of water, ion, proton and small molecules
through CNT porins in lipid membrane. The rejection properties of CNT porins can be
controlled by the charge at the pore entrance. CNT porins inserted in the lipid membrane
also display stochastic gating behavior like biological channels. Electrophoretically-
driven translocation of individual sing-stranded DNA molecules though the CNT porins
will be discussed. CNT porins represent a robust and versatile biomimetic scaffold for
studying biological channels, artificial cell design and stochastic sensing.

In Chapter 4, the bionanoelectronic devices based on functional protein
incorporated lipid bilayer-silicon nanowire platform is conceptualized and realized.
Silicon nanowire transistors are used for assembly with the output controlled by a photo-
activated proton pump, bacteriorhodopsin (bR), reconstituted on lipid membrane
covering the nanowire. | will present template-driven assembly to incorporate membrane
protein pumps and ionophore molecules in nanowire transistor, and biological regulation
mechanisms altering electronic device functionality. This chapter also covers the
nanowire growth by chemical vapor deposition (CVD) method, fabrication process of
silicon nanowire field effect transistor as a bioelectronics circuit and characterization of
SiNW supported lipid bilayers.



Chapter 2 Ultrashort Carbon Nanotubes

2.1 Transmembrane Carbon Nanotube Pores as Biological
lon channel Analogs

Water channel Cell membrane lon channel

S

Figure 2.1The dividing wall between the cell and the outside world, perforated by various
channels such as a water channel and an ion channel (credit: nobelprize.org)

Biological ion channels display a level of sophistication in managing molecular
scale transport that is largely unmatched by inorganic analogs. Biological structures do
provide some guidance for development of lipid membrane pores. Despite remarkable
functional diversity of membrane channels, their structures share a number of common
features: crystallographic structures of H,0, Na*, K*, Ca**, and CI transport proteins [17-
21] show hydrophobic inner pores surfaces lined by the hydrophobic residues, and a
separate selectivity region of charged residues that provide control over the pore rejection
properties.

Carbon nanotubes provide a unique materials platform that can replicate many of
these features. Narrow (1-2 nm typical diameter) hydrophobic inner pores of carbon
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nanotubes are remarkably similar to protein pores [22]. Not surprisingly, carbon
nanotubes have already been a subject of several nanofluidic studies using membrane
platforms [23, 24] and individual macroscopically-long nanotubes [25, 26] where
researchers showed that transport of water, ions, and gases in the nanotube channels is
remarkably fast [23, 27]. Indeed, reported transport rates are comparable to those of
biological systems: for example, the water transport rate in carbon nanotube pores (1.4
molecules/ns) and in aquaporins (6 molecules/ns) are within an order of magnitude from
each other [23].

All existing experimental systems for measuring transport through CNTSs involve
formidable fabrication challenges and a biomimetic system based on carbon nanotubes
embedded in lipid bilayers would provide a much easier and much more versatile
experimental platform.

Water channel(aquaporin) Carbon nanotube
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Figure 2.2 Schematic of transmembrane biological protein channel and CNT pore
forming a biomimetic ion channel

A much shorter carbon nanotube with a length comparable to the lipid bilayer
thickness would provide a much closer match to a protein-channel structure. Computer
simulations also predicted that a very short nanotube with a length comparable to the
lipid bilayer thickness could self-insert into the membrane[28, 29] and form a pore with
properties closely matching those of a biological membrane channel; yet this possibility
had thus far not been explored experimentally. Short carbon nanotube pores could
provide both a structural and functional mimic of a biological channel.



2.2 Synthesis and Characterization of Ultrashort Carbon
Nanotubes

2.2.1 Carbon nanotube preparation, cutting and purification

Carbon nanotubes have been studied extensively since their discovery. However, to
facilitate applications in biological systems, it is very important to obtain very short
carbon nanotubes with narrow length distributions. Many methods have been studied to
cut carbon nanotubes, including strong oxidizing acid treatment,[30, 31] mechanical
milling,[32-39] sonication, [40-42] fluorination, [43, 44] nano-lithography,[45] and direct
cutting.[46] Most methods can obtain carbon nanotubes down to about 200-300 nm.
Recently, Dai et al used sonication method with the help of polymer surfactants method
to cut carbon nanotubes(CNTSs) and obtained short CNTs of sub-10 nm length,[41] but
most cut CNTs are much longer. It is sought to prepare very short CNTs whose length is
shorter than 10 nm in higher yield, so that these very short CNTs can be integrated into
lipids bilayers to mimic ion channels in biological systems. | have used probe-sonication
to cut CNTs and tried many methods to incorporate the short CNTs into DOPC liposomes.
In this report, | describe the cutting procedure with DOPC molecules and the
measurement of proton transportation. The procedure is based on the results that yield
different transportation rate between DOPC vesicles and vesicles with CNT channels

1.5 nm diameter single-walled carbon nanotubes (CNTSs) synthesized by chemical
vapor deposition (CVD) were purchased from NanoLab Inc. (product purity of > 95%). 1,
2-dioleoyl-sn-glycerol-3-phosphocholine in chloroform (DOPC, 10 mg/L) was purchased
from Avanti Polar Lipids, Inc. Prior to use, 1.6 to 2 mg of CNTs was purified in a thermal
gravimetric analysis (TGA) system (Q5000IR TGA-MS, TA Instruments) using 25
mL/min stream of air while ramping the temperature at a rate of 5°C/min up to 450°C.
This procedure removes amorphous carbon and impurities in the sample.

A field-emission Philips CM300 was used to characterize the uncut CNT samples.
The uncut long carbon nanotubes were prepared for TEM imaging by first dispersing the
CNTS in highly pure ethanol solvent. Ultrasonic agitation in a bath sonicator can make
the CNT bundles become loose and uniformly dispersed in solvent. The CNTSs dispersed
in ethanol using 30minutes of bath sonication solvent were drop-cast onto lacey carbon
TEM grids. As indicated in Fig. 2.3 the as-purchased CNTs contain both single-walled
and double-walled tubes. The average diameter of uncut CNTs was 1.51+0.21 nm as
determined from over a dozen individual tubes. Bundles of CNTs were also observable in
the TEM images. Note that some CNT walls appear to be defective, which was likely
caused by the high-voltage electron beam damage during the imaging. Although the
sample contains a fraction of double-wall CNTs we expect them to be significantly more
resistant to sonication-assisted cutting. Since longer and heavier CNT fragments are
removed during centrifugation step, our purified short CNT sample should contain mostly
single-wall carbon nanotube fragments.



Figure 2.3 TEM images of uncut purified CNTs
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Figure 2.4 Typical TGA profile for single-walled carbon nanotubes

The above Fig. 2.4 shows typical TGA profile for carbon nanotubes. In this
profile the onset oxidizing temperature is 463°C and maximum oxidizing temperature is
531°C. The derivative profile exhibited a sharp peak. At 600°C most SWNTs were
consumed and only ~2% ashes content was left. This suggests the SWNTs sample
contains only a small amount of metal impurities. Since there is no significant mass lost
below 400°C, most content should be carbon nanotubes. It was sought to determine the
temperature that can cause defects on the walls of SWNT without burning off SWNTSs.
From this profile, 450°C is chosen, slightly below the onset temperature. The onset
temperature may change between 420 and 460°C according to the experimental variation.
The maximum oxidizing temperature is usually between 480 and 550°C.
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Figure 2.5 Schematic of ultra-short CNT sample preparation and probe-sonicator setup

Most common synthetic techniques produce carbon nanotubes that are much
longer than the ~ -5nm length that is necessary to match the thickness of the lipid bilayer.
Thus it is needed to cut those longer nanotubes into shorter segments. To create CNT
fragments with the length that matches the thickness of the lipid bilayer, we have
modified the surfactant-assisted cutting procedure reported by Dai and co-workers[47] to
include the critical step of pre-assembly of the lipid molecules on the nanotubes surface
(Fig. 2.5). Phospholipid molecules form regular structures on the nanotube surfaces[48],
and our cutting procedure exploited the ability of these assemblies to protect segments of
the nanotube surface from damage during sonication.

For a typical CNT pore preparation procedure 2 mL of DOPC (10 mg/mL in
chloroform) was placed into a 20 mL glass vial and the solvent was evaporated in a
Biotage-V10 Evaporator to form a thin lipid film on the walls of the glass vial. 1.6 mg of
purified CNTs and 20 mL Milli-Q water was added to the same vial. The mixture was
first bath-sonicated for 1 hour (Emerson Electric Co., Model Branson 1510), followed by
probe-sonication for 16 hours (Sonics & Materials Inc., Model VVC 100) at 100W power.
The sonicator was run in 3 second pulses with 1 second pause between pulses. During
sonication the vial was continuously cooled in an ice water bath and DI water was added
to compensate for any loss in sample volume due to water evaporation. To separate the
cut CNTs from the uncut nanotube material, 10mL of suspension processed by sonication
cutting was placed into a 15mL centrifuge tube and centrifuged at 4000rpm for 1 hour
using a Beckman Coulter Allegra X22 centrifuge. After centrifugation, the supernatant
that contained the purified CNT+DOPC complex was extracted by a 150mm length glass
Pasteur pipette. The dark solution containing lipid-stabilized cut carbon nanotube was
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stable for more than 15days. This solution can be dried and re-suspended in DI water
without affecting the short CNT properties.

Before centrifuge After centrifuge
" Cléap short
| CNT/DOPC
Cut
Purified

Long CNT-

y precipitates

Figure 2.6 Suspension of cut CNTs before and after purification

Sixteen-hour-long sonication-induced cutting of purified 1.5£0.21nm average
inner diameter CNTs followed by separation of longer uncut fragments by centrifugation
produced a stable dark suspension that contained cut carbon nanotubes stabilized by the
lipid coating (see Fig. 2.6). The sample can be dried repeatedly and re-suspended in water,
indicating that lipid coating protected the short CNTs from forming large aggregates.

2.2.2 Characterization of ultrashort carbon nanotube pores

Raman spectroscopy characterization of short CNTSs indicates cutting procedure
did not destroy the basic roll-up grapheme sheet structure of the nanotube. Atomic force
microscopy (AFM) images and transmission electron microscopy (TEM) images of the
purified short CNT pores indicate that the purified product still contains a fairly wide
distribution of the nanotube lengths with a significant population of CNT fragments in
the sub-10 nm range. Significantly, the average nanotube length of 4.8+3.7 nm
determined from the AFM images, which was obtained after the correction for AFM tip
broadening, matched very well the 4.6+0.2 nm thickness of the 1,2-dioleoyl-sn-glycero-
3-phophocholine (DOPC) bilayer. The average CNT height observed in the AFM images,
1.54+0.44 nm, matches quite well the 1.51+0.21 nm CNT diameter determined from
TEM images of uncut carbon nanotube. Thus it is likely that the AFM probe was able to
push away the lipid coating that remained on the cut carbon nanotubes. High-resolution
TEM images also confirmed the existence of a large population of short CNT fragments
in the purified mixture. The average length of the nanotube fragments determined from
those images, 10.1+5.4 nm, was longer than the 4.8nm length determined from the AFM
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images and the nanotubes appeared thicker than 1.5 nm. The additional thickness from
the lipid coating is likely to responsible for these effects.

Raman spectroscopy displays the basic spectroscopic characteristics of carbon
nanotubes. A droplet of short CNT+DOPC complex (or uncut purified CNT) suspension
was placed onto a glass cover slip and dried down. Raman spectra of short CNTs were
obtained using Renishaw micro-Raman Spectrometer using 488nm laser illumination.
Raman spectrum of cut CNTs in Fig. 2.7 below shows a G-band and D-band peaks at
~1600 cm™ and ~1300 cm™ with the G/D ratio of 8 and confirmed that the cutting
procedure preserved the inner diameter and rolled-up grapheme sheet structure of the
nanotube remarkably well. The diameter of carbon nanotubes can be determined from the
radial breathing mode (RBM, peaks in 100~300 cm™). The CNT diameter calculated
from RBM peak is about 1.5 nm. The RBM frequency () is inversely proportional to
carbon nanotube diameter (dcnt). The relationship can be described by the equation:

-1 A -1
wgpm(cm )=dCNT(nm)+B(Cm )

, where A =248 cm™/nm and B = 0Ocm™ [49].
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Figure 2.7 Raman spectrum for the short CNT/Lipid complex after 16 hours of
sonication-assisted cutting. Inset shows the magnified view of the radial breathing mode
region of the CNT spectrum (150-300cm-1).
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Figure 2.8 VIS-NIR absorption spectra of CNTs before and after cutting
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Iml aliquots of uncut CNT suspension in Milli-Q water, four-hours sonicated
CNT and 16-hours sonicated CNT samples were placed into quartz cuvettes. The VIS-
NIR absorptions spectra in the range from 325 nm to 1350 nm were measured using
Agilent Cary 6000 VIS-NIR Spectrophotometer (see Fig. 2.8).

High-resolution TEM images of the purified short CNT fragments (see Fig. 2.9)
indicate that the purified product contains a significant population of CNT fragments in
the ca. 10 nm range. The average length of the nanotube fragments determined from the
TEM images was 10.1+5.4nm. Short CNT/lipid complex was drop-cast onto lacey carbon
TEM grids and the CNT fragments were characterized by a field-emission Philips
CM300 TEM, operated at 300 kV with the field-emission gun using extraction voltage of
4.2 kV. To characterize the length distribution of short CNTSs inside the lipid matrix, the
length of identifiable individual CNTs were manually measured from a series of high-
resolution TEM images. Due to the effect of lipid layer coating on imaging (Fig. 2.9),
shorter CNTs (< 3-4 nm in length) were difficult to resolve and thus were not counted. As
such, the statistical average length reported from the TEM images should be considered
an upper-bound estimate.

Figure 2.9 HR-TEM image of cut short CNTSs stabilized by lipid coating

Atomic force microscopy (AFM) imaging was performed using a Multimode
Nanoscope I11A, Nanoscope VIII AFM (Digital Instruments, Santa Barbara, CA, USA)
and Asylum MFP-3D (Asylum Research, Santa Barbara, CA, USA) with both
microscopes operating in tapping mode. For imaging in air, silicon tips (PPP-FMR,
Nanosensors GMBH, Germany) with a typical tip radius of less than 7 nm, nominal force
constant of 2.8 N/m, and nominal resonance frequency of 75 KHz were used. For
imaging in solution (in situ), silicon nitride tips (TR400PSA, Olympus, Japan) with a tip
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radius of ~15 nm, nominal force constant of 0.08 N/m and nominal resonance frequency
of 34 KHz were used. For imaging CNTSs in air, 10 pL of purified CNT solution was
deposited on freshly cleaved mica pre-treated with 10 pL of Poly-L-Lysine solution (Ted
Pella) for 2 minutes, gently rinsed with Milli-Q (MQ) water, dried by gentle flow of
compressed nitrogen gas, and placed into the microscope. Poly-L-Lysine treatment was
necessary to form positive charges on the mica surface to facilitate adsorption on
negatively-charged CNTSs. For in-situ imaging a 5 pl aliquot the CNT-containing lipid
vesicles was deposited on a small piece (3 x 3 mm) of the poly-I-lysine-treated mica, and
incubated for 2 minutes. Then the solution on the mica surface was replaced with about
55 pL MQ water without drying the sample and placed into the AFM fluid cell. AFM
images showed that the vesicles fused onto the mica surface and formed a layer with a
thickness of ca. 4.6 nm.

Height image (liquid)

-

Phase image (liquid)

1.8 nm 30°

0.0 Height 2.5 pm 0.0 Phase ~2.5um

Figure 2.10 AFM images of short CNTSs on lipid bilayer formed on a poly-I-lysine treated
mica surface

CNT height was determined from the AFM images collected in air. The images
were analyzed by the Scanning Probe Image Processor (SPIP 5.1.4) software, standard
Nanoscope image analysis software, and Igor Pro 6.0 (Wavemetrics, Inc.). AFM images
typically represent a true height value of the CNTs. The average CNT height observed in
the AFM images, 1.54+0.44 nm, match the CNT diameter value determined from the
Raman spectra and TEM data.
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Figure 2.11 Histogram of the height (diameter) of short CNT fragments measured with
AFM. Inset shows a high-magnification AFM image of a single CNT on a bare mica
surface.
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Chapter 3 Molecular and lon Transport
through Carbon Nanotube Porins in Lipid
Membranes

3.1 Introduction to  Molecular  Transport  through
Biomimetic Transmembrane Nanopores

Living systems rely on controlled transport of ions or small molecules across
biological membranes to maintain non-equilibrium concentration gradients and to
transmit chemical signals. To carry out these tasks, biological organisms have developed
an arsenal of membrane channels [1] that form nanometer-sized highly-selective pores in
lipid bilayers. Many of these membrane channels are exemplary in their structural
refinement and functional sophistication: aquaporins support exceptionally-fast water
transport [50]; potassium channels transport potassium ions exclusively over sodium ions
[51], even though the ion radii of these ions differ only by 0.2 A [52]; and ion pumps
shuttle ions upstream against strong concentration gradients [53]. Protein channels also
occupy an important role in ex-vivo applications; notably, researchers have successfully
demonstrated pore-based DNA sequencing using pores derived from a-haemolysin
channels [54].

A considerable effort has also been spent to create artificial nanopores that replicate
some of the transport properties of the biological channels. Bottom-up organic synthesis
approaches produced pore-forming compounds such as tris-macrocycle hydraphiles [55,
56], and top-down nanofabrication provides an alternative route based on drilling small
holes in thin films of inorganic materials, such as silicon nitride [57]. Researchers also
used DNA origami platform to create 2 nm inner diameter pores in lipid membrane [3];
another work demonstrated a combined approach where an a-haemolysin biological pore
partially refilled a pre-drilled solid state nanopore [58]. Even though these systems
replicate some of the membrane affinity and transport control properties exhibited by
membrane proteins, there remains a need for simpler and more versatile nanopore
scaffolds based on a different structural paradigm. In this regard, short carbon nanotube
that matches the lipid bilayer thickness can create an artificial membrane pore that
closely mimics the transport properties of biological pore proteins.

In this Chapter, | show that short CNT channels indeed provide an excellent mimic
of a biological channel, including spontaneous insertion into the lipid membrane and
efficient transport of water, ions and small macromolecules, such as DNA, across the
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bilayer. 1 also report on the transport properties of a single CNT channel, including an
unexpected spontancous “‘gating” behavior.  Since the graphitic structure and
functionality of these channels resembles the B-barrel structure of porins—water filled
channels in biological membranes— we termed them carbon nanotube porins.

3.2 Carbon Nanotube Porins in Lipid Membranes

3.2.1 Synthesis and characterization of transmembrane CNT-
liposomes
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Figure 3.1 Schematic showing synthesis of transmembrane CNT pores - Incorporation of
CNT pores into lipid vesicles

Following purification, the cut carbon nanotubes were reconstituted into the lipid
vesicles following the common procedures for protein channel insertion into membranes.
To incorporate CNTs into DOPC vesicles, a 0.2 mL aliquot of 10mg/mL DOPC in
chloroform was placed in a 20 mL glass vial and dried into a film by evaporating the
solvent with Biotage-V10 evaporator. 1 mL of purified CNT+DOPC complex solution
was added into the vial and the vial content was allowed to hydrate over one hour. The
solution was then extruded through a 200 nm-diameter pore polycarbonate membrane
using a hand-held extrusion device (mini-extruder, Avanti Polar Lipids) for 10 cycles.
The transparent solution that passed through the filters contained the lipid vesicles with
incorporated carbon nanotube pores.

18



The resulting CNT porins incorporated vesicles were characterized by Scanning
Electron Microscopy (SEM). 5 uL of CNT-containing liposome solution was drop-cast
onto a pre-cleaned silicon chip and dried in clean chamber. To prevent charging artifacts
the samples were sputter-coated with gold for 10 sec at the deposition rate of 9 nm/min to
produce a nominally 1.5nm-thick coating. Images of CNTs-containing liposomes were
obtained using Zeiss Ultra 55 FE SEM. SEM images (Fig. 3.2) of these vesicles drop-cast
on the silicon surface and coated with a thin layer of gold showed an array of bright.

We speculate that these dots are indicative of the nanotube porin inclusion in the
lipid bilayer. Images of a control sample of the vesicles consisting only of the DOPC
lipid consistently did not show any evidence of such pattern. The vesicles showed
significant degree of CNT pore loading with an average nanotube density of 0.9+0.2
channels in a 100x100nm™ area on lipid membrane surface (giving the average CNT
pore/lipid ratio of 5.4x10®). In some of the images CNTs inserted into the membrane
seemed to oligomerize further into bundles of 2, 3 and 4 pores (see Table 3-1). Similar
behavior is not uncommon for biological channels [59], and such short CNT aggregates
would be stabilized by additional interactions between hydrophobic barrels of CNT
channels.

DOPC only

CNT+DOPC CNT+DOPC

Figure 3.2 SEM images of the vesicles dried on a Si surface

The number of CNT-lipid complex in the vesicles was estimated from the SEM
images. The analysis (Table 3-1) included 17 individual vesicles out of which 12
contained CNT pores.

After reconstitution of purified short CNT fragments into 200 nm diameter lipid
vesicles, the resulting vesicles were also imaged by using cryogenic transmission electron
microscopy (Cryo-TEM). The cryo-TEM images of the CNT/liposome complexes shown
in Fig. 3.3 and Fig. 3.4, together with their unprocessed originals, as well as the images of
some additional CNT-liposome regions of interest. In Fig. 3.4 two unprocessed images
show the original large field of view with a selected CNT-liposome structure shown inset
in each.
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Table 3-1 Counting of number of CNT/liposome in vesicles

N =12
Vesicle diameter (nm) 201.17 + 34.14
Number of CNT pores per vesicle 23.17+£6.9
Number of CNT pores / 100 nm? 0.91+£0.18*

*Qut of 17 vesicles, 5 were empty. If we include the empty vesicles in the analysis, then
the average number of CNT complex per 100 nm? area would be 0.64 + 0.45.

The images of the vesicles revealed clear evidence of short CNT fragments
inserted in the lipid membrane and spanning both of the membrane leaflets (Fig. 3.3).
Cryo-TEM images also show that the presence of CNT porins does not affect the
integrity of the lipid bilayer. Statistical analysis of cryo-TEM data reveals several
interesting features of the CNT porins. First, the average length of the CNTs inserted
into the membrane, 9.5£3.0 nm was in excellent agreement with the 10.1 nm average
length of the cut CNTSs, indicating that the insertion procedure was not selective to any
particular length. Second, CNT porins did not insert into the membrane at random angles.
The histogram of the measured tilt angles (Fig. 3.5) shows that the nanotubes strongly
prefer the perpendicular orientation to the membrane plane with the majority of the
nanotube tilting only by 15 degrees or less. This observation is somewhat surprising,
since MD simulations had predicted that CNTs longer than the thickness of the bilayer
(4.6£0.2 nm for the 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) that was used in
these experiments) should tilt to maximize the interactions of the hydrophobic bilayer
core with the hydrophobic CNT walls[28]. It is possible that the lipid coating remaining
on the walls from the cutting procedure provided additional stabilization to the portion of
the CNT that protruded from the bilayer. Higher contrast (Fig. 3.3) on the protruding
portion of the CNT porins that we sometimes observed in the cryo-TEM images supports
this possibility. Third, CNT porins were always inserted in such a way that at least one
end of the channel abutted the hydrophilic head groups of the lipid bilayer. Unlike the
situation when both of the CNT porin ends protrude into the solution, this configuration
does allow for the energetically favorable interactions of the hydrophilic groups on one of
the CNT ends with the hydrophilic head groups of the lipid bilayer.

Cryo TEM specimen preparation and instrumentation. Aliquots of 5 ul were
taken directly from the in-vitro assembled samples, placed onto 200 mesh lacey carbon
Formvar Cu-grids (Ted Pella, INC, #01881), and manually blotted with filter paper and
plunged into liquid ethane at liquid nitrogen temperature. TEM grids were previously
glow discharged. Images were acquired on a JEOL-3100-FFC electron microscope
equipped with a field emission gun (FEG) electron source operating at 300 kV, an Omega
energy filter, and a cryo-transfer stage. Images were recorded on a Gatan 795 4Kx4K
CCD camera (Gatan Inc., Pleasanton, CA, USA) mounted at the exit of an electron
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decelerator operated at 200 kV, resulting in images formed by a 100 kV electron beam at
the CCD. The stage was cooled with liquid nitrogen to 80 K during the acquisition of all
datasets.

Cryo TEM image acquisition and analysis. Images were recorded at a nominal
magnification of 40,000x giving a pixel size of 0.14 nm at the specimen. Images were
acquired without binning and with the camera binned by a factor of two. Underfocus
values ranged from 2 pm = 0.25 pum to 3.6 um = 0.25 um, and energy filter widths were
typically around 30 eV. The survey of cryo samples and the selection of suitable targets
were done in low-dose defocused diffraction mode. Images were acquired under low-
dose conditions, typically with doses of ~ 20-40 e A per image. The package of imaging
tools Priism (http://msg.ucsf.edu/IVE/) was used for noise reduction and contrast
enhancement. The software ImageJ 1.38x (NIH, http://rsb.info.nih.gov/ij/) was used for
analysis and measurements of the 2D image projections. Since the images represent a 2-
D projection of a 3D structure the measured CNT length values represent the lower
boundary estimate of the true CNT lengths.
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Figure 3.3 Cryo-TEM imaging of CNT-Liposome complexes showing unprocessed,
processed, and colorized examples
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Figure 3.4 Cryo-TEM images of CNT-Liposome complexes showing original images
with large-field-of-view and selected structures inset
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Figure 3.5 Radius plot of the histogram of CNT tilt angles measured relative to the axis
normal to the bilayer plane(left) and histogram of CNT tilt angles of the CNT inserted

into the lipid membrane (right). CNTs strongly prefer the perpendicular orientation to the
membrane plan
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3.3 Osmotically-driven Water, Proton and lon Transport
through Biomimetic CNT Porins

3.3.1 Introduction

Natural cells have diverse types of membrane protein channels regulating the flow
of ions and molecules. lon and water transport through biological membranes by osmosis
is essential in many biological processes. The complex nature of biological pores and
channels important to cellular function is not fully understood. It is desired to create a
simplified and robust platform for the understanding of ion transport mechanism. lon and
molecular transport at nanoscale has been studied extensively [8, 60, 61], especially the
transport through carbon nanotube due to its extraordinary transport properties. Both
simulation and experiment studies have shown that water transport through CNT channel
is almost frictionless, and can be comparable to the transport capabilities of aquaporin [8,
23, 62]. Various methods have been used to study the water filling and transport in
nanotubes have been studied using TEM [63], current measurement[64, 65], field effect
transistor [66] and X-ray [67] et. al. However, the channel length of nanotube in many of
those studies were longer than that its biological counterpart, thus a biomimetic channel
that is similar with biological channel both in structure and function is greatly desired.

As described in Chapter 2, biomimetic CNT porins were synthesized and
characterized™. This CNT porin has a diameter of ~1.5 nm and a length of 6-12 nm. A
more attractive feature is that the CNT is embedded in the lipid membrane of vesicles,
forming a perfect channel with extraordinary properties of transmembrane ionic and
molecular transport, and stochastic gating [68]. Since liposome shows similar
permeability properties to biological membranes and gives a convenient model system to
study osmosis-related phenomena, it would be interesting to investigate the water and
ionic transport through this biomimetic channel, and investigate selectivity on the species
of ions and molecules being transported.

Biological membrane consisting of phospholipid bilayer is selectively permeable
to ions and organic molecules. Small, nonpolar molecules move easily across, while large
molecules and charged substances across membrane slowly. Very small and uncharged
molecules can cross membrane relatively faster than ions such as chloride. Lipid bilayer
is highly permeable to water in comparison with ions and other solutes and sensitively
respond to osmotic pressure across the membrane. Liposomes artificially prepared with a
phospholipid bilayer exhibit similar permeability properties to natural membrane and
provide a convenient model system to study osmotically induced transport.

Osmotic stress study using artificial vesicles is a convenient way to induce
transport across the lipid bilayer. Compared to membrane fabrication and single pore
measurement, our approach is much simpler and gives much more robust averaging.
Osmotic stress is driven by a sudden change in the solute concentration around a cell and
it causes a rapid change of water movement across its cell membrane. Higher osmolality
into the vesicle solution creates an osmotic difference across membrane. Here, | report on
the osmotic gradient-driven experiment and the monitoring of the vesicle size change in
response to created osmotic pressure gradient using dynamic light scattering (DLS).
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3.3.2 Proton transport through CNT porins

The central finding of our work is that CNT porins enable efficient transport of
chemical species across the lipid bilayer. For initial assessment of the porin properties
we have investigated proton transport into the vesicle lumen containing an encapsulated
pH sensitive dye (8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS)). For
these experiments, we prepared the vesicles with the lumen pH of 8.0 and subsequently
transferred them into a solution with pH of 3.0 to create the proton gradient across the
vesicle membrane. All solutions also contained a high concentration of background KCI
electrolyte to ensure the absence of osmotic pressure gradient across the lipid bilayer.

Proton transport assay. To prepare the CNT-containing vesicles loaded with a
pH-sensitive fluorescent dye, a 0.1 mL aliquot of 10 mg/mL DOPC in chloroform was
added to a 20 mL glass vial (Vial A), and dried into a film by evaporating the solvent. 1
mL of short CNT+DOPC (1mg/mL) complex solution in 1 mM HPTS, 150 mM KCI pH
8, was added to rehydrate the dried lipid film. The contents of the vial were incubated for
one hour for hydration and then extruded through a 200 nm diameter pore polycarbonate
membrane. For preparation of a control sample that did not contain CNTs, a 0.2 mL
aliquot of 10 mg/mL DOPC in chloroform was dried to a film and rehydrated with 1 mL
of 1 mM HPTS and 150 mM KCI (pH=8), and extruded in the same way. Un-
encapsulated external dye was removed using a size exclusion chromatography (SEC)
column packed with Sepharose CL-6B resin (Fig. 3.7). Proton transport kinetics were
obtained by monitoring the HPTS dye (ex. 450nm, em. 514nm) using a FluoroMax-4
Spectrofluorometer (Horiba Inc.). For kinetic measurements, 2 mL of 150 mM KCI pH 3
solutions were placed into the fluorometer quartz cuvette. After the start of the
measurement, 0.2 mL CNT-containing vesicle sample (or 0.2 mL control vesicle sample)
was added to the cuvette and data were taken while stirring the solution continuously
with a magnetic stirrer bar.

CNT Porins CNT Porins
in water in HPTS dye,

Evaporate water 150mM KCI pH8

in desiccator

Purified (fully dry) Rehydration
CNT/DOPC
Complex = =
in Water -
Dried and concentrated
] CNT+Lipid(DOPC)

Figure 3.6 Highly concentrated CNT porins (CNT/DOPC complex) and exchange of
suspension solution
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Figure 3.7 Schematic of sample preparation and proton transport measurement

The decay of the HPTS fluorescence (Fig. 3.8) indicated that once we established
the proton gradient, the protons were transported into the vesicle lumen space. In the
absence of the CNT porins, the fluorescence decay followed single-exponential kinetics
with a characteristic time of 187 s, clearly indicating the existence of a single pathway for
protons to enter the vesicle lumen by diffusing through the lipid bilayer. After we
inserted the CNT porins into the vesicle walls we did not observe any leakage of the
HPTS dye from the vesicles, indicating that the CNT porins were impermeable to the
HPTS. However, the proton transport experiments with these vesicles produced much
faster fluorescence decay (Fig. 3.8). Significantly, the decay kinetics no longer followed
a single-exponent form, but instead represented a sum of two exponential terms, with the
first term matching the 187 s timescale obtained in a control experiment, and the second
term having a much faster characteristic time of 35 s (Fig. 3.8, inset). This result
confirms that the addition of CNT pores to the vesicle wall formed a second pathway for
protons to enter the vesicle inner space.
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Figure 3.8 Proton transport properties of CNT porins. Time trace of the fluorescence
intensity of the 1-hydroxypyrene-3,6,8-trisulfonate (HPTS) dye trapped in the vesicle
lumen space at pH=8.0 after the vesicles were added to the solution at pH=3.0.

CNT pores in lipid membrane of CNT liposomes speeds up the proton transport (Fig. 3.8
blue) significantly over the control experiment where no CNT pores were present(red).
The fluorescence intensity change over time follows a double exponential decay function.
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where [, is the fluorescence intensity at time zero, A is the pre-exponential factor and
k,and k, are rate constants. Using the average rate constant (k) = (Ak; + (1 — A)k,) or
the initial rage constant k, and the surface area of liposome,S, and volume of the
liposome, V; , the apparent proton permeability coefficient P using the following
relation, k = S x P/V;. The calculated values of permeability for DOPC vesicles and
CNT embedded liposomes were 1.2 X 10~8cm/s and 7.6 x 10~8cm/s respectively. The
proton permeability comparison of DOPC liposomes and CNT-containing liposomes
exhibits that lipid bilayer packing provides a barrier for ion transport and is the major
contributor of low proton permeability
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3.3.3 Osmotic transport of water and small molecules through
CNT porins

Osmotic stress study using artificial vesicles is a convenient way to induce
transport across the lipid bilayer. Our liposome model system is illustrated in Fig. 3.9,
which shows experimental concept about the movement of water by osmotic force in
DOPC liposome with CNTs and without CNTs. In case of pure DOPC liposome as a
control, higher solute concentration outside liposome will create an osmotic difference
across lipid bilayer. The osmotic force drives water flow from water inside liposome
lumen to the outside solute solution compartment. In the case of CNT-containing
liposome, CNT nanopores permit transport water molecules between the two
compartments inside and outside the membrane of the liposome. This transport through
CNT pores equalizes osmotic gradient and there would not be any significant change in
size.

DOPC Liposome .Y
P . Liposome Shrinkage
° 5 ® K‘
Outside o ©
. .& =
solution o ®® ° - @
=]
Osmotic
2 ®
) \‘ stress
® o
o ®
oW .
de ® S, ® © X
Out51.de g & i B o o® g
solution ® ® e
® o. X
® water S e®
® solute @

Figure 3.9 Illustration of the response of liposome with and without CNT channels to
transmembrane osmotic gradient
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Figure 3.10 Schematic of the parameters used to describe osmotic pressure-driven water
transport in vesicles containing CNT pore channels

Figure 3.12 shows schematic of simple analysis model for water transport through
CNT channels in lipid vesicles driven by concentration gradient. In our experiment we
induced water transport by placing vesicles filled with pure water and containing the
CNT pores into a low concentration osmolyte solution. The osmotic pressure difference
between the solutions outside and inside the vesicle drives some of the water out of the
vesicle, causing the vesicle to shrink. At the same time the osmolyte diffuses into the
vesicle through the CNT pores and reduces the driving force. The system reaches a
steady state when the osmolyte diffusion equalizes the osmotic pressure between the
inner compartment of the vesicle and the outer solution.

Consider a vesicle of initial volume Vy filled with water; the osmolyte
concentration in the inner compartment, C;(t=0), is zero. The vesicle contains N, pores of
radius r and length L. We then place this vesicle into the osmolyte solution of
concentration Cy. The volume of the outer solution is much larger than the volume of the
vesicles, thus the concentration C, always remains constant. The diffusion of the
osmolyte through the CNT pores follows Fick’s Law:

Js = =NpD; - 22 (Eq.1)
where Ds is the effective osmolyte diffusion coefficient through the CNT pore. Ds
generally depends on the size of the molecule and the rejection coefficient of the CNT
pore channel. In all our experiments the maximum vesicle size change that we observed
was relatively small, so we can simplify this model by assuming the following equation
for osmolyte diffusion:
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This equation, which describes the evolution of osmolyte concentration inside the vesicle,
has a solution of the form:

Ci(t) =Co- (1 —e™™) (Eq.3)
The osmotically-driven transport of water can be described using Darcy’s Law as:

awv _ kwNpmr?

dt - uL AT[OSTTl (Eq' 4)

where ky, is the water permeability of the CNT pores, p is water viscosity, and Amsm 1S
the difference in the osmotic pressure between the outer and inner vesicle space, that is
equal to: Amsm =IRT(Co-C;), where i is the van’t Hoff factor. We then can re-write this
equation as:

av —kwNpmr?iRt
o e ko) @9

Substituting the expression for Ci(t) and integrating this equation gives us the final
expression for the vesicle volume evolution with time:

V() =V, — ’;—W (1 — ekst) (Eq. 6)

Then, the steady-state volume change that we measure in the experiment is given by a
simple expression:

= =1-—" . (Eq. 7)
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The CNT/DOPC complex (CNT porins) supernatant was prepared and
characterized by the same recipe and method described in Chapter 2. For osmotic
pressure-induced vesicle size change measurement, 0.2 mL of 10 mg/mL DOPC solution
in chloroform were added to a vial and dried into a film using a Biotage V-10 evaporator.
ImL of CNTs/DOPC complex suspension was then added to the vial and extruded
through polycarbonate filter membranes with 200 nm diameter pores using a hand-held
extrusion device (mini-extruder, Avanti Polar Lipids) to form CNT-containing vesicles as
described in the previous Chapter. A control sample was prepared in a similar way,
except that 0.3 mL of the DOPC solution was used to prepare a lipid film and water was
added instead of CNT/DOPC mixture. The hydrodynamic radius of the vesicles was
measured using a dynamic light scattering (DLS) setup (Zetasizer, Malvern Instruments).
In a typical measurement we mixed 10 uL of the vesicle solution and 70 pL of a salt
solution such as KCI, KNO3, K;SO40r a sugar solution such as sucrose and dextran of
known concentration, and placed an aliquot into a 70 uL volume-cuvette cell. To reduce
measurement uncertainty, each data point represents an average of at least four individual
measurements.

Osmotically-driven water and ion transport measurements reveal further
information about the nature of the transport through the CNT porins. When lipid
vesicles filled with pure water were placed into diluted KCI, KNO3 and K,;SO4 solution
respectively, the difference in the osmotic pressure between the inner and outer space of
the vesicles drove some of the water out of the vesicles and caused them to shrink. It was
important to use an electrolyte concentration below the 15 mM range where the osmotic
gradients were relatively mild and did not cause catastrophic rupture of the vesicles.
When the vesicles did not contain CNT porins, we detected only minimal (<2.3 %)
vesicle size change (Fig. 3.11) regardless of the ionic strength of the solution outside the
vesicles, indicating that slow diffusion of water and ions across the lipid membrane were
slowly dissipating the osmotic gradient. In contrast, vesicles incorporating the CNT
porins quickly shrank up to 25%. Moreover, the degree of shrinkage showed a strong
dependence on the ionic strength of the solution outside the vesicles (Fig. 3.11). At low
ionic strength the vesicles containing CNT porins exhibited the highest shrinkage, and at
high ionic strength the shrinkage reduced dramatically and began to approach the values
measured for the control samples.

Osmotically-induced transport in this system involves a combination of water
being forced out of the vesicles through the CNT porins and reverse salt flux entering
into the vesicle lumen. A simple analysis (Fig. 3.10) shows that shrinkage should be
proportional to the rate of the water transport through the pores and inversely
proportional to the rate of salt leakage back into the vesicles. It is unlikely that ionic
strength of the solution influences the water transport rate through the CNT porins;
instead, we propose that ionic strength has a significant effect on the ion permeability.
Such behavior is easy to rationalize if we consider that for the experimental conditions
(pH=7), the carboxylic acid groups at the CNT rim are ionized and the ring of negative
charges at the CNT pore entrance creates an electrostatic barrier for the ion passage.
Under these conditions, the ion leakage into the vesicle lumen is slow and the osmotic
transport of water can cause significant shrinkage of the vesicles. At higher ionic
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strength, the charges are screened, and the barrier for ion passage through the CNT pore
drops significantly. Then the osmotic pressure gradient equalizes rather quickly, and thus
cannot cause significant vesicle shrinkage. Indeed, the transition from high to low ion
rejection in our measurements occurs at the same Debye length range (6-7 nm) that we
previously observed for bulk CNT membranes[69], confirming that the observed effects
are closely related to the ion diffusion through the CNT pores. Similar trend was detected
for 2:1 salt solution. The interesting observation is that the change in vesicle size occurs
quickly with decreasing Debye screening length for a 2:1 than a 1:1 salt solution in Fig.
3.11. It means that the decay of SO, exclusion is faster than Cl" and NOs". This ion
rejection trend can be explained by the Donnan rejection mechanism. Donna model
prediction accounts for the experimentally observed ion rejection in charged pores™
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When the salt concentration increases, the Debye screening length goes close to CNT
pore size and permeation of ions will increase due to reduced electrostatic potential. Our
experimentally observed data in figure 4a correspond to the trend calculated by Donna
theory
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Figure 3.11 Transport of charged species with different anions through CNT channels. (a)
Dependence of vesicle size change of charged molecules on solution concentration, and
Donna rejection model
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Figure 3.12 Cross sectional schematic of ion rejection in CNT-containing liposome and
CNT tips with carboxylic groups

Transport properties of uncharged molecules through CNT porins were
investigated. Previous theoretical and experimental studies report the results on fast water
transport across CNT membranes. Lipid bilayer is impermeable to uncharged molecules,
sucrose and dextran. Osmotic gradient-driven water transport experiment using those
membrane-impermeant solutes reveals information about the molecular movement
through CNT porins. As can be seen in Fig. 3.13, both sucrose and dextran are too large
to pass through the lipid membrane and the only passage of molecular transport is
through transmembrane CNT porins. Our observation would suggest that based on the
approximate hydrodynamic radius of dextran (Sigma-Aldrich, molecular weight 342.30)
with 2.4 nm[70] and that of sucrose (Sigma-Aldrich, molecular weight 12,000) with 0.46
nm[71] as shown in Fig. 3.13, only sucrose molecules pass through CNT pore with about
1.5nm diameter.

Sucrose molecules move water from the inside compartment of the vesicle to the
outside solute medium through nanopores so that the gradient across the membrane
releases. But in case of placing CNT liposomes into dextran solution, since the
hydrodynamic radius of dextran is much larger than CNT pore radius we rationalize that
impermeant dextran solute would not establish equilibrium between water compartment
and solute medium causing the vesicle size to shrink. Our rationale is experimentally
demonstrated by putting lipid vesicles into hypertonic solution (sucrose and dextran).
Figure 3a shows the experiment results with vesicle size change measured by dynamic
light scattering (DLS). Green empty markers show that CNT-containing liposomes in
sucrose solution do not change in vesicle size. This indicates sucrose molecule pass
through CNT porins and osmotic gradient is equalized. Bright orange empty markers
show that the size of vesicles changes to decrease with increasing concentration of
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dextran. This means that the solutes cannot pass through CNT porins so that it makes
solution hypertonic relative to the inside of vesicle. As a result, water inside of the vesicle
moves out of the vesicle via osmotic differential between interior water and external
solution of vesicles so that the vesicle shrinks in size. For the liposomes without CNT
porins, the size of those decreases with increasing concentration since lipid bilayer is not
permeable to both uncharged sucrose and dextran molecules.

Dextran Hy ~4.8nm

> = &

Sucrose Hy ~0.92nm

Figure 3.13 Schematic of CNT pore in lipid bilayer and hydrodynamic radius of dextran
and sucrose
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Figure 3.14 Transport of uncharged species through CNT channels. (a) Plot of vesicle
size change in different solutions. All the vesicle lumen contains pure water only

The transport properties of cations in negatively charged CNT pores were tested.
It is likely that the negatively CNT porins are selective toward cations with different
hydrated radius. In Fig. 3.15, highest shrinkage in vesicle size at electrolyte solutions
with same chloride anion shows the trend proportional to hydrated ion radius size.
Interestingly, contrasting with Na*, K" and Li*, Cs* exhibits very small shrinkage in
vesicle size at lower ionic strength. This indicates that cesium salt exclusion is very low
relatively compared to those of sodium, potassium and lithium. Li*, Na* and K with
larger hydrated radius can be excluded by the ring of negative charge at the CNT mouth,
but Cs” with smaller radius enter the CNT pore more quickly than other cations. This
trend can be explained by that aqueous cesium ion has low hydration energy and does not
hold a bound hydration layer[72].
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Figure 3.15 Transport of charged species with different cations through CNT channels.
Effect of variations in hydrated radius of cations on osmotic-driven water and ion
transport through CNT pores
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Figure 3.16 Vesicle shrinkage of CNT liposome in the solution vs. hydrated ion radii of
different cations.

36



1.8 - +
1.6 -
1.4 K

1.2+

- Na
1.0 o)

0.8 -

lonic radius(A)

+

Li
0.6 - O]
1 1 1 1 1 1 1

33 34 35 36 3.7 38 39
Hydrated ion radius(A)

Figure 3.17 Variations of hydrated radius of ions

37



3.4 Stochastic Transport and Gating in CNT Porins in
Lipid Membranes

3.4.1 Stochastic transport and gating in CNT porins

Previous chapters described the preparation of carbon nanotube porins, their
incorporation into lipid membranes, and their proton transport and ion rejection
properties from bulk measurement studies. In this chapter, additional information is
given about the CNT porin geometry and transport characteristics from single pore
channel conductance measurement of the ion transport through individual CNT porins.

Electrophoretic transport measurements for individual CNT porins also revealed
important and unexpected characteristics of these objects. For these measurements a
planar lipid bilayer setup was used, in which a small patch of the lipid bilayer separated
two solution chambers.
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Figure 3.18 Schematic of the setup for single-channel recording of CNT porin
conductance and CNT porin incorporation. Two chambers are separated by a Teflon
partition that contains a ca. 200 um aperture with a painted-over lipid bilayer membrane
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The above schematic shows the setup for single pore channel conductance
measurement. A supported lipid bilayer was formed over a 200 um diameter aperture in a
Teflon film partition (Eastern Scientific LLC) using a painting technique. Briefly, two
small solution chambers (Eastern Scientific LLC) were cleaned by subsequently washing
with detergent, ethanol, and water. A partition with an aperture was attached to the
bottom of the cis-chamber using vacuum grease. A 100 pL Hamilton glass syringe was
used to place 50 pL of hexane containing 20 mg/mL DOPC onto both sides of the
aperture, and allowed to dry for 10 min. The cis-chamber was then placed onto the top of
the trans-chamber to form two separate compartments. The trans- and cis-chambers were
filled with 2 mL and 0.2 mL conducting buffer (KCI or NaCl with 5 mM HEPES, pH 7.4),
respectively. A ground Ag/AgCl electrode was placed into the trans-compartment, and a
reference electrode AgQ/AgCl was placed into the cis- compartment. During the
measurement a 2 pL solution of DOPC vesicles containing CNT pores was added to the
cis-chamber.

For transport measurements, a holding potential of 50 mV to 200 mV was applied
to the reference electrode, and trans-membrane current signal was recorded by a low-
current measurement setup, which consisted of an Axopatch 200B patch clamp amplifier
and an Axon DigiData 1322A analog-digital converter (Axon Instruments) connected to a
computer system running Clampex 10.3 software (Axon Instruments). Traces were
acquired at a sampling frequency of 10 KHz — 100 KHz and were low band-pass filtered
at a frequency of 5 kHz or 1 KHz to increase signal-to-noise ratio. The data was analyzed
and exported using PClamp 10.3 software (Axon Instrument), and further analyzed using
Origin Pro 8.0 and Igor Pro 6.31. As a positive control the conductance of Gramicidin
channels was measured in the following procedure. 0.1 mg Gramicidin A was incubated
with 200 pL of the DOPC liposome solution (150 mM KCL, 4mg/mL lipid concentration,
pH 7.4). After a lipid bilayer was formed over the testing setup aperture (in the presence
of 1 M KClI solution in both chambers), 2 pL of gramicidin A/vesicle solution was added
into the cis-chamber and the conductance traces were recorded using a transmembrane
potential of 75 mV. The conductance measured for gramicidin was 0.058 + 0.008 nS,
which is close to the reported values 0.0459 + 0.005 pS.

Figure 3.19 Photograph of assembled patch-clamp system. 1. Headstage and recording
chamber. 2. Amplifier (Axon Axopatch 200B) 3. Digitizer (Axon Digidata 1440a).
4.Software (PClamp 10.3)
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In the absence of the CNT porins, the DOPC lipid bilayer formed a well-insulated
seal and the current recording produced flat featureless traces (Fig. 3.20, control trace).
When we placed liposomes containing CNT porins to the cis- chamber, the bilayer
conductance increased following a series of characteristic amplitude jumps (Fig. 3.20).
Each of these jumps corresponded to an incorporation of a CNT porin into the membrane
and opening of the ion conductance pathway across the lipid bilayer. The frequency of
these incorporation events varied, with traces sometimes showing well-separated events,
and sometimes showing multiple steps corresponding to a relatively quick succession of
incorporation events (Fig. 3.20). The conductance value histogram of 236 individual
CNT incorporation events (Fig. 3.21) displays several interesting features. Solid blue line
corresponds to the fit of the data to a distribution expected for multiple channel
incorporation where the position and width of the second peak are determined form the

position, p, and width, o, of the first peak as 2p and V2 o. First, the conductance values
show clear evidence of quantization with the first peak corresponding to the 0.63+£0.12 nS
value and subsequent peaks at exactly double that value. Remarkably, both peaks can be
fit with a single pair of values for the first peak position and width (Fig. 3.21).

Control |

CNT pores

iii
1nS

iv
|500 ms

Figure 3.20 Conductance traces showing individual CNT channels incorporation into
lipid bialyer. For the control experiment no CNTs were added to the chambers
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The data argue strongly that the initial peak corresponds to the incorporation of a
single CNT porin, and that the second peak corresponds to the incorporation of two CNT
porins. Occasionally, we recorded conductance jumps at higher multiples of the single
pore conductance value, but the frequency of those events was low. An interesting
conclusion from these data is that despite the presence of a relatively wide distribution of
nanotube sizes in the purified short CNT mixture, the conductance value for a single
CNT channel is extremely well defined. Cryo-TEM images argue strongly against the
possibility that only a narrow subset of short nanotubes is capable of stable incorporation
into the lipid membrane. Thus we have to conclude that the conductance of a short CNT
is a relatively weak function of the CNT length and instead is determined mainly by the
interfacial resistances of the CNT ends[73]. Interestingly, the 0.63 nS conductance of a
single CNT porin is close to a 0.68 nS conductance of a a-haemolysin channel[74],
which has a 10 nm pore with width that varies from 1.4 nm in the neck region to 4.6 nm
in the vestibule region[75].

1X u=0.63nS
40 ﬂ o=0.12nS

Counts

0 1 2 3
Conductance (nS)

Figure 3.21 Histogram of conductance values measured for CNT channel incorporation
events showing distinct clustering at the single and double values of individual CNT
channel conductance

In our measurements, pore conductance scaled linearly with the salt concentration
in the 0.5M - 2M range at neutral pH, strongly suggesting that the dominant conductance
mechanism through the CNT porin is ionic. Moreover, when we measured the
conductance of the CNT porin at pH=2 we have obtained a similar pattern in the
distribution of conductance values (Fig. 3.21), although the conductance of a single CNT
porin was reduced almost by a factor of 2 from 0.63 nS to 0.33 nS. This observation
rules out proton conductivity as the dominant current carrying mechanism in these pores.
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About 30% of the CNT porin conductance traces exhibited more complicated
dynamics after insertion. These traces resembled stochastic opening and closing where
the conductance signal oscillated between two distinct states (Fig. 3.22, traces i, ii). On
rare occasions we have also observed that the current fluctuated between three distinct
states (Fig. 3.22, trace iii), indicating that the lipid bilayer contained two independent
pores undergoing stochastic opening and closing. The conductance values of the “on”
and “off” states were very reproducible for any given trace, as evidenced by the presence
of clear peaks in the histograms of the trace amplitude signal (Fig. 3.22); thus it was
unlikely that they originate from simultaneous insertion and removal of multiple channels.
The average time the channel spent in the “on” and “off” states was approximately equal
(ton/torr=1.1+0.8 at 100mV bias and 2M KCI), indicating that the free energy difference
between these two states was small.

Figure 3.22 Conductance traces showing stochastic “gating” transitions in the CNT
channels. Traces i and ii show transitions produced by a single channel, trace iii results
from transitions in tow independent channels. The insets show normalized histograms of
the conductance values for the traces. Total range of the vertical axis on each histogram
plot is 1nS
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Figure 3.23 Single CNT channel conductance at pH=2. Representative conductance trace
showing individual CNT channel incorporation at pH=2 (left) and histogram of
conductance values measured for 66 individual CNT channel incorporation events (right).

MD simulations of pore insertion into lipid bilayers indicate that rapid removal
and re-insertion of the CNT porin from the bilayer cannot cause these oscillations[28].
The ionic nature of the conductance in CNT porins argues against the possibility that the
oscillations originate from the ion blocking of the proton-based current as reported by
Strano and co-workers for macroscopically-long CNT channels[26]. Since our test
solutions contained only monovalent ions (K*, and CI") we can also rule out transient
blocking by nanoprecipitation[76]. The blockades caused by nanoprecipitation also have
a characteristic triangular shape that is different from the rectangular shape blockades that
we observed. Another possible cause could be spontaneous wetting/dewetting transitions
in hydrophobic nanopores[77]. However, such transitions should produce a very clear
zero-conductance “off” state; in contrast in our system the conductance in the “off” state
was typically reduced by a value of 0.2-0.4 nS, which was considerably smaller than the
ca. 0.63 nS conductance of a single CNT porin at the experimental conditions. These
observations suggest that CNT porins remain filled with water all the time, also in
agreement with MD simulations that show complete filling of CNTs with water[78].

Instead, conductance oscillations in our pores are remarkably similar to the
stochastic “gating” behavior that is well-known for biological ion channels[1]. These
oscillations are typically attributed to reversible transitions between several conformation
states on the ion channel[79]. Unlike biological channels, CNT porins contain no
movable peptide chains and the whole pore structure is extremely rigid, which excludes a
mechanism based on conformational transitions. Instead, these oscillations could
represent a spontaneous transition between ionic penetration and ionic exclusion states.
Palmeri and co-workers recently used a variational field theory model to predict such
transition for ionic solutions in very narrow nanopores[80]. Their model predicts that
weakly charged or neutral nanopores embedded in a low dielectric permittivity
membrane can exist in two states: a low conductivity ionic exclusion state where the
dielectric repulsion discourages the ion from entering the nanopore, and an ionic
penetration state where this dielectric repulsion is screened by an increased concentration
of the ions. The calculation showed that while this effect is robust, it only exists in the
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nanopores with diameters less than 2 nm and only in neutral or very weakly charged
nanopores. While some evidence for the existence of a similar transitions has been
reported for nanogaps formed by patching a glass pipette to a structured elastomer
surface[81], an uncharged inner surface of the 1.5 nm diameter CNT porin embedded in a
low dielectric permittivity hydrocarbon interior of the lipid bilayer does represent an ideal
experimental system for observing this transition. Moreover, since we observed this
transition in a pore embedded in a free-standing lipid membrane our results argue that
this ionic penetration-exclusion transition could represents one of the mechanisms of
stochastic gating in biological ion channels.
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3.4.2 DNA translocation through CNT ion channels

The ability of the CNT pores to translocate longer molecules, such as DNA was
tested. Branton and co-workers first reported that electrophoretic translocation of single-
stranded DNA through an a-haemolysin channel produces transient blockades of
electrophoretic current through the pore[82]. Because the width of the a-haemolysin
channel neck is similar to the width of the CNT porin we expected to see similar behavior
in our system. For the measurement of individual single-stranded DNA translocation
through CNT porins, a similar setup and sample preparation technique to that described
in the preceding chapter. ssSDNA oligonucleotide (5'-/5Phos/GCG GCC GCT ACT AGT
CTT ACC GCC ACC CAG AGG GCC ATA ACG GGT ACG GTA TTG GCT TAC
ACG GTT ACG CAG ACG CTG TAC -3, 81 nt length) was pre-mixed into the solution
(1 M KCl, pH 7.4) in the cis-chamber to a final concentration of 100 pM. After a planar
lipid bilayer was formed in the aperture, 2 uL of CNT-containing vesicles (prepared as
described in the previous sections) was gently added into the solution in the cis-chamber
by pipette, without rupturing the bilayer membrane. A holding or ramping potential of 50
mV maximum amplitude was applied across the bilayer. The data were collected as
described in the previous section. For a control experiment we collected data using the
same conditions and protocol, except that no sSDNA was added to the chambers. The
raw data current traces were analyzed using PClamp 10.3. Overall, over 800
translocation events from current traces of a total of 338 s duration were counted either
manually or using custom-written software in Igor Pro (Wavemetrics, Inc.).

Figure 3.24 Schematic of the translocation of single-stranded DNA through a CNT pore
in the lipid bilayer

45



When we added a short 81-nt long single-stranded DNA (ssDNA) oligomer to the
trans-compartment of our system (Fig. 3.24) we saw repeated rapid current blockade
events that corresponded to the translocations of individual sSDNA strands through the
nanotube pore (Fig. 3.25). Statistical analysis of a large number of such events indicated
that current blockade values followed a normal distribution centered at 0.48+0.08 nS (Fig.
3.26). This value is between the 0.8 nS blockades reported for pure a-haemolysin
pores[82] and the 0.3 nS blockades reported by Dekker and co-workers for a hybrid pore
structure in which an a-haemolysin pore was inserted into a larger solid state pore[58].
DNA translocation times followed a log-normal distribution (Fig. 3.26), which is also
consistent with ssDNA transport through other nanopores. These data provide further
confirmation that CNT porins form small-diameter transmembrane channels in the lipid
bilayers. Note also that in these experiments we observed multiple DNA translocation
events at the relatively low transmembrane bias of 50 mV. As a result, the translocation
time distribution for the 81-mer ssDNA centers around a value of 53 ms, which is
significantly longer than the ca. 0.3 ms time that was recorded for the translocation of
100-mer ssDNA through the a-haemolysin pore at 300 mV bias[58]. The ability to
translocate macromolecules at low driving voltages could represent a potential advantage
for stochastic sensing applications.

Control 10s

[ 0.5nS
ssDNA oligo

10 s

[ 0.5nS
Magnified view 30 ms
Iw u J \‘( w @ | I 0.5nS

Dwell time

| 1
I 1
(i

Blockade

Figure 3.25 Current trace showing multiple transient blockades caused by DNA
translocation through the CNT channel
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Figure 3.26 Histograms of the translocation blockade levels and duration obtained from
more than 800 individual DNA translocation events

3.5 Conclusion

In this work, CNT porins can transport water, protons, small ions and reject large
uncharged species. lon rejection in CNT porins is determined by charge repulsion at the
CNT rim. Charges in electrostatic screening can modulate ion rejection. From
measurement of ion conductance of individual CNT porins, it is found that they can be
incorporated into the membrane in a well-defined configuration with ion mobility values
inside the pores closely resembling those of the biological ion channels. Also,
electrophoretically driven translocation of individual single-stranded DNA molecules
through the CNT porins produces well-defined ion current blockades even at low bias
voltages. CNT porins open up important avenues for the development of biomimetic
membrane transport and nanofluidics. Modification of CNT porins with synthetic “gates”
could dramatically alter the channel selectivity and produce a diverse family of true
artificial membrane channels. The inherent robustness of CNT porins against biological
and chemical challenges could be a distinct advantage that would enable the use of these
structures in synthetic cells, artificial kidneys, or in nanopore-based sequencing
applications.
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Chapter 4 Hybrid Bioelectronics  with
Membrane Proteins in Lipid Bilayer

4.1 Introduction

Biological systems interact with their environments by creating ion gradients,
membrane electric potentials, or proton motive force to accomplish strikingly complex
tasks on the nanometer length scale, such as energy harvesting, and whole organism
replication. Most of this activity involves a vast arsenal of active and passive ion
channels, membrane receptors and ion pumps that mediate complex and precise transport
across biological membranes[83]. Despite the remarkable rate of progress exhibited by
modern microelectronic devices, they still cannot compete with efficiency, precision, and
flexibility of biological systems on the component level. On the flipside, the
sophistication of these molecular machines provides an excellent opportunity to use them
in hybrid bioelectronic devices where such a combination could deliver enhanced
electronic functionality and seamless bi-directional interfaces between man-made and
biological structures[84].

One-dimensional inorganic nanostructures, which have critical dimensions
comparable to the sizes of biological molecules, form an excellent materials platform for
building such integrated assemblies. Researchers already use silicon nanowire (SINW)
field effect transistors functionalized with molecular recognition sites in biosensing[85-
87], nucleic acid detection[86], and drug development[88] applications. Recent works
achieved an even higher level of integration by interfacing these transistor devices to
neuronal activity[89], and cyborg tissue scaffolds[90]. Recently research in
bionanoelectronics has been developing a platform for integration of membrane protein
functionality into electronic devices based on a one-dimensional lipid bilayer device
architecture. In these devices, the membrane proteins reside within the lipid bilayer that
covers a nanowire channel of a SINW field-effect transistor. This lipid bilayer performs
several functions: it shields the nanowire from the solution species and serves as a native-
like environment for membrane proteins that preserves their functionality, integrity, and
even vectorality. Previous works showed that this architecture allows us to couple passive
ion transport[91] and active ATP-driven ion transport to the electronic signaling[92].

In this work, | present a 1D bilayer device incorporating a bR proton pump that
couples light-driven proton transport to a bioelectronic circuit output. Significantly, these
devices also use a distinct biological mechanism for regulating their performance where
co-assembly of protein channels and ionophores in the 1D bilayer results in the modified
device output levels and response times.
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4.2 Synthesis and Characterization of Silicon Nanowires
(SINW)

Discovery of one-dimensional inorganic materials such as carbon nanotubes and
silicon nanowirs had provided researchers with an opportunity to construct electronic
interfaces. Nanomaterials have characteristic dimensions comparable to the size of
biological molecules, potentially leading to a much more efficient interface. Nanometer
sized cross-section gives them enhances surface sensitivity, and allows them to utilize
benefits of size effects, such as single-molecule sensitivity, for example silicon nanowires
as gene delivery vehicles for mammalian cells, nanowire field effect transistor-neuron
device array for detection of neuronal signal propagation, nanowire-arrays for detection
of cancer marker proteins.

To synthesize silicon nanowires, vapor-liquid-solid (VLS) mechanism was used.
The schematic shows metal-catalyzed SiNW growth process. The growth process begins
when the catalyst becomes supersaturated with reactant. The source material carrier gas,
SiH4 is introduced into a chamber maintained above eutectic temperature (363°C for a
liquid alloy droplet of AuSi). The carrier gas reacts in the chamber to form liquid eutectic
particles and then the silicon diffuses through the catalyst droplets. When the eutectic
alloy becomes saturated, silicon precipitates at the liquid-solid interface and nanowires
grow.
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Formation of liquid alloy (Au-Si) SiH, vapor impinging Supers_a.ture_ction/ SiHy(g)— Si(s) + 2H,(g)
on the droplet precipitation

Figure 4.1 Schematic of metal catalyzed SINW growth by vapor-liquid-solid (VLS)
method

Heavily p-type doped (<0.005 Q.cm) 4’ silicon (100) wafers with 300 nm thermal
oxide wafers from Silicon Quest International were used as the substrate for various
synthesis and fabrication steps. Silicon wafers were diced into smaller pieces, cleaned
with IPA, dried under N, stream. These Si pieces were then treated with 0.1%
(weight/volume) aqueous solution of poly-L-lysine (PLL) for 5 min, rinsed with DI water,
and dried under N, stream. A drop of 30 nm gold colloid catalyst solution (Ted Pella)
was dispersed onto the chip, incubated for 60s and rinsed with DI water. Excess PLL
was removed from the chip using O, plasma treatment at 50W for 5 min. The growth
substrate with 2nm-thick thin gold film as a catalyst layer can also be used. That thin
catalyst layer is deposited onto substrate by e-beam evaporator.

The growth substrate was then placed in a 1-inch quartz tube furnace (Fig. 4.3).
Nanowire growth was carried out at a chamber pressure of ~100 Torr and a temperature
of ~480 °C using 36 sccm of SiH4 gas (10% silane in Helium) as a Si precursor and 4
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sccm of B2H6 (100ppm diborane in Helium) as dopant. 30-minute long growth produces
a large amount of nanowires in the 40 to 80 nm diameter range. To harvest the nanowires
for subsequent device fabrication use, the chip with grown nanowires was placed in 1mL
of ethanol and sonicated in a water bath sonicator for 1-3 seconds. The resulting silicon
nanowires were suspended in ethanol.
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Figure 4.2 CVD setup for synthesis of SINW. Photograph of furnace and controller (top)
and schematic of gas line, furnace, pumping subsystems (bottom)

CVD system for SINW growth is composed of a tube (TF55030(P)A,
Lidberg/Blue with a UP 150 Temperature Controller), mass flow controllers
(1179A51CS1B, MKS) for gas delivery. 10% silane in helium (or or hydrogen) as
precursor gas and 100ppm diborane in helium (or hydrogen) for p-type doping were
purchased from Voltaix, Inc. Argon with ultrahigh-purity level serves as the carrier and
purge gas. Stainless-steel tubing and Swagelok fittings were used to connect all
components (see Fig. 4.2 bottom). The quartz tube was connected to the gas lines via 25
mm o-ring sealed stainless steel fittings enabling easy opening and sealing of the reaction
chamber. A Emechanical pump (Edwards) was used for vacuum and two pressure sensors
(Baraton Capacitance Monometer, MKS Series 945 pirani gage vacuum sensor, MKS
Instruments) were used to monitor the pressure.
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Figure 4.3 SINW CVD growth setup and a SEM image of catalyst on growth chip

Figure 4.4 SEM and TEM images of silicon nanowires grown by CVVD method

The above Fig. 4.4 shows SEM images of SINW forest on the growth substrate and
magnified view of SINWSs with diameter in the range of 40-80 nm. TEM images of SINW
showing crystalline core with amorphous shell. Inset shows electron diffraction of the
crystalline core indicating single crystal of silicon.
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Figure 4.5 Top-view SEM image of p-type SiNWs CVD-grown on Si substrate with
2nm-thick gold thin film and histograms of typical diameter distribution obtained from
SEM images. Average values of both samples are 63nm and 68 nm in diameter for each
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4.3 Fabrication of Silicon Nanowire Field Effect
Transistors (SINW FET)

4.3.1 Fabrication process of SINW FET

4.3.1.1 Nanowire alignment

Silicon wafers were dehydrated in a 180 °C convection oven for about 30 min and
allowed to cool to room temperature. Subsequently, the wafer was treated with 0.1%
(weight/volume) aqueous solution of PLL for 3min rinsed with DI water and dried under
N2 stream. A polydimethylsiloxane (PDMS) micro-channel stamp was placed on the
device silicon and the nanowire suspension was introduced through the channel at a 0.1
ml/min flow rate to deposit and align the nanowires in the direction of the flow.
Alternatively, the nanowires were deposited onto the wafer directly using the dry transfer
method. In one variation a small chip with as-grown nanowires was translated across the
wafer. In another, the nanowires were first deposited onto a PDMS stamp surface by
touching the stamp to the nanowire chip and then touching the stamp to the wafer surface.
PLL was subsequently removed using oxygen plasma etching as described in the
previous sections. At the last step the wafer was annealed at 180 °C for 10min in inert
gas. PDMS Micro-channel was fabricated by following way. PDMS pre-polymer
solution and the curing agent at a ratio of 10:1 (weight/weight) were thoroughly mixed
and degassed using vacuum. PDMS was cast on a microchannel pattern [500 um x 50 um
x 1 cm (w x h x I)] pre-patterned with SU8 photoresist on a silicon wafer and was cured
at ~80 °C on a hotplate for 1hr. Micro-channels ‘stamps’ were cut from the master-mold
and sonicated in ethanol for 5 min to clean them before use.

before  after =
Y, » » N
XN e e Y

N
chip

Sonication
In ethanol

PDMS p-channel

— -

$160.m 660 zn
7mm

Figure 4.6 Solvent flow-induced nanowire alignment
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Figure 4.7 Nanowire transfer by contact printing method

4.3.1.2 SINW FET device fabrication

Source-drain electrode patterning: The device wafer with aligned nanowires was
again dehydrated in 180 ‘C convection oven for about 30 min and allowed to cool to
room temperature. LOR-3A photoresist was spun on the wafer at 4000 rpm for 40 s to
obtain ~350 nm thick film. The wafer was baked at 180 ‘C for 5 min in a convection
oven. After cooling the wafer to room temperature, S1805 photoresist was spun onto the
wafer at 4000 rpm for 40 s to obtain film thickness of ~400 nm. This wafer was
subsequently baked for 90 s at 110 °C on a hotplate. The wafer chip was exposed through
a photomask using an aligner tool (ABM Inc.) operated in a vacuum contact mode for ~3
s at 17 mW/cm?. The exposed wafer was developed in AZ-300 MIF developer for 20-40
s using gentle agitation. Wafer was immediately washed with DI water, dried in N, and
cleaned with O, plasma at 30 W to remove any residual photoresist from the developed
regions. Native oxide on the silicon nanowires in the open contact regions was etched
away using buffered oxide etchant (BOE) for 7-8 s followed by rinsing with DI water and
drying with N2. 100 nm Ni was subsequently deposited, at a pressure below ~1x107 Torr,
onto the patterned chip to define source and drain electrode contacts to the nanowire with
5 um spacing. Lift-off was carried out in Remover-PG at 70 “C to define the final device
structure.

Device Annealing: After lift-off, the device wafer was annealed at 380~395°C in a
forming gas 10% H,/90% N, for 2 min using a rapid thermal annealing apparatus to form
ohmic contacts between the nanowire and the nickel contact electrodes. A pre-soak at
200°C for 2 min was used to eliminate any moisture prior to carrying out the higher-
temperature anneal.

Electrode passivation: Contact Ni electrodes were further passivated by spin
coating the wafer with HMDS adhesion promoter at 1000 rpm for 40 s followed by spin-
coating of photoresist S1805 at 4000 rpm for 40 s. Photoresist layer was further baked at
115 °C for 90 sec and patterned using a photomask on an optical aligner similar to earlier
steps. The mask was aligned to the metal contact electrode layer such that a 2 [Im
channel is exposed in the gap between metal contact electrodes. The pattern was
developed in AZ 300-MIF developer to form the channel that exposes SINWSs in the
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region between metal electrodes. For measurements, the device chip was mounted in a
home-built holder with a PDMS channel (similar to the one used for nanowire alignment)
bearing inlet/outlet openings for liquid flow and a third opening for inserting a leak-free
Ag/AgCI reference electrode (Warner Instruments, LLC), which was used as a gate
electrode.

1%t photolithography 2" photolithography
(contact pads) (source/drain electrodes)

Figure 4.8 Images of SizNs-passivated SINW FET device (A: schematic of device pattern,
B: SEM image of device pattern, C&D: optical images of fabricated SINW-FET
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Figure 4.9 Schematic of fabrication process of SINW field effect transistor with silicon
nitride passivation of metal electrodes. An 100nm conformal layer of stoichiometric
silicon nitride was deposited onto metal contacts by PECVD
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Figure 4.10 Optical images of photoresist-passivated SINW FET device (A: device chip
before photoresist-passivation, B: after photoresist-passivation, C: optical image of
photoresist-passivated SINW FET, D: magnified view of single SINW transistor with
2um-width micro trench
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Figure 4.11 Steps for photoresist passivated SINW FET devices
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4.3.2 SINW FET Device Characterization

Fully assembled devices were mounted onto a probe station shielded with a
Faraday cage. Transfer characteristic (Isp vs Vg or I-V) and real time (lsp vs t)
measurements were done using a home-built measurement system that used a set of NI-
DAQ cards (National Instruments) for AC source-voltage (Vs) application. Lock-in
detection was performed using Keithley 428-PROG preamplifier along with National
Instrument’s lock-in kit for Labview. -V curve acquisition and time-trace measurements
were carried out using AC source-drain bias of 200 mV (amplitude) at 5 Hz and 100 Hz
frequencies.

Leak-free
@ Ref. electrode
U PDMS channel

Source

Figure 4.12 Schematic of experimental setup used for current-voltage measurement of
silicon nanowire devices and SEM images of single-SINW FET device.

57



250x10" - E 107
200 F
E 10
< 150- a 5
3 . 3
100 - 10
50 — 107
0

-1.0 -0.5 0.0 0.5 1.0
Vy(v)

Figure 4.13 Transfer characteristic for the bare p-type SINW FET device fabricated (blue:
linear scale, red: log scale) shows excellent device performance with on/off ratio of ~10*
and top-view SEM image of SINW FET

pH response of the bare SINW devices by flowing buffer solution of different pH
was also obtained and the steady-state conductance of the device was recorded (Fig. 4.14).
Actually, a highly ubiquitous application of SiNW-based FET sensing is pH detection.
Since pH changes are a common feature of many biological processes, this sensing
modality is especially important for bionanoelectronics. As the solution pH changes,
charging of silanol groups at the silicon oxide layer on the surface of p-type SiINWs leads
to changes of the depletion region in the SINW channel that then affects the source-drain
current at a given gate voltage[93]. To show that the devices can respond to the proton
concentration, it was tested with phosphate buffer solution with pH range 3-8. The
sensitivity of NW electrical response to the proton concentration is 43.6mV/pH. Bare p-
type SINW FETs showed a pronounced increase in conductance when the pH of the
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fluidic environment around the NWSs was changed from 3 to 8, which corresponded to the
average pH sensitivity of 50-100 nS/pH in the pH range of 3 to 8.
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Figure 4.14 pH response of bare silicon nanowire devices

4.3.3 Lipid bilayer assembly on SiINW FET devices

An important step toward building bionanoelectronic interface would involve
functional integration of nanomaterials with membrane proteins. Actually, if biological
material is deposited directly on silicon, the organic will die. With the lipids as an
interface, the two disparate materials can be combined. Biocompatible one-dimensional
lipid bilayer with membrane protein channels on silicon nanowires can be proposed for
functional integration. Silicon nanowires present two-distinct length scales that are
advantageous for assembling and building bionanoelectronic architectures. Nanoscale
cross-section gives enhanced surface sensitivity and long axial dimensions can simplify
manipulation and assembly into functional devices and enables macroscopic connections,
control and readouts. Silicon oxide surface is very biologically friendly. Silicon nanowire
field effect transistor can operate in ionic solutions, provide a natural and effective
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connection between micrometer-size active area of device and macroscopic measurement
equipment, a single device chip can house hundreds of individual devices, and most
importantly transistor gain provides an effective means of amplifying very weak signals
generated by biological events. Lipid membrane is a universal matrix that can house a
number of protein machines. Lipid bilayers are virtually impermeable to ions and large
molecules, which makes them also suitable as a natural barrier that prevents non-specific
adsorption.

Functional proteins can be incorporated into silicon nanowire transistors by
covering nanowire with a lipid bilayer shell that forms a barrier layer between nanowire
surface and solution species. This shielded wire configuration allows us to use membrane
functional proteins as the only pathway for the ions to reach the nanowire. This also
could be how to use the nanowire device to monitor specific transport and also to control
the membrane protein.

4.3.3.1 Liposome formation and Lipid bilayer fusion on SINW devices

The key procedure for building my bionanoelectronic device was the formation of
lipid bilayer on the surface of the SINW. The hydrophilic negatively charged native oxide
present on the NW surface in solution makes NWs particularly attractive as a template for
supporting lipid bilayer formation.

300 pl of DOPC (10 mg/ml) in chloroform (Avanti Polar Lipids) were added to a
glass vial with a Teflon-lined lid. For fluorescence imaging 11 ul of TexasRed-DHPE
lipid (10 mg/ml) in chloroform was added to the lipid composition. Chloroform was
subsequently evaporated in a Biotage V-10 evaporator to form a lipid film on the vial
walls. This vial was further stored in a vacuum desiccator overnight to ensure complete
removal of chloroform before use. Dried lipid film was then hydrated with 1 ml of 150
mM KCI, 1 mM KH,PO,, pH 6.8 buffer to a final lipid concentration of 3 mg/ml and
extruded through a 200nm pore size filter using a hand-extruder (Avanti Polar Lipids).

Liposome solutions were flown over the SINW FET devices through the PDMS
microfluidic channel and allowed to fuse over the nanowire surface for a minimum of 30
min, followed by washing with copious amounts of 150 mM KCI, 1 mM KH,PO,4 pH 6.8
buffer, to remove un-ruptured vesicles. Bilayer formation, uniformity and mobility were
evaluated by incorporating 0.5% Texas-Red-DHPE lipid (Invitrogen) into the lipid
composition. To estimate the mobility of lipid molecules in the bilayer we performed
fluorescence recovery after photobleaching (FRAP) experiments using a confocal
microscope (Zeiss LSM 710).
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Figure 4.15 Image of lipid bilayer coverage on SINW

Fig. 4.15 shows Texas red fluorescence images showing uniform bilayer coverage
in the 2 um active photoresist channel between metal contact electrode region on the
device chip [A] and FRAP images show TR-DHPE fluorescence initially, after bleaching,
and recovery after 100 s in the channel region. These images show uniform bilayer in the
channel region. Bilayer mobility in the channel region was calculated to be ~1 pm?/s [B].
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Figure 4.16 pH response of lipid bilayer-coated SiNW surface

These data indicate that the DOPC bilayer membrane blocks proton transport
between the fluid environment outside the lipid bilayer and the hydration layer situated
between the inner leaflet of the bilayer and SiNW surface. Time traces of normalized
conductance of uncoated SiNW transistor and lipid-bilayer coated SINW transistors as
pH solution changed from 5 to 7. Bare NW FETs shoed a pronounced increase in
conductance when pH of fluidic environment around NWs was changed from pH 5-7.
lipid bilayers on SINW surface provide good shielding of the nanowires to protons.
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4.4 Light-Powered Bioelectronic Devices with
Biologically-Tunable Performance

Many key biological processes ranging from cell signaling to energy production
involve active and passive ion translocation across cell membranes and often other
proteins and small molecule mediators provide critical regulation of such transport. Here
these biological regulation mechanisms were adapted to control bioelectronic devices
based on silicon nanowire transistors that incorporate a functional light-activated proton
pump, bacteriorhodopsin (bR). Bacteriorhodopsin (bR)-lipid bilayer integrated onto
SiNW bioelectronic devices

4.4.1.1 Materials and methods

SiINW growth and FET device fabrication: As previously described in Chapter 4.3,
P-type silicon nanowires with diameters in the range of 40-80 nm were grown using
catalytic chemical vapor deposition (CVD). SiNWs were aligned onto a SiO, surface
using flow alignment technique[94]. The source-drain electrode contacts, with a typical
spacing of 5 um, were patterned on the wafer using photolithography, and the chip was
subsequently passivated with an additional photoresist layer, creating a 2 um channel
exposing the SINWSs. These devices were then placed into a PDMS fluid cell with
inlet/outlet ports for solution delivery, and an opening for a leak-free gate electrode.

Proteoliposome preparation and characterization: For bacteriorhodopsin
incorporation into the liposomes, pre-formed vesicles were de-stabilized with n-dodecyl-
B-D-maltoside (BDDM, Sigma-Aldrich). Purified bacteriorhodopsin (Sigma-Aldrich,
some bR protein was also provided by M. Coleman (LLNL)) was added to the de-
stabilized vesicle solution to a final bR: lipid molar ratio of 1:500 and final fDDM
concentration of 0.008%. This solution was incubated at room temperature for 45
minutes and then the surfactant was slowly removed by using bio-bead SM-2 adsorbent
(Bio-Rad). Stepwise addition and removal of 40 mg/mL bio-beads to the proteoliposome
solution was done 5 times over 5 hours of incubation. This solution was further purified
to remove unincorporated bR and any remaining surfactant micelles by size exclusion
column chromatography using 10 mL column (Pierce) packed with Sepharose CL-6B
(Singma-Aldrich). Fractions were collected and analyzed with Nanodrop 2000 UV-Vis
(Thermo-Scientific) to identify the fraction containing bR proteoliposomes. Successful
incorporation of bR into liposomes was verified using UV-Vis spectroscopy and dynamic
light scattering (DLS) measurements before and after reconstitution. Proteoliposome
solution was pushed into a PDMS channel covering the device chip and allowed to fuse
for 30 minutes. For measurements the PDMS channel was filled with 150 mM KCI, 1
mM KH2PO4, pH 6.8 buffer solution. Confocal laser scanning microscopy was used for
characterization of formation of lipid bilayer coverage and mobility on the SINW. These
properties were verified by adding a small amount of TexasRed-DHPE to the lipid
mixture and imaging the bilayer with a scanning confocal microscope (Zeiss LSM710
with Zen software).

Gramicidin A (gramA) incorporation in the bR reconstituted vesicles: GramA was
dissolved in ethanol to obtain a final concentration of 5mg/ml. 300 ul of DOPC was
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added to a glass vial with a Teflon-lined lid. An aliquot of the gramA solution was added
to the same glass vial to obtain a mixture containing gramA: lipid at molar ratio of 1:200.
Subsequently, the solution mixture was dried to form a film. Starting with this
lipid/gramA film, proteoliposomes were prepared as described in the previous section.

lonophore Incorporation: lonophores, valinomycin and nigericin, were added to
the solution in the PDMS microfluidic channel at a final concentration of 2 uM and
incubated in the fluid cell for approximately 30 min to allow sufficient time for
incorporation into the bR containing bilayer. Afterwards, the chamber was washed with
buffer. GramA was co-reconstituted with bR during proteoliposome preparation, at a
ratio of 1:200 gramA: lipid.

Device Measurements: Assembled devices were mounted in a shielded probe
station. Transfer characteristics (Is.p Vs V) and real time (ls.p vs t) measurements were
recorded with a home-built measurement system that used a NI-DAQ card and a Keithley
428-PROG pre-amplifier. To improve the signal to noise ratio we have applied an AC
bias between the source and drain electrodes and used lock-in detection to measure the
source-drain current. For device photoactivation we used an external LED light source
(SCHOTT KL 2500) fitted with a green (560 nm) bandgass filter (Newport Corp.). The
light source output had a power density of 136 mW/cm“at 100% illumination and a spot
size of 1 cm in diameter.

4.4.1.2 Device design and operation

The basic device platform (Fig. 4.17) was based on a microfabricated SiINW field-effect
transistor in which the nanowire ends were clamped between a pair of source and drain
electrodes insulated from the solution by a protective photoresist layer. A microfluidic
channel filled with a buffer solution covered the active area of the chip. This
configuration allowed us to fuse proteoliposomes to create a continuous lipid bilayer onto
the SINW surface while keeping the bilayer and proteins in their native hydrated state
during subsequent device measurement. The lipid bilayer covering the nanowire surface
contained bR, a protein from the purple membrane of Halobacterium salinarum. bR
absorbs green light (Amax = 560nm) and undergoes a multi-state photo-cycle that
translocates a proton across the membrane[95]. In bacteria, this process builds up the
proton motive force[96] that subsequently powers ATP synthesis. Bacteriorhodopsin is
also exceptionally stable ex-vivo under diverse environmental stresses and over a broad
range of pH and temperature [97, 98].

After we reconstituted bR into preformed 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) liposomes and fused the resulting proteoliposomes onto the
device surface, fluorescence microscopy imaging (Fig.4.16) indicated that the lipid
bilayer covered the nanowire device completely. To visualize the bilayer a small portion
of the lipid was labeled with a TexasRed™ fluorescent dye. Inset of Fig.4.16 shows a
scanning confocal microscope image of a single device region of the chip showing a
SiNW covered with lipid bilayer. Moreover, fluorescence recovery after photobleaching
(FRAP) measurements indicated that the lipid bilayer covering the nanowire was
continuous and mobile (Fig. 4.15), both of which are important properties for providing
good shielding of the SINW surface and accommodating the membrane proteins.

Time trace of the SINW transistor source-drain current was recorded under 3
cycles of green light (560nm) illumination for the uncoated SiNW device (black trace)
and the device coated with a lipid bilayer containing bR protein (red trace).
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Upon exposure to 560 nm green light, the SINW devices that did not contain
membrane proteins registered small amounts of photocurrent (Fig.4.17, black trace)[99].
This signal was quite small (the maximum conductance change was less than 0.1%) and
exhibited almost instantaneous turn-on and turn-off kinetics: upon illumination the signal
immediately increased to a steady-state level, which then decayed back to baseline level
as soon as the light was turned off. When the lipid membrane covering the SINW
contained bR protein, the device showed a markedly different response to the green light
exposure (Fig. 4.19, red trace). The source-drain current started to decrease with the
magnitude of this decrease exceeding that of the photocurrent by at least an order of
magnitude. Unlike the photocurrent signal, this signal change was not instantaneous, but
instead showed a fast initial rate of change followed by gradual slow-down. After the
illumination was switched off, the current slowly returned to its original level. This cycle
was repeatable (Fig.4.19) without any significant losses of signal strength or fidelity.
These observations indicate that the observed electronic response is caused by the
photoinduced activity of bR protein.

The following mechanism is proposed for the observed device response. It is
unlikely that the proton gradient build-up and the associated electrical potential across the
membrane are responsible for the slow-down, since this hypothesis cannot explain why
the devices return to their initial state after the light is switched off. Instead, a much
more likely mechanism involves the interplay of the two processes that occur in the
illuminated device. Upon exposure to green light, the bR proteins in the lipid membrane
start pumping protons across the lipid bilayer, building up a proton gradient across the
bilayer. The resulting change in the SINW surface charge due to the protonation of
SIOH™ groups causes a decrease in the current output[100]. A competing process
involves passive diffusion of protons across the lipid bilayer that tries to equilibrate the
proton concentration on both sides of the membrane. The rate of diffusion increases with
the increasing proton gradient magnitude, and the proton pumping rate does not. As
these processes begin to offset each other, the device rate of response slows down and
eventually should reach a steady state. When the light is switched off and the protein
stops pumping protons, the leakage through the bilayer continues to deplete the
transmembrane proton gradient. Eventually the device returns to its baseline state and
becomes ready to repeat this sequence of events during the next illumination cycle.
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Figure 4.17 Device schematics showing a SINW transistor with the nanowire covered
with a lipid bilayer containing bacteriorhodopsin protein
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Figure 4.18 Scanning confocal microscopy image of the chip coated with lipid bilayer.
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Figure 4.19 Normalized time trace of the SINW transistor source-drain current

4.4.1.3 Quantitative analysis of the device performance

The quantitative model describing such Kinetics is similar to the model of the
operation of the Na,K-ATPase driven bioelectronic transistor[92]. The proton pumping
and proton leakage rates define the two main model parameters. As long as the incident
light intensity is not causing the protein response to saturate, the proton gradient build-up
could be described as the zero-order process governed by the light-intensity-dependent
rate of proton pumping, lo. Proton leakage through the lipid bilayer obeys Fick’s law
where the leakage rate, governed by the time, 7, is proportional to the magnitude of the
transmembrane proton gradient. If we assume that the conductance shift of the device is
proportional to the change in the proton concentration, C, (i.e. that the device operates
within the linear part of the pH response curve of the SINW transistor, Fig. 4.20), then the
kinetics of the device response can be described by a master equation:

ac _

1
— =1y —-AC (1)

where 1/7 represents a first-order kinetic constant for the leakage process. When the
device is illuminated, then the proton concentration gradient should rise as:

C(t) = Cy + Iyr(1 — 75 2)
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and when the light is switched off, the decay of the proton gradient can be described by:

AC(E) = AC, - 7 (3)

where ACy is the proton gradient value reached at the moment when the light was shut off.
Indeed, the device response kinetics follow the relationships predicted by the Eq. 2,3 (Fig.
4.21a).

This model also points to several key features of the device kinetics. First, as the
proton leakage process plays a role both during the light-ON and light-OFF cycles, the
leakage time estimated from the rise and fall regions of the response curve should be
identical, which is indeed what we observed in the experiments (Fig. 4.21a, inset).
Second, the initial pumping rate should show the linear dependence on the intensity of
the incident light, at least until bR activity reaches saturation. Again, the values of the
initial pumping rates that we measured at 5 different light intensities follow this
dependence (Fig. 4.21b).

1.0 4 ~
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T T T T T
4 5 6 7 8

Figure 4.20 Average pH response curve (red filled squares) and individual pH response
curves (dotted lines) for four SINW FET devices

The pH response of the bare SINW devices by flowing buffer solution of different pH
through the fluid cell and recording the steady-state conductance of the device was
obtained. The pH response shows a well-defined transition centered around pH=5.4.
Black solid line shows the fit of the averaged data to the Henderson-Hasselbalch equation
with the fitted pKa value of 5.3558+0.196.
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Figure 4.21 Kinetics of the device response
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4.4.1.4 Biological modulation of the device operational characteristics

The dynamic equilibrium between the pumping and leakage processes that defines
the device performance also gives us an opportunity to vary the two key operational
parameters—the protein pumping and the proton leakage rates. Previous studies of bR in
cellular environments[101-103] found that proton-electrochemical gradient, Auy*, across
the membrane can influence bR’s pumping efficiency[101]. Thus we can modify the
device performance using different ionophore molecules that allow specific ions to cross
the lipid membrane. Three different ionophores that self-insert into the bilayer allowed
us to vary different components of the proton-electrochemical gradient independently.
Valinomycin, a hydrophobic carrier molecule that shuttles K ions across the membrane
in the direction of the electrochemical gradient [104, 105], relieves the electric field
gradient across the membrane, but leaves the proton gradient intact. Nigericin, a
transmembrane carrier that catalyzes an electro-neutral K*/H" exchange across the lipid
bilayer [106, 107], relieves the proton gradient, but preserves the electric field gradient.
Finally, gramicidin A (gramA), a peptide that forms a passive channel in the membrane
allowing fast ion leakage[108], neutralizes both of these gradients.

Valinomycin, which allows only K* ions to cross the membrane, provides an
effective compensatory pathway to relieve the electrical potential across the bilayer while
keeping the proton gradient intact. Since this activity relieves the back-pressure caused
by the electrochemical gradient, on the proton pump, we expect that bR protein should be
able to develop a larger pH gradient under the bilayer in presence of valinomycin. Indeed,
addition of 2 uM of valinomycin to the 1D bilayer device increased the peak proton
accumulation under the bilayer surface by ~50% (decreasing the pH by additional 0.3
units) compared to devices containing only bR (Fig. 4.22a). This effect was also
repeatable over multiple light on/off cycles. The initial pumping rate also increased
almost 2-fold compared to devices containing bR only (Fig. 4.23a). The origin of this
effect is best understood by considering that the maximum proton gradient that can be
generated in the device is given by the value of the proton concentration when the proton
flux generated by the pump is equal to the proton flux leaking through the bilayer:

ACmax = IpT (4)

According to Eq. 4, increased protein pumping rate should lead to the enhanced device
response. Another confirmation of this mechanism comes from the values for the proton
leakage rate time constant: as we expected, valinomycin addition did not significantly
change the proton leakage rate (Fig. 4.23c).

Incorporation of nigericin, an electro-neutral antiporter ionophore, exploits a
different aspect of our device functionality. Nigericin facilitates the back-flux of the
protons pumped under the bilayer by bR, thus providing some relief for the proton
gradient. Since this action is accompanied by the coupled flux of potassium ions in the
opposite direction, this ionophore preserves the electrical field gradient developed by
bacteriorhodopsin. By providing an extra leakage pathway for the protons, nigericin
effectively reduces the efficiency of the proton pumping; therefore, according to Eq. 4,
the maximum signal achieved by the device should also be reduced relative to the signal
obtained before introduction of the ionophore. Indeed, the experiment shows (Fig. 4.22b)
that after addition of 2 UM nigericin the maximum proton accumulation decreased by ca.
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35% (a ApH difference of 0.2 units) compared to the devices with only the bR protein. In
this instance, we see that the initial pumping rate decreased approximately 2-fold at the
maximum light intensity (Fig. 4.23b). Additionally, since nigericin provides another
leakage pathway for protons, we saw faster leakage time, t, during the light-ON state (Fig.
4.23c). Curiously the average leakage time during the light-OFF state remained largely
unchanged; further investigations should help to clarify the origins of this effect.

Finally, we explored a way to drastically increase the proton leakage rate though
the lipid bilayer by introducing gramA to our devices. GramA is a passive pore that
exhibits high permeability for protons and monovalent ions. The presence of GramA
pores in the bilayer-coated device effectively shorts the lipid membrane and provides a
major pathway to relieve all ion and proton gradients in the system [109, 110]. Indeed,
when we introduced GramA to our devices, most of the proton pump activity was
suppressed and we observed only very small SINW conductance change in response to
the green light illumination (Fig. 4.22c). In this work, we used hierarchical assembly of
membrane protein pumps and ionophore molecules to create biologically-tunable
bioelectronic devices that converted light-induced proton transport by bacteriorhodopsin
protein into an electronic signal. The results show that addition of ionophores to the
system can tune the device output by altering the two dominant Kinetic processes in the
system: proton pumping by the bR protein, and passive proton leakage through the lipid
bilayer. Furthermore, different ionophores were able to modulate different system
parameters. Valinomycin enhanced the initial device response rate, and increased the
overall level of device response. Nigericin, in contrast, reduced the overall device
response and the initial device response rate. Co-reconstitution of gramA into the lipid
membrane abolished the device response and effectively neutralized the pH gradient
buildup by perforating the lipid bilayer.
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Figure 4.22 Device response in presence of ionophores

Time traces of the proton concentration under lipid bilayer in the vincinity of the
SiNW for the devices incorporating bR proteins and (A) valinomycin, (B) nigericin, and
(C) gramicidin A. Schematics on the right side illustrate the action mechanism for each
ionophore.
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Figure 4.23 Bioelectronic device performance in presence of ionophores

(A). A plot comparing the initial bR pumping rate measured in the device incorporating
bR protein before (empty red circles), and after (filled green circles) addition of 2 uM
valinomycin. (B), A plot comparing the initial bR pump rates for bR containing devices
before (empty red circles) and after (blue filled circles) exposure to 2 uM nigericin. (C).
Bar graph showing the values for the average proton leakage time through the lipid
bilayer measured with the light ON and light OFF for devices containing bR only (red),
bR and valinomycin (green), and bR and nigericin (blue).
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4.5 Conclusion

P-doped silicon nanowires were synthesized by catalytic CVD method and this SINW
based field effect transistors (FET) for bioelectronics were fabricated using conventional
photolithography to pattern metal electrodes passivated with silicon nitride or photoresist
layer. Template-directed assembly of 1D lipid bilayers on the nanowire templates showed
these lipid bilayers covering nanowires were continuous and mobile.

bR acts as a biological gate that allows the device to convert protein photocycle
events into a transistor response. Co-assembly of several different ionophores in the
device allowed us to regulate two key parameters that determine the device functionality:
the proton accumulation and proton gradient relief rates. These results demonstrate that
biological regulation mechanisms can be used to tune bioelectronic device performance.
These results open up new opportunities for constructing bioelectronic devices. The
incorporation of a robust proton pump capable of developing significant pH gradients is a
major step towards integration of other biological processes powered by proton gradients
to nanoelectronic circuits.  Most significantly, the possibility to tune the device
performance by using biological modifiers co-assembled in the membrane covering the
nanowire gives researchers a much more extensive biological toolkit for bioelectronics
applications.
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