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Abstract

Carbon Nanotube Porin Based Biosensors

by

Xi Chen

Doctor of Philosophy in Chemistry and Chemical Biology

University of California, Merced

Advisor: Professor Aleksandr Noy

The biomimetic structures of carbon nanotube porins and lipid membranes

provide a membrane coating to isolate biosensor surface from potential foulants

present in biological fouling solution. The lipid membranes mimic cellular

membrane while the ultrashort carbon nanotube porins mimic the structure

and functionalities of membrane protein channels. This versatile biosensor

platform enables the ion sensing at nano-bio interfaces and opens up the po-

tential for intracellular and multimodal sensing.

In this dissertation, I will review the properties and advantages of carbon nan-

otubes in the nanofluidics field. I will report the optimization of high-yield

synthesis of carbon nanotube porins, the biomimetic nanochannels in mem-

branes. I will also discuss the fully synthetic membrane with incorporation

of carbon nanotube porins into a block-copolymer matrix. In addition, I will

present a biomimetic approach for creating fouling-resistant pH sensors by in-

tegrating silicon nanoribbon transistor sensors with an antifouling lipid bilayer

coating that contains proton-permeable carbon nanotube porin channels and

demonstrate robust pH detection in a variety of complex biological fluids. And

lastly I will describe potential applications of the carbon nanotube porin based

biosensor platform.
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Life is a journey,

not a destination.
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Chapter 1

Introduction

The interface between biological systems and nanoelectronics allows the
interaction and communication between natural and synthetic systems. It
serves as a powerful toolkit to interpret complicated yet fascinating processes
of living systems in a way that can be readily understood by current tech-
nologies. Biological signaling mechanisms often involve small molecules, ions
[1], and protons and facile in situ monitoring of the levels of these species is
vital for medical diagnostics. Even the simplest signals, such as intracellular
pH level can provide important information: for example, acidification of tu-
mors because of elevated glucose uptake and lactic acid release is a biomarker
of cancer cells [2] (Figure 1.1). Acidification of extracellular fluid is also one
of the key processes during epileptic seizures, and monitoring and controlling
pH of extracellular fluid has diagnostic and therapeutic potential [3]. Another
example is diabetes insipidus, which is caused by the improper response of
kidney to Vasopressin (ADH). Depending on the different types of the condi-
tion (Nephrogenic, Dipsogenic, and Hypothalamic), it has different treatment
plan. Unfortunately, this condition is often recognized late after a “diagnostic
odyssey” involving false leads and dangerous treatments [4]. If we can mon-
itor the Na+/K+ imbalance to help diagnosis at an early stage, appropriate
treatment can be initiated to achieve urinary concentration independent of
vasopressin, avoiding a lot of tragedies. The list of examples could go on and
on. This and other challenges have motivated me to develop a biosensor plat-
form that can achieve ion sensing at the nano-bio interface to enable medical
diagnosis.

Of all biosensing platforms, electrical sensors represent the best oppor-
tunity to develop implantable long-term sensing platforms because of their
typically high sensitivity levels, fast response, and ease of multiplexing, sig-
nal processing, and coupling to wireless readout components [6, 7]. Although
ion-selective electrodes represent the most ubiquitous electrical ion sensing
platform, field effect transistors (FETs) have matured into a versatile alter-
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Figure 1.1: Schematic presentation of (A) normal cell in healthy tissue and
(B) cancer cell in tumor. The extracellular pH in healthy tissue is around
pH = 7.4 while pH in tumor can be as low as pH = 6.2. (Reproduced with
permission from [5]. c© 2015 American Association for Cancer Research).

Figure 1.2: Vasopressin response to plasma osmolality for different types of
diabetes insipidus. (Reproduced with permission from [4]. c© 2006 American
College of Physicians).



CHAPTER 1. INTRODUCTION 3

native sensing platform that excels at continuous monitoring of small analyte
levels [8]. FET sensors typically respond to the changes in the surface po-
tential on the device channel region due to analyte binding or local ionization
events and then amplify this signal using the high intrinsic transistor gain. Sil-
icon nanowire/nanoribbon devices that exploited tailorable nature of silicon,
advances in nanowire synthesis, and the existing mature silicon processing
technologies have developed into a versatile platform for real-time, label-free,
highly sensitive detection of disease biomarkers [9–13], DNA mismatches [14–
16], and viruses [17].

However, due to the nature of biological materials (high ionic concentra-
tion), large background noise resulting from non-specific absorption and foul-
ing propensity of the sensitive device surface, there are limitations to the
FET-based biosensing and diagnostic platforms. As the platforms move into
the realms of clinical use and potentially even long-term implantable applica-
tions, some of the limitations come into sharp relief, especially those related
to device fouling in complex fluid environments.

Researchers have used different fouling mitigation strategies based on poly-
meric surface coatings [18–20], bioinspired functionalization approaches [21,
22], and low-adhesion coatings [23]. Another general strategy to mitigate foul-
ing is based on separating the sensing surface, which houses the analyte targets,
from the measuring surface of the FET device. To implement this strategy, re-
searchers developed sensors with side gate [24], floating gate [25, 26], and dual
gate [27, 28]. In both cases, purification/filtering-separation-preconcentration
process is inevitable.

In this dissertation, I proposed an alternative strategy that uses a semiper-
meable lipid membrane coating on a device to isolate the sensor surface from
the sensing solution. They are self-healing, easy to form on sensor surface,
and fouling-resistant to large molecules. The lipid membranes mimic cellular
membrane and are universal matrix for housing transmembrane proteins [29].
They can act as a versatile platform for creating nanoelectronics with and
assembly of synthetic membrane channel to mimic biological protein pore. In
order to perform the sensing ability as designed, we need to incorporate spe-
cific membrane channels that can self-insert into the lipid membranes and only
allow species of interest to reach the device sensing surface. Previously, Noy
group have demonstrated the versatility of this approach by creating SiNW
FET devices that incorporate specific ion channels [30], and ion pumps [31].
The channels Noy group used are Carbon Nanotube Porins, or CNTPs
(Figure 1.3) [32, 33]. Carbon Nanotube Porins are biomimetic analogs of bio-
logical protein channels. CNTPs are named due to they resemble the structure
of β-barrel structure of porin proteins and the functionality of self-insertion
into lipid membranes.
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Figure 1.3: Schematic illustration of CNTP-lipid membrane passivation on
sensor surface. The lipid membrane coating will work as protection layer to
inhibit foulants adsorb on sensor surface. Carbon Nanotube Porins will self-
insert into the membrane, allowing small ions to go through, thus maintaining
the ion sensing ability of sensors.

1.1 Biomimetic carbon nanotube porins

Carbon has been one of the most important elements in nanobioelectron-
ics. Not only because it is the dominant element in organic living systems, but
also because of a variety of allotropes of Carbon, especially those nanoscale
allotropes. Fullerene (Buckminsterfullerene, C60) was acknowledged by No-
bel Prize in Chemistry in 1996 for its discovery. It is sometimes deemed as
zero-dimensional (0D) Carbon nanostructure. Graphene was acknowledged
by Nobel Prize in Physics in 2010 for a series of groundbreaking experimental
studies on its properties. It is often described as the two-dimensional (2D)
materials. Their one-dimensional (1D) cousin, Carbon Nanotubes (CNTs),
even though haven’t won any Nobel Prizes yet, have been acknowledged by
the Benjamin Franklin Medal in Physics in 2002. These nanoscale materi-
als draw research interests due to their unique properties caused by quantum
confinement.

Carbon nanotubes have smooth, narrow and hydrophobic inner surface.
These make them the perfect candidate for the synthetic transmembrane chan-
nels we need. They also have ultrafast water and ion transport rate as well
as biologically relevant pore sizes. In addition, their pore diameters, rim func-
tionality, etc. can be controlled to achieve selectivity that rivals biological
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membrane channels. We just need to have a much shorter CNT structure
with a length comparable to the thickness of lipid membrane to provide a
closer match to the protein in membrane structure. They also need to self-
insert into lipid membrane spontaneously to enable efficient transport of water,
ion and small molecules across the lipid bilayer, just like the common behav-
iors in biological channels. We used sonochemical cutting to synthesize carbon
nanotube porins (CNTPs) [32, 34], about 10 nm carbon nanotube (CNT) seg-
ments that spontaneously insert into lipid or polymer membranes and form
transmembrane channels. CNTPs have extremely high ion permeability that
is an order of magnitude higher than bulk permeability. Inert smooth surface
of narrow CNT pores that is responsible for creating conditions that favor fast
ionic transport, also ensures that CNTPs can effectively block most of the
fouling components of biological mixtures and prevent them from reaching the
sensor surface.

1.2 Scope of this dissertation

The objective of my dissertation is to achieve high-yield synthesis of Carbon
Nanotube Porins; investigate the properties of this biomimetic transmembrane
channel in lipid and polymer membranes; and use CNTPs in lipid passivation
to achieve an anti-fouling biosensing platform. This dissertation is organized
in the following five chapters.

In Chapter 2, I will review the unique properties of Carbon Nanotubes and
their outstanding performance in nanofluidics field.

In Chapter 3, I will present a generalized approach for CNTP synthesis
using sonochemistry assisted segmenting of carbon nanotubes. I will discuss
the main parameters that determine the efficiency and the yield of this pro-
cess, describe the optimized conditions for high-yield CNTP synthesis, and
demonstrate that this methodology can be adapted for synthesis of CNTPs of
different diameters. I will also present the optical properties of CNTPs and
show that a combination of Raman and UV-vis-NIR spectroscopy can be used
to monitor the quality of the CNTP synthesis.

In Chapter 4, I will report a fully synthetic biomimetic membrane with
CNTPs incorporated into a block-copolymer matrix. I will demonstrate CNTPs
maintain high proton and water permeability in these membranes. CNTPs can
also mimic the behavior of biological gap junctions by forming bridges between
vesicular compartments that allow transport of small molecules.

In Chapter 5, I will present a biomimetic approach for creating fouling-
resistant pH sensors. I integrate silicon nanoribbon transistor sensors with an
antifouling lipid bilayer coating that contains proton-permeable CNTP chan-
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nels and demonstrate robust pH detection in a variety of complex biological
fluids.

In Chapter 6, I will describe other potential uses of this Carbon Nanotube
Porin based biosensors platform. Some exploratory design ideas for this CNTP
based sensing platform are conceptualized: (a), using CNTPs as cellular inter-
face to achieve intracellular recording; (b), functionalizing the rim of CNTPs
through EDC coupling to realize tailorable channels thus allowing specific
ions transport for selective sensors; and (c), making a multimodal biosensor
by adopting receptors for different ions and differential setup to probe differ-
ent ions’ concentrations simultaneously. Overall, CNTPs represent a versatile
nanopore building block for creating higher-order functional biomimetic ma-
terials.
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Chapter 2

Carbon Nanotubes in
Nanofluidics

2.1 Introduction

Carbon nanotubes (CNTs) were first observed by transmission electron
microscopy (TEM) in 1991 [1]. Ever since the discovery of single wall car-
bon nanotubes (SWCNTs) in 1993 [2, 3] these cylinders of carbon atoms with
thickness of one atomic layer have found extensive applications in a number
of research areas [4] and become a truly iconic molecule of nanotechnology.
Subsequent synthetic breakthroughs allowed production of large quantities of
high-purity single wall CNTs with a small diameter distribution [5, 6]. High
resolution TEM, scanning tunneling microscopy (STM), and Raman scattering
measurements have shown that SWCNTs exist as rolled-up seamless graphene
cylinders with sp2 bonded carbon atoms organized into a honeycomb structure
(Figure 2.1). This roll-up vector (n, m) determines the key parameters of a
CNT - diameter and chirality [7]. Depending on the chirality (i.e the chiral
angle between hexagons and the tube axis), SWCNTs can behave as metallic
or semiconducting molecules (with band gaps that range from ca. 10 meV
to 0.5 eV for a typical diameter of 1.5nm) even if they have nearly identical
diameters [7]. Intensive effort has been made to study the electronic proper-
ties of nanotubes and their atomic structures [8–12]. Metallic CNTs are ideal
for studying quantum phenomena in quasi 1D solids, including single electron
charging, Luttinger Liquid, weak localization, ballistic transport and quantum
interference [8–10, 13, 14] while semiconducting CNTs are utilized as a per-
fect building blocks for nanoelectronics, e.g. transistors, logic gates, memory

Part of this work has been submitted as a book chapter: Transport in Carbon Nanotube
Pores: Implications for next generation water purification technologies. World Scientific
Publishing Company , 2020, submitted.
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devices and sensors [8–12].

Figure 2.1: (a) A molecular model of a single-wall carbon nanotube. Half of
the nanotube closest to the viewer was removed for clarity. (b). A schematic
illustration of honeycomb structure of a graphene sheet that can be folded into
single-walled carbon nanotubes along the lattice vectors.

2.2 Structure

Structure of single wall CNTs is determined by the diameter d, and chiral
angle θ (Figure 2.1). The chiral angle is commonly defined between 0 and
30 degrees (0◦ to denote zigzag CNTs, 30◦ to denote armchair CNTs). The

circumference of CNT can be expressed by the chiral vector (
−→
C = n−→a1 +m−→a2 ,

−→a1 and −→a2 are the unit vectors of the hexagonal graphene honeycomb lattice)
connecting two crystallographically equivalent sites on the 2D graphene sheet

[15]. The superimposition of two edges perpendicular to the vector
−→
C yields

the chiral CNT structure, which has no distortion of bond angles other than
the distortions caused by the cylindrical curvature of the CNT itself.

Alternatively, we can use the (n,m) notation where the chiral vectors (n,0)
and (0,m) denote zigzag CNTs; (n,n) denotes armchair CNTs, while the others
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denote chiral CNTs [16]. The diameter d of a CNT is given by

d =

√
3a

π
(m2 +mn+ n2)1/2

where the nearest neighboring carbon atoms have a distance of a = 1.44Å,
and the chiral angle is given by

θ = tan−1
√

3n

2m+ n

.

2.3 Synthesis

CNTs are synthesized by three major methods: arc discharge, laser ab-
lation and chemical vapor deposition (CVD) [12]. The earliest CNTs were
produced by the Iijima group using arc discharge methods where CNTs were
formed as bundles on the negative electrode, and the positive electrode was
consumed in a helium atmosphere [17]. Typical lengths of the grown CNTs
were in µm ranges, yielding an aspect ratio of 102 to 106. The very first single
wall CNTs were also synthesized in an arc discharge chamber with Fe, Co and
other transition metals as catalysts [2, 3]. Smalley group introduced the first
synthetic breakthrough when they developed a more efficient synthesis route
using laser ablation [5]. This method uses a Co-Ni/graphite composite tar-
get operating in a furnace at 1200◦C yielding 70-90% conversion of graphite to
SWCNTs. Argon gases sweep the CNTs from high temperature zone to a water
cooled Cu collector downstream outside of the furnace. An even more signif-
icant advance came when researchers developed CVD synthesis of SWCNTs
using hydrocarbon decomposition over transition metal catalyst nanoparticles
[18, 19].

Arc discharge and laser ablation use solid state carbon precursors to provide
carbon source for the CNT growth, which involves carbon vaporization at high
temperature. They can consistently yield high quality and near-perfect CNT
structures, even though large amount of amorphous carbon and other byprod-
ucts are inevitable. CVD, on the other hand, utilizes hydrocarbon gases as
sources and catalyst particles as seeds for CNT growth. This process happens
at comparatively lower temperatures of 500-1000◦C [12]. Even though none
of these three methods can yet produce large amount of CNTs with identical
diameters and chirality, catalytic chemical vapor deposition is preferred over
the other two methods [5, 6] due to its ability to produce both individually
isolated nanotubes and densely packed vertically aligned arrays [12, 20–25].
Previous studies show that the most probable diameter and the width of the
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diameter distribution is determined by the size and composition of the cata-
lyst particle, growth temperature and other growth conditions [26–28], even
though this control is still far from perfect.

2.4 Mechanical properties

CNTs have excellent mechanical properties, exhibiting no cross-sectional
and twisting distortions. They can be bent and elongated/compressed without
fracture. This excellent flexibility is in good agreement with their high tensile
strength and bulk modulus [29]. Even CVD-grown CNTs with relatively larger
diameters (∼ 10nm) can bend, twist and kink without fracturing [30, 31].
CNTs also show excellent mechanical properties when compressed and can
form kink-like structures that can relax elastically then the stress is released
[32, 33]. These properties bode well for the perspective of incorporating CNTs
into membrane structures.

CNTs are also a very hard and tough material. The Young’s modulus (Y)
of small diameter single wall CNT is in the range of several TPa [34]. The
tensile strain to failure can be as high as 40% [33]. Raman spectroscopy has
been used to indirectly calculate the Young’s modulus in both single-wall [35]
and multi-wall [36] CNTs by measuring the shift with strain of the frequency
of second-order Raman band in the region of 2600− 2700cm−1.

2.5 Electronic structure

Carbon nanotubes have circumferential periodic boundary condition ap-
plied to the unit cell that is formed in the real space. The 1D electronic energy
band structure for CNTs is related to the structure for the 2D graphene sheet
used to form the CNTs [37–41] . Depending on the nanotube diameter d and
chiral angle θ, CNTs can be metallic and semiconducting. Metallic conduc-
tion in a (n,m) carbon nanotube can only be achieved when 2n + m = 3q,
where q is an integer. This is also why the majority of CNTs synthesized are
semiconducting in nature. All armchair carbon nanotubes (θ = 30◦, (n, n))
are metallic.

The electronic structure of CNT is a graphene sheet (which is a zero
bandgap Dirac-Fermi cone) with bonding and antibonding π bands that are
degenerate at the K-point (zone corner) of the hexagonal 2D Brillouin zone.
The periodic boundary conditions for CNTs only allow few wave vectors to
exist in the circumferential direction, and these wave vectors k satisfy the
relation nλ = πd where λ = 2π/k is the de Broglie wavelength. Metallic
conduction can only be achieved when wave vectors k passes through the K-
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point of the 2D Brillouin zone, where the valence and conduction bands are
degenerate because of the special symmetry of the 2D graphene lattice [42].

As the CNT diameter increases, more wave vectors are allowed for the
circumferential direction, so that the nanotubes become more two-dimensional
and the semiconducting band gap disappears. The semiconducting band gap
is proportional to the reciprocal CNT diameter

Eg =
2γa

d

, where a = 1.44 Å is the nearest neighboring carbon atoms distance and the
nearest neighbor overlap integral (or transfer integral) γ is found to be 2.7 eV
[43, 44]. When d approaches ca. 3 nm, the band gap becomes comparable to
kT at room temperature, marking the upper threshold for 1D quantum effects.

The density of states (DOS) of CNTs determines the 1D dispersion rela-
tions. Sharp singularities associated with (E − E0)

−1/2 dependence are ex-
pected at subband edge where k = 0. Metallic CNTs have small yet non-
vanishing DOS at Fermi level (E = 0), which is independent of the energy
up to the first subband edges of valence and conduction bands are filled. On
the other hand, the DOS for semiconducting CNTs is zero at the band gap.
The band gap Eg is the energy difference between the singularities in the DOS
at Fermi level. Due to these singularities, high optical absorption is can be
achieved when the photon energy matches the separation between occupied
state and empty one. This can happen at the band gap for semiconduct-
ing CNTs. For both semiconducting and metallic CNTs, transitions can also
happen at higher energies from an occupied subband edge state to the corre-
sponding unoccupied edge state.

In terms of the electronic properties, like mentioned above, majority of
CNTs synthesized are semiconducting in nature. Most CVD synthesized CNTs
are hole-doped p-type FETs with hole depletion and diminished conductance
(100 kΩ to 1 MΩ). The molecular oxygen adsorbed on the CNTs is responsible
for the hole doping [45–48]. And removal of O2 can lead to nearly intrinsic
semiconducting behavior [48]. There is also another type of CNTs synthesized
by CVD can be quasi-metallic with Eg on the order of 10meV [49]. These
CNTs are not sensitive to electrostatic doping but exhibit a conductance dip
associated with the small Eg. The small Eg is due to the slight sp2 to sp3

hybridization originated from the nonflat nature of the hexagons on the tube
walls [50, 51]. The conductance of these quasi-metallic CNTs will increase
as the temperature decreases. The quantum conductance limit 4e2/h = 2G0

= (6.45×103 Ω)−1 is reached at ∼1.5 K (compared to the room temperature
resistance of ∼ 10 -20 kΩ). Electron transport is highly phase coherent and
ballistic in CNTs at low temperatures. Quantum interference effects have also
been reported [14].
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2.6 Transport properties

Single wall carbon nanotubes have been an ideal example of studying the
electronic structure and transistor effects [52–54]. Due to the scope of this
chapter, we will briefly cover the electron transport but not go into details
here.

Interaction with environment (like van der Waals interaction with the sub-
strate), structural imperfections, bends or twists in the CNTs can localize the
electron conduction. For a fixed degree of disorder, the mean free path of the
electrons increases with decreasing CNT diameters. If the CNT diameter is
small enough (d ∼ 1.4 nm), the localization lengths will be long enough (∼ 10
µm) to enable ballistic transport.

Coulomb charging effects will happen at low temperature, when CNTs
(capacitors with capacitance C) have a thermal energy kT smaller than the
charging energy Echarging = e2/2C for individual electrons. Coulomb blockade
will happen when the current is blocked by Echarging which shifts levels out of
the tunneling window for conducting channels.

We can expect to observe steps in conductance for CNTs, the perfect and
probably the most famous example of 1D materials. This is due to the steps
in quantum conductance and the charging effects associated with capacitance
of the CNTs and the gate. The conductance step is G0 = 2e2/h=(12.9×103

Ω)−1, which corresponds to a single conductance channel.
Transport measurements indicate that the IV characteristics for CNTs are

ohmic at room temperature [55]. There will be reduction in conductance for
low temperature, which can be explained by single electron tunneling through
small band gap within the Coulomb blockade framework. This increase in
resistance with decreasing temperature deviates from Fermi-liquid behavior
due to the strong 1D properties [56] and tube-tube interaction [57], indicating
Coulomb interactions between electrons near Fermi level results in a Luttinger-
liquid behavior in CNTs. Resistance measurements categorize CNTs into semi-
conducting with resistivity∼ 101 Ω·cm and metallic ones in the range of 10−4 ∼
10−3 Ω·cm. The Seebeck coefficient S at room temperature is ∼ +50±10µV/K
and has a non-linear temperature dependence [58, 59].

2.7 Vibrational spectra of CNTs

Phonon dispersion relations in CNTs can be studied via those of graphene
using a zone folding approach [60–62]. When the lengths are much larger than
the diameters, CNTs can be described in the 1D limit: the length is infinite;
k points are continuous; and the contributions from the cap Carbon atoms
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can be neglected. The same as almost all the other properties, the phonon
dispersion relations are diameter and chirality dependent.

For a CNT with N hexagons per unit cell, there are 2 carbon atoms per
hexagon and 3 vibrational degrees of freedom per atom, yielding 6N total
degrees of freedom per the unit cell. For zigzag and armchair CNTs, N = 2n,
while for chiral CNTs

N =
2(m2 + n2 + nm)

dR

, where dR is the greatest common divisor of (2n+m, 2m+n) and is given by

dR =

{
d if n−m is not a multiple of 3d

3d if n−m is a multiple of 3d

.
For all symmetry types, CNTs have 4 modes for which the frequency van-

ishes (ω → 0) as the wave vector approaches the zone center (k → 0). These
modes include rigid rotation around the cylindrical axis and has A2g (A) sym-
metry; rigid translation mode along the axis and has A2u(A) symmetry; rigid
translations along the directions perpendicular to the axis and have E1u (E1)
symmetry (two-fold degenerate).

To be more specific, for (n, n) armchair CNTs with an even n, the vibra-
tional modes are decomposed according to the point group Dnh. Armchair
CNTs with an odd n in the circumferential direction have Dnd symmetry.
Zigzag (n, 0) CNTs with an odd n also fall into the Dnd point group while
when n is even, they fall into Dnh point group. For both armchair and zigzag
CNTs, the translations are decoupled from the rotations, so that they can
be described by symmorphic groups. Chiral CNTs (n,m) are more compli-
cated since the basic symmetry operations involve both rotations and trans-
lations. They can be described by a nonsymmorphic space group Cj, where
j = (N/2− 1). The irreducible representations A2g, A2u and E1u are relevant
to the groups Dnh and Dnd, while A and E1 are relevant to group Cj.

The number of vibrational modes increases as the diameter of CNT in-
creases. However the number of Raman-active and infrared-active modes re-
main constant for each symmetry type. The Raman-active modes transform
from A1g, E1g, or E2g for Dnh and Dng groups, and from A, E1 and E2 for Cj
group. Similarly, IR-active modes transform from A2u or E1u for Dnh and Dnd

groups, and from A and E1 for Cj group. More details can be found in Table
2.1.

Some of the vibrational modes frequencies and Raman cross sections are
sensitive to the CNT diameter. Significantly, the radial breathing mode (RBM),
A1g is a convenient tool for CNT diameter estimation. The RBM frequency
does not depend on the CNT chirality since all the atoms move in phase for
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Table 2.1: Symmetries of Raman-active and IR-active modes for CNTs [63]

CNTs point group Raman-active modes IR-active modes

armchair (n, n) with even n Dnh 4A1g + 4E1g + 8E2g A2u + 7E1u

armchair (n, n) with odd n Dnd 3A1g + 6E1g + 6E2g 2A2u + 5E1u

zigzag (n, 0) with even n Dnh 3A1g + 6E1g + 6E2g 2A2u + 5E1u

zigzag (n, 0) with odd n Dnd 3A1g + 6E1g + 6E2g 2A2u + 5E1u

chiral (n,m) with n 6= m 6= 0 CN 4A+ 5E1 + 6E2 4A+ 5E1

the radial breathing mode. Raman spectroscopy of the RBMs has been widely
used to provide information on CNT diameter distribution, which is a critical
parameter for mass transport studies in CNTs.

2.8 Water transport in CNTs

The macroscopic laws of hydrodynamics, given by the Hagen–Poiseuille
equation, govern the flow in conventional fluidic channels. From the very first
simulations that predicted fast flow in carbon nanotubes it was clear that
the conventional fluid flow description would not be applicable anymore [65,
66]. What are the physical reasons behind this discrepancy? Further sim-
ulations provided some valuable clues. A pioneering work from the Aluru
group indicated that continuum flow theory was valid for CNT with 10 nm
diameter, but broke down in 0.95 nm nanotubes [67]. Clearly, one of the rea-
sons why conventional hydrodynamics breaks down in the smallest CNT pores
with diameters below 1 nm is that those pore sizes squeeze water molecules
down into a single-file configuration with the hydrogen bonding pattern dras-
tically different from conventional bulk water arrangement [65, 68]. Smooth
hydrophobic surface of carbon nanotubes enable inherently low friction at the
interface, which is conventionally described as very large slip length [69, 70]
(the slip length is defined as the depth inside a solid surface where the ex-
trapolated fluidic velocity profile goes to zero). A conventional version of the
Hagen-Poiseuille equation assumes a no-slip condition at the interface (i.e. a
zero value of the slip length). In the extreme case of a very large slip length
compared to the channel diameter, which corresponds to a nearly friction-
less surface, the boundary can be considered virtually shear-free, making the
Hagen-Poiseuille equation invalid. A simulation by the Aluru group (Figure
2.2) demonstrated some of the effects the nature of the channel surface enacts
on the flow inside a nanotube. Of the three nanotubes with similar diameter,
a CNT had the highest water velocity and the highest flux, compared to boron
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Figure 2.2: MD simulation of water velocity (red dash line) and water density
(blue line) profiles as a function of the radius from the center of a (16, 16)
CNT, (16, 16) BNNT, (16, 16) nanotube with silicon, and a rough surface (16,
16)/(18, 18) CNT combination. (Reproduced with permission from [64]. c©
2008 American Chemical Society)

nitride tube (BNNT), hydrophilic silicon nanotube (NT Si), and a hypothet-
ical CNT with computationally-engineered rough surface [64]. Consequently,
the flux enhancement for the other nanotubes considered in that study was
significantly reduced. The study concluded that the origin of the remarkable
flux enhancement in CNTs was a combination of the smoothness of the CNT
surface and its hydrophobicity that reduced water molecule interactions with
the tube surface.

The first experimental demonstrations of high water flux enhancement in
CNT pores were reported shortly after the publication of the first computa-
tional predictions. Hinds group first demonstrated high rates of water trans-
port through aligned MWNT membranes with 7 nm in diameter and reported
remarkably long slip lengths [69] that indicated more than four orders of magni-
tude increase in water permeability compared with the Hagen-Poiseuille equa-
tion predictions. When they tested the flow of a variety of solvents, including
hexane and ethanol, through MWNT membranes, the permeability decreased
as the solvents became more hydrophobic. These findings emphasized again
that it is not only the smoothness of the CNT surface but also its hydrophobic
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Figure 2.3: Osmotic water and salt transport across CNT/titanium dioxide
membranes in forward osmosis (FO) setup. (a) Sketch of the FO diffusion cell
to monitor osmotic water transfer using meniscus capillaries and salt transport
using conductivity electrodes. (b, c, and d) Water flux and reverse salt flux
through the membrane compared with commercial available polymer mem-
branes and further modified CNT membranes. (e) Membrane performance
comparison at different salt conditions. (Reproduced with permission from
[71]. c© 2018 American Chemical Society)

nature that is responsible for high water velocity. Bakajin, Noy and cowork-
ers also reported water fluxes in aligned sub-2-nm DWNT membranes under
pressure-driven flow conditions that exceeded values calculated from contin-
uum hydrodynamics models by more than three orders of magnitude [72].
Later on, Park group demonstrated osmotic water and salt transport across
their CNT membranes in forward osmosis (FO) setup again reporting with
high water fluxes (Figure 2.3) [71].

Measurements of water filling and flow in individual CNT pores revealed an
even more complicated physical picture. Strano group measurements showed
evidence of phase transitions between ice, liquid water, and gas phase water in
CNTs at near room temperatures [73], providing an experimental evidence of
water behavior that was previously predicted in MD simulations [74]. Bocquet
group performed a scientific tour-de-force experiment where they were able to
use their ”nanojet” platform to observe exceptionally high water transport
rates in single CNTs directly [70]. Remarkably, these measurements showed
that the values of the slip length became divergent as the size of the carbon
nanotubes became smaller and started to approach the ”single-digit” nanopore
regime (i.e. d < 10 nm). In contrast, boron nitride nanotubes (BNNTs) of
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similar diameters showed very small values of slip length (Figure 2.4). Com-
pared to CNTs, BNNTs have a similarly smooth, but much higher charged,
surface, which interacts with water molecules quire strongly and slows down
the water flow through the tube significantly.

Figure 2.4: Water permeability and slip length of individual CNTs and BNNTs
derived from the nanojet measurements. (a) Normalized permeability and (b)
slip length of tubes as a function of nanotube radius. The horizontal dash
lines indicate the no-slip prediction. (Reproduced with permission from [70].
c© 2016 Nature Publishing Group)

Another interesting comparison could be made with the water transport
in aquaporins, which are biological membrane channels responsible for water
transport. Very narrow (ca. 3Å) AQP channels, which are lined mostly with
hydrophobic residues, enable extremely fast water transport and are considered
the gold standard of membrane water channels. The Noy group compared
water transport in two types of CNTPs with diameters of 0.8 and 1.5 nm with
water transport in aquaporins [68]. While the 1.5 nm diameter CNTP showed
bulk water-like transport with the fluxes significantly lower that of the AQP1
protein channels, the 0.8 nm diameter CNTP showed enhanced water flow
rates that exceeded even those of AQP-1 (Figure 2.5). This remarkably strong
performance was again attributed to a combination of several factors. Narrow
diameter CNTPs benefit from the same physical phenomena that enhance
water transport in wider CNTPs: the smoothness of the tube walls and their
hydrophobic character. However, in addition to these factors, 0.8 nm CNTPs
force water into a single-file configuration where a chain-like hydrogen bonding
pattern leads to a further water transport efficiency enhancement.



CHAPTER 2. CARBON NANOTUBES IN NANOFLUIDICS 20

Figure 2.5: Water transport through 0.8 nm and 1.5 nm diameter CNTPs.
(A) Sketch of CNTP in the lipid vesicle platform for water flux measurements
under osmotic pressure. (B, C) Light scattering traces for lipid vesicle with
CNTPs under various osmotic gradients. (D) Water permeability for 0.8 nm
and 1.5 nm diameter CNTPs at pH 7.5 and pH 3.0, compared with AQP-1. (E)
Water permeability changes with additives, which change water structure of
water. (Reproduced with permission from [68]. c© 2017 American Association
for the Advancement of Science).

2.9 Ion transport in CNTs

High water permeability makes carbon nanotubes an attractive materials
platform for water treatment applications; however, the other, and arguably
more important [76], property is ion selectivity and ion rejection. A num-
ber of physical mechanisms determine ion selectivity in membrane nanopores:
size exclusion at the pore mouth, partial solute dehydration upon entry into
the pore, and electrostatic exclusion due to the charges present at the pore
mouth or along the pore surface (Figure 2.6). Constant diameter of the CNT
pores makes their size exclusion properties fairly straightforward. Holt et. al.
demonstrated sub-2-nm aligned double-wall carbon nanotube membranes ex-
cluded 2 nm gold colloids [72]. However, the diameters of carbon nanotubes
are a priori still too large to make the pore exclude all ions based simply on
their ionic radii. The situation becomes very different when we consider the
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Figure 2.6: Mechanisms of ion selectivity and rejection for a nano channel, in-
cluding (a) size exclusion, (b) dehydration barriers, and (c) electrostatic inter-
actions. (Reproduced with permission from [75]. c© 2017 Materials Research
Society)

hydrated radii of the ions, making the energy costs associated with the partial
ion dehydration upon entry into the carbon nanotube pore another power-
ful mechanism for ion selectivity [77]. Electrostatic repulsion is potentially
another powerful mechanism for conveying selectivity to the CNT pores. Gen-
erally, the range and the impact of the electrostatic effects is highly dependent
on the electrostatic screening due to the presence of mobile charges in solution,
which is described by the Debye length. Specifically, when the Debye length
of the electrolyte is larger than the radius of the nanopore with charged ends
or walls, the electric fields overlap and create a barrier for the ion passage. As
the ion concentration increases and the Debye length drops, the electric fields
contract and create an opening through which ions can pass. As the Debye
length at seawater conditions is rather small, ca. 3 Å, we do not expect that
pure electrostatic repulsion could represent the dominant rejection mechanism
for these types of water feeds. Indeed, the effect of decreasing ion selectivity at
higher ion concentration was observed experimentally for both aligned carbon
nanotube membranes and carbon nanotube porin experimental platforms [68,
78].

The first observation of ion transport in CNT pores was reported by Hinds
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Figure 2.7: Rejection coefficients (bars) measured for six salt solutions that
have the same equivalent concentration but different ion valence. Points (filled
circles) indicate rejections calculated from the Donnan model. The calculation
assumed charge density corresponding to approximately seven charged groups
per nanotube. (Reproduced with permission from [78]. c© 2008 The National
Academy of Sciences of the USA ).

and co-workers in their seminal paper on aligned nanotube membranes [79],
where they observed diffusion of Ru(NH3)

3+
6 ions across the membrane. The

same work demonstrated the possibility of using size exclusion/steric hindrance
mechanism for modulating Ru(NH3)

3+
6 ion flux by functionalizing the CNT

pore entrances with biotin and subsequently attaching a bulky streptavidin
molecule to the biotin [79]. Bakajin, Noy and co-workers studied transport of
a variety of ionic compounds in smaller (1.6 nm) diameter aligned DWCNT
membranes using pressure-driven reverse osmosis experiments and observed
that salt rejection in these pore ranged from nearly 100% for K3Fe(CN)6 to
very low for CaCl2 [78]. The degree of rejection was also a strong function
of the overall ionic strength of the solution, with KCl rejection ranging from
50% at low ion concentration to near zero at high concentration. These results
provided a very strong evidence that the Donnan electrostatic exclusion was
the dominant mechanism for the ion selectivity in CNT pores of this size.
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Subsequent work by the same group traced the origin of this selectivity to
the presence of charged COO− groups at the rim of the carbon nanotube
pores [80]. Interestingly, Marand group reported that membranes with CNTs
functionalized with chain-like zwitterion molecules rejected essentially all ions,
giving 98.6% of rejection rate on NaCl [81]. The researchers speculated that
these bulky functional groups promoted size exclusion and provided multiple
charges to enhance electrostatic repulsion.

Observations of ion transport in individual CNT channels took compar-
atively longer, with the first reports appearing only by 2010 [82, 83]. Both
of these two studies that pioneered this sub-field used ultra-long CNTs in-
corporated into a microfluidic device platform. First, Lindsay and cowork-
ers reported large electrophoretic current through single SWCNTs, where the
measured current exceeded the value calculated from the CNT diameter and
KCl bulk solution conductivity [82]. This enhancement was interpreted as an-
other evidence for the friction-less transport inside CNT pores. Interestingly,
this work noted that metallic CNTs exhibited larger ion current. Strano and
coworkers investigated similar devices and reached a radically-different con-
clusion; they observed that the current through their devices that had ca. 1.5
nm diameter and 500 µm long CNT was largely protonic [83]. Moreover, this
group observed that alkali metal ions could act as current blockers and create
regular current oscillation [83]. A further systematic study of various CNTs
with diameters that ranged from 0.94 nm to 2.01 nm showed varied dwell times
and blocking currents, in which CNT diameter around 1.58 nm displayed the
largest blocking current [84].

More recently a number of measurements reported ion and proton transport
in individual CNT channels with length ranging from several micrometers
[85] to ultra-short (10 nm) CNTPs [68, 86]. A study from the Noy group
reported ultra-fast proton transport in 0.8 nm diameter CNTPs due to the
single-file water arrangement inside that channel promoting proton transport
via the Grotthuss hopping mechanism [86], confirming earlier MD simulations
predictions [87]. Results from the Bocquet group showed intriguing CNT
conductance dependence on salt concentration [85] when they examined KCl
transport in CNT with 7 nm, 20 nm, 28 nm, and 70 nm diameters. All
CNTs showed power law conductance scaling that transitioned from around
linear at high salt concentration to 1/3 power law at low salt (Figure 2.8).
The explanation advanced by Bocquet et. al. relied on an elegant model
that assumed that the CNT inner surface carried some negative charge due to
adsorption of the OH− groups. This adsorption process, in turn, was subject to
charge regulation at varying ionic strengths, with a combination of this charge
regulation and preferential accumulation of the counterions inside the channel
producing the observed 1/3 power law scaling of the ion conductance. Some of
the main problems with this approach were that there was no direct evidence
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Figure 2.8: Conductance (G) scaling with a range of electrolyte concentrations
measured through single CNTs with various diameters from 70 nm to 7 nm and
pH from 10 to 4. (Reproduced with permission from [85]. c©2016 American
Physical Society).
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for the OH− ions adsorption on the CNT surfaces and that such adsorption
could potentially interfere with the fast transport and high water flux in the
CNT pores.

The 1/3 power law behavior turns out not to be a universal scaling law
in CNT pores. Nuckolls group reported non-linear concentration scaling for
ion transport in 1.5 nm diameter CNT pores which followed 1/2 power law
[88]. That team attributed the observed effects to the charge regulation of the
COO− groups at the pore entrances. Noy group reported an even richer set
of behaviors in CNT porins of different diameters. For the ultra-narrow, 0.8
nm diameter CNTPs, the ion conductance initially followed the 1/2 exponent
power law and then saturated at higher ionic strengths [68], mimicking the
behavior of small diameter biological ion channels [89]. Ion conductance in
larger diameter, 1.5 nm, CNTPs displayed yet another pattern of behavior,
showing 2/3 power law and no saturation at high ion concentrations [90].

Extensive modeling efforts by several groups have clarified some of the
origins of these reach set of scaling behaviors. Biesheuvel and Bazant presented
an extensive analysis that showed how a solution to the Poisson-Nernst-Planck
equations in combination with charge regulation can describe some of the
scaling laws observed in the experiments [91], pointing out that in particular
the 1/2 power law could be the evidence of the conductance following the
“good co-ion exclusion” limit where the nanotube pore becomes exclusively
selective to one kind of ions. Manghi and coworkers added another layer of
complexity to the model by accounting for the possibility of strong fluid slip
along the nanotube pore walls [92]. This interpretation in combination with
the extensive modeling helped Noy, Aluru and coworkers to rationalize their
observation of the 2/3 power law scaling in larger diameter CNT pores and
attribute it to extremely strong electroosmotic coupling in these channels.

Strano group, Nuckolls group and Noy group all reported that CNT pores
with negatively charged COO− groups at the ends showed preferential cation
selectivity. Nuckolls group compared the transport of KCl and K3Fe(CN)6) in
1.5 nm diameter CNTs and reported negligible effect on ion transport; however,
when they replaced potassium with a bigger cation, tris(bipyridine)ruthenium(II),
[Ru(bpy)3]

2+, they observed significant reduction of conductance, which they
attributed to the increased ion rejection of the larger cation at the nanotube
entrance [88]. Noy group performed extensive characterization of ion selectiv-
ity in CNTPs using reversal potential measurements in single CNTP conduc-
tance experiments [68]. In these experiments CNTPs with 0.8 nm diameter
showed near-perfect cation selectivity which started to roll off only at very
high ionic strength above the seawater levels (Figure 2.9). This observation
is remarkable as it indicates that at small enough diameters CNTPs exhibit
monovalent salt rejection that is sufficient enough for seawater desalination.
Not surprisingly, larger 1.5 nm diameter CNTPs do not have the same degree
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Figure 2.9: Ion selectivity between cation and anion in 0.8 nm diameter
CNTPs. (A and B) Reversal potential measurements showing asymmetric
I-V curves at pH 7.5 and pH 3.0. (C) Permselectivity values plotted as a
function of the Debye length for higher concentration KCl electrolytes. (Re-
produced with permission from [68]. c© 2017 American Association for the
Advancement of Science).
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of ion selectivity and instead have much weaker cation selectivity with the
permselectivity of around 0.5 [90]. When the COO− groups at the ends were
neutralized by changing the pH to 3, CNTPs became even less selective, with
their permselectivity dropping down to zero.

Figure 2.10: Synthesis and characterization of carbon nanotube porins
(CNTPs). (a) Schematic of CNTP preparation and incorporation into lipid bi-
layer membranes. (b) TEM image of CNTPs. (c) Cryo-EM images of a CNTP
inserted in a lipid vesicle. (d) Histogram of CNT length and angle distribution
when inserted into the lipid membranes. (Reproduced with permission from
[93]. c© 2014 Nature Publishing Group).

Overall, despite the significant progress reported in elucidating ion selec-
tivity in CNTs our understanding of the ion rejection mechanisms in these
nanochannels remains incomplete. For example, experimental data on CNTP
conductance show linear I-V curves even for the smallest 0.8 nm pores, indicat-
ing that the barrier for entry into these tubes for at least the majority carrier
species is quite low [68]. This observation directly contradicts the results of
classical MD simulations that show that ion entry into a small diameter CNT
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pore requires costly partial dehydration of the ion solvation shell [94]. An
even more complicated questions include whether such partial desolvation and
strong degree of confinement induce any unusual differential selectivity effects,
correlated transport effects. Finally, we still do not have a good understanding
of what the concentration polarization effects would look like in these pores.

2.10 Biomimetic carbon nanotube porin

membrane pores

Noy group comes up with a different strategy to measure water and ion
transport in CNT channels. Their platform, carbon nanotube porins (CNTPs),
emulated membrane channels, with ultrashort CNTs 10-20 nm in length em-
bedded in lipid or polymer membranes (Figure 2.10) [93, 95]. To fabricate
CNTPs, commercially available, long CNTs were cut by tip-sonication into
much shorter pieces [96]. Significantly, this procedure allowed to use CNT
stocks of different diameter, producing CNTPs of different size. Specifically,
the team made CNTPs with 0.8 and 1.5 nm diameter, allowing direct com-
parison of transport efficiency between channels with the same geometry but
different pore sizes. Another key advantage of this biomimetic platform was
that it allowed direct adoption of a number of protocols that were developed for
measuring water and ion transport in biological membrane channels, including
lipid vesicle and planar lipid bilayer platforms [68, 86].
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Chapter 3

Carbon Nanotube Porins
Synthesis and Characterization

Carbon nanotube porins (CNTPs) are a convenient membrane-based model
system for studying nanofluidic transport that replicates a number of key
structural features of biological membrane channels. We present a general-
ized approach for CNTP synthesis using sonochemistry-assisted segmenting of
carbon nanotubes. Prolonged tip-sonication in the presence of lipid molecules
debundles and fragments long carbon nanotube aggregates into stable and
water-soluble individual CNTPs with lengths in the range of 5-20 nm. We
discuss the main parameters that determine the efficiency and the yield of this
process, describe the optimized conditions for high-yield CNTP synthesis, and
demonstrate that this methodology can be adapted for synthesis of CNTPs of
different diameters. We also present the optical properties of CNTPs and show
that a combination of Raman and UV-Vis-NIR spectroscopy can be used to
monitor the quality of the CNTP synthesis. Overall, CNTPs represent a ver-
satile nanopore building block for creating higher-order functional biomimetic
materials.

3.1 Introduction

Extreme spatial confinement and internal hydrophobicity inherent to in-
ner pores of carbon nanotubes (CNTs) are highly reminiscent of a number
of defining characteristics of biological pore channels [1–3], and give rise to
unique transport properties including ultra-fast transport of water and gases

This chapter is adapted with permission from ”Tunuguntla, R.H., Chen, X., Belliveau,
A., Allen, F.I. and Noy, A., 2017. High-yield synthesis and optical properties of carbon
nanotube porins. The Journal of Physical Chemistry C , 121(5), pp. 3117-3125”. Copyright
2017 American Chemical Society.
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[4–6]. Thus, it was inevitable that researchers turned to CNTs as a platform
for building model biomimetic nanopores, and initial transport measurements
quickly confirmed many theoretical predictions of fast transport in CNT pores
[7–9]. However, these experimental platforms were a poor approximation of
biological transport since they mostly relied on CNT membranes built from
macroscopically-long CNT arrays embedded in a solid polymer or ceramic ma-
trix [7, 9], where the aspect ratios of CNT pores were drastically different from
those of biological pore channels. A successful strategy for synthesizing a much
closer analog of biological ion channels from bulk CNT material has to accom-
plish two main goals: (i) solubilize the CNTs to make them compatible with
the biological environments , and (ii) segment the CNTs to bring the average
lengths to the values that are close to the thickness of lipid membranes, which
is a prerequisite for membrane insertion [10]. These two goals are largely in-
tertwined, as unmodified CNTs tend to aggregate in aqueous solutions to form
tight bundles, making dispersion and effective cutting much more difficult.

Despite progress in creating CNT suspensions in organic solvents [11–15],
aqueous dispersions remain a more elusive target. Researchers have previously
used two main methods to disperse CNTs – covalent oxidative functionaliza-
tion and non-covalent adsorption of dispersants on the CNT surfaces. The
carboxylation of CNT surfaces, accomplished by oxidation of CNTs followed
by carbodiimide chemistry [16–18], still remains the most popular covalent
functionalization method. Strong acids such as sulfuric acid and nitric acid
used for the oxidative functionalization break the π-conjugated network on
nanotubes and functionalize them with carboxylic acid groups and phenols
[19]. This procedure leaves many defects behind and can be detrimental to
the optical, electrical and mechanical properties of CNTs. A second approach
is based on noncovalent functionalization of CNTs with surfactants [20–22],
polymers [23–26], biomolecules [27, 28] or polyaromatic compounds [19]. The
noncovalent interaction relies mainly on either hydrophobic [29] or π − π in-
teractions [30, 31], which preserve the integrity of the π network of the CNTs
and their intrinsic properties. For applications that involve subsequent incor-
poration of CNTs into the lipid bilayer systems, an additional challenge is to
use a biocompatible dispersant, as most surfactants are known to disrupt the
bilayer integrity [32, 33].

Previous efforts to shorten the carbon nanotubes used either an acid attack
in a concentrated sulfuric-nitric acid mixture [34–36], which produced CNT
lengths between 100 - 300 nm, or a fluorination-pyrolysis method, which gives
ca. 50 nm CNT segments [37]. These rather aggressive treatments introduce
a significant number of defects, yet the nanotube fracturing yields fragments
that are still 1-2 orders of magnitude longer that what is required to mimic
biological entities. A much more successful strategy for creating ultrashort
CNTs is based on sonochemical cutting, and was investigated by Dai et al. [38],
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who used horn-cup sonication of CNTs solubilized by PEG polymers to cut
CNTs into a range of lengths that included the ultrashort 8-16 nm segments.
However, this procedure is a multi-step process that requires washing in highly
basic solutions to apply a final lipid coating. More recently, Wu et al. [39]
obtained 5-10 nm length CNTs by bath-sonicating longer CNTs for 48 hours in
concentrated sulphuric/nitric acid and subsequently separating out the shorter
fragments by size exclusion chromatography. Even though the resulting CNT
segments were suitably short, they were unstable in aqueous solutions and
difficult to incorporate into lipid bilayers without the use of microinjection
techniques [39].

In our previous work, we showed that short (5-20 nm length) CNT frag-
ments stabilized with lipid surfactants—CNT porins (CNTPs)— represent the
first iteration of a biomimetic ion channel that could self-insert into a lipid bi-
layer [40, 41]. We also demonstrated that extreme water confinement in the
CNTP cavity enables ultra-fast proton permeability [42] that is analogous to
that of biological proton flux channels. Here, we present an optimized syn-
thetic approach that provides a refined, facile, and practical route to creating
CNTPs by using phospholipid functionalization and tip ultrasonication. This
approach produces robust, water-soluble CNTPs of different diameters that
self-assemble into biological membranes with minimal effort.

We also report characterization approaches that can assess the stability,
structural integrity, and activity of CNTPs. Currently, transmission electron
microscopy (TEM) and atomic force microscopy (AFM) are the commonly
used imaging techniques for carrying out morphological characterization of
the carbon nanotubes. Unfortunately, these methods necessitate meticulous
sample preparation or even alteration and are inherently restricted to imaging
only a small fraction of the sample. In this study, we use fluorescence based as-
says and ratiometric Raman spectroscopy analysis to determine CNTP density
and transport activity. These simpler methods would enable routine optimiza-
tion, characterization, and allow development of in vivo or in vitro applications
using CNTPs.

3.2 CNTP synthesis and purification

Synthesis and purification of ultrashort CNTs

1,2-dioleoyl-sn-glycero-3-phosphocholine lipid (DOPC) used in this study
was obtained from Avanti Polar Lipids. 1.5 nm diameter CNTs were obtained
from Nano-Lab Inc. (Cat. No. D1.5L1-5-S) and 0.8 nm diameter CNTs were
obtained from Sigma-Aldrich, Inc. (Cat. No. 773735). For a typical CNTP
preparation procedure, 28 or 36 mg of DOPC lipid, for 0.8 nm or 1.5 nm
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CNTP synthesis, respectively, was added to a 20 mL glass scintillation vial
from DOPC lipid stock solution (25 mg/mL DOPC, in chloroform) and the
solvent was evaporated using a rotary evaporator (RotaVap, BUCHI) for 10
min. Trace solvent in the vial was further evaporated in a vacuum desiccator
overnight. Then, 0.7 (for 0.8 nm CNTs) or 1 mg (for 1.5 nm CNTs) was
purified in a thermogravimetric (TGA) analysis system. The maximum baking
temperature for 0.8 nm CNTs and 1.5 nm CNTs was set to 474.3 ◦C and 461.5
◦C, respectively. 14 mL of Milli-Q water was added to the purified CNTs and
that mixture was added to the corresponding dried lipid film. The CNT/lipid
mixture was first bath-sonicated for 20 min (Emerson Electric Co., Model
Branson 1510) to disperse the CNTs in lipid solution. This is followed by
probe-sonication using a 1/4 inch sonicator micro-tip (QSonica) at 203 W
power for 16 hrs. The sonicator was run in 3-second pulses with 1-second
pause between each pulse. The QSonica ultrasonication converter head needs
to be cooled to avoid overheating during operation. To prevent overheating
of this component, we directed a constant stream (∼15 psi) of cool, dry air
directly onto the convertor head. In order to keep the sample from overheating,
we placed the sample vial into a copper water circulating block that constantly
cycles 30 ◦C coolant through the block to maintain a constant chamber/sample
temperature during the 16-hr sonication procedure.

To purify the shortened CNTPs from the uncut CNTs, the sonication-
processed solution was transferred to a 15mL conical centrifuge tube and cen-
trifuged at 10300 xg for 1hr at 20 ◦C followed by a 28000 xg spin for 10 min
at 20 ◦C. After centrifugation, the light-grey colored supernatant containing
the CNTP solution was carefully aspirated with a glass pipette and stored at
4 ◦C. The pellet fraction was discarded.

Liposome and CNT-liposome preparation.

Liposomes were prepared using 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC,
Avanti Polar Lipids). 2 mg of lipids, dissolved in chloroform, were aliquoted
into glass vials and the solvent was evaporated under a stream of argon gas or
air and further dried overnight in a vacuum desiccator chamber.

Dye-entrapped liposomes were prepared by adding 1 mL of buffer con-
taining 10 mM pyranine dye, 8-Hydroxypyrene-1,3,6-Trisulfonic Acid (HPTS,
Life Technologies), 10 mM HEPES, 150 mM NaCl, 30 mM KCl, pH 7.51 to
the dried lipid film to obtain a final lipid concentration of 2 mg/mL. This
solution was hydrated at room temperature for 30 minutes. To ensure forma-
tion of unilamellar liposomes, the samples underwent 10 cycles of freeze-thaw
treatment where the liposomes were flash-frozen in liquid nitrogen and sub-
sequently thawed at 50◦C. Liposomes were then extruded 21 times through a
200 nm pore-sized polycarbonate membrane using a mini-extruder (Avanti Po-
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lar Lipids). Excess unencapsulated free dye was removed using size exclusion
chromatography with a column containing Sepharose CL-6B (Sigma-Aldrich,
St. Louis, MO) agarose, and buffer exchanged using 10 mM HEPES, 150 mM
NaCl, and 30 mM KCl pH 7.51 buffer as an eluent.

To incorporate CNTPs into the liposomes filled with pyranine dye, we first
dried 2 mL of the appropriate DOPC/CNTP complex solution overnight in
a vacuum desiccator to remove the solvent. The dried DOPC/CNTP com-
plex was hydrated with 1 mL of dye-buffer (10 mM pyranine, 10 mM HEPES,
150 mM NaCl, 30 mM KCl, pH 7.51) and bath-sonicated to ensure the com-
plex is completely solubilized and detached from the glass vial. This dye-
containing DOPC/CNT complex was then used to rehydrate a dried lipid
film (2 mg DOPC) to obtain a final lipid concentration of 2 mg/mL. These
CNT-liposomes underwent 10 cycles of freeze-thaw treatment as previously
described, and were then extruded through a polycarbonate membrane filter
using a mini-extruder (Avanti Polar Lipids). Here again, excess unencapsu-
lated dye was removed using size exclusion chromatography with a column
containing Sepharose CL-6B (Sigma-Aldrich, St. Louis, MO) agarose, using
10 mM HEPES, 150 mM NaCl, and 30 mM KCl pH 7.51 buffer as an eluent.

CNTP synthesis.

The successful CNTP synthesis procedure needs to break up the bundled
CNT aggregates into individual nanotubes, cut them down to biologically com-
patible dimensions (10-15 nm), and keep them stable in aqueous suspensions.
To minimize the level of contamination of the final sample, it is also important
to start with a CNT feedstock that is free of amorphous carbon and other im-
purities. Since these impurities typically oxidize at lower temperatures than
the pure CNTs, we used thermogravimetric analysis (TGA) to determine the
onset oxidizing temperatures that help to bake off the impurities from the
CNT material. We found these temperatures to be 461.6 and 474.3 ◦C for the
1.5 and 0.8 nm diameter CNT starting material, respectively. Even though
the onset temperatures are fairly close for the two CNT source materials that
we explored, using a TGA apparatus minimizes the oxidative damage to the
CNT material. The purified CNT material is then easily solubilized under
gentle sonication in the presence of DOPC lipid molecules, which adsorb on
the CNT surface and serve as a surfactant.

The main step in the synthesis procedure is the CNT scission using tip-
based ultrasonication (Figure 3.1, inset schematic). Prolonged micro-tip soni-
cation induces cavitation and collapse of microbubbles near the CNT surface
and progressively fractures the macroscopic nanotubes into shorter segments,
a process that repeats throughout the sonication period [43, 44]. To moni-
tor the kinetics of this process and to determine the sonication time required
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to produce the desired CNT lengths we extracted aliquots of the sample at
various intervals throughout the procedure and measured the distribution of
hydrodynamic sizes in these samples using dynamic light scattering (DLS).
The kinetics (Figure 3.1) show a continuous reduction in the average particle
size in these samples up until the 16-hour time point, after which we did not
observe any significant size changes; therefore, we concluded that the cutting
was largely complete by the 16-hour mark. As reported in our previous stud-
ies [40, 42], analysis of the length distributions of these nanotubes from the
preparations of both the wide (1.5 nm) and narrow (0.8 nm) porins by TEM
indicated that the cutting procedure typically produces CNTP lengths of 5-20
nm independent of the diameter of the CNT raw material. We speculate that
at these lengths the ultrasound bubble cavitation is no longer able to break
apart the CNTs; that may be why ultrasonication past 16 hours does not
induce further segmentation.

The subsequent ultra-centrifuge purification step removes the larger un-
cut CNTs and aggregated CNT bundles (and perhaps also some aggregated
CNTPs). The resulting CNTP solution is light grey and remains stable for at
least 6 months at 4◦C (Figure 3.2). Moreover, we were able to dry the CNTP
stock solution completely, and then resuspend it in aqueous solution by simple
bath sonication. This behavior indicates that the cut CNTs are well stabi-
lized by the lipid coating. The mechanism of stabilization of surfactant-coated
nanotube colloids often relies on electrostatic repulsion between surfactant
molecules coating adjacent nanotubes [45]. We assume that the lipid coating
offers the same stabilization in our samples. This behavior is also consistent
with our recent observation of ordered lipid coatings on CNT surfaces [46].

3.3 Characterization of CNTP batch

incorporation yield

Stepwise titration with 1 µL of 1 M HCl in the extravesicular medium
led to reductions in the intravesicular pH and in fluorescence emission from
entrapped pH-sensitive pyranine dye (8-Hydroxypyrene-1,3,6-trisulfonic acid,
trisodium salt); the resulting step changes in fluorescence with pH are used to
create a calibration curve to convert the fluorescence emission data to lumenal
pH in further experiments. Over the 7.5-6.9 pH range used in this study, the
relative fluorescence emission was linearly proportional to the solution pH.
For a typical batch activity measurement, 2 mL of buffer (10 mM HEPES,
150 mM NaCl, 30 mM KCl) at pH 6.9 was added to a cuvette and placed in
a Fluoromax-4 fluorimeter (Jobin-Yvon) at room temperature for at least 5
minutes with constant stirring until a steady baseline measurement reading is
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Figure 3.1: CNT cutting by ultrasonication. A plot of the average particle
size measured by DLS as a function of sonication time. Inset: Schematics of
the ultrasonication cutting procedure.
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Figure 3.2: Photographs of the CNT dispersion before (left) and after (right)
cutting and separation by centrifugation.

reached. We then quickly added 70 µL (pH 7.51) of the LUVs or CNTP-LUVS
depending on the experiment, to the cuvette containing a stirrer bar with
constant stirring through the entire duration of the experiment. Changes in
fluorescence intensity of entrapped pyranine in response to the transmembrane
pH gradient dissipation were monitored as a function of time using excitation
and emission wavelengths of 450 and 514 nm, respectively. All measurements
took place in dark conditions with constant stirring.

CNTP synthesis yield.

We then turned to the optimization of the CNTP synthesis. Several key
parameters influence the efficiency and the yield of the sonochemical cutting
procedure: solution temperature, sonication power, and lipid-to-CNT mass
ratio. The first two parameters should be important for the kinetics of the
cutting process, while the mass ratio of the lipid-to-CNT components should
have a significant impact on the overall yield since this parameter largely con-
trols the solubilization of the final CNTPs. Our initial assumption was that
increasing the lipid-to-CNT ratio would result in increasing favorable inter-
actions between the hydrocarbon lipid chains and the CNT surface, thereby
improving the solubility of the material and promoting greater cutting effi-
ciency. To test this assumption, we performed the synthesis protocol using
lipid doses ranging from 8 to 60 mg of DOPC lipid per mg of CNT material.
We then analyzed the products using the CNTP proton permeability assay
[42] as a benchmark of the CNTP activity. This measurement is analogous to
an activity-based assay commonly used to characterize protein batches. As a
transport-based assay, it is preferable to other approaches that could determine
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the concentration of shortened CNTPs, such as small-angle neutron scattering
[47, 48], atomic force microscopy [49–52], visible/infrared absorption [53–55],
or photoluminescence spectroscopy [29, 56, 57].

Figure 3.3: CNTP proton permeability assay showing the kinetics of pH change
in the lumen of the liposomes containing 1.5 nm diameter CNTPs after rapid
acidification of the external solution for different lipid doses used during the
CNTP synthesis procedure. Faster kinetics is an indication of a larger number
of CNTPs incorporated into the liposome, and thus a higher yield from the
synthetic procedure. Insets: Cryo-TEM images of CNTPs in lipid vesicles.

To determine the CNTP activity, we reconstituted a fixed aliquot from
a CNTP batch into liposomes containing a pH-sensitive fluorescent pyranine
dye, lowered the pH outside the vesicles, and then monitored the luminal
dye fluorescence to determine the kinetics of the pH gradient equilibration
through the CNTP pores (Figure 3.3,3.4,3.5,3.6). Extracting the slope of each
curve from the transport assay, we can plot the bulk transport activity of
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Figure 3.4: CNTP proton permeability assay showing the kinetics of pH change
in the lumen of the liposomes containing 0.8 nm diameter CNTPs after rapid
acidification of the external solution for different lipid doses used during the
CNTP synthesis procedure. Faster kinetics is an indication of a larger number
of CNTPs incorporated into the liposome, and thus a higher yield from the
synthetic procedure. Insets: Cryo-TEM images of CNTPs in lipid vesicles.
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Figure 3.5: Kinetics of the HPTS dye fluorescence intensity as a function of
time after rapid acidification of the solution in the cuvette. 1.5 nm CNTPs
used in this assay were prepared using lipid dosage as indicated in the plots.

the 1.5 or 0.8 nm porins embedded in liposomes as the rate of pH change
within the vesicles (dpH/dt) with respect to lipid dosage (Figure 3.7). We
can convert the measured proton permeability into the number of CNTPs per
vesicle using the unitary proton permeability of CNTPs as described in our
previous work (1.80× 10−7 and 3.30× 10−7 nS per 1.5 nm and 0.8 nm CNTP,
respectively) [42]. Initially, the observed trend followed our hypothesis —
increasing the lipid-to-CNT mass ratio (L:C) in the CNT/lipid mixture before
sonication increased the yield of CNTPs in the final product for both 1.5 nm
and 0.8 nm CNTPs. Surprisingly, this trend was not monotonic: samples
from the batches with L:C mass ratios greater than 40 started to exhibit
reduced activity values that quickly dropped down to less than one CNTP
per vesicle. Thus, the data clearly point to the existence of the optimal lipid-
CNT ratio (36.7 and 41.5 for 1.5 and 0.8 nm diameter CNTPs, respectively)
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Figure 3.6: Kinetics of the HPTS dye fluorescence intensity as a function of
time after rapid acidification of the solution in the cuvette. 0.8 nm CNTPs
used in this assay were prepared using lipid dosage as indicated in the plots.

that maximizes the yield of CNTP synthesis. We hypothesize that increasing
lipid dosage initially improves the surface coverage on the CNTs, resulting in
better solubilization and easier access to the cavitation events produced during
sonication. The decrease of the synthesis efficiency observed at higher lipid-to-
CNT ratios perhaps indicates that excess DOPC molecules form multilamellar
structures on the CNTP, or exist as excess free liposomes in solution that may
shield the nanotube surface from the ultrasonic energy required to fracture
CNTs.
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Figure 3.7: Lipid dose variations change CNTP synthesis yield. Plot of the
vesicle interior pH change rate (dpH/dt) measured in the proton transport
assay as a function of the mass ratio of lipid to CNT used in the synthesis.

3.4 Optical properties

Dynamic light scattering (DLS) measurements.

DOPC and CNTP-DOPC liposome diameters were characterized using a
dynamic light scattering (DLS) instrument (Zetasizer Nano-ZS90, Malvern
Instruments, UK). Typically, 70 µL of the liposome sample was added to a
disposable small volume cuvette (BRAND GmbH & Co. KG, Germany) and
light scattering intensity of the liposomes was measured. Each size reading
was obtained from an average of 10 individual measurements.

Cryogenic transmission electron microscopy
(Cryo-TEM) imaging of CNTP-LUVs.

Samples of CNTP-LUVs for Cryo-TEM were prepared on glow-discharged
holey-carbon 200-mesh copper grids (HC-200Cu, EMS) by plunge freezing
(Leica EM GP automatic plunge-freezer) into liquid ethane held at liquid
nitrogen temperature and blotting both sides of the grids for 3-5 seconds.
These samples were continuously stored under liquid nitrogen. Imaging was
performed using a Zeiss Libra 120 TEM operating at 120kV using zero-loss
filtering with an energy-slit width of 20eV. All the images were acquired under
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low-dose conditions (∼10 electrons/Å2 per image) using a high-sensitivity 4K
× 4K Gatan Ultrascan CCD camera at a nominal magnification of typically
50,000x with no binning to give an image pixel size of 0.24nm at the specimen
and the defocus values ranged from minimum contrast to 1 µm underfocus.

Dispersion of CNTs and CNTPs for Fluorescence
Spectroscopy.

To prepare solutions for fluorescence spectroscopy, 0.5 mg of raw uncut
CNT material was dissolved in 1 mL of a 1% SDS in D2O solution and bath-
sonicated for 1 hr, followed by horn-tip sonication at 21 W power for 30 mins.
To purify the sample and remove aggregates, the solution was centrifuged at
9000 RPM for 30 mins. We carefully decanted the supernatant and used the
resulting CNT dispersion to obtain an emission scan. For measurements on 16
hr sonication-processed CNT porin samples, the dispersion solution contained
DOPC phospholipid and D2O. A typical measurement of 0.8 nm CNTPs used
an excitation wavelength range of 500-800 nm, an emission range of 900-1450
nm, a 4 nm slit width, and an integration time of 30 sec on a NanoLog Spec-
trofluorometer instrument. We note that the limited range of the emission
detector of our instrument did not allow for fluorescence analysis of the 1.5
nm sample.

Optical properties of CNTPs.

Encapsulation in amphiphilic lipid molecules preserves most of the optical
properties of single-walled CNTs in solution. Absorption spectra of all lipid-
CNT complexes (Figure 3.8, 3.9) showed characteristic E22 and E11 optical
transitions corresponding to electronic state densities of semiconducting SWC-
NTs [58]. Researchers have shown that as nanotube lengths approach several
nanometers, decreased exciton lifetime can cause spectral peak broadening [59,
60]. We observed peak broadening in the spectra our 1.5 nm CNTP samples
compared to the spectra of raw CNT material, but no significant broadening
was seen for 0.8 nm porins (Figure 3.8, 3.9). Additionally, Sun et al. [38]
reported that for shorter CNT lengths increasing quantum confinement along
the CNT axis causes blue shift of the absorbance. We have also observed
this blue shift in the UV-Vis-NIR absorption spectra of our 1.5 nm and 0.8
nm CNTPs (Figure 3.8, 3.9), confirming that sonication resulted in significant
shortening of the nanotubes.

Since most of the raw CNT material contains a mixture of different CNT
structures and chiralities, it is important to characterize the heterogeneity of
the starting CNT materials as well as that of the final CNTP product. Two-
dimensional photoluminescence (2D PL) excitation/emission spectroscopy map-
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Figure 3.8: UV-Vis-NIR absorption spectra of 1.5 nm diameter CNTs and
CNTPs. Dashed lines indicate the locations of major spectral features.

Figure 3.9: UV-Vis-NIR absorption spectra of 0.8 nm diameter CNTs and
CNTPs. Dashed lines indicate the locations of major spectral features.
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Figure 3.10: 2D fluorescence excitation/emission spectra. (a) 0.8 nm diame-
ter CNT source material sample before sonication processing reveals multiple
chiralities and (b) post sonication CNTP sample shows predominance of (8,4)
CNT species after cutting.

Figure 3.11: Fluorescence emission spectra of 0.8 nm diameter CNTs before
and after cutting (λex = 568 nm). The shift in relative intensities of the
emission peaks indicates that the predominant CNT chirality changes from
(6,5) to (8,4) after cutting procedures. Similar analysis of the 1.5 nm diameter
porins was not possible because the emission peaks in that sample fall outside
the detection range of our instrument.
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ping showed six distinct CNT species (Figure 3.10 (a)) for the 0.8 nm CNT
samples before sonication, which we assigned to distinct chiral (n, m) indices
according to procedures described by Bachilo et al. [61] 2D fluorescence spec-
tra of the samples before and after sonication processing revealed a shift in the
predominant CNTP chirality from (6,5) to (8,4) species (Figure 3.10 (b)); a
line scan at the excitation wavelength of 568 nm (Figure 3.11), obtained from
the 2D plots, clearly shows the change in relative intensities of these two CNT
populations. This observation suggests that sonication processing can have
strong selectivity towards certain CNT chiralities. A possible explanation of
this phenomenon comes from an assessment of the mechanical strength of the
different (n, m) species in the sample. For instance, near-armchair configu-
rations are weakest in the longitudinal direction [62] and therefore would be
prone to length-wise unzipping during fracture of the CNTs [63, 64], producing
graphene flakes. Thus, the initially abundant (6,5) species is largely destroyed
during ultrasonication and the more resilient (8,4) (closer to zig-zag configu-
ration) species persist, giving a final CNTP product that largely consists of a
single chirality CNT species. These observations suggest that this preferential
removal of the armchair-like CNTs could be used as a tool to select certain
CNT chiralities in the sample; at the same time, it points to the additional
challenges for developing the process for producing CNTPs with armchair-like
structure.

3.5 Raman spectroscopy signature

The Raman spectra were measured using a Nicolet Almega XR micro-
raman spectrometer at laser wavelengths of 633 nm and 473 nm. The laser
power was kept below 100 W/cm2 for the study of CNT porins to avoid heating
the samples. To prepare the samples for Raman analysis, equal aliquots of
aqueous dispersions of the CNTP batches were dried on glass slides in a vacuum
desiccator for 3-4 hours to form a greasy film spot on the slide and subsequently
measured in the spectrometer. The Raman spectra were normalized to the G-
band intensity to allow comparison across the varying samples.

Raman spectroscopy analysis of the cut CNTP batches confirms the key
role that CNT-lipid interactions play in stabilizing the final product. CNTs
exhibit several characteristic peaks in the Raman spectra [65], with the key
features in the spectra being the radial breathing modes (RBM), and G-, D-,
and G′-bands, each arising from different phonon resonance modes [66]. The
comparison between the RBM region spectra of our CNT samples prior to
and after the cutting procedure verifies that 16 hours of high-powered, high-
frequency ultrasonication did not induce significant changes in the nanotube
diameter (Figure 3.12). The RBM region (100-300 cm−1) reveals a bimodal
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diameter distribution in the narrow 0.8 nm uncut CNT material with peaks at
290.7 cm−1 and 331.2 cm−1 (Figure 3.12, red dashed spectrum), correspond-
ing to (8,4) and (6,5) chiralities that were observed in the fluorescence spectra
(Figure 3.11). In contrast, the RBM region spectrum of the 0.8 nm porin sam-
ple indicates that only the (8,4) chirality has survived the sonication (Figure
3.12, red solid spectrum), which correlates well with our observations from the
fluorescence spectrum for these 0.8 nm nanotubes. In the case of the 1.5 nm
CNTs, the uncut material contains two peaks (149.9 cm−1 and 209.7 cm−1)
(Figure 3.12, blue dashed line) that persist in the porin sample (Figure 3.12,
blue solid line), however with different relative intensities, perhaps providing
further evidence of preferential CNT species removal.

Figure 3.12: Raman spectra of uncut CNTs (dashed lines) and the final prod-
uct CNTP (solid lines) for 0.8 nm (red) and 1.5 nm (blue) CNTPs. Main panel
shows the magnified radial breathing mode (RBM) region of the spectra; Inset
shows the whole spectral range.
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Figure 3.13: Raman spectra of the (i) purified source CNT material, (ii) DOPC
lipid, (iii) high-yield CNTP batch, and (iv) low-yield CNTP batch.
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Figure 3.14: Raman spectra of DOPC lipid films. DOPC films prepared from
stock DOPC solution (green), dried DOPC LUVs (red), and DOPC after 16-
hour sonication (blue). All samples show similar Raman spectral feathers
under laser excitation of 633 nm (solid lines) and 473 nm (dashed lines).

Raw CNT material (Figure 3.13 (i)) showed the characteristic signals of
the G-band at 1590 cm−1, G′-band at 2600 cm−1, and D-band at 1310 cm−1.
Raman spectrum of the DOPC lipid exhibited a broad signal over the entire
range of the spectrum with the peak (L-band) signal at the 2800 cm−1 (Fig-
ure 3.13 (ii)), a feature previously observed for similar lipid monolayer films
[67] where the region between 2800-3100 cm−1 maps to C-H bond stretching.
To exclude the possibility of fluorescence emission contributing to the broad
signal, we measured the Raman signal at two different laser excitation wave-
lengths (473 and 633 nm) and verified that the Raman spectrum contained
similar spectral features at both wavelengths (Figure 3.14). Based on these
observations we used the broad peak at 2800 cm−1 as a signature lipid signal.

A comparison between the Raman spectra of the CNTP batches that ex-
hibited varying levels of porin incorporation efficiency (I.E. - derived from the



CHAPTER 3. CARBON NANOTUBE PORINS SYNTHESIS AND
CHARACTERIZATION 54

Figure 3.15: Raman spectra of five different CNTP batches (Batch A-E).

Batch Characteristic peak ratios

Lipid/G D/G
′

I.E.

A 1.35 0.52 25.6
B 1.08 0.59 20.9
C 0.54 0.59 3.3
D 0.35 0.68 0.2
E 0.17 0.89 0.1

Table 3.1: Raman ratiometric parameters of different CNTP batches. Raman
spectra peak ratios and corresponding incorporation efficiencies for the five
bathes shown in Figure 3.15.
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Figure 3.16: Quality parameters for CNTP yield analysis. The CNTP batch
yield can be characterized by two parameters derived from the Raman spec-
tra peak ratios. Plots of the incorporation efficiency (I.E.) as a function of
the ratio of lipid:G for 0.8 nm CNTP. Raman peak intensities from batches
with varying synthesis yield indicate a threshold for producing samples with
increasing numbers of porins and CNTP incorporation efficiency.

proton transport assay and reported as the number of CNTPs per 200 nm di-
ameter vesicle) (Figure 3.13 (iii, iv)) immediately reveals significant differences
between the two kinds. The L-band intensity corresponding to the Raman sig-
nal of the lipid molecules is much stronger for the highly active CNTP batch
than for the inactive CNTP batch. Since the processed and centrifuged CNTP
sample should contain little free lipid (in the form of micelles or liposomes),
the L peak in the high-activity batch spectrum must arise from the lipid that is
adsorbed on the nanotube surface. Thus it appears that a highly-active CNTP
batch should contain porins that are well coated and solubilized; conversely, a
smaller lipid shoulder intensity coupled with a strong G-band suggests a poor
lipid coating resulting in reduced CNTP activity (i.e. incorporation efficiency,
Figure 3.15, Table 3.1). This observation is consistent with our hypothesis and
prior observations that effective solubilization with the lipid is the primary de-
terminant of the CNTP synthesis success and the activity of the synthesized
CNTPs.

A more detailed look at the Raman spectral data from all of our CNTP
batches allowed us to extract quantitative metrics to address the solubilization
and dispersion quality, and also the CNTP yield. We found that the sample
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Figure 3.17: Quality parameters for CNTP yield analysis. The CNTP batch
yield can be characterized by two parameters derived from the Raman spec-
tra peak ratios. Plots of the incorporation efficiency (I.E.) as a function of
the ratio of lipid:G for 1.5 nm CNTP. Raman peak intensities from batches
with varying synthesis yield indicate a threshold for producing samples with
increasing numbers of porins and CNTP incorporation efficiency.

quality could be characterized by two parameters derived from the Raman
spectra: the L:G and G′:D peak ratios (Figure 3.16 - 3.19). The L:G peak
ratio measures the relative amount of lipid per graphitic carbon in the CNTP
sample and the G′:D peak ratio measures the quality of the graphitic walls
of the CNTPs (the second-order G′-band does not require an elastic defect-
related scattering process, and is observable only for defect-free sp2 carbons
[68]). Samples that exhibited the highest activity also showed the highest
L:G signal ratio, again underscoring the importance of lipid-mediated solu-
bilization for the CNTP synthesis. Interestingly, higher CNTP activity also
showed strong correlation with a higher G′:D ratio, indicating perhaps that
effective solubilization with lipid protects the CNT walls from excessive defect
formation during the sonication cutting.

Overall, the 0.8 nm CNTP samples with a L:G ratio ≥ 0.8 (Figure 3.16)
and a G′:D ratio≥ 1.8 (Figure 3.18), were well solubilized, readily incorporated
into lipid bilayers, and performed well in the proton transport assays. In the
case of 1.5 nm diameter CNTP samples, an L: G ratio ≥ 1.2 (Figure 3.17) and
a G′: D ratio ≥ 1.6 (Figure 3.19) were indicative of a highly functional batch.
Even though these metrics are semi-quantitative, they can be an effective,
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Figure 3.18: Quality parameters for CNTP yield analysis. The CNTP batch
yield can be characterized by two parameters derived from the Raman spec-
tra peak ratios. Plots of the incorporation efficiency (I.E.) as a function of
the ratio of G′:D for 0.8 nm CNTP. Raman peak intensities from batches
with varying synthesis yield indicate a threshold for producing samples with
increasing numbers of porins and CNTP incorporation efficiency.

quick, and relatively convenient measures of CNT dispersion and sonication
cutting yields; thus, we propose that they can serve as benchmarks for the
evaluation of CNTP synthesis procedures.

3.6 Conclusions

Detailed analysis of the sonication-based procedure for CNTP synthesis
and comprehensive characterization of the optical properties of the product
CNTPs that we have presented shows that only those samples in which the
cut CNTs are well solubilized with lipid coating exhibit high CNTP activity.
The yield of the CNTPs varies non-monotonically with the added amounts of
the lipid, and we report the optimized synthesis conditions for the production
of CNTPs of different diameters. Our data indicate that the ultrasonication-
based cutting process is highly complicated and could result in preferential
removal of several types of the CNT species, necessitating detailed character-
ization of the product CNTPs. Finally, we present semi-quantitative metrics
that can characterize the efficiency of the CNTP synthesis and the quality of
the product CNTPs. These metrics give researchers a quick means of compar-
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Figure 3.19: Quality parameters for CNTP yield analysis. The CNTP batch
yield can be characterized by two parameters derived from the Raman spec-
tra peak ratios. Plots of the incorporation efficiency (I.E.) as a function of
the ratio of G′:D for 1.5 nm CNTP. Raman peak intensities from batches
with varying synthesis yield indicate a threshold for producing samples with
increasing numbers of porins and CNTP incorporation efficiency.

ing the batches produced from different sources, and also give them the tools
to use in further optimization efforts. Similar approaches could also be used
in the future development of functionally diverse CNTPs for a wide range of
applications in biomimetic and biological systems.
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Chapter 4

Carbon Nanotube Porins in
Amphiphilic Block Copolymers

Biological membranes provide a fascinating example of a separation system
that is multifunctional, tunable, precise, and efficient. Biomimetic membranes,
which mimic the architecture of cellular membranes, have the potential to de-
liver significant improvements in specificity and permeability. Here, a fully
synthetic biomimetic membrane is reported that incorporates ultra-efficient 1.5
nm diameter carbon nanotube porin (CNTPs) channels in a block-copolymer
matrix. It is demonstrated that CNTPs maintain high proton and water per-
meability in these membranes. CNTPs can also mimic the behavior of bio-
logical gap junctions by forming bridges between vesicular compartments that
allow transport of small molecules.

4.1 Introduction

Energy-efficient molecular separations are fundamental to a number of
modern industrial, environmental, and biomedical processes including large-
scale water treatment, water desalination, kidney dialysis, sterile filtration,
and manufacturing of pharmaceuticals [1–3]. Although synthetic polymeric
membranes have come to dominate this application landscape, ever increasing
demands continue to fuel the search for energy-efficient membranes that can
provide both high selectivity and high permeability in the critical ca. 1 nm
pore size.

This chapter is adapted with permission from ”Sanborn, J.R., Chen, X., Yao, Y.C.,
Hammons, J.A., Tunuguntla, R.H., Zhang, Y., Newcomb, C.C., Soltis, J.A., De Yoreo,
J.J., Van Buuren, A. and Parikh, A.N., 2018. Carbon Nanotube Porins in Amphiphilic
Block Copolymers as Fully Synthetic Mimics of Biological Membranes. Advanced Materials,
30(51), p.1803355”. Copyright 2018 Wiley publishing.
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To this end, biological membranes represent an attractive alternative. To
achieve high levels of selectivity and permeability for separation and transport
of nanometer-scale solutes, cellular membranes adopt a structural paradigm
that is fundamentally different from conventional polymer membrane materi-
als. Cellular membranes use a solute-impermeable, amphiphilic bilayer matrix
that incorporates a variety of highly specific nanopore proteins (e.g., porins,
gated ion-channels, connexins, etc.), which shuttle molecular or ionic solutes
across the cellular or sub-cellular boundaries and enable highly selective ma-
terial exchange between the cells and their surroundings [4, 5].

Taking inspiration from biology, researchers made several efforts to pursue
robust and scalable synthetic membranes that either incorporate or inherently
emulate functional biological transport units. Recent studies demonstrated
successful lipid bilayer incorporation of a number of artificial nanopores based
on dendritic dipeptide scaffold [6], G-quadruplexes [7], and self-assembled pil-
lar arenes [8]s Other notable classes of artificial membrane nanopores include
peptide-based nanopores, 3D membrane cages [9], and large and complex DNA
origami nanopores [10–12]. We have recently introduced another class of
artificial membrane nanopores based on carbon nanotube scaffolds: carbon
nanotube porins (CNTPs) [13]. CNTPs are short segments of lipid-coated,
single-wall carbon nanotubes produced by sonication-cutting [14] that can in-
sert into lipid membranes and form defined ca. 1 nm diameter membrane
pores with atomically smooth hydrophobic walls that support transport of
protons and water [15, 16]. In addition, larger 1.5 nm diameter CNTPs enable
transport of ions, macromolecular polymers, or ssDNA. CNTPs are unique
among biomimetic nanopores because carbon nanotubes are robust and highly
chemically resistant, which make them amenable for use in a wider range of
separation processes including those that requiring harsh environments. Un-
fortunately, the lipid bilayer matrix, into which the CNTPs are embedded,
almost completely negates these advantages since it is fragile and disassembles
in non-aqueous environments or upon exposure to air.

A robust and flexible membrane matrix is thus another critical component
of an artificial membrane. Many amphiphilic block copolymers form bilayer
motifs (i.e., polymersomes) in their dilute suspensions [17–21], making them
a leading alternative to lipid-based liposomal membranes. Compared to lipo-
somes, polymersomes are mechanically more robust, and offer a wider range
of membrane elasticities and degrees of passive membrane permeability [17].
For instance, higher bending moduli of polymer vesicles, 40-460 kBT (com-
pared to 10-30 kBT for lipid vesicles) make them less prone to bending defor-
mations and their lower stretching moduli (80-100 versus 250-1000 mN m−1

for vesicles) render them more resistant to strain-induced fractures, allowing
them to withstand volume expansion/compression under osmotic stresses [22–
24]. Moreover, compared to lipid membranes, single component, homogeneous
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polymer membranes in their fluid state have lower water permeabilities (0.7-10
versus 15-150 µm s−1) [25, 26] and reduced lateral fluidities (0.1-0.01 versus 1-4
µm2 s−1) [27–29]. Furthermore, a thicker hydrophobic core in polymer mem-
branes (8-10 versus 3-4 nm for lipid bilayers) should provide a better match
and consequently higher degree of stabilization for the average CNTP length
of 10-12 nm (we also note that, due to the nature of the sonication-cutting
procedure used to synthesize CNTPs, they show a wide-size distribution [13],
and thus a portion of CNTPs incorporated into polymersome membrane is
still expected to protrude beyond the membrane).

Here, we report integration of CNTP channels into poly(butadiene)-poly(ethylene
oxide) (PBD22-PEO14) polymer membranes, mimicking the structure, archi-
tecture, and basic functionality of biological membranes in an all-synthetic
architecture. Proton and water transport measurements show that carbon
nanotube porins maintain their high permeability in the polymer membrane
environment. In a significant expansion of the CNTP platform capabilities,
we also demonstrate that CNTPs embedded in polymersomes can transport
small-molecule reagents between vesicular compartments opening new oppor-
tunities for delivery molecular reagents to vesicular compartments to initiate
confined chemical reactions and mimic the sophisticated transport-mediated
behaviors of biological gap junctions.

4.2 Materials preparation

materials

We used 1.5 nm diameter P2 CNTs (Carbon Solutions Inc.) to produce
CNTPs. P2 CNTs contain a higher concentration of defects than the raw
CNT stock that we used in previous studies [14, 15] (as indicated by an in-
creased D-band signal in the Raman spectra, see Figure 4.1) and we found
that these defects resulted in more efficient cutting and an increased yield
of CNTPs. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and Rhodamine
B 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (Rhodamine B DOPE) were
obtained from Avanti Polar Lipids. PBD-PEO 1800 polymer (P10191) was
obtained from Polymer Source Inc. Horseradish peroxidase (HRP, P6782),
8-Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS, H1529), lumi-
nol sodium salt (A4685), calcium chloride, hydrogen peroxide (216763), phos-
phate buffered saline (P4417), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES, RDD002), hydrochloric acid solution (H9892), sodium chloride
(S7653), potassium chloride (P9333), and deuterium oxide (151882) were ob-
tained from Sigma-Aldrich. Fluo-4 pentapotassium salt (F14200) was obtained
from Thermo Fisher Scientific Inc. Pre-assembled extruders with 200 and 400
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Figure 4.1: Raman spectrum collected from CNTPs. The major RBM peak
is located at 176 cm−1 and indicates that the dominant CNT fractions have a
diameter of 1.5 nm.

nm pore sizes were obtained from T&T Scientific Inc.

vesicle preparation

PBD-PEO diblock-copolymer vesicle were made following previously de-
scribed protocols with minor changes [29]. Briefly, 5 mg of PBD-PEO 1800
suspended in chloroform was deposited in a glass vial and dried under vacuum
overnight to remove all traces of chloroform. The film was resuspended in
buffer and heated to 70 ◦C for 30 min before stirring at 200 RPM for an addi-
tional 30 min to form multilamellar vesicles. To convert them into unilamellar
vesicles, the solution was subjected to 10 freeze-thaw cycles and then heated
to 70 ◦C prior to mechanical extrusion through 400 or 200 nm tract-etched
membranes. To incorporate 1.5 nm diameter CNTPs into the polymersomes,
we adapted the protocols developed for incorporating CNTPs into lipid vesi-
cles [30]. We first dehydrated 0.5-1.5 mL of the appropriate CNTP solution for
30 min in a rotating desiccator heated to 50 ◦C. Dried film was hydrated with
buffer (see the next section for details) and briefly bath-sonicated to ensure
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complete solubilization. This DOPC/CNT complex was then used to hydrate
a dried PBD-PEO film to obtain a final polymer concentration of 5 mg·mL−1.
The solution was then heated to 70 ◦C and stirred for 1 h, then it under-
went 10 cycles of the freeze-thaw treatment, followed by extrusion through
a 400 nm polycarbonate filter. Finally, polymersomes were separated from
unincorporated CNTPs with size-exclusion chromatography on an 8 cm long
Sepharose CL-6B column. Purified vesicles were characterized with dynamic
light scattering (Zetasizer Nano-ZS90, Malvern Instruments) with each mea-
surement containing an average of at least 10 individual runs. DOPC and
DOPC-CNTP liposomes were made as described previously [30].

Direct estimation of diblock copolymer/phospholipid
concentration by a colorimetric assay.

The amount of membrane amphiphile present in samples was measured
using a colorimetric assay that was used previously for lipids [31] and diblock
copolymers [32]. Briefly, 200 µL aliquots of samples were dried for 15 min in a
rotating desiccator heated to 50 ◦C. The dried samples were then solubilized
with 2 mL of chloroform, followed by the addition of 2 mL ammonium fer-
rothiocyanate. This solution was vortexed vigorously for 1 min and allowed
to separate on the bench top. The bottom chloroform layer was carefully ex-
tracted with a Pasteur pipette and the absorbance was measured at 510 nm
(488 nm) to quantify the polymer (lipid) mass. This analysis used a calibration
curve prepared from samples of known lipid and polymer concentrations.

4.3 CNTP incorporation and

characterization.

We chose PBD22-PEO14 (PBD-PEO 1800) diblock co-polymer (MW PBD:PEO
of 1200:600) as a membrane matrix since it forms 10-12 nm thick polymer bi-
layers that provide an ideal match for CNTP length. Block-copolymer mem-
branes were previously used to incorporate a variety of membrane proteins,
such as aquaporin Z [33], ATP synthase [34], GPCRs [35], and OmpF porins
[36]; therefore, we expected that CNTPs would also incorporate into this mem-
brane (Figure 4.2). To insert CNTPs into the block-copolymer membranes, we
modified previously developed procedures for inserting CNTPs into lipid ma-
trices [14, 30], by adding elevated temperatures and constant stirring necessary
for PBD-PEO 1800 to form vesicles.
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Figure 4.2: Schematic of the CNTP incorporation into PB-PEO 1800 poly-
mersomes.

Cryogenic TEM measurements of CNTP-polymersomes

Specimens were prepared for cryogenic (cryo) TEM specimens by placing
a 3 µL drop of sample onto a 200 mesh copper TEM grid coated with lacey
carbon film (EMS). Grids were glow discharged prior to use (EasiGlow, Ted
Pella). Grids were inserted into an FEI Vitrobot Mark IV (FEI, Hillsboro,
OR) maintained at room temperature and 70% relative humidity and blotted
with filter paper [blot time: 1 s, relaxation time: 1 s, blotting force: 1 (unit-
less parameter)]. The grid was then rapidly plunged into liquid ethane. All
specimens were stored and handled under liquid nitrogen after vitrification.
Specimens were imaged under low-dose conditions in an FEI Titan 80-300 En-
vironmental TEM equipped with a field emission electron gun and operated
at 300 kV. Specimens were transferred into the TEM while maintaining cryo-
genic conditions (-176 ◦C) by using a Gatan 626 cryo-TEM holder. Images
were captured with an UltraScan 1000 2k × 2k charge capture device (CCD)
camera (Gatan, Inc.) operated via Digital Micrograph (Gatan, Inc). Once
recorded, images that were processed using ImageJ.

Small angle X-ray scattering.

In order to determine whether the lipid and copolymer phase-separate in
the CNTP-polymersomes, we collected small angle X-ray scattering (SAXS)
from: pure polymersomes, pure liposomes, and CNTP-polymersomes in so-
lution with concentration of 10, 10, and 12.9 mg mL−1, respectively. Each
suspension was pipetted into a capillary tube at beamline 4-2 at the Stan-
ford Synchrotron Radiation Laboratory [37] and exposed to 12.5 keV X-rays.
The scattered intensity from the vesicles was collected in the q-range: 0.02
Å−1 < q < 1.5Å−1, where q is defined as the magnitude of the scattering
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vector [38]. Sixty frames (1s each) were collected using a beam size of 0.3
mm × 0.3 mm whilst oscillating the solution to thwart beam damage. There
was little difference between the 60 different SAXS frames collected from each
sample. Therefore, all frames were averaged to increase the signal-to-noise
ratio of the data.

NIR absorption

Near-IR (NIR) absorption was measured using a Cary 4000 UV-vis/NIR
spectrometer (Agilent). Briefly, 100 µL of vesicles were aliquoted into glass
vials and dehydrated in a rotary evaporator set to 55 ◦C until completely dry.
Dried film was then resuspended with 200 µL of D2O water and bath-sonicated
until the sample solution appeared uniformly turbid. The absorbance was
measured from 1800 to 200 nm at a scanning rate of 600 nm s−1 and a time
interval of 0.1 s. The absorbance in the S22 regime (900-1100 nm) [39] was
selected and subtracted from measurements of polymer or lipid vesicles alone
to determine the peak absorbance.

High-speed atomic force microscopy imaging of
supported block-copolymer bilayers

All AFM imaging used a 1.5 mm diameter mica disk substrate glued on a
glass rod of the HS-AFM sample stage. Mica surfaces were freshly cleaved
prior to sample deposition and a small aliquot of vesicles was placed on
the sample with a pipette and incubated for 30 min at 70 ◦C. High-speed
atomic force microscopy (HS-AFM) images of CNTPs were acquired in tap-
ping mode at room temperature using an HS-AFM instrument (RIBM, Japan)
equipped with ultrashort AFM cantilevers with custom-produced high-density
carbon/diamond-like carbon tips (USC-F1.2-k0.15, NanoWorld, tip radius <
10 nm). The electron beam deposited carbon tips (radius < 10 nm) were also
fabricated on the AFM cantilevers with the Zeiss Crossbeam 1540. For all
imaging studies the HS-AFM fluid cell was filled with 120 µL of phosphate
buffered saline. 128 × 128 pixel images were collected from a 200 × 200
nm area at a scan rate of 2 frames per second. The home-built Matlab2015
(MathWorks, Natick, MA) code was used to convert the raw HS-AFM images
to ImageJ (National Institutes of Health, Bethesda, MD) stacks for further
processing.

Raman spectroscopy of CNTPs.

Raman spectra of dried CNTP aliquots were collected using a Nicolet
Almega XR micro-Raman spectrometer at laser wavelengths of 633 nm and
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laser power was kept below 100 W cm−1 to avoid heating the samples.

proton permeability

Polymersomes and CNT-polymersome proton transport measurements fol-
lowed the protocols previously described for measuring proton transport in
DOPC-CNTP liposomes [15]. Briefly, polymersome-CNTP vesicles contain-
ing 10×10−3M of the pH-sensitive HPTS dye in buffer (150×10−3M NaCl,
30×10−3M KCl, and 10×10−3M HEPES, pH of 7.5). Separately, 2 mL of the
same buffer adjusted to pH 6.9 was placed in a cuvette inside a fluorimeter
(Fluoromax 4, Horiba) and equilibrated to room temperature for at least 5
min with constant stirring. 70 µL vesicle aliquots were added to the cuvette
and the instrument recorded a time trace of the HTPS fluorescence (Em/Ex:
450/514 nm). Proton permeability was determined from these kinetics as de-
scribed previously [15].

water transport

Water permeabilities of CNTP-polymersomes or control polymersomes were
determined using a stopped-flow instrument (SFM2000, BioLogic) and previ-
ously described protocols [16]. Briefly, vesicles were rapidly mixed in the
stopped-flow instrument with a hypertonic buffer solution composed of 10×10−3M
HEPES (pH 7.5) and varying concentrations of HPTS (from 6.25 to 40×10−3M)
or poly(diallyldimethylammonium chloride (PDADMAC) (0.5%-4% (w/v)).
The osmolarity of each buffer was verified with a freezing-point osmometer
(Osmomat 3000, Gonotec) prior to the experiment. Light scattering data
were acquired in the time interval between 50 and 500 µs, at 90◦C scattering
angle, and a measured dead time of 0.7 ms. For each osmolyte concentration,
we averaged at least three individual runs and the resulting kinetics were used
to calculate the water permeability as described previously [16]. The reported
value for water permeability was calculated from an average of three different
vesicle preparations.

Chemiluminescence assay.

CNTP-polymersomes containing 50 U mL−1 of HRP (final encapsulation
efficiency 1.3%) were formed in a 10×10−3M HEPES buffer at pH 7.8. To
prevent damage to the enzyme, we used four freeze-thaw cycles in the vesicle
preparation instead of the 10 listed above. Once extruded and separated from
unencapsulated protein with size exclusion chromatography, vesicle fractions
were collected, combined, and used immediately. In a typical experiment,
100 µL of CNTP-polymersomes loaded with HRP were added to a cuvette
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containing 1.8 mL of 10×10−3M HEPES, pH 7.8. After 5 min, 40 µL of
200×10−3M luminol sodium salt and 66.7 µL of 30% hydrogen peroxide was
added, in separate steps, to begin the reaction and luminol chemiluminescence
signal at 432 nm was recorded in a Fluoromax-4 fluorometer with the excitation
pathway blocked and under constant stirring.

Ca2+ vesicle docking assay.

CNTP-polymersomes were formed in a 10×10−3M HEPES buffer, pH 7.2,
that also contained 100×10−6M of calcium indicator dye Fluo-4 pentapotas-
sium salt (final encapsulation efficiency 6.7%). DOPC liposomes that incorpo-
rated 60×10−3M CaCl2 were formed. After extrusion and size-exclusion chro-
matography purification both types vesicles were kept in a water bath at 23.6
◦C. In a typical experiment, 100 µL of polymersome and liposome vesicles were
pipetted into 2.8 mL of 10×10−3M HEPES pH 7.2 in a cuvette in a fluorimeter
(Fluoromax-4, Horiba), and Fluo-4 fluorescence kinetics (Ex:494/Em:514) was
recorded under constant stirring and strict temperature control.

Vesicle fusion assay.

CNTP-polymersomes, CNTP-liposomes, pure polymersomes, and pure li-
posomes were formed in 10×10−3M HEPES buffer, pH 7.2. Pure polymersomes
and liposomes contained 5% (w/w) rhodamine B DOPE such that rhodamine
B fluorescence is self-quenched. In a typical experiment 100 µL of pure li-
posomes and 100 µL of CNTP-liposomes were added to a cuvette with 1.8
mL 10×10−3M HEPES buffer (pH 7.2). Kinetics of membrane exchange was
evaluated by observing dequenching of rhodamine B fluorescence (Ex./Em.:
543/565 nm) under constant stirring.

4.4 Results and discussion

Cryogenic TEM (cryoTEM) images of CNTP-polymersomes (Figure 4.3)
contain linear features within the polymersome membrane that likely corre-
spond to CNTPs inserted in the membrane. These images also share broad
similarity with the cryoTEM images that we reported previously for CNTPs
inserted into lipid bilayers [13], although the overall contrast between the nan-
otube and polymer matrix was significantly weaker (See Figure 4.4). Since
CNTPs were synthesized using lipid-assisted sonication cutting, a small amount
of DOPC lipid was introduced into the polymersomes with the CNTPs. Al-
though lipids and block copolymers readily form mixed membranes, we have
performed SAXS studies to test whether this additional lipid component was
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Figure 4.3: Cryogenic TEM image of a polymersome wall with CNTPs. Inset
highlights the location of the CNTP in the image.
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Figure 4.4: Cryogenic TEM image of CNTPs in polymersome membranes from
different vesicles. The raw images are in the left column, images in the middle
column were processed with a smoothing algorithm and then contrast was
adjusted in ImageJ. Right column highlights the boundaries of the bilayers
(red) and CNTPs (blue).



CHAPTER 4. CARBON NANOTUBE PORINS IN AMPHIPHILIC
BLOCK COPOLYMERS 74

Figure 4.5: A log-log plot of the SAXS profiles for PB-PEO polymersomes
(blue), DOPC liposomes (green) and CNTP-polymersomes (red). Dashed lines
show predicted SAXS profiles for phase-separated PB-PEO and DOPC bilayers
for lipid fraction of f = 0.2 (dark purple) and f = 0.1 (violet).

forming phase-separated lipid domains in the membrane that could sequester
CNTPs.

SAXS profile of the CNTP-polymersome vesicles was clearly distinct from
the profiles of the vesicles created with pure PB-PEO or DOPC (Figure 4.5).
Moreover, as the scattered intensity from non-interacting phases should be
additive, we can expect the scattered intensity from vesicles containing phase-
separated PB-PEO and DOPC bilayers should represent a linear combination
of the scattering signals of each component in the q-range where the charac-
teristic sizes of each of the bilayers scatter (this assumption would not be valid
at lower range of q-values that would reflect the overall size of each phase).
The SAXS profile obtained for CNTP polymersomes was distinctly different
from those of pure polymer or lipid vesicles and cannot be obtained from a
linear combination of those profiles (Figure 4.14, dashed lines), arguing that
in our samples PB-PEO and DOPC bilayer phases do not phase-separate into
distinct polymer and lipid domains.

To characterize the morphology and dynamics of CNTPs in the polymer-
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Figure 4.6: A frame from a HS-AFM movie of the CNTP/polymersome mem-
brane fused onto a mica surface. Image shows several CNTPs protruding above
the polymersome membrane plane.
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Figure 4.7: Visible and near infrared absorption obtained from PBPEO 1800
copolymer and DOPC vesicles. The presence of higher absorption at lower
wavelengths in PBPEO 1800 (red) is also in agreement for absorbance spectra
obtained from lipid vesicle samples (blue). The inset highlights that poly-
mersomes do not show any characteristic peaks in the spectral region that is
important for identifying S22 signals from CNTPs.

some membrane further, we fused the CNTP-containing polymersomes to a
mica surface and imaged the resulting supported bilayer with HS-AFM. We
previously showed that HS-AFM not only can visualize CNTPs in lipid bilay-
ers, but also can capture real-time dynamics of CNTP diffusion in the bilayer
plane [40]. HS-AFM movies of control polymersome layers showed flat layer
morphology devoid of any sharp features. These movies and other AFM images
indicated that polymersome bilayers had smooth morphology and were approx-
imately 9 nm thick, which agrees with the ca. 7-11 nm thicknesses observed
in the cryo-TEM images. In contrast, HS-AFM images of CNTP-containing
polymersomes reveal multiple sharp features protruding by on average 1-2 nm
above the membrane plane, which we attribute to the CNTPs (Figure 4.6).

To quantify the CNTP content in CNTP-polymersome samples, we mea-
sured the NIR absorbance in the 1050 nm region, which corresponds to the S22

transitions in carbon nanotubes. This spectral region is convenient because
water and block copolymers that we used have minimal signal in this range
(See Figure 4.7), simplifying background subtraction. CNTP-polymersome
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Figure 4.8: Schematic of the proton transport through CNTPs in polymersome
membranes experiment.

samples showed a clear adsorption peak in this region, which was absent in
control samples; moreover, the magnitude of the S22 peak increased with the
increased loading of CNTPs into the polymersomes, confirming that this sig-
nal originated from the CNTPs. To quantify the number of CNTPs in the
polymer membrane we compared the magnitude of the S22 signal with the
similar measurement performed on previously calibrated vesicle samples that
contained CNTPs inserted into pure lipid bilayers. We then used this ratio
of NIR signals (corrected for the difference in surface area of liposomes and
polymersomes) to calculate the number of CNTPs present in polymersomes.
Surprisingly, this comparison revealed that polymersome samples had 4 times
more CNTPs compared to lipid samples formed under the same conditions.
We attribute this effect to a better match between CNTPs length and the
polymersome bilayer thickness. Furthermore, lower stretching moduli of poly-
mer bilayers, compared to their lipid counterparts, may also contribute to
favorable CNTP insertion. We also note that polymersome layers were previ-
ously shown to support nearly close-packed arrangement of artificial membrane
channels [8], suggesting that future work could potentially increase the CNTP
loading.

Proton conductance measurements provide another way to characterize the
number of CNTPs present in the polymersome membranes. When CNTPs-
polymersomes were loaded with pH-sensitive HPTS dye in their lumen and
exposed to a small pH gradient (Figure 4.8), we observed rapid pH equilibra-
tion (Figure 4.9) confirming that CNTPs in the polymer membrane serve as
efficient proton transport conduits. Control polymersomes without CNTPs
exhibited much slower pH equilibration kinetics; this is similar to our previous
measurements of proton transport in CNTPs in lipid bilayers [15] and indi-
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Figure 4.9: Proton transport through CNTPs in polymersome membranes.
Initial time traces of the lumen pH values of polymersomes after pH of the
outside solution decreased from 7.5 to 7.0.

cates that the bulk of the proton flux in this system indeed flows through the
CNTPs. Thus, it was not surprising that increased CNTP loading, quantified
by an increase in S22 adsorption (Figure 4.10), produced a corresponding in-
crease in the proton flux through the CNTP polymersomes (Figure 4.11). The
unitary CNTP proton conductance 0.73×10−7 ± 0.41 × 10−7 nS determined
from these measurements (as the slope of the linear fit through the data on
the Figure 4.9) is within a factor of 3 of the unitary proton conductance value
of 1.80×10−7 ± 0.69 × 10−7 nS of CNTPs in lipid bilayers [15]. This result
could be expected, as the proton conductance rate primarily reflects the ar-
rangement of the water hydrogen bonding pattern in the nanotube, but also
can reflect the different nature of the surrounding membrane matrix.

Our previous stopped-flow measurements of water transport through CNTPs
embedded in lipid membranes showed that they were highly efficient water
conductors [16]. Here, we used similar protocols to investigate water trans-
port through CNTPs in polymersomes (Figure 4.12 - 4.14). Like lipid vesicles,
polymersome membranes are susceptible to complex osmotically induced shape
changes, as has been previously reported for diblock polymersomes [41]. Thus,
subtraction of the background water permeability of the polymersomes is not
trivial in this case. Indeed, stopped-flow kinetics recorded after we subjected
PBD-PEO 1800 polymersomes to an osmotic gradient (Figure 4.13) revealed
that instead of following a single-exponential kinetics characteristic of gradual
volume change, light scattering traces showed two distinct single-exponential
kinetics regions, separated by a ”shoulder” region (Figure 4.13). Similar
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Figure 4.10: Optical properties of CNTPs. NIR absorption spectra in the S22

regime for increasing CNTP loading (as indicated in the legend) in CNTP-
polymersomes.

Figure 4.11: A plot of proton flux in CNTP-polymersomes as a function of S22

NIR absorption. Dashed line indicates a linear fit through the data.
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Figure 4.12: Schematics showing different polymersome response to osmotic
stress depending on the presence of CNTPs.

stopped-flow kinetic traces have also been previously recorded for DODAB
vesicles [42]. As the osmotic stress increases, the location of the inflection point
of the shoulder region shifts to earlier times (see Figure 4.15, 4.16). Following
the models described in the literature, we speculated that osmotic response of
polymersomes involved initial shrinkage followed by a structural transition to
a deformed shape-most likely a variant of the “stomatocyte” shape-which then
shrinks further as water transport across the membrane equalizes the osmotic
imbalance (Figure 4.12). Thus, we chose to use the first exponential region of
the kinetic trace to extract the background polymersome water permeability.
Our measured vesicle water permeability of ca. 30 µm s−1 is within the range
of water permeability values reported for diblock copolymers, 2.5 [43]-189.7
µm s−1 [44], even though a direct comparison with other studies may be com-
plicated because the water permeability may be influenced by differences in
aqueous buffer conditions and polymer chemistry.

When the polymersomes containing CNTPs were subjected to different
levels of osmotic stresses, they showed much faster shrinkage kinetics and no
clear shoulder was observed in the stopped-flow curves (Figure 4.13, 4.14) with
only the lowest osmotic stress traces showing hints of the “stomatocyte” tran-
sition behavior. These results suggest that in the presence of a large number
of CNTPs, which enable much faster water escape from the vesicle lumen, the
“stomatocyte” shape transition is kinetically suppressed. We speculate that
the transport behavior of CNTP-laden polymersomes is governed by a topolog-
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Figure 4.13: Water transport through CNTPs in polymersome membranes.
Comparison of water transport kinetics from light scattering traces of hyper-
osmotic shocks of 0.5% PDADMAC acting on polymer vesicles with CNTPs
and control vesicles without CNTPs, with two different fits (dashed lines) that
approximate the general shape in the control trace.

ical transformation, characterized by division of polymersome compartments
consistent with continuous shrinkage that we observe. Such proposed mech-
anism is consistent with the previous observations and an elastic model pro-
posed by Boroske and co-workers [45]. Specifically, the enhanced water flow
can generate positive spontaneous curvature, thus providing conditions for the
budding and fission of small, daughter vesicles.

Factors driving shape deformations of liposomes and polymersomes sub-
ject to hypertonic stresses are largely understood in terms of minimal bending
energy configurations of vesicles under conditions of reduced volume, v =

V
4πR3

0/3
< 1 where R0 corresponds to the radius of an equivalent sphere of

area S = 4πR2
0 [46, 47]. These treatments implicitly assume that the vesi-

cles adopt equilibrium shapes, which correspond to the smallest possible value
of the membrane bending energy [48] and produce shape diagrams depicting
shape morphologies (e.g., oblate, prolate, dumbbell, and stomatocytes) as a
function of reduced volume [49]. Experimentally however, significant devia-
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Figure 4.14: Light scattering traces taken from CNTP-polymersomes mixed
with a series of HPTS concentrations.

tions from the predictions from these equilibrium shape diagrams, including
budding, division, and tubulations, have also been observed most frequently
associated with the generation of spontaneous membrane curvature through
non-homogeneous distribution of membrane molecules [50, 51]. Our present
observations are consistent with (but do not independently establish) the idea
that the high concentration of CNTPs in polymer membranes may be accom-
panied by generation of spontaneous curvature and lateral phase separation,
which promote budding and division over stomatocyte shape transformations
under hypertonic conditions.

The unitary permeability of CNTPs, measured in the stopped-flow data
experiments was 7.7×10−14 ± 2.5 × 10−14cm3s−1 (see Figure 4.17). These re-
sults agree with the water permeability that we previously reported for 1.5
nm diameter CNTPs embedded in lipid vesicles [16] (5.9×10−14cm3 s−1), sug-
gesting that the water transport mechanism in CNTPs is largely conserved
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Figure 4.15: Light scattering traces monitoring water efflux from PBPEO
1800 vesicles triggered by exposure to HPTS osmolyte. Smaller osmolyte,
such as HPTS, induces subtle deviations from ideal single exponential vesicle
shrinkage curve. The kinetic follow two regions, each best fit by an independent
exponential curve.

between the two-membrane scaffolds. Notably, unlike the behavior that we
observed in the experiments with lipid vesicles [16], the water permeability
was independent of the osmotic stress (see Figure4.17), which we attribute to
the lower stretching moduli of the polymer membrane.

The experiments described in the previous sections show that CNTP chan-
nels in the walls of polymersomes facilitate mass exchange between the bulk
solution and polymersome lumen. The small diameter of these channels should
allow the CNTP-polymersomes to selectively encapsulate large molecules. This
arrangement opens up a possibility to use CNTP polymersomes as nanoscale
reactor compartments that contain and isolate some of the reaction compo-
nents, whereas the other components can be delivered through the CNTPs.
We first used this concept to demonstrate localized chemiluminescence pro-
duction in CNTP-polymersomes. We placed an enzyme, HRP, into the lumen
of polymersomes that contained CNTPs in their walls. At 44 kDa, HRP was
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Figure 4.16: Light scattering traces monitoring water efflux from PBPEO 1800
vesicles triggered by exposure to PDADMAC osmolyte. Two-region kinetics
is even more evident for a larger osmolyte such as PDADMAC. Right bottom
graph shows that the intersection time as a function of osmotic gradient follows
an exponential decal dependence (dashed line).

too large to pass through the CNTPs and thus remained trapped inside the
lumen. However the 1.5 nm CNTPs were still large enough to transport small
organic molecules [52] such as luminol and hydrogen peroxide that react with
HRP to produce chemiluminescence. Indeed, when we added luminol and
H2O2 to this sample, we observed a strong increase in the chemiluminescence
(Figure 4.18). In contrast, when the polymersomes lacked the CNTP channels
in the wall, addition of luminol and H2O2 did not increase chemiluminescence,
showing that the encapsulated enzyme and the substrate remained spatially
separated. These experiments demonstrated that 1.5 nm CNTPs facilitate
the transport of small molecules and highlight the potential of CNTP-based
nanoreactors to conduct cell-free reactions in the conditions that can simulate
crowded intracellular environments.

Another interesting possibility is to use CNTPs as a nanoscale conduit
for small-molecule exchange between two nanoscale compartments, mimicking
the functionality of connexin channels, which form gap junctions that mediate
direct cell-cell exchange of small molecules [5]. Our previous studies [13] indi-
cated that CNTPs have a propensity to bridge two adjacent bilayers, forming
a simplified mimic of a gap junction. Unfortunately, subsequent MD simu-
lations also raised the possibility that this configuration could also facilitate
membrane fusion after the nanotube bridges two lipid bilayers [53]. Thus, for
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Figure 4.17: Water permeability through CNTPs in polymer vesicles as a
function of applied osmotic shock. The values are reported from a series of
three independent measurements on vesicles, with error bars representing the
standard error of the mean. The unitary permeability value is independent of
the osmotic shock, with the average value of 7.7× 10−14 ± 2.5× 10−14cm3s−1

(value is based on a weighted linear fit through the data, dashed line).

a CNTP to act as a gap junction mimic this undesirable process needs to be
suppressed.

We hypothesized that if a nanotube bridges two dissimilar membranes,
e.g. a polymer and a lipid membrane, fusion cannot occur. To test this
hypothesis, we labeled a fraction of lipids with a self-quenching concentration
of Rhodamine B-DOPE (see 4.19). Both the hemi-fusion and full fusion events
[54] would lead to the dilution of the labeled lipid and dequenching of the
dye. Indeed, we observed significant dequenching (Figure 4.19, top trace)
when both populations of interacting vesicles (donor vesicles that contained
CNTPs, and recipient vesicles that did not) were formed with lipid bilayers.
In contrast, when we used CNTP-polymersomes as the donor vesicles, their
interactions with the recipient liposomes did not show any dequenching (Figure
4.19, bottom trace) indicating that, as expected, CNTPs did not facilitate
fusion between vesicles made of dissimilar types of bilayers.

To demonstrate CNTP-mediated material exchange between two separate
vesicular compartments, we encapsulated a large Ca2+ indicator dye Fluo-4
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Figure 4.18: CNTPs as molecular exchange conduits. Chemiluminescence in-
tensity recorded after adding luminol and hydrogen peroxide to the solution
of polymersomes sequestering HRP enzyme in presence (red trace), and in ab-
sence (blue trace) of CNTPs in the polymersomes. Chemiluminescence signal
was normalized to the signal recorded at the time t = 0.

(see Figure 4.20), which should not escape through 1.5 nm diameter CNTPs,
in the polymersomes and added them to the lipid vesicles that contained
60×10−3M CaCl2. As expected, we observed a clear increase in the Fluo-4
emission after mixing these two vesicle populations (Figure 4.21), indicating
that Ca2+ ions were able to diffuse into the polymersome interior through the
CNTP connections formed between the two types of vesicles. We also ob-
served a nearly identical increase in the Ca2+ reporter signal when we added a
Ca2+ chelator EGTA to the extravesicular buffer solution (Figure 4.21, inset,
green trace), indicating that the majority of the fluorescence increase was in-
deed caused by Ca2+ ions traveling from one vesicular compartment to another
directly through the CNTP. Significantly when CNTPs were absent from the
polymersomes, (Figure 4.21 inset, blue trace), we did not observe Fluo-4 signal
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Figure 4.19: Membrane fusion assay. Normalized fluorescence traces obtained
as liposomes containing rhodamine B labeled DOPE in the concentration just
above self-quenching threshold were added to the liposomes and polymersomes
with and without CNTPs (as indicated on the legend). The appearance of
spiked traces after addition of rhodamine B labeled liposomes were due to
disruption of the fluorescence signal by bubbles formed from pipetting. Fluo-
rescence traces were normalized to the fully de-quenched fluorescence intensity,
F∞, recorded after disrupting all the vesicular content of the sample with Tri-
ton X-100.

increase, confirming that CNTPs were required for Ca2+ diffusion between the
two vesicular compartments. These experiments also point to an interesting
possibility for designing versatile CNTP gap junction mimics that could tune
the transport selectivity simply by using nanotube porins of different diameter.

4.5 Conclusions

Our results show that CNTPs can insert into the block-copolymer layers
to form completely synthetic mimics of biological membranes. CNTPs form
transmembrane pores in polymersomes similar to those formed in lipid bilayers,
and we show that these pores also have similar transport properties, establish-
ing CNTPs as a universal membrane channel mimic. In particular, CNTPs
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Figure 4.20: Fluo-4 fluorescence as a function of calcium ion concentration.
Calibration curve obtained by adding small amounts of buffered Ca2+ (buffered
with EGTA) to 270 nM of Fluo-4 in buffer.

maintain high proton and water permeability similar to those we reported
previously for lipid membranes. The ability to use CNTPs in non-lipid mem-
brane matrices allowed us to construct more sophisticated transport systems
with CNTPs not only facilitating transmembrane transport, but also enabling
gap-junction-like communication between different population of vesicles. We
believe that these findings enable a number of interesting possibilities for de-
signing new biomaterials systems. CNTPs of different size and length can be
used to control transport selectivity, to regulate the communication between
compartments of synthetic proto-cells or between proto-cell and live cells, and
to facilitate sophisticated cargo exchange in these systems.
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Chapter 5

Carbon Nanotube Porins
Protected Antifouling
Biosensors

Limited biocompatibility and fouling propensity can restrict real-world ap-
plications of a large variety of biosensors. Biological systems are adept at pro-
tecting and separating vital components of biological machinery with semiper-
meable membranes that often contain defined pores and gates to restrict trans-
membrane transport only to specific species. Here we use a similar approach
for creating fouling-resistant pH sensors. We integrate silicon nanoribbon tran-
sistor sensors with an antifouling lipid bilayer coating that contains proton-
permeable carbon nanotube porin (CNTP) channels and demonstrate robust
pH detection in a variety of complex biological fluids.

5.1 Introduction

Biological signaling mechanisms often involve small molecules, ions [1],
and protons and facile in situ monitoring of the levels of these species is vital
for medical diagnostics. Even the simplest signals, such as intracellular pH
level can provide important information: for example, acidification of tumors
because of elevated glucose uptake and lactic acid release is a biomarker of can-
cer cells [2]. Acidification of extracellular fluid is also one of the key processes
during epileptic seizures, and monitoring and controlling pH of extracellular
fluid has diagnostic and therapeutic potential [3]. Of all biosensing platforms,

This chapter is adapted with permission from ”Chen, X., Zhang, H., Tunuguntla, R.H.
and Noy, A., 2019. Silicon Nanoribbon pH Sensors Protected by a Barrier Membrane
with Carbon Nanotube Porins. Nano letters, 19(2), pp.629-634”. Copyright 2019 American
Chemical Society.
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electrical sensors represent the best opportunity to develop implantable long-
term sensing platforms because of their typically high sensitivity levels, fast
response, and ease of multiplexing, signal processing, and coupling to wireless
readout components [4, 5].

Although ion-selective electrodes represent the most ubiquitous electrical
ion sensing platform, field effect transistors (FETs) have matured into a versa-
tile alternative sensing platform that excels at continuous monitoring of small
analyte levels [6]. FET sensors typically respond to the changes in the surface
potential on the device channel region due to analyte binding or local ionization
events and then amplify this signal using the high intrinsic transistor gain. Sil-
icon nanowire/nanoribbon devices that exploited tailorable nature of silicon,
advances in nanowire synthesis, and the existing mature silicon processing
technologies have developed into a versatile platform for real-time, label-free,
highly sensitive detection of disease biomarkers [7–12], DNA mismatches [13–
15], and viruses [16].

As the FET-based biosensing and diagnostic platforms move into the realms
of clinical use and potentially even long-term implantable applications, some
of the limitations of the technology come into sharp relief, especially those re-
lated to device fouling in complex fluid environments. Researchers have used
different fouling mitigation strategies based on polymeric surface coatings [17–
19], bioinspired functionalization approaches [20, 21], and low-adhesion coat-
ings [22]. Another general strategy to mitigate fouling is based on separating
the sensing surface, which houses the analyte targets, from the measuring sur-
face of the FET device. To implement this strategy, researchers developed
sensors with side gate [23], floating gate [24, 25], and dual gate [26, 27]. We
have also proposed an alternative strategy that uses a semipermeable lipid
membrane coating on a device that incorporates specific membrane channels
that isolates the sensor surface from the solution and only allows the species
of interest to reach the device sensing surface [28, 29]. In the past, we have
demonstrated the versatility of this approach by creating SiNW FET devices
that incorporate specific ion channels [29], and ion pumps [30].

To create robust pH FET sensors based on this principle, the lipid mem-
brane needs to incorporate a robust channel that is highly permeable (and,
ideally, highly specific) to protons. We have recently demonstrated that nar-
row 0.8 nm diameter carbon nanotube porins (CNTPs) [31, 32], about 10
nm carbon nanotube (CNT) segments that spontaneously insert into a lipid
membrane and form transmembrane channels, have extremely high proton
permeability that is an order of magnitude higher than proton permeability
of bulk water. Inert smooth surface of the 0.8 nm diameter nanotube pores,
which is responsible for creating conditions that favor fast proton transport,
also ensures that CNTPs can effectively block most of the fouling components
of biological mixtures and prevent them from reaching the sensor surface.
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In this work, we integrate the lipid membrane with small diameter CNTP
pores with silicon nanoribbon (SiNR) field-effect transistor pH sensors (Figure
5.1). We show that this lipid-CNTP barrier membrane does not degrade the
sensing performance of SiNR FET devices. Moreover, long-term fouling tests
show that the lipid-CNTP coating makes SiNR FET sensors quite resistant to
fouling by a range of complex biological fluids.

5.2 Device fabrication

SiNR-FET devices were fabricated from Silicon-on-Insulator (SOI) wafers
(University Wafer, SIMOX, 2268). The device layer thickness was 50 nm,
buried oxide (BOX) thickness was 145 nm, and the handle layer thickness was
775 µm. After careful piranha cleaning and oxygen plasma cleaning, the wafer
was dehydrated and spin-coated with maN 2403 photoresist. Silicon nanorib-
bons (2 µm × 20 µm) were patterned with E-beam lithography (Vistec VB300
Electron Beam Lithography system) and developed in ma-D 532 Developer.
After a brief descum cleaning the patterned wafer was etched at -120 ◦C for
20s using inductively coupled plasma (ICP) (Oxford Plasma Lab 100 Viper).
Etched wafers were cleaned with acetone, rinsed with DI water, dried under
nitrogen, descummed again, cleaned with acetone, rinsed with DI water, and
dried under nitrogen. A thin (10 nm) dielectric silicon oxide layer on the
silicon nanoribbon was then deposited using 250 cycles of plasma-enhanced
atomic layer deposition at 300 ◦C (Oxford FlexAL). The wafers were subse-
quently annealed at 900 ◦C under nitrogen flow in a rapid thermal furnace for
10 min, followed by another acetone cleaning and DI water rinse. The wafer
was dehydrated under a dry nitrogen stream and spin-coated with LOR 5A
and S1805 photoresist. UV lamp was used to expose the electrode pattern.
The wafer was developed in MF26A developer solution and then etched in 1:30
diluted buffer oxide etchant (BHF). The etched wafer was rinsed in DI water,
dried with nitrogen and immediately transferred to the E-beam evaporator
(Semicore SC600) to deposit 100 nm of nickel. Remover PG (heated to 70 ◦C)
was used for metal liftoff. The wafer was rinsed with acetone and DI water,
descummed in oxygen plasma (RIE) and then annealed in a rapid thermal an-
nealing system at 380 ◦C. Finally, to create an about 0.8 µm-thick passivation
layer, the device wafer was spin-coated with SU-8 (MicroChem SU-8 TF 6001)
at 3k rpm and baked at 110 ◦C. In the final step, the small windows exposing
the central regions of the nanoribbons were defined by photolithography, the
wafer was baked at 110 ◦C, developed in SU-8 developer and descummed in
oxygen plasma (RIE). Devices were diced out from the wafer and inspected
with a field-emission SEM (Zeiss Gemini Ultra-55).
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5.3 Performance benchmarking

A flow cell constructed of a custom-molded polydimethylsiloxane (Sylgard
184 Silicone Elastomer, Dow Corning, 0007997641) was placed on the top sur-
face of the device and secured to a fixture. The flow cell was connected to a
syringe pump (LEGATO 110, KD Scientific, 78-8110) with LDPE micromed-
ical tubing (Scientific Commodities Inc., BB31695-PE/3, inner diameter 0.58
mm). The flow cell also incorporated an opening for a reference Ag/AgCl
microelectrode that served as a gate electrode. Transfer characteristics were
typically measured with the drain-source voltage (VDS) at 0.1 V. The fluid
cell was filled with the 10 mM HEPES-K, 30 mM KCl, and 150 mM NaCl,
buffer solution (pH = 7.2). Only the devices with threshold potentials be-
tween -0.5 and -1.5 V were used for the subsequent measurements (a higher
threshold voltage typically indicated poor silicide contact between the silicon
nanoribbon and nickel electrode, whereas a lower threshold voltage indicated
excessive dopant levels in the SOI wafer).

Device response kinetics were measured at 100 mV source-drain voltage.
To ensure high device sensitivity we chose VG values corresponding to the
steepest slope in transfer characteristics curve; for our devices, this region
corresponded to -1.3 ± 0.4 V. The average pH sensitivity for the uncoated
SiNR devices (defined as the percentage change in drain-source current) was
49 ± 24% per pH unit. The rate of the device response does not reflect the
intrinsic speed of the device; rather, SiNR device response is limited by the
kinetics of the buffer exchange in the fluid cell, which was limited by the
maximum syringe pump flow rate of 0.4 mL/min (higher flow rates tended
to infuse air bubbles into the chamber and caused noisy spikes in the current
readout).

5.4 Lipid membrane coating

CNTPs, DOPC LUVs, and CNTP-LUVs were prepared using previously
reported protocols [33]. The lipid membrane coating was formed using Ca2+

induced vesicle fusion. Briefly, the fluid cell was filled with the solution of
LUVs in 10 mM HEPES-K, 30 mM KCl and 150 mM NaCl buffer solution,
incubated for 20 min, then washed with 50 mM CaCl2 and 10 mM HEPES
buffer, incubated for 10 min, and flushed with 10 mM HEPES-K, 30 mM KCl,
and 150 mM NaCl buffer solution to get the lipid bilayer membrane on the
device surface. Fluorescence microscopy images of the device surface were
taken with Leica DM4000 equipped with Hamamatsu Orca Flash 4.0 camera.
For the fluorescence recovery after photobleaching (FRAP) measurements after
taking the initial image, a spot was bleached in the center of the device for 10



CHAPTER 5. CARBON NANOTUBE PORINS PROTECTED
ANTIFOULING BIOSENSORS 97

min. The recovery image was taken after 20 min of recovery.

5.5 Antifouling tests

Bovine serum albumin (BSA, Sigma, SLBK3715 V) was used at a concen-
tration of 1.0 mg/mL in 10 mM HEPES-K, 30 mM KCl, and 150 mM NaCl
buffer. Milk solution was prepared from condensed milk powder (purchased
from a Target store) dissolved in 10 mM HEPES-K, 30 mM KCl, and 150 mM
NaCl buffer to achieve a final concentration of 1.0 mg/mL milk protein den-
sity. Bovine plasma (Sigma, SLBS4463) was diluted in 10 mM HEPES-K, 30
mM KCl, and 150 mM NaCl buffer to a final concentration of 1.0 mg/mL. In
a typical fouling experiment, the foulant solution was introduced into the fluid
cell and the whole device assembly was kept in a humid environment for 60 h
with aluminum foil wrapped on the outside to avoid light exposure. To retest
the same device performance without lipid/CNTP coating it was removed by
surfactant (Triton X-100, VWR, 0606C284) and the same fouling experiment
protocol was repeated.

5.6 Results and discussion

Majority of silicon nanowire FET devices described in the literature fall
into two loosely defined categories of “bottom-up” fabricated devices that use
silicon nanowires fabricated by catalytic CVD and subsequently transferred
onto the device wafer [34, 35] and “top-down” fabricated devices in which
silicon nanowires or nanoribbons (SiNRs) are etched from a thin top layer of
silicon-on-insulator (SOI) wafer [11]. For this work, we have used the second
approach because it allowed us to fabricate a large number of devices with
identical geometry on the wafer, although we note that our approach would
be equally applicable to the “bottom-up” fabricated family of devices.

We used the “top-down” approach to fabricate FET devices with 2 µm wide
SiNR channels (Figure 5.2). The device sensitivity and signal-to-noise ratio
(SNR) can be optimized by tuning the geometrical dimensions of the device.
In this work, we primarily focus on micron-scale nanoribbons, which simplify
the fabrication process. The relatively wide channel surface characteristic of
this device architecture also simplifies lipid membrane fusion on the SiNR and
ensures that the coated surface would contain a large number of CNTPs. We
also coated the SiNRs with a thin (10 nm) layer of SiO2 deposited by atomic
layer deposition, which after rapid thermal annealing step created a pinhole-
free dielectric layer on the SiNR. Nanoribbons were then connected to nickel
source and drain electrodes with nickel silicide contacts. Finally, we sealed the
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Figure 5.1: Silicon nanoribbon (SiNR) field-effect transistors. Schematics
showing a silicon nanoribbon transistor device coated with the protective lipid
layer. Source and drain electrodes of the device are marked as S and D, respec-
tively. Inset shows a magnified region of the device showing carbon nanotube
porins inserted into the lipid bilayer.

Figure 5.2: Scanning electron microscopy images of (left) an area of the chip
showing several devices, and (right) a magnified image of an individual transis-
tor device showing the source and drain electrodes connected with a nanorib-
bon and channel etched in the passivating layer to expose the central part of
the ribbon.
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Figure 5.3: A plot of the source-drain current, ISD, versus gate voltage, VG
(transfer characteristics), for an uncoated SiNR device. Dashed line indicates
the gate voltage of -1.18 V, corresponding to the maximum transconductance
of 3.8 nS.

Figure 5.4: Time trace of the source-drain current (ISD) of the uncoated device
recorded as it was exposed to different pH buffer solutions (pH values indicated
on the graph).
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devices with an SU-8 epoxy protective layer that was etched to make only the
central area of the nanoribbon accessible to the solution (Figure 5.2).

These devices exhibited a typical FET device transfer characteristic (ISD-
VG) with the source-drain current turning off at gate voltages below -1 V and
rapidly increasing at the gate voltages above this value (Figure 5.3). The
typical field effect mobility of our SiNR FET devices was 0.014 cm2 V−1 s−1

[36] and the electrical double layer capacitance per unit area was 26.4 µF cm−2

[37].
It is also important to optimize the device sensitivity to the changes of

the environment around the nanoribbon. In principle, the highest sensitiv-
ity is achieved in the subthreshold regime where device conductance depends
exponentially on gate voltage [36]. However, in this regime the device conduc-
tance and, consequently, the absolute magnitude of the signal is very small.
Hence, we chose to operate our devices at the gate voltage that corresponds
to the maximum device transconductance (Figure 5.3, dashed line), where
a small change in the potential can still lead to a significant change in cur-
rent/conductance.

pH sensitivity of silicon nanowire and nanoribbon-based FETs that arises
from the ionization of the silanol groups on the device surface is well doc-
umented in the literature [38]. Electrical conductance of our devices also
exhibited well-defined strong response to a stepwise pH increase of the buffer
solution in the fluid cell (Figure 5.4). As expected, this response also did not
depend on the direction or the order of the pH change. In our experimental
setup, the device response kinetics are limited by the rate of buffer exchange
in the fluid cell and thus do not reflect the true speed of the device.

To create the barrier lipid-CNTP membrane on the nanoribbon surface
we fused DOPC-CNTP vesicles onto the device surface using protocols that
we reported previously [29] (Figure 5.5). Fluorescence images (Figure 5.6)
indicate that Si nanoribbons were completely covered by the lipid bilayer (to
assist with imaging we added a small percentage of lipid labeled with the Texas
Red dye to the lipid used for vesicle preparation). To assess the bilayer quality,
we conducted fluorescence recovery after photobleaching (FRAP) experiments
where we used a focused light spot from the microscope to bleach a region in
the lipid bilayer and then monitored the diffusion of the labeled lipid molecules
back into the bleached spot (Figure 5.7). Analysis of the line profiles of the
resulting images (Figure 5.8) shows that unbleached lipid is able to diffuse
back into the bleached spot and thus confirms that the SiNR was covered with
the continuous lipid bilayer.

Lipid membrane coating has a profound effect on the electrical response of
the device to the pH changes (Figure 5.9). The lipid coating makes the device
virtually unresponsive to solution pH changes, confirming that the bilayer can
act as a protective shield. Remarkably, addition of the CNTP channels, which
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Figure 5.5: CNTP-SiNR pH sensors. Schematics showing the vesicle fusion
process used to form the lipid-CNTP coating on the devices.

Figure 5.6: Bright-field (left) and fluorescence microscopy images of two SiNR
devices coated with lipid bilayer. Scale bar: 10 µm.
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Figure 5.7: Fluorescence images of the etched channel region on a single device
obtained before photobleaching, immediately after it, and after 20 min of
recovery time. Scale bar: 10 µm.

act as high-efficiency proton conduits through the lipid bilayer, fully restores
the pH sensitivity pattern of the device (Figure 5.9) with the average response
going back up to about 59 ± 27% per unit pH.

We also evaluated the performance of our modified pH sensors in sev-
eral mixtures that contained common foulants such as bovine serum albumin
(BSA), milk, or bovine blood plasma. For each of these experiments, we have
characterized the ability of our sensor to respond to variations in the solution
pH values before and after continuous exposure to the different foulant mix-
tures (average protein concentration was 1.0 mg/mL) for 60 h. Taking BSA as
an example, the literature on BSA fouling contains examples of foulant concen-
trations that range from 20 µg/mL to 10 mg/mL and fouling times that range
from 6 h to 4 days [39–44]. We designed our fouling experiments to fall roughly
in the middle of those conditions range. The data showed (Figure 5.10 - 5.12)
that uncoated SiNR sensors were irreversibly fouled and completely lost their
pH response for all three foulants used (Figure 5.10 - 5.12, blue traces). In
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Figure 5.8: Line profiles of fluorescence intensity across the Si nanoribbon
(indicated by the blue dashed lines) from Figure 5.7. The line profiles are
low-pass filtered for clarity.

contrast, when the lipid bilayer incorporated CNTP channels, the pH response
was preserved and showed very little signs of degradation (Figure 5.10 - 5.12,
red traces), even in a rather complex fouling environment of blood plasma
(Figure 5.12). For CNTP-SiNR sensors measured in the presence of foulants,
we measured pH sensitivity of 43, 64, and 35% per unit pH in BSA, milk, and
bovine blood plasma, respectively.

It is possible that the lipid bilayer itself acted as an antifouling coating to
prevent the protein from sticking to the device surface. To test that possibility,
we have used BSA labeled with a fluorescent FITC marker and imaged the
device surface after exposure to this foulant. Both uncoated and lipid-CNTP-
coated devices showed significant levels of protein adsorption on the surface
(Figure 5.10, insets), indicating that lipid bilayer was not able to prevent pro-
tein adsorption on the device completely and that small size and high proton
permeability of CNTP pores plays an important role in enabling the sensing
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Figure 5.9: Time traces of the device source-drain current (ISD) recorded in
buffer solutions of different pH (as indicated on the graph) for the uncoated
SiNR device (black), SiNR device coated with lipid bilayer (blue), and SiNR
device coated with the lipid bilayer incorporating CNTP channels. All current
traces were normalized to the initial current I0.

functionality. We also note that even though our sensors show significant de-
gree of fouling resistance they still can be defeated by a thick and dense fouling
layer formed on top of the device. For example, we observed that very high
concentrations of milk protein and BSA (about 40 mg/mL) that are close to
the maximum solubility of the proteins tended to foul the device irreversibly
even in the presence of CNTPs.0

5.7 Conclusions

These results show that lipid coating incorporating CNTP pores can act as
an effective protective membrane for Si nanoribbon devices. Moreover, proton
permeability, engineered by adding CNTPs to the membrane allowed those de-
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Figure 5.10: Time traces of a CNTP-SiNR device source-drain current (ISD)
recorded in buffer solutions of different pH in the presence of 1.0 mg/mL
bovine serum albumin (red). Time trace of the ISD for an uncoated SiNR
device recorded in different pH buffers in the presence of bovine serum albumin
(blue) shows strong fouling. Inset shows fluorescence microscopy images of
FITC dye-labeled BSA attached to the surface of the lipid-coated (left) and
uncoated (right) SiNR device chip Scale bar: 100 µm.

vices to report solution pH in complex multicomponent biological fluids with
high fouling propensity. CNTP robustness and tunability of their permeability
characteristics also opens up opportunities to expand the performance enve-
lope of these sensors by engineering CNTPs to transmit specific ions and small
molecules while blocking other biomolecules. These capabilities could trans-
form SiNR or a similar SiNW platform into a versatile platform-type sensing
technology that could be used in applications ranging from disease diagnosis,
genetic screening, and drug discovery to environmental monitoring.
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S. Sensors and Actuators B: Chemical 2007, 128, 208–217.

(26) Wu, T.; Alharbi, A.; You, K.-D.; Kisslinger, K.; Stach, E. A.; Shahrjerdi,
D. ACS nano 2017, 11, 7142–7147.

(27) Ahn, J.-H.; Choi, S.-J.; Han, J.-W.; Park, T. J.; Lee, S. Y.; Choi, Y.-K.
Nano letters 2010, 10, 2934–2938.

(28) Artyukhin, A. B.; Shestakov, A.; Harper, J.; Bakajin, O.; Stroeve, P.;
Noy, A. Journal of the American Chemical Society 2005, 127, 7538–
7542.

(29) Misra, N.; Martinez, J. A.; Huang, S.-C. J.; Wang, Y.; Stroeve, P.; Grig-
oropoulos, C. P.; Noy, A. Proceedings of the National Academy of Sci-
ences 2009, 106, 13780–13784.

(30) Huang, S.-C. J.; Artyukhin, A. B.; Misra, N.; Martinez, J. A.; Stroeve,
P. A.; Grigoropoulos, C. P.; Ju, J.-W. W.; Noy, A. Nano letters 2010,
10, 1812–1816.

(31) Geng, J.; Kim, K.; Zhang, J.; Escalada, A.; Tunuguntla, R.; Comolli,
L. R.; Allen, F. I.; Shnyrova, A. V.; Cho, K. R.; Munoz, D., et al. Nature
2014, 514, 612.

(32) Tunuguntla, R. H.; Allen, F. I.; Kim, K.; Belliveau, A.; Noy, A. Nature
nanotechnology 2016, 11, 639.

(33) Tunuguntla, R. H.; Escalada, A.; Frolov, V. A.; Noy, A. Nature protocols
2016, 11, 2029.



CHAPTER 5. CARBON NANOTUBE PORINS PROTECTED
ANTIFOULING BIOSENSORS 109

(34) Wang, M. C.; Gates, B. D. Materials today 2009, 12, 34–43.

(35) Su, B.; Wu, Y.; Jiang, L. Chemical Society Reviews 2012, 41, 7832–
7856.

(36) Sze, S. M.; Ng, K. K., Physics of semiconductor devices ; John wiley &
sons: 2006.

(37) Park, S.; Lee, S.; Kim, C.-H.; Lee, I.; Lee, W.-J.; Kim, S.; Lee, B.-G.;
Jang, J.-H.; Yoon, M.-H. Scientific reports 2015, 5, 13088.

(38) Mu, L.; Chang, Y.; Sawtelle, S. D.; Wipf, M.; Duan, X.; Reed, M. A.
IEEE Access 2015, 3, 287–302.

(39) Wang, Y.-N.; Tang, C. Y. Journal of Membrane Science 2011, 376,
275–282.

(40) Li, Q.; Xu, Z.; Pinnau, I. Journal of Membrane Science 2007, 290, 173–
181.

(41) Park, J.-S.; Chilcott, T.; Coster, H.; Moon, S.-H. Journal of Membrane
Science 2005, 246, 137–144.

(42) Park, J.-S.; Choi, J.-H.; Yeon, K.-H.; Moon, S.-H. Journal of Colloid
and Interface Science 2006, 294, 129–138.

(43) Mo, H.; Tay, K. G.; Ng, H. Y. Journal of Membrane Science 2008, 315,
28–35.

(44) Meng, H.; Cheng, Q.; Wang, H.; Li, C. Journal of Chemistry 2014,
2014.



110

Chapter 6

Outlook

The Carbon Nanotube Porin based biosensors can be a really versatile
sensing platform (Figure 6.1). The spontaneous insertion of CNTPs into lipid
bilayers opens up the possibility to achieve intracellular recording in cells
through this CNTP cellular interface. The rim of CNTPs can be function-
alized by EDC coupling [1]. This fine tune of porin rim can be used to achieve
tailorable channels which allows only specific ions to go through. With mini-
mal surface chemistry modification, the sensors can have receptors for different
ions. By adopting a differential setup, the sensors can be used to perform mul-
timodal sensing for different ions simultaneously. This chapter will cover some
exploratory design ideas for this CNTP based sensing platform.

Figure 6.1: Outlook of Carbon Nanotube Porin based biosensors. From the
channel part, we can expect intracellular recording possibility and tailor the
channel to achieve selectivity. From the device end, we can attach receptor to
the device surface enabling multimodal sensing ability.
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Figure 6.2: Schematic for cellular interface. The cells are cultured on a
PDMS/glass substrate and brought down to the devices by glass pipette con-
trolled by micro-manipulator. The use of PDMS will ensure homogeneous
force to apply on the cells. (Reproduced with permission from [3]. c© 2009
The National Academy of Sciences of the USA).

6.1 Cellular interface

CNTPs have shown the ability to self-insert into synthetic lipid membranes
as well as cellular membranes [2]. When the CNTPs are inserted into the
supported lipid bilayers on device surface, they have the potential to penetrate
through cellular membranes when the cells are brought down to the surface
(Figure 6.2). Inspired by Lieber’s previous work [3], I cultured cells on a
PDMS/cover glass substrate and used micro-manipulator to mechanically push
cells down to the device surface gently (Figure 6.3). Two major advantages
of this setup are: a) device can be set up for cellular measurement before
introducing cells into the system, thus minimizing the exposure time of cells
to ambient environment (versus incubator condition of 37 ◦C and 5% CO2);
and b) the sensors can be recycled for multiple runs.

Ideally when the cells are brought down to the device surface during real-
time measurements, we can expect to see the transition from intercellular
potential to intracellular potential. This transition should also be reversible
when we pull the cells up. We can also use chemicals to stimulate the cells
and monitor the drug effect on the action potential.
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Figure 6.3: Instrument setup for cellular interface.(Left) the glass pipet is
controlled by micro-manipulator to apply force on the cell substrate; (Right)
the cells will be cultured on a substrate consist of PDMS and cover glass. The
microfluidic chamber is made from PDMS as well.

Figure 6.4: EDC coupling. Schematics of the functionalization of the CNTP
rim with methylamide groups to neutralize the negative charges. (Reproduced
with permission from [1]. c© 2018 The Royal Society of Chemistry).

6.2 Tailorable channels

As nanofluidic channels, CNTPs have extremely small diameters and hy-
drophobic inner walls. With chemical modification at the rim of CNTPs, they
can expand their versatility as transport channel even more. Prior work has
shown that we can use EDC coupling to functionalize the CNTP rims (Fig-
ure 6.4) [1]. By converting the -COOH groups at the channel entrance, we
can have neutral and positively charged channels, thus changing the selectiv-
ity of the channels. Size exclusion, steric hindrance and Debye screening all
contribute to the selectivity of CNTPs.
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Figure 6.5: Au thin film coating schematics. The Au layer enables the gold-
thiol chemistry. Due to the lattice mismatch, a thin layer of Cr will function
as adhesive layer to help the atomic layer deposition of Au on SiO2.

6.3 Multimodal sensing

Figure 6.6: pH sensitivity of FETs with Au coating. The sensitivity is mea-
sured by the shift of threshold voltage (∆ Vth) of gold-coated FETs vs pH.
When a thin layer of Au is deposited on the surface, less than 1% of gold atoms
will be oxidized, thus having hydroxyl groups protruding out of the surface.
These hydroxyl group will have similar protonation/deprotonation process as
Silicon Nanoribbon FETs sustaining the pH sensitivity.

Field Effect transistor (FET) devices can easily expand its sensing ability
by grafting receptors on the device surface. For example, the crown ethers are
known to be good receptor for small cations, like Na+ or K+. One approach to
have the crown ether assembled on the surface relies on the gold-thiol chem-
istry. So after the normal device fabrication protocol, we can deposit a thin



CHAPTER 6. OUTLOOK 114

Figure 6.7: 15-Crown-5 Ether synthesis. Under an argon at-
mosphere, 5-aminobenzo-15-crown-5, racemic lipoic acid, and N,N

′
-

diisopropylcarbodiimide were dissolved in anhydrous dichloromethane to have
the final product for self assembled monolayer (SAM) formation.

Figure 6.8: Immobilization reaction scheme of the sodium-selective crown ether
on gold. The thiol only reacts with (reduced) gold atoms, leaving the number
of hydroxyl groups unchanged. (Reproduced with permission from [4]. c©
2013 American Chemical Society).

layer of Au on top of the dielectric layer (Figure 6.5). 20 nm Au coating on
FETs will not compromise device sensitivity. With Au coating, the thresh-
old voltage shift of FETs can still respond to different pH (Figure 6.6). Self
assembled monolayer of crown ethers (Figure 6.7) will have a good structural
stability on gold surface [4] (Figure 6.8).

Wipf et al. have shown the multimodal sensing of proton and Na+ by
using a sodium selective 15-crown-5 ether [4]. They adopted a differential setup
where one device is Crown Ether functionalized (active) while the other device
is pristine (control) (Figure 6.9). By subtracting the control device signal from
the active device signal, they can get the Na+ concentration information, while
the readout from control device indicates pH level. The results show good
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selective sensitivity towards Na+ concentration (Figure 6.10).

Figure 6.9: Scheme of differential setup of modified FETs for pH and cation
sensing. In the active device, the threshold voltage shift (∆ Vth) is the indica-
tor of both Na+ and H+ concentration in solution; while in the control device,
the threshold voltage shift (∆ Vth) only corresponds to the pH level. Since the
crown ether receptor only bonds to (reduced) gold atom, the hydroxyl groups
in both devices remain the same. Therefore the contribution of pH level in
active device is the same as in control device. We can simply subtract the con-
trol signal from the active signal to derive the Na+ concentration information.
(Reproduced with permission from [4]. c© 2013 American Chemical Society).

Similar setup can be used for other cations as well. For example, if we aim
to achieve K+ sensing, we can just switch 15-Crown-5 to 18-Crown-6 Ether.
One thing to note here is that after Crown Ether SAM functionalization, it
might be hard to fuse lipid vesicles on top of the device surface. One possible
solution is to use thiolated tethered lipid anchoring (e.g. DSPE-(PEG)N -
SH, see Figure 6.11) to facilitate the vesicle fusion by reducing the height
discrepancy between the complex device surface and the supported lipid bilayer
with CNTPs.
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Figure 6.10: Differential threshold voltage (active device minus control de-
vice, ∆Vth) of gold-coated FETs vs the electrolyte concentration and pH. The
15-crown-5 ether shows high selectivity toward Na+. (Reproduced with per-
mission from [4]. c© 2013 American Chemical Society).

Figure 6.11: DSPE-(PEG)N -SH thiolated tethered lipid. This lipid can be used
to facilitate the vesicle fusion by reducing the height discrepancy between the
complex device surface and the supported lipid bilayer with CNTPs. We can
adjust the number of PEG groups to fine-tune the length of the lipid, matching
the height difference on surface. The thiol group at the end can bond to the
Au surface to help supported lipid bilayer formation.
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Appendix A

Silicon Nanoribbon FET
Fabrication Protocol

SIMOX SOI wafer specification:
Device thickness: 50nm
BOX thickness: 145nm
Handle thickness: 775um

Optional wafer clean step (only for dirty wafers, do not use for clean wafers
out of the wafer box): piranha clean for 30 min and oxygen plasma for 5 mins
(descum recipe).

Ebeam Lithography and Cryo Etching

1. Dehydrate clean wafer at 120 C on the hotplate for 5 min
2. Spin HMDS at 1k rpm, then dehydrate at 100 C for 1 min
3. Spin maN 2403 Ebeam resist at 3k rpm, then bake at 100 C for 2 min
4. Ebeam writing and development (Staff Scientist)
5. Descum in oxygen plasma (RIE) for 30s
6. Turn on liquid nitrogen supply and set VIPER plasma etcher to -120 degree
7. Etch for 20s with Xi Chen Cryo Silicon receipt in VIPER plasma etcher
8. Inspect the edge of the etched wafer (additional 5 second of etch might be
required if the edge is not etched completely)
9. Clean the wafer with acetone, rinse with water, and dry with nitrogen
10. Descum in oxygen plasma (RIE) for 4 min
11. Clean the wafer with acetone
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Atomic Layer Deposition

1. Dehydrate wafer at 120 C on the hotplate for 5 min
2. Set ALD tool to 300 degrees
3. Deposit silicon oxide for 250 cycles at 300C
4. Set rapid thermal furnace to 900C for 10min, ramping time 2min
5. Place wafer inside the furnace and seal the chamber
6. Set nitrogen flow at 20 sccm and wait for 30 min
7. Start the annealing process
8. When the chamber cools to below 100C, turn off the nitrogen flow and
remove the wafer.
9. Clean the wafer with acetone, rinse with water, and dry with nitrogen

Electrode Deposition

1. Dehydrate wafer at 120C on the hotplate for 5min
2. Spin LOR 5A at 3k rpm and bake for 5 min at 180C
3. Spin S1805 at 3k rpm and bake for 90s at 115C
4. Align electrode mask to the etched wafer
5. Expose for 2s at 17mW/cm2

6. Develop in MF 26a solution for 30s
7. Vent Semicore ebeam evaporator
8. Prepare 1 to 30 diluted buffer oxide etchant (BHF)
9. Etch the wafer in diluted BHF for 1 min
10. Rinse in water and dry under nitrogen
11. Place the wafer inside of the evaporator immediately after drying
12. Once the evaporator pumped down to 2e-6 torr, deposit 100nm of Nickel
13. Heat Remover PG at 70 C on the hotplate
14. Place the evaporated wafer in the hot Remover PG for metal liftoff
15. Once metal is lifted off from the wafer, remove the wafer from Remover
PG
16. Rinse with acetone and water
17. Descum in oxygen plasma (RIE) for 2 min
18. Place the wafer inside the rapid thermal annealer (RTP1 in Berkeley
nanolab), use XC 380 receipt to anneal Nickel

SU8 Electrode Passivation

1. Dilute 1 part of SU-8 3010 with 2 part of SU-8 thinner
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2. Sonic and filter the diluted solution
3. Spin SU-8 at 1000k
4. Bake at 95 C for 2 mins
5. Align the passivation mask layer on the wafer
6. Expose for 6s at 14mW/cm2

7. Post bake for 2 min at 95 C
8. Develop in SU8 developer for 2 min
9. Descum in oxygen plasma for 2 min
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Appendix B

Cell Culture Protocol

Cell Line Name: NG108-15 Cell Line
ECACC No.: 88112302
ATCC No.: HB-12317
Key Words: Mouse neuroblastoma x rat glioma hybrid
Cell Line Description: Neuroblastoma x glioma hybrid was form by Sendai

virus-induced fusion of the mouse neuroblastoma clone N18TG-2 and the rat
glioma clone C6BV-1

Species: Rat/mouse hybrid

Morphology: Neuronal

Subculture Routine: Split sub-confluent cultures (70-80%) 1:4 to 1:10 seed-
ing. Cells adhere lightly, detach by gently knocking the flask. DO NOT use
trypsin. 5% CO2, 37C. The cells do produce large amounts of CO2. Media
change may be necessary.

Materials:

Dulbecco’s Modified Eagle Medium (DMEM) (Gibco 11965-084):
Contains 4,500 mg/L D-glucose, and L-glutamine, but no sodium pyruvate.

Hypoxanthine-Aminopterin-Thymidine (H.A.T.) 500X concentrate (ATCC 69-X)

Penicillin-Streptomycin (Gibco 15140)

Stock DMEM:
1000mL DMEM + 1 bottle H.A.T + 10mL PenStrep = 1000mL DMEM with
1% PenStrep
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Proliferation Medium:
90% Stock DMEM + 10% FCS

Differentiation Medium:
90% Stock DMEM + 10% Proliferation Medium or
99% Stock DMEM + 1% FCS

Cryopreservation Medium:
92.5% Proliferation Medium + 7.5% DMSO

Passaging Cells:

• Upon 70-80% confluency, detach cells by gently shooting streams of me-
dia at the bottom of the flask or tapping the flask for a few minutes

• Pipette cells up and down 5 to 10 times to disperse cell suspension

• Centrifuge cell suspension at 800-1000rpm for 5min

• Resuspend cells in 1ml of fresh medium

• Subculture cells at 1:4 to 1:10

• Remaining cells can be counted and used for experiments

Counting and Seeding Cells for Experiments (continue
from Subculture):

• Dilute 50ul of the 1ml cell suspension with 450ul of fresh medium in an
Eppendorf tube

• Vortex cell suspension and add 10ul to each end of the hematocytometer

• Count cells and calculate cell density of the 1ml cell suspension

• Prepare cell solution from the 1ml cell suspension

• Depending on experiment, cell solution can be prepared using prolifera-
tion or differentiation medium.

• Seed cells at 2000 to 6000 cells in 100ul of medium per well in 96-well
plate or at 5000 to 15000 cells in 400ul of medium per well in 8-well
chamber slide
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Cryopreservation:

• To freeze cells, upon 70-80% confluency in T-25 flask

– Detach cells and centrifuge cell suspension at 800-1000rpm for 5min

– Resuspend cells in 4 to 10ml of cryopreservation medium

– Aliquot cell suspension into 4 to 10 cryogenic vials

– Store cryogenic vials at -20C for a few hours, then at -80C overnight,
finally transfer to liquid nitrogen storage tank next day (vapor phase
preferred)

• To thaw cells,

– Retrieve cryogenic vials from liquid nitrogen storage tank

– Thaw vial quickly in a 37C water bath

– Immediately transfer cell suspension to a T-25 flask and add 10ml
of fresh, warm proliferation medium to the flask 1ml at a time over
a few minutes

Fixing Cells:

• Add equal volume of pre-warmed 4% paraformaldehyde to cell culture

• Incubate for at least 30-40min at room temperature or 37C

• Remove paraformaldehyde/medium

• Wash cells with PBS

Permeabilize Cells:

• After fixing, add enough 0.2% Triton X-100 (prepared in PBS) to cover
cells

– Prepare 0.2% Triton X-100 from a 2% Triton X-100 stock

– Prepare 2% Triton X-100 stock in PBS, store at 4C

• Incubate for 5min at room temperature
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Appendix C

Neuronal Cell Seeding Protocol

Materials Preparation

• substrates

– devices: pyrex cloning cylinders (6 mm) sealed onto devices with
PDMS adhesive; UV sterilization for 30 mins.

– polystyrene 96-well plate

– PDMS/cover glass: 4×6 mm2 PDMS and cover glass pieces
heated at 120 ◦C for 3 hrs; ethanol wash 3X and UV sterilization
for 30 mins.

• Poly-D-lysine (in borate buffer, store at -20 ◦C)

• Sterile distilled water

• Neuron media

– Neural basal plus medium

– Gentamycin

– GlutaMax

– B27

Device/Substrate Surface Treatment

PDL coating on all surfaces

• Add 70 µL of PDL

• incubate in BSC for 1 hr

• Remove PDL, wash 3X with 200 µL sterile distilled water
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• Air dry over night

• Add 70µL of neuron media and incubate in incubator

Seeding

Seed the cells at the cell count of ∼ 1× 106 cells

• seed cells at seeding density of ∼ 1200 cells/mm2

– 27.6 µL on device (surface area ∼ 0.23 cm2)

– 38.4 µL on well (surface area ∼ 0.32 cm2)

– 28.8 µL on PDMS/glass (surface area ∼ 0.24 cm2)

• change media after 1 hr of seeding

• T25 flask: seed remaining cells (∼ 641 µL remaining); top up flask with
5 mL of neuron media.

Media Change

50% media change every 3 DIV.




