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Carbon nanotube field-effect transistors (FETS) exhibit exceptional electrical properties such as
ballistic conductance and record-high carrier mobility that make them attractive for potential
applications in chemical sensing. Successfully translating these properties to FET chemical sensors
may advance the fields of medical diagnosis and in vivo chemical detection for a revolutionary
impact on public health and personalized medicine. To this end, we must address multiple
challenges for electrical detection, including 1) the need for simultaneous rapid detection and
sensitivity to trace amounts of target molecules, 2) the need for detection in high ionic strength
conditions, which tend to dampen the field-effect. 3) New fabrication routes are needed for
producing FET chemical sensors at scale without compromising their superior electrical
properties, and 4) new device form factors are needed for in vivo biosensing that combine these
favorable electrical characteristics with biocompatibility, mechanical flexibility, and chemical

sensitivity.



The commonality in these seemingly diverse challenges is a lack of structure control at multiple
length scales, from 10 m to 1 m. Particle length and surface defects at the single-nanostructure or
nanometer-level dictate the electrical properties and target-probe Kinetics, and therefore provide a
fundamental lower limit of signal transduction. Furthermore, controlling the surface chemical
properties at this scale can be used to tune sensing characteristics in high ionic strength conditions.
Controlling the interactions and positioning of multiple nanostructures within a device (on the
micrometer scale) dictate sensingtime, detection range, and signal transduction. Atthe bulk level,
up to the millimeter scale, the assembly of nanostructures into organized films and coatings
dictates whether sensing properties can be preserved when fabricating devices at scale.
Additionally, at this scale, device form factors must be considered, which determine the
biocompatibility and sensitivity in the case of implantable FET sensors.

In this work, I will address the challenge of structure control at multiple length scales using Tube-
in-a-tube (Tube”2) nanostructures as a test platform. Tube”2 nanostructures are double -wall
carbon nanotubes (DWCNTSs) with heavily functionalized outer walls and semiconducting inner
walls. This combination enables the use of outer wall surface chemistry modifications to address
chemical selectivity and ionic screening challenges, while preserving the electrical transport

properties of the inner wall for sensitive signal transduction.
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Chapter 1: Introduction

Sections 2 and 3 of this chapter are adapted from a published manuscript:!
Peng Wang, Benjamin Barnes, Zhongjie Huang, Ziyi Wang, Ming Zheng, YuHuang Wang.
“Beyond Color: The New Carbon Ink,” Advanced Materials, 2021, 33, 46. P.W. and B.B.

contributed equally to this work.

1.1 The scope of this dissertation

Field-effect transistor (FET) chemical sensors are attractive for medical diagnosis and in vivo
detection since they can be sensitive, potentially scaled down to small sizes, and modified with
different probes to target a wide variety of biomarkers. However, some fundamental limitations
have thus far prevented the widespread use of such FET chemical sensors. Firstly, the biosensor
must be capable of detecting trace analytes quickly (on the order of minutes or seconds), which is
challenging due to diffusion limitations. Secondly, for many applications the sensors must be able
to detect biomolecules in physiological ionic strength conditions such as those presentin blood,
saliva, or cerebrospinal fluid, which is difficult since ionic screening in these solutions dampens
the electrostatic charging that is needed to generate a signal. An additional challenge is to scalably
fabricate FET chemical sensors without compromising their sensing properties. Finally, there is
great promise for in vivo biosensing applications, such as real-time neurotransmitter detection, but
such applications require mass-produced FET chemical sensors with new flexible, biocompatible,
and small form factorsthat are currently not available.

In this work, | will address these challenges using Tube-in-a-tube (Tube”2) nanostructures as a

test platform. Tube”2 nanostructures are double-wall carbon nanotubes (DWCNTSs) with heavily



functionalized outer walls.23 Unlike single-wall carbon nanotubes (SWCNTSs) and graphene,
functionalization of the outer wall does not negatively impact the electrical properties of the
nanostructure since the inner wall remains intact and acts as a pristine electrical pathway. This
enables the use of outer wall selective functionalization to address chemical selectivity and ionic
screening challenges, while still taking advantage of the electrical transport properties of the inner
carbon nanotube for sensitive signal transduction.

The key to addressing these diverse challenges with Tube”2 nanostructures is achieving structure
controlatmultiple length scalesfrom 10°mto 1 m (Figure 1-1). I will use length sortingof Tube™2
nanostructure to achieve single-particle (10-° m) structure control for improved electrical and
optical properties, few-particle (106 m) control in new device architectures to address the
sensitivity and diffusion challenge, ensemble (10-3m) control by developinga new self-assembling
Tube”2 gel to achieve the scalable fabrication of biosensors, and finally structure control at the

bulk (1 m) level to scalably fabricate a new fiber-based FET chemical sensor for neurotransmitter

detection.
»
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Figure 1-1. Structure control of Tube”2 semiconductor sensors at multiple length scales can be

used to address many fundamental challengesin chemical sensing.



Chapter 1 summarizes the physical properties of carbon nanotubes, their applications in chemical
sensing, and the specific fundamental challenges facing their broader implementation in chemical
detection. In Chapter 2, | introduce experimental results showing the structure control at the
individual particle level by separatingultralong DWCNTSs for use in chemical sensors. The process
enables extraction of ultralong DWCNTs and SWCNTs of up to 18 um, facilitating the fabrication
of chemical sensors and FETs with high electrical mobility. In Chapter 3 | use structure control at
the few-particle level to address the competing speed/sensitivity problem with a new sensor
architecture consisting of long Tube”2 nanostructures organized in parallel spanninga trench in
the substrate. This device design enables a 6-orders of magnitude improvement in the detection
limit for oligonucleotide biomarkers compared with films of short randomly oriented Tube”2
nanostructures, while retaining a rapid detection speed of only a few seconds due to the surface
area of the suspended parallel nanostructures. Additionally, this device enables biomarker
detection in physiological conditions because of the high density of probes on the Tube”2 surface
which actlocally asa screen forions. In Chapter 4 I introduce anew printing technique thatenables
for the first time, high throughout fabrication of aligned and suspended SWCNT and DWCNT
devices, providing unprecedented structure control at the ensemble level. This technique is
facilitated by a pH-tuned surfactant liquid crystal ink to control the morphology of printed
nanotube films. | use the technique to print batches of disposable sensors for detecting picomolar
DNA and SARS-CoV-2 RNA targets. In Chapter5 | demonstrate anew fiber FET chemical sensor
that is highly flexible, and mechanically durable, providing structural control at the macroscopic
level. This probe can monitor the activity of multiple neurotransmitters in real time. Finally, in
Chapter 6 | provide an outlook for the future studies and technological advances enabled by the

work in this dissertation.



In summary, | demonstrate in this dissertation that Tube”2 nanostructures can be used as a test
platform for addressing the fundamental challenges in chemical detection including simultaneous
high sensitivity and rapid detection speeds, while demonstrating new device form factors and
fabrication strategies for the scalable production of high-performance chemical sensors. All of
these advances come from structure control at multiple length scales, from controlling length at
the individual nanoparticle to the meter-scale fabrication of devices with new self-assembly
techniques. In addition to providing key technological breakthroughs in chemical sensing and
advanced manufacturing, this work addresses fundamental scientific topics of charge screening,

biomolecule diffusion, and nanoparticle self-assembly.

1.2 Physical and electrical properties of carbon nanotubes

Nanocarbons are a diverse family of nanomaterials with exceptional physical and chemical
properties depending on their specific structure. These materials can be fully conjugated or non-
conjugated (as well as partially conjugated). Conjugated nanocarbons include, most notably, quasi
zero-dimensional fullerenes,* one-dimensional carbon nanotubes,>® and two-dimensional
graphene.” A SWCNT can be conceptually viewed as a seamless cylinder rolled from a slice of
graphene. Similarly,aDWCNT consists of exactly two SWCNTs in a nested configuration (Figure
1-2a). These carbon allotropes feature a fully conjugated n-electron system of bonded sp2 carbon
atoms. Depending on the structure, DWCNTs and SWCNTs can possess properties to an
extraordinary scale in terms of electrical conductivity® and field-effect mobility.%10 The structure
of a SWCNT, known as its chirality, can be uniquely indexed by a pair of integers (n,m), which is
defined by the rolling-up direction of a graphene sheet. Both graphene and SWCNTs are
atomically thin, featuring a surface area as large as ~2600 m2 g1, which is useful for achieving

chemically functional surfaces and electrical percolation in printed structures.11
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Figure 1-2. Structural and electrical properties of DWCNTs. a) Transmission electron
microscope image of a bundle of DWCNTSs showing the nested structure. Figure adapted with
permission fromreference!2. b) DWCNTSs exhibit metallic or semiconducting electrical properties
depending on the bandgap of the inner and outer walls. Figures adapted with permission from

reference®.

Carbon nanotubes have demonstrated extraordinary electrical transport properties. An individual
SWCNT can reach the ballistic conductance limit of 4e2/h over the um length scale, where e is the
electron charge, and h is Planck’s constant.10 Ballistic conductance occurs when the mean free
path of the electron surpasses the length scale of the conductor. In this condition, the contribution
of electron scattering to resistivity becomes negligible and the device resistance is limited only by
the contact resistance.19 Besides this high conductance, SWCNTs are further endowed with large
current-carrying capacities, far surpassing those of traditional metals, such as copper and

gold.10.13.14 For example, metallic SWCNTs can reach a current density on the order of ~<10° A cm



2, which is 8-orders of magnitude higher than traditional carbon ink materials, like amorphous
carbon, and about 1-order of magnitude larger than gold nanowires.1>17 Graphene similarly
exhibits high electrical conductivity with a current density on the order of =108 A cm-2, the upper
limit set by the intrinsic electron-phonon scattering in graphene.18 This high conductivity and
current density make graphene and carbon nanotubes attractive candidates for efficient and small-
footprint printed electronics!®20 and transparent conductive films.8

An important advantage of carbon nanotubes over graphene is the fact that they can be
semiconductors, featuring high carrier mobility (up to 79 000 cm?2 V-1 s1 for individual
SWCNTSs)? and tunable bandgaps from~0 to =2 eV depending on the nanotube chirality.2? Like
bulk semiconductors, electrical transport in a carbon nanotube semiconductor can be electrically
gated by the field-effect, with an ON-state conductance on the order of <7000 pA pm- and
ON/OFF ratios approaching~108 (Figure 1-2b).%10 These properties, together with the high carrier

mobility, make both SWCNTs and DWCNTSs? suitable for high performance FETSs.

1.2 Challenges in FET chemical sensing

Carbon nanotubes can be used to create devices that are responsive to various chemical stimuli,
such as biomolecules and ions, eliciting an electrical or photonic signal due to their intrinsic
electrical and optical properties. This responsiveness can be used in chemical detection,
environmental monitoring, and disease diagnosis. For such applications, carbon nanotubes can be
incorporated into four basic types of devices, including electrochemical sensors, FET chemical
sensors, chemiresistors, and optical sensors. The focus of this work will be on FET chemical
sensors, as these have routinely achieved high sensitivity, and can be adapted readily to target a
variety of biomarkers including DNA and RNA oligonucleotides, small molecules, ions, and

proteins. FET chemical sensors utilize the spatial proximity of a target probe interaction to the



semiconducting channel to electrostatically gate the current flowing through the semiconductor.
This gating can be measured either as a shift in the threshold voltage of the semiconductor channel
(determined by sweeping the gate voltage) or as a change in the source-drain conductance with the

gate voltage set near the threshold value.

1.2.1 SWCNT chemical sensors
Semiconducting SWCNTSs have enabled the developmentof high performance and small-footprint
FET chemical sensors.2427 The high ON/OFF ratios and field-effect mobility both translate into
enhanced sensitivity and amplified signal transduction. The most sensitive SWCNT chemical
sensors have achieved single-molecule detection using enzyme (Figure 1-3a-b)?’ and

oligonucleotide (Figure 1-3c)28 probesin pristine buffers.

1 (nA)
G (nS)

-0.1 0.0 0.1 0.2

Figure 1-3. SWCNT FET chemical sensors can achieve extraordinary sensitivity. a) an
isolated SWCNT with an enzyme probe attached is capable of single-molecule detection. b)
Currentas a function of time for the device in (a) shows individual binding events after the target
molecule is introduces at 0 seconds. Figure adapted from reference 2. ¢) A similar device
architecture has been used to monitor DNA hybridization. Figure adapted with permission from

reference 28.



Chemical functionalization providesa potentially powerful route to further control the structure
and properties of nanocarbonsin sensing applications such as by reacting them with diazonium
salts in water or in chlorosulfonic acid?®:30 (Figure 1-4a) to provide attachment points for
biomolecule probes. For sensing applications in complex environments such as blood or
cerebrospinal fluid where interfering molecules may generate false positive signals by interacting
with the exposed SWCNT sidewall, a high degree of functionalization would be needed. However,
a high density of covalent functionalization comes at the cost of the SWCNT’s electrical transport
due to the disruption of the conjugated n-electron structure, thereby limitingits device applications
(Figure 1-4b). DWCNTSs provide a solution for addressing this tradeoff of chemical functionality

and electrical properties.
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Figure 1-4. DWCNTSs facilitate covalent surface modification. a) Schematic showing the
covalentattachment of diazonium probesto the surface of a SWCNT. b) Electrical transfer curves
before and after functionalization show that the semiconducting properties of the SWCNT are
destroyed by the covalent functionalization. ¢) Schematic showing covalent attachment of probes
to a DWCNT. d) Electrical transfer curves show that the DWCNTS retain their semiconducting

properties after covalent functionalization. Figures adapted from reference 31 with permission.



1.2.2 Tube”2 chemical sensors

Since DWCNTSs consist of nested SWCNTSs, it is possible to chemically modify the outer wall
while the inner SWCNT remains protected (Figure 1-4c). By such outer wall-selective covalent
functionalization,®3! we can add chemical functionality to the surface while maintaining the
structural integrity and thus the electrical properties of the inner-tube (Figure 1-4d), creating a
Tube”2 nanostructure.2 Since Tube™2 nanostructures largely bypassthe problem of probe density
vs. signal transduction seen in SWCNT-based sensors, they are a useful tool for chemical sensing
studies.

In a Tube”2 nanostructure, the semiconducting inner wall and outer wall loaded with probes are
separated by a van der Waals spacing of 0.37 + 0.04 nm.32 This close proximity of the probes to
the semiconducting inner wall enables the probes to electrostatically gate the current passing
through the device, a process we describe as “chemical gating” (Figure 1-5a).2 The probes on the
Tube”2 surface andionsin the surroundingsolution equilibrate to form an electrolytic double layer
around the Tube”2 structure. As target analyte molecules attach to the probes, they disrupt the
ionic layers around the tube surface, electrostatically gating the inner wall.3 This means that the
gate voltage can be removed and sensing achieved with a simple 2-electrode configuration (Figure
1-5b). A previous study of this platform demonstrated nM sensitivity for DNA biomarkers with

single mismatch selectivity while providing a signal of up to the pA range (Figure 5c).3

a b c
06
10
2 Vg =0V
_ < 04 X
g > = g
2 -02 >
0
00 s > f 10 100 000
d;g\ (o4 R 1
of o
o o . [cDNA] (nM)



Figure 1-5. Chemical gating of a Tube”*2 nanostructure. a) When target DNA hybridizes with
probesonthe Tube”2 surface, there isa shiftin the threshold voltage of the device. b) The threshold
voltage shift is sufficient to enable target molecule detection with no applied gate voltage. c) The
threshold voltage shift can be correlated with the target DNA concentration. Figures adapted from

reference 3.

One challenge facingthe use of Tube”2 nanostructures in sensingapplications s the lack of control
over the length of the nanostructure. Previous Tube”2 chemical sensors have used ultrasonication-
dispersed DWCNTSs as the precursor. This dispersal process cuts the DWCNTSs into short
fragments which is undesirable since electrical mobility and conductance of carbon nanotubes
decline as the length decreases.33 | will address this issue in Chapter 2 by developing a superacid-
surfactant exchange (S2E) protocol for rapidly extracting long fractions of DWCNTs and

investigating the benefit of these longer nanostructure in sensing applications.

1.2.3 Sensitivity and detection time
A major challenge facing Tube”2 and FET chemical sensors is the simultaneous need for both
sensitive and rapid detection. While target-probe interactions modulate the electrical signalin FET
chemical sensors, the signal in a Tube”2 or other nanosensor can also be impacted by other
phenomena, such as non-specific molecular interactions,?3 substrate charging, and crosstalk
between adjacent nanostructures.23 All of these phenomena can obscure target-probe interactions,
limit the sensitivity of the device, and introduce noise and drift into the device behavior. 23 One
approach to exclude these external effects is the use a single suspended carbon nanotube sensing
element. While such devices are extremely sensitive, at low target concentrations it can take hours

or days for target molecules to diffuse to the carbon nanotube surface due to the low surface area,
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making this approach impractical for diagnosis.3* To overcome this tradeoff, we will explore few-
particle structure control with a new device design in Chapter 3 comprising multiple suspended
individualized Tube”2 nanostructures that act as parallel electrical pathways (SIP2). The aligned
and suspended nanostructure are freed from substrate contact for increased sensitivity, but

collectively present a large surface area for rapid detection.

1.3.4 Detection in high ionic strength conditions
In order to generate a signal, FET chemical sensors require that a target-probe binding event occur
within the Debye length of the conduction channel surface. This limitation is shared with all
electrical biosensors including Tube”2 sensors, and is especially problematic for direct detection
in biological samples, such as blood or cerebrospinal fluid, due to the shortened Debye length at
high ionic strengths. The Debye length represents the maximumdistance across which two charges
can effectively interact and decreases with the inverse square root of the ionic strength of the
solution. The Debye length in biological samples can be calculated using the formula below: 3%
NS S

where lg is the Bjerrum length, p; is the number density of ionic species, and z; is the charge of
the ionic species. The Bjerrum length can be treated asa constant, as itis a function ofthe dielectric
properties of the solvent.3> The result of this calculationwhen usingthe saltconcentrationsin blood
plasmas3® shows that the Debye length is only 0.78 nm, about the same length as two nucleotide
bases. This means that traditional oligonucleotide probes of tens of bases long will stick up off the

biosensor surface far beyond the Debye length. If the target binds with the probe at that distance,

it will not generate a strong signal, if any at all.
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Previous work has shown that sensing in high ionic strength conditions is possible only by using
short dynamic probes, such as antibody fragments3’ and single-stranded DNA aptamers,38 39 or
using a screening layer made of hydrophilic polymers.4® But these approaches require
fragmentation, aptamer discovery research, and surface modification, respectively, reducing the
broader applicability of the sensing platform. Tube”2 nanostructures open up new possibilities in
probe design due to their chemically tunable surface which, as | demonstrate in Chapter 3, enable

the formation of densely packed brush structures for enhanced sensitivity in high salt conditions.

1.3.5 Self-assembled carbon nanotube chemical sensors
Controlling the assembly of carbon nanotubes collectively into ordered structures is an additional
challenge of structure control faced when implementing them into devices.*: SWCNTSs aligned in
parallel exhibit excellent properties including high electrical mobility42 which translates into
improved chemical sensitivity in sensor applications. Some techniquesexist for ordering carbon
nanotubes into macroscopic structures, but these methods are limited by poor throughput,4344 high
costs,*>46 or the need for high processing temperatures4247 incompatible with commercial device
fabrication.*8 In Chapter 4 | develop a liquid crystalline carbon nanotube gel that can be printed
into ordered structures for high throughout fabrication of aligned and suspended devices that

exhibit high chemical sensitivity for DNA and RNA biomarkers.

1.3.6 Chemical sensing in neural tissue
A recent area of interest for chemical biosensors is the detection of neurotransmitters in brain
tissue. Inorganic semiconductor thin films have recently been used in a neural probe configuration
to detect serotonin with aptamer probes.#? An additional class of implantable sensors are those
made from flexible and electrically functional fibers. In recent work,% such a device was made

with 3-fibers: two fibers acting as the source and drain electrodes are connected with a polymer
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semiconductor channel, and a third electrode, the gate, is made from dry-spun SWCNTSs. Aptamer
or enzyme coatings on the gate electrode can modulate the conductance of the semiconducting
channel, generating signals in response to neurotransmitters.>!

Currently, implantable chemical sensorsare facingtwo challenges. Firstly, implants are limited by
size, as a probe larger than about 50 um can damage the surrounding brain tissue. Itis difficult to
fabricate implantable probes, especially with the 3 electrodes required for FET sensing, within
such a small size constraint. A second challenge is to achieve multiplex detection, or detection of
multiple target molecules simultaneously with one implant. In a conventional implantable probe,
in order to achieve multiplexed sensing, it is necessary to chemically functionalize the separate
electrode pairs on the probe with different biomolecular recognition elements.*® Using small
diameter carbon nanotube fibers, eachchemically tailored to detecta differentbiomarker, and then
tightly wound togetherisa promisingapproach, and has beenrecently explored for the intravenous
detection of H,0O,, prostate specific antigen, Ca2*, and glucose,>2 but not yet for neurotransmitters.
In Chapter 5 | will introduce a new device fabrication route for the production of flexible, 10 pm

diameter FET fibers using thin films of carbon nanotubes and Tube”2 nanostructures.

1.2 Conclusions

The rich properties of Tube”2 nanostructures, especially their electrical properties and chemical
functionality make them promising candidates for addressing fundamental challenges in chemical
sensing applications. However, some key scientific and technical challenges remain in achieving
their optimal performance merits. These challenges addressed in this dissertation, include
achieving simultaneous high sensitivity and low detection time, sensing in physiological ionic
strength conditions, achieving scalable device fabrication, and overcoming form factor constrains

for implantable sensors. Addressing these challenges is possible with precise structure control at
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multiple length scales from the single particle to the bulk level. This control coupled with Tube”2
properties reveals a promising future in chemical sensing applications, such as low cost and rapid

medical diagnosis and in vivo neurotransmitter detection.
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Chapter 2: Self-sorting of 10 um Long Single-Walled Carbon Nanotubes
in Agueous Solution

This chapter is adapted from a published manuscript:33

Peng Wang, Benjamin Barnes, Xiaojian Wu, Haoran Qu, Chiyu Zhang, Yang Shi, Robert J.
Headrick, Matteo Pasquali, YuHuang Wang. “Self-sorting of 10 um Long Single-Walled Carbon
Nanotubes in Aqueous Solution.” Advanced Materials, 2019, 31, 33.

B.B. assisted with FET device fabrication and adapted length sorting procedures for double wall

carbon nanotubes.

2.1 Introduction

Single-walled carbon nanotubes (SWCNTSs) are one-dimensional nanomaterials that feature
extraordinary optical,53 electronic,1054.55 and mechanical properties®226 depending on chirality and
length. The last decade has witnessed significant progress in post-synthetic sorting techniques for
separating SWCNTs based on their chiralities and electronic types.>’-%0 In addition to chirality,
nanotube length is another critical factor that governs the properties of SWCNTs and hence the
performance of SWCNT-based devices. While short and ultrashort SWCNTSs are preferable for
bioimaging and drug delivery purposes,®162 electrical, mechanical, and many other optical
applications require long nanotubes. For electronic applications, when assembled into macroscale
objects, short tubes lead to high resistance, low on-currents, and low carrier mobility.53 The
mechanical properties of macroscale aligned objects are determined by inter-nanotube friction,
which scales with CNT length and limits the tensile strength far below that of an individual

tube.6465 Optically, short nanotubes typically fluoresce less brightly than long nanotubes due to
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the quenching of excitons at the nanotube ends. In extreme scenarios, unfunctionalized ultrashort
nanotubes with lengths of less than ~100 nm completely lose their intrinsic fluorescence.:6” To
this end, sorting SWCNT mixtures by length is an important step to harness the full potential of
electrical, mechanical, and optical properties of these remarkable nanomaterials.

Several length sorting techniques including size exclusion chromatography,%8 density gradient
ultracentrifugation,®® cross-flow filtration,”® and polymer precipitation”® have been reported.
However, the sorted nanotubes are still short due to the ultrasonication at the initial sample
preparation step, which cuts long SWCNTSs into smaller pieces. The longest portion attained thus
farhasanaverage length (Lay) less than~1.5 pm”? and a considerable population (~35% to ~75%)
are short nanotubes (<500 nm).%8.70 Moreover, all of these length sorting methods have relatively
low throughput. Therefore, it remains an unmet challenge to obtain long SWCNTSs in a scalable
manner and study their collective properties.

In this work, we demonstrate that the sorting of ultralong nanotubes (>10 um) can be realized by
“self-sorting” in aqueous solutions. In contrast to other reported mechanisms, which all rely on
SWCNT interactions with other media, such as gels,5873 density gradients,° porous membranes,”
or polymers, ! the separation here occurssolely due to the length-dependent interactions between
the SWCNTs themselves. This process is highly scalable, yielding a significant fraction (~10%
based on atomic force microscopy measurements after the 6™ sorting cycle) of ultralong (>10 pum)
nanotubes featuring a narrow distribution. Importantly, the sorted SWCNTSs are individually
stabilized in water withoutadditives, such as density gradientmedia, makingthem well compatible
with established aqueous-based SWCNT sorting (e.g., by diameter, electronic type, or chirality)
and other processing methods, allowing us to produce aligned thin films from long SWCNTSs with

high semiconducting purity (> 99%). We further demonstrate that thin film transistors (TFTs)
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fabricated from these films exhibit a current ON/OFF ratio of more than 1000 with the carrier
mobility exceeding 90 cm2-V-1.s1 which is ~10 times better than short tube controls, exceeding
the conventional TFT materials such as organic semiconducting polymers (<1 cm2.V-1.s1) 7%
nanocrystalline silicon (~50 cm2-V-1.s1)75 and approaching that of polycrystalline silicon TFTs

(...100 CmZ.V-l.s-l)'21,76

2.2 Materials and methods

2.2.1 Dispersion of SWCNTSs by S2E
EC 1.5 SWCNTs were obtained from Meijo Nano Carbon Co., Ltd. The SWCNTSs (20 mg) and
CISO3H (20 mL; Sigma Aldrich, > 99%) were mixed and stirred at 1200 rpm with a magnetic stir
bar for 3 days or until fully dissolved ina 100 mL round-bottom flask equipped with a ground-
glass joint to prevent moisture from the air from entering the system. Prior to the S2E step, the
mixture was diluted to the desired concentration using pure CISO3H. The SWCNT/CSA mixtures
with various concentrations were then added dropwise into an aqueous solution of NaOH (0.75
M) and DOC (~0.08 wt/v%) (Sigma Aldrich, > 97%) with vigorous stirring so that the pH
decreased to ~7-8. To achieve this pH condition, typically ~65 parts of NaOH-DOC are needed to
neutralize one partof SWCNT/CSA mixture. (Safety note: the neutralization processisaggressive
and should be performed in a fume hood as a significant amount of heat and acidic smog can be
generated. Personal protective equipment, including goggles/facial mask, lab coats, and acid -
resistant gloves are also necessary.) The solution was further stirred, followed by the addition of
several drops of HCI (1 M) aqueous solution to protonate the DOC molecules, causing them to
coalesce into dark grey/black precipitates along with the SWCNTs.8 A 47 mm sized
polyvinylidene fluoride filtration membrane was used to filter and collect the precipitates. The

dark grey/black precipitates were then mixed with nanopure water and NaOH (1 M) was used to

17



tune the pH to ~7 to 8, and stirred for 1-3 days.8 The resulting black solution was then centrifuged
at 20,000 rpmfor 1.5 h in a SW 41 Ti rotor using an Optima XE-90 ultracentrifuge (Beckman
Coulter) to remove undissolved SWCNT bundles. For iterative S2E processes, the precipitated
bundles were collected and sequentially rinsed with Nanopure ™ water and isopropanol several
times to remove the DOC surfactants. After dryingin vacuum at 80 °C for overnight, the clean
SWCNT bundles were weighed and re-dissolved in CSA to the desired concentrations (typically
at ~70% concentration of the preceding cycles), followed by additional cycles of sorting. The last
step of the length sorting process usually involves dissolving the longest nanotube precipitates in
CSA at a sufficiently low concentration of ~0.1 mg/mL followed by S2E. Note that ~0.1 mg/mL
was chosen as a tradeoff between the long length of SWCNTSs with the final aqueous solution

concentration.

2.2.2 Length Characterization of S2E-SWCNTs
SiO,/Si substrates were first cleaned by rinsing with acetone, followed by functionalization with
3-aminopropy! triethoxysilane to facilitate the deposition of DOC-encapsulated S2E-SWCNTSs.
S2E-SWCNTs were then spin-coated on the functionalized substrates at 3000 rpm, rinsed by
Nanopure™ water, and finally blown dry by Ar. To remove the surfactant and remaining organic
solvents, we annealed the SWCNT-coated substrates at 300 °C in air for 15 mins. AFM
topographical images were collected in the tapping mode using a Cypher ES AFM (Asylum
Research Corporation) with AFM probes that are backside-coated with a thin layer of gold
(Tap300GD-G, force constant=40 N m-1, Ted Pella). All the AFM images were analyzed using
the Gwyddion software (version 2.53). The length of each curved SWCNT was measured by

summing the lengths of multiple straight sections along the nanotube.
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2.2.3 Capillary Thinning Extensional Viscosity Measurement
The diameter of the SWCNTSs d was 1.52 + 0.28 nm based on transmission electron microscope
measurements (JOEL JEM 2100). SWCNT mass fraction was converted to volume fraction using
the theoretical density of the SWCNTSs (1.34 g/cm3). The initial SWCNT length distribution was
estimated by following a previously described study.?” Briefly, the extensional viscosity of the
CNTs dissolved in CSA at 117 and 181 ppm by volume was measured four times with capillary
breakup extensional rheology using a Cambridge Trimaster capillary thinning rheometer. The
extensional viscosity measurement was used to calculate the SWCNT viscosity average aspect
ratio (L,/d) = 5130 = 130. The isotropic cloud point @i, Was measured by imaging SWCNT
solutions in flame-sealed glass capillaries (VitroTubes) with polarized light microscopy using a
Zeiss Axioplan optical light microscope. Solutions were diluted until birefringence no longer
appeared in the samples (74 £ 10 ppm by volume). The ratio of the experimentally measured
isotropic cloud point @is, (volume fraction) to the theoretical value for monodisperse rigid rods
Qonsager = 3.34(L,/d)1 was used to estimate the polydispersity index 6 ~1.41 and the Layg Was then

calculated as ~4.5 um.

2.2.4 Sorting S2E-SWCNTs by ATP
We mixed 1-part of the DOC stabilized SWCNT solution with 0.3-parts of 20% dextran (DX) and
0.3-parts of 50% polyethylene glycol (PEG) aqueous solution to yield ~0.2-parts of SWCNTSs
concentrated in the bottom DX-enriched phase after mild centrifugation at 4000 g for 60 s. DOC
surfactants were then gradually replaced by a sodium cholate (SC) and sodium dodecyl sulfate
(SDS) co-surfactant system following the reported procedure so that the final concentration of SC
and SDS were 0.9% and 0.7%, respectively. Multiple cycles of this metallic/semiconducting

SWCNT sorting process were applied until a desired purity of semiconducting SWCNTs was
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reached. The PEG and DX polymers were further removed from the final semiconducting
SWCNTs enriched solution by an ultrafiltration step using a centrifugal ultrafiltration tube

(Amicon Ultra-15, PLHK Ultracel-PL membrane, 100 kDa).

2.2.5 Fabrication of TFTs and electrical measurements
To eliminate the potential influence of metallic SWCNTs and nanotube density on the
measurement of the electrical properties, all semiconducting SWCNTSs used were sorted by an
identical ATP recipe and cycles and the SWCNT density in the fabricated devices was carefully
adjusted to be equal. Solutions of the sorted semiconducting SWCNTSs of different nanotube
lengths were filtered through a 0.025 um nitrocellulose membrane (Merck Millipore Ltd.) to form
a thin film consisting of a random SWCNT network. Films consisting of aligned SWCNTs were
fabricated following a reported procedure.’”® Heavily n-doped silicon wafers (Silicon Quest
International) with a 300 nm thermally grown SiO, layer were used as the back-gated substrates.
SWCNT thin films were placed on the SiO, substrates with compressed force and annealed at 95
°C so that the films were firmly attached to the substrates. An organic solvent (acetone or
chloroform) bath was used to totally dissolve and remove the filter membrane. The substrates were
then annealed in Ar at 300 °C to increase the adhesion with SWCNTs. Standard bilayer
photolithography using LOR-5B as the sacrificial layer and Shipley 1813 as the photoresist was
used to define the patterns for electrode deposition (channel length and width were 15 and 35 pm,
respectively). Titanium (5 nm) and palladium (30 nm) were subsequently deposited on the Si
wafers by Ebeam deposition (Angstrom NexDep Ebeam evaporator). After a standard lift-off
procedure, another bilayer photolithography process was used again to remove undesired
SWCNTs by oxygen plasma etching so that the adjacent transistors were electronically isolated.

Electrical measurements were performed on a Keithley 4200-SCS probe station.
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2.2.6 Spectroscopic and microscopic characterization
Ultraviolet-visible-near-infrared (UV-vis-NIR) absorption spectra of the S2E-SWCNTSs
supernatant after centrifugation were measured using a Lambda 1050 (Perkin EImer) spectrometer
with a broadband InGaAs detector. The resonant Raman spectra of the ATP-sorted SWCNTSs was
measured by a LabRAM ARAMIS Raman microscope (Horbia Jobin Yvon) with three different
excitation laser sources (532 nm, 633 nm, and 785 nm). SEM images were collected by a SU-70
SEM (Hitachi). For PL microscopy measurements, the semiconducting enriched long SWCNTs
after ATP sorting were drop cast onto Si wafers coated with gold (50 nm, Ebeam deposition) and
followed by apolystyrenelayer (50 nm, spin coating). Single nanotube PL imaging was performed
on an IR optimized Olympus LCPLN100XIR objective (100x NA 0.85) and a liquid-N; cooled (-
190°C) two-dimensional InGaAs detector (Cougar 640, Xenics, Inc.). SWCNTswere excited with
a collimated, 730 nm diode laser (Shanghai Dream Lasers Technology) ata power density of 50

W/cm?2.

2.3 Results and discussion

2.3.1 Role of SWCNT concentration on self-sorting in chlorosulfonic acid

We start this self-sorting process by dissolvingraw SWCNT materials into chlorosulfonic acid
(CSA, a superacid), followed by adding the SWCNT/CSA dispersion into an aqueous solution
containing sodium deoxycholate (DOC) as the surfactantand sodium hydroxide (NaOH; see the
Experimental Section for details). The aqueous dispersion is then centrifuged to separate bundled
nanotubes from those individually dispersed in the supernatant.

SWCNTs spontaneously dissolve in CSA to form an optically homogenous solution at high
concentrations (~0.61 vol%, or ~8.8 mg/mL).7° In this superacid, SWCNTSs behave as a weak base

that can be protonated. The protonation induces Coulombic repulsion between nanotubes, which

21



overcomes the strong tube-tube van der Waals interaction, allowing the SWCNTSs to individually
dissolve in the superacid to form a thermodynamically stable solution.” Unlike many other acids
such as nitric acid,8%81 nitric/sulfuric acid mixture® or hydrogen peroxide/sulfuric acid mixture,®
which can oxidize SWCNTSs, chlorosulfonic acid is a true solvent that dissolves SWCNTSs without
oxidation.”®84 The sidewall protonation effectis completely reversible and the structures of
SWCNTs can be fully recovered as evidenced by spectroscopy studies. 728485 Once dissolved in
CSA, the SWCNTSs behave like rigid rods with ultrahigh aspect ratios (length/diameter, L/d). The
phase behavior for rods of monodisperse length was first described by Onsager® and Flory,8" then
extended to polydisperse rods by Wensink and Vroege,88 and finally applied to SWCNTSs by
Green.® These theories have been shown to well describe the SWCNTSs dissolved in CSA, which
are polydisperse in aspect ratio and exhibit distinct phase behavior at different
concentrations.”-9091 Atsufficiently low SWCNT concentration, the solutionsare isotropic and all
the SWCNTSs freely rotate as Brownian rods. Increasing the SWCNT concentration beyond a
critical value (the isotropic cloud point, @is,) leads to the formation of a nematic liquid crystalline
phase that coexists within an isotropic phase. This transition into a biphasic system occurs as the
SWCNTSs sacrifice rotational entropy to maximize translational entropy. Further increasing the
concentration beyond the nematic point (¢nem) Causes all of the SWCNTSs to transit into a fully
liquid crystalline nematic phase.

Both @js and @nem are linearly related to the inverse aspect ratio of the rods (here @i, = 3.29(L/d)
Land @nem =4.19(L/d)1) and these scaling laws have been applied to polydisperse CNT solutions®
and confirmed experimentally.”” Indeed, the polydispersity in aspect ratio of the SWCNTSs leads
to a self-partitioning of the longest SWCNTSs into the nematic phase while the shortest nanotubes

remain in the isotropic phase (Figure 2-1a). We have previously demonstrated that the CSA
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molecules on SWCNTSs can be spontaneously replaced by DOC molecules in a straightforward
superacid-surfactant exchange (S2E) process to produce surfactant-stabilized individual
SWCNTSs.88 |n this context, we hypothesize that during S2E, the individual SWCNTSs in the
isotropic phase are maintained far apart from each other such that the DOC molecules can diffuse
to their surfaces before re-bundling can occur as the CSA is neutralized. On the other hand, the
SWCNTSs in the nematic phase readily bundle and precipitate before DOC can stabilize them
individually in the aqueousdispersion. Therefore, by tuning the SWCNT concentration, it should
be possible to preferentially bundle long nanotubes during S2E because long CNTs concentrate in
the liquid crystalline phase due to their higher excluded volume, and once bundled, they precipitate
during centrifugation, leaving short SWCNTSs individually dissolved in the aqueous solution

(Figure 2-1Db).
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a Long SWCNTs tend to align together to minimize the excluded
volume and form a nematic phase at high concentrations

Short SWCNTSs tend to stay as isotropic

SWCNTSs in Superacid "~ Long Precipitate

____________

Figure 2-1. Schematic of the self-sorting process of ultralong SWCNTSs. a) Long SWCNTSs
dissolved in CSA tend to align together to minimize the excluded volume (V) and form a nematic
phase. The excluded volume scales with dL2, where d and L are the SWCNT diameter and length
respectively (V « dL?). Short SWCNTs in superacid tend to stay in an isotropic phase due to their
limited interactions. b) The SWCNTSs are dissolved in superacid and subsequently neutralized with
NaOH and DOC to produce short, individual nanotubes that are stabilized by surfactant in the
aqueous solution. Meanwhile, long carbon nanotubes bundle and form precipitates, which can be

separated from the dispersion by centrifugation.

We first studied the impact of SWCNT/CSA concentration on S2E to understand how it could
potentially be employed to separate the nanotubes by length. Atomic force microscopy (AFM) was
used to characterize the length distribution of the DOC-stabilized SWCNTs in the aqueous
supernatant after centrifugation (see the Experimental Section for details). Figure 2-2a-e shows

representative AFM topographic images of the SWCNTs as a function of the initial nanotube
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concentration in CSA. At a high concentration of ~0.7 mg/mL, only short SWCNTSs with an Lay
of ~0.1 um were found in the supernatant. As the concentration decreases, we began to observe
longer nanotubes in the supernatant, and at a dilute concentration of ~0.1 mg/mL, a maximum Lag
of ~3.1 um was reached. Additionally, the height profiles of these AFM images unambiguously
demonstrate that all the samples consist mainly of individual SWCNTs with diameters ranging

from ~0.6 to 1.5 nm, indicating that SWCNTSs are separated by length rather than the diameter or

bundle size.
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Figure 2-2. Length separation occurs effectively at different nanotube concentrations. a-e)
Representative AFM images and f) corresponding length distributions (grey bars) of individual
DOC-stabilized SWCNTSs from decreasing SWCNT-CSA solution concentrations of ~0.70, ~0.50,
~0.25,~0.16, and ~0.10 mg/mL, respectively. All scale bars are 1 um. The distributions are fitted
using log-normal functions (red lines). The average length of the DOC-stabilized SWCNTs

increases as the concentration of SWCNTSs in CSA decreases, as indicated by the blue line.
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Analogous to the molecular weight polydispersity index in polymer physics, we calculated the
length polydispersity index (LPDI) as a ratio of the number-averaged lengths (Lay) and length
average lengths (L) to quantify the length distribution (eq 2-1-3)7":

_ 2

Layg = N eq2-1
_ Z?

L, = S eq 2-2
Ly

LPDI =

eq 2-3

avg
LPDI is a unitless coefficient that enables the direct comparison of the length distribution of
SWCNT samples regardless of their different Layy values. We compiled the Layg, Li, and LPDI
values of DOC-stabilized SWCNTs from differentinitial CSA concentrationsin Table 2-1. Aclear
trend of increasing La,y Was observed as the SWCNT concentration in CSA decreases (Figure 2-
2f). Inaddition, LPDI increased from 1.27to 1.58, indicating thatas the concentrationof SWCNTs
in CSA decreases, nanotubes of a wider range of lengths are stabilized as individual nanotubes

during the S2E process.

Table 2-1. Correlation of Layg, Ln, and LPDI of SWCNTSs stabilized in the aqueous phase by S2E
with the SWCNT concentration in CSA.

SWCNT concentrationin CSA (mg/mL)

~0.70 ~0.50 ~0.25 ~0.16 ~0.10
Lavg (M) 0.11 0.41 1.53 2.13 3.10
Ln (um) 0.14 0.59 2.29 3.28 4.84

LPDI 1.27 1.44 1.50 1.54 1.58
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2.3.2 Sequential superacid surfactant exchange for selectively removing short SWCNTSs

The strong inverse correlation between SWCNT/CSA concentration with the Ly of DOC-
stabilized SWCNTs motivated us to selectively remove the shorter nanotubes by lowering the
initial concentrations stepwise. Through repeated application of this self-sorting process, followed
by separation of the bundled (longer nanotube) component, and subsequent re-dissolution of this
precipitate in the CSA to repeat the processat a lower concentration, we were able to successively
reduce the population of shorter nanotubes in the precipitated material. SWCNTs were first
dispersed at a high concentration (~0.7 mg/mL) so that only the shortest nanotubes were extracted
from the bulk materials by the S2E process (defined as 1 cycle). The precipitates were then
collected and re-dissolved into the CSA at a lower concentration (see the Experimental Section).
Applyingthe same S2E processagain, a portion of slightly longer SWCNTs were removed, further
increasing the average length of the separated nanotubes. Since the overall length of the SWCNTs
can be maintained throughout this iterative process, short nanotubes can be extracted repeatedly
until a satisfactory long nanotube length is achieved.

Figure 2-3a-c shows representative AFM images of the sorted long tubes from the 2nd, 4th and 6t
cycles of self-sorting. The removal of short nanotubes is clearly evident by the absence of
nanotubes <1 um in length. Moreover, the length distribution becomes progressively narrower
(with a LPDI decreasing from 1.58 in the starting material to 1.30, approaching the ideal limit of
1) while the corresponding Layg Values increasing from an initial value of ~3.1 um to ~3.3 um after
the 2 cycle, and eventually to ~3.8 pum after the 6™ cycle (Figure 2-3d). We note that a significant
amount of ultralong nanotubes (>10 um) can be easily found after 4 cycles. Figure 3-3e shows

tiled AFM topography imagesof a~12 pum ultralong SWCNT. Analysis of the AFM height profile
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unambiguously confirmed that it is an individual nanotube with a diameter of ~1.2 nm (Figure 2-

3f).

4.0

38

3.6 -

34 -

L,y (um)

32+

3.0

1 2 4 6 05

Self sorting cycles 0.0 0.1 02 0.3

Line profile (um)

Figure 2-3. Ultralong SWCNTs from different iterations of the self-sorting process. a-c)
Representative AFM images of individual, long SWCNTs separated after the 2nd, 4th, and 6%
iterative S2E cycles. All scale barsare 1 pm. d) The Layy and LPDI of the extracted DOC-stabilized
SWCNTs as a function of the self-sorting cycles. e) Tiled AFM images of a 12 um long SWCNT.
Scale bar: 1 um. f) Height profiles extracted along the nanotube, as marked in (e) by the black,

blue, green, and purple lines.
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2.3.3 Investigation of the phase behavior of SWCNTSs in superacid
We further confirmedthe concentration-dependent phase behaviors by cross-polarized microscopy
(Figure 2-4a). Clearly, as the SWCNT concentration in the CSA decreases from ~0.7 mg/mL to
~0.1 mg/mL, the relative proportions of the nematic and isotropic phases changes, and the
birefringent liquid-crystalline structures disappear completely at @iso ~0.1 mg/mL. When SWCNT
samples with polydisperse length are dissolved in the CSA at a sufficiently high concentration,
shorter nanotubes stay as isotropic individual rigid rods while longer nanotubes assemble into
nematic ordered phases (Figure 2-4b). Therefore, when neutralizinga SWCNT/CSA solution at a
concentration above @iso, Only short nanotubes that stay as isotropic individual rods can be
effectively converted into DOC-stabilized SWCNTSs by S2E. As the concentration of SWCNTSs in
CSA decreases, longer SWCNTSs partition in the isotropic phase, and eventually with the same
S2E procedure, they can be “captured” by the surfactant molecules and stabilized as individual

nanotubes in aqueous solution. The fitting between L, with SWCNT concentration in CSA (c)
yield an exponential relationship of ¢ « Laug_o'%, which closely follows the prediction from

Onsager’s Theory (c « Lavg_l). We note the Layy Of the pristine sample measured by capillary
thinning extensional viscosity?’ is ~4.5 um, which is ~45% longer than the Layg of ~3.1 pum for the
DOC-stabilized SWCNTSs before length sorting (see the Experimental Section for details). This
discrepancy may be simply due to the approximations intrinsic in the extensional viscosity length
determination, or may indicate that even at the optically dilute isotropic regime of ~0.1 mg/mL,
ultralong tubes (>20 pm for instance) are still not well-stabilized by DOC molecules during the
S2E process. Loweringthe concentration of SWCNTSs further in the CSA may allow the attainment

of even longer SWCNTSs by this self-sorting process.
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Figure 2-4. Proposed mechanism of the length dependent SWCNT self-sorting effect. a)
Polarized light microscopy shows the solution morphology of SWCNTs at different CSA
concentrations. The cross arrows indicate the relative orientation between the polarizer and
analyzer. Scale bars: 200 um. b) Phase behavior of SWCNTs in CSA solvent as a function of
SWCNT length and concentration. The correlation of @is, and @nem With polydispersed SWCNT
length are plotted according to the Onsager theory (axes are plotted in logarithmic scale). Above

0iso the short tubes are selectively extracted by S2E while long tubes collapse into bundles.

Although our experiments unambiguously show that the observed “self-sorting” phenomena
originate from nanotube phase separation in the CSA, directly centrifuging the SWCNT/CSA
solution to separate the long nanotubes from the short ones does not work because the isotropic
and nematic phases occur at very similar concentrations (about a factor of 1.5). Hence, the density

difference and interfacial tension between the two phases are expected to be minimal. As a result,
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the small density difference would make it difficult to separate SWCNTSs of different length at low
centrifugal force, and the low interfacial tension would allow the two phases to mix during
centrifugation.

Itis also interesting to note that the quality of the acid is another factor that can influence the length
of the DOC-stabilized SWCNT fractions. By adding just 10% (by volume) of 98% sulfuric acid
into the SWCNT/CSA solution to reduce the overall acidity of the system, we observed a
significant reduction of the length of the DOC-stabilized SWCNTs after S2E. This observation is
related to the previous studies showing that a reduction of the acidity of the solvent can effectively
decrease the surface charges of the SWCNTSs and downshift the @is..”® Decreased surface charges
can be translated into reduced repulsive forces between nanotubes, which decreases the length

cutoff for CNTSs that transition into the nematic phase.

2.3.4 Ultralong SWCNTSs for high mobility field-effect transistors
Because our longsorted S2E-SWCNTSs are suspended in water, we can further purify the materials
according to their electronic properties. We demonstrate this possibility by using the well-
established aqueous two-phase (ATP) extraction method 92 with minimum modifications. An ATP
system is comprised of two polymer-modified immiscible aqueous phases with slightly different
hydrophobicities, which can spontaneously partition SWCNTSs according to their electronic types
and chirality .60 Figure 2-5a shows a photo of three sorted fractions of longnanotubes with different
chirality distributions, as indicated by the different colors of the solutions and their distinct UV -
vis-NIR absorption spectra (Figure 2-5b). From the left to right in Figure 3-5a, the three solutions
manifest different electronic propertiesand are categorized as metallic SWCNTSs, large-diameter
semiconducting SWCNTSs, and small-diameter semiconducting SWCNTSs. Photoluminescence

(PL) microscopy was used to confirm the long length of the sorted semiconducting SWCNTSs
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enriched fraction (Figure 2-5c). We also used resonance Raman spectroscopy with different
excitation lasers to further validate the enrichment of SWCNTSs with specific electronic types after

multiple cycles of ATP extraction.
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Figure 2-5. Sorting ultralong SWCNTs with specific electrical properties and their
applications in TFTs. a) A photograph of aqueous solutions of chirality-sorted SWCNTSs with
increasing bandgaps by ATP. b) UV-vis-NIR absorption spectra of the 3 solutions shown in (a). c)
A broadband (900-1600 nm) PL image of the sorted semiconducting DOC-stabilized SWCNTSs.
d-f) False-color SEM images of thin films fabricated from (d) random, long semiconducting
SWCNTs, (e) aligned, long semiconducting SWCNTSs, and (f) random, short semiconducting
SWCNTSs. All scale bars are 500 nm. g) Electrical transport characteristic curves and h) mobility
vs. the current ON/OFF ratio of thin film TFTs fabricated from the random, long semiconducting
SWCNTs (red, d), aligned, long semiconducting SWCNTs (cyan, e), and random, short

semiconducting SWCNTSs (grey, ).
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To understand the influence of nanotube length and alignment on their macroscale electrical
performances, we fabricated thin-film transistors from large-diameter semiconducting SWCNTSs
with different lengths and alignment, including aligned long semiconducting SWCNTSs, random
long semiconducting SWCNTSs, and random short semiconducting SWCNTSs (Figure 2-5d-f), in a
back-gated configuration. Electrical transport characteristic curvesand the plot of mobility vs. the
current ON/OFF ratio of TFTs fabricated from different SWCNT films are shown in Figure 2-5g
and Figure 2-5h, respectively. All TFTs showed similar p-type semiconducting behaviors with all
ON/OFF ratios larger than 1000. However, TFTs fabricated from long aligned semiconducting
SWCNTs show the highest mobility up to ~91 cm2-V-1.s1 (average ~61.0 + 15.6 cm2-V-1.s1),
while long random semiconducting SWCNTs and short random semiconducting SWCNTSs
exhibited much lower average mobilities of 30.1 + 3.7 cm2-V-1.s1 and 10.7 £ 2.4 cm2.V-1.s7],
respectively. To the best of our knowledge, the mobility from the long aligned semiconducting
SWCNTs are among the highest values reported for SWCNT-based TFTs and is significantly
higher than transistor devices made from soluble organic semiconductors (<1 cm2-V-1.s1) 7
amorphous Si (~1 cm2-V-1.s1) and nanocrystalline Si (~50 cm2-V-1.s1),75 even approaching that
of p-type Si TFTs (~100 cm2-V-1.51),21.76 The relatively low ON/OFF ratios (~1000-4000) of our
multilayer thin-film devices can be explained by the charge screening effect, which is typically
observed for relatively thick films of semiconducting nanotubes. Generally, the back -gate potential
only has good control on the SWCNT-layer that is in contact with the dielectric. The charge
carriers generated on this contact layer can screen the overlying SWCNT -layers, making itdifficult
for them to be fully turned off, resulting in higher off currents and lower ON/OFF ratios.®3%4 This
charge screen effectcan be circumvented by decreasingthe film thickness. We therefore fabricated

TFTs comprising a sub-monolayer of long random semiconducting SWCNTs. The ON/OFF ratio
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increased up to ~22000 while the mobility remained at ~50 cm?2-V-1.s-1, The output characteristic
curves exhibit strong field-effect behaviors (l4is linear under small V4 and saturated under large
Vqg), further indicating the electronic purity of our long semiconducting SWCNTSs. Strategies for
further improving the ON/OFF ratio include using SWCNTs with larger bandgaps, % using single-
chirality semiconducting SWCNTs® or using high-x dielectric materials.% Our study here shows
that with long semiconducting SWCNTs as the channel material for long-channel TFTs, the
mobilities of charge carriers can be improved by more than 10 times, demonstrating the significant

influence of SWCNT-length on the performance of SWCNT-based TFTs.

2.4 Conclusions

In conclusion, we demonstrate that ultralong SWCNTs can be self-sorted by exploiting their
length-dependent phase partitioning in solution, which depends on nanotube length. We obtained
an Layg ~3.8 pm with a narrow length distribution (LPDI = 1.30), with a significant fraction of
ultralong SWCNTs longer than 10 um. We further sorted SWCNTSs with different lengths into
semiconducting and metallic fractions using aqueous two-phase extraction. TFTs fabricated from
the long semiconducting nanotubes show ON/OFF ratios greater than 1000 and a significant
improvement of carrier mobilities up to ~90 cm2.V-1.s1 well-exceeding those of short
semiconducting SWCNTs, organic semiconducting polymers or polycrystalline silicon. Our
approach provides a pathway to attain ultralong SWCNTs with defined electrical properties,
opening opportunities to significantly improve the transport properties and performance of

SWCNT-based devices, such as TFTs and sensors.
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Chapter 3: Parallel Field-effect Nanosensors Detect Trace Biomarkers
Instantly at Physiological High lonic Strength Conditions

This chapter is adapted from a submitted manuscript:

Benjamin Barnes, Peng Wang, YuHuang Wang. “Parallel field-effect nanosensors detect trace
biomarkers rapidly at physiological high ionic strength conditions.” ACS Sensors.

B.B. and Y.H.W. conceived the idea, designed experiments, and analyzed the data. P.W. sorted
nanotubes and B.B. performed device fabrication, surface functionalization, electrical
characterization as well as all the other experiments. B.B. and Y.H.W. wrote the manuscript with

inputs from all authors.

3.1 Introduction

Chemical sensors that can detect trace biomarkers rapidly, without the need of specialized
equipment or laboratory processing, will enable timely detection and longitudinal monitoring of
diseases at point of care®’ as well as real time probing of biomolecular functions.° However, such
sensors must overcome three major technical challenges: 1) the sensor must be sensitive and
selective enough to detect the target analyte of interest;% 2) the detection must be sufficiently
rapid, preferably on the order of minutes or even seconds;34 and 3) the sensor should ideally
function directly in the high ionic strength conditions of biofluids such as whole blood and saliva
to minimize requirement of sample processing stepsi% and more importantly, maximally preserve
data relevance to the pristine physiological environment.3? Additionally, such a device may allow
real time probing of biofunctions and enable efficient transduction of biochemical—electrical

signal at the bio-electronics interface.101.102
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Nanostructured field-effect transistor (FET) chemical sensors typically work by electrostatically
gating their semiconducting channels with charged target molecules. 103104 The probe molecules,
such as oligonucleotides and antibodies, which are attached to the surface of the semiconducting
device channel, selectively capture the target biomarkers to create a change in the local
electrostatic field that modulates the electrical current passing through the device. FET sensors
based onindividual single-wall carbon nanotubes (CNTs) have demonstrated ultrahigh sensitivity,
in some cases reaching the single molecule limit.2” However, due to their small surface area, these
tiny sensors, whose diameters are merely ~1 nm, require extensive detection time (hours to days)
to catch a target molecule at femtomolar concentrations.34 In contrast, with a large sensor area,
thin film FETs can significantly accelerate the speed of detection and additionally benefit from
simplified fabrication.23101 However, the sensitivity of thin film FETs is typically much poorer
than single nanotube FETs.23 Furthermore, electrical screening quickly dampens the electrostatic
gating effect beyond the Debye length (Ap), which is merely ~0.8 nm in the high ionic strength
conditions found in blood, saliva, or synovial fluid,3540 making it even more difficult to
simultaneously achieve ultrahigh sensitivity and speed for electrical detection in pristine biofluids.
Although there are clever tricks to circumvent some of these issues in specific use scenarios, this
sensitivity-speed dilemma poses a fundamental challenge broadly impacting bioelectronics.

Here, we show that this sensitivity-speed challenge can be addressed by creating many nanoscale
sensor pathways in parallel to simultaneously achieve ultrahigh sensitivity and instant detection,
even under the physiological high ionic strength conditions (Figure 3-1). We assembled tube-in-
a-tube semiconductorsacross a trench to form suspended individualized parallel pathways (SIP2)
between a pair of gold electrodes. Each SIP2 consists of a single-wall CNT nested within another

that is densely functionalized with oligonucleotide probes covalently attached to the sensor
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surface. Electrical transport through the semiconducting inner tube is chemically gated by the
target-probe interactions at the outer wall.? This tube-in-a-tube configuration provides a covalent
functional layer that enables high selectivity and structural stability not possible with single -wall
CNTs.31 Since each SIP2 spans the electrodes individually, it acts as a distinct electrical pathway
that is comparable to a single nanotube FET sensor, which has achieved single-molecule
sensitivity.?” By effectively increasing the sensor surface area with many of these nanosensors
working in parallel, high speed of detection is realized while retaining the high sensitivity of
individual single-wall CNT FET sensors. We note although parallel aligned nanostructures are not
“new,” all previous studies, to the best of our knowledge, do not reveal this simple scaling relation
that we found with SIP2 for addressing these fundamental challenges in electrical detection. As a
proof-of-concept application, we demonstrate the rapid detection of trace oligonucleotide
biomarkers for Lyme disease, achieving instant detection with femtomolar sensitivity and two-

mismatch selectivity, all directly at the physiological high ionic strengths.
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Figure. 3-1. Tube-in-a-tube field-effect biosensor with suspended and individualized parallel
electrical pathways. (a) Schematic illustration of a single tube-in-a-tube semiconductor with the
inner semiconducting single-wall CNT transporting charge carriers, and the outer wall densely
functionalized with DNA probe molecules. (b) A schematic of the SIP2 device architecture,
consisting of individualized tube-in-a-tube nanostructures aligned in parallel and suspended

between two electrodes over a trench.

3.2 Materials and methods

3.2.1 Dispersing and sorting ultralong DWCNTSs

Ultralong DWCNTSs were separated from raw materials using a length self-sorting method as we
previously reported.33 Briefly, DWCNT powder (Cheap Tubes) was dissolved in chlorosulfonic

acid (99%, MilliporeSigma) at a concentration of 1 mg/mL and then dispersed in 0.08 wt% sodium
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deoxycholate (DOC, >97%, MilliporeSigma) and 0.75 M NaOH. The double-wall CNTs and
sodium deoxycholate were precipitated by adding 37% HCI, typically 1-3 mL, to lower the pH to
below the pKa of DOC (pH ~6.6), and then redispersed with 1 M NaOH (to raise the pH above
6.6) to a final surfactant concentration of 6 wt%. The suspension was centrifuged at 16400 rpm for
90 minutes to separate both long and short double-wall CNTs. The precipitated long double-wall
CNTs were washed with Nanopure™ water and isopropanol, dried, and re-dissolved in
chlorosulfonic acid at 0.7 mg/mL, after which the dispersal in sodium deoxycholate and NaOH
was conducted again. The process was repeated 2 more times (foratotal of 4 length sorting cycles)
at DWCNT concentrations of 0.5 mg/mL and 0.1 mg/mL in chlorosulfonic acid respectively, to
further enrich the population of long double-wall CNTs. The final DWCNT suspension contained

5 wt% sodium deoxycholate.

3.2.2 Diazonium salt synthesis
2-fluorobenzoic acid diazonium tetrafluoroborate was synthesized according to a previous
procedure.? Briefly, 4.814 mmol of 4-amino-2-fluorobenzoicacid (TCI) was added to 3 mL of
Nanopure water in a round bottom flask fully covered in aluminum foil to prevent light exposure,
which was then submerged in an ice bath. Next, 2.68 mL of fluoroboric acid (48 wt%;
MilliporeSigma) was added to the flask while stirring. 670 mg of sodium nitrite was dissolved in
2 mL of Nanopure water and added to the round bottom flask dropwise. The solution was stirred
in the dark for 15 minutes, after which the solid product was collected on a PTFE filtration
membrane and rinsed with ~100 mL of diethyl ether. The product was then dried in the dark for

20 minutes under vacuum and stored in the dark in a sealed vial at 0 °C.
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3.2.3 Fabrication of aligned and suspended tube-in-a-tube semiconductors

Phosphorous-doped silicon wafers (1-10 Qcm) with a 300 nm thermal oxide layer (University
Wafer) were cleaned in piranhasolution (3:1 by volume H,S0,4:H,0; (30 wt%)), rinsed copiously
with Nanopure water and isopropanol, and finally blown dry with compressed nitrogen. Positive
photoresist (Shipley 1813) was used to pattern dielectrophoresis electrodes with a 5 um channel.
A chromium/gold (10 nm/30 nm) bilayer was deposited usingthermal evaporation at 10-7 torr. The
excess metal was lifted off in Remover PG at 80 °C for 30 minutes. Before use, the electrodes were
rinsed again with water and acetone and blown dry.

Pristine double-wall CNTs were deposited using a dielectrophoresis procedure0 using the
previously fabricated electrodes and the length-sorted aqueous suspension of double-wall CNTs
in sodium deoxycholate, diluted 10x with Nanopure water. To obtain only a few individualized
double-wall CNTs per device, we used the following dielectrophoresis parameters: 10 MHz, 5V
amplitude, and 1 - 4 minutes of applied voltage. After dielectrophoresis alignment, the device was
coated with electron-beam resist (PMMA 495K) and a second pair of electrodes (top contacts) was
defined on top of the previous electrodes using electron beam lithography (Raith e-line), which
were 10 um wide and separated by a 1 um gap. Cr/Au (5/20 nm) was deposited over the pattemed
substrate, yieldinga 1 um channel in the final device with 2 pm of both ends of the double -wall
CNTs buried beneath the top contacts. The top contacts prevent short double-wall CNTs that do
not span the channel from contributing to electrical noise, aswell as anchor the double -wall CNTs
to keep them from collapsing during wet etching of the silicon wafer. The aligned double -wall
CNTs exhibited low resistance and an ON/OFF currentratio of ~1 due to the presence of some
metallic inner and outer carbon nanotubes. Raw double-wall CNTs typically consist of a mixture

of semiconductingand metallic outer wallsand innerwalls. We partially etched away the substrate
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oxide using 6:1 HF:NH4F buffered oxide etchant to create a 120 nm deep trench in between the
source and drain electrodes. Immediately after etching, the devices were dried using supercritical
CO; (Tousimis).

The tube-in-a-tube semiconductor structures were synthesized in situ from the suspended double-
wall CNTs using 2-fluorobenzoic acid diazonium salt by submerging the devices in 1 mM
diazonium salt solution for 12 hours, followed by 10 mM diazonium salt for 12 hours. The
reactions were conducted in the dark. After the reaction time, the devices were rinsed with
Nanopure™ water to remove the unreacted diazonium salt.

The metallic inner carbon nanotubes were then destroyed using electrical breakdown. In this
process, the source drain voltage was increased from 0 V until a sharp spike in resistance was
observed, indicating that one metallic carbon nanotube was destroyed. Breakdown typically
occurred between 10 and 20 V. This was repeated until the ON/OFF ratio reached 10-1000. What
remained were individual pristine semiconducting nanotubes sealed inside insulating outer walls
that are covalently grafted with a layer of aryl groups terminated with COOH functional groups.
We then covalently attached 30-base DNA probes with 5’ amino termini (Integrated DNA
Technologies) to the surface carboxyl groups on tube-in-a-tube semiconductor using a previous
method.3See Table 3-1 the DNA sequences used in this chapter. Briefly, the carboxyl groups were
activated in 0.4 mg/mL 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide and 1.01 mg/mL sulfo-
N-hydroxysuccinimide in 10 mM MES (Covachem) for 15 minutes. Amino-terminated DNA
probes were then attached to the activated groups by placing a droplet of 10 uM of DNA in 0.1X
PBS (CovaChem, LLC) on the device. The DNA solution was replaced by pipette on the device
every 15 minutes for 1 hour. The devices were then rinsed with Nanopure ™ water and stored in

1x PBS (1x PBS was prepared by the instructions provided by CovaChem and consisted of 100
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mM sodium phosphate and 150 mM sodium chloride) until characterization (within 1 day of

fabrication).

Table 3-1. DNA sequences used in sensing experiments

Name Sequence Chargesper
molecule
Probe 5> AGTTTCACTCTTGCGAGCATACTCCCCAGG 29
Analyte 3’ TCAAAGTGAGAACGCTCGTATGAGGGGTCC 29
2x Mismatch 3’ TCAAAGTGAGAACGCTGGCATGAGGGGTCC 29
1x Insertion 3’ CAAATGTGAGAACGCTCGTATGAGGGGTCC 29
2X Insertion 3’ CAAATTGTGAGAACGCTCGTATGAGGGGTCC 30
Fully Mismatched | 3> CAATTGTATAGGTTCAACCTCAATTAGAGATGGAACTTA 57
CACCAGTTGTTCAGACTA

3.2.4 Electrical characterization
The 1-V, transconductance, and sensing curves were collected using a Keithley 4200
Semiconductor Parameter Analyzer. Typical sensing experiments were conducted by placing a 10
uL droplet of the oligonucleotide analyte in PBS on the device channel and either sweeping the
source-drain voltage between -1V and 1 V, or by measuring the current over time with an applied
bias of 0.5 V. No appreciable evaporation of the droplet was observed during the short testing
period, and the temperature and relative humidity were maintained in the lab across all
experiments. Noise was quantified by calculating the coefficient of variation of the current in
buffer. Sensing measurements were always conducted from blank PBS to increasing analyte

concentrations. Sensing curves were reported as the % change in current (with respect to the blank
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measurement) at 0.5 V unless specified otherwise in the text. The device channel was not allowed

to dry at any time during the sensing characterization.

3.2.5 AFM characterization
Freshly cleaved mica substrates were soaked in 1 M magnesium sulfate for 10 minutes, blown dry
with compressed nitrogen, and rinsed with Nanopure™ water. The solution of length-sorted
double-wall CNTs dispersed in sodium deoxycholate was then dropped onto the mica surface and
allowed to incubate for 10 minutes, after which the droplet was blown away. The substrate was
then rinsed with water and blown dry. The double-wall CNTs and tube-in-a-tube semiconductor
nanostructures were characterized in tapping mode using a Cypher ES AFM (Asylum Research
Corporation) with gold backside-coated AFM probes (Tap300GD-G, force constant=40 N m-1,

BudgetSensors).

3.2.6 Raman characterization
Raman scatteringwas measured directly on SIP2 devices with a Horiba Aramis Raman microscope
at an excitation wavelength of 532 nm. The Raman shift was calibrated with a silicon chip. A 50x
microscope objective and line scan were used to collect up to 10 spectra from between the

electrodes where the double-wall CNTs or tube-in-a-tube semiconductors located.

3.3 Results and discussion

3.3.1 Long DWCNTSs form individualized parallel electrical pathways
We fabricated SIP2 sensors from long double-wall CNTs that are attainable only recently using a
non-destructive dispersion technique followed by length self-sorting, as we previously reported3
(see Methods for details). The double-wall CNTs used in this study have an average length of 1.85

um, which is larger than a sonication control (0.44 um), and 87% were longer than the trench width
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(1 pum). We used dielectrophoresisi® to align the double-wall CNTs across two gold electrodes
patterned on silicon oxide. The CNTs are aligned individually between the source and drain
electrodes, with the number of nanotubes (2 — 100/ device, up to 17 + 3 pathways/um) in each
device consistently controlled through the magnitude and duration of the applied electric field (see
Methods). We note that long CNTs were essential forachieving SIP2, while shorter CNTs resulted
in disordered networks and did not fully span the gap between the electrodes. We attribute the
improved alignment to a stronger dielectric force, which scales with the nanotube length, 105 that
the longer double-wall CNTs experience compared with the short ones.

We then pinned the CNTs with gold top contacts, which define the source and drain electrodes,
apartand etched the substrate oxide with buffered hydrofluoricacid to createa 120 nmdeep 1 pm
wide trench underneath the CNTs, which removes the substrate effect and maximizes the exposed
surface area of the sensors (see methods for the fabrication details). We used a trench width of 1
pum, as this distance could be routinely spanned by individual CNTs without dangling ends and
when combined with top contacts, reduces the risk of CNTs collapsing into the trench. We then
chemically converted the double-wall CNTs into tube-in-a-tube semiconductors by covalently
functionalizing their outer walls with 2-fluorobenzoic acid diazonium salt.3 We note that the outer
layer serves as a functional layer that is complete and non-permeable to small molecules as
evidenced by the intactness of the inner tube under chemical attacks.? In this top-contacted
configuration, the portion of the double-wall CNTs buried under the metal contact are protected
from covalent functionalization allowing electrical contact to the tube-in-tube structure. The
functionalization was followed by high voltage electrical breakdown of those with metallic inner
tubes, as previously described,19 leaving most semiconducting walls intact. Despite the high

density of functional groups on the tube-in-a-tube semiconductor surfaces, the inner nanotube
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remains chemically isolated from the outer wall-selective surface chemistry, therefore retainingits
electrical conductivity.2 This approach provides a key advantage over other nanomaterials like
single-wall CNTs and graphene, whose electrical properties degrade when covalently

functionalized to a comparable degree.107

3.3.2 Individualized parallel electrical pathways enable rapid detection of femtomolar targets
We investigated the sensing behavior of SIP2 through the electrical detection of model
oligonucleotide biomarkers. We covalently linked the oligonucleotide probes (see Table S1 for the
probe sequence) to the tube-in-a-tube semiconductors through the surface 2-fluorobenzoic acid
groups using the well-established carbodiimide crosslinking reaction.® We note that when
carbodiimide crosslinking is used, normally it brings complexity in the sensor and the distance
between the target molecular and channel increases causing decrease in sensitivity. In our case,
the initial gap between the linker and semiconducting inner wall is less than a nanometer, so the
small distance added by the linker does not significantly impact sensitivity. The oligonucleotide
target we chose for this demonstration was a 30-base segment of a DNA biomarker for B.
burgdorferi, the bacterium that causes Lyme disease.1%8 Prior to introducing the target molecules,
we measured the current passing through the SIP2 device at a constant voltage biasof 0.5 V in 1X
phosphate-buffered saline (PBS, containing 100 mM NazPO, and 150 mM NacCl) that mimics the
high salt physiological ionic conditions to determine the background signal and electrical noise.
We measured the coefficient of variance of the electrical current over time for 13 devices and
determined the average electrical noise to be 0.90% + 1.01%. This small noise possibly originates
from the interaction of the DNA probes, or ions from the buffer, with the semiconductor surface.
However, this noise level is significantly smaller than the signal generated by the target analytes

(discussed below) which was as much as 70%, allowing for sensitive chemical detection.
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To determine the response time of the SIP2 sensor, we introduced 5 fM of target DNA, also in 1X
PBS, while applying 0.5 V across the source and drain electrodes. Within ~2 seconds of adding
the target the device conductance increased by ~50% and stayed constant (Figure 3-2a). Of the 13
devices evaluated in this study, the response time was typically 1 to 15 seconds. While a rapid
sensing response can also be achieved with randomly oriented Tube”2 films, the sensitivity of the
SIP2 configuration is significantly enhanced by about 6 orders of magnitude. In contrast,
calculations based on the diffusion model predict that at femtomolar concentrations it would take
hours for the first molecule to reach the surface of a single single-wall CNT.34 The rapid response
we observed with SIP2 is largely enabled by the larger (> 20x) collective surface area, relative to
a single single-wall CNT, of multiple long tube-in-a-tube semiconductor nanostructures acting in
parallel, with additional contribution from the suspended structure which further increases surface
area and enhances target-probe interactions. Finally, sensing in physiological ionic strength

conditions lowers the energy threshold for target-probe DNA binding.
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Figure 3-2. Electrical detection of an oligonucleotide Lyme disease biomarker. (a) Electrical
current passing through the SIP2 device as a function of time at a constant voltage of 0.5 V. Note
that addition of 5 fM oligonucleotide target at t=10 seconds led to an increase in the device
conductance within just ~2 seconds. (b) Current response of a representative sensor showing the
increasing conductance of the SIP2 device (yellow) and our previously -demonstrated thin film
devices (blue) as a function of target DNA concentration. (c) False-color SEM image of a SIP2
device with a high density of tube-in-a-tube semiconductor nanostructures which act as electrical
pathways. (d) False-color SEM image of a representative randomly oriented, short Tube”2 thin
film.

To determine the limit of detection and the dynamic range of this device configuration, we

measured the signal of a SIP2 device while gradually increasing the target concentration (starting
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at 10-17 M) until we observed the conductance spike above the background noise. The detection
limit was as low as 1 fM, with an average of 6 +5 fM from 5 devices evaluated on this parameter.
This detection limit is comparable to state-of-the-art three-terminal field-effect sensors made from
MoS, (with a detection limit of 6 fM)199 and clustered regularly interspaced short palindromic
repeats (CRISPR) technology-integrated graphene sensors (1.7 fM)110 in similar ionic strength
conditions. However, these devices require incubation times of 15 minutes to 1 hour for the target
and probe to hybridize. Additionally, unlike three-terminal FETSs, our tube-in-a-tube field-effect
sensors enable efficient chemical gating in a simple two-terminal design, which significantly
simplifies device fabrication. Furthermore, the dynamic range of SIP2 spanned fromthe fM to nM
range (Figure 3-2b). This large dynamic range isasignificantimprovementover devices fabricated
from thicker thin films, which have a dynamic range of just 10 nM to 1 uM.?3

We attribute the improvement in both sensitivity and dynamic range to the individualized and
parallel tube-in-a-tube channel configuration, which confines the sensing current to parallel
electrical pathways, each of which is fully gated by the target-probe interactions (Figure 3-2c¢).
Since each electrical pathway directly bridges the electrodes, itis only necessary for target-probe
interactions to occur on a single nanostructure in order for the device to be turned to a high
conductance ON-state. This mechanism contrasts with conventional thin film devices where many
nanostructuresare not gated by the target-probe interactions due to leaky pathways, as typically
with 2-dimensional materials, orembeddingin bundles. Furthermore, the SIP2 configuration, with
its individualized and suspended electrical pathways, also contrasts with films composed of short
tube-in-a-tube semiconductor (Figure 3-2d) in which tube-tube junctions and semiconductor-
substrate interactions can introduce electrical noise or crosstalk that obscure target-probe

interactions at low concentrations.
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3.3.3 Double mismatch selectivity for DNA biomarkers
In addition to high sensitivity and a rapid response, high selectivity that allows to distinguish
between the target analyte and other similar molecules is required to prevent false positive
diagnoses. Lyme disease is an excellent example of this challenge. This disease affects 300,000
Americans annually and can cause long-term nerve and tissue damage without prompt detection
and treatment.1% However, its diagnosis currently relies on a two-step process that requires both
enzyme-linked immunoassay and western blotting to ensure selectivity and sensitivity.19 The
DNA from benign bacteria is also capable of binding to DNA probes for Lyme disease, which has
led to false positive diagnoses in previous polymerase chain reaction-based studies. To determine
the selectivity of the SIP2 sensor design, we evaluated the device response to the target sequence
and then to a benign bacteria DNA sequence that contains two mismatched bases, corresponding
to a6.9% mismatch, foradirectcomparison(see Table S1 forthe sequences). We foundthe current
response of the double base mismatch was only about 70% of that of the target (Figure 3-3a),
demonstrating the ability to electronically distinguish between the two molecules. Additionally,
we measured the device response to targets with 1 and 2 inserted bases that offset the sequence,
which yielded signals of only ~60% and ~40% relative to the target analyte, respectively (Figure

3-3a).

49



5.0 c Lo 10
= p —_
2 Target O\O
E’) ~
& - U‘)
3 3 4.5 : 5
g g B
a — -
2 5
< 3
4.0 0
70., 70., 70.,.70., 7p.
0767077015075 06 10 nM Mismatched 10 nM Mismatched
[Fully Mismatched DNA] (M) +1 pM Target + 10 uM Target

Figure 3-3. SIP2 biosensors exhibit high selectivity for the target sequence. (a) Comparison of
the current response of a SIP2 device for the target DNA, double-mismatch DNA, and DNA
analytes offset by 1 and 2 inserted bases at a constant concentration of 1 pM at the high
physiological ionic strength. The signals are normalized by the current response of the target
sequence. Error bars represent the standard deviation between 3 measurements. (b) The SIP2
device currentas a function of fully mismatched DNA concentration and a constant background
concentration of 1 pM target DNA. Error bars represent 1 standard deviation. The signal was
averaged over 50 seconds for each condition. (¢) Comparison of the current response of the device
in 10 nM mismatched DNA and 1 pMtarget (gray), and after spikingthe sample with 10 uM target
DNA (blue). Error bars represent 1 standard deviation. The signal was averaged over 50 seconds

for each condition. The voltage was 0.5V for all the selectivity tests.

We further show SIP2 can also detect the target in the presence of other interfering molecules. We
measured the response of a SIP2 device to a mixture of 1 pM target DNA and increasing
concentrations of a fully mismatched 57-base DNA sequence (See Table S1 for details). Despite
increasing the mismatched DNA concentration by 8 orders of magnitude, the signal did not

increase (Figure 3-3b), indicating that non-specific DNA interactions with our sensor are much
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smaller than those of the target DNA. To verify that the small amount of target DNA had not
saturated the probes, thereby preventing non-specific binding, we further spiked the sensor with
10 pM target DNA, which induced a 159% increase in the currentresponse (Figure 3-3c). This
signal spike ruled out the possibility of saturating the probes with the 1 pM target, unambiguously
confirming that the signal modulation is dominated by equilibrium between the probes and the
target.

This SIP2 platform thus provides a significant advantage over the traditional diagnostic approach
for Lyme disease, which requires both enzyme-linked immunosorbent assay and Western blot
analysis to ensure both sensitivity and selectivity.198 A one-step test that achieves both sensitivity
and selectivity with high speed of detection, as we demonstrated here with SIP2, could enable
rapid diagnosis at the point of care, thus improving the outcomes of patients suspected of having

Lyme disease.

3.3.4 Tube”2 surface chemistry enables sensing in physiological conditions
The ability of the parallel pathway sensor to detect low analyte concentrations in 1X PBS, as
demonstrated in the results above, is notable as this represents a physiological ionic strength
condition with a short Ap of merely 0.7 nm. Previous work has shown that sensing in such high
ionic strength conditions requires passivating the sensor surface with neutral polymers4° or using
aptamer probes,3?butitis importantto note thatwe do notuse these strategies in thiswork. Instead,
we hypothesizethatthe SIP2 device’s ability to sense in high ionic strength conditions results from
the high density of probe molecules on the tube-in-a-tube semiconductor surface. Analytical
modelling predicts that when DNA is grafted to a surface with a sufficient density, it forms a
polymer brush that can exclude ions, reducing the local ionic strength compared to the bulk

solution.11Quratomic force microscopy (AFM) studies indeed confirm that the DNA probes pack
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densely on the tube-in-a-tube semiconductor surface (Figure 3-4a), which is consistent with brush
formation. The average height of DNA on the tube-in-a-tube semiconductor surface was 2.3 + 0.9
nm, with a maximum height of ~5 nm. This height is smaller than the contour length of the DNA
probes (~9.9 nm)!12 probably because the AFM measurements were taken in dry conditions,

however the result is comparable to previous studies of DNA brushes measured by AFM and

ellipsometry.113
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Figure 3-4. SIP2 maintains high signal transduction even at the high physiological ionic
strength. (a) AFM micrographs of representative tube-in-a-tube nanostructures before (left) and
after (right) attaching probe DNA. The probe DNA packs densely on the tube-in-a-tube
semiconductor surface adding an average height of 2.3 nm (measured in dry conditions). (b) The
current response of a SIP2 device in four ionic strength regimes: blank mediacomposed of 0.01X
PBS (1); after 5 fM of target DNA is added to the 0.01X PBS (2); and while the DNA target
concentration is kept constant at 5 fM while the PBS s increased to 0.1X (3) and 1X (4). (c)
Comparison of the SIP2 device signal at a constant target DNA concentration of 5 fM (black) and

Ap of the bulk solution (red) and the predicted Ap in the DNA brush (blue) asa function of the ionic
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strength (see the Supporting Information). The data points are normalized to the values at 0.01X
PBS and averaged from 3 different devices. Error bars represent 1 standard deviation.

To determine if this brush structure contributes to the observed ability for SIP2 to sense in high
ionic strength conditions, we compared the scaling of the signal in different salt concentrations.
Since the ionic strength in the brush structure decays more slowly than that in the bulk solution,
we expect that the signal of the SIP2 sensor will decay as a function of the calculated local ionic
strength in the brush instead of in the bulk solution. We measured the current response of a SIP2
device overtime at 0.5V in 0.01X, 0.1X, and 1X PBS while the target DNA concentration was
maintained at 5 fM (Figure 3-4b) and compared it with the Ap scaling from a theoretical model
proposed by Schoningand colleagues to describe field-effect and capacitive sensing with DNA
brushes (see the Supporting Information).1! From 0.01X to 1X PBS, Ap in the bulk solution
decreased by 10-fold (from 7.6 nm to 0.76 nm), but the electrical response of the SIP2 device
decreased by only about 2-fold (Figure 3-4c). This decay trend of the signal closely follows that
predicted by the DNA brush model, 11 further supporting that the DNA probe brush structure
contributes to the remarkable sensing performance in physiological salt concentrations observed
in SIP2.

We anticipate further development of SIP2 as the materials challenge is addressed. First, double-
wall CNTs with semiconducting inner tubes® would be beneficial for optimizing the electrical
transportproperties of SIP2 devices. Despite the impressive performance of our SIP2 sensors, their
ON/OFF ratios, between ~50 and 300, are relatively low due to the presence of some metallic
double-wall CNTs in our devices that are difficult to remove completely by electrical breakdown.
However, even with this low ON/OFF ratio, we have observed detection limits down to 10-15 M,

suggesting vast room for further improvement in ON/OFF ratio and sensitivity as pure tube-in-a-
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tube materials become attainable.®19 Secondly, large scale fabrication of SIP2 devices will require
a more scalable technique for aligning the double-wall CNTs, such as the recently discovered
filtration method’8 if the technique can be scaled to the monolayer thickness for effective gating,

or through the use of tangential flow-induced or DNA templated CNT self-assembly.46.114

3.4 Conclusions

We show that parallel and suspended tube-in-a-tube field-effect sensors can effectively address
the sensitivity-speed challenge in electrical detection of trace biomarkers. Compared to
conventional thin films, SIP2 increases the sensitivity by approximately 6-orders of magnitude,
demonstratingthe significantbenefits of restrictingthe electrical currentto junction-free pathways
that can be chemically gated. The collective sensing action of these parallel channels also enables
fast detection (in seconds) by providing a relatively large surface area for sensing. Furthermore,
the high density of probes on the tube-in-a-tube semiconductor surface contributes to sensing in
high ionic strength conditions, with experimental evidence pointing to the formation of a DNA
probe brush structure that locally excludes smallions. We demonstrate prototype devices targeting
Lyme disease biomarkers, simultaneously achieving high sensitivity (as high as 1 fM), short
detection time (< 15 seconds), as well as high chemical selectivity, all directly athigh physiological
salt concentrations. Our result significantly simplifies Lyme disease diagnosis, which currently
requires both enzyme-linked immunoassay and western blotting to ensure selectivity and
sensitivity, enabling a simple one-step diagnosis for this disease in contrast to the time-consuming
and costly two-step process currently in use. Early and rapid detection of Lyme disease is just one
example of the many applications that will be enabled by point-of-care electrical biosensors that

can simultaneously overcome the key challenges of sensitivity, selectivity, response time, and

54



ionic screening. The insight we have learned here may be broadly applicable to electrical detection

based on the many varieties of low dimensional materials.

55



Chapter 4: Direct Writing of Aligned and Suspended Carbon Nanotube
Monolayers from a Gel

This chapter is adapted from a manuscript in preparation:

Benjamin Barnes, Ziyi Wang, Xiaojian Wu, Xiyuan Cheng, YuHuang Wang. “Direct writing of
aligned and suspended carbon nanotube monolayers from a gel.”

B.B. and Y.H.W. conceived the idea, designed experiments, and analyzed the data. Z.W. assisted
in developing the CNT gel and operated the direct-write 2D plotter. B.B. performed surface
functionalization, electrical characterization, and SEM and AFM imaging. X.W. assisted with PL
imaging. X.C. grew DWCNTs by chemical vapor deposition. B.B. and Y.H.W. wrote the

manuscript with inputs fromall authors.

4.1 Introduction

Individual single-wall carbon nanotubes (SWCNTSs) exhibit exceptional properties, including
ultrahigh carrier mobility,115 electrical conductance, 15> and current density,116 as well as single-
molecule chemical sensitivity.2” Aligned?4116 and suspended monolayers of SWCNTSs can better
preserve these remarkable properties in mass-produced arrays of electronic,24 photonic, and
sensing devices. Although significant advances have been made to achieve SWCNT alignment,4
no technique has demonstrated the ability to scalably fabricate both suspended and aligned
SWCNT monolayers due to several issues. Aligned growth techniques, such as directed chemical
vapor deposition, provide excellent nanotube alignment over trenches#? but the high growth
temperatures required (~900 °C) are incompatible with complementary metal-oxide-
semiconductor (CMOS) chip processing (~500 ©°C).48 Another issue with chemical vapor

deposition is the lack of control over nanotube chirality, which dictates the electronic properties
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of SWCNTs. While synthesizing individual nanotube chiralities remains a grand challenge,
advances in chirality sorting?? and processing! of SWCNTs have opened new opportunities to
address the alignment issue with solution processing. For example, using solutions of purified
nanotube chiralities, dielectrophoresis can align SWCNTSs between electrodes on a large scale. 17
However, this approach cannot suspend SWCNTSs since removing the excess solution after
dielectrophoresis would cause the SWCNTs to collapse into the trench. Alternatively, DNA
templated assembly is a promising new approach that can achieve monolayer aligned
SWCNTSs.#%46 Unfortunately, in addition to the expense of the high molecular-weight DNA
templates (6768 bases), this approach has not been used to fabricate suspended SWCNT arrays.
Finally, floating evaporative assembly can be used to fabricate substrate-wide films of aligned
SWCNTSs,43.114 put the process cannot be used to directly fabricate suspended SWCNT devices
because the surface tension of the solvent would cause the nanotubes to collapse.

Herein, we report a new technique that can directly print aligned fibers and thin films of SWCNTs
suspended over a trench. This process is made possible using a SWCNT liquid crystalline gel
stabilized by ammonium deoxycholate (ADC) surfactant, which is composed of individualized
nanotubes that spontaneously align in the direction of a shear force. Even a low shear force is
sufficientto align the SWCNTSs, such as printing the gel through asyringe or even dippinganeedle
in the gel and withdrawing it by hand. Our technique preserves the electrical and
photoluminescence properties of semiconducting SWCNTSs since they remain individualized in
the gel. Also, because of the simplicity of this technique, the gel can be used to fabricate high
performance devices, potentially at large scales. We demonstrate this potential by directly printing
aligned monolayers of carbon nanotubes to form disposable biosensor arrays capable of picomolar

detection of RNA and DNA biomarkers. This direct-write assembly approach for achieving
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aligned and suspended nanotubes may facilitate the mass production of SWCNT-based high
performance thin-film electronics for advanced applications such as chemical sensing and

computing.

4.2 Materials and methods

4.2.1 DWCNTS synthesis
DWCNTs were synthesized using the floating catalyst chemical vapor deposition (FCCVD)
method with our home-built reactor featuring a controlled evaporation mixing system and self -
designed nozzle set. We injected vaporized 2 mol% ethanol (Sigma Aldrich, anhydrous), 0.65
mol% toluene (Sigma Aldrich, >99%), 0.042 mol% ferrocene (Sigma Aldrich, >98%), and 0.021
mol% thiophene (Sigma Aldrich, > 99.9%) methanol solution along with nitrogen through a hot
furnace (1250 °C). High quality DWCNTSs are formed and directly pulled out from the gas phase

in a controlled and continuous pattern.

4.2.2 Carbon nanotube solutions
The gel printing approach appears to be applicable to most SWCNT and DWCNT species
including SG65, SG65i, EC1.0, EC1.5, EC2.0, Cheap Tubes DWCNTSs, and the DWCNTSs
synthesized in our lab by FCCVD. In all cases, the carbon nanotubes were dissolved in
chlorosulfonic acid (Millipore Sigma, 99%) at a concentration of 0.1 mg/mL. We stirred the
solution for 2 days to fully disperse the carbon nanotubes in the acid. After stirring, we used the
superacid-surfactant exchange protocol we previously developed® to disperse the full-length

carbon nanotubesin 2 wt% sodium deoxycholate.
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4.2.3 Agueous two-phase extraction
The (6,5)-enriched SWCNT solution was sorted using the aqueous two-phase extraction method
described by Subbaiyan et al.118 Briefly, the 2 wt% sodium deoxycholate-dispersed SG65 solution
was diluted to a sodium deoxycholate concentration of 1.04 m/v%. Stock solution was prepared
containing 112.8 g polyethylene glycol, 39.2 g dextran, 3.92 g sodium cholate hydrate, 8.932 g
sodium dodecyl sulfate, 1.136 g NaCl, and 800 g deionized water (Nanopure ™). 12.9 ml of the
1.04 m/v% sodium deoxycholate SWCNT solution was mixed with 25.5 m| of water and 244.8 ml
of the stock solution and then centrifugedat 6000 g for 5 minutes. After centrifugation, the solution
separated into 2 phases. The bottom phase was (6,5)-enriched. Polymers in the bottom phase were
removed by ultrafiltration (Amicon® Stirred Ultrafiltration Cell, Model 8200) with a
polyethersulfone membrane (Biomax® PBMKO06210, 300kDA) and the final solution contained 2

wt% sodium deoxycholate.

4.2.4 Carbon nanotube/ADC gel synthesis
To synthesize the carbon nanotube/ADC gel, we added 38% HCI dropwise to 3 mL of the carbon
nanotubes dispersed in 2% sodium deoxycholate to precipitate the surfactant as deoxycholic acid,
and collected the precipitate by vacuum filtration. We transferred the resulting solid into a
centrifuge tube and added 200 pL of water and 70 pL of 1M NH,OH (Fisher Scientific Certified
ACS Plus grade). After stirring by hand with a plastic spatula for about5 minutes, most of the
precipitate particles were dissolved to form a viscous mixture. We then centrifuged the carbon
nanotube/ADC gelfor 10 secondsat1006 g (3000 rpm) to remove air bubbles and any undissolved
solids. The carbon nanotube/ADC gel was then ready to be used as an ink for direct writing onto

substrates.
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4.2.5 Removing excess ADC
For fibers contacting the substrate, the excess surfactant was removed by rinsing with ethanol
along the axis of the fiber to avoid introducing disorder into the resulting carbon nanotube film.
For suspended fibers, rinsing was not possible since the surface tension of the solvent would cause
the carbon nanotubesto collapse. Therefore, we removed the excess surfactantby annealingat 400
°C, which can cleanly burn away the ammonium ADC surfactant from the carbon nanotube

sidewalls.119

4.2.6 Contact resistance measurement by the transmission line method
We prepared gold electrodes on a silicon wafer with 10, 20, 25, and 60 um gaps. We deposited
DWCNT/ADC gel fibers on the electrodes from a syringe and removed the ADC with ethanol
rinsing. As a control, we prepared a thin film of the same DWCNT species (grown by chemical
vapor depositionin our lab as described above) by vacuum filtering the nanotube solution through
a polycarbonate filtration membrane. We cut and transferred a strip of the membrane to the
electrodes on the wafer (with DWCNTs facing the substrate) and removed the excess
polycarbonate by soaking in chloroform (20 minutes) and rinsing with ~10 mL of fresh
chloroform. Both the printed sample and control were annealed at 300 °C for 45 minutes in air to
improve the contact between the DWCNTSs and electrodes. We measured the resistance of 3 sets

of the 4 electrode gaps and extracted the width-normalized contact resistance.

4.2.7 Test-strip biosensor fabrication
We purchased commercial blood glucose test strips (GE100 Blood Glucose Test Strips Gold
Electrode) as substrates for our biosensors. To expose the electrodes, we peeled away the plastic
cover from the test strip, and then dissolved the adhesive residue with isopropyl alcohol (Sigma

Aldrich 99.5%). Next, we removed the enzyme-containing gel from between the electrodes by
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rinsing it with water and isopropanol, and then blow-dried the test strip with compressed air,
leaving the gold electrodes exposed.

A batch of test strips were taped to a glass slide in parallel. We loaded a syringe (34 -gauge needle)
with gel made from DWCNTs grown by chemical vapor deposition (as described above) and
printed it onto the parallel test strips at a speed of 0.13 m/susingan inexpensive 2D plotter (Bachin
T-A4). The excess ADC was removed fromthe gel by gently rinsing the channel with ethanol and
then blowing it dry with compressed air. The bare electrodes exhibit strong electrochemical
activity in solution, so to passivate them we printed a dot of polydimethylsiloxane (Sylgard® 184)
on each gold electrode and cured itat 70 °C. The polydimethylsiloxane did not cover the DWCNT
channel.

To convertthe DWCNTSs into Tube”2 nanostructures, we functionalized them by soaking the
prepared test strips in 100 mM 2-fluorobenzoic acid diazonium salt for 12 hours in the dark.3!
Next, we attached DNA probes to the Tube”2 nanostructures (with 5’ amine linkers) by
carbodiimide activation with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride and
sulfo-N-hydroxysulfosuccinimide (Fisher Scientific), as previously described.? See Table 4-1 for
the DNA and RNA sequences used in this chapter. Electrical characterization and sensing

experiments were conducted with a Keithley 4200 semiconductor parameter analyzer.

Table 4-1. DNA and RNA sequences used in test-strip sensing experiments

Name Sequence Charges per
molecule

Probe 5> TAGTCTGAACAACTGGTGTAAGTTCCATCTCTAATTGAG 54
GTTGAACCTCAATTG

DNA Target 5" CAATTGTTGAGGTTCAACCTCAATTAGAGATGGAACTTA 57
CACCAGTTGTTCAGACTA

RNA Target 5> CAAUUGUUGAGGUUCAACCUCAAUUAGAGAUGGAACU 57
ACACCAGUUGUUCAGACUA
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A simple polydimethylsiloxane test cell was used in the sensing experiment to hold the test strip
steady for electrical characterization and maintain a constant volume of analyte solution. We
measured the current as a function of time (at 0.5 Vsp) while injecting buffer (0.1X PBS) as a
control, or target DNA. The sensing experiment was also repeated for one device featuring an

alternative RNA target, which elicited a similar response as the DNA tests.

4.3 Results and discussion

4.3.1 pH tuned SWCNT dispersions form a self-assembling ink
Our direct-write assembly technique was enabled by an accidental discovery that ADC (Figure 4-
1a), a highly effective surfactant widely used for dispersing SWCNTs in water (Figure 4-1b, left),
transitions through several distinct phases (liquid, gel, and solid) depending on the degree of
protonation. If the pH of a SWCNT solution in ADC is reduced to below the pKa of deoxycholic
acid (~6.6), the surfactant becomes protonated, forming an insoluble composite packed with
SWCNTs (Figure 4-1b, right). However, when we deprotonate approximately 50% of the
deoxycholic acid molecules in the composite by adding ammonium hydroxide, we find that the
material turnsinto a gel (Figure 4-1b, middle). We applied this technique to make carbon nanotube
gels with a wide variety of carbon nanotube species, including purified SWCNT semiconductors,
unsorted commercial SWCNTSs, and double-wall carbon nanotubes (DWCNTSs; see Methods for

more details).
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Figure 4-1. The phase behavior of a deoxycholate surfactant-stabilized suspension of

SWCNTSs canbe tuned with pH. a) At pH above 6.6, unprotonated deoxycholateanions are water
soluble. Below pH 6.6, the deoxycholate is protonated, forminginsoluble deoxycholic acid. b) The
ADC-SWCNT mixture can reversibly transform between solution, gel, and solid composite,

dependingonthe degree of protonation. At~50% protonation,a SWCNT gel forms spontaneously.

This SWCNT/ADC gel exhibits liquid crystalline properties, with self-assembled millimeter sized
rod-like domains visible by optical microscopy (Figure 4-2a). Rod-like liquid crystal have been
observed in highly concentrated sodium deoxycholate solutions?20 and attributed to a combination
of hydrophobic interactions, and hydrogen bonding.121 Notably, the self-assembled domains can
be aligned with an applied shear force. For example, we sandwiched the gel between two sapphire
slides and sheared the slides in opposite directions to align the self-assembled domains.
Photoluminescence imaging of the sheared gel film indicates that the SWCNT align with a high

degree of long-range order (Figure 4-2b).
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Figure 4-2. SWCNT/ADC gel self-assembles into liquid crystalline domains that can be
orientedwith a shear force. a) Optical micrograph of the SWCNT/ADC gel sandwiched between
two glass slides, which demonstrates liquid crystalline behavior as indicated by the striations. b)
Photoluminescence image showing alignment of SWCNTSs after shearing the SWCNT/ADC gel

between two sapphire slides.

4.3.2 The ink contains individualized and aligned SWCNTs
The SWCNT/ADC gel also spontaneously forms fibers when certain shear forces are applied. For
example, by simply dipping a needle into the SWCNT/ADC gel, we can pull out a continuous
fiber, as long as 30 cm in length at merely 1 pum in diameter (Figure 4-3a), reminiscent of the
behavior of molten polymers or small molecule amphiphile gels.122 The SWCNTs are aligned
along the axis of the fiber, as evidenced by SEM imaging (Figure 4-3b). Furthermore, under high
vacuum conditions, some cracks ~200 nm wide are formed in the solidified gel, exposing the
SWCNTSs uniformly dispersed throughout the fiber cross-section. SWCNT/ADC gel fibers made
using (6,5)-enriched semiconducting SWCNTs (obtained by aqueous two-phase extraction1)
fluoresce at 990 nm, which is the E;; photoluminescence characteristic of (6,5)-SWCNTSs (Figure

4-3c, d). Remarkably, this photoluminescence is brightly visible for both the (6,5)-enriched
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sample, as well as unsorted SG65 SWCNT material, which contains metallic nanotubes (Figure 4-
3d). Normally the small population of metallic SWCNTSs in the unsorted SG65 material leads to
photoluminescence quenching as the metallic and semiconducting SWCNTSs form junctions and
bundles. The bright emission of the unsorted SG65 gel fiber indicates that the SWCNTSs are not
bundled but are instead spaced apart from each other by the surrounding gelled ADC molecules.
The lower PL intensity in the SG65 fiber comparedto the (6,5) fiber is possibly due to differences
in the fiber diameter. Additionally, the presence of other SWCNT chiralities, such as (6,4) and
(8,3), cause a slight shift in the E1; emission wavelength (980 nm) of the SG65 fiber compared to

the (6,5) fiber (990 nm).
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Figure 4-3. SWCNT/ADC gels can be pulled into microfibers containing aligned,
individualized SWCNTSs. a) Photograph of athin SWCNT/ADC fiberbeingpulled fromadroplet
of a SWCNT/ADC gel using a needle. b) SEM image showing SWCNTSs (indicated with arrows)
near the surface of the fiber and oriented along the fiber axis. c¢) False-color photoluminescence
image showing the bright E1; emission (990 nm) from (6,5)-SWCNTs within the fiber under
excitation by a 561 nm laser. d) Photoluminescence spectra showing the strong E1; emission from
the (6,5)-SWCNT chirality for fibers made from both raw SG65 and purified (6,5)-SWCNT

solutions.

4.3.3 Printing microfibers and aligned thin films of SWCNTs
The fibers can be deposited as monolayers onto a variety of substrate morphologies. For example,
by withdrawing a fiber using a needle, we can place it between two gold pillars (Figure 4-4a).
Alternatively, we can depositaligned SWCNTson an electrode array (Figure 4-4b) or silicon wafer

(Figure 4-4c) by gently contactinga gel-loaded syringe to the substrate and movingitin the writing
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direction. Amicropositioner was usedin thisstudy for consistency, butthe technique is sufficiently

robust to deposit fibers with an inexpensive 2D plotter or even by hand.

Figure 4-4. The SWCNT/ADC gel can be directly written as suspended fibers or aligned
monolayer films. a) SEM image of a SWCNT/ADC gel fibersuspended betweentwo gold pillars.
The image is false-colored to show the different components (the SWCNT/ADC gel is purple, and
the electrodes are yellow). b) SEM image of the SWCNT/ADC gel written onto an array of gold
electrodes on a silicon substrate. The white arrows indicate the individual fibers. The electrodes
are false-colored yellow for clarity. ¢) High magnification SEM image showing the aligned

SWCNT monolayer written on the silicon substrate.

4.3.4 Fabricating suspended monolayers of SWCNTSs
Fabricating suspended monolayers of carbon nanotubes has historically been a challenge as the
solvents used in solution processing would cause the SWCNTSs to collapse into the trench. We
have recently foundthatthe ADC surfactant used to make the gel can be removed by gentle thermal
annealing.11® This advance enables us to printthe SWCNT/ADC gel across a trench and remove
the ADC molecules without the SWCNTs collapsing. To demonstrate, we produced an array of
gold electrodes separated by trenches 1 um wide and 120 nm deep. We then printed the EC2.0

SWCNT/ADC gel in stripes across the electrode array using a syringe. SEM shows the SWCNTs
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embedded in the gel and draped across the trench (Figure 4-5a). After thermal annealing at 400 °C
the SWCNTSs remained suspended across the gap while the excess ADC molecules were removed
(Figure 4-5b; see Methods for details). Figure 4-5c shows that the SWCNTSs form clean parallel
electrical pathways between the electrodes. To our knowledge, this is the only technique that can

directly printaligned nanotube monolayers over a trench.
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Figure 4-5. The SWCNT/ADC gel can be used to directly print aligned SWCNT monolayers
over trenches. a) High magnification SEM showing aligned SWCNTSs within the gel suspended
across a trench between two gold electrodes. b) After thermal annealing, the excess ADC is
removed and the SWCNTSs remain suspended over the trench. ¢) High magnification SEM image

of clean, individualized SWCNTs suspended across the trench after annealing.

This unique monolayer printing capability seems to arise from the wetting behavior of the gel on
substrates. Itis notable that when contacting metal, silicon, or glass substrates, the SWCNT/ADC
gel evenly spreads out, wetting the surface such as in Figure 4-4a. In addition to enabling the
printing of monolayer films, this behavior should translate into excellent electrical contact. To test
this, we deposited DWCNT gel fibers on gold electrodes with different channel lengths and then
removed the excess ADC by rinsing the fiber with ethanol. DWCNTSs were used as they have

exhibited high electrical conductance in previous studies.® As a control, we deposited DWCNTSs
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on a polycarbonate membrane by vacuum membrane solution transfer,a common approach for
fabricating nanotube thin films,54123 and transferred the DWCNT film to the gold electrodes and
used chloroform to remove the polycarbonate (see Methods for details). We then measured the
contact resistance of the fiber and film morphologies using the transmission line method, finding
that the gel-printed DWCNT fiber featured a ~3x reduction in contact resistance (width-

normalized) than that of the film fabricated by vacuum membrane solution transfer.

4.3.5 Disposable biosensors for SARS-CoV2 RNA printed from self-assembled ink
To demonstrate the scalability of this printing technique for electrical devices, we used a batch
process to fabricate electrical biosensors in parallel using blood glucose test strips as the substrate
(Figure 4-6a). The glucose test strip is an ideal example of successful point-of-care testing, in that
it can be mass produced and hasareproducible sensingresponse.? As a proof-of-concept, we used
tube-in-a-tube (Tube”2) nanostructures as the device channel. Tube”2 nanostructures are heavily
functionalized semiconducting DWCNTSs that enable sensitive chemical detection inasimple two -
electrode device configuration, as we described previously.? To form the device, we printed
DWCNTSs directly across the electrodes on the test strip using a 2D plotter (Figure 4-6b) and then
converted them into Tube”2 nanostructures by functionalizing the DWCNT surfaces with 2-
flurobenzoic acid diazonium salt.3! The aligned Tube”2 nanostructures can be seen in the device

channel by AFM (Figure 4-6c¢).
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Figure 4-6. Highly sensitive diagnostic devices printed from the DWCNT/ADC gel. a) A
DWCNT gel can be printed onto disposable test strips, much like the fabrication of blood glucose
sensors. b) The process can be automated with a simple 2D plotter to make large batches of test
strip sensors. ¢) AFM confirms that the DWCNTSs remain aligned in the device channel. d) The
printed sensorsexhibitpicomolar level detectionof SARS-CoV-2 biomarkers. Error bars represent

the coefficient of variance of the current at each concentration.

As a model sensing system, we chose a 57-base SARS-CoV-2 RNA sequence as the target given
the importance of inexpensive and rapid tests in stemming viral transmission. The approach we

used here can also apply to other RNA or DNA biomarkers simply by changing the identity of the
probe molecule attached to the Tube”2 nanostructures to meet rapidly evolving public health

needs. Initially, we used a DNA mimic of this target RNA sequence for device characterization
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since RNA is degraded more rapidly than DNA. We attached DNA probes for the SARS-CoV-2
biomarkersto the carboxyl groupson the Tube”2 surfaceusingcarbodiimidelinking (see Methods
fordetailsand the DNA sequence) and determinedtheir sensingresponse to increasingtarget DNA
concentrations (Figure 4-6d). We compared five devices to find a limit of detection for both DNA
and RNA model biomarkers in the range of 10-15to 10-11 M in 0.1X PBS. We note that this device
is asimple proof-of-concept,and the sensitivity could be further optimizedin terms of the nanotube
number density and by using a chirality sorting technique to enrich the Tube”2 structures with
semiconducting inner walls increase their ON/OFF current ratio® and therefore the magnitude of
their response to target molecules.

These test strip devices exhibited notably low heterogeneity in their conductance, addressing a
major roadblock in the scaling of carbon nanotube electronics. Device heterogeneity arises from
the variability in the number of nanotubes crossing the channel, and from the chirality of the
nanotubes. To circumvent this roadblock, thin films of randomly oriented carbon nanotubes are
often used, but this approach also leads to reduced sensitivity due to the presence of junctions and
bundles, which may provide non-gated electrical pathways or introduce electrical noise. In our
case, since the DWCNTSs are evenly distributed within the gel, and since a continuous gel stripe
can be printed across a large batch of devices (Figure 4-6b), we can achieve more uniform
properties compared to other fabrication techniques. For example, the electrical resistance of
dielectrophoresis-deposited DWCNTs exhibits high variability between devices, with a coefficient
of variance of 216.9% (N = 14). In contrast, our gel-printed films made with the same DWCNT
source had a coefficient of variance of 149.7% (N =10), a 31% improvement. We anticipate that
this homogeneity can be further enhanced by using chirality sorting to achieve uniform inner and

outer wall electrical properties.
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4.4 Conclusions

This work addresses the challenge of formingaligned and suspended SWCNT monolayers for thin
film electronics. We find that at about 50% protonation, ADC surfactant-stabilized SWCNT
solutions form composite gels that exhibit self-assembly behavior, allowing us to directly print
aligned SWCNTSs in various forms, including fibersandthin films. Remarkably, the printed carbon
nanotubes can align in monolayers suspended over trenches and exhibit low contact resistance,
reduced electrical heterogeneity, and bright photoluminescence. We directly printed sensitive
SARS-CoV?2 biosensors to demonstrate the potential application of this direct-write assembly
approach in scaled device fabrication for public health and point-of-care diagnosis. We expect that
this technique will help finally open the way for the scalable production of high-performance

SWCNT electronics.
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Chapter 5: Scalable Production of Fiber Field-effect Transistors for
Neurotransmitter Detection

This chapter is adapted from a manuscript in preparation:

Benjamin Barnes, Fathima-Zhulfaa Zhulficar, Ziyi Wang, Jeffrey Fagan, YuHuang Wang.

B.B. and Y.H.W. conceived the idea, designed experiments, and analyzed the data. F-Z.Z. and
Z.W. assisted with preparingthe CNT gel and coating fibers. J.F. purified (6,4) SWCNTSs. B.B.
performed device fabrication, surface functionalization, electrical characterization as well as all

the other experiments. B.B. and Y.H.W. wrote the manuscript with inputs fromall authors.

5.1 Introduction

Communication in the human brain involves a combination of electrical signals along the neuron,
and chemical signals at the synapses between neurons.12* The electrical signals are now well
understood and can be both recorded and induced with implantable electrophysiological probes, %
leading to breakthroughs in our understanding of brain function as well as neurological disorders
and their treatment. However, the flow of chemical information is not equally understood, leading
to a vast gap in our picture of brain function.126

Implantable field-effect transistor (FET) chemical sensors have recently been investigated for
neurotransmitter detection.*%51 One example made from a plastic shank patterned with indium
oxide semiconductor and metal contacts was used to detect serotonin successfully.*® The materials
constraints of such devices limit their performance, however. For example, the plastic shank is on
the order of 50 um wide reducing its flexibility which can lead to scarring of the brain tissue over
time.127 Fiber-like devices are attractive for overcoming this problem, as they can be made from

more flexible and biocompatible materials such as carbon nanotubes.127128 For example, a
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dopamine sensor was recently demonstrated consisting of two metal fibers bridged by a
semiconducting polymer, and one dry-spun single-wall carbon nanotube (SWCNT) fiber acting as
the gate.>1 While such an approach offers advantages in flexibility, the device platform s still large
at a total of ~150 um in diameter, raising biocompatibility concerns. Furthermore, the
semiconducting polymer has low electrical mobility and low On-state conductance, limiting the
sensitivity of the device. Aligned SWCNTSs have been used in ultrahigh performance chemical
sensing,?28 and would be the ideal material for the fabrication of fiber-like sensors, but there is
currently no way to fabricate such devices scalably and with a form factor conducive to neural
implantation.

In this work, we approach this difficult problem with a new fabrication technique that enables the
production of FET chemical sensors on the surface of 10 um diameter para-aramid fibers. By
pulling the para-aramid fibers through a semiconducting single wall carbon nanotube (SWCNT)
gel at high speed (>0.6 km min-1), we can form aligned monolayers of chirality pure
semiconductors on the para-aramid surface. The aligned SWCNT monolayer enables a high On-
state conductance (~24 WS) in a solution-gated configuration. Additionally, the fibers can be
imparted with chemical functionality by attaching aptamers for selectively binding

neurotransmitters, which electrostatically gate the fiber FETs in response to target molecules.

5.2 Materials and methods

5.2.1 Gel synthesis
SWCNT solutions were prepared using the superacid surfactant exchange method previously
described in our lab.8 Briefly, SWCNTs were dissolved in chlorosulfonic acid at a concentration
of 0.5 mg/mL. After stirring for at least 24 hours, we added the dissolved SWCNTSs dropwise to a

solution containing 0.08 wt% sodium deoxycholate and 0.75 M NaOH. The volume ratio of

74



SWCNT solution to sodium deoxycholate solution was 4:250. We then added HCI to the solution
to precipitate the SWCNTs and sodium deoxycholate. The precipitate was collected, washed with
deionized water, and then redissolved in water and NaOH to a DOC concentration of 2 wt%. We
then centrifuged the solution to remove bundles. Gel was prepared by precipitating 3 mL of the
above solution by adding HCI, and redissolving the precipitate with 70 uL of 1 M NaOH and 200

uL of deionized water.

5.2.2 Gel coating
One end of the para-aramid fiber was tied to the rotor of a benchtop centrifuge and a droplet of gel
was placed on the fiber. We then turned on the centrifuge at a designated velocity and allowed it
to pull the fiber through the gel. To remove excess DOC, we flowed ethanol along the axis of the

coated fiber.

5.2.3 SWCNT functionalization
SG65 SWCNTs were functionalized with a one-pot method previously developed in our lab.®
Briefly, SWCNTs were dissolved in chlorosulfonic acid at a concentration of 0.1 mg/mL with
stirring for 24 hours. Next, sodium nitrite and 4-amino 2-fluorobenzoic acid were added to the
chlorosulfonic acid solution at a 1:1:1 mole ratio with the carbon. The solution was then added
dropwise to water, collected on a filter, dried, and redispersed by superacid surfactant exchange as

described above.

5.2.4 Fiber FET patterning
We found that water sprayed from a micro-syringe with a 57 pum diameter can fully remove the

gel from the fiber surface to create 50-100 um gaps. To pattern FETs, we first coated the whole

fiber with (6,4) SWCNTSs, and then removed the DOC by rinsing with ethanol. Next, we coated
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metallic SWCNTSs on the fiber, patterned 50 um gaps using water, and then removed the DOC
with ethanol rinsing. The underlying semiconducting SWCNT coating was not removed by water

since it was already stabilized by ethanol rinsing.

5.3 Results and discussion

5.3.1 Forming aligned thin films of SWCNTSs on the surface of strong synthetic microfibers
Previously we reported a SWCNT liquid crystal gel made from ammonium deoxycholate that can
be printed into aligned SWCNT arrays on silicon substrates (Chapter 4). We have observed that
aligned monolayers of SWCNTs form on the surface of synthetic 10 um diameter para-aramid
fibers when pulled through this gel at high velocity (Figure 5-1a). Para-aramid single fibers are
highly flexible yet have an exceptionally high longitudinal Young’s modulus of ~85 GPa (for 12
um diameter).12% This means that the fiber can withstand high-speed reel-to-reel style processing
while remaining mechanically compatible with neural tissue.12? The SWCNT gel easily wets the
para-aramid surface, enabling the fabrication of conformal SWCNT coatings on the surface

(Figure 5-1b-c).
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Para Aramid Microfiber

& Velocity = 0.6 kmm min-

Figure 5-1. Aligned monolayers form on para-aramid fibers when they are pulled through a
SWCNT gel at high velocity. a) schematic of the SWCNT gel coating a para-aramid fiber. b)
low-magnification SEM image of an EC1.0 SWCNT coating on the surface of the para-aramid
fiber. ¢) High resolution SEM image showing the aligned SWCNT monolayer on the para-aramid

surface.

The pulling speed is a critical parameter for achieving quality aligned thin films of SWCNTSs on
the para-aramid surface. Itis notable that at arbitrarily low speeds, the coatings of SWCNTSs are
aligned due to the liquid crystalline nature of the SWCNT gel, but are very thick, up to ~2 um

(Figure 5-2), which corresponds to a dense multilayer of SWCNTSs. At higher speeds, the coatings
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form sub-monolayers of SWCNTSs, but it is notable that above 1 km min-1 some disorder is
introduced into the resulting film due to turbulence. A coating velocity of about 0.6 km min- is
the optimal for creating SWCNT monolayers while retaining excellent alignment (Figure 5-2,

center).

0.06 0.61 1.6

Pulling velocity (km min-1)

Figure 5-2. Alignment and monolayer coating is optimized by pulling speed. Representative
SEM images of para-aramid fibers pulled through a SWCNT gel at increasing velocities. At low
velocity (left), the aligned SWCNT layer is on the order of 2 um thick. At higher velocity (center)
the SWCNTs remain aligned, but the thickness is reduced to approximately a monolayer. At a
higher velocity (right) the coating remains thin, but the SWCNTSs become disorganized, possibly

due to turbulence. All scale bars are 2 um.

5.3.2 Controlling electrical functionality of the fibers with solution processed SWCNTs
One advantage of this coating approach over using dry-spun carbon nanotube fibers is that we can
control the SWCNT chirality through solution processing to achieve electrically functional
fibers.22 In contrast, dry-spun carbon nanotube fibers are typically made from a raw carbon
nanotube material directly from the growth furnace which contains a wide variety of

semiconducting and metallic nanotubes,® therefore limiting the electronic functionality of the
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fiber. The coating method developed in this work however, enables the use of SWCNTSs purified
by electronic type with aqueous two-phase extraction.22 Asa demonstration, we coated a fiber with
pure (6,4) SWCNTs purified by aqueous two-phase extraction. UV-visible absorption of the (6,4)
gel (Figure 5-3a) shows the characteristic E;; absorption peak at 880 nm. We note that the
sharpness of the peaks and the low background indicate that the SWCNTSs in the gel are not
significantly bundled. After coating fibers with the SWCNT gel, we can remove the DOC
molecules by rinsing the fiber with ethanol along the fiber axis. This removes the DOC without
disturbingthe SWCNT alignment. Raman analysis shows thatthe (6,4) radial breathingmode peak
on the coated para-aramid fiber at 337 cm-1 indicating that the fiber now has the semiconducting
functionality of the (6,4) SWCNTSs (Figure 5-3b). Furthermore, mapping the intensity of the 337
cm-! peak on the para-aramid fiber confirms the uniformity of the SWCNT coating on the fiber

surface (Figure 5-3c).
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Figure 5-3. Chirality-pure SWCNTSs can be coated on the para-aramid fibers to impart
semiconducting functionality. a) UV-visible absorption spectrum of the (6,4) SWCNT gel
sandwiched between two glass coverslips shows the sharp E;; absorption peak at 880 nmand low
background levels, characteristic of individualized (6,4) SWCNTSs. The inset is a photograph of
the (6,4) SWCNT gel. The purple color is due to the bandgap of the (6,4) SWCNTs and is
indicative of high purity. b) Raman analysis of the pure (6,4) SWCNTSs, and para-aramid fiber, as
well as (6,4) SWCNT-coated para-aramid fiber unambiguously confirming the SWCNT coating
on the fiber surface. Excitation was with a 633 nm HeNe laser, and spectra are averages of 3-4
different points. ¢) Raman map of intensity of the peak at 337 cm-1 for a (6,4) SWCNT-coated

fiber showing the attachment of semiconducting SWCNTSs on the surface.

Additionally, we can create highly electrically conductive coatings by using metallic carbon

nanotubes. For example, we used this method to coat EC1.5 SWCNTSs on the fibers and achieved
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an electrical conductance as high as ~83 S/m. EC1.5 was chosen as it contains a large proportion
of metallic SWCNTSs. Metallic SWCNT fibers can be used as electrical traces for fiber-like FET
sensors, as the aligned carbon nanotube surfaces increase biocompatible,13° have a low contact

resistance with the semiconducting SWCNT channel, and are highly electrically conductive.

5.3.3 Patterning FETs on the fiber surface
By patterningalternatingsections of semiconductingand metallic SWCNT coatings, we can easily
create fiber FETSs. First, we coata semiconducting layer and remove the surfactant with ethanol,
and then coat a metallic layer on top. Spraying the fiber with a thin stream of water from a micro
syringe creates 50 um gaps in the metallic SWCNT coating without disturbing the underlying
semiconductors. These gaps form the semiconducting channels of the fiber FETs (Figure 5-4a).
We evaluated the electrical properties of these fiber FETs with a solution gated configuration.
Multiple FETs patterned on the same fiber show uniform electrical conductance, within an order
of magnitude, and similar ON/OFF switching (Figure 5-4b), comparable with high performance
solution gated graphene FETs3! but lower than that typically seen in SWCNT FETs. This
discrepancy may be attributed to incomplete removal of metallic SWCNTs from the channel

during the patterning process.
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Figure 5-4. Fiber FETs can be electrically gated. a) Schematic of the fiber FET characterization.
b) Gated IV curves of 5 devices patterned on the same fiber show high ON conductance and

ON/OFF current ratios up to 5.

5.3.4 Adding chemical functionality with covalently-modified SWCNTs
To add chemical functionality to these fiber FETs, we coated them with a functionalized SWCNT
layer. Functionalization of SWCNTSs with diazonium salts is a versatile approach for tuning the
optical and chemical properties of the material.2? In this case, we functionalized SWCNTSs with a
high degree of carboxyl functional groups by reacting them in chlorosulfonic acid with 2-
fluorobenzoic acid diazonium (Figure 5-5a). This is a highly scalable approach to chemical
modification.3? The degree of functionalization can be inferred fromthe growth of the Raman D/G
ratio and loss of the radial breathing mode peak of the SWCNTs (Figure 5-5b). The carboxyl
groups serve as attachment points for amine-terminated DNA aptamer probes (Figure 5-5a). In
this case, we attached aptamers used in previous literature for bindingdopamine.3? The attachment

of the aptamers can be seen at the single-SWCNT level with atomic force microscopy (AFM)
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(Figure 5-5c). Analysis of the feature height before and after the reaction confirm that that the

aptamers are attached to the SWCNTSs (Figure 5-5d).
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Figure 5-5. Chemical functionality can be added to the fiber FETs by coating them with a
layer of covalently modified SWCNTSs. a) Schematic showing a layer of 2-fluorobenzoic acid
functionalized SWCNTSs coated on the semiconducting fiber and subsequently functionalized with
DNA aptamer probes. Features are not drawn to scale. b) Raman analysis of the SWCNTs before
and after the reaction with 2-fluorobenzoic acid diazonium salt show a high degree of
functionalization, as evidenced by the growth of the D peak (~1300 cm-1) and loss of the radial
breathing mode peak (~175 cm1). ¢c) AFM confirms that the carboxylated SWCNTSs can be

functionalized with aptamer probes. d) Height analysis with AFM shows the aptamer probes on

the SWCNT surface.
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5.3.5 Electrical detection of dopamine using a fiber FET sensor
Aptamers are short DNA fragments which adopt an equilibrium 3-dimensional conformation in
solution. When an aptamer binds with its target molecule, the conformation changes. In sensing
applications, aptamers are chosen that can shift in and out of the Debye length of the sensors
(Figure 5-6a), thus electrostatically gating the FET sensor even in high ionic strength
conditions.3%49 We can confirm this behavior by measuring a solution gated IV curve. After
attaching the aptamer probes to the carboxyl-functionalized fiber, we observe an increase in the
conductance (Figure 5-6b). This is due to the increased negative charge density of the aptamer
probes near the semiconductingfiber surface. The semiconducting SWCNTSs are a p-type material,
and the negative aptamers are analogous to a negative gate voltage. After adding 1 mM dopamine
to the solution however, the current decreases again (Figure 5-6b). This suggests that the aptamer
extends away from the sensor surface when it binds with the dopamine, which his analogous to
reducingthe magnitude of the negative gate voltage. We also note that some of the device response
may be due to the electrochemical oxidation of dopamine on the gold solution gate probe which is
a common complication reported in literature. We anticipate that a thin passivating layer of

Perylene C or polystyrene may reduce this contribution.
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Figure 5-6. Conductance of the fiber FET can be modulated by dopamine binding with the
aptamer probe. a) The spatial conformation of the aptamer probe shifts when binding with the
dopamine target, electrostatically gating the semiconducting SWCNT coating on the fiber FET.
The Debye length is indicated by Ap. Features are not drawn to scale. b) This electrostatic gating

is visible as a shift in the fiber conductance.

5.4 Conclusions

Electrical gating behavior in response to dopamine indicates that these fiber FET devices can be
used as a chemical sensing platform. The 10 um diameter of the fibers makes this one of the
smallest FET chemical sensors. Additionally, we have shown that the electrical and chemical
functionality of the fibers can easily be tuned by taking advantage of the wide range of solution
processing methods for chirality sorting and chemical functionalization available to SWCNTSs,
which provides an advantage over traditional chemical probes made from shank style substrates,
conventional metals, and inorganic semiconductors. Finally, the potential for a high production

rate enabled by the high strength of the para-aramid and the ability to coat aligned SWCNTSs at
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>0.6 km min-1 shows that this device geometry can be scaled to meet the demand of the growing

market for neural implants.
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Chapter 6: Summary and Outlook

In summary, this dissertation demonstrates that structural control enabled by solution processed
Tube”2 nanostructures is key to addressing the fundamental challenges of electrical biosensing.
We have shown that Tube”2 nanostructures orderedinto parallel electrical pathways can overcome
the time barrier presented by trace molecule detection while retaining selectivity and ultrahigh
sensitivity. This advance is enabled by the full-length dispersion of Tube-in-a-tube (Tube”2)
nanostructures by superacid surfactant exchange® and subsequent length sorting procedures.33
Furthermore, we have found that these long nanostructures can be ordered into self -assembled
liquid crystalline gel for printing and coating on a variety of substrates, increasing the level of
structural control to the microscopic and bulk domains. Thin films of Tube”2 nanostructures and
carbon nanotubes printed from the gel can be suspended over etched trenches on a traditional
substrate or coated onto the surface of strongsynthetic fibers. The thin films provide the firsthigh-
throughput printing technique for fabricating aligned suspended thin films, towards high
performance sensors. Additionally, the carbon nanotube coated fibers developed in this work may
prove useful for implantable field-effect transistor (FET) biosensors with an ultrasmall footprint.
These advances have immediate and practical implications for healthcare as improved electrical
biosensing promises to further expand the availability of diagnostic tools, resulting in a more
decentralized approach to public health. This means that the time between symptom onset and
diagnosis can be shortened, diagnostic tools will become more available in regions where
traditional healthcare networks are not sufficiently developed, and healthcare costs can potentially
be reduced.

Additionally, in regard to fundamental studies, the importance of structural control and new

techniques outlined in this dissertation may enable a further exploration of the physical limits of
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chemical gating with Tube”2 nanostructures. The chemical sensing experiments conducted in this
dissertation have relied on a phenomenon we previously described as chemical gating.2 Evidenced
through this and previous work?331 by a substantial shift in threshold voltage when the Tube”2
sensor is exposed to charged target molecules, this shift has enabled chemical detection with only
2 electrodes, instead of the typical 3-electrode design required in other FET sensors. Thus, while
the phenomenon of chemical gating has proven useful in sensor design at the ensemble level, the
fundamental limits at the single nanostructure level have yet to be determined. Validation of
chemical gating can potentially be achieved in a carefully controlled, single-Tube”2 device by
quantitatively correlating the target molecule charge with the electrical signal generated.

Recentadvancesin partner labs may enable such a highly optimized device platformfor validating
chemical gating at the single nanostructure level. For example, chirality sorting of double-wall
carbon nanotubes developed by Flavel and colleagues can potentially be used to control the inner
wall bandgap of the Tube”2 nanostructure (Figure 6-1a).° Ultrapure double-wall carbon nanotubes
with semiconducting inner walls exhibit excellent FET characteristics® and will be useful for
validation of the chemical gating theory at the single-Tube”2 level. (Figure 6-1b). Furthermore, a
system of “spatially correlated” DNA probes is a concept we are developing that can potentially
be used in such a study to maintain a higher charge density within the Debye length of the Tube”2
nanostructures with improved selectivity (Figure 6-1c). Finally, the solution dispersal and self-
assembly of long Tube”2 nanostructures developed in this dissertation facilitate the fabrication of
devices with discrete suspended electrical pathways (Figure 6-1d) that will be used in future

fundamental studies.
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Figure 6-1. Structure control can be used to explore the limit of chemical gating. a) Recent
advances in column chromatography enable separation of DWCNTSs by inner and outer wall
bandgap. Sindicates a semiconducting wall; M indicates a metallic wall. S@M is shorthand for a
semiconducting inner wall and metallic outer wall. b) DWCNTSs with semiconducting inner and
outer walls exhibit excellent FET characteristics that will be useful for validation of the chemical
gating theory at the single-Tube”2 level. Figures a and b are adapted with permission from
reference 9. ¢) Correlated DNA probes (on the right) can potentially be used to study chemical
gating. The small probe fragments pull the DNA target closer to the Tube”2 surface than a
traditional long DNA probe (on the left). d) An individual aligned and suspended long Tube”2
nanostructure, like the one shown here, provide an ideal electrical system for studying the limits
of chemical gating. The fabrication of such devices is facilitated by the techniques developed in

this dissertation.
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Together, these advances will enable the fabrication of a carefully controlled Tube”2 system of
predetermined electrical parameters. By using DNA targets of different lengths, and by comparing
the electrical response with neutral peptide nucleic acids, we anticipate that it will be possible to
create a direct and quantitative correlation between target molecule charge density and the

electrical response of the Tube”2 sensor.

6.1 Contributions to the field and new questions

Fundamental discoveries:
o Long CNT self-interactions lead to partitioning by length in solution.
o Constriction of electrical current to parallel electrical pathways increases
sensitivity of chemical detection.
o Densely functionalized and suspended Tube”2 nanostructures can detect DNA
hybridization in high ionic strength conditions.
o pH-tuned CNT/surfactant gels exhibit liquid crystalline properties.

Technical advances:
o Iterative sorting enables the extraction of CNTs up to 18 um in length.
o Aligned and suspended Tube”2 nanostructures collectively enable rapid detection
of trace biomarkers.
o CNT/surfactant gel can be printed into aligned and suspended thin films.
o Synthetic microfibers can be coated with aligned monolayers of CNTs by pulling
them rapidly through surfactant gel.

Opened questions:

o How does signal and noise scale for aligned and suspended Tube”2 sensors

between an individual nanostructure, and thousands of parallel nanostructures?
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o What is the mechanism enabling chemical detection in high ionic strength when

using densely functionalized Tube”2 nanostructures?
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