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SURFACE FUNCTIONALIZATION AND OPTICAL SPECTROSCOPY OF SINGLE-
WALL CARBON NANOTUBES
FJORELA XHYLIU
ABSTRACT
This thesis describes a comprehensive study on the complexation of single-wall
carbon nanotubes (SWCNTs) with biopolymers via noncovalent and covalent approaches
as well as the characterization of the resulting complexes. SWCNTSs are unique, one-
dimensional nanocylinders that are highly attractive for surface modification because all
their atoms comprise a surface. Specifically, single-chirality SWCNTs functionalized
with biomolecules are excellent candidates for applications in bioimaging, biochemical
sensing, and drug delivery. Here, we investigated the complexation affinity of recognition
sequences of single-stranded DNA (ssDNA) with SWCNTSs. We utilized the optical
modulation of ten chirality-pure SWCNTs to study the kinetics of the coating
displacement of ssDNA by a strong surfactant. Unique changes were observed for DNA-
SWCNTs hybrids upon surfactant exchange, including distinct reaction time constants
ranging from 9 s to 230 s and an increase in photoluminescence ranging from 1.3 to 14.7-
fold. Additionally, DNA-wrapped SWCNTSs showed unique interaction behavior and
stability in cell culture medium. The CTC3TC-(7,6) hybrid exhibited the largest time
constant upon surfactant-exchange and was the only hybrid to show an increase in near-
infrared (NIR) fluorescence intensity in serum-containing cell culture medium.
Moreover, we explored covalent functionalization of chirality-pure SWCNTSs via oxygen
doping and oriented immobilization of disaccharide lactose-containing glycopolymers.

We observed a strong dependence on oxygen doping on surface-coatings of nanotubes

v



when exposing various aqueous dispersions of SWCNTSs to short wavelength ultraviolet
(UV) light. Our results provide a foundation for future development of applications for
chirality-pure SWCNTs in biochemical sensing and imaging advancement. Successful
completion of the covalent functionalization of SWCNTSs with lactose-containing
glycopolymers will lead to the creation of engineered multicolor, fluorescent probes with
precise optical and carbohydrate functionalities. These fluorescent probes will serve as a
novel nanomaterial tool to enable better understanding of the carbohydrate-protein

interactions in biology.
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CHAPTER 1
INTRODUCTION

Single-wall carbon nanotubes (SWCNTs) are excellent candidates for many
applications including bioimaging, biosensors, and drug delivery [1-5] as they are low
dimensional nanomaterials that possess unique physical, electronic, chemical, and optical
properties.[6—10] For many years, researchers have utilized SWCNTs as multifunctional
optical probes [11,12] due to their well-defined electronic structures and optical
properties, particularly the intrinsic photoluminescence (PL) in the tissue transparent
near-infrared (NIR) spectral regime[13—15]. In addition, SWCNTSs have vast potential for
surface modification, including covalent and noncovalent methods, because all their
atoms comprise a surface. For instance, SWCNTs have been used as basis for
nanodevices for selective sensing and imaging due to their high aspect ratio, thereby
allowing attachment of molecules for molecular recognition.[ 16—19] For many
applications, a SWCNTs of specific chiral structure is desired, in which case purification
of chirality-pure SWCNTs is crucial. Many advances have been made regarding nanotube
sorting and separation of single-chirality SWCNTs in aqueous solutions via surface
modification. Specifically, SWCNTSs can be non-covalently functionalized with single-

stranded DNA (ssDNA) to efficiently separate single-chirality SWCNTs from a synthetic



mixture. Due to their preserved intrinsic properties from non-covalent method, SWCNTSs
wrapped with recognition sequences of ssDNA have been utilized in many in vivo and in
vitro applications for biological detection, imaging, and therapeutics.[2,4] Chirality-pure
SWCNTs allow for a less cytotoxic and a more controlled method of drug delivery[2,20],
compared to using an as-synthesized SWCNT mixture.

Furthermore, the NIR photoluminescence of SWCNTSs can be chemically tuned
with molecular precision by utilizing chirality-pure SWCNTSs as nanomaterial hosts for
engineered organic color centers.[21] The tunable NIR optical functionality of SWNCTs
has applications in biosensing and imaging as well as telecommunications,
optoelectronics and photonics due to their capability to behave as single photon emitters
at room temperature.[7,8—10] Here, the covalent functionalization allows for tunability
and control of desired properties through covalent attachment of numerous functional
groups that permanently alter the SWCNT surface structure. This can be done through
oxygen doping or creation of sp* defects on the nanotube surface using functional groups,
such as diazonium salts[25-27] and organic groups.[28] Recently, oxygen-doped
SWCNTs created by reacting with ozone[29] and bleach_ were utilized as fluorescent
probes for in vivo imaging in mice using NIR spectroscopy.

In this thesis, we report the elucidation of the complexation of chirality-pure
SWCNTs with the recognition ssDNA sequence on ten different chirality-pure (72,m)
SWCNTs. The DNA conformation as well as its binding affinity to SWCNTSs has been
investigated by many researchers, using experimental techniques including fluorescence
and absorption spectroscopy, [31-33] and through molecular dynamics simulations, [34—

37] and machine learning.[38] Here, we used sodium deoxycholate (SDC), a strong



surfactant that is known to displace DNA from nanotube surface, to elucidate the binding
of DNA to SWCNTs by measuring NIR fluorescence. Nanotube emission intensity is
highly sensitive to small environmental changes, resulting in emission intensity changes
as well as spectral wavelength shifts, allowing for a fast and efficient method to
investigate the DNA-surfactant exchange reaction. Additionally, absorption and PL
spectroscopy were utilized to investigate the stability of each of these DNA-SWCNT
hybrids in cell culture media with and without fetal bovine serum (FBS), as stability of
SWCNTs in biological environments is a prerequisite for many biological applications.
Moreover, we report work on covalent functionalization of chirality-pure
SWCNTs using glycopolymers with chain-end light-activatable phenyl azide moiety as
well as using oxygen doping. Synthetic glycopolymers have been explored in
functionalization of nanomaterials and have been utilized in biosensing applications.[39]
Successful completion of this work can lead to the design of a multifunctional SWCNT
hybrid with applications in profiling carbohydrate-protein recognitions, particularly for
carbohydrate-binding proteins. Furthermore, the optical properties of pristine SWCNTs
can be tuned due to the creation of sp® defects from the covalent attachment of the aryl
azide functional group to the nanotube surface. In addition, a doping effect from oxygen
dissolved in solvents was observed when simply exposing SWCNT samples under
ultraviolet (UV) light. This simple oxygen doping phenomenon was investigated using
different molecular coatings on the nanotube surface, as well as using different SWCNT

chirality species.



1.1. Thesis OQutline

This thesis is formatted into two main sections: the first section includes the
published paper on non-covalent modification and the second section includes work on
covalent chemistry of SWCNTs. Specifically, chapter 2 includes background on carbon
nanotubes and other relevant information. In chapter 3, is the published paper on
chirality-pure SWCNTs wrapped with ssDNA. The kinetics of the binding affinity of a
recognition sequence DNA with a pure-chirality SWCNT was investigated through
surfactant exchange of DNA with SDC. This interaction was characterized via
absorbance and fluorescence spectroscopy. We also studied the stability and interaction
mechanism of ssSDNA-SWCNT hybrids in cell culture media with and without fetal
bovine serum. Chapter 4 includes the introduction to covalent functionalization of
SWCNTs. Chapter 5 provides the experimental details for covalent functionalization as
well as glycopolymer synthesis. Chapter 6 follows with work performed on covalent
functionalization with glycopolymers as well as oxygen doping. The thesis is concluded
in chapter 7 with summary of major finding as well as a discussion of the future

directions for the work.



CHAPTER 1T

BACKGROUND

The unprecedented interest in carbon nanotubes began with the observation of
carbon nanotubes by lijima in 1991 .[40] Shortly thereafter, in 1993, Iijima and Ichihashi
along with Bethune et al., independently discovered single-wall carbon nanotubes
(SWCNTs).[27,28] Later, in 1995, Smalley and co-workers at Rice University developed
a process to synthesize SWCNTs,[42] enabling subsequent studies and breakthroughs on
SWCNTs for the next two decades. Expanding upon that work, various methods have
been developed to achieve synthetic SWCNTSs including catalytic chemical vapor
deposition (CVD)[43] and high-pressure carbon monoxide (HiPco).[44,45] CoMoCAT is
a commonly known process to synthesize SWCNTs, that uses Cobalt (Co) and
molybdenum (Mo) as catalysts.[46] These production techniques can produce quantities
up to several grams of SWCNTSs per hour. SWCNTSs synthesized through these methods
are polydisperse in length, are variable in electronic character and contain a variety of
impurities including metallic catalyst particles and amorphous carbon.[43] These
impurities, as well as the lack of structural control, inhibit the effective utilization of

unique properties of SWCNTs, and consequently, hinder application in device



fabrication. As such, in order to understand their properties as well as facilitate structure
control, purification of as-synthesized SWCNTs is a critical step, especially concerning
biological applications. Most commonly, commercially available SWCNTs are sold as
powders and nanotubes are not soluble as individuals in water or any other solvents
(superacids are the exception[47,48]) due to the strong van der Waals attraction between
SWCNTs (0.5 eV/nm)[49] and the highly amphiphobic nature.[49] In order to disperse
nanotubes, a dispersant that can adsorb to the nanotube surface, such as short single-
stranded DNA (ssDNA), needs to be added to overcome the van der Waals forces and
stabilize individually dispersed SWCNTs in liquid media. A stable dispersion allows for
further liquid phase processing, such as purification steps for producing chirality-pure
SWCNTs and enabling surface modification via solvent filling or chemical
functionalization. Extensive amount of work has been conducted in nanotube sorting and
separation of various nanotube species from a synthetic mixture. This is particularly
important in developing SWCNTs applications for electronic devices as well as for

bioimaging and sensing applications.

2.1. Carbon Nanotubes

Carbon nanotubes (CNTs) are one-dimensional allotropes of carbon
nanomaterials with hollow, cylindrical nanostructures of carbon atoms that are sp’
hybridized. They have diameters d of ~ 1 nm and lengths L up to several millimeters,
with aspect ratios L/d up to =100,000. There are two main types of CNTs: multi-wall
carbon nanotubes (MWNTSs) which are composed of multiple concentric tubes and
SWCNTs. Essentially, SWCNTSs can be envisioned as a single graphene sheet rolled into

a cylinder (Figure 2.1.). Each carbon atom is covalently bonded to three neighboring









steel) and tensile strength reaches up to 52 GPa[55], and they are known to be stable up
to = 450°C in air[56] making them intriguing for many applications. Here, we focused on
the optical properties and surface modification of pure-chirality semiconducting
SWCNTs due to their intrinsic near-infrared (NIR) fluorescence, particularly for
developing biomedical applications.

Various methods of synthesizing SWCNTs, including HiPco and CoMoCAT
result in polydispersity in atomic structures and physical dimensions. Although it is
impossible to produce a singular specific type of carbon nanotubes, there are techniques
that can produce semiconducting nanotubes enriched synthetic powders. Semiconducting
SWCNTs are the focus of this work and are particularly interesting as they emit in the
NIR region, where biological tissues have low autofluorescence[3,57,58]. The optical
properties of SWCNTs can be characterized via vis-NIR absorption, NIR
photoluminescence (PL), and Raman scattering. Photon emission is primarily due to the
electron-hole bound state known as excitons.[8,59] Covalent functionalization of
SWCNTs relies on changes to the excited state of these excitons[23,24,26,60] (described

in more details in the 2.4. Covalent Functionalization subsection).

2.2. DNA-Wrapped SWCNT Hybrids

As mentioned previously, single-stranded deoxyribonucleic acid (ssDNA) is a
biopolymer that can disperse SWCNTs individually in a solvent. DNA is composed from
four nucleotide bases and a negatively charged backbone of phosphate and sugar groups.
ssDNA can be synthesized with lengths up to 100 nucleotides with high purity and yield.
Effective dispersion and separation of SWCNTSs in water aided by ssDNA was first

shown by Zheng et al.[61,62] DNA is a biomolecule that can go through conformational






DNA being a biomolecule, improves the biocompatibility of these DNA-SWCNT
hybrids for biological applications, and promotes the interest in further understanding the
stability and properties of these hybrids in various solvent environments.

2.3. DNA-Surfactant Exchange Reaction and Characterization by Optical
Spectroscopy

Optical spectroscopy, the study of absorption or emission of light, can offer
precise insights into a material’s electronic structures, and is of particular interest when
studying nanomaterials. The quasi one-dimensional SWCNTSs exhibit van Hove
singularities that govern the optical absorption and emission features of SWCNTSs.[67]
Chirality-pure (n, m) SWCNTs have clearly identifiable optical transition peaks such as
E11, E22, and Es3 in a broad spectral regime from UV to visible to NIR wavelengths
(Figure 1 and 2 in Appendix A). Particularly, the lowest-lying electronic state
corresponds to the E1; transition peak in the NIR. Distinct SWCNT species exhibit high
optical anisotropy ,[68] which makes optical spectroscopy a useful technique to study the
optical properties of SWCNTs.

Surfactants are molecules that are known to disperse nanotubes. As such, they are
also one of the methods used by various researchers to elucidate the binding affinity of
DNA to carbon nanotube surfaces, mainly on synthetic mixtures of CNTs. The transition
energies of SWCNTs, particularly the Ei; transition peak, are sensitive to the solvent
environment as well as adsorbed molecules[67,69—71] that modulate the local dielectric
properties surrounding nanotubes. Thus, spectral changes of electronic transitions occur
in the forms of solvatochromic shifts (i.e., spectral shift) as well as changes in spectral

width and intensity when adsorbed molecules are replaced by another. For instance, when
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DNA strands are displaced by a surfactant molecule, a blue shift of E11 peak (i.e.,
decrease in wavelength) is observed. Different coating molecules, nanotube surface
coverage, and solvents will modulate the E1; transitions peaks of SWCNTSs. Given the
particularly sensitive nature of SWCNT fluorescence to the surrounding environment,
measuring the absorption and fluorescence spectroscopy of SWCNTSs with well-defined
structures is an effective method to study DNA displacement by a surfactant.
2.4, Covalent Functionalization

Surface functionalization of carbon nanotubes is essential as it enables the
suspension of individualized carbon nanotubes in solvents. The ssDNA method described
above, as well as the wrapping of nanotubes by surfactants[68,72-74] and
polymers[17,75,76], fall into the category of noncovalent complexation for SWCNTSs.
Another method that can be used to individually disperse nanotubes as well as enable
tailoring of their properties is covalent functionalization. Mickelson and coworkers were
the first to achieve covalent functionalization of CNTs by treating them with elemental
fluorine.[77] Since then, the field of covalent functionalization of SWCNTs has been
vastly explored by many researchers. Noncovalent methods leave the sp? carbon lattice
intact with very little disruptions and protects the intrinsic properties of nanotubes. In
contrast to that, covalent functionalization changes the hybridization of the carbon atoms
from sp? to sp? due to the covalent binding of specific functional groups to the nanotube
surface. Consequently, the creation of these “defect” sites on the nanotube surface
changes the structural and optical properties of CNTs, enabling their potential use in

various applications.
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As mentioned briefly prior, the optical properties of nanotubes arise from
excitons, (electron-hole pairs bound by Coulomb interactions).[78,79] In semiconducting
SWCNTs, excitons move continuously along the nanotube axis.[8,80] As excitons return
to their ground state, they can emit a photon (photoluminescence). The radiative lifetime
of these excitons can be uncertain. Depending on the solvent and therefore dispersion
quality, the excitons go through a nonradiative decay. Coating molecules including DNA
and surfactants, can suppress this nonradiative decay, by shielding excitons from the
solvent environment.

Covalent functionalization converts the sp? carbon lattice to a sp3, breaking the
symmetry, and create a local energy minimum (Figure 2.5.). This local energy minimum
lies below the original E11, creating a new, optically allowed state that allows “dark™ state
excitons to emit light [25] The introduced sp? defects serve as a trap site for mobile
excitons in which excitons can relax to their ground state and emit a photon. The trapped
excitons are shielded from the nonradiative quenching sites generated from charge
transfer and Fermi level shifts[81] on the nanotube surface (Figure 2.6.). Consequently,
excitons can fluoresce more brightly and at longer wavelengths in the NIR region (> 1100
nm). The NIR region beyond 1100 nm is of high interest for biological imaging

applications as biological materials have very weak background photoluminescence (PL).
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(~1300 em™), corresponding to nanotube surface defects, arises when the new covalent
bond is formed.[67] Covalent attachment to the nanotube surface has been successfully
employed in surfactant-coated SWCNTSs via diazonium reactions.[25,26] Covalently
modified SWCNTs allow for tuning of the emission intensity, essentially turning
SWCNTs into organic color centers.[21] Many researchers in the recent years, have
shown promising results in the field of covalently functionalized SWCNTs and have even
utilized SWCNTs with the new E11” peak as optical sensors for in vivo
applications.[29,30]
2.4.1. Glycopolymers

The interest of this work includes the tailoring of SWCNT surface with
glycopolymers. Glycans are major determinants of molecular recognition on the cell
surface including diverse processes such as cell signaling, cell trafficking, and
endocytosis.[82] It has been demonstrated that glycopolymers that mimic cell surface
mucin glycoproteins can coat CNTs,[39,76] and functionalize other
nanomaterials.[83,84] These types of glycopolymers have also found application as
biosensors and in drug delivery.[84,85] In this work, biomimetic glycopolymers with a
chain-end functionalized aryl (phenyl) azide (-N3) group were used to explore the
covalent functionalization of SWCNTs. Theoretically, as shown on previous studies of
phenyl azide photoactivation, when exposed to short wavelength UV light (254 nm, 265
to 275 nm[86]), -N3 forms radicals, particularly the highly active nitrene,[87-89] that
enable covalent attachment to C=C bonds in SWCNTSs. Consequently, yielding SWNCT-

hosted organic color centers with oriented and immobilized glycopolymer.
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2.4.2. Oxygen doping

Covalent modification can also be in a form that does not result in sp?
hybridization of carbons. This can be achieved via oxygen doping. Under UV light
exposure, excited oxygen singlet molecules, denoted as '02,[90,91] can attach to the
SWCNT surface, essentially creating a defect site that serves the same purpose as the sp®
defect described prior. This permanent covalent attachment of oxygen to the SWCNT
surface is different than the oxidizing effect of oxygen on SWCNTSs which quenches the

nanotube emission intensity.[92]
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CHAPTER III
This chapter is a reprint of the paper, “Chirality-pure carbon nanotubes show distinct
complexation with recognition DNA sequences”, published in Carbon 2020, 167, 601-
608.
Chirality-Pure Carbon Nanotubes Show Distinct Complexation with Recognition
DNA Sequences
Abstract
Pure-chirality single-wall carbon nanotubes (SWCNTs) that are non-covalently
complexed with recognition DNA sequences exhibit unique interaction behavior and
hybrid stability in aqueous environments. The complexation of DNA-wrapped SWCNTs
was found to be a strong function of both the DNA sequence and SWCNT chiral
structure, highlighted by the distinct coating displacement of the same recognition DNA
sequence from a pair of (6,5) enantiomers by a strong surfactant. A broad range of
changes were observed for different DNA/SWCNT recognition pairs with surfactant
exchange including the increase in nanotube photoluminescence intensity in the near-
infrared (NIR) from 1.3 to 14.7-fold and time constants deduced from DNA displacement

kinetics ranging from 9 s to 230 s. A large time constant of 230 s and a relatively small
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4 .4-fold increase in NIR emission intensity were obtained for the CTC3TC-(7,6) hybrid
highlighting the vast potential of short DNA sequences for improved nanotube sorting
and hybrid stability in aqueous environments. Additionally, CTC3TC-(7,6) was
identified as the only hybrid to exhibit an increase in NIR fluorescence intensity in
serum-containing cell culture media among all samples tested. Our results demonstrated
unique optical properties and hybrid stability of DNA/SWCNT recognition pairs,
providing a foundation for developing applications of chirality-pure SWCNTs.
3.1. Introduction

Single-wall carbon nanotubes (SWCNTs) are multifunctional nanomaterials with
exceptional optical, electronic, mechanical, and chemical properties and have been the
subject of extensive studies involving both in vitro and in vivo interactions with
chemicals [16,17,72,93] and biomolecules [4,12,18,94,95]. Recent advances in post-
synthesis sorting of carbon nanotubes, such as the use of recognition sequences of single-
stranded DNA (ssDNA) to effectively select pure-chirality SWCNT species with a
defined chiral index (#, m), have provided a material foundation for creating new
nanomaterial tools with well-defined properties for biological imaging, sensing, and
therapeutic applications [1,4,64,65,96,97]. The highly predictable electronic structures
and optical properties of chirality-defined SWCNTs, such as the distinct Ei11 electronic
transition of nanotubes, offer many advantages for biochemical sensing and imaging
advancement [68]. Particularly, semiconducting SWCNTs fluoresce exclusively in the
near-infrared (NIR) region between approximately 900 to 1600 nm, that has attenuated
autofluorescence and deep tissue penetration, providing the ideal condition for high

contrast fluorescence detection in biological media [3,13—15]. Pure-chirality SWCNTSs
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can be further utilized as spectrally coded, multicolor fluorescent probes that can
selectively and sensitively detect analytes in many applications, such as targeted sensing,
ratiometric sensors, and multiplexed imaging [3,13,98,99]. In addition, pure-chirality
SWCNTs promote advances in ultra-low dose, high efficiency nanomedicines showing
more than ten-fold lower dose compared to that of as-synthesized SWCNT mixtures
when utilized as a multifunctional imaging, sensing, and therapeutic agent [2,4]. More
recently, pure-chirality SWCNTSs have been demonstrated as promising nanomaterial
hosts for organic color centers, an emerging class of synthetic quantum emitters with
robust, tunable NIR optical functionality for advanced technological applications in
biosensing and bioimaging, optoelectronics, and photonics [21,24,30,100].

In addition to offering a powerful method for selecting specific (n, m) species in
polymer aqueous two-phase (ATP) systems [38,65,66,101], DNA-wrapped SWCNT
hybrids (DNA-SWCNTs) formed by non-covalent complexation through multivalent n—n
interactions [102] between the DNA bases and the nanotube surface have demonstrated
many interesting properties. These include selective modulation of the nanotube PL
[92,103], targeted detection of biomolecules and biological processes [4,5,99], and
enhanced biocompatibility and stability in intracellular environments [20,104] that are
highly dependent on the combination of DNA sequence and SWCNT chirality. The
underlying structural basis for sequence-dependent properties of DNA-SWCNTs has
been linked to the formation of ordered DNA wrapping structures on the nanotube
surface providing unique surface functionalities for each purified hybrid [34,37,105].
The distinct binding of a DNA recognition sequence towards a specific (n, m) species,

including enantiomers of a (n, m) SWCNT, can lead to a small difference in the solvation
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free energy of the hybrid, yet sufficient to differentiate the selected hybrid from a
nanotube mixture in a ATP system that has slightly different physical properties
[34,35,65,101].

The DNA binding to SWCNTSs have been determined by many techniques
through measuring interaction forces and thermodynamics of the hybrid to understand the
unique structural and physical properties of DNA-SWCNTs. These include AFM studies
of peeling DNA oligomers from nanotube [106], fluorescence spectroscopy of DNA-
SWCNTs upon reactions with Oz and surfactants [70,92,107,108], absorption
spectroscopy of DNA-SWCNTs with surfactant exchange [31-33], and molecular
dynamics simulations [34—-37] and machine learning [38] approaches to elucidate and
even predict the DNA coating structure on a nanotube. Among these techniques, kinetics
of the DNA displacement by a surfactant through monitoring fluorescence spectral
changes have been proven to be a fast and efficient way to probe the complexation
affinity of a DNA sequence and SWCNT chirality. This is due to the highly sensitive
nanotube PL as compared to its absorption, allowing detection of small perturbations in
the external environment through measuring spectral changes of sharp emission peaks of
(n, m) SWCNT in the NIR [70,107,108]. However, previous studies on kinetics of
surfactant exchange of DNA coatings have been limited to either a synthetic SWCNT
mixture comprised of a population of over thirty different (n, m) SWCNT species or a
(6,5)-enriched SWCNTs complexed with a non-recognition ssDNA sequence. Although
the binding affinities between ssDNA and SWCNTSs have been quantitatively deduced in
these studies, the interference of many (2, m) SWCNT species within a polydisperse

molecular system and the random combination of DNA/SWCNT may diminish efforts in
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elucidating distinct interactions of DNA-SWCNT recognition pairs that yield unique
optical and physicochemical properties for applications.

Here, we report the first comprehensive work on elucidating the distinct
complexation of chirality-pure SWCNT and recognition ssDNA sequence by NIR
fluorescence spectroscopy through measuring the DNA coating displacement by sodium
deoxycholate (SDC), a surfactant known to bind strongly to nanotubes. A total of ten
pure-chirality semiconducting (n, m) SWCNT species, including a pair of (%) (6,5)
enantiomers, have been purified by our previously reported method using recognition
DNA sequences in polymer ATP systems [65,66]. The polymer ATP separation method
allows us to purify sufficient quantities of nanotubes and perform a minimum of three
repeats of each experiment described in this work. The spectral modulation of pure
chirality (n, m) SWCNTs including spectral wavelength shifts and changes in spectral
line width and emission intensity were monitored in aqueous environments. We treated
kinetics of DNA displacement with single-exponential fits to changes in fluorescence
emission intensity as a function of time upon surfactant exchange. Characteristic optical
features, such as PL intensity increase and deduced time constants with surfactant
exchange, were found to be unique to each DNA-SWCNT hybrid with no clear
dependence on the DNA length and nanotube diameter. The role of (n, m) chiral
structure on the DNA binding was further highlighted by displacing the same recognition
DNA sequence from a pair of (6,5) enantiomers. In addition, changes in absorption and
emission intensities of pure-chirality SWCNT species have been monitored in both
serum-free and fetal bovine serum (FBS)-containing cell culture media. Purified DNA-

SWCNTs showed relatively stable spectral features in serum-containing cell culture
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media than those exposed to serum-free media, providing potential of creating NIR
optical probes with improved stability and specific functionality for biological
applications. These findings provide better understandings of distinct complexation of
DNA/SWCNT recognition pairs, offering important insights for developing effective
nanotube sorting and stable optical nanoprobes for biochemical sensing and imaging
applications utilizing pure-chirality SWCNTs. Representative spectroscopy findings are
presented in the main text, but a substantial amount of experimental data is also included
in the Supplementary Data.
3.2. Experimental Section
3.2.1. Preparation of pure-chirality (n, m) SWCNT species by DNA

Stock DNA-SWCNT dispersions and pure-chirality (n, m) species were prepared
according to the previously published procedure [65,109]. Briefly, COMoCAT SWCNT
powders (SG651-L39 and EG150-L670; CHASM Advanced Materials) were dispersed in
a total volume of 1 mL aqueous solutions of recognition DNA sequences (Integrated
DNA Technologies) containing 0.1 mol/L. NaCl by tip sonication (model VCX 130,
Sonics and Materials, Inc.) in an ice bath for 2 hours at a power level of 8 W. The
SWCNT/DNA mass ratio was 1:2 with a fixed SWCNT concentration of 1 mg/mL.
Supernatant dispersions were collected after 90 min centrifugation at 17,000 g for
SWCNT purification. A total of ten (n, m) species including (7,3), (£) (6,5) enantiomers,
(9,1), (8,3), (8,4), (7,6), (9,4), (11,1) and (10,3) were isolated in polymer aqueous two-
phase (ATP) systems including 7.76 mass% poly(ethylene glycol) (6 kDa)/15.0 mass%
polyacrylamide (10 kDa) (PEG/PAM) and 5.50 mass% PEG/7.50 mass% dextran (70

kDa) (PEG/DX) (Figure 1 and 2 in Appendix A.) [65]. The selection of recognition
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DNA sequences and details of SWCNT separation can be found in prior work [65,66]
Purified SWCNT species have diameters ranging from 0.706 to 0.936 nm [68] and an
estimated number average length of 350 + 100 nm [65]. Each (n,m) species is enriched
in one of the handedness for chiral tubes, with (+) (6,5) tubes having the enantiomeric
excess of > 90% for each handedness tube based on our previous report [65]. Here, the
plus or minus sign of (6,5) species is assigned according to the signs of the circular
dichroism values at the Ej; position of (6,5) near 573 nm.

Polymers were removed according to the SWCNT precipitation method reported
previously [65,109,110]. Briefly, a final concentration of 0.5 to 1.0 mol/L sodium
thiocyanate (NaSCN, Sigma-Aldrich) was added to purified (n, m) SWCNT species in
polymer phases, and the sample was incubated overnight at 4 °C. Adding the
corresponding DNA recognition sequence at 100 pg/mL during the incubation stage is
recommended to prevent nanotube aggregation. Then, the mixture was centrifuged at
17,000 g for 30 min to remove the solvent and the purified (n, m) SWCNT pellet was
resuspended in deionized (DI) water by bath sonication at room temperature for 30 min.
The corresponding DNA sequence at a final concentration of 100 ng/mL was added to
purified SWCNT species to improve the dispersion stability for a long-term storage.
3.2.2. Displacing DNA coatings of nanotubes by a surfactant

A stock solution of 10 mass % sodium deoxycholate (SDC) (98 %, BioXtra) was
prepared for DNA/surfactant replacement experiment at room temperature. The
concentration of purified (n, m) SWCNT species was adjusted to an absorbance of 0.3 +
0.02 at its E11 peak wavelength for surfactant exchange experiment, which corresponds to

approximately a nanotube concentration of 1.65 ug/mL [111]. The complexation
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affinities of purified DNA-SWCNT hybrids in aqueous surfactant solutions were
examined by three repeats using a total volume of 120 uL for each nanotube sample.
Roughly 5 s after the initial measurement of DNA-SWCNT fluorescence, small aliquot of
0.6 uL stock SDC solution were added to DNA-SWCNT samples and mixed immediately
to obtain a final concentration of 0.05 mass % SDC.
3.2.3. Incubation of purified DNA-SWCNTs in cell culture media

Purified (n, m) SWCNT species were incubated in Gibco™ RPMI 1640 Medium
(Catalog No. 11-875-085, FisherScientific) containing 10 % (v/v) fetal bovine serum
(FBS, Corning) at pH 7.54 for up to 8 hours in dark at room temperature, unless indicated
otherwise, to monitor the dispersion stability of purified DNA-SWCNT hybrids in cell
culture media. Cell culture medium without FBS showed pH 8.3-8.4 during the 8 hour
incubation. The optical spectroscopy of purified DNA-SWCNT hybrids in cell culture
media was examined by three repeats. Small aliquots of 1-4 uL of concentrated, purified
SWCNT samples were added to a total volume of 120 pL cell culture media with and
without serum to obtain an absorbance value of 0.3 + 0.02 at the E11 peak wavelength of
SWCNTs (i.e., approximately 1.65 pg/mL tubes).
3.2.4. Optftical characterization of purified DNA-SWCNTs

Spectroscopy characterization including vis-NIR absorbance and near-infrared
(NIR) fluorescence measurements were performed on a NS3 NanoSpectralyzer (Applied
NanoFluorescence, LLC) using a 10 mm path length quartz cuvette. Fixed excitation
wavelengths of 532 and 641 nm lasers, corresponding to E22 peak positions of (n, m)
species, were used for acquiring NIR fluorescence spectra. DNA displacement kinetics

were monitored using sequence mode data acquisition through time-resolved
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fluorescence spectra at room temperature at a final concentration of 0.05 mass % SDC.
MATLAB R2018b software was used for exponential fitting of DNA displacement
kinetics.
3.3. Results and Discussion
3.3.1. Preparation and optical characterization of DNA/surfactant exchange for pure-

chirality SWCNTs

The structural diversity of SWCNTs produces a family of cylindrical carbon
allotropes, where each (n, m) species exhibits unique optical and physicochemical
properties for a wide range of applications, such as biochemical sensing and imaging.
Separation of a pure-chirality (r, m) SWCNT with well-defined diameter, chiral angle,
and electronic structure from their synthetic mixture is generally considered as a
prerequisite for many applications. We isolated a total of ten pure-chirality (n, m) species
using recognition DNA sequences by a polymer ATP separation method [65]. The
corresponding absorbance and fluorescence spectra of purified DNA-SWCNTs clearly
showed optical transition peaks of (n, m) species, such as E11 and E3; with little to no
contribution from any other species (Figures 1 and 2, Appendix A.). In addition to
providing a source of chirality-pure nanotubes, purified DNA-SWCNT hybrids with
ordered DNA folding structures exhibit vast potential as stable, biocompatible fluorescent
probes to detect targeted biological interactions in the NIR [4]. It is important to utilize
pure-chirality SWCNTs, as opposed to a synthetic SWCNT mixture, to study
fundamental interaction behaviors of DNA/SWCNT recognition pairs. The interaction
behavior of non-recognition DNA sequences with SWCNTSs is not within the scope of

this work.
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The recognition DNA sequence forms an ordered wrapping structure in a single
layer along the specific (n, m) SWCNT, creating different DNA coverages on the surface
of nanotube (i.e., relating to the DNA density on tubes). However, the difference in the
DNA coverage should not affect the complexation of recognition pairs of DNA and
SWCNT investigated by DNA/surfactant exchange [108]. We displace DNA coatings on
a purified (n, m) species by adding a final concentration of 0.05 % SDC and directly
measure spectral changes of both absorbance and fluorescence of nanotube samples at
equilibrium (Figure 3.1.). The concentrations of SDC and nanotubes used give a mass
ratio of = 300:1 for SDC: (n, m) SWCNT, leading to the full displacement of DNA by
excess SDC [31]. The absorbance spectra of nanotube samples showed varied spectral
shifts (< 9 nm) to shorter wavelengths at the E11 peak of different (n, m) species, which is
expected when displacing DNA with a strong surfactant (Table 1, Appendix A.).
Absorbance values at E11 remained relatively stable upon complete DNA displacement
by SDC at equilibrium, an example of which is shown for CTTC3TTC-(9,4) hybrid
(Figure 3.1.b.). In comparison, spectral variations in nanotube emission after surfactant
exchange, including intensity increase, narrowing of line width, and blue shift (i.e.,
decrease in wavelength) of the E11 peak of (n, m) species, showed large differences for
different recognition pairs of DNA-SWCNTs (Tables 2 and 3, Appendix A.).

It is known that the excitonic optical transition energies of SWCNTs are
influenced by the environmental effect such as coating materials and solvents providing
different local dielectric properties surrounding nanotubes [71,112,113]. Changes in the
environmental dielectric constant modulate the dielectric screening of excitons, leading to

spectral changes of electronic transitions including solvatochromic shifts (i.e., spectral
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shift), changes in spectral width, and emissive quantum yields. Particularly, we observed
a broad range of increase in nanotube PL intensity from 1.3-fold for TTA(TAT)ATT-(-)
(6,5) to 14.7-fold for CTTC,TTC-(8,3) hybrid with surfactant exchange. For example,
fluorescence spectra of (9,4) species show that the E11 emission of SDC-coated (9,4) is
significantly brighter with 12.8-fold increase in intensity, has a 6 nm decrease for the full
width at half maximum (FWHM), and is blue-shifted by = 7 nm, corresponding to the
energy difference of 6.4 meV, compared with that of DNA-coated (9,4) (Figure 3.1.c.).
These spectral changes demonstrate the sensitivity of nanotube PL to its surrounding
environment where the complete displacement of DNA coatings by SDC leads to changes
in the local dielectric constant. The observed fluorescence enhancement after DNA/SDC
exchange could be due to the improved, uniform surface coverage by SDC, shielding
nanotubes from the surrounding solution [113]. In addition, the pH of purified DNA-
SWCNT samples prepared in water remained relatively stable during the short time
period of surfactant exchange experiments. Consequently, we utilized fluorescence

spectra to analyze kinetics of DNA displacement for all (17, m) SWCNT samples in water.
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the energy difference of AE;; = 11.2 meV) upon displacing DNA from nanotubes
(Tables 2 and 3, Appendix A.). The large decrease in spectral line width observed for
this hybrid may be due to the contamination of (10,3) species, resulting in a broader E11
peak for the initial T4C4T4-(11,1) sample (Figure 1, Appendix A). Regardless, we
observed these combined optical phenomena of the brightening of nanotube PL, the
narrowing of line width, and the blue shift in E11 peak wavelength for the majority of
SWCNT samples as the surface structures transition from DNA-wrapped coatings, DNA
conformational change and displacement by SDC to an improved surface coverage by
SDC coatings. An exception is observed for the CTTC2TTC-(8,3) hybrid, which did not
show an apparent wavelength shift despite the 14.7-fold increase in E11 emission intensity
and a narrower spectral shape for SDC-coated SWCNT (SDC-SWCNT). Because
consistent increase in emission intensity was obtained for each (n, m) species with clearly
identifiable optical transition peaks within the experimental time period, we analyzed
kinetics of DNA coating displacement by investigating the change in emission intensity

at the E11 peak wavelength of SDC-SWCNTs as a function of time.
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stronger binding affinity of the recognition DNA sequence to a (n, m) species (Figure 3.5)
[108]. We observed significant differences in deduced time constants among DNA-
SWCNT recognition pairs with roughly 25-fold increase from = 9 s for TCT(CTC),;TCT-
(7,3) up to = 230 s for CTC3TC-(7,6) hybrid (Table 4, Appendix A.). Among the (n, m)
SWCNT species tested, (6,5) and (9,1) tubes have the same diameter of 0.757 nm, while
the diameter of (9,4) and (11,1) tubes is 0.916 nm [68]. Although similar values were
obtained for (9,4) and (11,1) tubes, the deduced time constants of purified DNA-SWCNT
hybrids showed no clear correlation to the nanotube diameter (Figure 5, Appendix A.).
Previously, larger time constants were observed for longer DNA length when dispersing
SWCNT mixture samples using 6-mer to 60-mer ssSDNA sequences [108]. However,
DNA length is found to be not a factor affecting the time constants in our work as we
utilized short recognition sequences of 7-mer to 12-mer. In fact, the stable CTC3TC-(7,6)
hybrid is complexed with the shortest DNA length (7-mer) tested, demonstrating the
potential of short sequences for achieving improved nanotube sorting and stability of
DNA-SWCNT hybrids in aqueous environments.

Pure-chirality DNA-SWCNT hybrids used in this work were separated in polymer
ATP systems where the partition of the hybrid between the two phases is driven by the
small difference in the surface functionality (i.e., the solvation free energy of the hybrid)
[66,101]. It was proposed that the solvation free energy of a DNA-SWCNT hybrid is
sensitive to the exact spatial distribution of hydrophilic groups (i.e., sugar-phosphate
backbone of DNA that is exposed to water) along the nanotube axis, which is directly
related to the wrapping pattern of DNA on the nanotube surface. Molecular dynamics

simulations [34,38] of recognition pairs of DNA and SWCNT showed an ordered
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wrapping structure of the DNA sequence on the SWCNT chirality, which leads to the
differentiation of its solvation energy by the ATP system from all other DNA/SWCNT
combinations. Our data provide quantitative comparisons of the complexation of
recognition DNA sequence and specific SWCNT species, however, the elucidation of
underlying structural differences in the ordered structure of each DNA-SWCNT hybrid
will benefit from computational work in future studies. Regardless, the relatively low PL
intensity increase, and longer time constants obtained for CTC3TC~(7,6) with surfactant
exchange suggest improved surface coverage of DNA coatings on the nanotube as well as
a stronger hybridization affinity of the hybrid. Additionally, this CTC3TC-(7,6) hybrid
highlights the potential of short DNA sequences for separating and stabilizing pure-
chirality nanotubes in aqueous environments.
3.3.5. Optical characterization of purified DNA-SWCNTs in cell culture media
Recent studies utilizing the purified CTTC3TTC-(9,4) hybrid showed that pure-
chirality SWCNTs exhibit long-term biocompatibility [4,20]. In addition to surfactant
solutions, we characterized optical properties of purified DNA-SWCNT hybrids in cell
culture media with and without serum. We identified CTTC3TTC-(9,4) as one of the two
hybrids, another hybrid being (GT)20-(8,4), that showed negligible changes in
fluorescence intensity during 8 hour incubation in 10 % FBS-containing cell culture
media (Figure 3.6.). The stable hybrid CTC3TC~(7,6) identified from our previous
analysis of DNA coating displacement exhibited increase in fluorescence intensity, while
varying levels of decrease in intensity were observed for the remaining hybrids (Figure
3.6.). In addition, we observed negligible changes for absorbance and emission spectra

of purified DNA-SWCNT hybrids after incubation in cell culture media with serum, an
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example of which is shown for the (—) (6,5) species at both room temperature and 37 °C
(Figure 6, Appendix A.). Specifically, a red shift (i.e., increase in wavelength) in E;;
emission peak was absent for several purified DNA-SWCNT hybrids and minimal red
shifts of 1-3 nm (i.e., AE;; < 3.2 meV) was observed for (7,3), (8,3), (7,6), (9,4), and
(10,3) tubes. In comparison, DNA-SWCNT samples prepared from a synthetic nanotube
mixture generally showed a spectral red shift (e.g., AE;; up to 7.7 meV with 6 hour
incubation) [104] in serum-containing cell culture media due to electrostatic interactions
of serum proteins and the phosphate backbone of DNA, which can cause nanotube
aggregation [114]. Overall, negligible changes in absorbance spectra of purified DNA-
SWCNT hybrids were observed for incubation in cell culture media with serum (Figure
7, Appendix A)), suggesting minimal nanotube aggregation.

However, several purified DNA-SWCNTs exposed to cell culture media without
serum showed decrease in the E11 absorbance values indicating the formation of nanotube
aggregations and diminished nanotube stability (Figure 8, Appendix A.). It is possible
that the presence of serum proteins in cell culture media facilitates the dispersion stability
of ordered DNA-SWCNT hybrids through forming a protective surface coating and
preventing nanotube aggregation in cell culture media. In addition, the difference in pH
of cell culture media with and without serum (i.e., pH 7.54 and 8.30, respectively) could
possibly contribute to the different behaviors of purified DNA-SWCNT samples. Future
studies on the effects of proteins and pH of cell culture media on the dispersion stability
of purified DNA-SWCNTs will provide insights on the observed discrepancy in spectral

stability of nanotubes in cell culture media with and without serum.
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creating unique DNA-SWCNT hybrids through the complexation of a pure-chirality
SWCNT species, for example (7,6) tubes, with a DNA sequence of choice by combining
the DNA/surfactant exchange and its reverse reaction, aided by methanol [115,116]. Our
work provides a foundation for future studies involving carbon nanotube sorting and
surface functionalization of pure-chirality SWCNTs to create multicolor, fluorescent

molecular probes for applications such as bioimaging and biosensing.
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CHAPTER 1V

COVALENT FUNCTIONALZATION

4.1. Introduction

Surface modification of carbon nanotubes has gained interest due to the vast
possibilities for tunability of the electronic structure and property enhancement, and for
the applications that it enables, including imaging[29,30] and sensing, optoelectronic
devices,[22] and photonics.[22-24] Specifically, covalent modification of single-wall
carbon nanotubes (SWCNTs) is of growing interest at the present time. It has been
achieved using bleach,[30] ozone,[117-119] diazonium salts,[25-27] and organic
groups.[28] It has been shown that covalent functionalization can yield brighter PL and
longer exciton lifetimes,[120] making SWCNTSs more detectable for imaging,[30,117] in
addition to providing a source for single photon emission[24,121] and other
optoelectronic applications. Covalent functionalization can be achieved in two ways:
through covalent oxygen doping[117] where all carbon atoms are still sp?>-hybridized, and
through creation of sp* defects on the sp? carbon lattice of SWCNTSs.[25,26] Surface
modification due to either doping or chemical defects, enables the trapping of
luminescent surface excitons at the functionalization sites allowing them to emit light

more brightly than the original PL [23,121]
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In addition to doping molecules or functional groups, surface coating, solvent
environment, and light source can have an effect on the efficiency of covalent reactions.
Different solvents have been utilized including deuterium oxide (D20) and surfactant
solutions in D,0[25,26] as well as organic solvents.[27] The solvent plays an important
role during the reaction and also affects the lifetime of the defect-generated PL.[122]
Furthermore, surface coating of SWCNTs plays a significant role during the covalent
modification reactions. Depending on the surfactant identity, the doping effect can either
be facilitated or inhibited.[30] In this section, we explored covalent functionalization of
SWCNTs through oxygen doping and the attachment of glycopolymers with a chain-end
light-activatable phenyl azide moiety.

4.1.2. Oxygen doping

Ghosh et al. were the first to observe the oxygen doping effect on SWCNTs when
treated with ozone.[117] Since then, researchers have used ozone treatments on
SWCNTs and observed that oxygen doping is dependent on surface coverage of
SWCNTs. For instance, when treating air-suspended SWCNTs with ozone, followed by
UV light exposure, the oxygen doping effect seems to occur within 20 seconds,[118] as
opposed to aqueous suspended surfactant-coated SWCNTs which can take up to 16
hours.[117] Here, we used a simple method for oxygen doping of pure-chirality (6,5) and
other chirality SWCNTs including (6,5) enantiomer, (7,3), (7,6), (8,3), (9,1), (9,4), (10,3),
and (11,1), in deionized (DI) water by shining short wavelength UV light, without
additional treatments. Our work demonstrates that the efficiency of the oxygen doping

reaction on (6,5) SWCNTs is a surface event and may be chirality or diameter dependent.
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Additionally, we explored covalent functionalization of (6,5) SWCNT with disaccharide

lactose containing glycopolymers with a chain-end phenyl azide group.
4.2. Experimental Section

4.2.1. Glycopolymer synthesis

All solvents and reagents were purchased from Sigma-Aldrich (USA) and were
used as received. Deionized (DI) water with a resistivity of 18 MQ c¢cm was used as solvent
in all reactions and dialysis experiments. Biomimetic glycopolymers with monosaccharide
and disaccharide groups were synthesized via cyanoxyl free radical-mediated
polymerization (CFRMP) scheme in one-pot fashion as previously reported.[123,124] In
essence, cyanoxyl radicals were generated by an electron-transfer reaction between cyanate
anions from a sodium cyanate aqueous solution and aryl-diazonium salts, which were
prepared in situ through a diazotization reaction of arylamine in water. Cyanoxyl persistent
radicals and aryl-type active radicals were simultaneously produced, where only the latter
species was capable of initiating chain growth, thus facilitating the copolymerization of N-
acryloyl-glycosylamine glycomonomers (Glyco-AM) and free acrylamide (AM).[123,124]
Particularly, glycocopolymers (i.e., AM/Glyco-AM) expressing different densities of
carbohydrate ligands (i.e., )/x) were synthesized by varying the ratios between N-acryloyl-
glycosylamine glycomonomers and free acrylamide. Lact-homopolymers of various chain
lengths n was synthesized by varying the amount of N-lactosylacrylamide monomer

without inclusion of free acrylamide.

4.2.2. Photochemistry: oxygen doping and glycopolymer immobilization
Samples were diluted in DI water for an absorbance of 0.1 OD (0.08 to 0.12) at

E11, which corresponds to approximately 0.65 ug/mL concentration of SWCNT,[111] for
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a total volume of 150 uL for oxygen doping or 200 uL glycopolymer photochemistry.
Samples were exposed to 254 nm and 356 nm UV light of 8W at a power density of ~13
mW/cm? for the desired time. For oxygen doping, samples were left exposed to
environmental air for 30 minutes before UV light exposure. A similar procedure was
followed for photochemistry with glycopolymers. SWCNTs were diluted in D20 and
absorbance was adjusted to around 0.1 OD at Ei1. Then, the desired volume of
glycpolymer to be added was calculated based on the desired SWCNT : glycopolymer
mass ratio. Glycopolymer powders were stored at -20°C. Glycopolymer stock solutions
were prepared in either 2mg/mL or 1 mg/mL concentrations in order to only add a small
aliquot and not disturb the SWCNT sample. Glycopolymer solutions were used
immediately as prepared. Glycopolymer stock solutions were protected from
environmental light and kept at 4°C. SWCNT samples, after adding the glycpolymer,
were also protected from environmental light. Samples were bath sonicated for 15
minutes at room temperature after addition of glycopolymer. Samples were then put into
quartz cuvettes and tightly sealed with a rubber stopper, to facilitate the oxygen removal
procedure.

Oxygen removal was performed through a needle connected to a vacuum pump
(8907, Welch). Samples were left under vacuum for a few seconds up to a minute until
bubbles were no longer formed. Then, the vacuum needle was switched for the needle
connected to an Argon (Ar) gas tank in order to purge the sample with Ar and replace air
in the cuvette. This process took only 1-2 seconds due to the low volume of the cuvette.
The process of vacuum to purging with Ar was repeated for at least three times to ensure

bubbles were no longer formed. Vis-NIR Absorbance, NIR fluorescence, and Raman
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It has been shown that covalent modification of SWCNTs, including oxygen
doping via bleach[30] or ozone,[29] is highly dependent on the coverage of the nanotube
surface. Surfactant-coated SWCNTSs have been successfully employed for covalent
attachment experiment via diazonium reactions.[25,26] We performed oxygen doping
experiment on the same chirality-pure SWCNT species, (-)(6,5), covered by different
coating molecules including their recognition DNA sequence and surfactants (Figure
4.4). It can be seen that DNA (Figure 4.4.a.) and SDC (Figure 4.4.b.) show no Ei11” peak
formation even though there is a decrease in E11. It is known that DNA forms ordered
structures on the nanotube surface and SDC is a strong surfactant that covers most of the
nanotube surface which could explain why oxygen doping is least efficient. However,
the trend tends to be less clear when comparing other surfactants. SDBS (Figure 4.4.d.) is
not the weakest surfactant but it proves to be the most efficient for oxygen doping, with
an E11/E1; intensity ratio of 0.66 and AE;; of 159 meV (Table 4.1.). The reaction
efficiency is then followed by SDS (Figure 4.4.¢.) and SC (Figure 4.4.c.), with AE;; of
160 and 123 meV (Table 4.1.), respectively. These results are different from oxygen
doping results obtained by Lin et al. using bleach, where SDBS was the least efficient
and SC was the most efficient.[30] Our results suggest that there may be a different
mechanism behind the oxygen doping effect in our case, dependent on the coating
material rather than the nanotube surface coverage. Additionally, oxygen doping for
(6,5)-SDS and (6,5)-SC after removing dissolved oxygen in the solution and purging with
Argon are shown in Figure 16, Appendix B, for reference. E11” peak formation is less

efficient when oxygen is removed from the sample.
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Table 4.1. Ei:" intensity, wavelength, and energy shift show strong dependence on

surface coatings of (—)(6,5) upon exposure to 254 nm UV for 50 minutes.

SWCNT Eyy (m) | Eqq (um) | AEqy (meV) | Eqq(pW/nm) | Eyy @Whm) | Eqy/Eqy
TTA(TAT),ATT
995.1+0.0 - - 3.354+0.10 - -
-(=) (6.5)
SDC-(-)(6,5) | 985.2+0.0 - - 10.0043.32 - .

SC-(=)(6,5) 993.5£0.0 | 1101.8+0.0 | 122.7+£0.0 10.20+0.72 0.99+0.06 0.0920.01
SDBS-(-)(6,5) | 988.0+0.7 | 1131.2+0.0 | 158.9+0.9 7.30+0.74 4.85+0.57 0.66+0.03
SDS-(-)(6.5) 995.1£0.0 | 1141.6£0.7 | 159.9+0.7 2.78+0.70 0.60£0.08 0.23+0.08

Various properties of SWCNTs, are known to be chirality dependent, which is
also one of the reasons why it is important to utilize chirality-pure SWCNTs to
understand their fundamental properties. To that end, we explored oxygen doping for
various chirality-pure SWCNTs including the (6,5) enantiomers and same diameter
SWCNTs. Figure 4.5. shows the oxygen doping effect for the mirror image of (—)(6,5),
(+)(6,5) SWCNT. Similar results are shown for (+)(6,5), where DNA (Figure 4.5a.) does
not allow oxygen doping, but SDBS (Figure 4.5b.) does. There is no significant
difference for the two enantiomers in terms of E11” intensity or wavelength, or energy
difference, AE41, 158 vs 154 meV (Table 4.2.). (+)(6,5) has an E11” peak around 1123 nm,

which correspond do the oxygen doping peak reported in previous literature, which is

around 1120 nm,[117] whereas (—)(6,5) has an E11” peak around 1131 nm.
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Table 4.2. List of chirality-pure SWCNTs and their spectral changes. E11” intensity,
wavelength, and energy shift show dependence on nanotube diameter upon exposure to

254 nm UV for at their optimal exposure times.

SWENT (ncrln) E11 (om) | Eqq (nm) (?ni{;) (p\EVl/Illm) (p\ggm) En/En (Tnlll:s
SDBS-(7.3) | 0.706 | 1001.7:0.0 | 1149.7:0.7 | 159.4:0.7 | 8.75:1.81 2'24; 01 0'207;[ -1 2
SDBS-(.)6.5) | 0757 | 988.000.7 | 1131.2£0.0 | 158.940.9 | 7.300.74 4'85;[0'5 0'606;0' 50
SDBS-(1(6,5) | 0757 | 9852200 | 1123.0£0.0 | 154.5:00 | 9792021 | ° '90; 01 0'600; -1 50
SDBS-9.1) | 0757 | 9227400 | 1140.5:0.7 | 256.8+0.7 | 1.87+0.05 0'68;0'0 0'306;0' 20
SDBS-83) | 0782 | 960.620.0 | 1125.2:3.0 | 189.0+3.0 17'73i0'0 2'757i0'1 0'1055[0' 50
SDBS-(7.6) | 0.895 | 1148.1:0.7 | 1277.1:0.7 | 109.1:0.6 | 3.20:0.24 0'88;[0'0 0'2073[0' 50
SDBS-(94) | 0916 | 1112.7£0.7 | 1210.0£0.7 | 89.7:1.4 | 8.51:0.99 1'51;0'8 0'1067i0' 20
SDBS-(11,1) | 0916 | 1257.120.7 | 1370.7:0.7 | 81.7+1.1 | 2.8420.23 0'57;0'1 0.200:[0. 20
SDBS-(103) | 0936 | 1259.8+0.0 | 1378.7:0.7 | 84.9:04 | 2.1620.19 | 16;0'0 0'00750' 50

4.3.2. Photochemistry with glycopolymers

We explored covalent attachment of SWCNTSs with biomimetic glycopolymers
with a chain-end functionalized aryl azide (-N3) group. Theoretically, when exposed to
UV light, -N3 forms radicals, particularly the highly active nitrene,[87,88] that enable
covalent attachment to C=C bonds in SWCNTs , and yield SWNCT-hosted organic color
centers with oriented and immobilized glycopolymer (Figure 4.8.). A list of
glycopolymers used and relevant information are provided in Table 5 and Figure 17,

Appendix B.
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CHAPTER V
CONCLUSIONS

We have shown an extensive amount of work in elucidating the complexation of
recognition DNA sequences with pure-chirality SWCNTSs. Unique changes were
observed for DNA-SWCNTs hybrids upon exchange with a strong surfactant, SDC,
including distinct reaction time constants (9 s to 230 s) and an increase in PL (1.3 to 14.7-
fold). Additionally, DNA-wrapped SWCNTSs showed unique interaction behavior and
stability in cell culture medium. The CTC3TC-(7,6) hybrid exhibited the largest time
constant upon surfactant-exchange and was the only hybrid to show an increase in near-
infrared (NIR) fluorescence intensity in serum-containing cell culture medium. This
hybrid could have potential in designing stable optical probes for detection of targeted
molecular interactions in biology and should be a focus of future studies. Overall, these
results offer insights for the optical and physiochemical properties of chirality-pure
SWCNTs and provide a foundation for future development of applications for chirality-
pure SWCNTs in biochemical sensing and imaging advancement.

Secondly, we show a simple method for oxygen doping of different chirality

SWCNTs, including (6,5) enantiomers, upon short wavelength UV light exposure. The
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efficiency of oxygen doping reaction was highly dependent on coating material on the
nanotube surface and may be dependent on nanotube diameter. Consequently, SDBS-
coated (6,5) showed the highest increase in a new E11” peak formation, and (10,3), the
largest diameter nanotube was least efficient in E11” peak formation. Additionally, the
amount of oxygen contained in the sample also affects the oxygen doping reaction.
Lastly, we showed preliminary data on covalent functionalization of SWCNTs
with various glycopolymers. Lact 4:1 shows promising results for covalent attachment to
the nanotube surface and should be focus of future work. Successful completion of this
work could lead to a multifunctional hybrid with enhanced optical properties and
potential to be utilized for protein sensing. Particularly, the sugar group can be selective
towards a carbohydrate-binding protein, and carbohydrate-protein recognitions are

important in many cellular functions.
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CHAPTER VI

RECOMMENDATIONS AND FUTURE PERSPECTIVE

6.1. Surfactant Exchange and Stability in Biological Media
- Further experiments should be investigated for CTC3TC-(7,6) hybrid in biological
samples, to develop optical probes for detection of targeted molecular interactions.
- SDC is a chiral molecule, therefore, achiral surfactants should also be tested to see
if the DNA-surfactant exchange could be chirality dependent, particularly, for the
(6,5) enantiomers.
- Consequently, (6,5) enantiomers should be further investigated as they have

potential in developing applications for detection of chiral molecules.

6.2. Oxygen Doping
- Oxygen doping for (6,5) enantiomers should be further explored, to be able to
develop applications. For instance, the oxygen doped SWCNT can be tested in
different solvent environment to see characterize the properties of the new Ei1” peak

and its stability.
- More efforts should be made to better understand the mechanism behind oxygen

doping, focusing on the UV light effect on the different coating materials.
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6.3. Glycopolymer Photochemistry

Oxygen doping can be a problem for successful photochemical reaction with
glycopolymers, especially since oxygen doping and azide activation occurs
around the same UV light wavelength (254 nm). Therefore, a more effective
method of removing oxygen from solvent should be found.

Different UV lights can be used, closer to those of phenyl azide photoactivation
(265 to 275 nm).

Test different mass ratios of SWCNT:glycopolymer, particularly for lact 4:1, to
find optimal ratio.

Test different UV exposure times, > 3 hours.

Test different polymers.

Try different direct and indirect characterization methods for the new E;;” peak:

FTIR, carbohydrate sensing proteins.
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Table 1. List of pure-chirality (n, m) SWCNT wrapped by DNA recognition sequences
and the corresponding absorption wavelength shift at the E11 peak positions of DNA-
and SDC-coated (n, m) SWCNTs at equilibrium.

DNA-(n, m) SWCNT | SDC-(n, m) SWCNT
DNA-SWCNT AA11(nm)
A1 (nm) A1 (nm)
TCT(CTC),TCT- (7.3) 1009.9+0.0 1001.7+0.0 8.2+0.0
TTA(TAT),ATT- (+) (6,5) 988.6+0.0 983.6+0.0 5.0£0.0
TTA(TAT),ATT- (-) (6.5) 991.8+0.0 983.6+0.0 8.2+0.0
(GTC),GT-(9,1) 927.6+0.0 924.3+0.0 3.3£0.0
CTTC,TTC-(8.3) 963.9+0.0 963.9+0.0 0.0

CTC,TC-(7.6) 1137.8+0.0 1131.3£0.0 6.5+£0.0
CTTC;TTC-(9.4) 1118.7+0.7 1113.8+0.7 49413
T,CyTy-(11.1) 1273.3+0.3 1264.7+0.0 8.6+£0.6
CsTCs-(10,3) 1266.3+0.0 1261.5+0.0 4.840.0

Table 2. List of pure-chirality (n, m) SWCNT wrapped by DNA recognition sequences
and the corresponding E11 emission features of DNA- and SDC-coated (n, m) SWCNTs

at equilibrium.

DNA-(n, m) SWCNT SDC-(n, m) SWCNT
DNA-SWCNT I N FWHM Tt N FWHM
@eW/mm) | A@m e | eWmmy | A em) o
TCT(C(E%)ZTCT' 7.67£0.97 | 1013.2£0.0 | 37.80£0.00 | 20.571.35 | 1005.0£0.0 | 26.85+0.78
TTA(TA(??;TT' (1 22.03£0.33 | 990.2£00 | 27.96£0.00 | 36.83+1.27 | 985.2£0.0 | 25.2240.39
TTACTAT),ATT- (-

( (6)§) 20002271 | 9951200 | 27.9620.00 | 26.2042.01 | 9852400 | 27.96£0.00
(GTCLGT-(9,1) | 3.14+0.55 | 929.3+0.0 | 21.15£0.39 | 11.67+1.06 | 926.0:00 | 17.58+0.39
CTTC,TTC-(83) | 5.32+0.45 | 965.5£0.0 | 21.40£0.00 | 77.7044.41 | 965.5:00 | 16.87+0.50
CTC,TC-(7.6) | 8792.96 | 1142.620.0 | 34.03+0.39 | 34.20£2.65 | 1133.9£0.7 | 26.9620.67
CTTCSTTC-(9.4) | 2.10£0.55 | 1123.0+0.0 | 26.16£0.00 | 25.73%3.11 | 1116.540.0 | 20.17+0.39
T,CT-(11,1) | 1.60£0.05 | 1278.7+0.7 | 56.11£0.38 | 17.33£0.17 | 1264.740.0 | 27.55£0.66
CsTCe(103) | 4322030 | 1269.5£0.0 | 37.25£1.15 | 10.27+0.81 | 1263.140.0 | 28.36£0.00
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