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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 SWCNTSs 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 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.

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 [1-4] and
biomolecules [5-9]. 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 (n, m), have provided a material foundation for
creating new nanomaterial tools with well-defined properties for biological imaging, sensing, and
therapeutic applications [8,10—14]. The highly predictable electronic structures and optical
properties of chirality-defined SWCNTs, such as the distinct E1; electronic transition of nanotubes,
offer many advantages for biochemical sensing and imaging advancement [15]. 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 [16—-19].
Pure-chirality SWCNTSs 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 [18-21]. 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 [8,22]. More recently, pure-chirality
SWCNTs 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

[23-26].

In addition to offering a powerful method for selecting specific (n, m) species in polymer
aqueous two-phase (ATP) systems [11,27-29], DNA-wrapped SWCNT hybrids (DNA-SWCNTs)
formed by non-covalent complexation through multivalent n—r interactions [30] between the DNA
bases and the nanotube surface have demonstrated many interesting properties. These include
selective modulation of the nanotube photoluminescence (PL) [31,32], targeted detection of
biomolecules and biological processes [8,21,33], and enhanced biocompatibility and stability in
intracellular environments [34,35] 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 [36-38]. 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 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 [11,27,38,39].

The DNA binding to SWCNTs 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 [40], fluorescence spectroscopy of DNA-SWCNTs upon reactions with O> and
surfactants [31,41-43], absorption spectroscopy of DNA-SWCNTs with surfactant exchange [44—
46], and molecular dynamics simulations [37-39,47] and machine learning [28] 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 [41-43].
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 (n, m) SWCNT species within a polydisperse
molecular system and the random combination of DNA/SWCNT may diminish efforts in
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 [11,29]. 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 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 SWCNTSs. Representative spectroscopy findings are
presented in the main text, but a substantial amount of experimental data is also included in the

Supplementary Data.



2. Experimental

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 [11,48]. Briefly, CoOMoCAT SWCNT powders (SG65i-1.39
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 S1 and S2) [11]. The selection of recognition DNA sequences and details of
SWCNT separation by polymer ATP method can be found in prior work [11,29]. Purified SWCNT
species have diameters ranging from 0.706 to 0.936 nm [15] and an estimated number average
length of 350 = 100 nm [11]. 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 [11]. Here, the plus or minus sign of (6,5) species is assigned
according to the signs of the circular dichroism values at the E2» position of (6,5) near 573 nm.
Polymers were removed according to the SWCNT precipitation method reported previously
[11,48,49]. 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 pg/mL was added to purified

SWCNT species to improve the dispersion stability for a long-term storage.

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 E1 peak wavelength for
surfactant exchange experiment, which corresponds to approximately a nanotube concentration of
1.65 ug/mL [50]. The complexation affinities of purified DNA-SWCNT hybrids in aqueous
surfactant solutions were examined by three repeats using a total volume of 120 pL for each
nanotube sample. Roughly 5 s after the initial measurement of DNA-SWCNT fluorescence, small
aliquot of 0.6 pL stock SDC solution were added to DNA-SWCNT samples and mixed

immediately to obtain a final concentration of 0.05 mass % SDC.

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 pug/mL tubes).

2.4.0ptical 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 Ex 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 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. Results and discussion

3.1.Preparation and optical characterization of DNA/surfactant exchange for pure-chirality

SWCNTs

The structural diversity of SWCNTSs 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 (n, 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 [11,27]. The corresponding absorbance and fluorescence spectra of purified DNA-
SWCNTs clearly showed optical transition peaks of (n, m) species, such as E11 and Ex> with little
to no contribution from any other species (Figures S1 and S2). 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 [8]. 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.

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 [42]. 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 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 [44]. The absorbance spectra of nanotube samples showed
varied spectral shifts (< 9 nm) to shorter wavelengths at the Ei1 peak of different (n, m) species,
which is expected when displacing DNA with a strong surfactant (Table S1). 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 1b). 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 (Table S2 and S3).

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 [51-53]. 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 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 1c). These spectral

10



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 [53]. 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 (n, m) SWCNT samples in

water.
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Figure 1. Schematic of DNA/SDC exchange process and corresponding optical characterization

of purified CTTC3TTC-(9,4) species. (a) Displacement of DNA surface coating on a nanotube by
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SDC. (b) Absorbance and (c) fluorescence spectra for purified (9,4) species before and after

adding SDC at equilibrium.

3.2. Kinetics of DNA displacement of pure-chirality SWCNTs by a surfactant

Because pure-chirality SWCNTs were employed, the evolving fluorescence spectra with
time allowed us to extract defined spectral characteristics of the Ei; emission peaks of (n, m)
nanotubes to build simple kinetic models of DNA coating displacement. An example is shown for
T4C4T4-(11,1) enriched species in Figure 2. Clearly identifiable spectral modulations in emission
intensity, line width, and peak position can be observed as DNA coatings being displaced by SDC.
Interestingly, although (9,4) and (11,1) species have the same tube diameter, they showed distinct
optical properties due to different surface coverage of molecules. Specifically, the Ei1 emission
intensity of (11,1) species gradually increased up to 10.9-fold accompanied by a significant
narrowing of spectral line width with a decrease of =29 nm for FWHM and a blue shift of 14 nm
(i.e., the energy difference of AE;; = 11.2 meV) upon displacing DNA from nanotubes (Table S2
and S3). 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 E1 peak for the initial T4C4T4-(11,1) sample
(Figure S1). Regardless, we observed these combined optical phenomena of the brightening of
nanotube PL, the narrowing of line width, and the blue shift in E1; 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 CTTC,TTC-(8,3) hybrid, which did not show an
apparent wavelength shift despite the 14.7-fold increase in E1; emission intensity and a narrower

spectral shape for SDC-coated SWCNT (SDC-SWCNT). Because consistent increase in emission

12



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 Ei1 peak wavelength of SDC-SWCNTs as a

function of time.
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Figure 2. Time-resolved fluorescence spectra for purified T4C4T4-(11,1) species showing distinct
spectral changes in the Ei1 emission peak during DNA displacement by SDC. Samples were

excited at 641 nm.

Each purified (n, m) SWCNT exhibits clear Ei; emission peak during DNA displacement
by surfactant. Figure 3 plots the time dependence of emission intensity ratio ///o of nanotubes at
the E11 peak wavelengths of (n, m) SWCNTs, where [ and I, are the magnitude of emission peaks
corresponding to SDC- and DNA-coated (n, m) SWCNTs. The time traces of increase in intensity
ratio for all SWCNT samples can be modeled using single exponential fit (Table S4, R > 0.9 for

all fits from three repeats). This suggests that our surfactant exchange reaction operates as a
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pseudo-first order reaction as proposed for prior studies on ssDNA displacement kinetics using

SWCNT mixtures [41,42,44]:

k
DNA-(n, m) SWCNT + SDC = SDC-(n, n) SWCNT + DNA

where k is the rate constant corresponding to the inverse time constant 1/t obtained from the

exponential fit.
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Figure 3. Measured (dotted lines) and exponential fits (solid curves) of fluorescence kinetics for
purified DNA-(n, m) SWCNT samples during SDC exchange showing distinct responses in
intensity ratio change for each (n, m) species at the Ei; peak wavelength of nanotubes coated by

SDC.

3.3.Comparison of distinct DNA displacement kinetics for (6,5) enantiomers

Additionally, we tested a pair of (6,5) enantiomers that are coated with the same

recognition sequence TTA(TAT)2ATT to demonstrate the importance of (n, m) chiral structure on
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the interaction of nanotubes with DNA. Because of the difference in coating structure of the same
DNA on the two enantiomers, kinetics of surfactant exchange showed different behaviors for the
two (6,5) samples (Figure 4). Specifically, (+) (6,5) showed a smaller blue shift of nearly 5 nm, a
slightly larger increase in emission intensity (1.6-fold vs. 1.3-fold), and a shorter time constant (=
19 s vs. = 52 s) compared with that of (-) (6,5) sample. These indicate that the hybridization
affinity of the recognition DNA sequence is stronger for the (—) (6,5) than its mirror image (+)
(6,5). The observed difference in DNA displacement kinetics by a surfactant for (6,5) enantiomers
suggests that different enantiomeric forms of the same (n, m) species may induce drastic
differences in interactions between SWCNTs and various molecules of interest. This has potential

implication in developing optical probes for detecting chiral molecules.
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Figure 4. Fluorescence kinetics for purified () (6,5) enantiomers during displacement of the
same TTA(TAT)2ATT coating by SDC showing different responses in intensity ratios at the E1;
peak position of SDC-(%) (6,5). Dotted lines are experimental points and solid curves indicate the

exponential fits for each enantiomer.
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3.4. Analysis of spectral changes in E;; emission peaks of nanotubes with surfactant exchange

The distinct SWCNT chirality determines the diameter, chiral angle, and electronic
structure of each (n, m) species. We plotted average spectral changes in Ei; emission peaks of
DNA-SWCNT recognition pairs after adding SDC as a function of nanotube diameter (d) and
chiral angle (8), respectively, indicating mod (n-m, 3) = 1 and mod (n-m, 3) = 2 semiconducting
nanotubes [15] (Figure 5 and Figure S3). Table S3 summarizes values corresponding to spectral
changes that are obtained from three repeats. Metallic tubes that do not emit PL and have mod
(n-m, 3) = 0 are not considered for this study. A broad range of PL intensity increase (i.e., I/1o)
from 1.3 to 14.7-fold was obtained for purified DNA-SWCNT hybrids tested, however no obvious
correlations with either nanotube diameter or chiral angel were observed. Similarly, we did not
observe obvious pattern for changes in spectral wavelength shift (A4,,), energy shift (AE1), and
line width (AFWHM) as a function of diameter and chiral angel, respectively, for each (n, m)
species tested. This suggests that either diameter or chiral angle of nanotubes alone cannot account
for spectral changes when displacing DNA coatings by surfactant. In addition, we considered the
chirality effect of nanotubes on PL intensity ratios of DNA-SWCNT hybrids after surfactant
exchange, but no obvious pattern was observed (Figure S4). The absence of clear dependence of
spectral changes on nanotube chirality for DNA/SDC exchange suggests the unique complexation

of recognition DNA sequence and specific SWCNT species.
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Figure 5. Spectral changes of E11 emission peaks of purified (n, m) SWCNT species as a function
of nanotube diameter after DNA/SDC exchange at equilibrium. (a) PL intensity ratio increase, (b)
wavelength and (c) energy shift, and (d) narrowing spectral line width of (n, m) species. Closed

and open circles indicate mod 1 and mod 2, respectively.

We compared the interaction behavior of DNA sequences and SWCNTs based on the time
constant obtained from spectral fit, where a longer time corresponds to a stronger binding affinity
of the recognition DNA sequence to a (n, m) species (Figure S5) [42]. 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 CTC5;TC-(7,6) hybrid (Table
S4). 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 [15]. Although similar values

17



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 S5). Previously, larger time
constants were observed for longer DNA length when dispersing SWCNT mixture samples using
6-mer to 60-mer ssDNA sequences [42]. 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) [27,29]. 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 [28,38] of recognition pairs of DNA and SWCNT showed an
ordered 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 CTC3;TC-(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.

18



Additionally, this CTC3TC-(7,6) hybrid highlights the potential of short DNA sequences for

separating and stabilizing pure-chirality nanotubes in aqueous environments.

3.5.0ptical 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 [8,34]. In addition to surfactant solutions, we
characterized optical properties of purified DNA-SWCNT hybrids in cell culture media with and
without serum. We identified CTTC5;TTC-(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 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 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 example of
which is shown for the (—) (6,5) species at both room temperature and 37 °C (Figure S6).
Specifically, a red shift (i.e., increase in wavelength) in E1; 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;1 up to
7.7 meV with 6 hour incubation) [35] in serum-containing cell culture media due to electrostatic
interactions of serum proteins and the phosphate backbone of DNA, which can cause nanotube

aggregation [54]. Overall, negligible changes in absorbance spectra of purified DNA-SWCNT
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hybrids were observed for incubation in cell culture media with serum (Figure S7), suggesting
minimal nanotube aggregation.

However, several purified DNA-SWCNTs exposed to cell culture media without serum
showed decrease in the Eq1 absorbance values indicating the formation of nanotube aggregations
and diminished nanotube stability (Figure S8). 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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Figure 6. Intensity ratio at E1; emission peak position of purified DNA-SWCNTs as a function

of time in 10 % FBS-containing cell culture media at room temperature.
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4. Conclusions

In summary, we have demonstrated the distinct complexation of pure-chirality SWCNTs
and recognition DNA sequences in various aqueous environments, providing valuable insights for
optical and physicochemical properties of many purified DNA-SWCNT hybrids that have not been
achieved previously. Particularly, purified DNA-SWCNT hybrids showed a broad range of
increase from 1.3-fold to 14.7-fold in nanotube PL intensity in the NIR with surfactant exchange.
Moreover, the time constants obtained from fitting intensity increase in NIR fluorescence of
purified DNA-SWCNT hybrids showed more than an order of magnitude difference ranging from
9 to 230 s, clearly showing distinct complexation of each DNA-SWCNT recognition pair. In
addition, purified DNA-SWCNTs incubated in cell culture media with serum showed improved
spectral stability compared to that of serum-free cell culture media. In this work, the potential of
short DNA sequences in manipulating nanotubes was highlighted by a special hybrid CTCsTC-
(7,6), which could have potential application as a stable optical probe for detecting targeted
molecular interactions in biology. It also provides new possibilities of 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 [55,56]. 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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