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ABSTRACT

Stable dispersions of single-wall carbon nanotubes (SWCNTSs) by biopolymers in aqueous
environment facilitate their potential biological and biomedical applications. In this report, we
investigated a small library of precision synthesized glycopolymers with monosaccharide and
disaccharide groups for stabilizing SWCNTs via non-covalent complexation in aqueous condition.
Among the glycopolymers tested, disaccharide lactose-containing glycopolymers demonstrate
effective stabilization of SWCNTSs in water, which strongly depends on carbohydrate density and
polymer chain length as well. The introduction of disaccharide lactose potentially makes
glycopolymers less flexible as compared to those containing monosaccharide and facilitates the
wrapping conformation of polymers on the surface of SWCNTs while preserving intrinsic
photoluminescence of nanotubes in the near-infrared. This work demonstrates the synergistic
effects of the identity of carbohydrate pendant groups and polymer chain length of glycopolymers

on stabilizing SWCNTs in water, which has not been achieved previously.



INTRODUCTION

Single-wall carbon nanotubes (SWCNTs) have gained tremendous attention for both material and
biomedical research and applications, such as bioimaging, biosensor, and drug delivery

applications.'

Particularly, semiconducting SWCNT species have well-defined electronic
structures and optical properties, as well as fluoresce in the near-infrared (NIR), an important
spectral regime where attenuated tissue autofluorescence and deep tissue penetration occur in

biological samples.>!?

However, obtaining effective dispersions of individual SWCNTs in
aqueous environments has been a major challenge given that it is the prerequisite for their
processing and specific applications in vivo. During the past decades, different ways and means,
including covalent and non-covalent methods, have been explored for dispersing SWCNTs in
water. Covalent modification of SWCNTSs often causes permanent change in the carbon lattice,
from sp? to sp® orbital hybridization that may result in optical, electrical, and mechanical
deterioration.'"!> Non-covalent wrapping with surfactants, peptides, and polymers have been
found to be a simple way of stabilizing SWCNTs in water.>*!3"!7 The wrapping of SWCNTs by
polymers driven by the synergy of many interactions, such as van der Waals attractions,
multivalent n-n stacking, and hydrophobic interactions, presumably enhance the aqueous solubility
of SWCNTs without disrupting the m-system of the tube. Some conjugated polymers showed
significantly higher energy of interaction with nanotubes compared to that of small molecules
leading to better solubilization of SWCNTs in solvents.'* Furthermore, creating water-soluble

polymer-wrapped SWCNT complexes utilizing biocompatible, biomimetic and biological active

polymers will provide vast potentials in biological and biomedical research and application.

The basis for the wrapping mechanism of polymers on the surface of SWCNTs via non-

covalent complexation in liquid media has been the subject of many studies. The formation of a
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well-ordered DNA structure wrapped around SWCNTs has been demonstrated extensively by both

118720 21-23

computationa and experimental work leading to comprehensive carbon nanotube sorting
and developing novel optical sensors of biomolecules.!**2¢ In addition, molecular dynamics
simulations of natural polysaccharides, such as chitosan and amylose chains, and SWCNTs in
aqueous environments revealed the encapsulation of nanotubes via the helical wrapping
conformation.?’?® Experimental work on imaging of SWCNTs complexed with polysaccharides
also suggested a helical coating pattern.'>?° The helical wrapping of SWCNTs has been accounted
for many interactions including van der Waals attraction and hydrophobic interactions between
polysaccharides and SWCNTs, as well as possible hydrogen-bonding in carbohydrates that
stabilizes the helical motif. Aqueous dispersions of polysaccharide-SWCNT complexes are
further stabilized due to the hydrophilic hydroxyl groups of carbohydrates being exposed to

water.2728

Glycopolymers, namely polymers with carbohydrate pendant groups, have been
extensively used as glycoconjugate mimetics for different biological applications.’*3? It is
generally accepted that synthetic glycopolymers can mimic the functions of naturally occurring
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glycoconjugates™* and have been employed for biosensor and drug delivery applications and bio-

functionalization of nanomaterials of different interests.3?->

Non-covalent complexation of
SWCNTs by glycopolymers is of interest due to the potential of polymer backbone to form a
wrapping structure on the nanotube surface, while hydrophilic groups being exposed to water for
entropic stabilization of polymer-SWCNT complexes. Synthetic glycopolymers also provide
greater structural tunability compared to natural glycoconjugates. Therefore, glycopolymers are

of choice for producing stable aqueous dispersions of SWCNTs. However, the interplay of both

the carbohydrate pendant groups and polymer chain length on creating stable carbohydrate-coated



SWCNT complexes in aqueous environments has not been explored previously. Herein, we report
a systematic design of glycopolymers of various chain lengths having different sugars for stable
aqueous dispersions of SWCNTs. Specifically, the same polymer scaffold (i.e., polyacrylamide
backbone) was functionalized with monosaccharide and disaccharide groups to produce a total of
fourteen glycopolymers with different carbohydrate ligand densities and polymer chain lengths.
We found that carbohydrate ligand density and polymer chain length play a synergistic role in
interactions with SWCNTs and creating stable glycopolymer-wrapped SWCNT complexes in
water that incorporate the NIR fluorescence of nanotubes and the unique carbohydrate
functionality of glycopolymers. Additionally, the distinct complexation of glycopolymers and
SWCNTs was examined by monitoring the optical modulation of glycopolymer-SWCNT
complexes upon interacting with surfactants and single-stranded DNA. Our findings provide
important insights into creating stable, water-soluble SWCNT complexes with carbohydrate
functionalities that can be potentially utilized as fluorescent probes in biological applications, such

as profiling specific carbohydrate-protein interactions.

EXPERIMENTAL SECTION

Synthesis of Glycopolymers. All solvents and reagents were purchased from Sigma-
Aldrich (USA) and were used as received. Deionized (DI) water with a resistivity of 18 MQ 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
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polymerization (CFRMP) scheme in one-pot fashion as previously reporte 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).3%3! Particularly, glycocopolymers (i.e., AM/Glyco-AM)
expressing different densities of carbohydrate ligands (i.e., y/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. The oxidation of
homopolymer Lact-AM 53 was performed by dissolving 10 mg of polymers in a total volume of
1 mL solution of 0.03 mol/L sodium periodate in DI nanopure water. The mixture was protected
from light and stirred overnight at room temperature for reaction followed by 48 h of dialysis. The
purified oxidized Lact-AM 53 (i.e., Lact-AM 53-Ox) homopolymer was freeze-dried for SWCNT

dispersion.

Aqueous Dispersion and Characterization of Glycopolymer-SWCNT Complexes.
Pristine CoMoCat SWCNT powder (SG651 grade, lot no. SG65i-L39), that is enriched in small
diameter (6,5) chirality species, was purchased from CHASM Advanced Materials. SWCNT
powder was dispersed in a total volume of 1 mL aqueous solutions of synthetic glycopolymers by
tip sonication (model VCX 130, Sonics and Materials, Inc.) in an ice bath for 40 min at a power
level of 8 W using a 2-mm diameter probe. The SWCNT:glycopolymer mass ratio was 1:4 for all
dispersions, with the SWCNT concentration being either 0.1 or 0.25 mg/mL. Specifically, 0.25
mg/mL SWCNTs were dispersed in AM/Lact-AM copolymers that are denoted as 4:1, 17:1, 20:1,

and 25:1 due to the availability of enough quantities of synthetic polymers. The rest of the



dispersions was prepared using 0.1 mg/mL SWCNTSs. Supernatant dispersions were collected after
90 min centrifugation at 17,000 g and 19 °C in 100 pL aliquots and used as stock samples. The
differences in starting SWCNT quantities in four Lact-copolymers mentioned above were
accounted for by dividing absorbance values across the entire spectral wavelengths by 2.5 when
comparing the dispersion outcome of various Glyco-SWCNT complexes. The capability of each
glycopolymer in dispersing SWCNTSs was examined by producing three repeats of each sample.
In addition, 0.36 mg/mL free sugar -lactose, 0.04 mg/mL polyacrylamide (PAM) backbone (MW
44.7 kDa), and their mixtures of 0.36 mg/mL free sugar-0.04 mg/mL PAM were tested for

stabilizing 0.1 mg/mL SWCNTs in water.

Optical spectroscopy characterization including vis-NIR absorbance and NIR fluorescence
measurements were performed on a NS3 NanoSpectralyzer (Applied NanoFluorescence, LLC)
using a 10 mm path length quartz cuvette. A fixed excitation wavelength of 532 nm laser was
used for acquiring NIR fluorescence spectra. The concentration of SWCNTs in aqueous
glycopolymer solutions was calculated using an extinction coefficient of 0.02554 L mg ' cm™! at
800 nm wavelength.’® All samples were diluted by 10 times in DI water for spectroscopy

measurements unless indicated otherwise.

Interactions of Glycopolymer Coatings with Surfactants and DNA. Sodium
deoxycholate (SDC) (98%, BioXtra) and sodium dodecyl sulfate (SDS) used for
glycopolymer/surfactant interactions were acquired from Sigma-Aldrich. Single-stranded DNA,
(GT)20 sequence, used for glycopolymer/DNA interactions was purchased from Integrated DNA
Technologies. Stock solutions of 10 mass% SDS, SDC, and DNA, respectively, were prepared
for glycopolymer coating modulation at room temperature. Initially, stock SWCNT samples

prepared in glycopolymers (i.e., AM/Lact-AM 4:1 copolymer and Lact-AM 415 homopolymer)
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were diluted with a factor of 10x in DI water. Then a small aliquot of 3 uL solutions of dispersing
agents (i.e., SDS, SDC, and DNA) was added to 300 pL of diluted glyco-SWCNT samples,
respectively, to obtain a final concentration of 0.1 mass% dispersing molecules. The mixtures
were bath sonicated for 1 hour at room temperature for optical spectroscopy characterization. In
addition, aqueous dispersions of 0.4 mg/mL (GT)2 - 0.1 mg/mL SWCNTSs were prepared by tip
sonication in an ice bath for 40 min at a power level of 8 W and supernatant dispersions were
collected after centrifugation at 17,000 g for 90 min. The stock supernatant samples of (GT)2o-
SWCNTs were diluted with a factor of 10x in DI water. Then a small aliquot of 3 uL. aqueous
solutions of 10 mass% glycopolymers (i.e., AM/Lact-AM 4:1 copolymer and Lact-AM 415
homopolymer) were added to a 300 uL sample of diluted (GT)20-SWCNTs, respectively, to obtain
a final concentration of 0.1 mass% polymers. The mixture was bath sonicated for 1 hour at room

temperature for DNA/glycopolymer coating interaction experiments.

RESULTS AND DISCUSSION

Early work on dispersions of carbohydrate-coated SWCNTSs has demonstrated the wrapping of
nanotubes by natural polysaccharides with glucose units, such as schizophyllan, curdlan, amylose,
and starch.!>*373% Dispersions of SWCNTs by these polysaccharides often required the activation
of helical structure formation by complexing with iodine or modulating the solvent property, such
as adding dimethyl sulfoxide in water. These glucose-containing polysaccharides adsorbed on
SWCNTs via van der Waals interactions and formed ordered, helical structures through
interactions of the hydrophobic face of the pyranose rings (i.e., the 2-OH side of the glucose unit)

27,39

and the hydrophobic surface of nanotube. Furthermore, the helical conformation of



polysaccharides was potentially stabilized by hydrogen-bonds formed between adjacent residues.?’
Based on these previously known stabilization approaches of SWCNTSs by polysaccharides, we
examined the capability of synthetic glycopolymers with monosaccharide and disaccharide groups
in dispersing nanotubes in water (Figure 1a). Two types of glycopolymers were investigated in
this work: ten copolymers from acrylamide (AM) and glycosylacrylamide monomers (i.e.,
AM/Glyco-AM) and four homopolymers from lactosylacrylamide (i.e., Lact-AM) monomer only.
Table 1 lists the glycopolymers used for producing aqueous dispersions of SWCNTs in this work.
For copolymers, four of them are monosaccharide-containing polymers synthesized from D-
galactose (Gal), D-glucose (Glc), N-acetyl-D-glucosamine (GIcNAc), and D-mannose (Man),
respectively. Six disaccharide-containing copolymers were synthesized from B-lactose (Lact),
which contains both Glc and Gal, to produce polymers with various sugar densities (i.e., y/x ratios
of Lact-AM and AM units) and polymer chain lengths (i.e., repeating unit n). In addition, Lact-
homopolymers with four different chain lengths were synthesized to elucidate the role of polymer

length on stabilizing SWCNTSs while maintaining a constant sugar density.



Table 1. List of glycopolymers used for producing aqueous dispersions of SWCNTs.

Rs gH Glycopolymers
Rﬁég& Glc, Ry = H, Ry = OH, R3 = H, Ry = OH
R, “NH GIcNAc, R = H, Ry =NHAG, Rs = H, Ry = OH
N o o Gal, Ry = H, R, = OH, Ry = OH, Ry =H
Man, R, = OH, R, = H, R; = H, R, = OH
Lact, R, = H, R, = OH, R, = H, R, = O-Gal
N - Jroen
Polymer Characterization
Glycopolymers Abbreviations Acrylamide Glycosyla Chain MW"
. crylamide Length (Da)
¥ n
Glc-copolymer - 3 1 50 23.3k
Man-copolymer - 4 1 87 44 .2k
Gal-copolymer - 4 1 50 26.8k
GlcNAc-copolymer - 6 1 63 442k
Lact-copolymer (25:1) AM/Lact-AM 25:1 25 1 53 112.6k
Lact-copolymer (20:1) AM/Lact-AM 20:1 20 1 25 44.6k
Lact-copolymer (17:1) AM/Lact-AM 17:1 17 1 29 45.7k
Lact-copolymer (7:1) AM/Lact-AM 7:1 7 1 5 4.9k
Lact-copolymer (4:1) AM/Lact-AM 4:1 4 1 1.5k
Lact-copolymer (1:2) AM/Lact-AM 1:2 1 2 4.5k
Lact-homopolymer (0:9) Lact-AM 9 0 1 3.7k
Lact-homopolymer (0:53) | Lact-AM 53 0 1 53 21.1k
Lact-homopolymer (0:85) | Lact-AM 85 0 1 85 33.7k
Lact-homopolymer (0:415) | Lact-AM 415 0 1 415 164.1k

*I. Average molecular weight determined by '"H NMR spectrum of the glycopolymer

Glycopolymer-wrapped SWCNT complexes (Glyco-SWCNTSs) were prepared by probe tip
sonication of SWCNTs in aqueous solutions of glycopolymers above. Dispersions of each Glyco-
SWCNT sample were performed in three repeats. For SWCNTs prepared in aqueous solutions of
monosaccharides-containing copolymers, nanotubes formed pellets upon centrifugation resulting
in clear supernatant solutions (Figure 1b). It is noteworthy to mention that Glc-copolymer
produced a SWCNT dispersion of faint grayish color, however, the dispersion outcome was not

significant. In addition, copolymers with other monosaccharides (Gal, GIcNAc, Man) did not
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result in effective dispersions of SWCNTs in water. Interestingly, when a disaccharide Lact-
copolymer (i.e., AM/Lact-AM 17:1) was utilized, we consistently obtained dark supernatant
dispersions of SWCNTs in water (Figure 1b). We found that the identity of carbohydrate groups
plays an important role in encapsulating SWCNTSs because a glycopolymer with Lact residue
composed of Glc and Gal stabilized nanotubes while those with monosaccharide Glc and Gal,
respectively, did not produce stable dispersions of SWCNTSs (Figure S1). We speculated that the
disaccharide Lact potentially makes glycopolymers less flexible and imposes a special wrapping
conformation on the nanotube surface while promoting multivalent interactions between

hydrophobic faces of sugar rings and the hydrophobic surface of SWCNTs (Figure 1c).

NHAc

H Glycopolymers or O o o n
jH o % oom |, %OH H%/Q&WOH Bulk  Supernatant
- p o> o
—

H
NH Gal Glc GlcNAc

HN
‘ ° ° 8'—'—" T gH /égw‘OH
" O .0H  HO Qo
OCN Qo OH

X yn Man Lact

Colloidal single-wall carbon nanotube
(SWCNT) 27 ™

SWCNT + Glc-P

SWCNT + Lact-P

Figure 1. Glycopolymers and Glyco-SWCNT complexes. (a) Chemical structures of
glycopolymers with monosaccharide and disaccharide. (b) Photographs of bulk dispersions
without centrifugation and supernatants collected after centrifugation of SWCNT samples tip
sonicated in Glc- and Lact-copolymers. (¢) Helical wrapping of a SWCNT by Lact-copolymers.

The corresponding absorbance and fluorescence spectra of aqueous dispersions of
SWCNTs in Lact-copolymer (i.e., AM/Lact-AM 17:1) showed characteristic optical transition
peaks of nanotubes (Figure 2 and Figure S1). Particularly, Ei1 and E2 transition peak features of

semiconducting tubes were clearly shown for Lact-SWCNT complexes in Figure 2a. These sharp,
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discrete absorption peaks obtained for Lact-SWCNTs, compared with little to no absorption peaks
obtained for nanotubes in monosaccharide-containing copolymers, are indicative of uniform
dispersions of SWCNTs stabilized by Lact-copolymers. In addition, well-dispersed Lact-
SWCNTs exhibited nanotube photoluminescence in the NIR region indicating individually
dispersed nanotubes in water (Figure 2b). Although optical transition peaks with low absorbance
values were observed for one Glc-SWCNT sample, other dispersion trials resulted in samples
without clear peak features in both absorption and fluorescence spectra, similar to those obtained
from SWCNTs prepared in other copolymers with monosaccharide (Figure 2). In addition, we
examined capabilities of free sugar -lactose, PAM backbone as well as a mixture of free B-lactose
and PAM in dispersing SWCNTs, however, none of them resulted in aqueous dispersions of
nanotubes (Figure S1). Consequently, we selected Lact-polymers to study the roles of
carbohydrate identity and specific polymer characteristics in stabilizing SWCNTSs in aqueous

environments.
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Figure 2. Optical characterization of Glyco-SWCNT samples. (a) Normalized absorbance spectra
and (b) the corresponding fluorescence spectra of SWCNT samples prepared in aqueous solutions
of copolymers with monosaccharide (Gal, Glc, GIcNAc, Man) and disaccharide (Lact). Before
normalization, both absorbance and fluorescence values across the entire spectral wavelengths for
Lact-SWCNTs were divided by 2.5 to account for the difference in nanotube concentration used
in initial dispersions. Lact-copolymer used here is AM/Lact-AM 17:1.

Specifically, we created a library of lactose-containing polymers to further investigate the
important roles of carbohydrate ligand density and polymer chain length in effectively stabilizing
SWCNTs in water (Figure 3). The resulting Glyco-SWCNT complexes exhibited nanotube
photoluminescence in the NIR. Absorbance and fluorescence spectra of various complexes are
shown in Figure S2 and Figure S3. In general, we observed enhanced dispersion quality and yield
of SWCNTs as a function of increasing sugar density when Lact-copolymers (AM/Lact-AM) with
different sugar densities, y/x, were used to stabilize SWCNTs (Figure 3a). These are indicated by
the narrowing of spectral line widths of absorption transition peaks and stronger intensities of

Glyco-SWCNTs obtained in Lact-copolymers with higher sugar densities. Subsequently, we

13



plotted absorbance values of the maximum E1; peaks at wavelengths ranging from 998 to 1010 nm
for various Glyco-SWCNT dispersions as a function of sugar density (Figure 3b and Figure S2).
We observed a monotonic increase in absorbance values at the maximum E1; peak with increasing
sugar density for SWCNT samples dispersed by Lact-copolymers, indicating an increase in the
dispersion yield of nanotubes. Particularly, two Lact-copolymers, 25:1 and 20:1, with the lowest
sugar density y/x values of 0.04 and 0.05, respectively, did not disperse SWCNTs despite their
long polymer chain lengths of #n being 53 and 25, respectively. On the other hand, the two highest
dispersion yields of SWCNTSs were obtained for Lact-copolymers, 7:1 and 1:2, regardless of their
short polymer chain length (i.e., n = 5), due to their high sugar densities (i.e., y/x = 0.14 and 2,
respectively). Specifically, AM/Lact-AM 1:2 polymer stabilized roughly 32.7 + 14.0 mg/L
SWCNTs in water, which corresponds to a dispersion yield of = 33% of the starting SWCNT
material. However, an exception from this general trend was observed for SWCNT samples using
the AM/Lact-AM 4:1 polymer, the short chain length (n = 2) of which likely hindered the effective
dispersion of nanotubes via the formation of helical wrapping despite its relatively high sugar
density (i.e., y/x = 0.25). These findings suggest that a glycopolymer with a polymer chain length
of as small as n = 5 can effectively stabilize SWCNTSs via wrapping around a nanotube, given that
the specific polymer contains a sufficient amount of sugar density. These results provide important
insights into the synergistic effects of carbohydrate ligand identity (i.e., sugar unit and density)
and polymer chain length of glycopolymers in creating stable Glyco-SWCNT complexes in

aqueous environments.

Based on this observation, we next investigated the effect of homopolymer chain length on
stabilizing SWCNTs in water using Lact-homopolymers while maintaining the sugar density

(Figure 3c,d and Figure S3). As shown in Figure 3¢, changes of normalized absorbance spectra
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were observed for aqueous dispersions of SWCNTs by Lact-homopolymers with different chain
lengths of n ranging from 9 to 415. Specifically, SWCNTs stabilized by homopolymers Lact-AM
85 and 415 (longer chain lengths n = 85 and 415) exhibited narrower spectral line widths and
stronger peak intensities at the maximum Ei; peak, indicating well-dispersed Glyco-SWCNT
complexes. We further observed a sharp increase of absorbance values at the maximum Ei; peaks
for Glyco-SWCNTs as a function of increasing polymer chain length up to n = 85, followed by a
minor increase in absorbance value with n =415 (Figure 3d). This indicates that the formation of
an ordered folding structure of Lact-homopolymer on the nanotube surface is enhanced with
increasing polymer chain length up to roughly » = 85, after which the dispersion efficiency of
SWCNTs remains relatively stable. The concentration of nanotubes in aqueous dispersions of
SWCNTs stabilized by Lact-AM 415 was determined to be 37.6 £ 7.0 mg/L, corresponding to a
nanotube dispersion yield of = 38%. We also observed no obvious changes in absorption peak
features of SWCNT samples over a period of five weeks, indicating the long-term stability of

nanotubes stabilized by Lact-AM 415 in water (Figure S4).

It was reported that the hydrophobic interaction between the carbohydrate pyranose rings
and the surface of nanotubes contributes in stabilizing SWCNTs by polysaccharides.”® Therefore,
a preliminary study to break the pyranose ring in Lact-AM 53 homopolymer by periodate was
investigated. Briefly, carbohydrate residues in solutions of glycopolymers were chemically
oxidized by sodium periodate (30 mM) in deionized (DI) H>O at room temperature overnight.
After reaction, excess periodate was removed by dialysis against DI H>O and the reaction solution
was lyophilized to obtain oxidized Lact-AM 53 (i.e., 53-Ox). Absorbance values at the maximum
E11 peaks of SWCNTs dispersed by Lact-AM 53-Ox decreased slightly compared to those of

nanotube samples in Lact-AM 53 (Figure 3d). This no significant change could be due to the
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incomplete oxidation of sugar rings of Lact-AM 53-Ox that has relatively long polymer chain
length (i.e., n = 53), resulting in the slightly lower level of stabilization of SWCNTs via the
remaining portion of carbohydrate ring structures. However, this does indicate that the
hydrophobic interaction between the carbohydrate rings and the surface of nanotubes is one of
many interactions involved in stabilizing SWCNTs by glycopolymers. Future work on utilizing
oxidized glycopolymers of short chain length with a controlled degree of oxidation should be
conducted to provide further insights on the effect of hydrophobic interactions exerted by sugar
rings on stabilizing SWCNTs in aqueous environments. Together, our findings demonstrated the
roles of carbohydrate identity and polymer chain length of glycopolymers on stabilizing SWCNTSs

in water through facilitating the helical wrapping conformation of polymers.
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Figure 3. Optical characterization of aqueous dispersions of SWCNTs by Lact-glycopolymers
with various Lact densities (i.e., y/x) and polymer chain lengths (i.e., n). (a) Normalized
absorbance spectra and (b) absorbance values at the maximum E;; peak wavelength of
SWCNT/Lact-copolymer samples as a function of Lact density in the copolymer. (c¢) Normalized
absorbance spectra and (d) absorbance values at the maximum E;; peaks of SWCNT/Lact-
homopolymer samples as a function of polymer chain length. Absorbance values in (b) and (d)
were obtained from original spectra of stock samples that were diluted by a factor of 10 in DI
water. As a guide for the eye, logarithmic fits were applied to the data. The error bars were
obtained from minimum and maximum values of three repeats.
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Furthermore, we investigated the strength of the interaction between SWCNTs and
glycopolymers by measuring optical spectral changes of Glyco-SWCNTs upon addition of sodium
deoxycholate (SDC), sodium dodecyl sulfate (SDS), and single-stranded DNA of (GT)2o ,
respectively (Figure 4). These molecules are often used to produce well-dispersed nanotubes in
water through noncovalent complexation. Among these molecules, SDC is a surfactant known to
bind strongly to the surface of SWCNTSs and SDS is a weaker surfactant in coating nanotubes

compared to SDC in an aqueous environment.’'?

(GT)20 DNA is a well-known recognition
sequence that can effectively disperse and purify a specific SWCNT chirality species due to its
ability to fold onto a nanotube to form a stable DNA-wrapped SWCNT hybrid.?!*?> Both SDC and
SDS have been utilized previously to study the binding affinity of DNA sequences to SWCNTs
through displacing DNA coatings by surfactants using absorption and fluorescence
spectroscopy.**** Particularly, measuring fluorescence spectral changes in the NIR has been
proven to be an efficient way to probe the complexation affinity of a dispersing molecule and a
nanotube. Various coating materials and solvents provide different local dielectric properties
surrounding SWCNTs. The nanotube photoluminescence is highly sensitive in detecting small
changes in the environmental dielectric constant in the form of spectral changes, such as

solvatochromic shifts (i.e., spectral shift) and changes in spectral width and intensity.*>4

First, we investigated the surfactant effect with two Glyco-SWCNT complexes that were
prepared from AM/Lact-AM 4:1 copolymer and Lact-AM 415 homopolymer, representing poorly
and well-dispersed nanotubes, respectively. Particularly, SWCNTs dispersed in Lact-AM 415
homopolymer showed sharp absorption peaks indicating individually dispersed tubes. On the
other hand, absorption peaks of SWCNT samples obtained in AM/Lact-AM 4:1 showed broader

spectral line widths indicating small bundles and possible aggregations of nanotubes (Figure 4a
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and 4b). Absorbance values at the maximum E1 peaks remained relatively stable when surfactants
were added to Glyco-SWCNT samples. However, we found that SDC can effectively displace
glycopolymer coatings from nanotubes in both Glyco-SWCNT complexes as indicated by the
spectral blue shifts (i.e., decrease in wavelength) of the maximum E1; absorption peaks of nearly
8 and 15 nm, respectively for SWCNTs dispersed in Lact- copolymer and homopolymer (Figure
4c and 4d). Furthermore, the displacement of glycopolymer coatings from the surface of SWCNTSs
by SDC was clearly demonstrated by fluorescence spectroscopy which showed a spectral blue shift
of nearly 21 nm and a 16.7-fold increase in emission intensity for SWCNTs dispersed in Lact-
homopolymer as compared to a blue shift of roughly 13 nm and a 2.4-fold intensity increase for
nanotube dispersions in Lact-copolymer (Figure 4e and 4f and Table S1). Particularly, the
maximum E;; peak wavelength after displacing Lact-AM 415 coatings by SDC shifted to 985 nm
corresponding to the E11 peak of SDC-coated (6,5) species, which is the most abundant nanotube
species (i.e., = 40 % of nanotube species) in the starting SWCNT material (Table S1).2!** The
emission peaks obtained for SDC-coated SWCNTs after displacing Lact-AM 415 homopolymer
are much sharper than those of nanotube samples obtained by replacing AM/Lact-AM 4:1
copolymer coatings. These observations suggest that starting from individually dispersed
SWCNTs facilitates an efficient glycopolymer/surfactant exchange reaction and leads to an
improved surface coverage of nanotubes by surfactant coatings. This is demonstrated by the
significant increase in fluorescence intensity of SWCNTs after displacing Lact-AM 415
homopolymer, where nanotubes were protected from fluorescence quenching species in
surrounding environments by SDC coatings. In comparison, no obvious changes were observed

for absorption and fluorescence spectra of Glyco-SWCNT complexes after adding a weak
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surfactant SDS, indicating that SDS was less likely to displace glycopolymer coatings on SWCNTSs

(Figure 4 and Table S1).

Then, we investigated with (GT)20 DNA and observed a decrease of roughly 1.7-fold in
fluorescence emission intensity at the maximum Ei; peak for SWCNT samples prepared in
AM/Lact-AM 4:1 copolymer when (GT)>o DNA was added to Glyco-SWCNT complexes (Figure
4 and Table S1). The spectral changes in nanotube photoluminescence are caused by changes in
dielectric environments of water surrounding nanotubes. The decrease in emission intensity is
likely due to possible interactions between loosely bound AM/Lact-AM 4:1 copolymer coatings
and DNA leading to the reduced surface coverage of SWCNTSs and nanotube aggregations.
However, we speculate that displacement of Lact-copolymer on the nanotube surface by DNA is
not likely the case in this work. Oppositely, we prepared aqueous dispersions of (GT)20-SWCNT
hybrids and added AM/Lact-AM 4:1 copolymer and Lact-AM 415 homopolymer, respectively
(Figure S5). As a result, no obvious changes were observed for absorbance spectra of (GT)2o-
SWCNT samples upon adding glycopolymers. Surprisingly, SWCNT fluorescence measurements
revealed a nearly 6.7-fold increase in emission intensity when Lact-AM 415 homopolymer was
added to (GT)2-SWCNTs, indicating that Lact-AM 415 binds to nanotube stronger than (GT)2o
DNA and further replace DNA coatings from the surface of SWCNTs (Figure S5d). This is also
supported by the optical spectra of SWCNT samples obtained from direct dispersion in these two
biopolymers. Specifically, nanotubes dispersed in Lact-AM 415 showed better dispersion quality
exhibiting a sharper peak feature and higher emission intensity than that of (GT)2o-dispersed tubes

(Figure S6).

Combined, our results suggest that the binding affinities of certain glycopolymers to

SWCNTs could be similar to that of weak surfactant SDS as no obvious spectral changes were
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observed after adding SDS in Glyco-SWCNT samples. Moreover, glycopolymers with proper
structures could interact stronger with SWCNTs in water compared to well-known dispersants of
nanotubes, including DNA. Our future work will focus on the rational design of glycopolymers
with unique carbohydrate functionality and polymer structures, including the synthesis of
glycopolymers with trisaccharide groups, for complexation with SWCNTs. The creation of stable,
water-soluble Glyco-SWCNT complexes with distinct optical and carbohydrate functionalities
will open many possibilities in biological and biomedical applications such as biochemical sensing

and imaging advancement.
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Copolymer (AM/Lact-AM 4:1) Homopolymer (Lact-AM 415)

Normalized
Absorbance (a.u.)

Normalized
Absorbance (a.u.)

900 1000 1100

Normalized Emission
Intensity (a.u.)

900 1100 1300 900 1100 1300
Wavelength (nm) Wavelength (nm)
--------- SDC Before —— SDC After
--------- SDS Before —— SDS After
--------- DNA Before ——DNA After

Figure 4. Optical characterization and different coating interactions of Glyco-SWCNT complexes
prepared from copolymer (AM/Lact-AM 4:1) (a, ¢, e) and homopolymer (Lact-AM 415) (b, d, f))
with surfactants and DNA. Normalized absorbance spectra of SWCNTs complexed with (a)
AM/Lact-AM 4:1 and (b) Lact-AM 415 before and after adding a final concentration of 0.1 mass
% SDC, SDS, and (GT)20 DNA, respectively, and (c,d) the corresponding spectra in the 900 to
1100 nm wavelength range. Normalized fluorescence spectra of SWCNTs complexed with (e)
AM/Lact-AM 4:1 and (f) Lact-AM 415 before and after adding a final concentration of 0.1 mass
% SDC, SDS, and (GT)20 DNA, respectively.
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CONCLUSIONS

In summary, we have demonstrated the complexation of glycopolymers and SWCNTs in water
utilizing synthetic glycopolymers containing monosaccharide and disaccharide groups.
Particularly, we investigated a range of monosaccharide- and disaccharide lactose-containing
glycopolymers and revealed the synergistic effects of carbohydrate identity and polymer chain
length on stabilizing SWCNTs in water. Glycopolymers with monosaccharide did not produce
effective dispersions of SWCNTs. When disaccharide lactose was introduced, well-dispersed
SWCNTs were obtained and the dispersion outcome was strongly dependent on both the sugar
density and the polymer chain length. Moreover, Lact-copolymers with chain length as short as n
being 5 enable the production of stable, water-solution Glyco-SWCNT complexes, given that the
glycopolymer possess a sufficient amount of sugar density. The highest dispersion yield of
SWCNTs was obtained in aqueous solutions of Lact-AM 415 homopolymer, which was found to
be able to displace (GT)20 DNA, a well-known dispersant of SWCNTs, from the surface of
nanotubes. Taken together, this work demonstrated the important roles of both carbohydrate
ligand identity and polymer chain lengths of glycopolymers in stabilizing SWCNTs through the
formation of helical wrapping structures on the nanotube. The resulting stable, water-soluble
Glyco-SWCNT complexes possess the intrinsic fluorescence properties of nanotubes. These
findings offer important insights into designing biomimetic glycopolymers of specific structures
and creating fluorescent, carbon-based nanocomplexes of distinct optical properties and

carbohydrate functionalities for developing potential applications in biology.
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