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ABSTRACT: Sequence-dependent interactions between
DNA and single-wall carbon nanotubes (SWCNTs) are
shown to provide resolution for the atomic-structure-based
sorting of DNA-wrapped SWCNTs. Previous studies have
demonstrated that aqueous two-phase (ATP) systems are very
effective for sorting DNA-wrapped SWCNTs (DNA-
SWCNTs). However, most separations have been carried
out with a polyethylene glycol (PEG)/polyacrylamide (PAM)
ATP system, which shows severe interfacial trapping for many
DNA-SWCNT dispersions, resulting in significant material
loss and limiting multistage extraction. Here, we report a study
of several new ATP systems for sorting DNA-SWCNTs. We
have developed a convenient method to explore these systems
without knowledge of the corresponding phase diagram. We further show that the molecular weight of the polymer strongly
affects the partition behavior and separation results for DNA-SWCNTs in PEG/dextran (DX) ATP systems. This leads to the
identification of the PEG1.5kDa/DX250kDa ATP system as an effective vehicle for the chirality separation of DNA-SWCNTs.
Additionally, this ATP system exhibits greatly reduced interfacial trapping, enabling for the first time continuous multistep
sorting of four species of SWCNTs from a single dispersion. Enhanced stability of DNA-SWCNTs in the PEG1.5kDa/
DX250kDa ATP system also allows us to investigate pH dependent sorting of SWCNTs wrapped by C-rich sequences. Our
observations suggest that hydrogen bonding may form between the DNA bases at lower pH, enabling a more ordered wrapping
structure on the SWCNTs and improvement in sorting (11,0). Together, these findings reveal that the new ATP system is
suitable for searching DNA sequences leading toward more complete resolution of DNA-SWCNTs. A new concept of
“resolving sequences”, evolved from the old notion of “recognition sequences”, is proposed to describe a broader range of
behaviors of DNA/SWCNT interactions and sorting.

■ INTRODUCTION

Single-wall carbon nanotubes (SWCNTs) are a family of
molecules of cylindrical shape with different chiralities.1 Single-
stranded DNA (ssDNA)2−7 has been found to be effective for
the dispersion of SWCNTs through π−π stacking between the
DNA base and the surface of SWCNTs. The DNA wrapped on
SWCNTs enables programmable assembly of DNA-SWCNTs
hybrids, which represents a new approach that could pave the
way toward complex devices and circuits.8−12 The specific
shape and size of the exposed surface of SWCNTs determined
by the structure-defined DNA wrapping enable their
application in molecular sensing.13−18 Real-time detection19

and in vivo optical quantification20 based on DNA-SWCNT
hybrids show advantages in terms of the single-molecule
sensitivity16,17,19 and multiplex detection capability.13,17,19,21 As
all commercially available SWCNT raw materials are mixtures
of various chiralities, most studies of DNA-SWCNTs are based

on mixtures of different chiralities. Efforts on SWCNT sorting
started in 2003, resulting in development of a number of
methods including ion exchange chromatography (IEX),2−7

density gradient ultracentrifugation,22−29 selective extraction
by conjugated polymers,30−33 and gel chromatography.34−37 In
2013, aqueous two-phase (ATP) extraction for SWCNT
sorting was first reported by Khripin et al.38 Since then,
many publications have demonstrated that ATP extraction has
unique advantages over other sorting methods of
SWCNTs.39−47

The ATP extraction method, pioneered by Albertsson,48

uses polymer−polymer phase separation to create two
immiscible aqueous phases of slightly different physical
properties. Separation based on the uneven distribution of
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certain analytes between the top and the bottom phases can
arise from their difference in solvation energy, electrostatic
interaction, and biospecific affinity interaction with the two
phases.49−51 ATP extraction has been successfully applied in
many areas such as the downstream processing of biological
compounds,52−57 separation of metal ions58 and metal
nanoparticles,59 and analysis to determine the chemical
properties or surface properties of the analytes.60,61 Previous
works on ATP separation of SWCNTs have been applied to
both surfactant-dispersed SWCNTs and DNA-SWCNT
dispersions. Compared with surfactants, the enormous size of
the DNA library provides almost infinite ways to coat
SWCNTs. It has already been shown that, once a proper
DNA sequence is chosen, it will yield a top or bottom fraction
with a defined handedness and helicity of the SWCNTs.44,45

The sequence-dependent2−5,44,45,61−64 interaction between
DNA and SWCNTs enables certain special sequences to
form an ordered and resolvable structure on specific SWCNT
species, which is believed to be the basis of the sorting of
DNA-SWCNTs. Molecular modeling3 and atomic force
microscopy2 suggest that the DNA strands bind to the surface
of SWCNTs through π-stacking, resulting in a helical wrapping
structure. Subsequently, more sophisticated molecular dynam-
ics (MD) simulations have also supported this picture.65−68 As
a new emerging technology for sorting carbon nanotubes, ATP
extraction exhibits the following advantages: (1) it is easy to
scale up and automated multistage separation is feasible by
using counter-current chromatography;69 (2) the separation
process does not rely on a complicated instrument and is
mainly driven by the differences in solvation energy, which
exclude the need for external field; (3) it is broadly applicable
to many kinds of SWCNT structures and surface functional-
izations, including both surfactant-dispersed SWCNTs and
DNA-SWCNTs, filled and empty SWCNTs,70,71 and organic
color center (OCC)-tailored SWCNTs;72 and (4) it can purify
SWCNTs of defined handedness and helicity covering the
entire chiral angle range and all electronic types. Previous
works on ATP separation of DNA-SWCNTs have been limited
mainly to the PEG/PAM system. However, one serious
problem is that the stability of the SWCNT dispersion in the
PEG/PAM system is sensitive to the choice of DNA, and most
dispersions suffer from severe interfacial trapping issues that
make multistage sorting impossible. Another problem is that,
unfortunately, the PAM polymer used in the original study by
Ao et al.44,45 has been commercially discontinued, and other
commercial variations of PAM have failed to work for sorting
of DNA-SWCNTs.
In this paper, we report a simple way to set up a new ATP

system without knowledge of its exact phase diagram. After
discovering the dependence of polymer molecular weight on
the partition of SWCNTs, we are able to identify a new
PEG1.5kDa/DX250kDa ATP system that is compatible for the
DNA-SWCNT sorting. The high stability of the DNA-
SWCNT dispersion in this ATP system allows us to realize
multistage sorting of DNA-SWCNTs with minimum interfacial
trapping and to look deeper into the sorting mechanism, both
of which were not feasible with the previous PEG/PAM
system.

■ MATERIALS AND METHODS
ssDNA was purchased from Integrated DNA Technologies.
CoMoCAT SWCNT powders (SG65i grade, lot no. SG65i-L46,
and EG150X grade, lot no. L4) were obtained from Southwest

Nanotechnologies. Sodium chloride (NaCl; BDH Chemicals),
polyethylene glycol (PEG, MW 6 kDa, Alfa Aesar), polyethylene
glycol (PEG, MW 2 kDa, Alfa Aesar), polyethylene glycol (PEG, MW
1.5 kDa, Alfa Aesar), dextran 40k (DX, MW 40 kDa, TCI), dextran
70k (DX, MW 70 kDa, TCI), dextran 250k (DX, MW 250 kDa, Alfa
Aesar), dextran 500k (DX, MW 500 kDa, Alfa Aesar), poly-
vinylpyrrolidone (PVP, MW 10 kDa, Sigma-Aldrich), polyvinylpyrro-
lidone (PVP, MW 40 kDa, Sigma-Aldrich), sodium phosphate
(Na3PO4, Sigma-Aldrich), sodium phosphate dibasic (Na2HPO4,
Sigma-Aldrich), sodium phosphate monobasic (NaH2PO4, Sigma-
Aldrich), phosphoric acid (H3PO4, 85%, MCB Reagents), hydro-
chloric acid (HCl, Fisher Scientific), and sodium hydroxide (NaOH,
Mallinckrodt Chemicals) were used as received.

DNA-SWCNT dispersions were prepared according to the
previously published procedures.44,73 CoMoCAT SWCNT powders
were dispersed in aqueous DNA and salt solutions by sonication.
Typically, the SWCNT concentration was 1 mg/mL, the SWCNT/
DNA mass ratios were 1:2.5 for SG65i and 1:2 for EG150X, and the
salt (NaCl) concentration was 30 mM.

For each ATP system, we need to first identify an operating
condition proximal to the critical point in the phase diagram for
SWCNT separation. Before sorting procedures, two ATP stock
solutions denoted by 10:0 and 7:3 should be prepared. The polymer
composition of 10:0 solution corresponds to the operating condition
for SWCNT separation, and the composition of the 7:3 solution is
calculated according to the condition that 7 parts in weight of the 7:3
solution plus 3 parts in weight of water or SWCNT dispersion yields
the same polymer composition as the 10:0 solution. The
compositions of the 10:0 and 7:3 stock solutions we used in this
work are listed in Table 1. In a typical separation, 3 volumes (typically

60 μL) of SWCNT dispersion is loaded to 7 volumes (typically 140
μL) of the 7:3 stock solution. The difference in density between
SWCNT dispersion and polymer solutions can be neglected for small
volumes used in separation. After phase separation, the top and
bottom phases of the 10:0 stock solution should be stored separately
and used as the blank top and bottom phases in the subsequent
sorting procedures. The detailed preparation process of the ATP
systems is given in the Supporting Information (SI).

In a multistep separation, after loading 3 volumes of the SWCNT
dispersion to 7 volumes of the 7:3 stock solution, the first top fraction
is extracted out. Then, the blank top phase and the modulating agents
such as polyvinylpyrrolidone (PVP) are sequentially added. After
vortex mixing and gentle centrifugation, a new top phase is formed
and extracted. This process can be repeated multiple times to achieve
the desired separation.

UV−vis−NIR absorption spectra were collected on a Cary 5000
spectrophotometer over the wavelength range of 200−1400 nm in 1

Table 1. ATP 10:0 and 7:3 Stock Solutions Used in This
Worka

ATP system polymer, MW 10:0 mass % 7:3 mass %

PEG1.5kDa/DX250kDa PEG, 1.5 kDa 8.57 12.2
DX, 250 kDa 10.1 14.4

PEG6kDa/DX40kDa PEG, 6 kDa 10.4 14.8
DX, 40 kDa 5.52 7.88

PEG6kDa/DX70kDa PEG, 6 kDa 5.50 7.86
DX, 70 kDa 7.50 10.7

PEG6kDa/DX250kDa PEG, 6 kDa 4.03 5.76
DX, 250 kDa 8.19 11.7

PEG6kDa/DX500kDa PEG, 6 kDa 4.06 5.80
DX, 500 kDa 6.40 9.14

PEG/PAM PEG, 6 kDa 7.76 11.1
PAM, 10 kDa 15.0 21.4

aThe concentrations listed here are determined at the 20 °C
temperature set in our lab. Adjustment should be made if one works
at a different temperature.
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nm increments using a 10 mm path length quartz microcuvette.
Typically, each fraction obtained during the separation was diluted by
a factor of 10 before measurement. Blank top and bottom phases of
the corresponding ATP system were also diluted by a factor of 10 and
used as the baseline.

■ RESULTS AND DISCUSSION
Exploration and Evaluation of ATP Systems. Scheme 1

shows the phase diagram of an ATP system made of water and

two polymers P and Q. Our task is to find a good operating
condition O at which the separation of SWCNTs should be
operated without prior knowledge of the binodal curve. A good
operating condition should be close to the critical point K of
the ATP system in order to reduce the cost and the overall
viscosity of the solution and to keep an ≈1:1 volume ratio of
the top phase to bottom phase. However, the good operating
condition should not be too close to the critical point because
otherwise the composition of the ATP system may easily shift
from the two-phase region to the single-phase region in the
subsequent sorting procedure. Due to the lack of the
corresponding phase diagram for a new ATP system and the
fact that the polydispersity of the polymer might differ from
batch to batch, the operating condition needs to be determined
empirically. Scheme S1 depicts the general exploration
procedure for a new ATP system to locate the good operating
condition point O near the critical point K from any starting
point A, by sequentially mixing two concentrated polymer
solutions, diluting, then adding the corresponding polymer,
and so on. Detailed information is provided in the SI. We then
separate SWCNTs at the determined good operating condition
O in this new ATP system, which is denoted as the 10:0 stock
solution. The composition of the more concentrated 7:3 stock
solution C can be calculated by extrapolation.
We search for an “ideal” ATP system for SWCNT sorting by

the following criteria: First, SWCNT dispersions should be
stable in the system; otherwise, precipitation or interfacial
trapping will occur and make sorting or multistage sorting
impossible; second, the components of the system should be
inexpensive and commercially available; and third, in order for

the large number of DNA recognition sequences identified
previously in the PEG/PAM system to be compatible with the
new system, the sorting result in the new system should be
similar to that in the PEG/PAM system.
In this work, we use two previously identified DNA

sequences to test the new ATP systems. One is A/T-based
(TTA TAT TAT ATT), and the other is C/T-based (TTT
CCC TTT CCC CCC). In the PEG/PAM system, left- and
right-handed (6,5) and (8,3) enantiomers45 were obtained
with SWCNT dispersions made with these two sequences from
the top and the bottom phase, respectively (Figure S1). For
these reasons we call TTA TAT TAT ATT and TTT CCC
TTT CCC CCC the (6,5) and (8,3) super sequences,
respectively. We expect that an ideal new ATP system should
also give the same separation results for these two super
sequences.

Reduced Interfacial Trapping in PEG/DX ATP Sys-
tems. Interfacial trapping, i.e., analytes to be sorted becoming
trapped at the interface preventing their equilibrium
partitioning in the two phases, is a common but not well-
understood phenomenon. In Albertsson’s book,48 interfacial
trapping of particles was attributed to inappropriate surface
tensions between the particle and the two phases and between
the two phases themselves. For the DNA-SWCNT dispersion,
the stability of the dispersion plays an important role in
affecting the interfacial trapping. The polymer type may affect
the stability of the DNA-SWCNT dispersion. Compared with
the PEG/PAM system, the PEG/DX system shows signifi-
cantly reduced overall interfacial trapping. However, the
popular PEG6kDa/DX70kDa system widely used for sorting
surfactant-coated SWCNTs44 failed to work for the chirality
sorting of DNA-SWCNTs because the hybrids prefer heavily
the bottom DX-rich phase,45 and the large amount of PVP
needed to extract the SWCNTs from the bottom phase to top
phase often leads to poor resolution of this system. Since the
molecular weight of a polymer strongly affects the partition
behavior, we hypothesize that a solution could entail choosing
PEG and DX of proper molecular weights.

Effect of Polymer Molecular Weight. The PEG/DX
ATP systems consist of a PEG-rich top phase and a DX-rich
bottom phase (Figure 1a). We find that the molecular weights
of DX and PEG strongly affect the partition behavior of a
DNA-SWCNT dispersion in the PEG/DX ATP system. Figure
1b shows the absorption spectra of the second top-phase
extraction (2T) of four ATP combinations formed by
PEG6kDa with DX40kDa, DX70kDa, DX250kDa and
DX500kDa. As the molecular weight of DX increases, more
(6,5) appears in the top phase. This implies that the SWCNTs
are increasingly repelled by the bottom phase. Figure 1c gives
the absorption spectra of the 2T fraction of three ATP
combinations formed by DX250kDa with PEG1.5kDa,
PEG2kDa, and PEG6kDa, respectively. The molecular weight
of PEG shows a reverse effect on the partition behavior of the
DNA-SWCNT dispersion. Although not as dramatic as the
effect of DX molecular weight, the overall trend is that less
(6,5) partitions into the top phase as the molecular weight of
PEG increases. PEG with an average molecular weight less
than 1.5 kDa (such as PEG1kDa, PEG600Da, and PEG400Da)
will precipitate DX and thus form an aqueous/solid two-phase
making the ATP extraction impossible. Using the previously
identified (6,5) and (8,3) super sequences and corresponding
SWCNT dispersions to test different molecular weight
combinations of PEG and DX, we found PEG1.5kDa/

Scheme 1. Schematic Phase Diagram of an ATP System
Made of Water and Two Polymers P and Q
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DX250kDa to be the best combination able to sort
enantiomers of (6,5) and (8,3) from the top and bottom
phases at the same time (see absorption spectra of the top and
bottom phases from different PEG/DX ATP systems in
Figures S2 and S3.). The mechanism of enantiomer separation
is thought to be due to the different wrapping structures of the
chiral DNA on left- and right-handed enantiomers.45

PEG1.5kDa/DX250kDa ATP System. Compared with the
PEG/PAM system, the PEG1.5kDa/DX250kDa system has
the following advantage: DNA-SWCNT dispersion is very

stable in the PEG1.5kDa/DX250kDa system. Among all the
DNA-SWCNT dispersions tested, no visible interfacial
trapping is observed in this system, while severe interfacial
trapping happens in the PEG/PAM system for some
dispersions (Figure S4a,b). This allows us to perform multistep
sorting and obtain more kinds of pure chiralities from the
bottom phases of the PEG1.5kDa/DX250kDa system. CTT
CCC TTC is a sequence identified before for the purification
of (9,4).45 In the PEG1.5kDa/DX250kDa system, although the
purity of (9,4) separated from the top phase is not as good as
that from PEG/PAM system (Figure S4d), the spectra
obtained from the final bottom fraction indicate that the
purity of (6,6) is significantly higher in the bottom phase of
PEG1.5kDa/DX250kDa than that of PEG/PAM (Figure S4e).
Another example (Figure S4f) is that pure (7,5) can be
obtained from the bottom phase of PEG1.5kDa/DX250kDa by
using a previously identified (7,5) recognition sequence
(ATT)4. Previously (ATT)4-(7,5) could only be purified
from the more complex (PEG+PEG-DA)/DX ATP system.44

Multistep Sorting of the DNA-SWCNT Dispersion. The
high stability of the DNA-SWCNT dispersion in the
PEG1.5kDa/DX250kDa system enables multistage sorting
without losing SWCNTs caused by interfacial trapping. Here,
we use the (TCTCCC)2TCT-SG65i dispersion to demon-
strate such a capability. Figure 2a shows the overall elution
profile of this dispersion in the PEG1.5kDa/DX250kDa
system. In a 600 μL scale separation, at the very beginning
all the SWCNTs exist in the bottom phase. By adding 0.015
mg of PVP10kDa, we obtain the second top fraction 2T
containing pure (7,3) (Figures 2b,c). Continuously adding
PVP10 kDa and extracting the top phase out, we obtained
fractions 3T−6T. The 6T is a (6,5)-enriched fraction, which
can be further purified to obtain pure (6,5). The absorption
spectra of fractions obtained from further purification of 6T are
shown in Figure 2d. At the 10th step, by adding 1.5 μL of 1 M
pH = 7 sodium phosphate buffer and 0.02 mg of PVP10 kDa, a
10T fraction highly enriched in (7,4) is obtained. Then sodium
phosphate buffer and PVP10 kDa are sequentially added to the
solution until the bottom phase contains mainly (10,0). The
detailed sorting procedure is provided in Table S1. Figure 2c is
the 2D map plotted using the data in Figure 2a, from which the
elution order of different carbon nanotube species can be
clearly seen. Overall, in the PEG1.5kDa/DX250kDa system,
four kinds of pure SWCNTs are sorted from a single
(TCTCCC)2TCT-SG65i dispersion. This is the first example
showing that more than two kinds of SWCNTs can be resolved
from a single DNA-SWCNT dispersion. To remove the
wrapping DNA, we first precipitate the DNA-SWCNT from
the top phase of the PEG/DX system by adding NaSCN. After
resuspension of the precipitated DNA-SWCNTs, DNA can be
washed off by surfactants such as sodium deoxycholate.

Sorting SWCNTs Wrapped by C-Rich Sequences: pH
Dependence. The preparation conditions of DNA-SWCNT
dispersions are expected to affect the sorting outcome. Here,
we use the PEG1.5kDa/DX250kDa system to demonstrate
that DNA-SWCNT dispersions in different phosphate pH
buffers greatly influence the purification of (11,0) by C-rich
sequences. It is known that phosphate anions partition
preferentially into the DX-rich bottom phase in the PEG/DX
system, thus inducing an electrostatic potential difference
between the top phase and the bottom phase.74−77 The first
possible effect of pH may arise from its influence on the
concentrations of phosphate and mono- and dibasic phosphate

Figure 1. (a) Schematic illustration of PEG/DX systems, in which the
top phase is PEG-rich and the bottom phase is Dextran-rich.
Absobance spectra of the first top fraction obtained after loading TTA
TAT TAT ATT-SG65i (in 0.1 M NaCl) in (b) PEG6kDa/DX40kDa,
PEG6kDa/DX70kDa, PEG6kDa/DX250kDa, and PEG6kDa/
DX500kDa and (c) PEG1.5kDa/DX250kDa, PEG2kDa/DX250kDa,
and PEG6kDa/DX250kDa at the same PVP concentration.
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species. The second effect may come from protonation of
cytidine. The pKa of cytidine is shown in Figure 3a. For poly C
sequences, their pH titration curves clearly show a two-step
process (one at pH 5.7 and the other at pH 3.0).78 Under low
pH conditions, cytidine will be partially protonated and a
hemiprotonated C−C+ base pair may form intermolecular
hydrogen bonding (Figure 3b,c). Formation of such hydrogen
bonding has been shown by X-ray diffraction,79−81 NMR,82,83

and IR measurements78,84−91 and is consistent with our own
Fourier transform infrared spectroscopy (FTIR) of GC11-
SWCNT and C12-SWCNT dispersions made in pH = 7 and
pH = 4 sodium phosphate solutions (Figure S6). As a result,
the pH condition is expected to have a strong influence on the
sorting result. A few C-rich sequences (GC11, AC11, C12, etc.)
have been identified previously in the PEG/PAM system which
show the selection of (11,0). However, the GC11-SWCNT
dispersion usually suffers from low yield in NaCl solution.45 By
using sodium phosphate buffer instead of NaCl, the yield of
the C-rich sequences-SWCNT dispersion is greatly improved.
Figure S5a,b shows the absorption and normalized absorption
spectrum of GC11-EG150x dispersions made by using 0.1 M
NaCl and 30 mM sodium phosphate buffer of different pH
values. Figure 3d shows the absorption spectra of the first top
fractions sorted from GC11-EG150x dispersions made in 30
mM phosphate buffer of different pH values in the
PEG1.5kDa/DX250kDa ATP system (these dispersions were
found to immediately aggregate once loaded into the PEG/
PAM system). We find that, in the PEG1.5kDa/DX250kDa
ATP system, GC11 and some other C-rich sequences (AC11,

C12, etc.) always show a good selection of (11,0) in pH = 4
phosphate buffer (Figures 3d and S5f).
One possible explanation for a better sorting outcome is

that, at a low pH condition, the protonation of C bases may
allow the formation of intra- or interstrand hydrogen bonding
resulting in tighter and more ordered wrapping structures
(Figure 3c) on SWCNTs, leading to better resolution in the
PEG1.5kDa/DX250kDa system. This hypothesis of better
wrapping is also consistent with the better resolution of their
absorption spectra under low pH conditions (Figures S5a,b).
Although the better resolution under lower pH is not so
obvious for other C-rich sequences (Figure S 5d−k), this trend
is still roughly maintained. Previous MD simulations66−68 also
demonstrate that hydrogen bonding enables DNA to form a
tighter and self-stich wrapping structure on the specific
SWCNT. In Figure S5b, we show that the resolution of the
absorption spectrum gradually improves as the pH of the
phosphate buffer varies from 8 to 6. As the pH lowers to less
than 6, the resolution was maintained roughly at the same
level. This indicates that dispersing SWCNTs in low pH
sodium phosphate buffer by a C-rich sequence yields a better
dispersion. The better wrapping under low pH in turn reduces
the spread of the hydration energy of GC11-SWCNTs which
improves overall separation resolution. The special behavior of
the C-rich sequence is also observed by Salem et al.,92 who
reported sequence-dependent structural changes induced by
changes in the solution ionic strength. Among all the
sequences tested, the C-rich sequence shows an abnormal
response to the salt concentration and pH: reducing salt
concentration or lowering the pH results in an increase in the

Figure 2. (a) Absorption spectra of each fraction obtained with continuous addition of PVP during the sorting of (TCTCCC)2TCT-SG65i (in 30
mM NaCl) in PEG1.5k/DX250k. (b) Absorption spectra and photographs of (7,3), (6,5), (7,4), and (10,0) corresponding to the 2T fraction,
fraction purified from 6T, 10T fraction, and 13B fraction, respectively. (c) Contour plot of the spectra shown in part a. (d) Further purification of
the 6T fraction shown in part a.
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photoluminescence of the SWCNTs. They attribute this
phenomenon to the protonation of the cytosine group. Further
experiments showed that the amount of DNA kicked off from
the nanotube surface while lowering the salt concentration is
greatly reduced for C-rich sequences. Their results corroborate
with our observations based on absorption spectroscopy and
ATP separation. In general, the pH effect on sorting appears to
be complex, highly dependent on DNA sequences and the
targeting SWCNT chiralities. We found that other C-
containing sequences previously identified in the PEG/PAM
system for the selection of other chiralities (such as TTT CCC
TTT CCC CCC for (8,3) and CTT CCC TTC for (9,4))44

do not show the same trend as the C-rich sequences (Figure
S5i,j).
Recognition vs Resolving Sequences. The notion of

SWCNT recognition by specific DNA sequences was first
proposed in 2009,5 in order to convey the idea that a certain
DNA sequence is able to form an ordered structure on one
particular SWCNT chirality. This concept was able to explain
most IEX data and is also consistent with many observations.

The ATP-based separation, however, gives rise to many results
that cannot be simply explained by this concept. Sometimes, in
the previously developed PEG/PAM system, a sequence allows
two species to be purified through multistage extraction. One
example is the purification of (8,4) and (7,4) from (GT)20-
SWCNTs,44 and another is the purification of left-handed and
right-handed (6,5) from TTA TAT TAT ATT-SWCNTs.45

Our new result of purification of four SWCNT species in the
PEG1.5kDa/DX250kDa system from a single dispersion makes
it even more clear that the concept of recognition sequences is
too narrow for understanding the sorting mechanism.
We propose that it is more accurate to describe the role of

specific DNA sequences as “resolving” instead of “recognizing”
SWCNTs. To make this point clear, we consider the solvation
energy spectrum93 shown in Scheme 2. It represents the

distribution of solvation energy of a given DNA-SWCNT
dispersion. For a given DNA sequence, each DNA-(n,m)
hybrid may have a distribution of solvation energy around a
mean value instead of a single fixed value, because the
wrapping structure of DNA on the SWCNT may adopt many
conformations. The mean solvation energy values of different
(n,m) species in a synthetic mixture wrapped by the same
DNA are expected to have a certain spread, forming a
spectrum as shown in Scheme 2. An ordered coating structure
on a species (n,m) is expected to yield a narrower solvation
energy distribution and, thus, is less likely to overlap with other
species, making it easier to be purified from a mixture.
Furthermore, if the DNA-(n,m) species happens to be at one
of the two extreme ends of the spectrum (such as the species
labeled (n6, m6) in Scheme 2), it will stand a better chance to
be isolated. This situation corresponds to many sorting
phenomena we observe in PEG/PAM system. In general, as
long as a DNA sequence forms an ordered assembly on the
surface of a certain SWCNT rendering a lower probability to
overlap with the others in the solvation energy spectrum, this
DNA-SWCNT species is more likely to be separable, no matter
where its mean solvation energy is located in the solvation
energy spectrum, provided that interfacial trapping is
minimized to allow multistage extraction.
Interfacial trapping in PEG/PAM prevents us from assessing

the resolving power for many sequences. Irreversible
adsorption in IEX also causes the same problem. This problem
has restricted us to purify only those ordered hybrid structures
that have extreme solvation energies, which in turn gives rise to
the misleading notion that one sequence can only allow one

Figure 3. (a) pKa values of cytidine. (b) Possible hydrogen bonding
formed between hemiprotonated C−C+ base pairs. (c) Schematic of
C-rich sequence wrapped around (11,0)’s surface in the presence of
interstrand hydrogen bonding. (d) Absorption spectra of the first top
fractions obtained from GC11-SWCNTs in different pH 30 mM
sodium phosphate buffers in the PEG1.5kDa/DX250kDa ATP
system.

Scheme 2. Solvation Energy Distribution of Individual
DNA-SWCNT Species, the Separation Window, and the
Effect of Modulator
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particular (n,m) species to be purified. The PEG1.5kDa/
DX250kDa system solves this problem. Sequences with high
resolving power can be identified by the SWCNT sorting
experiments using this newly developed PEG1.5kDa/
DX250kDa system. Quantitatively, we may define the resolving
power of a given DNA sequence as R = ΔE/⟨δE⟩, where ΔE is
the overall range in solvation energy and ⟨δE⟩ is the average of
δE, which is the solvation energy full width at half-maximum
(fwhm) of the individual hybrids (Scheme 2). The quantity R
may allow us to compare the resolving power of different
sequences in the future.
In Scheme 2, we also draw an ATP separation window,

which is defined by the intrinsic parameters of an ATP system,
in order to provide a simple phenomenological description of
the sorting process. If all the solvation energy peaks locate at
the right side (more hydrophilic side) of this window, all
species will stay in the more hydrophilic bottom phase. In
contrast, if all of the peaks locate at the left side (more
hydrophobic side) of this window, all SWCNTs will stay in the
less hydrophilic top phase. If a peak spreads across the ATP
separation window, the corresponding species will partition
between the top and the bottom phases. For the PEG1.5kDa/
DX250kDa system, in most cases, the initial distribution exists
on the right side of its separation window, which means that all
the SWCNTs stay in the bottom phase after they are loaded
onto the ATP system. By adding modulators such as PVP, the
initial distribution is dragged to the left (more hydrophobic
side) as a whole. Ideally, since the amount of PVP added is
little, its impact on the relative position of different species is
negligible. With gradual increase of the PVP content,
SWCNTs are sequentially brought to the top phase until the
last pure fraction or nothing is left in the bottom phase. At this
point, a typical sorting experiment is finished.

■ CONCLUSION AND OUTLOOK
This work provides a simple yet effective method to explore
ATP systems by locating a good operating condition without
knowledge of the corresponding phase diagram. Based on this
method, we have prepared several PEG/DX ATP systems. The
molecular weights of the polymers in these ATP systems have
been proven to affect the sorting results of DNA-SWCNTs. A
new ATP system of PEG1.5kDa/DX250kDa has been shown
to work for the chirality sorting of DNA-SWCNTs. In this
system, we realize the first example of continuous multistep
sorting of four SWCNT species: (7,3), (6,5), (7,4), and (10,0).
In addition, the pH dependent sorting outcome suggests that
the hydrogen bonding formed between hemiprotonated C−C+

base pairs in some C-rich sequences may result in a tighter and
more ordered wrapping structure to enable better purification
SWCNTs under low pH conditions.
However, some DNA-SWCNTs do show different sorting

results in this new PEG1.5kDa/DX250kDa system compared
with PEG/PAM system. This means that some of the
previously identified DNA sequences might not be suitable
for the separation of their corresponding SWCNTs in
PEG1.5kDa/DX250kDa. A systematic screen of the DNA
library is needed in this new PEG/DX system, which may lead
to the discovery of sequences with even higher resolving
power. This will not only push DNA-based SWCNT sorting
toward complete resolution of the synthetic mixture but also
provide the sequences needed for the construction of a
molecular perceptron to enable multiplex sensing by DNA-
SWCNT dispersions.94
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(51) Huddleston, J.; Veide, A.; Köhler, K.; Flanagan, J.; Enfors, S.-
O.; Lyddiatt, A. The molecular basis of partitioning in aqueous two-
phase systems. Trends Biotechnol. 1991, 9, 381−388.
(52) Asenjo, J. A.; Andrews, B. A. Aqueous two-phase systems for
protein separation: a perspective. J. Chromatogr. A 2011, 1218, 8826−
8835.
(53) Matos, T.; Johansson, H.-O.; Queiroz, J. A.; Bulow, L. Isolation
of PCR DNA fragments using aqueous two-phase systems. Sep. Purif.
Technol. 2014, 122, 144−148.
(54) Ventura, S. P. M.; de Barros, R. L. F.; de Pinho Barbosa, J. M.;
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