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M
uch work has been dedicated to
developing methods for fractio-
nating single-wall carbonnanotubes

(SWCNTs) based on their “chirality”, or mo-
lecular structure,1�3 culminating in the re-
cent isolation of nanotubes of nearly uniform
chirality.4�9 However, many emerging appli-
cations and fundamental studies require
SWCNTs that are sortedby length. Longnano-
tubes are preferable for electronics appli-
cations;10 they are also brighter fluore-
scently11�13 which may be an important
consideration for in vivo bioimaging appli-
cations.14 On the other hand, short SWCNTs
have been shown to preferentially enter
mammalian cells.15 Thus, length could be a
factor for drug16,17 and gene18,19 delivery
applications. SWCNT length may also play
a role in the biodistribution of nanotubes
used for in vivo imaging.19 Yet in the major-
ity of reported investigations, the nanotube
raw material is not length fractionated.10,14,16

To date, several methods for SWCNT
length fractionationhavebeendemonstrated.
Fractionation using size exclusion chroma-
tography (SEC) hasbeenexplored.20�24Narrow
size distributions (∼10% standard deviation
in length) have been achieved for small
quantities;23 however, this method requires
a liquid chromatography apparatus. Ultra-
centrifugation methods have advantages in
preparation scale, but resolution is less than
that of SEC,25,26 and expensive centrifuges
are necessary. Other reported methods in-
clude field-flow fractionation27,28 and cross-
flow filtration.29 Length-sorted SWCNTs ob-
tained via these methods have enabled
measurements of some length-dependent
properties, such as cell membrane penetra-
tion,15 Raman scattering30 and photolumine-
scence.11,26 Nevertheless, the use of length-
sorted SWCNTs is not widespread, in part

due to the expensive equipment required for
techniques suchas SECandultracentrifugation.
Here, we report a new fractionation

technique, based on molecular-crowding-
induced self-assembly of colloidal SWCNTs.
The term “molecular crowding” comes from
cell biology: intracellular environments can
have as much as 40% inert components by
volume,31 which affect cellular processes
suchasDNApacking32 andprotein assembly.33

Generally, the term can describe any enviro-
nment with a high concentration of inert
macromolecules. Under crowded condi-
tions, entropic effects result in short-range
attractive “depletion forces” between col-
loidal particles.34,35 Consequently, the par-
ticlesmay form clusters in a process that has
been variously described as self-assembly,36,37

or phase separation.38,39 Regardless of which
theoretical description one uses, factors such
as size and zeta potential40 of the colloids
affect their clustering in a crowded environ-
ment. Thus, selective precipitation can be
achieved by carefully controlling crowding
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ABSTRACT Emerging applications require single-wall carbon nanotubes (SWCNTs) of well-

defined length. Yet the use of length-defined SWCNTs is limited, in part due to the lack of an easily

accessible materials preparation method. Here, we present a new strategy for SWCNT length

fractionation based on molecular crowding induced cluster formation. We show that the addition of

polyethylene glycol (PEG) as a crowding agent into DNA-wrapped SWCNT dispersion leads to the

formation of reversible, nematic, and rodlike microclusters, which can be collected by gentle

centrifugation. Since shorter SWCNTs form clusters at higher polyethylene glycol concentration,

gradual increase in PEG concentration results in length fractionated SWCNTs. Using atomic force

microscopy (AFM) we show that fractions with average lengths of 60�500 nm and standard

deviations of 30�40% can be obtained. The concept of molecular-crowding-based fractionation

should be applicable to other nanoparticle dispersions.
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self-assembly

A
RTIC

LE



KHRIPIN ET AL. VOL. 5 ’ NO. 10 ’ 8258–8266 ’ 2011

www.acsnano.org

8259

conditions.40,41 This method has been applied to pro-
tein extraction and purification40 as well as for length
fractionation of double-stranded DNA.41 To our knowl-
edge, this method has not been used for the purifica-
tion of nanoparticles.
DNA-wrapped SWCNTs are highly stable colloids in

aqueous phase.42,43 They have similar diameter and
zeta potential to double-stranded DNA.44 To under-
stand how a crowded environment might produce
length-dependent DNA�SWCNT cluster formation,
we elaborate the entropic argument as follows.45 In
the presence of a crowding agent (such as polyethy-
lene glycol (PEG), approximated as a sphere of dia-
meter d), a DNA�SWCNT (of diameter D and length L)
excludes a volume Vex =

1/4Lπ(dþD)2 fromPEG centers
of mass. When two DNA�SWCNTs approach and align,
their excluded volumes overlap, increasing the free
volume available to PEG and contributing to the overall
reduction of the system's free energy. This results in
an effective attractive, aligning force between DNA�
SWCNT, which balances the repulsive electrostatic
force, and leads to the clustering of DNA�SWCNT
when PEG concentration is high enough (Figure 1A).
Since the excluded volume is proportional to length,
longer DNA�SWCNTs are expected to assemble at lower
concentrations of PEG than shorter DNA�SWCNTs,
which could be exploited to achieve length fractiona-
tion by selective precipitation.
In what follows, we first demonstrate that DNA�

SWCNTs assemble into rodlike microclusters in the
presence of PEG. Using polarized fluorescence micro-
scopy we show that the DNA�SWCNTs align along the
cluster axis; excitonic energy transfer (EET) measure-
ments indicate that clustering is reversible. Tests on
DNA�SWCNT samples length-fractionated by SEC re-
veal that longer nanotubes form clusters at lower PEG
concentrations. On the basis of these observations, we
present two selective precipitation schemes: a “for-
ward” scheme that removes progressively shorter na-
notubes, and a “reverse” scheme that removes pro-
gressively longer ones. AFM measurements show that
DNA�SWCNT fractions with average lengths from
60�500 nm and with standard deviations of 30�40%
have been achieved. Finally, we use optical absorption
spectroscopy to show that PEG precipitation can also
be used to improve purity levels of DNA�SWCNT
dispersion.

RESULTS AND DISCUSSION

Clustering of DNA�SWCNT under Crowded Conditions. To
observe PEG-induced clustering in situ, we start with
DNA�SWCNTs purified and length-sorted by SEC.23

We then take advantage of SWCNT band gap fluo-
rescence,46 acquiring fluorescence microscopy images
of the DNA�SWCNT suspension before and after the
addition of PEG. We begin with 20 μg/mL of ∼370 nm

long DNA�SWCNT, and add increasing amount of
6 kDa PEG. As shown in Figure 1B, the initial addition
of 1% mass fraction of PEG does not produce cluster-
ing; at 2%, rodlikemicroclusters 1�10 μm long form; at
3%, the rodlike clusters further aggregate, forming
loose assemblies, which can be pelleted by gentle
centrifugation. When the pellet is redispersed in PEG-
free buffer, no clusters are observed, suggesting cluster
formation is reversible. To further illustrate reversibility,
we measured excitonic energy transfer (EET) between
nanotubes at each stage (Supporting Information,
Figure S1). EET occurs when energy absorbed by one
nanotube is transferred to, and possibly emitted by, a
nearby nanotube.47 Thus, EET serves as an indicator
of nanotube proximity. In the presence of 7% PEG,
SWCNTs indeed exhibit EET (see Supporting Informa-
tion, Figure S1), although to a lower extent than com-
pletely bundled nanotubes,47 presumably due to DNA
and water layers separating individual SWCNTs in
clusters. Redispersing SWCNT clusters in PEG-free buf-
fer eliminates EET, demonstrating complete redisper-
sion of the SWCNTs.

From counts of visible clusters, we estimate that
at 2% PEG each cluster (1�10 μm long) consists of
between 1000 and 10 000 SWCNTs. To study cluster
structure, we examine cluster fluorescence under po-
larized light (Figure 1C). For any chosen cluster, as the
polarizer is rotated from parallel to perpendicular
orientation with respect to the cluster axis, the bright-
ness of the cluster decreases below a detectable limit.
For example, the circled cluster vanishes in the upper
left panel of Figure 1C. Fluorescence anisotropy in
SWCNTs is caused by the axial polarization of the E11
van Hove transitions of semiconducting tubes.48 The
high anisotropy observed in fluorescence of these
clusters indicates a high degree of SWCNT alignment
along the cluster axis. Note that in our configuration
both excitation and emission photons pass through
the polarizer, thus the brightness of DNA�SWCNT
must vary as cos4 θ, where θ is the angle between
polarizer orientation and the nanotube axis. The
brightness of a single nanotube would decay by 50%
when θ= 33�. These 33� angles are indicated by dotted
lines in Figure 1C. Qualitatively, we observe this decay
behavior for the rodlike clusters.

Length Dependence of SWCNT Clustering. To examine
length dependence of SWCNT clustering, we prepared
length-fractionated DNA�SWCNT samples with SEC.23

The fractions testedwere 370( 100, 220( 50, and 150
( 30 nm. The concentration of PEG was increased
sequentially in 0.5% increments, and clustered DNA�
SWCNTs were removed by centrifugation. The concen-
tration of remaining nanotubes, which we define here
as the nanotube solubility S at a given PEG concentra-
tion C, was quantified using SWCNT optical absorbance
(see Methods for detail). The result is given in Figure 2,
which shows that shorter nanotubes, 220 and 150 nm,
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require 1.2� and 1.4� more PEG, respectively, to
achieve the same solubility as 370 nm DNA�SWCNT.
Also shown in Figure 2 is that each data set from a
given length fraction can be modeled by the following
general expression: ln (S) = ln (So) � βC, where So and
β are fitting parameters given in Supporting Informa-
tion, Table S1. Similar behavior has been observed in
PEG precipitation of proteins,49 which has been inter-
preted as evidence for depletion-induced clustering.49

Schemes for Length Fractionation. The length-depen-
dence and reversibility of crowding-induced cluster
formation suggest that it could be used to fractionate
DNA�SWCNT raw material by selective precipitation.

We implemented two schemes, “forward sequential
precipitation” and “reverse sequential precipitation”, as
outlined in Figure 3.

In the forward sequential precipitation scheme
(Figure 3A), a small amount of PEG (e.g., 1.4%) is initially
added to a DNA�SWCNT dispersion. Incubation fol-
lowed by centrifugation (see Methods for details)
produces a pellet containing the longest DNA�SWCNT.
The supernatant is removed and the PEG concentra-
tion is increased (e.g., by 0.4%), while the pellet is
redispersed in PEG-free buffer. Incubation of the super-
natant at higher PEG concentration followed by
centrifugation produces a second pellet, of shorter

Figure 1. Cluster formation of DNA�SWCNT under crowded conditions. (A) Schematics showingDNA�SWCNTs are expected
to form clusters in the presence of PEG due to attractive depletion forces. (B) Fluorescence microscopy images showing that
DNA�SWCNTs remain well-dispersed in 1% PEG but form rodlike clusters at 2%. These clusters further aggregate into loose
assemblies at 3% PEG. (C) Fluorescence microscopy images from the same group of microclusters viewed with four different
polarizer orientations. A cluster is only visible when the orientation of the polarizer is close to the cluster axis, indicating that
DNA�SWCNTs are aligned along that direction.
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DNA�SWCNT, etc. In this scheme, progressively short-
er DNA�SWCNTs are precipitated from the mixture
until only impurities remain in the supernatant. Similar
methods have been used for protein purification by
PEG precipitation40,50 and for the length fractionation
of double stranded DNA.41

Reverse sequential precipitation (Figure 3B) begins
with precipitation of all SWCNT lengths at a high PEG

concentration (e.g., 4%). In this case the resulting pellet
would be redispersed in 3% PEG solution; after incuba-

tion and centrifugation, a new pellet is produced
containing medium and long DNA�SWCNTs, while

short nanotubes remain in the supernatant. This pellet
is once again redispersed, and the process continues

until the desired fraction of long nanotubes is obtained

in the supernatant. The final precipitate is discarded,

since it contains SWCNTs which aggregated during the
process. This method isolates fractions of progressively
longer SWCNTs from the mixture, and thus is optimal
for obtaining pure fractions of long SWCNTs. Below, we
show that these schemes are realized in practice.

Determination of Length Distribution: Forward Sequential
Precipitation. To test the limit of length resolution at-
tainable with this method, we performed a forward
sequential precipitation experiment with small step-
wise increases in PEG mass fraction: 1.4f 1.9f 2.3f
2.8f 3.2f 3.7f 4.1f 4.6f 5.0f 5.4f 5.9f 6.5f
7.2f 8.5%. Figure 4 gives AFM data showing that long
nanotubes are preferentially precipitated first, follo-
wed by progressively shorter tubes. From the AFM
images and histograms it can be readily seen that long
fractions have broader length distribution. This is
because the raw material contains a higher concentra-
tion of medium nanotubes than long nanotubes. From
Figure 2 it is apparent that when sufficient PEG is
added to precipitate long nanotubes, medium nano-
tubes will also be precipitated if they are present at a
high enough concentration.

Determination of Length Distribution: Reverse Sequential
Precipitation. As we have shown above, forward sequen-
tial precipitation (Figure 3A) yields higher length uni-
formity for short nanotube fractions, since long nano-
tubes are removed first. On the other hand, reverse
sequential precipitation (Figure 3B) should yield long
fractions of improved length uniformity, since short
SWCNTs are preferentially removed first. Here, we
progressively reduce the PEG concentration as follows:
4f 3f 2.5f 2.1f 1.7f 1.3 wt %. The supernatants
are retained for analysis. AFM measurements of the
2.1% and 1.3% supernatants show DNA�SWCNTs of
length 280( 110 nm (Figure 5 A,B), and 490( 190 nm
(Figure 5C,D), respectively. The histogram for each
fraction also compares that froma “forward” sequential
precipitation fraction, with the closest average length
(Figure 5A,C).

As shown in Figure 5A, the 280 nm long fractions
have similar length distributions. On the other hand,
the long 490 nm fraction from reverse sequential
precipitation shows a tighter length distribution
(standard deviation of 190 vs 290 nm, Figure 5C). The
difference is also visible qualitatively when comparing
images of the long fractions in Figures 4A and 5D. The
number of particulate and small nanotubes is lower in
the reverse sequential precipitation scheme. The num-
ber of bundled nanotubes visible in the AFM images is
also lower, likely because the sample examined is from
the supernatant and bundles have been removed by
precipitation and centrifugation. Thus, if long nanotube
fractions with narrow length distributions are desired,
reverse sequential precipitation should be used.

Impurity Removal by PEG-Induced Clustering. We found
that impurity levels of DNA�SWCNT dispersion can be
improved by PEG precipitation, as evidenced by the

Figure 2. The measured solubility of DNA�SWCNT as a
function of PEG concentration and DNA�SWCNT length.

Figure 3. Two schemes for selective precipitation of
DNA�SWCNT with PEG. (A) Forward sequential precipita-
tion isolates progressively shorter DNA�SWCNT using
stepwise increases in PEG concentration. (B) Reverse se-
quential precipitation isolates progressively longer
DNA�SWCNT using stepwise decreases in PEG concentra-
tion: a pellet obtained from precipitation at a higher PEG
concentration is redispersed in a lower PEG concentration
to produce a soluble supernatant and a smaller pellet. The
latter is used for the next round of solubilization and
precipitation.
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optical absorption spectra of length-fractionated tubes.
Electronic transitions in pure nanotubes produce pro-
minent optical absorption peaks, dubbed E11, E22,
and E33 for semiconducting nanotubes, and M11,
M22 for metallic ones, with minimum reported base-
lines on the order of 2% of peak heights.7,8,51 The
presence of impurities results in an increase in baseline

by contributing a monotonic-decay component to the
spectrum. For these reasons, optical absorption spec-
troscopy can be employed to quantify impurities in
nanotube dispersions.

Forward sequential PEG precipitation improves
the purity of SWCNT dispersions. Figure 6 compares
the absorption spectra of the rawmaterial, redispersed

Figure 4. AFM images and length distribution of DNA�SWCNT from forward sequential precipitation.

Figure 5. Length distributions of fractionated DNA�SWCNTs obtained by reverse sequential precipitation. In this scheme,
progressive removal of short SWCNTs produces similar quality medium length fractions (left panels) but more uniform long
SWCNT fractions (right panels).

A
RTIC

LE



KHRIPIN ET AL. VOL. 5 ’ NO. 10 ’ 8258–8266 ’ 2011

www.acsnano.org

8263

precipitate, and two supernatants. Here, the precipi-
tate was obtained after addition of 1.9% PEG in the
same experiment shown in Figure 4, while the two
supernatants were leftovers after precipitation with
5.9% PEG and 8.5% PEG in the same experiment. It is
evident from Figure 6 that the baseline is lower in the
precipitated SWCNTs and higher in the supernatants.
Whereas there are still nanotubes present after 5.9%
precipitation, no nanotubes appear to be soluble in
8.6% PEG. Optical absorption spectra for additional
samples from the forward precipitation series are given
in Supporting Information, Figure S2. Pellets up to 3.7%
PEG, 160 ( 50 nm, show baseline improvement over
the starting material; shorter SWCNTs have gradually
higher baselines. Similar absorbance spectra were
obtained for SWCNT fractions from the reverse sequen-
tial precipitation experiment. Absorption baseline
increase for short SWCNTs has been observed for the
SEC length-fractionation technique, and has been inter-
preted as the consequence of small graphitic and
fullerene impurities.23

Influence of Dispersant: DNA Oligomers vs Yeast RNA. We
also tested baker's yeast RNA as an alternative to the
more expensive DNA oligomers for SWCNT dispersion.
RNA�SWCNT raw material shows similar absorbance
spectra and fluorescent brightness, especially after
surfactant displacement of the DNA/RNA52 (Supporting
Information, Figure S3A,B). PEG precipitation using the
forward sequential scheme (Figure 3A) yields impro-
ved spectral characteristics (see Figure S3C) similar to
the improvement for DNA�SWCNT (Figure S2). AFM
characterization of length distribution for one sample
shows that the average length of precipitated CNTs is
comparable to DNA�SWCNT (at ∼3% PEG) but the
standard deviation is larger (Figure S3D,E). The reverse
sequential scheme (Figure 3B) does not work with RNA�
SWCNT: after two precipitation cycles, all SWCNTs pre-
cipitate, even with RNA added to keep a constant
unbound RNA concentration. This result suggests RNA
binding to SWCNTs is weaker than the (GT)20. Never-
theless, RNA�SWCNT purification by forward sequen-
tial precipitation could be useful if cost is an issue.

Influence of PEG Molecular Weight. We found that there
is an optimal range of PEG molar mass for DNA�
SWCNT precipitation. We measured the total fraction
of nanotube raw material precipitated during forward
sequential precipitation (defined as yield) for several
PEGs with different molecular weights (MW). These
results are shown in Supporting Information, Figure S4.
We observed different behaviors for different PEG
concentrations. At low PEG concentrations, yield de-
creases with reducing PEG molecular weight in the
following order: 12 kDa > 6 kDa > 1.5 kDa (with 600 Da
PEG producing no precipitation), but does not show
much difference for MW > 12 KDa. A similar depen-
dence has been observed for both rodlike viruses39

and globular proteins.49 It has been proposed for

viruses (and may be true for DNA�SWCNT as well)
that clusters contain large interstitial spaces due to
electrostatic repulsion and small PEGmolecules are not
effectively excluded, thus losing their crowding power.39

At high PEG concentrations, PEG with MW > 12 kDa
progressively loses precipitating power. At the ex-
treme, addition of more than 2% PEG of 300 KDa does
not produce further DNA�SWCNT precipitation, and a
maximum yield of only 0.05 is obtained. Considering
also the higher viscosity of high MW PEG solutions, we
concluded that 6�12 kDa PEGs are optimal for length
fractionation.

CONCLUDING REMARKS

We employed PEG-induced clustering of DNA�
SWCNT for length fractionation. Although the length
uniformity is less than that attainable with SEC, the PEG
precipitation method is far more facile and scalable
since it does not require elaborate equipment. It is our
hope that this method can be adapted for different
purificationneeds;whether toSWCNTsystemsorperhaps
to other nanoparticles. The following is a summary of
considerations for adaptation.

1. Althoughmany precipitation steps were used in
this report, even one-step precipitation yields
noticeable improvements in both length uni-
formity and purity, and could be sufficient for
some applications.

2. The optimal PEG molecular weight for purifica-
tion is 6�12 kDa.

3. If short nanotube fractions with narrow length
distribution are desired, “forward sequential
precipitation” should be employed; for long
nanotube fractions “reverse sequential precipi-
tation” is preferable.

It should be noted that the length fractionation
mechanismwepresented in thiswork relies on a purely
entropic effect of the crowding agent. However, recent
theoretical analyses suggest that enthalpic interac-
tions between a colloid and a crowding agent may
dramatically alter the colloid solubility, to the degree
that the enthalpic effect completely negates attrac-
tive entropic forces.37,53 Such “enthalpy�entropy

Figure 6. Optical absorption spectra (normalized at
990 nm) of different fractions obtained by the forward
precipitation experiment shown in Figure 4.
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compensation” suggests that by employing chirality-
dependent polymer/SWCNT interactions between
DNA�SWCNT and a crowding agent, itmay be possible

to achieve chirality fractionation of SWCNTs. Studies in
this direction are underway in our laboratory and will
be reported elsewhere in the future.

METHODS
Certain commercial equipment, instruments, or materials are

identified in this paper in order to specify the experimental
procedure adequately. Such identification is not intended to
imply recommendation or endorsement by the National Insti-
tute of Standards and Technology, nor is it intended to imply
that the materials or equipment identified are necessarily
the best available for the purpose. Unless noted otherwise,
all reagents were obtained from standard sources. The symbol
“ ( ” is used here to indicate an interval of one standard
deviation, unless otherwise noted.

Dispersion of SWCNTs. SWCNTs (grade S-P95-02-Dry, batch
Du1-A001 CoMoCat) are purchased from Southwest Nano-
technologies (Norman, OK), DNA oligomers from IDT-DNA
(Coralville, IA), and baker's yeast RNA (R6750) from Sigma-
Aldrich Co. (St. Louis, MO). SWCNTs were suspended in DI water
at a concentration of 1 mg/mL by sonicating for 5 min at 6 W
with a 3 mm diameter probe sonicator. This stock solution was
used to create 1mg pellets of SWCNTmaterial for dispersion. To
the 1mg pellet were added 120 μL of 10mg/mL (GT)20 oligomer
in 2x SSC buffer (30mmol/L sodium citrate, 300mmol/L sodium
chloride) and 880 μL of additional 2x SSC buffer. As a substitute
of DNA, 150 μL of baker's yeast RNA at 10 mg/mL may be used
(see main text), but RNA concentration must be verified by
UV�vis spectroscopy. The DNA (or RNA)/SWCNT mixture was
sonicated for 60 min at 6 W with a 3 mm probe sonicator in a
1.5 mL microcentrifuge tube, with the probe 5 mm above the
tube bottom. The resulting suspension was centrifuged at 18 �C
and 17 000 g in 100 μL aliquots for 90 min. The supernatant was
collected and used without further processing.

Forward Sequential Precipitation. Since nanotube solubility de-
creases by 1 order of magnitude for a PEG concentration
increase of 2.5% (Figure 2), this factor can be used to adjust
PEG concentration for working with SWCNT raw material of
different concentrations. The dry PEG material was protected
from moisture; only freshly purchased material was used, since
older material gave unpredictable variations in results. In a
typical run, a DNA�SWCNT or RNA�SWCNT dispersion was
diluted to a final concentration of 80 μg/mL SWCNTs (using the
published value of 13 μg/mL for OD = 1 at 990 nm for (6,5)
enriched CoMoCAT54). A final concentration of 500 mmol/L
NaCl was then added, and 50% stock PEG solutionwas added to
the desired final concentration for the first precipitation step.
The SWCNT/PEG mixture was incubated overnight at 4 �C for
PEG concentrations <4%, or two days at 4 �C for PEG concen-
trations >4%. Incubation at higher temperature was found to
require longer time and higher PEG concentration to achieve
similar levels of precipitation. After incubation, the mixture was
centrifuged at 18 �C and 8000g for 10 min. If the pellet was not
tight, the centrifuge tube was rotated 180� and centrifuged
again. The supernatant was removed and more PEG was added
to the supernatant to increase the concentration for the next
precipitation step. The pellet was redispersed, by pipetting
several times, in 100 mmol/L NaCl, for further analysis. An
additional amount of DNA can be added to a final concentration
of 100 μg/mL for improved stability of purified DNA�SWCNT for
long-term storage.

Reverse Sequential Precipitation. The basic precipitation proce-
dures in this scheme are identical to the forward precipitation
scheme described above. Since in this scheme the supernatant
contains the desired fractionated SWCNTs, the free PEG may be
removed from the supernatant, if desired, by PEG precipitation
at a higher concentration, or by dialysis. The pellet is resus-
pended with a lower PEG concentration for the next fractiona-
tion step. A final concentration of 100 μg/mL (GT)20 oligomer is
added to maintain a concentration of free dispersant in the
mixture (see below). These steps are repeated until the desired

fraction of nanotubes is isolated in the supernatant (for exam-
ple, the pellet from 2% precipitation is resuspended in 1.5%
6 kDa PEG; after pelleting at 1.5% the supernatant would have
long, ∼500 nm SWCNTs).

During forward sequential precipitation, unbound DNA left
over from the dispersion process is constantly present in the
supernatant. On the other hand, during reverse sequential pre-
cipitation, pelleting and redispersion removes unbound DNA
from the solution. We found that pellets formed in the absence
of free DNA cannot be redispersed. A constant concentration of
unbound DNA must be maintained during reverse sequential
precipitation (here 100 μg/mL) to avoid irreversible aggregation
of SWCNTs.

Polarized Fluorescence Microscopy. Microscopy was carried out
on anOlympus IX71 invertedmicroscopewith a standard 100W
mercury light source and a 60x water immersion objective (IR-
enhanced Olympus UPlanSAppo). A filter cube composed of a
570 nm, 10 nm bandpass excitation filter (Andover Co., cat no.
570FS10-25) and a 950 nm long-pass emission filter (Chroma
Inc., cat no. 950LP 66921) was used. A PI Acton model 7531
camera (Princeton Instruments Inc.) was used for image acquisi-
tion. Finally, an IR polarizer (Edmund Optics NT47-327, contrast
103 at 575 nm and 106 at 990 nm, was placed between the filter
wheel and the objective and rotated manually.

Atomic Force Microscopy. Freshly cleaved mica was used for
sample deposition. The DNA�SWCNT sample was diluted to a
final concentration of ∼1 μg/mL into 15 mmol/L KCl. Since KCl
neutralizes the charge on Muscovite mica,55 deposition was
rapid and a sufficient number of SWCNTs was observed after
2�15 min of incubation. An MFP3D AFM (Asylum Research,
Santa Barbara, CA) was used for observations. Typically, 200 to
500 SWCNTs were measured for each histogram.

Optical Absorbance and Fluorescence Measurements. Samples were
diluted to OD ≈ 1 at 990 nm with DI water and measured in a
100 uL microcuvette against DI water as baseline on a Biomate
6 (ThermoFisher Scientific) spectrophotometer. Fluorescence
measurements were made using a Horiba Jobin Yvon Nanolog-
3 spectrofluorometer with a liquid nitrogen-cooled Symphony
InGaAs detector. The sample was measured in a 2 � 10 mm
quartz cuvette at an OD ≈ 0.2 at 990 nm. A 645 nm long-pass
filter was placed after the sample to eliminate the second
harmonic signal due to strong scattering by SWCNT clusters.
The light source was a 450 W xenon lamp. The emission spectra
were corrected for the wavelength dependence of the excita-
tion intensity and the wavelength dependent efficiency of the
detector train. Replacement of DNA by sodium deoxycholate
(SDC) was achieved by simply adding 10% SDC to the
DNA�SWCNT sample to a final mass fraction of 1%.

Supporting Information Available: SWCNT solubility data in
the presence of PEG, fluorescence measurements of EET in
SWCNT clusters, data for RNA-SWCNT sequential precipitation,
optical absorption spectra of purified SWCNTs, and yield as a
function of PEG molecular weight for forward sequential pre-
cipitation. This material is available free of charge via the
Internet at http://pubs.acs.org.
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