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ABSTRACT: Supramolecular hybrids of DNA and single-walled carbon
nanotubes (SWCNTs) have been introduced in numerous biosensing
applications due to their unique optical properties. Recent aqueous two-
phase (ATP) purification methods for SWCNTs have gained popularity by
introducing specificity and homogeneity into the sensor design process.
Using murine macrophages probed by near-infrared and Raman
microscopies, we show that ATP purification increases the retention time
of DNA-SWCNTs within cells while simultaneously enhancing the optical
performance and stability of the engineered nanomaterial. Over a period of
6 h, we observe 45% brighter fluorescence intensity and no significant
change in emission wavelength of ATP-purified DNA-SWCNTs relative to
as-dispersed SWCNTs. These findings provide strong evidence of how cells differentially process engineered nanomaterials
depending on their state of purification, lending to the future development of more robust and sensitive biosensors with desirable in
vivo optical parameters using surfactant-based ATP systems with a subsequent exchange to biocompatible functionalization.
KEYWORDS: aqueous two-phase purification, near-infrared fluorescence, nanoparticle optical stability, biosensing, nanoparticle exocytosis

Biomedical research has been enhanced by the discovery of
novel nanoparticles that can be functionalized and used in

various bioimaging,1 biosensing,2,3 and drug delivery applica-
tions.4 Single-walled carbon nanotubes (SWCNTs), i.e. one
type of carbon-based nanoparticle, are effectively one-dimen-
sional materials that have been the focus of numerous
biomedical studies due to their unique physicochemical and
optical properties.5 SWCNTs are innately hydrophobic and
require chemical functionalization to be compatible at the
“nanobio” interface.6,7 To allow for enhanced biocompatibility
of these nanoparticles while maintaining their intrinsic optical
properties, amphiphilic polymers such as single-stranded DNA
can be complexed with SWCNTs to form solubilized DNA-
SWCNT hybrids.8 Other functional SWCNT wrappings
include peptides,9,10 polymers,11 and various surfactants.12,13

Semiconducting SWCNTs exhibit photoluminescence (fluo-
rescence) that is inherently photostable,14 is emitted in the
near-infrared (NIR) spectrum,15 and is responsive to their
local environment.16 A typical sample of as-produced (raw)
SWCNTs contains differing species (chiralities) which are
denoted based on their chiral indices (n,m).17,18 The existence
of multiple chiralities within a sample of SWCNTs allows for
multiplexed bioimaging where many proteins, cells, or tissues
may be labeled at once.19 Whereas conventional fluorescence
dyes may only be able to accurately distinguish 4−5 colors,
SWCNT samples allow for simultaneous imaging of 17
different colors using hyperspectral imaging.20 Based on in

vitro or in vivo conditions, the innate fluorescence of SWCNTs
has been shown to shift in intensity and/or center wave-
length.14,21,22 Recently, functionalized SWCNTs have been
used to detect lipid accumulations within live cells and
animals,23 track biochemical information via SWCNT-
integrated wearable textiles,24 and detect the presence of E.
coli to aid in food safety monitoring.25 However, raw samples
of SWCNTs with their vast composition of chiralities,
carbonaceous,26 and inorganic impurities27 may subject cells
to increased levels of cytotoxicity28 and fluorescence
quenching interactions in biological environments,29 motivat-
ing researchers to devise methods to purify samples of
SWCNTs.
Polymer−polymer aqueous two-phase (ATP) systems, with

studies dating back five decades,30 is a biphasic, liquid−liquid
extraction technique used to purify a wide array of biological
and chemical species.31−33 In comparison to other sorting
methods, polymer−polymer ATP systems benefit from being
scalable, environmentally conscious, and inexpensive.34,35 ATP
purification methods have been employed to resolve SWCNTs
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by chirality and/or enantiomer as well as to remove aggregates
and impurities;36 however, current challenges include over-
coming interfacial trapping, i.e. a species of interest becoming
trapped between the top and bottom phases, and reducing
experimental complexity.37 Lyu et al. reported a 14-step ATP
process with the ability to purify up to four SWCNT chiralities
from a single dispersion simultaneously while preventing
interfacial trapping.38 Following this, Li et al. were able to
decrease experimental complexity with their simplified 3-step
process to resolve 11 different SWCNT chiralities and
enantiomers using a cosurfactant mixture.39 Most recently,
Nißler et al. expanded upon the work to create monochiral,
multiplexed, and ratiometric biosensors for dopamine and
riboflavin via a surface exchange from surfactant-coated to
ssDNA-functionalized SWCNTs.19,40

With proper functionalization, such as with a DNA
wrapping, SWCNTs are readily endocytosed into cells and
enter the endosomal pathway for subsequent processing.41 The

SWCNTs remain brightly fluorescent within live cells and
animals for extended periods of time, thus achieving long-term
bioimaging and biosensing.42 We have previously shown that
their spectral modulations are indicative of the environment
that they experience within the cells and can report the type of
endosomal compartment within which they reside.43 However,
these spectral modulations which previous sensors are built
upon are intrinsic to the system due to heterogeneity within
nonpurified SWCNTs. Therefore, is it possible to formulate a
novel in vitro biosensing platform using single-chirality purified
SWCNTs where optical stability is the expectation under
normal conditions and any significant deviations can be
directly attributed to an external disturbance?
Here, utilizing recently demonstrated ATP purification

methods of SWCNTs, we investigate and compare the uptake
and retention, intracellular stability of optical properties, and
cytotoxic effects of both ATP-sorted and as-dispersed DNA-
functionalized SWCNTs in RAW 264.7 murine macrophages.

Figure 1. Preparation and characterization of DNA-SWCNT samples. (a) Schematic depicting the method for the aqueous two-phase (ATP)
purification and surface exchange from SDC to DNA of (6,5) purified SWCNTs from a raw SWCNT sample. Two-dimensional photoluminescence
plots of (b) unpurified and (c) purified DNA-SWCNTs. (d) Absorbance of unpurified-SWCNTs and purified-SWCNTs diluted to match
absorbance (0.10 AU) at 990 nm and (e) NIR fluorescence spectra measured at equal values of A990 nm (1.0 AU) using a 575 nm excitation source.
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Dosing the cells with equal concentrations of either ATP-
sorted or as-dispersed SWCNTs resulted in a statistically
identical uptake. However, we found that the ATP-sorted
SWCNTs were highly retained by macrophages over the
course of 24 h, whereas the intracellular content of as-
dispersed SWCNTs decreased significantly. Moreover, in stark
contrast to as-dispersed SWCNTs, the in vitro spectral stability
of ATP-sorted SWCNTs showed no significant decrease in
fluorescence intensity or change in center wavelength over the
course of 6 h. Finally, we observed no significant deleterious
effects on cell health for neither the ATP-sorted nor the as-
dispersed SWCNTs. These findings demonstrate the manner
in which advanced SWCNT purification and homogenization
methods can enable several distinct advantages in bioimaging
and biosensing applications.
Samples of as-dispersed (unpurified) and ATP-sorted

(purified) SWCNTs were prepared via probe-tip sonication
with an amphiphilic polymer, followed by ultracentrifugation.
Unpurified-SWCNTs were dispersed directly with single-
stranded (GT)15 DNA and used as prepared. In contrast,
purified-SWCNTs were initially dispersed in sodium deoxy-
cholate (SDC) and subjected to an ATP sorting procedure,

and then the SDC surfactant coating was exchanged for
(GT)15 ssDNA. The method used, first developed by Li et al.,
separates the (6,5)-SWCNT from the bulk phase by exploiting
differences in the diameters of each SWCNT chirality (Figure
1a).39 After the first step in the ATP process, the successful
separation of a (6,5)-/(7,4)-purified layer was qualitatively
confirmed by the distinctive purple color of the T2 phase
(Figure S1b).44 The (6,5)-/(7,4)-purified T2 phase was further
processed to remove the (7,4)-SWCNT species, leaving
behind a (6,5)-SWCNT-enriched B3 phase. To confirm the
chiral compositions of the unpurified- and purified-SWCNT
samples, two-dimensional photoluminescence excitation−
emission plots were generated for each sample. As expected
for the unpurified sample, the (6,5)-SWCNT dominates the
photoluminescence plot at 995 nm, but there are many other
chiralities present as well (Figure 1b). An analysis of the
purified-SWCNT photoluminescence plot proves successful
purification of the (6,5)-SWCNT in the ATP process (Figure
1c), with the extraction achieving a purity of >95% as
quantified by the ratio between the (6,5)-SWCNT peak
intensity versus the summation of intensities over every other
excitation and emission wavelength.

Figure 2. DNA-SWCNT uptake and retention via confocal Raman microscopy. (a) G-band intensity maps and transmitted light images of
intracellular purified- and unpurified-SWCNT samples at 0.5 and 24 h after the pulse incubation. (b) Raman spectra of purified- and unpurified-
SWCNT samples normalized by cell area at 0.5 h. (c) Bar graph of intracellular G-band intensity per cell area for each sample at 0.5 and 24 h. (d)
Bar graph of D-band to G-band ratios for each sample at 0.5 and 24 h. Bars in (c) and (d) represent the mean, and whiskers represent standard
deviation for each condition (n ≥ 5 cells per condition). Two-sample t-tests were performed between different samples and between different time
points (***p < 0.001, **p < 0.01, and *p < 0.05).
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The ATP process produces a (6,5)-SWCNT purified sample
with an unknown extinction coefficient, which poses difficulty
when determining the concentration of the sample.45 Because
(6,5)-SWCNT is the primary chirality in each sample, the total
concentrations of the samples are highly correlated to the
absorbance peak of the (6,5)-SWCNT chirality, found near the
absorbance value at 990 nm (A990 nm). Moreover, an
absorbance value of 1.0 AU at A990 nm has been shown to
correlate to a concentration of approximately 10 mg L−1 for
CoMoCat SWCNTs.46 For both the unpurified-SWCNT and
purified-SWCNT samples, a dilution factor was calculated to
reach a value of 0.10 AU at A990 nm (Figure 1d). An A990 nm
value of 0.10 AU correlates to approximately 1 mg L−1, which
is within the concentration range that is nontoxic to cells while
still emitting enough fluorescence for subsequent intracellular
investigation.42

A fluorescence solution spectrum was taken with a 575 nm
laser excitation source for each sample at the same A990 nm value
of 1.0 AU (Figure 1e). When the (6,5)-SWCNT emission peak
from the purified-SWCNT at 1001 nm is compared to that of
the unpurified-SWCNT sample at 994 nm, the purified-
SWCNT solution peak is 285% brighter with the same amount
of (6,5)-SWCNT present. This observation can likely be
attributed to the removal of nonfluorescent metallic SWCNTs
and other carbonaceous impurities which can quench the
emission of semiconducting chiralities in solution.47 The (6,5)-
SWCNT emission peak in the purified-SWCNT solution is
also red-shifted by 7 nm as compared to the unpurified-
SWCNT solution.
A thorough investigation into the fundamental differences

between each sample was conducted to probe this apparent
shift in the emission wavelength. First, atomic force
microscopy (AFM) imaging was performed and found no
significant difference in the mean lengths between unpurified

and purified SWCNTs (Figure S3). Next, circular dichroism
(CD) spectroscopy confirmed that no significant enantiomeric
separation occurred during the ATP process (Figure S4). X-ray
photoelectron spectroscopy showed that purified-SWCNTs
have more carbon−oxygen C 1s bonds compared to
unpurified-SWCNTs (Figure S5 and Table S1). Finally,
solution-phase Raman spectroscopy showed that purified
SWCNTs have a significantly lower ID/IG ratio than
unpurified-SWCNTs, meaning that purified-SWCNTs have
fewer sp3 defects per nanotube (Figures S6 and S11). These
results indicate that oxygen is being incorporated into the sp2
carbon lattice. We hypothesize that oxygen atoms in the
SWCNT lattice cause a decrease in exciton energy, resulting in
a red-shifted emission peak. Previous work with SWCNTs
seems to show slight red shifting in photoluminescence plots at
the (6,5)-SWCNT emission peak after exposure to a sp3
oxygen doping technique48 which likely also added oxygen
atoms into the sp2 carbon lattice. Through an analysis of
photoluminescence plots, absorption spectra, solution spectra,
and additional surface chemistry characterization, we conclude
that the aqueous two-phase purification of the (6,5)-SWCNT
chirality from SG65i CoMoCat SWCNTs was successful and
that the samples are ready for intracellular investigation.
The two different DNA-SWCNT samples were introduced

into a model mammalian cell line (i.e., RAW 267.4 murine
macrophages) to investigate how the purity of the sample
influences their interactions within a biological system.
Macrophages were chosen as the cell type for this experiment
because they are biologically relevant, as they are the first cells
to process foreign bodies and nanoparticles in systemic
circulation. We applied confocal Raman microscopy to observe
sample-dependent uptake, intracellular processing, and exocy-
tosis for both unpurified and purified DNA-SWCNT samples.
Cells were dosed with 1 mg L−1 of either sample for 30 min,

Figure 3. Purity-dependent intracellular optical performance of DNA-SWCNTs. (a) NIR fluorescence images for both purified-SWCNTs and
unpurified-SWCNT samples from 0.5 to 24 h. (b) ROI scatter plot of normalized NIR fluorescence intensity vs (6,5)-SWCNT center wavelength
for both purified-SWCNTs and unpurified-SWCNT samples over 24 h. (c) NIR fluorescence intensity per cell area from individual RAW 264.7
macrophage cells as a function of the time after internalization and DNA-SWCNT sample purity. (d) (6,5)-SWCNT center wavelength for each
ROI as a function of time and sample purity after cellular internalization. For both (c) and (d), a minimum of n ≥ 150 cells per condition were
analyzed. The boxes represent 25−75% of the data, horizontal lines represent medians, and whiskers represent mean ± standard deviation. A two-
sample t-test was performed between different samples and different time points (***p < 0.001).
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washed, and then placed in fresh media for 30 min or 24 h,
after which the cells were fixed and placed in phosphate
buffered saline (1xPBS) for confocal Raman microscopy.
Raman images were acquired from individual cells at a 100×

magnification to investigate the G-band, a Raman feature of
SWCNTs which linearly scales with SWCNT concentra-
tion,42,49 and the D-band to G-band ratio, which correlates to
the amount of impurities and defects in SWCNTs.50,51 G-band
intensity images were constructed next to transmitted light
images for each cell condition (Figure 2a). A stronger
reduction in intensity of the unpurified-SWCNT sample can
be observed at 24 h when compared to the purified-SWCNT
sample. Figure 2b provides the spectra of the same cells shown
in Figure 2a at 30 min. The SWCNT uptake and retention by
cells were quantified as the integrated G-band intensity per cell
area (Figure 2c). No significant difference was observed in the
uptake of either SWCNT sample, i.e., the 30 min time point,
signifying that nanoparticle uptake by macrophages was
independent of sample purity. However, while the G-band
intensity of the purified-SWCNT sample did not significantly
decrease over the course of 24 h, there was a 30% decrease in
the unpurified-SWCNT sample. This is in alignment with our
previous findings42 and confirms that exocytosis of the
unpurified-SWCNT sample is more rapid as compared to
that of purified-SWCNTs. Furthermore, at both 30 min and 24
h time points, the purified-SWCNT sample has a significantly
lower integrated D-band to G-band ratio as compared to the
unpurified-SWCNT (Figure 2d). We correlate this to the
purified-SWCNT sample having significantly fewer impurities
and defects. This further supports our hypothesis that the
number of defects and impurities in a sample can influence the
degree of exocytosis; i.e., having a higher quantity of impurities
and defects in a sample will cause the cell to expel the
SWCNTs more rapidly. Interestingly, the D-band to G-band
ratio increases over time for both samples, suggesting that
cellular enzymes are possibly creating defects on the SWCNT
surface.52,53 This hypothesis is supported by in vitro
experimentation, in which 24 h incubation with reactive
oxygen species caused a significant increase in the integrated
D-band to G-band ratio (Figure S11).
Hyperspectral NIR fluorescence microscopy was employed

to study the intracellular fluorescence behavior of SWCNTs as
a function of purity. Cells were again dosed with 1 mg L−1 of
unpurified- or purified-SWCNTs for 30 min, washed with
1xPBS, and then placed in 2 mL of fresh media for imaging.
NIR fluorescence images were overlaid with transmitted light
images to show the intracellular fluorescence response of both

SWCNT samples over the course of 24 h (Figure 3a). It was
visually apparent that cells dosed with purified-SWCNTs
exhibited higher fluorescence intensities as compared to the
unpurified-SWCNT sample over a period of 24 h. To further
investigate the fluorescence data, we plotted the normalized
intensity per cell area against the (6,5)-SWCNT center
wavelength for each cell (Figure 3b). We then separated the
data sets by intensity and center wavelength to perform a
statistical analysis as functions of sample purity and time
(Figure 3c,d). It was observed that in addition to the purified-
SWCNT sample being significantly brighter within cells, the
(6,5)-SWCNT center wavelength was more homogeneous
through time. This was in contrast to the unpurified-SWCNT
sample, which showed not only a considerable decrease in its
fluorescence intensity but also a heterogeneous population
distribution in terms of wavelength shift amplitude and
direction throughout all time points. After the initial 6 h
period, it was observed that the purified-SWCNT sample was
45% brighter than the unpurified-SWCNT sample. Further-
more, substantial differences in the (6,5)-SWCNT center
wavelength were observed in both samples due to their
significantly different responses to the surrounding biomolec-
ular environment. A blue shift of wavelength was seen for the
purified-SWCNTs after 24 h, which we attribute to the
presence of hydrophobic contents in the lysosomal lumen such
as lipids.16 A significant red shift of wavelength was only
observed in the unpurified-SWCNT sample, which we
attribute to the state of aggregation of the sample over time
and nonspecific binding of proteins on the nanotube surface.54

We speculate that the decrease in fluorescence intensity
through time for the unpurified-SWCNT sample was observed
due to the presence of impurities and defect-laden SWCNTs
which may lead to aggregation-induced quenching.55 Finally, a
long-term study with SWCNTs residing within cells for up to
168 h was conducted, and it was determined that the
fluorescence intensity of both purified and unpurified samples
diminishes at the same rate after 24 h (Figures S13 and S14).
Current solution-phase DNA-SWCNT biosensors exhibit

highly stable fluorescence intensity and center wavelengths
until an analyte is added, at which point optical modulations
can be attributed to the disturbance in the system.21,56

Moreover, current intracellular DNA-SWCNT biosensors rely
on the instability of fluorescence intensity and center
wavelengths as a function of time to explain biological
phenomena and these optical modulations are attributed to
specific pathways.16,54,57 Here, we have developed an intra-
cellular biosensor that has intrinsically stable fluorescence

Figure 4. Cell viability assay to assess cytotoxic effects. (a) Scatter plots for Annexin V/PI viability assay after 24 h of continuous culture in a 1 mg
L−1 SWCNT solution, and (b) bar graphs of quadrants from plots in (a) where error bars represent the standard deviation.
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intensity and center wavelength for up to 6 h. Generally,
biological processes happen over minutes to hours, especially
inside cells.58 Because there are no significant optical
modulations over these first 6 h as a result of homeostatic
cellular processes, any changes in fluorescence intensity or
center wavelength can be directly attributed to an allostatic
biological process, external disturbance, or stress placed on the
cell. This purified-SWCNT platform has the potential to create
more robust intracellular biosensors that are more closely
related to solution-phase sensors, where stability is the
expectation and any optical modulation from an intentional
perturbance is significant.
An apoptosis−necrosis assay was performed to investigate

the effects of the two SWCNT samples on the cell viability. In
this experiment, RAW 264.7 murine macrophages were seeded
on 35 mm glass-bottom microwell dishes and incubated for 24
h. After the first 24 h, the culture medium was spiked with
either purified- or unpurified-SWCNTs and left in solution for
an additional 24 h. Upon this continuous 24 h incubation with
1 mg L−1 of either sample, there were no appreciable shifts in
population distribution across the user-defined quadrants when
compared to a control with no SWCNTs (Figure 4a). A bar
graph representing the average percent distribution in each
quadrant of the samples was prepared from the raw data sets
used for the scatter plots (Figure 4b). It is evident that for the
concentrations of SWCNTs used in this study (≤1 mg L−1)
there is limited apparent cytotoxicity in macrophage cells for
either purified- or unpurified-SWCNTs.
In conclusion, we have identified a purification process that

enhances the intracellular properties of DNA-SWCNTs while
simultaneously improving multiple relevant parameters essen-
tial for developing the next generation of reliable and
responsive carbon nanotube sensors for use in complex
biological systems. We developed this sensor platform within
macrophages, which have specialized uptake and accelerated
lysosomal processing of foreign material compared to other
cells.43,59,60 First, hybrid stability within the cell is enhanced
following the ATP purification process, which leads to
measurements that are reproducible and generalizable across
a range of intracellular incubation times. Second, optical signal
stability is significantly increased via ATP purification, as
purified-SWCNTs maintain their emission intensity and
narrow center wavelength distribution. In contrast, an
unpurified-SWCNT sample undergoes an unacceptably large
decrease in emission intensity and bidirectional spread in the
center wavelength. Combined, these two parameters address
the most critical aspects for intracellular sensing: what is the
degree of hybrid stability within a heterogeneous biological
environment, and is the emission modulation of the sensor
exclusively due to the presence of the analyte of interest?
We propose adoption of the process developed and

validated in this work as the standard procedure for the
preparation of SWCNTs for biological applications. Dispersing
as-produced SWCNTs in surfactant provides high yields and is
reproducible, and a standardized reference material is available
for comparison. Surfactant-based ATP purification can remove
all known classes of impurities, select for defect-free SWCNTs,
and isolate single chiralities with a high selectivity. Complete
exchange of the surfactant encapsulation for a biocompatible
molecule of choice, for example ssDNA, has been achieved and
validated in multiple biological applications.61−63 Finally, as
evinced by this work, the purified-SWCNTs obtained from this
process demonstrate superior optical stability and performance

in cells. As the field of engineered nanomaterial purification
continues to progress at a staggering rate by yielding samples
with increased purity and chiral specificity,64−67 biological
sensors developed with purified-SWCNTs will continue to
outperform and outpace those made with unpurified-
SWCNTs. Many issues associated with unpurified-SWCNTs
are directly resolved via our proposed method of initially
dispersing a SWCNT in a surfactant, performing surfactant-
based aqueous two-phase purification, and integrating a
biocompatible functionalization of choice via surfactant
exchange, thus optimizing the engineered nanomaterial’s
performance for biomedical studies.
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