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DNA-Carbon Nanotube Complexation Affinity and Photoluminescence

Modulation Are Independent
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ABSTRACT

Short single-stranded DNA (ssDNA) has emerged as the natural polymer of choice for non-
covalently functionalizing photoluminescent single-walled carbon nanotubes. In addition,
specific empirically identified DNA sequences can be used to separate single species (chiralities)
of nanotubes with exceptionally high purity. Currently, only limited general principles exist for
designing DNA-nanotube hybrids amenable to separation processes, due in part to an incomplete
understanding of the fundamental interactions between a DNA sequence and a specific nanotube
structure, while even less is known in the design of nanotube-based sensors with determined
optical properties. We therefore developed a combined experimental and analysis platform,
based on time-resolved near-infrared fluorescence spectroscopy, to extract the complete set of
photoluminescence parameters that characterize DNA-nanotube hybrids. Here, we systematically
investigated the affinity of the d(GT), oligonucleotide family for structurally-defined carbon

nanotubes by measuring photoluminescence response of the nanotube upon oligonucleotide



displacement. We found, surprisingly, that the rate of displacement of oligonucleotides is
independent of the coverage on the nanotube, as inferred through intrinsic optical properties of
the hybrid. The kinetics of intensity modulation are essentially single exponentials, and the time
constants, which quantify the stability of DNA binding, span an order of magnitude.
Surprisingly, these time constants do not depend on the intrinsic optical parameters within the
hybrids, suggesting that DNA-nanotube stability is not due to increased nanotube surface
coverage by DNA. Further, a principal component analysis of the excitation and emission shifts,
along with intensity enhancement at equilibrium accurately identified the (8,6) nanotube as the
partner chirality to (GT)s ssDNA. Combined, the chirality-resolved equilibrium and kinetics data
can guide the development of DNA-nanotube pairs with tunable stability and optical modulation.
Additionally, this high-throughput optical platform could function as a primary screen for

mapping the DNA-chirality recognition phase space.

Introduction

The bandgap near-infrared (NIR) photoluminescence from semiconducting single-walled carbon
nanotubes (SWCNT) is photostable, tunable, and sensitive to the local environment.! Over the
last 15 years, significant progress has been made in applying carbon nanotube
photoluminescence towards a range of in vitro and in vivo biomedical applications.? Efforts to
synthesize nanotubes of a specific structure (chirality),’ along with methods to separate specific

nanotube chiralities have achieved notable successes.*

For both biological applications and separation procedures, short single-stranded DNA plays an

important role. Pristine single-walled carbon nanotubes require non-covalent functionalization to



enable aqueous suspension while still retaining their intrinsic NIR optical properties.'
Additionally, separation or sensing applications that require a specific biomolecular interaction
on the nanotube surface depend on the functionalizing polymer to impart a recognition ability.!
Short single-stranded DNA was initially identified as a polymer that could efficiently solubilize
single-walled carbon nanotubes via non-covalent interactions forming DNA-nanotube hybrids.’
Subsequently, reports have shown that DNA facilitates separation of nanotube chiralities by
imparting distinct hydrophobicities and/or charge densities on nanotubes by the specific
interactions between certain sequences of DNA and specific (n,m) nanotube species.®”’
Additionally, this DNA sequence-nanotube chirality matching, hypothesized to be the result of
extended hydrogen bonding networks amongst adsorbed nucleobases,® inhibits oxygen induced
quenching of the nanotube photoluminescence.® Similarly, screening DNA-chirality pairs for
analyte specificity’ led to the development of optical biosensors for a range of small molecule

analytes.!” The ability to integrate molecular recognition into DNA-nanotube hybrids has been

achieved via base-pair hybridization,!! antibody-coupling,'? and oligonucleotide aptamers.'?

Several techniques have been employed to probe the fundamental interactions between DNA and

14-16 can be used to extract

the carbon nanotube surface. Absorption spectroscopy assays
thermodynamic parameters, but are limited in their ability to fully resolve multiple chiralities.
Modalities such as atomic force microscopy'’ and thermogravimetric analysis are quantitative,'s
but also cannot resolve nanotube chiralities. Techniques, including single molecule force
spectroscopy to directly measure the force required to separate ssDNA from a nanotube!® and
nanoparticle fluorescence spectroscopy to observe DNA-nanotube interactions in a microfluidic

1’20

cell,” continue to further out understanding. Molecular dynamics simulations can be used to

visualize the DNA structure on a nanotube with unprecedented resolution,?! but simulations are



costly in time and limited to simple model systems.?? In summary, the techniques currently
available are either unable to resolve a sufficient number of individual chiralities or cannot be
scaled to represent ensemble averaged data. Therefore, our understanding of the DNA-nanotube

interactions at their interface and the resulting optical signal transduction remains incomplete.

The optical transition energies of carbon nanotubes are modulated by the local environment,?
with the local dielectric constant?* influencing both quantum yields and solvatochromic shifts.?
For DNA-carbon nanotube hybrids, the microenvironment of the nanotube is a complex

26 water density,?” and nanotube chirality.??

equilibrium structure that depends on DNA sequence,
A recent technique to study the stability of DNA-nanotubes by competing ssDNA with a
surfactant?® highlighted the potential of time-resolved spectroscopy to directly measure both
optical transition energies and the kinetics of DNA desorption. While these assays were limited
to physically-separated single nanotube chiralities, optical advancements such as real time
hyperspectroscopy?® allow for spectral separation of individual chiralities in an unsorted sample.
By directly measuring equilibrium optical transitions and transient intensity modulations, we
could address unanswered questions in the literature, such as: Is DNA stability a function of
DNA sequence length, or nanotube chirality, or both? Does the degree of nanotube surface
coverage by DNA determine the stability of the DNA-nanotube hybrid, and how does this

answer depend on the nanotube chirality? Can optical signatures help screen and identify target

chiralities for separation by DNA sequences?

Here, we examined DNA-nanotubes for their binding affinities and optical modulations, using a
combination of photoluminescence excitation/emission (PLE) plots and time-resolved near-
infrared photoluminescence spectroscopy. We found that stability of DNA on a nanotube could

not be predicted from equilibrium photoluminescence modulations, but required a kinetics



measurement via a surfactant induced DNA displacement. The kinetics of DNA displacement
were single exponential, with time constants that spanned an order of magnitude. Interestingly,
these time constants were essentially independent of nanotube surface coverage, as inferred by
relative excitation/emission energies, suggesting that the strength of DNA binding is the primary
determinant of stability of the DNA-nanotube hybrid. We propose that our high throughput
spectroscopy and analysis method can screen and identify DNA-chirality pairs which optimize

photoluminescence response and stability for both sensing and separation applications.

Results and Discussion
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Figure 1. Schematic of the surfactant-induced DNA displacement mechanism and corresponding
optical output. (a) Equilibrium conformation of DNA on a nanotube, and the (b) corresponding
optical parameters. (c) Addition of SDC changes the emission spectra (d) in time. () The
equilibrium SDC-SWCNT and the (f) corresponding optical parameters.

To systematically investigate DNA-nanotube interactions as a function of nanotube chirality and
DNA-sequence length, we prepared ss(GT)s-nanotube hybrids where n=3, 6, 9, 12, 15, or 30
repeats. As apparent from the high peak-to-valley ratios and narrow bands in the absorption
spectra (Fig. S1), regardless of DNA sequence length, the entire mixture of HiPco nanotubes

were well dispersed. For the equilibrium conformation of ss(GT)s.-nanotubes (Fig. 1a), we



obtained the intensity, excitation, and emission peaks for the (8,3), (7,5), (10,2), (9,4), (7,6) and

(8,6) chiralities, from the initial photoluminescence excitation/emission (PLE) plots (Fig. 1b).
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Figure 2. Modulation of emission parameters as a function of time. (a) Intensity, (b) center
wavelength and (c) full-width at half-maximum of the (GT)30-(8,6) hybrid following SDC
addition.

We then added excess sodium deoxycholate (SDC), known to displace the DNA from the
nanotube surface.?’ On adding SDC (0.1% final concentration), we observed the dynamic
process of surfactant binding to the exposed nanotube surface (Fig. 1¢) and the resultant
modulation in the nanotube emission spectra (Fig. 1d) upon excitation at either 660 nm or 730
nm (red arrows in Fig. 1a). At equilibrium, the DNA initially adsorbed on each nanotube
chirality is completely displaced by SDC (Fig. 1e), demonstrated by the convergence of all
optical transition wavelengths (Fig. S2) obtained from the final PLE plots (Fig. 1f). When
compared with the excitation and emission peaks from SDC-nanotubes (i.e. SWCNT dispersed
directly in SDC), we find that the DNA-nanotube spectra on SDC addition are as blue-shifted or
more blue-shifted than the corresponding SDC-nanotube spectra. This discrepancy is likely due
to the differential ability of SDC and DNA to singly exfoliate the nanotube samples.** The
resulting data of photoluminescence modulation of DNA-to-SDC replacement on the nanotube

surface are presented in Table S1.



The evolving emission spectra (Fig. 1d) is an ensemble average of nanotubes in solution, with
each nanotube containing sections with either DNA or SDC coverage. When fit with a
Lorentzian profile,®! we extracted peak intensity (Fig. 2a), center wavelength (Fig. 2b) and full-
width-at-half-maximum (FWHM, Fig. 2¢) as a function of time, for each of the 36 sequence-
chirality pairs (Figs. S3 and S4). Interestingly, certain DNA-chirality pairs (e.g. (GT)s-(10,2))
exhibit a large initial blue-shift followed by slow red-shift to an equilibrium value. We treated
each emission spectrum (Fig. S5a) as a linear combination of the DNA-only and SDC-only
spectrum?’ (Fig. S5b), and fit all transient spectra (Fig. S5¢) as the sum of these two components
(Fig. S5d). The anti-correlated contributions of the DNA and SDC components, plotted as a
function of time (Fig. S5e), suggest a concomitant decrease in DNA coverage and increase in
SDC coverage. However, as the blue-shifted SDC-peak is significantly (~ 4-fold) brighter than
the DNA peak, the apparent wavelength shift is faster than the intensity increase (Fig. S5f). We
observed this phenomenon in the experimental data for every sequence-chirality pair (Figs S3
and S4). For the rest of our analysis, we used the peak intensity at the SDC-emission wavelength

as a metric for the degree of DNA displacement due to replacement by SDC.
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Figure 3. Fractional intensity increase (of the SDC peak) as a function of time for all (GT)n
sequences for the (a) (8,3), (b) (7,5), (c) (10,2), (d) (9,4), (e) (7,6) and the (f) (8,6) chirality.
Dotted lines indicate the exponential fits for each sample.

As a relative measure of the DNA-nanotube hybrid stability, we plotted the emission intensity of
the SDC-peak wavelength as a function of time, for each DNA sequence-nanotube chirality pair.
The majority (30/36) time traces of the fractional increase in intensity (Fig. 3) were fit with a
single exponential association (Table S2, > > 0.95 for all time traces). However, traces for (8,3)
and for the shorter sequences (6/36 in total) were significantly better fit as a sum of two
exponentials, suggesting a more complicated two-stage mechanism for these DNA-chirality pairs
(Table S3). Dashed lines in Fig. 3 represent the best fits (single or double exponential) for each
sequence-chirality pair. Physically, the processes occurring on the nanotube surface include (1)
binding of SDC to the exposed nanotube surface, (2) rearrangement and displacement of DNA
by SDC, and (3) SDC reorganization and micelle formation over the nanotube surface. We

propose that the separate rates of the above processes might be too fast to experimentally observe



(and at SDC concentrations above 0.1 %, even the single exponential behavior was too fast to fit
within the experimental time resolution of 0.5 s). Future studies, including titrating the SDC
concentration to develop a Langmuir adsorption model, or performing the kinetics measurements
at lower temperatures or lower SDC concentrations, could provide further insight into the

mechanisms being investigated.

For comparing across samples, we used the time constants from single exponential fits as an
experimentally derived metric for DNA-nanotube hybridization affinity. The combined kinetics
and PLE data provide ten descriptors of each sequence-chirality pair that can be used to assess

stability and dynamic range in optical responses, respectively, in DNA-nanotube hybrids.

We asked if photoluminescence parameters and their modulations could predict sequence-
chirality recognition pairs and potentially enable optical screening to identify target chiralities for
specific DNA sequences. We thus assessed excitation shifts, emission shifts, and intensity
enhancements for all DNA-chirality pairs and compared visually using heat maps (Fig. 4a-c).
Certain trends were visible in the data, such as the large excitation shift and intensity
enhancement for (8,6), and the maximum emission shift for (9,4). We systematically looked for
correlations between the five unique photophysical parameters, both within individual chiralities
and across the entire nanotube population. As all sequence-chirality pairs converged to the same
SDC-coated nanotube sample (Fig. S2), the initial excitation and emission peaks shifted to the
same value. To our surprise, intensity enhancement was not correlated to either excitation or
emission shift for any chirality, and only the (8,6) showed a statistically significant dependence
between the excitation and emission energy shifts (Fig. S6). However, excitation energy shifts

and emission energy shifts were weakly correlated with intensity enhancement at the population



level (0.369 and 0.395 Spearman correlation respectively, p < 0.05 for both), suggesting a

potential connection between the DNA sequence family and the nanotube chirality.
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Figure 4. Heat map, as a function of nanotube chirality and DNA sequence, of the (a) excitation
energy shifts, (b) emission energy shifts and the (c) fractional intensity increases. The nanotube
chiralities are arranged in order of decreasing bandgap energy. (d) Principal component analysis
of the excitation shift, emission shift, and intensity enhancement, for the first two principal
components.

To investigate the sequence-chirality connection to these optical parameters, we used principal
component analysis on the excitation shift, emission shift, and intensity enhancement data for the
DNA sequence-nanotube chirality pairs. From the three principal components, over 87% of the

variance in the data could be explained by the first two. A scatter plot of the first two principal

10



components maximizes the variance in the data while reducing the dimensionality from three to
two. We asked whether the DNA sequence-nanotube chirality pairs in the principal component
phase space clustered in a meaningful way. A two-dimensional k-means algorithm (without any
initial guesses) identified four distinct clusters (Fig. 4d).*? Interestingly, one cluster (labeled 4 in
Fig. 4d) was composed entirely of all six ss(GT)a-(8,6) pairs (Table S4). Though no optical
parameter exclusively selects the (8,6) chirality, k-means analysis of the principal components
differentiates the optical response of all (8,6) chirality nanotubes from the other 30 DNA
sequence-nanotube chirality pairs. As ss(GT)s was initially identified as the recognition sequence
for the (8,6) chirality using ion-exchange chromatography,® the identification of (GT)n-(8,6)
nanotubes as a distinct cluster in principal component analysis is a promising result. Though
photoluminescence measurements of the addition of small molecules to polymer-nanotube
hybrids have highlighted the complexity of the interactions,**>* the data suggests that our
method, validated for one specific DNA-sequence family and chirality, could potentially provide
a scalable and predictive approach to determining candidate DNA recognition sequences for

specific nanotube chiralities.

To characterize DNA-nanotube hybridization affinities, we generated a heat map of the time
constants as a function of nanotube chirality and DNA sequence length (Fig. 5a). Visually
apparent, the heat map indicated a general trend, with longer time constants more prevalent
amongst DN A-nanotube hybrids with longer DNA and larger diameter nanotubes. When mapped
in ascending order, the time constants (larger time constant indicating a stronger binding affinity
of DNA to the nanotube) increased from 5 to 80 seconds (Fig. 5b). A one-dimensional k-means
analysis identified three classes of samples — least stable (time constants < 25 s), stable (25 s <

time constants < 50 s) and a small subset that are exceptionally stable (time constant > 50 s).

11



Interestingly, ss(GT)12-(8,6) and ss(GT)s-(8,6) stand out as outliers, with high DNA-nanotube

affinity despite the comparatively short DNA sequence length.
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Figure 5. DNA stability as a function of DNA-SWCNT parameters (a) Heat map of single
exponential time constant of fractional intensity increase as a function of DNA sequence length
and chirality. (b) Time constants plotted in ascending order and color-coded by chirality. (c)
Mean time constant (gray squares) as a function of DNA sequence length, with data points for
each chirality represented as color-coded circles. (d) Mean time constant (gray squares) as a
function of chirality, with data points for each DNA sequence represented as color-coded circles.
Error bars are the s.e.m. across the contributing data points.

Next, we analyzed the time constants as a function of either sequence length or chirality. For the
combined nanotube population, the stability of the ss(GT), DNA correlated strongly with

sequence length (Fig. 5¢). However, the chirality-resolved data indicated this relationship to only

12



be true for three out of six chiralities (Fig. S7). The time constants for each DNA sequence
length did not correlate with nanotube chirality either (Fig. 5d), and the range of time constants
across the six chiralities was large. Based on these results, we propose that DNA-nanotube
binding affinity is strongly dependent on the specific interaction between a nanotube chirality
and the DNA sequence, with no obvious systematic dependence on either. In the most striking
example, ss(GT)3-(9,4) and ss(GT)30-(7,5) had essentially identical time constants (12.48 s vs
14.63 s, respectively), despite a 54-base sequence length advantage for ss(GT)30-(7,5). Even
within a single chirality, such as the (8,3), ss(GT)3-(8,3) and ss(GT)30-(8,3) had statistically
identical time constants (~17.5 s). This analysis suggests that increased hybrid stability is not

solely determined by the length of DNA sequence.

As the displacement of DNA by SDC on the nanotube surface induces a change in the NIR
photoluminescence, we asked whether photoluminescence parameters correlated with the
stability directly measured via DNA displacement kinetics. We hypothesized that the stability for
a specific sequence-chirality pair could result from the extent of nanotube surface coverage by
DNA. A nanotube with low DNA coverage would provide a larger and more accessible surface
for oxygen and water molecules, when compared to a nanotube with high DNA coverage (Fig.

2325 3 more stable

6a). Because water increases the local dielectric constant around the nanotube,
DNA sequence-nanotube chirality pair with low surface exposure to water (high DNA coverage)
should have excitation and emission peaks that correspond to higher energy optical transitions.?*"
27 Instead, scatter plots of the excitation and emission energy peaks showed no correlation with
the time constants, for any of the six chiralities (Fig. 6b-c). The intensity enhancement, often

10, 20

used as a proxy for nanotube surface coverage, also did not correlate with the time constants

(Fig. 6d). No correlation was observed between photoluminescence parameters and DNA

13



sequence length either (Fig. S8). As DNA stability on the nanotube does not appear to
correspond to the relative excitation and emission peak positions, we conclude that DNA surface
coverage is not the determining factor for DNA-nanotube hybridization stability. We propose
that the strong binding observed between certain DNA sequences and nanotube chiralities is
likely due to specific DNA conformations (Table 1), which has been suggested to enhance

hydrogen bonding between DNA bases.5 %2
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Figure 6. (a) Schematic for a DNA-nanotube with low DNA coverage and high DNA coverage.
(b) Initial excitation peak, (c) initial emission peak and (d) intensity enhancement as a function

of time constant for all DNA-nanotube samples, segmented by chirality.
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Table 1. Correlations between photoluminescence parameters and sequence length. Correlations

presented as (Spearman Correlation, significance)

Parameters Compared Nanotube Chirality
(8,3) (7,5) (10,2) 9.4) (7,6) (8,6) Combined
Sequence Length vs
/1y ) ) ) ) ) ) )
Sequence Length vs 0.83,
Initial Excitation ) ) ) 0.040 ) ) )
Sequence Length vs 0.94,

Initial Emission ) 0.0048 ) ) ) ) )
Time Constant vs 0.83, 0.89, 1, 0.53,
Sequence Length ) ) 0.042 0.019 0 ) 0
Time Constant vs

Intensity Enhancement i i i ) ) ) )
Time Constant vs -0.41,

Initial Excitation ) ) ) ) ) ) 0.02
Time Constant vs -0.51,

Initial Emission ) ) ) ) ) ) 0.013

Intensity Enhancement vs 0.37,
Excitation Shift ) ) ) ) ) ) 0.027
Intensity Enhancement vs 0.39,
Emission Shift ) ) ) ) ) ) 0.017
Excitation Shift vs -0.94,
Emission Shift ) ) ) ) ) 0.048 )

Initial Excitation vs
Initial Emission

Values presented are Spearman correlation coefficient and significance

Conclusions

We have developed a framework for experimentally determining both the stability and optical

modulation of DNA-nanotube hybrids. By all indications, DNA-nanotube stabilities and

photoluminescence modulations are essentially independent (Fig. 7). In the assay presented,

equilibrium and dynamic measurements of DNA displacement from the nanotube surface by a

surfactant allow both properties to be observed simultaneously. The DNA displacement follows

single exponential kinetics, with time constants that range over an order of magnitude.

Surprisingly, the stability appears to depend on the molecular interactions between a DNA

sequence and a specific nanotube chirality, with no systematic dependence on DNA sequence

length or chirality. Optical parameters that reflect accessibility of the solution to the nanotube

15




surface do not correlate with the stability of the DNA-nanotube hybrid, suggesting that stability
does not result from an increase in DNA coverage of the nanotube surface. However, principal
components analysis and k-means clustering of optical parameters can identify the nanotube
chirality with an enhanced affinity for a DNA family. As a result, predictions that are tailored for
specific biological applications can be made. For instance, a low-stability but high-dynamic
response DNA-nanotube pair like the ss(GT)3-(9,4) hybrid can be selected for detecting
amphiphilic proteins that displace DNA. Alternatively, a high-stability, high-dynamic response
like the ss(GT)s-(8,6) pair may be suitable for long-term monitoring of analytes in biological
samples. We envision our optical screening approach enhancing the study of fundamental DNA-
nanotube interactions, and in the rational design of DN A-nanotube sensors for a variety of
biological applications. The ability to optically identify recognition sequences for specific

nanotube chiralities is another potentially valuable application.

Surface coverage DNA binding affinity
l E Independent i l
Optical Parameters Stability of Complex

Figure 7. Model for photoluminescence parameters and hybridization affinities in DNA-
nanotube hybrids.

Methods
Nanotube Sample Preparation. HiPco single walled carbon nanotubes (Unidym, HiPco

Raw) were suspended with DNA in 1 mL of deionized water with 100 mM NacCl (Sigma-
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Aldrich) by adding 1 mg raw nanotubes to 2 mg of desalted ss(GT)n (n=3,6,9,12,15, or 30)
oligonucleotide (Integrated DNA Technologies) in a microcentrifuge tube. The mixtures were
ultrasonicated using a 1/8” tapered microtip (Sonics & Materials, Sonics Vibracell) for 30 min at
40% amplitude, with an average power output of 8 Watts, in a 0 °C temperature-controlled
microcentrifuge tube holder. After sonication, the dispersion was ultracentrifuged (Sorvall
Discovery 90SE) for 30 min at 250 000g in a fixed-angle rotor (Fiberlite F50L), and the top 80%
of the supernatant was extracted. The concentration was determined with a UV/vis/nIR
spectrophotometer (Jasco, Tokyo, Japan) using the extinction coefficient Agio = 0.02554

L-mgf1 .em 1¥

Near-Infrared Photoluminescence Spectroscopy. Rapid two-dimensional
excitation/emission photoluminescence contour maps were constructed using a procedure
outlined in a previous study.*® Briefly, a supercontinuum laser (NKT SuperK Extreme EXR15)
coupled to a variable bandpass filter (NKT SuperK Varia High) was used to excite DNA-
nanotube sample contained within a 96-well plate. The excitation wavelength varied from 500 to
827 nm with a 20 nm bandwidth and step size of 3 nm. The emissions from the nanotube
samples were collected, fed into a spectrometer with an 86 groove/mm ruled grating, 320 mm
focal length and /4.6 aperture ratio (Princeton Instruments IsoPlane SCT 320), and finally
directed into a TE-cooled InGaAs array detector (Princeton Instruments 640 X 512 pixel

NIRvana: 640) with a 20 um pixel size, and Q.E. > 85% in the detection range of 0.9 to 1.7 pm.

In a typical experiment, 100 pL of each DNA-nanotube sample were plated into a clear-bottom
optical imaging 96-well plate (Corning) at a defined nanotube concentration of 5 mg/L. From
stock concentrations, DNA-nanotube samples were diluted in 100 mM NaCl or 100 mM NaCl +

0.1% sodium deoxycholate (SDC). The well plate was covered and incubated for 12 hours at
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room temperature in order to ensure an equilibrium in the SDC containing wells. Two-
dimensional excitation/emission spectroscopy was performed on all the wells with an exposure
time of 0.25 or 1 second at each excitation wavelength for samples with and without SDC,
respectively. All samples were examined in triplicate. Custom Labview and MATLAB codes

were written to automate the data acquisition and processing, respectively.

For experiments involving the real-time addition of SDC to DNA-nanotubes, the excitation
wavelength was set to either 660 or 730 nm, with a bandwidth of 20 nm. The emission spectra
were collected in rapid succession with a constant exposure time of 0.25 seconds. After an initial
time period of ~10 seconds to collect ample DNA-nanotube control data, 1 puL of a stock solution
of 10% SDC was spiked into the well and immediately mixed to give a final concentration of

0.1% SDC. All SDC addition experiments were performed in triplicate.

Statistical Analysis. Statistical measures and tests for correlations, in addition to
exponential fitting were performed in OriginPro 8.6. PCA and k-means clustering were

performed using the in-built functions in Matlab 2014a.
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