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Abstract

Properties of SWCNT-based sensors such as brightness and detection capabilities

strongly depend on the characteristics of the wrapping used to suspend the nanotubes.

In this study, we explore ways to modify the properties of DNA-SWCNT sensors by us-

ing chemically modified DNA sequences, with the aim of creating sensors more suitable

for use in in vivo and in vitro applications. We show that both the fluorescence intensity

and sensor reactivity are strongly impacted not only by the chemical modification of

the DNA but also by the method of preparation. In the absence of modifications,

the sensors prepared using MeOH-assisted surfactant exchange exhibited higher overall

fluorescence compared to those prepared by direct sonication. However, we demonstrate

that the incorporation of chemical modifications in the DNA sequence could be used

to enhance the fluorescence intensity of sonicated samples. We attribute these im-

provements to both a change in dispersion efficiency as well as to a change in SWCNT

chirality distribution.

Furthermore, despite their higher intensities, the response capabilities of sensors

prepared by MeOH-assisted surfactant exchange were shown to be significantly reduced

compared to their sonicated counterparts. Sonicated sensors exhibited a globally higher

turn-on response towards dopamine compared to the exchanged samples, with modified

samples retaining their relative intensity enhancement. As the increases in fluorescence

intensity were achieved without needing to alter the base sequence of the DNA wrap-

ping or to add any exogenous compounds, these modifications can - in theory - be

applied to nearly any DNA sequence to increase the brightness and penetration depths

of a variety of DNA-SWCNT sensors without affecting biocompatibility or reducing

the near-limitless sequence space available. This makes these sensors an attractive

alternative for dopamine sensing in vitro and in vivo by enabling significantly higher

penetration depths and shorter laser exposure times.
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Introduction

The ultimate goal when designing biomedical sensors is to create a technology that can be

used for continuous and long-term monitoring applications in vivo. In the brain, realizing

such technologies could revolutionize health care by improving our understanding and treat-

ment of many different neurological, psychiatric, and cognitive disorders. However, in order

to understand both signalling between single neurons and through extended neural networks,

it is essential to monitor neural activity over much larger volumes, ideally at high speeds

while achieving synaptic resolution1. Unfortunately despite significant progress, no single

technology or approach has yet been able to accomplish all the analytical requirements for

widespread in vivo use in humans2–4. In addition, for in vivo brain imaging, sensors need to

be able to transmit through not only tissue and skin, but also trans-cranially. This causes

additional attenuation in the fluorescence of optical sensors, creating a need for the removal

of overlying brain tissue and for craniotomies to enable sensing in subcortical structures5.

An effective strategy for addressing this limitation is to use fluorophores with longer

emission wavelengths, such as SWCNTs, where light absorption and scattering by biological

tissue is minimised6–9. The molecular recognition capabilities of DNA-SWCNTs make them

an attractive material for neurotransmitter detection and in vivo neural biosensing applica-

tions2,10–16. However, low photoluminescence quantum yield (QY) values have limited the

optical performance of DNA-SWCNTs and constrained their widespread applicability17–19 as

DNA-SWCNTs typically exhibit much lower fluorescence compared to surfactant-suspended

nanotubes19–23. As the sensitivity of all nanosensor optical devices is strongly linked to

the brightness of the emitting fluorophore24, this creates problems for in vivo sensing ap-

plications. Furthermore, this limits the practical application of the sensors by reducing

the penetration depth of the fluorescence emission25,26. While there are advantages to using

alternative wrappings, like surfactants, to increase the quantum yields of nanotube sensors23,

ultimately any wrapping replacing DNA sacrifices the increased biocompatibility and vast

combinatorial library available for this biopolymer.
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Previous attempts to increase DNA-SWCNTs have relied on modifications to the DNA

base sequence25 or the addition of exogenous compounds. However, many of the exogenous

compounds reduce the biocompatibility of the sensors, as the additives (such as reducing

agents or nanoparticles) can increase cytotoxicity and diminish sensitivity and/or selectivity

of the sensors. Moreover, as the fluorescence properties and molecular recognition capabilities

of DNA-SWCNTs have been shown to vary depending on DNA sequence and length13,25,27

there remains a need to identify alternative methods for increasing the fluorescence intensity

of DNA-SWCNTs without substituting the wrapping sequence.

Recent work by Yang et al. has demonstrated that the method used to prepare DNA-

SWCNT suspensions, direct sonication of methanol (MeOH)-assisted surfactant exchange,

can also significantly impact the resulting DNA-SWCNT complex28. Disparities in the flu-

orescence spectra for DNA-SWCNTs produced by the two methods indicated that the re-

placement process did not always result in the same DNA wrapping configuration compared

to using direct sonication. These differences can alter the fluorescence properties of the

DNA-nanotube complex but can also impact their recognition capabilities.

In this work, we modulated the properties of (GT)15-SWCNT sensors through the incor-

poration of chemical modifications in the wrapping DNA sequences. The (GT)15-SWCNT

sensor was selected owing to its important role in neurotransmitter sensing2,10,12,13. We exam-

ined the impact of these modifications on properties such as dispersion efficiency, fluorescence

intensity, and sensor response for SWCNT complexes prepared by both direct sonication

and MeOH-assisted surfactant exchange. For sensors prepared by sonication, we observed

a notable increase in fluorescence intensity, up to ⇠79%, when chemically modified DNA

was used. Conversely, when using MeOH-assisted surfactant exchange, the incorporation of

chemical modifications in the DNA sequence resulted in lower intensities. We further showed

that the presence of the modifications did not remove the sensor’s ability to detect dopamine.

Moreover, we observed that the response behaviour was strongly dependent on the method of

preparation used to construct the DNA-SWCNTs for both modified and non-modified DNA.
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These findings demonstrate a new approach for tuning the fluorescence behavior of DNA-

SWCNTs for a given sequence and length, without compromising the sensing capabilities of

the sensors or requiring the addition of any exogenous compounds.

Results and Discussion

Modified DNA sequences were chemically synthesized (Microsynth) to contain one of two

functional groups: amino or azide (SI Figure 2, 3). To investigate the impact of the

location and number of modifications on the fluorescence behaviour of the DNA-SWCNTs,

modifications were inserted at the 5’ or 3’ end of the DNA sequence, or in the middle of the

sequence for (GT)15-SWCNTs. Details on the modifications and positions examined during

this study are included in (Table 1 and SI Figure 2, 3).

Table 1: A list of functional groups and modification positions tested for improving the
fluorescence intensity of (GT)15-SWCNTs in this study. Internal modifications for the -NH2

functional group were introduced using an amino-dT base (Microsynth) (SI Figure 3).

Modification [Linker] [Position] Sequence Name

(GT)15

Unmodified N/A (GT)15

Amino, - NH2 [C6]

[5’] (GT)15 Amino5’
[3’] (GT)15 Amino3’

[5’ + 3’] (GT)15 Amino5’3’
[5’ + Interior] (GT)15 Amino5’Int

[5’ + 3’ + Interior] (GT)15 Amino5’3’Int

Azide, -N3
[NHS Ester] [3’] (GT)15 Azide5’

[C6 Amide + C3 ] [5’] (GT)15 Azide3’

The absorbance spectra of all (GT)15-SWCNTs were used to compare the suspension qual-

ity of the solutions that were prepared using direct sonication and MeOH-assisted surfactant

exchange (Figure 1). All DNA sequences were able to suspend the SWCNTs, as evidenced

by the distinct bands in the absorbance spectra and low non-resonant background (Figure 1

(A))21. However, variations in the dispersion efficiency were observed depending on both the

modification and the preparation method used, as evidenced by large differences in the final

SWCNT concentration (post centrifugation, SI Table 2). For almost all DNA sequences,
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higher nanotube yields were obtained for MeOH-assisted surfactant exchange dispersions

compared to their sonicated counterparts (Figure 1 and SI Table 2). We also noted that

the variation in yields was much greater for DNA-SWCNTs prepared by sonication compared

to the surfactant exchange samples. Moreover, while the unmodified (GT)15 yielded the most

concentrated SWCNT dispersion with the MeOH-assisted surfactant exchange method, the

unmodified sequence exhibited one of the lowest yields when prepared by direct sonication,

implying that the addition of the functional groups may assist with the exfoliation of the

nanotube bundles during the sonication process.

For both preparation techniques, the Amino 5’3’Int showed a lower final SWCNT concen-

tration. The reduced yield was, in part, attributed to too many modifications in the DNA

sequence, which may increase steric hinderance and impact the suspension capabilities of

this DNA sequence. Samples containing three modifications displayed the lowest ratios for

any modified-DNA samples prepared by both sonication and surfactant exchange, while the

singularly modified amino samples showed improved dispersion compared to both the 5’3’

and 5’Int samples for sonicated complexes. We also obtained a very low concentration for

the Azide 5’ exchanged sample across multiple preparations (SI Figure 5). The difference

in suspension quality of Az5’ and Az3’ modifications highlights the impact of the linker

molecules, in addition to the functional group, on the dispersion capabilities of a sequence

as similar behaviour was also observed when using modified (AT)15 sequences (SI Figure

6). Due to the lower suspension quality and yields of the samples prepared using Az5’ and

Am5’3’Int modifications, these samples were excluded from subsequent fluorescence studies

and comparison (SI Figure 7).

As expected, the predominant peak in all spectra was observed at around 994 nm, which

was associated with the first sub-band E11 exciton transition for the (6,5) chirality nanotube.

To further compare the samples, the peak-to-valley ratio for the (6,5) absorption peak, which

is indicative of relative amounts of impurities and aggregates in solution, was used as a proxy

for examining the quality of the suspensions. While we observed improved ratios for all
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Figure 1: Differences in the suspension quality and yield of solutions examined in this study. (A)
Absorbance spectra for all modified and unmodified DNA-SWCNT samples prepared via (i) direct
sonication and (ii) MeOH-assisted surfactant exchange. (B) Absorbance spectra normalized to the
(6,5) E11 maximum for all modified and unmodified DNA-SWCNT samples prepared via (i) direct
sonication and (ii) MeOH-assisted surfactant exchange. (C) Peak-to-valley ratio for the (6,5) E11

peak for the sonicated and exchanged samples.
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modified DNA sequences in the sonicated samples, the unmodified (GT)15 sequence ex-

hibited the highest ratio for the samples prepared by MeOH-assisted surfactant exchange.

This again highlights the differences between the two preparation methods and the resultant

DNA-SWCNT complexes. Furthermore, we noted a dependence on modification type, po-

sition, and abundance, all of which were more pronounced in the sonicated samples. Most

notably, we observed a correlation between increasing number of modifications and decreased

peak-to-valley ratio.

In addition to variations in absorbance, we observed differences in the fluorescence be-

haviour of the samples depending on both the abundance and type of modification and the

preparation method. We compared fluorescence spectra obtained under an excitation of 575

nm, which is resonant for the (6,5) chirality, for solutions of equal concentration to further

examine these differences. For samples prepared by direct sonication, significant increases

of up to 79.6% ± 5.3% (Table 2, SI Table 3) were obtained in the (6,5) peak fluorescence

intensities for all modified (GT)15-SWCNTs compared to unmodified (GT)15-SWCNTs (Fig-

ure 2 (A), SI Figure 8 (A), 9). On the other hand, in general the samples prepared by

MeOH-assisted surfactant-exchange showed a lower intensity compared to unmodified (GT)15

with the exception of the Azide 3’ sample. Interestingly, unmodified (GT)15-SWCNTs pre-

pared using MeOH-assisted surfactant exchange displayed a significantly higher fluorescence

intensity (55.4 ± 5.6%) compared to those prepared by direct sonication.

To determine whether the increased fluorescence intensities were due to an increase in

quantum yield (QY), we compared the fluorescence intensities of the solutions before and

after the addition of excess sodium deoxycholate (SDOC), which shows preferential binding

to SWCNTs compared to DNA29. After SDOC addition, the fluorescence intensities of all

samples increased with a blue-shift in the emission peak, indicative of a total replacement of

the DNA wrappings. At the same concentration, SWCNT complexes with equal QY (as a

result of SDOC replacement) should exhibit the same fluorescence intensities, evidenced by

overlapping spectra25. As the peak intensities retained the same trends before and after
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Figure 2: Fluorescence characterisation of SWCNTs suspended with modified and unmodified DNA.
(A) Fluorescence spectra of the samples suspended via (i) direct sonication and (ii) MeOH-assisted
surfactant exchange (excitation: 575 nm). (B) Fluorescence spectra of the samples suspended via (i)
direct sonication and (ii) MeOH-assisted surfactant exchange post replacement by SDOC surfactant
(excitation: 575 nm). Graphs include spectra for SWCNTs suspended with unmodified (GT)15
(red) and modified (GT)15. For all spectra, the central line represents the average spectrum with
the shaded regions representing 1� standard deviation (n = 3 technical replicates). All fluorescence
spectra were normalized to concentration measured at 739 nm in the 384-well plate immediately
prior to measurement to account for any minor variations. (C) Comparison of the absolute peak
intensity of the (6,5) chirality (excitation: 575 nm) for modified and unmodified (GT)15-SWCNTs
before and after addition of SDOC (final SDOC concentration: 0.1%). Error bars represent 1�
standard deviation (n = 3 technical replicates).
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SDOC addition, we can determine that the fluorescence intensities observed for the mod-

ified samples are not exclusively a QY effect (Figure 2 (C)).

The retained changes in intensity post SDOC addition are indicative of a change in the

SWCNT chirality distribution. Coupled with the variations observed in dispersion quality

from the absorbance spectra, we hypothesize that the presence of chemical modifications

on the wrapping DNA sequence impacts the dispersion of SWCNTs resulting in changes in

the composition and quality of the suspension, which in turn give rise to the differences

in fluorescence behaviour. Additionally, despite being prepared with the same batch of

surfactant-wrapped nanotubes, samples prepared via MeOH-assisted surfactant exchange

also exhibited differences post SDOC-replacement, further supporting the observation that

the modified wrappings display different chirality affinities.

Table 2: Comparison of the fluorescence intensity of modified and unmodified SWCNTs
before and after SDOC addition. Absolute fluorescence intensity of the (6,5) chirality peak
for modified and unmodified (GT)15-SWCNTs before and after addition of SDOC. Relative
intensity changes versus the respective unmodified (GT)15-SWCNT complex solution post
SDOC addition are also included (% Change).

Direct Sonication
DNA Sequence Before SDOC After SDOC % Change
(GT)15-SWCNT 3.00 ± 0.07 E+06 1.18 ± 0.03 E+07 -
Amino3’-(GT)15-SWCNT 5.73 ± 0.10 E+06 1.93 ± 0.04 E+07 + 64.6 ± 2.9 %
Amino5’-(GT)15-SWCNT 6.63 ± 0.17 E+06 2.31 ± 0.23 E+07 + 96.2 ± 10.1 %
Amino5’3’-(GT)15-SWCNT 4.88 ± 0.07 E+06 1.55 ± 0.04 E+07 + 31.9 ± 3.2 %
Amino5’Int-(GT)15-SWCNT 5.55 ± 0.15 E+06 1.91 ± 0.09 E+07 + 62.7 ± 5.3 %
Azide3’-(GT)15-SWCNT 6.29 ± 0.25 E+06 2.09 ± 0.15 E+07 + 77.5 ± 7.6 %

MeOH-assisted Surfactant Exchange
DNA Sequence Before SDOC After SDOC % Change
(GT)15-SWCNT 7.44 ± 0.18 E+06 2.03 ± 0.08 E+07 -
Amino3’-(GT)15-SWCNT 6.14 ± 0.21 E+06 1.49 ± 0.13 E+07 - 26.6 ± 9.6 %
Amino5’-(GT)15-SWCNT 5.84 ± 0.68 E+06 1.49 ± 0.06 E+07 - 26.4 ± 6.0 %
Amino5’3’-(GT)15-SWCNT 6.16 ± 0.37 E+06 1.39 ± 0.15 E+07 - 31.5 ± 11.3 %
Amino5’Int-(GT)15-SWCNT 6.02 ± 0.16 E+06 1.39 ± 0.04 E+07 - 31.6 ± 5.1 %
Azide3’-(GT)15-SWCNT 8.03 ± 0.22 E+06 1.97 ± 0.07 E+07 - 2.7 ± 5.4 %
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Nevertheless, the increase we obtained for modified (GT)15-SWCNTs prepared via sonica-

tion enables much greater penetration depths compared to their non-modified counterpart.

However, as recent studies have shown that DNA sequences can adopt different equilib-

rium structures depending on their preparation methods28, we sought to investigate whether

there were differences in the maximal turn-on response following the addition of dopamine

for non-modified (GT)15-SWCNTs prepared via sonication and surfactant exchange (Figure

3). Consistent with previous observations2,10,23,30, the addition of dopamine increased the

fluorescence intensity of all samples. We define the dopamine response as (If -I0)/I0, where

If is the final intensity post-dopamine and I0 is the initial intensity. Interestingly, while

the initial fluorescence intensity of the (6,5) peak was higher for (GT)15-SWCNTs prepared

via MeOH-assisted surfactant exchange, we observed a reduction of more than 50% in the

turn-on response of the sensor following the addition of dopamine (reduced from 69% to

30%) (SI Table 4).

Moreover, we observed a significantly lower dopamine response for all sensors prepared

via surfactant exchange compared to those prepared by direct sonication (Figure 3 (C),

SI Figure 20, 21). Indeed, all sonicated samples exhibited dopamine responses of at least

2.4 ⇥ that of their surfactant-exchanged counterpart. The decrease in dopamine response

for these SWCNT suspensions was attributed to the different wrapping configurations of

the DNA on the surface of the nanotube28,31. Supporting this hypothesis, all nanotube

suspensions prepared using MeOH-assisted surfactant exchange also exhibited lower reac-

tivity towards the addition of reducing agents such as dithiothreitol (DTT) (SI Figure 24

– 28). These observations suggests that, independent of any chemical modifications, each

preparation method resulted in a fundamentally different DNA configuration on the surface

of the nanotube, in agreement with recent observations by Yang et al.28.

While we did observe a decrease in the turn-on response, the fluorescence enhancement

of the modified (GT)15-SWCNTs relative to the unmodified sequence was retained post

dopamine addition (Figure 3 (C) (ii), SI Figure 20). As shown in SI Table 4, the
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Figure 3: Dopamine response of modified and unmodified (GT)15-SWCNTs. (A) Fluorescence
spectra of (GT)15-SWCNTs prepared via (i) direct sonication and (ii) MeOH-assisted surfactant
exchange before (solid line) and after (dashed line) addition of dopamine (final concentration: 100
µM, excitation: 575 nm). (B) Representative fluorescence spectra of (i) Amino 5’- and (ii) Azide
3’-modified (GT)15-SWCNTs prepared by direct sonication before (solid line) and after (dashed line)
addition of dopamine (final concentration: 100 µM, excitation: 575 nm). For all spectra, the central
line represents the average spectrum with the shaded regions representing 1� standard deviation (n
= 3 technical replicates). (C) Fluorescence intensity response following the addition of dopamine.
(i) Relative intensity response (in %) for all samples. (ii) Absolute (6,5) peak intensities before
(dashed colour) and after (solid colour) dopamine addition for all samples (final concentration 100
µM, excitation: 575 nm). Error bars represent 1� standard deviation (n = 3 technical replicates).
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absolute intensity increase following dopamine addition (If -I0) to the sonicated samples

was comparable to the magnitude obtained using unmodified (GT)15-SWCNTs and even

increased for certain modifications. Moreover, given that both the baseline fluorescence and

fluorescence post dopamine addition was higher for modified (GT)15-SWCNTs, these sensors

could enable in vivo sensing at significantly higher penetration depths than unmodified

(GT)15-SWCNTs (SI Table 5)25,26, without comprising on the response capabilities of the

complexes.

Conclusion

In this work we examined the impact of chemically modified DNA sequences on the dispersion

efficiency and quality of the resulting DNA-SWCNT complexes. We demonstrated that the

presence of these modifications can modulate the fluorescence behaviour of the resultant

SWCNT complexes, both in terms of fluorescence intensity and response capabilities. Fur-

thermore, we showed that the properties of the DNA-SWCNT complexes, independent of

the presence of modifications, are strongly dependent on which preparation method is used.

We observed that the fluorescence intensity of unmodified (GT)15-SWCNTs was also sig-

nificantly lower for sonicated samples compared to those prepared via surfactant exchange.

While lower intensities were observed for the modified DNA-SWCNTs prepared using the

MeOH-assisted surfactant exchange process, the presence of DNA modifications resulted in

higher fluorescence intensities for SWCNT complexes produced by direct sonication. More-

over, for the sonicated samples we noted that optimum improvements were obtained for

sequences with only one modification, in particular amino 5’ and azide 3’. Additional

experiments using surfactant to replace the DNA wrapping suggested that the observed

fluorescence changes were due to changes in chirality distribution and suspension quality,

rather than exclusively QY effects. However, this enhancement still enabled significant im-

provements in the brightness of all modified (GT)15-SWCNTs prepared via direct sonication
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compared to their unmodified counterpart.

We subsequently showed that the sensors responded to analytes differently again depend-

ing on both the preparation method used and the presence of chemical modifications in the

DNA. This was largely attributed to differences in the secondary structures adopted by the

DNA on the surface of the nanotube in agreement with recent findings. The sensors prepared

by sonication exhibited higher response to analytes compared to the sensors prepared using

the MeOH-assisted surfactant exchange method. In the specific case of dopamine detection,

while the turn-on response was reduced for modified DNA-SWCNTs, the relative fluorescence

intensity enhancement compared to unmodified DNA for the sonicated samples was retained

post addition.

In summary, these findings demonstrate a new approach for tuning the fluorescence

behaviour of DNA-SWCNTs for a given sequence and length, without losing the sensing

capabilities of the sensors or requiring the addition of any exogenous compounds. Further-

more, the use of chemical modifications can be used to modulate fluorescence intensity while

retaining the sensors strong response to analytes of interest. The differences in sensor be-

haviour observed depending on the preparation method highlights the importance of carefully

selecting the preparation method used in order to maximise sensor performance for a desired

application. Moreover, we demonstrate that by incorporating chemically modified DNA

we can achieve the high fluorescence intensity typically observed for surfactant exchange

preparations while retaining the strong response behaviour to target analytes exhibited by

sonicated dispersions. Although the exact mechanism for the increase in intensity remains

an on-going area of study, we attribute it in part to differences in the final composition of

the suspensions in terms of chirality distribution and dispersion quality. We believe that

this knowledge can be used as a generic methodology to artificially engineer DNA-SWCNTs

for various sensing applications by creating sensors with enhanced fluorescence that enable

significantly increased imaging depths in vivo.
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Materials and Methods

Materials

All DNA oligomers were purchased from Microsynth. Chemicals were purchased from Sigma-

Aldrich, unless otherwise specified. Purified CoMoCAT SWCNTs were purchased from

CHASM Technologies, Inc. (SG65i, batch LOT No. SG65i-L59).

Preparation of SWCNT Solutions

Suspensions of purified CoMoCAT (Sigma Aldrich SWeNT SG65i, batch MKBN5945V)

SWCNTs were prepared using two different methods (1) direct sonication and (2) MeOH-

assisted surfactant exchange. All DNA-SWCNT solutions were stored at 4�C between mea-

surements in order to mitigate aggregation of the SWCNTs32. Three ssDNA sequences were

used in this study, (GT)15, (AT)15, and N30 both unmodified and with various modifications

(see Table 1 and SI Table 1 for more information on the modifications used). N30 is a random

mixture of 30-mer DNA sequences where the exact sequences are not known (1.15 x 1018

unique DNA sequences).

Direct sonication

1 mg of CoMoCAT SWCNTs was added to a 1 mL solution of ssDNA (100 µM in DI water,

Microsynth) and sonicated (140mm, Q700, Qsonica) for 90 min (power = 40 W) in an

ice-bath. This was followed by a 4 h centrifugation step (Eppendorf Centrifuge 5424R) at

21,130 ⇥ g and 4�C to remove SWCNT aggregates. The supernatant of the suspensions

(⇠ 80% of the solution) was extracted and subsequently washed as detailed below to remove

any impurities and unbound DNA from the solution (SI Figure 36).
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MeOH-assisted surfactant exchange

Sodium cholate (SC)-suspended SWCNTs were used for the modified surfactant exchange

protocol as previously described23. Briefly, 25 mg of CoMoCAT SWCNTs were added to

25 mL of 2% (w/v) SC solution. The mixture was homogenized for 20 min at 5,000 rpm

(Polytron PT 1300 D, Kinematica) and subsequently sonicated using probe-tip sonication

(1/4 in. tip, Q700 Sonicator, Qsonica) for 1 h (10% amplitude) in an ice bath. The resulting

solution was centrifuged at 164,000 ⇥ g (30,000 rpm) for 4 h at 20�C (Optima XPN-80

Ultracentrifuge, Beckman) to remove any remaining nanotube aggregates.

To perform the MeOH-assisted surfactant exchange, 400 µL of SC-SWCNTs were mixed

with 400 µL of ssDNA solution (75 µM in DI water). The same SC-SWCNT stock was used

for all suspensions to ensure a similar starting distribution of nanotube chiralities and lengths

for all samples. DNA concentrations were measured and adjusted based on absorbance

measurements (Nanodrop 2000, Thermo Scientific). 1.2 mL of methanol (VWR Chemicals)

was added to the DNA and SC-SWCNT mixture to obtain a final solvent percentage of 60%

(v/v) and a final DNA concentration of 15 µM (SI Figure 37). The solution was vortexed

briefly to mix and subsequently incubated for 2 h at room temperature. Following the

incubation, all MeOH, displaced surfactant, and unbound DNA was removed by rinsing the

solutions according to the procedure detailed below.

Amicon rinsing for DNA-SWCNT purification

In order to remove impurities (such as remaining catalyst particles, surfactant, MeOH) and

unbound DNA from the DNA-SWCNT suspensions, all solutions were purified using Amicon

centrifugal ultra-filtration devices (Amicon Ultra-2, Sigma Aldrich, 100 kDa membrane,

Merck). Prior to use, the filtration devices were rinsed two times with DI water in accordance

with the manufacturer’s recommendations. The solution of DNA-SWCNTs was subsequently

added to the filtration device and rinsed eight times with 1 mL aliquots of DI water (devices

were centrifuged at 3,000 ⇥ g 4�C for 2 min for each rinsing step). The rinsed suspension was
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collected from the filtration device and centrifuged for a minimum of 1 h at 21,130 ⇥ g and

4�C to remove any additional SWCNT aggregates that may have formed during the rinsing

process. The supernatant solution was extracted and subsequently characterised using a

UV-Vis-NIR scanning spectrometer (Shimadzu 3600 Plus) with a quartz cuvette (Suprasil

quartz, path length 3 mm, Hellma).

Absorption spectroscopy

Absorbance spectra were acquired for all samples using a UV-Vis-NIR scanning spectrom-

eter (UV-3600 Plus, Shimadzu) with a quartz cuvette (Suprasil quartz, path length 3 mm,

Hellma). The concentrations for all samples were calculated using an extinction coefficient

✏739nm = 0.0253 L mg�1 cm�1 33. All nanotube suspensions were diluted to 33 mg/L, corre-

sponding to Abs739nm = 0.253, unless otherwise specified.

SDOC replacement samples were prepared by mixing 90 µL of SWCNT solution (⇠ 33

mg/L) with 10 µL of SDOC 1% (w/v). Spectra for the samples were collected prior to

addition and following a period of 10 min incubation post-addition.

Fluorescence spectroscopy measurements

Fluorescence emission spectra were acquired using a custom-built optical set-up with an

inverted Nikon Eclipse Ti-E microscope (Nikon AG Instruments), as described previously34.

Briefly, samples were excited using a pulsed super-continuum laser coupled with a tuneable

band-pass filter unit (SuperK Extreme EXR-15 and Super K VARIA, NKT Photonics).

The fluorescence signal was collected using an IsoPlane SCT-320 spectrometer (Princeton

Instruments) coupled to an InGaAs NIR camera (NIRvana 640 ST, Princeton Instruments).

Measurements were recorded with LightField (Princeton Instruments) in combination with

a custom-built LabView (National Instruments) software for automation purposes. An ex-

posure time of 5 s and laser excitation with band width of 10 nm and relative power of 100

% was used for all measurements, unless stated otherwise. Fluorescence emission spectra
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were collected at wavelengths between 900 nm and 1400 nm using a dispersive grating of 75

lines mm�1. All experiments were performed in 384-well plates (Clear Flat-Bottom Immuno

Nonsterile 384-Well Plates, MaxiSorp, Life Technologies) which were sealed (Empore Sealing

Tape Pad, 3M) prior to each fluorescence measurement to prevent evaporation.

Photoluminescence measurements

50 µL aliquots of DNA-SWCNT solutions (⇠ 33 mg/L) were added to a 384-well plate and

photoluminescence excitation (PLE) maps were acquired between 500 nm and 800 nm using

a 5 nm step and 5 s exposure time. Additional samples were used to acquire on-resonance

fluorescence emission spectra for the (6,5) chirality (at 575 ± 5 nm) and (7,5) chirality

(at 660 ± 5 nm). Absorbance values at 575, 632, 660, 739, and 808 nm were collected

immediately prior to measurement using a Varioskan LUX microplate reader to ensure that

the concentrations of the nanotubes were comparable. All spectra were normalised to the

concentration determined at Abs739nm. Results were analysed using a custom Matlab code

(Matlab R2017b, Mathworks) for the PLE maps and custom Python codes for the on-

resonance spectra.

Dopamine detection assay

10 mM solutions of dopamine (dopamine hydrochloride) were freshly prepared in DI water

immediately prior to measurement. Fluorescence spectra were initially acquired for all DNA-

SWCNT solutions (49.5 µL, ⇠ 33 mg/L) in a 384-well plate using a laser excitation of 575 ±

5 nm. Following the initial measurement, 0.5 µL of dopamine solution (10 mM) was added to

the SWCNT suspension. Solutions were mixed by pipetting up and down several times. The

suspensions were incubated for 10 min at room temperature in the dark prior to recording

the second fluorescence spectrum.
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Surfactant replacement assay

Surfactant replacement of the DNA-SWCNT solutions was performed using 1% (w/v) SDOC.

5 µL of SDOC was mixed with 45 µL aliquots of the DNA-SWCNT solutions (⇠ 33 mg/L)

and incubated at room temperature for 10 min. Fluorescence spectra were acquired before

and after SDOC addition using an excitation of 575 ± 5 nm.

pH and DTT assay

Baseline fluorescence spectra were acquired for all DNA-SWCNT solutions (49.5 µL, ⇠ 33

mg/L) in a 384-well plate using an excitation of 575 ± 5 nm. Following this, 0.5 µL of either

NaOH 0.02 M, NaOH 0.1 M, or DTT was added to the SWCNT suspension. Solutions were

mixed by pipetting up and down several times. Prior to recording the second spectrum,

suspensions were incubated for 10 min at room temperature.

Confocal Raman microscopy

Samples were prepared for Raman microscopy by drop casting 10 µL of DNA-SWCNT

solution (10 mg/L) onto cleaned glass slides (Coverslip 24⇥55⇥0.15 mm, Fisher Scientific).

Raman spectra were recorded at an excitation wavelength of 532 nm at 100% relative power

with 5 s exposure time. The spectrometer was calibrated before measurements using an

internal standard. Spectra were collected between 100 – 2750 cm�1 using a water-immersion

100⇥L objective on a confocal spectroscope (inVia Raman Microscope, Renishaw) with a

grating of 1,800 lines mm�1.

Gel electrophoresis

Unbound DNA was removed from DNA-SWCNT samples prepared by direct sonication

and MeOH-assisted surfactant exchange by rinsing with Amicon centrifugal ultra-filtration

devices (Amicon Ultra-2, Sigma Aldrich, 100 kDa membrane, Merck), as detailed above.
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Samples were diluted to a concentration of 1 mg/L (extinction coefficient ✏739nm = 0.0253 L

mg�1 cm�1 33) and DNA was extracted using phenol-chloroform isoamyl (PCI). Equal vol-

umes of DNA-SWCNT suspension and PCI solution (Sigma-Aldrich 25:24:1) were combined

and vortexed for 30 s. The solution was centrifuged at 16,000 ⇥ g for 5 min (at room

temperature). The aqueous top phase was collected and DNA was subsequently precipitated

by ethanol precipitation in the presence of sodium acetate and glycogen (Carl Roth, final

concentration of 1 g/L)35. The DNA pellet was washed with 70% ethanol to remove salts

and finally resuspended in 10 µL of DI water.

Extracted DNA was mixed with equal volumes of 2 ⇥ formamide loading buffer. The

samples were denatured by incubating the mixture at 95�C for 5 min and immediately

quenching it on ice before loading the solution onto the gel. The samples were run on a

denaturing 15% urea-polyacrylamide gel in 1 ⇥ Tris/Borate/EDTA (TBE) buffer at 200 V

for 1 h. Three dilutions (1 ⇥, 0.5 ⇥, and 0.2 ⇥) were run for each DNA sequence. SYBR

Gold dye (0.2 ⇥, Thermo Fisher) as used to stain the DNA. Fluorescence was recorded

following 30 min of staining on a blue-light gel image (E-Gel, Thermo Fisher). In order to

compare the size of the DNA fragments, a ssDNA ladder (10 – 100 nucleotides) was run in

the last lane of the gel.

Supporting Information Available

Data supporting the findings of this study are available within the paper and its Supplemen-

tary Information file. All other relevant data and other findings of this study are available

from the corresponding author upon reasonable request.

References

(1) Lu, R.; Liang, Y.; Meng, G.; Zhou, P.; Svoboda, K.; Paninski, L.; Ji, N. Rapid mesoscale

volumetric imaging of neural activity with synaptic resolution. Nature Methods 2020,

��

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 21, 2021. ; https://doi.org/10.1101/2021.02.20.432105doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.20.432105


17, 291–294.

(2) Kruss, S.; Salem, D. P.; Vuković, L.; Lima, B.; Vander Ende, E.; Boyden, E. S.;

Strano, M. S. High-resolution imaging of cellular dopamine efflux using a fluorescent

nanosensor array. Proceedings of the National Academy of Sciences 2017, 114, 1789–

1794.

(3) Rong, G.; Corrie, S. R.; Clark, H. A. In vivo biosensing: progress and perspectives.

ACS Sensors 2017, acssensors.6b00834.

(4) Beyene, A. G.; Yang, S. J.; Landry, M. P. Tools and trends for probing brain neuro-

chemistry. Journal of Vacuum Science & Technology A 2019, 37, 040802.

(5) Horton, N. G.; Wang, K.; Kobat, D.; Clark, C. G.; Wise, F. W.; Schaffer, C. B.; Xu, C.

In vivo three-photon microscopy of subcortical structures within an intact mouse brain.

Nature Photonics 2013, 7, 205–209.

(6) Bachilo, S. M.; Strano, M. S.; Kittrell, C.; Hauge, R. H.; Smalley, R. E.; Weisman, R. B.

Structure-Assigned Optical Spectra of Single-Walled Carbon Nanotubes. Science 2002,

298, 2361–2366.

(7) O’Connell, M. J.; Bachilo, S. M.; Huffman, C. B.; Rialon, K. L.; Boul, P. J.; Noon, W. H.

Band Gap Fluorescence from Individual Single-Walled Carbon Nanotubes. Science

2002, 297, 593–597.

(8) Phan, T. G.; Bullen, A. Practical intravital two-photon microscopy for immunological

research: faster, brighter, deeper. Immunology and Cell Biology 2010, 88, 438–444.

(9) Welsher, K.; Liu, Z.; Sherlock, S. P.; Robinson, J. T.; Chen, Z.; Daranciang, D.; Dai, H.

A route to brightly fluorescent carbon nanotubes for near-infrared imaging in mice.

Nature Nanotechnology 2009, 4, 773–780.

��

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 21, 2021. ; https://doi.org/10.1101/2021.02.20.432105doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.20.432105


(10) Kruss, S.; Landry, M. P.; Vander Ende, E.; Lima, B. M.; Reuel, N. F.; Zhang, J.; Nel-

son, J.; Mu, B.; Hilmer, A.; Strano, M. Neurotransmitter detection using corona phase

molecular recognition on fluorescent single-walled carbon nanotube sensors. Journal of

the American Chemical Society 2014, 136, 713–724.

(11) Mann, F. A.; Herrmann, N.; Meyer, D.; Kruss, S. Tuning selectivity of fluorescent

carbon nanotube-based neurotransmitter sensors. Sensors 2017, 17 .

(12) Beyene, A. G.; Alizadehmojarad, A. A.; Dorlhiac, G.; Goh, N.; Streets, A. M.; Král, P.;

Vuković, L.; Landry, M. P. Ultralarge Modulation of Fluorescence by Neuromodulators

in Carbon Nanotubes Functionalized with Self-Assembled Oligonucleotide Rings. Nano

Letters 2018, 18, 6995–7003.

(13) Beyene, A. G.; Delevich, K.; Del Bonis-O’Donnell, J. T.; Piekarski, D. J.; Lin, W. C.;

Wren Thomas, A.; Yang, S. J.; Kosillo, P.; Yang, D.; Prounis, G. S. et al. Imaging

striatal dopamine release using a nongenetically encoded near infrared fluorescent cat-

echolamine nanosensor. Science Advances 2019, 5, 1–12.

(14) Meyer, D.; Telele, S.; Zelená, A.; Gillen, A. J.; Antonucci, A.; Neubert, E.; Nißler, R.;

Mann, F. A.; Erpenbeck, L.; Boghossian, A. A. et al. Transport and programmed release

of nanoscale cargo from cells by using NETosis. Nanoscale 2020, 12, 9104–9115.

(15) Polo, E.; Kruss, S. Impact of Redox-Active Molecules on the Fluorescence of Polymer-

Wrapped Carbon Nanotubes. Journal of Physical Chemistry C 2016, 120, 3061–3070.

(16) Nißler, R.; Mann, F. A.; Chaturvedi, P.; Horlebein, J.; Meyer, D.; Vuković, L.; Kruss, S.

Quantification of the Number of Adsorbed DNA Molecules on Single-Walled Carbon

Nanotubes. Journal of Physical Chemistry C 2019, 123, 4837–4847.

(17) Ju, S.-Y.; Kopcha, W. P.; Papadimitrakopoulos, F. Brightly Fluorescent Single-

Walled\nCarbon Nanotubes via an Oxygen-\nExcluding Surfactant Organization. Sci-

ence 2009, 323, 1319.

��

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 21, 2021. ; https://doi.org/10.1101/2021.02.20.432105doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.20.432105


(18) Piao, Y.; Meany, B.; Powell, L. R.; Valley, N.; Kwon, H.; Schatz, G. C.; Wang, Y.

Brightening of carbon nanotube photoluminescence through the incorporation of sp 3

defects. Nature Chemistry 2013, 5, 840–845.

(19) Gillen, A. J.; Boghossian, A. A. Non-covalent Methods of Engineering Optical Sensors

Based on Single-Walled Carbon Nanotubes. Frontiers in Chemistry 2019, 7, 1–13.

(20) Haggenmueller, R.; Rahatekar, S. S.; Fagan, J. A.; Chun, J.; Becker, M. L.; Naik, R. R.;

Krauss, T.; Carlson, L.; Kadla, J. F.; Trulove, P. C. et al. Comparison of the quality of

aqueous dispersions of single wall carbon nanotubes using surfactants and biomolecules.

Langmuir 2008, 24, 5070–5078.

(21) Crochet, J.; Clemens, M.; Hertel, T. Quantum yield heterogeneities of aqueous single-

wall carbon nanotube suspensions. Journal of the American Chemical Society 2007,

129, 8058–8059.

(22) Zubkovs, V. Protein Bioconjugation to Carbon Nanotubes for Near-Infrared Sensing.

Ph.D. thesis, Ecole Polytechnique Federale de Lausanne, 2019.

(23) Gillen, A. J.; Siefman, D. J.; Wu, S. J.; Bourmaud, C.; Lambert, B.; Boghossian, A. A.

Templating colloidal sieves for tuning nanotube surface interactions and optical sensor

responses. Journal of Colloid and Interface Science 2020, 565, 55–62.

(24) Jain, A.; Homayoun, A.; Bannister, C. W.; Yum, K. Single-walled carbon nanotubes as

near-infrared optical biosensors for life sciences and biomedicine. Biotechnology Journal

2015, 10, 447–459.

(25) Lambert, B.; Gillen, A. J.; Schuergers, N.; Wu, S. J.; Boghossian, A. A. Directed

evolution of the optoelectronic properties of synthetic nanomaterials. Chemical Com-

munications 2019, 55, 3239–3242.

��

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 21, 2021. ; https://doi.org/10.1101/2021.02.20.432105doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.20.432105


(26) Lee, M. A.; Nguyen, F. T.; Scott, K.; Chan, N. Y.; Bakh, N. A.; Jones, K. K.; Pham, C.;

Garcia-Salinas, P.; Garcia-Parraga, D.; Fahlman, A. et al. Implanted Nanosensors in

Marine Organisms for Physiological Biologging: Design, Feasibility, and Species Vari-

ability. ACS Sensors 2019, 4, 32–43.

(27) Zhang, J.; Landry, M. P.; Barone, P. W.; Kim, J.-h. H.; Lin, S.; Ulissi, Z. W.; Lin, D.;

Mu, B.; Boghossian, A. A.; Hilmer, A. J. et al. Molecular recognition using corona

phase complexes made of synthetic polymers adsorbed on carbon nanotubes. Nature

Nanotechnology 2013, 8, 959–968.

(28) Yang, Y.; Sharma, A.; Noetinger, G.; Zheng, M.; Jagota, A. Pathway-Dependent Struc-

tures of DNA-Wrapped Carbon Nanotubes: Direct Sonication vs Surfactant/DNA Ex-

change. The Journal of Physical Chemistry C 2020, 124, 9045–9055.

(29) Jena, P. V.; Safaee, M. M.; Heller, D. A.; Roxbury, D. DNA-Carbon Nanotube Com-

plexation Affinity and Photoluminescence Modulation Are Independent. ACS Applied

Materials and Interfaces 2017, 9, 21397–21405.

(30) Beyene, A. G.; Alizadehmojarad, A. A.; Dorlhiac, G.; Goh, N.; Streets, A. M.; Král, P.;

Vuković, L.; Landry, M. P. Ultralarge Modulation of Fluorescence by Neuromodulators

in Carbon Nanotubes Functionalized with Self-Assembled Oligonucleotide Rings. Nano

Letters 2018, 18, 6995–7003.

(31) Landry, M. P.; Vuković, L.; Kruss, S.; Bisker, G.; Landry, A. M.; Islam, S.; Jain, R.;

Schulten, K.; Strano, M. S. Comparative Dynamics and Sequence Dependence of DNA

and RNA Binding to Single Walled Carbon Nanotubes. Journal of Physical Chemistry

C 2015, 18, 10048–10058.

(32) Salem, D. P.; Landry, M. P.; Bisker, G.; Ahn, J.; Kruss, S.; Strano, M. S. Chirality

dependent corona phase molecular recognition of DNA-wrapped carbon nanotubes.

Carbon 2016, 97, 147–153.

��

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 21, 2021. ; https://doi.org/10.1101/2021.02.20.432105doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.20.432105


(33) Yang, J.; Zhang, Z.; Zhang, D.; Li, Y. Quantitative analysis of the (n,m) abundance of

single-walled carbon nanotubes dispersed in ionic liquids by optical absorption spectra.

Materials Chemistry and Physics 2013, 139, 233–240.

(34) Zubkovs, V.; Schuergers, N.; Lambert, B.; Ahunbay, E.; Boghossian, A. A. Mediator-

less, Reversible Optical Nanosensor Enabled through Enzymatic Pocket Doping. Small

2017, 13, 1701654.

(35) Green, M. R.; Sambrook, J. Molecular Cloning: A Laboratory Manual, 4th ed.; Cold

Spring Harbor Laboratory Press, 2012.

��

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 21, 2021. ; https://doi.org/10.1101/2021.02.20.432105doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.20.432105

