Sensing with chirality pure near infrared fluorescent carbon nanotubes
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ABSTRACT: Semiconducting single wall carbon nanotubes (SWCNTS) fluoresce in the near infrared (NIR) and the emission wave-
length depends on their chirality (n,m). Interactions with the environment affect the fluorescence and can be tailored by functionaliz-
ing SWCNTSs with biopolymers such as DNA, which is the basis for fluorescent biosensors. So far, such biosensors were mainly
assembled from mixtures of SWCNT chiralities with large spectral overlap, which affects sensitivity as well as selectivity and pre-
vents multiplexed sensing. The main challenge to gain chirality pure sensors has been to combine approaches to isolate specific
SWCNTs and generic (bio)functionalization approaches. Here, we created chirality pure SWCNT-based NIR biosensors for important
analytes such as neurotransmitters and investigated the impact of SWCNT chirality/handedness as well as long-term stability and
sensitivity. For this purpose, we used aqueous two-phase extraction (ATPE) to gain chirality pure (6,5)-, (7,5)-, (9,4)- and (7,6)-
SWCNTs (emission at ~ 990, 1040, 1115 and 1130 nm). Exchange of the surfactant sodium deoxycholate (DOC) to specific single-
stranded (ss)DNA sequences yielded monochiral sensors for small analytes (dopamine, riboflavin, ascorbic acid, pH). DOC used in
the separation process was completely removed because residues impaired sensing. The assembled monochiral sensors were up to 10
times brighter than their non-purified counterparts and the ssDNA sequence affected absolute fluorescence intensity as well as col-
loidal (long-term) stability and selectivity for the analytes. (GT)0-(6,5)-SWCNTs displayed the maximum fluorescence response to
the neurotransmitter dopamine (+140 %, Ka= 1.9 x107 M) and a long-term stability > 14 days. Furthermore, the specific ssDNA
sequences imparted selectivity to the analytes independent of SWCNT chirality and handedness of (+/-) (6,5)-SWCNTs. These
monochiral/single-color SWCNTSs enabled ratiometric/multiplexed sensing of dopamine, riboflavin, H2O2 and pH. In summary, we
demonstrated the assembly, characteristics and potential of monochiral (single-color) SWCNTs for multiple NIR fluorescent sensing
applications.

Introduction SWCNTs have been assembled mainly from as-synthesized
SWCNT material, which contains multiple chiralities, catalyst
residues and impurities. However, for the simultaneous detec-
tion of different analytes, multiple sensors with unambiguous
fluorescence emission and hence SWCNT chirality are re-
quired. Synthesis of chirality enriched SWCNTSs improved over
the last years, but commercially available SWCNT materials
still contain multiple chiralites.?®** Therefore, separation and
purification approaches are required to obtain samples with
well-defined characteristics.>**! SWCNTSs have been separated
by centrifugation’>¥, gel chromatography**>¢, ion exchange
chromatography”’ or aqueous two-phase extraction (ATPE)*-
4 Furthermore, certain macromolecules such as single-
stranded (ss)DNA sequences*'*> or polyfluorenes (PFOs)*
preferentially solubilize certain chiralities, which provides a
route to monochiral samples. In the past years ATPE of
SWCNTs made tremendous progress in isolation of various
small and large SWCNT chiralities.****" In this approach
SWCNTs are dispersed either in a surfactant such as deoxycho-
late (DOC) or chirality-specific ssDNA** sequences and

Single wall carbon nanotubes (SWCNTSs) are 1D nanomateri-
als with unique photophysical properties."™ Semiconducting
SWCNTs show fluorescence in the near infrared (NIR) region
of the electromagnetic spectrum (optical tissue transparency
window), which offers ultra-low background and high tissue
penetration.” The emission wavelength depends on their chiral
index/chirality (n,m)® and they are versatile building blocks for
NIR labels and sensors.”!! As nanosensors they are powerful
tools to study biological processes with high spatial, temporal
and chemical resolution.'>"'* Most prominent examples are de-
tection of signaling molecules such as neurotransmitters'>2%2!,
reactive oxygen species (ROS)'>!* or nitric oxide (NO)!". Ad-
ditionally, sensing concepts have been developed for genetic
material'>?2, lipids® or proteins?*2%. Such sensors are not only
able to report the presence of the molecule but imaging of many
of them allows one to get spatiotemporal chemical infor-
mation.”” Using this concept for example release and secretion
of the neurotransmitters dopamine and serotonin from cells
could be resolved. '**!' So far NIR fluorescent sensors based on



separated between aqueous phases of two different polymers.
This fast, reliable and low-cost separation method appears to be
an optimal starting point to obtain monochiral sensors. Unfor-
tunately, chirality pure SWCNTSs obtained by these approaches
are coated with the macromolecule or surfactant used for the
purification process. The surfactant can be removed but the
purer a sample becomes the more the hydrophobic SWCNTSs
tend to stick to each other and redispersion in other surfactants
and biopolymers becomes difficult.®

In contrast, the chemical design of sensors requires function-
alization with biomolecules that impart specificity to the
SWCNT. Chemical approaches include non-covalent function-
alization with DNA*, peptides’!, peptide-DNA conjugates™,
protein-DNA conjugates'®>, proteins?® and lipids®*>*. Recently,
also sp® quantum defects on SWCNTs have been modified co-
valently with biomolecules.’> Overall, the surface chemistry is
crucial for molecular recognition and signal transduction. One
of the best studied systems so far are DNA functionalized
SWCNTs that recognize small molecules. Certain sequences
make the SWCNT sensitive to biomolecules for example to the
neurotransmitter dopamine®>*. In this particular case, it was
shown that interactions of the two hydroxy groups of dopamine
with the DNA backbone cause conformational changes that lead
to an increase in quantum yield.'>%” In contrast, simple adsorp-
tion and redox-chemistry could be ruled out.”*

Consequently, the surface chemistry on SWCNTSs is the most
important part to tailor sensor properties but this has not been

a Aqueous two-phase
extraction (ATPE)

explored in detail and combined with purified monochiral
SWCNTs. The above-mentioned difficulties impaired so far the
obvious next step to use monochiral SWCNTs as building
blocks for NIR fluorescent sensors and labels.

Here, we isolate monochiral SWCNTSs to assemble single-
color fluorescent sensors and study the impact of chirality and
surface functionalisation on fluorescent sensing of biomole-
cules. For this purpose, we combine ATPE with exchange
methods to various ssDNA sequences (including aptamers) and
polymers. We quantify and compare the photophysical proper-
ties, stability and fluorescence responses of monochiral and
multichiral sensors. Finally, we use the non-overlapping emis-
sion spectra of monochiral SWCNTSs to demonstrate ratiometric
and multiplexed sensing approaches.

Results and Discussion

To create nanosensors with narrow emission spectra chirality
pure SWCNTSs are necessary and we used a scalable ATPE ap-
proach that yields large amounts of exemplaric (6,5)-SWCNTs
(Figure 1 a,b and Supplementary Figure S1). Exchange and var-
iation of the ssDNA surface modification enabled the synthesis
of different nanosensors, which were evaluated regarding their
optical properties, colloidal stability and sensitivity in biosens-
ing (Figure 1 c,d).
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Figure 1 Assembly of chirality pure near infrared fluorescent carbon nanotube-based sensors. a) Schematic of the workflow.
Aqueous two-phase extraction (ATPE) yields chirality pure SWCNTs (e.g. (6,5)-SWCNTs) from a parental mixture. Exchange of the
organic corona from the surfactant sodium deoxycholate (DOC) to single-stranded (ss)DNA or other (bio)polymers leads to
monochiral functionalized SWCNTs that serve as sensors for small molecules such as the neurotransmitter dopamine. b) Exemplary
normalized absorbance spectrum of parental CoMoCat-SWCNTs and purified (6,5)-SWCNTs in 1% DOC. ¢) Nine different ssDNA-
(6,5)-SWCNT's were assessed. Here, exemplary absorbance spectra of (GT)10-(6,5)-SWCNTs directly after surface exchange and after
14 days are shown. d) ssDNA-SWCNTs were immobilized on a glass surface and exposed to analytes that change their NIR fluores-
cence in a DNA sequence dependent way. Here, the exemplary monochiral fluorescence spectrum of a sensor for the neurotransmitter

dopamine sensor is shown.

Impact of ssDNA sequence on brightness and stability. Var-
iation of the ssDNA sequence leads to ssDNA/SWCNT conju-
gates that are sensitive to different biologically important mol-
ecules.’®> Therefore, we first evaluated the influence of ssDNA

sequence on the surface exchange process and optical proper-
ties. For this purpose, DOC-(6,5)-SWCNTs (Figure 1b) of the
same concentration/absorbance (see Supplementary Figure S2)
were exchanged to different ssDNA sequences. A typical
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ssDNA-(6,5)-SWCNT absorption spectrum is shown in Figure
lc and the analysis of all E11 absorption features for the different
ssDNA-(6,5)-SWCNTs after surface exchange is summarized
in Figure 2a. All monochiral nanosensors displayed an absorb-
ance maximum between 990.2 and 991.6 nm but large differ-
ences in absolute absorption. ssDNA sequences were able to re-
disperse 10 % (T30) - 40 % ((GT)a0) of the parent surfactant sta-
bilized (6,5)-SWCNTs in 1% DOC. When diluting all ssDNA-
(6,5)-SWCNTs to an equal concentration® (0.2 nM in PBS),
strong differences in fluorescence emission (Figure 2b) ap-
peared. (AT)1s>-SWCNTs showed both the strongest fluores-
cence emission as chirality pure as well as unpurified (Co-
MoCat)-SWCNTs (see Supplementary Figure S3 and S4). A
different example is (A);0-SWCNTs, which showed the lowest
fluorescence intensity for non-purified CoMoCat-SWCNTs but
high fluorescence emission for chirality pure (6,5)-SWCNTs.
Distinct differences between chirality pure ssDNA-(6,5)-
SWCNTs were also observed in terms of colloidal stability. We
observed that some monochiral ssDNA-SWCNTs are less sta-
ble. This finding can be attributed to a higher purity without
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catalysts residues or amorphous carbon. Consequently, the hy-
drophobic interactions between SWCNTs could become
stronger and increase aggregation tendencies. Measurements
over 14 days revealed a decrease in E11 absorbance, as well as
concomitant red shift for (GT)s-(6,5)-SWCNTSs. In contrast,
(GO)15-(6,5)-SWCNTs spectra remained stable (Figure 2¢, Sup-
plementary Figure S3 and S4). Both, decrease in absorbance
and redshifting (broadening) are known parameters indicating
SWCNT aggregation and hence loss of colloidal stability.®' The
analysis of all used ssDNA sequences (after 14 days) indicated
that Cso- and (GC)15-(6,5)-SWCNTs were most stable (Figure
2d), whereas (GT)s- to (GT)20-(6,5)-SWCNTs lost > 50% of the
initial absorbance accompanied with a strong redshift (for more
details see Supplementary Figure S5). In contrast, the longer
(GT)a0 sequence showed a high colloidal stability. This result
shows that ssDNA sequence and length play a crucial role for
the properties of such monochiral conjugates.
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Figure 2: Surface exchange and colloidal stability of chirality pure ssDNA-(6,5)-SWCNTs. a) Exchange efficiency and E11 ab-
sorbance maxima of nine different ssDNA-(6,5)-SWCNTs for surfactant exchanges to ssDNA (n=3, mean + SE). All monochiral
nanosensors have very similar absorbance features (maxima and fwhm of E1; transmission). b) Fluorescence intensities of 0.2 nM
ssDNA-(6,5)-SWCNTs. (AT)15-(6,5)-SWCNTs show the highest fluorescence emission (mean = SD, n = 15, technical replicates from
three independent exchange experiments). c¢) Normalized E11 absorbance and wavelength shift evaluated after 1, 3, 7 and 14 days
post (6,5)-SWCNT surface exchange to ssDNA for two exemplary sequences. (GT)s-(6,5)-SWCNTs show a decrease in absorbance
and redshift, which indicates lower colloidal stability. In contrast, for example (GC)15-(6,5)-SWCNTs remain stable over weeks (mean
+SE, n = 3). d) Colloidal stability for different ssDNA sequences as measured by the normalized E1; absorbance 14 days after surface

exchange (mean = SE, n = 3).

Sensitivity of monochiral sensors. Chemical sensing with
SWCNTs is a powerful tool to resolve biological processes in a
spatiotemporal manner, even down to single-molecule interac-
tions.!21721:62 With distinct chirality pure and hence multi-color
sensors, it would be possible to visualize and study multiple

analytes simultaneously. To mimic this scenario and rule out
possible colloidal stability effects, chemical sensing of the
monochiral ssDNA-SWCNTs was performed after physisorp-
tion onto a glass surface. Analytes which are known to modu-
late the fluorescence intensity of unpurified SWCNTs in
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solution were added.””*® A typical NIR fluorescence spectrum
is shown in Figure 3a and 3b. Unpurified DNA-SWCNTs were
challenged in the same way, to compare the chemical sensing
behavior of monochiral and multichiral SWCNT sensors. The
fluorescence responses for (GT)s0-(6,5)-SWCNTs are high-
lighted in Figure 3¢ and a summary for all nanosensors is pre-
sented in Figure 3d.

The overall responses showed the same trends for monochiral
and multichiral ssDNA-(6,5)-SWCNTs, indicating that the
sensing mechanism is preserved after SWCNT purification (see
Supplementary Figure S6). The intensity of fluorescence re-
sponse depended on the ssDNA sequence. In most cases, the
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response magnitude was stronger for non-purified DNA-
SWNCTs e.g. after 10 uM dopamine addition +120 % for
(GT)40-(6,5)-SWCNTs and +250 % for parental (GT)s0-
(CoMoCat)-SWCNTs. In some cases, such as T3o- and (AT):s-
(6,5)-SWCNTs (see Figure 3a and Supplementary Figure S6)
the absolute sensor response was enhanced for monochiral sen-
sors. The observed differences in analyte sensing responses
(e.g. for dopamine sensing) are however not in correlation with
the observed trend, that monochiral (6,5)-SWCNTs showed an
up to 10x stronger fluorescence emission (see Supplementary
Figure S7). Therefore, the higher brightness of monochiral
SWCNTs does in general not come with the disadvantage of
lower relative sensor responses.
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Figure 3: Sensitivity of monochiral ssDNA-(6,5)-SWCNT-based sensors. Exemplary NIR fluorescence spectra: a) (AT)15-(6,5)-
SWCNTs increase their fluorescence in the presence of the neurotransmitter dopamine. b) Ts0-(6,5)-SWCNTs decrease their fluores-
cence in the presence of riboflavin. c) Fluorescence response of (GT)-(6,5)-SWCNTs for different analytes. d) Overview of the
responses of different functionalized (6,5)-SWCNTSs. Fluorescence increases are shown in shades of red and fluorescence decreases
in shades of blue (mean, n = 3). Dopamine, riboflavin and ascorbic acid concentration = 10 uM.

As oligonucleotide length appeared to play an important role for
chemical sensing with monochiral (GT)x-(6,5)-SWCNTs, a
dose-response curve for dopamine sensing was collected (Fig-
ure 4a and 4b). (GT)s-(6,5)-SWCNTs increased by +40 % in-
crease and saturated at ~1 pM dopamine with a dissociation
constant Kq of 9.2 x10* M. A much stronger increase of inten-
sity was observed for (GT)0-(6,5)-SWCNTs (+140 %, satura-
tion at ~10 uM, Kq = 1.9 x10”7 M). Furthermore, we evaluated
how dopamine sensing is affected by DOC, which is a potential
residue of the purification and surface exchange process. Addi-
tion of DOC > 0.01 % (w/v) increased fluorescence of (GT)ao-

(6,5)-SWCNTs (e.g. +500 % for 0.01 % DOC) and diminished
the response to dopamine (Figure 4c). A similar trend was also
observed when dopamine sensing was performed one hour after
addition of DOC or when using (GT)s-(6,5)-SWCNTs (Supple-
mentary Figure S8). This result shows that in our exchange pro-
cedure no or negligible amounts of DOC are present in the sys-
tem and the complete removal is necessary for non-biased
chemical sensing with monochiral sensors.
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Figure 4: Sensitivity of (GT)«-(6,5)-SWCNT dopamine sensors and impact of surfactant residues. a) Dose dependent fluores-
cence response of (GT)s-(6,5)-SWCNTs shows a maximum increase of ~ 40% and a Kavalue of 9.2 x10* M Dopamine (mean + SE, n
= 3). Blue curve = fit. b) (GT)4-(6,5)-SWCNTs show a maximum of ~ 140% fluorescence increase with a Ka value of 1.1 x107 M
Dopamine (mean = SE, n = 3). ¢) Dopamine sensing (10 uM) with DOC background. Addition of > 0.01 % DOC (w/v) (black
datapoints, 11) to (GT)4-(6,5)-SWCNTs abolishes fluorescent sensing (red datapoints, 1) (mean = SE, n = 3).

Impact of SWCNT chirality and handedness. By using
ATPE not only specific SWCNT chiralities but also SWCNT
enantiomers can be isolated****>, We wanted to find out if the
handedness itself has an impact on sensing and calls for tailored
functionalization. ssSDNA modified enantiomers of (6,5)-
SWCNTs can react differently to oxidizing agents.*® For a fur-
ther level of chiral interaction, stereoisomers of ascorbic acid
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and the catecholamine adrenaline were tested. We hypothesized
that the response of sensors based on enantiomer pure SWCNTs
might differ for the enantiomers of an analyte such as adrena-
line. (GT)40-ssDNA was used for surface modification, because
of its beneficial features regarding exchange efficiency, colloi-
dal stability and especially analyte sensing response.
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Figure 5: Sensing with (6,5)-SWCNT enantiomers. a) Normalized absorbance spectra of (6,5)-SWCNT enantiomers with (GT)40-
ssDNA surface modification. The inset shows the CD spectra of both (6,5)-SWCNT enantiomers. b) lllustration of helical chirality of
both (-)- and (+)-(6,5)-SWCNTSs. ¢) Tested chiral molecules. d) Fluorescence response of (GT)40-(+)-(6,5)-SWCNTs and (GT)40-(-)-
(6,5)-SWCNTs to stereoisomers of ascorbic acid and adrenaline (mean = SD, n = 3, analytes = 10 uM). e) Dose-response curve of
L-adrenaline and in f) for L-ascorbic acid using (GT)40-(+)-(6,5)-SWCNTs and (GT)40-(-)-(6,5)-SWCNTs (mean £ SD, n = 3, blue

and red curves = fit).



The enantiomer purity, based on the CD-spectra (Figure 5a) was
calculated for both enantiomer fractions to be ~80 % (see Sup-
plementary Figure S$9).9%* Further surface exchange to (GT )40
ssDNA yielded defined enantiomer-pure ssDNA-SWCNT con-
jugates, used for sensing experiments (Figure 5a and 5b). No
significant differences between the stereoisomers were found,
while (GT)a0-(-)-(6,5)-SWCNTs reacted with a stronger re-
sponse to ascorbic acid, than (GT)0-(+)-(6,5)-SWCNTs (Figure
5d) for ascorbic acid. To rule out that fluorescence changes after
analyte addition (10 uM final concentration) are biased by a
possible saturation, we collected dose-response curves. The re-
sults (Figure 5 e,f) indicate no difference in the response to ste-
reoisomers of adrenalin but higher fluorescence responses for (-
)-(6,5) enantiomer towards ascorbic acids (see also Supplemen-
tary Figure S10). Therefore, we conclude that the sensing and
recognition mechanism is not significantly affected by the
handedness of the SWCNT and the chirality of these analytes.
Most likely, the diffusion of the exciton is affected mainly by

the interaction between analyte and SWCNT and the chiral-
ity/bandgap energy plays a minor role for the fate of the exciton.
As discussed already beforehand*, the conformation and 3D
structure of the surface adsorbed ssDNA could differ between
the enantiomers and might be the reason for the differences in
sensing magnitudes.

Multicolor and ratiometric sensing. ATPE is not only feasible
for (6,5)-SWCNTs but also other chiralities, which opens the
possibility to nanosensors with tunable emission wavelengths.
To study the effect of the SWCNT chirality on sensing, we used
ATPE-separated (7,5)-, (9,4)- and (7,6)-SWCNTs (see Supple-
mentary Figure S11) and exchanged the surface modification
again to ssDNA. This exchange process could be performed in
a similar way as shown with (6,5)-SWCNTs, leading to
monochiral (GT)4«-SWCNTs (Figure 6a). The distinct emission
features of the used SWCNT chiralities (Figure 6b) highlight
the potential for multi-color applications.
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Figure 6: Multicolor and ratiometric sensing with monochiral SWCNTSs. a) Absorbance spectra of different monochiral (GT)o-
SWCNTs. b) Normalized fluorescence spectra, excited at the E2: transition (570 nm for (6,5)-SWCNTs, 650 nm for (7,5)-SWCNTS,
730 nm for (9,4)-SWCNTs, 650 nm for (7,6)-SWCNTS). c) Responses of monochiral (GT)4«0-SWCNTs are similar for different chiral-
ities (mean = SD, n = 3, analytes = 10 uM). d) Fluorescence response of ssDNA-(7,5)-, ssDNA-(9,4)- and ssDNA-(7,6)-SWCNT
nanosensors to different analytes (mean, n = 3, analytes = 10 uM). e) Ratiometric sensing of pH change (blue) and dopamine (red)
using PEG-PL-(6,5)-SWCNTs and (GT)0-(7,6)-SWCNTSs. f) Ratiometric riboflavin sensing with (GT)40-(6,5)-SWCNT and PEG-PL-
(7,6)-SWCNTs as reference. g) Ratiometric H20: sensor with a hemin binding aptamer (HeApta)-(6,5)-SWCNTs and PEG-PL-(7,6)-

SWCNTs as reference.



Sensing (Figure 6¢) experiments regarding the analytes do-
pamine, pH, riboflavin and ascorbic acid showed similar trends
as monochiral (6,5)-SWCNTs (Figure 6d, Figure 3c and Sup-
plement Fig. S12). We did not find a strong impact of SWCNT
chirality on the sensor responses as reported in a few cases for
non-purified SWCNT samples.®> However, the results shown in
Figure 6 are the first with monochiral SWCNTs for these ana-
lytes and with well-defined concentrations. Therefore, it is
likely that SWCNT chirality plays a minor role for the sensors
presented here. The combination of specifically modified
monochiral sensors enabled furthermore ratiometric sensing
(Figure 6e-g). Based on the variable nanosensor design (see
Supplement Fig. S13 and Fig. S14) both, the (6,5)- and the
(7,6)-SWCNTs can be either modified with ssDNA (e.g. re-
sponsive to riboflavine or dopamine) or with poly(ethylene gly-
col)-phospholipid (PEG-PL) as reference. Another ratiometric
sensor detects H202at uM concentrations (Figure 6g). Here, the
SWCNT was modified with an aptamer that binds a protopor-
phyrin (hemin), which was shown to create an effective H>O»-
sensor.!® These results show that the design of SWCNT func-
tionalization to receive sensors for specific analytes does not
need to be changed for different chiralities of SWCNTSs. For ex-
ample, the ‘reference’ SWCNT in ratiometric sensing can be
either (6,5) or (7,6) (Figure 6 e,f). Consequently, these chemical
design concepts are universal and enable ratiometric sensors for
multiple analytes.

Discussion

Chemical sensors are powerful tools to detect biomolecules
and shed light on biological processes. Fluorescent nanosensors
are able to report local properties and provide the high spatial
and temporal resolution that is needed to study for example cel-
lular communication in networks of cells or even in vivo'>?%,
Nevertheless, the biochemical complexity asks for detection of
multiple analytes, which underlines the need for multiplexing
approaches. Therefore, sensors/probes should have non-over-
lapping fluorescence spectra. SWCNT-based NIR fluorescent
nanosensors have shown great potential to detect a range of bi-
omolecules from neurotransmitters, reactive oxygen species,
proteins, lipids and nucleic acids.'>'>!52* However, in most
cases the samples contained multiple chiralities of SWCNTs,
which leads to congested spectra and prevents multiplexing.
Additionally, it is known that in solution the concentration of a
SWCNT chirality affects sensor responsivity due to direct and
photophysical chirality dependent interactions.?*6> These pro-
cesses lead to a bias in sensitivity and hampers selectivity. Ad-
ditionally, it does not guarantee that the exact response meas-
ured in a mixed sample can be replicated in a single chirality
sample. In this work we used SWCNT purification to get close
to monochiral samples to create sensors and identify factors that
affect sensitivity and selectivity. Until now only few studies®*’,
aimed to work with chirality pure sensors, but a general concept
with tunable sensor design and emission wavelength is missing.
This lack of progress can be explained by the experimental chal-
lenges to exchange the surface chemistry required for purifica-
tion to the surface chemistry required for sensing.

To obtain single SWCNT chiralities different approaches
have been developed and ATPE-based protocols recently
showed great potential.***45 This technique does not require
expensive  equipment such as ultracentrifuges or

chromatography-materials and yields SWCNTSs dispersed in a
surfactant in aqueous solution. However, even if the surface ex-
change of PFO-sorted SWCNTs was recently established via
CPEP* (corona phase exchange purification), most SWCNT
separation methods rely on aqueously dispersed SWCNTs.
Such a SWCNT solution can be further exchanged by a variety
of biopolymers. For this DOC-to-ssDNA exchange process®,
we used the commercially available PEG (6 kDa) as polymer,
which we evaluated beforehand to do not effect further chemi-
cal sensing experiments. The maximum yield of redispersed
SWCNTs by ssDNA with ~ 40 % was lower than originally de-
scribed by Streit et al.®® DNA strands can form different ordered
structures on the same SWCNT chirality, which affect binding
energies.® This could explain the influence of ssDNA se-
quence on SWCNT redispersion and colloidal stability over
time.

Purified SWCNTSs were brighter at the same concentration
(based on the absorption at the E11 transition) compared to non-
purified CoMoCat samples. This result was expected because
the ATPE process most likely removes quenching impurities
such as catalyst residues or metallic SWCNTs. For non-purified
SWCNTs there is a tendency to observe the strongest fluores-
cence modulation for shorter (GT)x sequences.* In this context
(GT)10-ssDNA displayed the smallest dissociation constant (K«)
0f'9.2 nM, which allows even to distinguish structurally closely
related catecholamines.>® For non-purified, high-pressure car-
bon monoxide (HiPco)-synthesized SWCNT samples (GT)is-
ssDNA showed a Kq value of 433 nM for (7,6)-SWCNTSs.?
Similarly, non-purified HiPco samples with (GT)s-ssDNA for
(9,4)-SWCNTs displayed K4 value of 10 pM.”!

All these reported fluorescence changes and Ku value are so-
lution measurements of mixed samples that could be biased by
colloidal stability issues and complex interactions. For
monochiral SWCNTSs immobilized on a surface we found the
strongest dopamine responses for (GT)40-SWCNTs. Most other
studies in literature used mixed chirality SWCNT sensors in so-
lution. However, non-specific interactions or aggregation is
minimized on a surface. The evaluated Ku value for (GT)4o-
(6,5)-SWCNTs of 190 nM outlines the potential for neurotrans-
mitter imaging in fast biological prosesses.”’

Additionally, we studied to our knowledge for the first time
enantiomer-pure ssDNA-SWCNTs for sensing. No significant
difference was observed for the chiral catecholamine adrenalin,
indicating that analyte sensing and recognition mechanism is
not affected by the stereochemical conformation of the small
molecules. On the other hand the absolute differences in re-
sponse by (-)- and (+)-(6,5)-SWCNTs with (GT)ao-
ssDNAsurface modification were slightly different (sensing of
ascorbic acids). They could be attributed to small differences in
the DNA conformation on the enantiomers of one SWCNT chi-
rality. Those variations were shown to be relevant for differ-
ences in oxidation potential to NaOCI.*® Recent studies further-
more confirmed possible DNA-structure differences between
SWCNT enantiomers’ and also between sonicated and surface-
exchanged ssDNA-SWNCTs”.

Our results indicate that the handedness of the SWCNT does
not change the sensing mechanism at least for these catechola-
mine sensors. The current understanding is that the interaction
between the catechol moiety and the phosphate backbone leads
to conformational changes that affect exciton dynamics.'?
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Consequently, the chiral part of the catecholamines plays a less
important role. Based on these results enantiomers of one chi-
rality are not changing or reducing sensor performance. How-
ever, it does not rule out that for other sensing mechanisms the
handedness of the SWCNT itself plays a role.

Sensing with (7,5)-, (9,4)-, and (7,6)-SWCNTs showed qual-
itatively very similar results as for ssDNA-(6,5)-SWCNTs, e.g.
120 — 190 % fluorescence increase for (GT)4«0-SWCNTs after
dopamine addition. It is known that the fluorescence response
to analytes can be influenced by the SWCNT sensor concentra-
tion and therefore we performed these experiments with exactly
the same SWCNT concentration.®® These experiments are the
first ones outside of mixtures and report fluorescence changes
in a well-defined system.

The developed approach to exchange the coating DOC of chi-
rality pure SWCNTSs to a biopolymer is feasible for all kinds of
chirality pure samples (Figure 6). From this large-scale and sta-
ble stock solutions , various sensors can be created by metha-
nol-based exchange®®, which opens the possibilities to all desir-
able combinations of SWCNT chiralities (emission features)
and diverse surface modifications (sensing and recognitions
units). Technical and conceptual challenges have so far pre-
vented the preparation of tunable monochiral sensors. In our
work we show the potential and difficulties such as surfactant
residues (Figure 3) in the preparation of monochiral SWCNT-
based sensors. The shown ratiometric and multiplexed sensing
techniques will enhance the robustness as well as sensitivity of
imaging approaches for example to resolve neurotransmitter re-
lease.'>?! Furthermore, it is likely that selectivity and cross-re-
activity can be improved. Additionally, our characterization of
sensors made from homogenous nanomaterials provides a much
clearer picture on the impact of heterogeneity of nanomaterials
on their function.

Conclusion

In summary, we systematically studied the properties of
monochiral ssDNA-SWCNT NIR fluorescent sensors. We de-
veloped a robust surface functionalization exchange process
and show how ssDNA sequence and length affects colloidal sta-
bility, photophysics and sensing. It allowed us to gain insights
into the impact of chirality, handedness and residues from
SWCNT separation on sensitivity of sensors for multiple ana-
lytes. Consequently, NIR ratiometric sensors for the important
analytes dopamine, riboflavin and H20: or pH changes could be
demonstrated. These conceptual and mechanistic insights pave
the way for tailored multi-color and ratiometric biosensing and
imaging applications.

Materials and Methods

All materials, if not otherwise stated, were purchased from
Sigma Aldrich.

SWCNT surface modification

(6,5)-chirality enriched CoMoCat SWCNTs (Sigma-Aldrich,
product no. 773735) were modified with varying single-
stranded (ss)DNA such as (GT)s, (GT)10, (GT)20, (GT)a0, (C)30,
(A)z0, (T)30, (GC)1s, (GA)15 and (AT)is (oligonucleotide se-
quences purchased by Sigma Aldrich) followed a previously de-
scribed protocol.® Hereby, 100 uL ssDNA (2 mg/mL in H20)

were mixed with 100 pL 2xPBS and 100 pL. SWCNTs (2
mg/mL in PBS), tip-sonicated for 15 min @ 30% amplitude
(36 W output power, Fisher Scientific model 120 Sonic Dis-
membrator) and centrifuged 2x 30 min @ 16100x g. DOC-
dispersed SWCNTSs were obtained by tip-sonicating 4 mg Co-
MoCat SWCNTs in 2 ml 1% DOC for 30 min @ 40% ampli-
tude, followed by 2x 30 min centrifugation @ 16100x g.

SWCNT separation

Separation of (6,5)-SWCNTs was performed according to a
previously reported aqueous two-phase extraction (ATPE) pro-
tocol from Li ef al.** Briefly, in a three step approach SWCNT
chiralities were separated between two aqueous phases, con-
taining dextran (MW 70000 Da, 4% m/m) and PEG (MW 6000
Da, 8% m/m) with varying pH-values via HCI addition. The fi-
nal B3 (bottom)-phase yielded monochiral (6,5)-SWCNTs
which were diluted with DOC to obtain a stable 1% DOC-
SWCNT solution. Dialysis (300 kDa dialysis bag, Spec-
tra/Por®, Spectrum Laboratories Inc.) against 1% DOC re-
moved the dextran polymer, used for SWCNT separation. The
separation of (7,5)- and (9,4)-SWCNTs was following the sim-
ilar pH-modulated ATPE process as described above. Instead
0f 0.05% DOC and 0.5% SDS for normal process, 0.07% DOC
and 0.5% SDS was used here to improve the resolution of (7,5)-
as well as (9,4)-SWCNTs. Enantiomer pure (6,5)-SWCNTs
were prepared by increasing SDS carefully with a fixed DOC
concentration. Similar diameter sorting based on DOC/SDS
was performed first with a constant 0.04% DOC and a increas-
ing SDS content from 0.5 to 1.25% in order to remove all spe-
cies larger than (6,5)-SWCNTs. Then SDS concentrations were
increased very slowly and step by step from 1.3%, 1.35%, 1.4%
to 1.45% (T14, T15, T16 and T17). All of these four continuous
fractions (T14 — T17) are (6,5) enriched. After the further sem-
iconducting-metallic separation, T14 and T16 with an obvious
shift (3 nm) at Eu1 transition were selected for further experi-
ments. (7,6)-SWCNTSs was obtained by using the similar ATPE
method but from a different CoMoCAT raw soot (CHASM,
lot#: SG76-L39). Briefly a 3-stage ATPE process was used to
sort single chirality (7,6). In Stage-1, SDS concentrations were
changed from 0.5% to 1.5% with a constant DOC concentration
(0.04%) to get a (7,6)-enriched top fraction (T4, with SDS ~
0.7%). Then fresh bottom phase was added to T4 and SDS con-
centrations were again changed from 0.6% to 1% with the same
DOC 0.04% to further purify this enriched (7,6) fraction. In the
end, a metal-semi separation was performed to remove the me-
tallic tubes at Stage-3.

Enantiomer (6,5)-SWCNTs were prepared by a similar diam-
eter sorting based on DOC/SDS.* First the concentrations of
SDS 0.9% and DOC 0.04% were used in order to push all spe-
cies larger than (6,5)-SWCNTs to the top phase and remove
them. Then SDS concentrations were increased very slowly and
step by step to 1.3%. The next seven continuous fractions (T1 —
T7) were collected and all of them are (6,5) enriched. After the
next semiconducting-metallic separation, T2 was found to be
highly enantiomer (-)-(6,5) enriched. Sodium cholate (SC) was
then used to further separate highly enriched (+)-(6,5) from the
fraction T4 CD measurements were performed on an CD spec-
trometer (J-1500, JASCO) from 800 nm to 200 nm through a
1 mm path length cuvette in 1 nm steps (scanning speed
100 nm/min, bandwidth ~2.2 nm).



Monochiral SWCNT surface exchange towards ssDNA

Surface exchange of the SWCNTs towards ssDNA was
achieved by applying the steps from Streit et al.% Purified (6,5)-
SWCNTs in 1% DOC were diluted to an absorbance of 2.0 at
the E11 transition (986 nm). Concentration of (7,5)-SWCNTS
was 2.0 at 1032 nm, for (9,4)-SWNCTs 0.9 at 1112 nm and for
(7,6)-SWCNTs 1.6 at 1129 nm. 150 pl of purified SWCNTSs in
1% DOC were mixed with 25 pl of PEG (MW 6 kDa, 25% m/v)
and 30 pl of ssDNA (2.0 mg/mL in H20). After one precipita-
tion cycle, due to stepwise addition of 270 pL methanol and
subsequent addition of 600 pL isopropyl alcohol, the loose
nanotube pellet was separated from the supernatant by short (1s)
centrifugation @ 16100x g. The supernatant was further centri-
fuged for 2 min @ 16100x g, and the obtained residue DNA
pellet was redispersed in 300 pL 1xPBS. This solution was used
to redisperse the nanotube pellet by bath sonication or 10 sec
tip-sonication. Further centrifugation (5 min @ 16100x g)
yielded the monochiral nanosensors, which were characterized
afterwards by absorption spectroscopy. For stability measure-
ments the ssDNA-(6,5)-SWCNTs were diluted to an absorb-
ance at the Ey transition (~991 nm) of 0.2 and measured again
after time intervals of 1, 3, 7 and 14 days. Surface exchange
towards PEG-PL (18:0 PEG5000 PE, Avanti Lipids) was per-
formed following a modified protocol.** DOC-dispersed chiral-
ity pure SWCNT fractions were concentrated and washed with
sodium cholate (SC, 12 mg/ml in PBS) using molecular cut-off
spin filtration (Vivaspin 500, 100000 Da molecular weight cut-
off, Sartorius). 800 pl of these SC-SWCNTs were mixed with
2 mg 18:0 PEG5000 PE dissolved in 200 pL PBS and dialyzed
2 days against 1xPBS, using a 1 kDa cut-off dialysis tube. The
final PEG-PL-SWCNTs were obtained after 20 min of centrif-
ugation @ 16100x g. For ratiometric H2O2 sensing, the hemin-
binding aptamer (HeApta) 5'- AGT GTG AAA TAT CTA AAC
TAA ATG TGG AGG GTG GGA CGG GAA GAA GTT TAT
TTT TCA CAC T-3' was used'>™, with a concentration of
50 nM hemin.

NIR spectroscopy

Absorption spectra were acquired with a JASCO V-670 de-
vice from 400 to 1350 nm in 0.2 nm steps in a 10 mm path glass-
cuvette. 1D-NIR fluorescence spectra were measured with a
Shamrock 193i spectrometer (Andor Technology Ltd., Belfast,
Northern Ireland) connected to a IX53 Microscope (Olympus,
Tokyo, Japan). Excitation was performed with a gem 561 laser
(Laser Quantum, Stockport, UK). 2D excitation emission spec-
tra were collected with a Monochromator MSH150, equipped
with a LSE341 light source (LOT-Quantum Design GmbH,
Darmstadt, Germany) as excitation source.

NIR fluorescence analyte response measurements were per-
formed, by letting 60 pul of a 0.2 nM ssDNA-SWCNT solution
(concentration calculation based on previous literature®®’>76)
adsorb overnight (12 h) on a glass bottom 96-well plate (#1
cover glass, 0.13-0.16 mm, Cellvis, P96-1-N), followed by
washing with PBS and addition of 20 pl analyte to 180 pl buffer
solution (PBS). Fluorescence spectra were acquired with 130
mW excitation @561 nm and 10 sec integration time. D-adren-
aline was purchased from AKos GmbH (Lorrach, Germany).
Dose-response measurements were fitted with a one site — spe-
cific binding fit (GraphPad Prism 8) using Y = Bmax * X / (K4
+ X) with X = concentration of the analyte; Y = specific bind-
ing; Bmax = Maximum binding and Ky = dissociation constant.
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