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Abstract

Single wall carbon nanotubes (SWCNT) fluoresce in the near infrared (NIR) and have been
assembled with biopolymers such as DNA to form highly sensitive molecular sensors. They
change their fluorescence when they interact with analytes. Despite the progress in engineering of
these sensors the underlying mechanisms are still not understood. Here, we identify processes and
rate constants that explain the photophysical signal transduction by exploiting sp* quantum defects
in the sp? carbon lattice of SWCNTSs. As a model system we use ssDNA coated (6,5)-SWCNTs,
which increase their NIR emission (E;;, 990 nm) up to + 250 % in response to the important
neurotransmitter dopamine. In contrast, SWCNTSs coated with DNA but with a low number of
NO,-Aryl sp? quantum defects decrease both their E;; (-35%) and defect related E;," emission (-
50%) at 1130 nm. Consequently, the interaction with the analyte does not change the radiative
exciton decay pathway alone. Furthermore, the fluorescence response of pristine SWCNTSs
increases with SWCNT length, suggesting that exciton diffusion is affected. The quantum yield of
pristine (6,5)-SWCNTs increases in response to the analyte from 0.6 % to 1.3 % and points to a
change in non-radiative rate constants. These experimental results are explained by a Monte Carlo
simulation of exciton diffusion, which supports a change of two non-radiative decay pathways
together with an increase of exciton diffusion (3 rate constant model). The combination of such
SWCNTs with defects and without defects enables the assembly of ratiometric sensors with
opposing responses at different wavelengths. In summary, we demonstrate how perturbation of a

system with quantum defects reveals the photophysical mechanism and reverses optical responses.
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Introduction

Single wall carbon nanotubes (SWCNTs) are rolled-up sheets of graphene and display
fluorescence in the near infrared (NIR)!2. Their fluorescence depends on their structure described
by the chiral index (n,m) and falls into the tissue transparency window (800 nm - 1700 nm), which
is beneficial for many (biomedical) applications®*. Photophysics of SWCNTs is best described by
mobile excitons®®. During the typical lifetime of the exciton, it travels along the SWCNT axis and
is affected by the local (chemical and dielectric) environment. Therefore, the picture of an exciton
diffusing similar to a random walk and exploring its environment is able to explain several aspects
of SWCNT photophysics, for example the length dependence of the quantum yield®. These
properties make SWCNTs ideal building blocks for biosensors and fluorescent labels®#. The
SWCNT itself is the carrier of the excitons but to create specific interactions with analytes, the
surface chemistry on SWCNTs plays a crucial role. Many non-covalent approaches including
adsorption of biopolymers e.g. DNA!-13, DNA-peptide conjugates!*!>, lipids'®!7, nanobodies'® or
proteins'®? have been successfully used to engineer selective surface chemistry. These approaches
enabled a range of sensors for important biomolecules such as reactive oxygen species!>2122,
metabolites®, sugars?*?®, neurotransmitters?®?’, proteins!’?® and lipids®*. However, how the
molecular interaction with a target molecule affects SWCNT photophysics and decay pathways is

still not understood.



Most studies have been conducted on SWCNTSs non-covalently functionalized with specific
ssDNA sequences. One example are SWCNTSs that increase their fluorescence in response to the
important neurotransmitter dopamine?®2°3!. Oxidation or reduction of the SWCNT/DNA complex
by the analyte could not explain the observed changes in fluorescence intensity, even though there
is a correlation between strong sensor responses and negative redox potential®'*2. Experiments
with dye-labeled ssDNA furthermore suggest that ssDNA conformation changes when it interacts
with the analyte?. Additional evidence for such an interaction was found in molecular dynamics
simulations, which showed that the phosphate group of the DNA sequence is pulled by the
dopamine molecule towards the SWCNT surface®. Interestingly, DNA-sequences, which impart
smaller fluorescence responses give rise to higher SWCNT starting fluorescence intensity. These
findings suggest that the fluorescence increase is caused by dequenching®*3*. The dissociation
constants (Kp) for sensors assembled with different ssDNA sequences differ by several orders of
magnitude, which indicates that the DNA sequence and most likely its conformation on the
SWCNTs is of central importance®. Therefore, the organic phase around the SWCNT has a very
strong influence on the fluorescence response but it is rather the structure and not the total number
of adsorbed DNA molecules*. The mechanism might also depend on the exact surface chemistry
because there are also designs for other molecules that yield sensors with fluorescence decrease

and shifts in the spectrum?>-36:2137,

Despite the progress to engineer SWCNT-based sensors it is not understood how the interaction
with the analyte changes exciton decay. A detailed investigation of the changes in exciton states
and population is challenging because not all states are experimentally accessible®®*. One way to
perturb exciton diffusion is to introduce sp*-hybridized carbon atoms (quantum defects) in the sp*-

lattice of the SWCNT. It was long believed that defects in general quench NIR fluorescence®?4%4!,



However, reactions with O; at very low levels lead to defects that create a new red-shifted
fluorescence feature (E; *)**. Reactions with diazonium salts cause also red-shifted emission
features and even increase the quantum yield*#. Such quantum defects or quantum color centers
are useful to create new photophysical properties such as single-photon generation but are also

useful for covalent functionalization*7.

Here, we explore the effect of quantum defects in SWCNTs on chemical sensing by NIR
fluorescent SWCNTs and develop a mechanistic photophysical model. More specifically, we
explore which rate constants of exciton dynamics change during sensing. We hypothesized that
sp? quantum defects in the sp? carbon lattice perturb exciton dynamics and sensing response and
help narrow down the photophysical processes. Additionally, we study the impact of SWCNT
length to probe the effect of diffusion and defect density and compare it with Monte-Carlo

simulations of exciton diffusion.



Results and Discussion

mAnalyte (e.g. dopamine)

Figure 1: Effect of quantum defects on fluorescent sensing with SWCNTs. SWCNT's functionalized with biopolymers
such as DNA can change their fluorescence when interacting with analyte molecules. One example are (GT),0-ssDNA
Sfunctionalized SWCNTs, which increase their (E;;) emission in response to the neurotransmitter dopamine. It is not
known, how this interaction affects the diffusive walk of the exciton along the SWCNT, population of dark states and
thereby exciton decay rate constants. sp’ defects in the carbon lattice (NO»-Aryl) create a new optical decay pathway

(E1i*), which perturbs the optical transitions and is used to shed light on the mechanism and modify sensing.

To understand the mechanism of SWCNT-based sensors we designed experiments that perturb the
possible exciton decay pathways and allow us to narrow down the involved processes (Figure 1).
For most experiments, (GT),,-functionalized pristine CoMoCat-(6,5)-SWCNTs (from now on
referred to as pPSWCNTSs) were used. Further purification® was used for experiments in which

spectral congestion by other chiralities could cause a bias (see materials and methods*’).

Defects (NO,-Aryl) were incorporated into (6,5)-SWCNTs by a reaction with diazonium salts (see
materials and methods for details). In short, the quantum defects were introduced in SDBS
suspended pSWCNTs and then the surfactant was exchanged to (GT),o-ssSDNA. These SWCNTs
with quantum defects are now referred to as (GT),-dSWCNTs. The new optical transition in

dSWCNTs lies energetically below the dark states in (GT),,-pSWCNTs*. One expects a defect



density on the order of 1 defect per 25 nm SWCNT length**. Additionally, it is known that one
(GT),0 molecule occupies around 2 nm of SWCNT length**. Consequently, the overall structure of
the adsorbed DNA should not be changed much by the presence of the defects and (GT),-
pPSWCNTs and (GT),,--dSWCNTs should be very similar besides the low number of quantum
defects. The dopamine response for pPSWCNTs and dSWCNTs was then compared for different
concentrations of dopamine (Figure 2). As previously described?**, dopamine increased the
fluorescence of pSWCNTs in the experiments (up to +250%). Surprisingly, the same SWCNTs
with a low number of quantum defects (ASWCNTs) responded by a fluorescence decrease both for
the E;; (-30%) and E,,* (-50%) transition (100 M dopamine). It is important to stress that the E;;

peak results from excitons, which are freely diffusing along the SWCNT.
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Figure 2: Quantum defects change the fluorescence response of carbon nanotubes to analytes. a NIR fluorescence
spectrum (E,;) before and after addition of dopamine (100 uM) to (GT),0-pSWCNTs. b Same for (GT),0-dSWCNTs
with a low number of sp’ quantum defects (dASWCNTs). Spectra are normalized to the E;; peak. ¢ E;; and E;;" changes
for different analyte concentrations (1 nM - 100 uM) for pristine and dASWCNTs. pSWCNTs increase their fluorescence

with increasing dopamine concentration. In contrast, fluorescence of ASWCNTs decreases for the E;;" transition (~ -

50%) and to a smaller extent for the E,, transition (-~30%). Error bars = standard deviation.n = 3.



In contrast, the E;" fluorescence signal results from excitons, which are trapped at the sp3-defect.
Qualitatively, one can easily predict that the relative E;, signal of both dASWCNTs and pSWCNTs
should increase if dopamine increases only the radiative rate constant, but this is not the case for
pSWCNTs. Similarly, the relative pSWCNT E,; signal should increase and the E;," signal of
dSWCNTSs should increase if the non-radiative rate constant(s) decreases by dopamine, but this is
not the case for pPSWCNTs. Therefore, the experimental results suggest a mechanism that involves

multiple processes affected by the analyte.

The redistribution between the dark state and the bright exciton state depends on SWCNT length>
and consequently we assessed the dopamine response for SWCNTs of different length. The
SWCNT where shortened via tip sonication and characterized by atomic force microscopy (AFM)
(Supplementary Figure S1). Longer SWCNTs showed a stronger relative increase in the
fluorescence intensity compared to shorter SWCNTs (Figure 3). This effect was observed for small
concentrations of dopamine (1 M) and higher ones (100 xM) (Supplementary Figure S2). The
increase of fluorescence intensity of long SWCNTs for the sensing was up to three times larger
than for short SWCNTSs. These results indicate that dopamine influences the diffusion of the
exciton (to quenching sites) because otherwise one would not expect an effect on the relative
fluorescence changes (normalized to the starting intensity for short SWCNT). Tip sonication might
introduce additional defects as direct quenching sites into the SWCNT. However, one would only
expect an effect on the relative sensing response of these additional defects if they ‘blocked’ an
exciton from “seeing” analyte molecules. The same concentration dependence for SWCNTs of
different lengths indicates that the impact of undesired defects on the mechanism should be

negligible (Figure S2).
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Figure 3: Effect of SWCNT-length on sensor response. a,b, Exemplary NIR fluorescence response of short (a) and
(b) long (GT)10-pSWCNT to dopamine. ¢, Fluorescence response as a function of SWCNT length for short (0.18 +/-
0.06 um), middle (0.53 +/- 0.12 ym) and long (1.3 +/- 0.7 um) SWCNTs (n = 3, errors = SD). Spectra are normalized

to the starting intensity of the “short” SWCNTs.

Excitons could also dissipate by coupling to energetically similar vibrations of the solvent. This
phenomenon is called electronic-to-vibrational energy transfer (EVET)>'. Using this pathway
excitons could decay in a non-radiative way that is affected by the analyte. To test if this pathway
changes during the interaction with the analyte, the dopamine response was measured in the two
solvents H,O and D,O. H,O has absorption bands in the NIR fluorescence window of the SWCNTs
but D,O does not’!. Therefore, different fluorescence responses were expected if dopamine
affected solvation-related EVET. However, a significant difference in the dopamine response was
not observed for the two solvents (Figure S3). Therefore, we conclude that direct EVET to the
solvent is not a main factor. Additionally, the temperature dependence of the dopamine response
was measured to test if thermal detrapping® plays a role. Temperatures in a range that does not
affect colloidal stability were selected (5 °C, 23 °C (room temperature, RT) and 50 °C, Figure S4).
The increases in fluorescence were similar, which rules out that the thermal trap depth of the defect

state is modified by the analyte. So far, we only investigated processes that affect the fate of the



exciton. An increase in absorption could also explain the analyte related fluorescence increase.
However, the absorption cross section of the SWCNTSs stayed constant during all experiments
(Figure S5). It furthermore indicates, that not the radiative rate constant is changing during sensing

as the absorption cross section is coupled via the oscillator strength to the radiative lifetime.

These observations already rule out mechanisms in which the radiative decay from the E;; state is
the single pathway affected by the analyte. To interpret the data more quantitatively, we modelled
the processes after the creation of the exciton. For this purpose, we used a Monte-Carlo simulation
that randomly creates excitons, lets them diffuse along the SWCNT axis while the rate constants
determine their (stochastic) fate (Figure 4). We assumed two states, a bright and a dark state for
the E;;-exciton and a bright state for the E;,"-defect state. Within our model and assumptions, we
summarize the quenching at quenching sides’, endquenching and the rather unlikely multi-phonon
decay>* for the mobile E;; exciton to k, as the non-radiative decay and for the E,," defect state
multi-phonon decay and other possible non-radiative pathways’! to k,,". Furthermore, we assumed
that the defect states do not substantially change the non-affected transitions of ASWCNTs, given
the low defect density. Based on the results above, we did not include an EVET pathway. Studies
suggest that the intrinsic lifetime of the dark state is so long that the effective lifetime is only
determined by endquenching®. Additionally, the bright states can also decay radiatively (k).
Furthermore, the bright and dark state of the E,, exciton undergo an exchange of the population
(ki.). Technically, by introducing defects into SWCNTs a bright state for the E;,"-transition and a
corresponding dark state arise**. However, both the dark and the bright state of the E,;" transition
were summarized in a single state which can decay radiatively (k") or non-radiatively (k). The
transition from the bright E,; state to the E;," state is purely diffusion driven, as it is assumed in

general for the trapping of excitons at sp*-defects’. We assumed both E; states to be mobile, with
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the dark state having around one third of the diffusion constant of the bright exciton®-¢. A
‘detrapping’ from the defect side back to the mobile exciton is also considered. Some previous
studies assume that the exciton is almost immediately quenched after detrapping>?. However, in
our simulation a return to the mobile state leads to quantum yields closer to the measured values.
A schematic of the states and transitions are visualized in Figure 4 a and b. In general, the decay
pathways of the E,,*-states are summed up in our model to the same simplified steps as for the E,;-
states, but the physics behind them differ strongly. As the E,,"-states are localized at the defect end
quenching® and quenching at other quenching sides along the SWCNTSs cannot happen. The
relaxation pathways of these states therefore follow other physics and are influenced by other
processes and can be treated completely separately from the behavior of the transitions of the E,;-

states.

To perform a realistic simulation, boundary conditions are necessary. Therefore, the absolute
photoluminescence quantum yield (PLQY) with and without dopamine was measured (Table 1,
Table S1, Table S2, Figure S6). Used rate constants are found in various literature sources’>* and
are summarized in Table S3. Rate constants that are available neither in literature nor directly
accessible in experiments were iterated to the point where the general quantum yield resulting from
the simulation was in good agreement with the measured PLQY. Additionally, a dataset of
femtosecond transient absorption measurements was collected for the dopamine sensing for
samples of the pSWCNTs. Here, no change on the time scale up to 10 ps for the general
depopulation of the mobile exciton was observed (see Figure S7), which indicates for the expected
changes to be on longer time scales, which also was used as an indirect boundary condition for the

simulation.
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Table 1: PLQY measured for the samples.

(GT)1o-pSWCNT (GT)1;-dSWCNT  +
purified NO,-Aryl-defect
(Ell ’ El 1*)
PLQY 0.64 +/- 0.05% 0.85 +/- 0.09%

(0.22 %,0.63 %)

PLQY 1.3% 0.54%
(with 100 xM (0.17%,0.37%)
dopamine)

Based on the experimental data, the following scenarios could explain the fluorescence changes in
pSWCNTs induced by the analyte: 1. The radiative decay rate increases, 2. the non-radiative decay
rate decrease or 3. the transition rate from the dark state to the bright state increases, either by a
change in k;. populating the bright state or by an increase of the lifetime of the dark state. In the
latter case, an influence of SWCNT length seems likely because end quenching dominates the dark
state’s life time™. All these scenarios explain the behavior of the pSWCNTSs but they cannot
explain the fluorescence changes of ASWCNTs (Supplementary Table S4) and imply that that there
is more than one process affected by the analyte. The length dependence of the sensing response
(Figure 3) also suggests that end quenching of the SWCNTSs plays a role. It could be explained
either by a different lifetime of the exciton (dark and/or bright) or due to an increased exciton
diffusion coefficient. We also varied the defect density (ratio of E;; and E;;" peak as proxy).
Interestingly, the dopamine response for ASWCNTs was independent of defect density (Figure

S8). Previous studies showed a defect density of 1 defect per 25 nm SWCNT and we expect that
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our densities are in a similar range**. This result suggests that the overall situation for a free or

trapped exciton that is affected by dopamine does not depend on how far away the next defect is.

c
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Figure 4: Monte-Carlo model of exciton diffusion and decay pathways altered by the analyte. a Energetic states
(simplified) and transitions for pristine SWCNTs (pSWCNT) that could be involved in analyte sensing. E;; indicates
the bright state, DS is the dark state and GS is the ground state. b Similar schematic for SWCNTs with defects
(dSWCNTs). The nomenclature for the states remains, while the analogous defect states are marked with “*”.
Additionally, diffusion enables trapping in defect states and detrapping. ¢ Simulation concept: A SWCNT of a certain
length L (e.g., 750 nm) is created with/without a certain number of randomly distributed defects (e.g. one defect per
30 nm). The diffusing exciton can decay radiatively (k.) or non-radiatively (k..) to the ground state (GS), it can
transition to a dark state (DS), it can be trapped at a defect side or quenched at the end of the SWCNT. Trapped
excitons can decay via a radiative (k,*), a non-radiative (k") path or thermal detrapping. The used (starting) rate

constants are summarized in Table S3.
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The simulation allowed us to test different scenarios and rate constants in silico under all these
experimental conditions. A summary of the individual simulation steps is shown in Figure 4c. The
schematic shows only single NO,-Aryl-functionalization for a better visibility but in reality sp*-
defects appear as “ortho” and “para” position defects®’. Similar photophysical simulations have
shown to lead to fruitful results but have not been used to explore sensing by SWCNTs*. Based
on the experimental data, it is already possible to rule out a couple of mechanisms by purely
qualitative considerations as discussed above. However, the simulation allowed us to change
multiple rate constants at the same time and observe the effect. We found that the experimental
results are best supported by a model (Figure 5) in which 3 parameters change at the same time
(BRC model). In this model k,, decreases, k,,* and the the exciton diffusion constant (D.) increases

by the analyte.
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Figure 5: Simulated fluorescence response for the three-rate constant (3RC) model. The Monte-Carlo simulation
was tested for different scenarios. Here, a simulation is shown (three rate constant model, 3RC model) in which k.,
decreases and k," as well as the exciton diffusion constant (D.) increase in response to the analyte. a shows the
expected intensity changes of dASWCNTs and pSWCNTs when changing the constants (corresponding to the analyte
concentration) k" (up to 3x), k.- (1/2 x) and D, (2x) of the initial value. b shows the corresponding simulated spectra

for pSWCNTs and dASWCNTs (with defects) matching the experimental results in figure 2.
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It is known that that the diffusion coefficient of the exciton depends on the dielectric environment
and therefore it is likely that exciton diffusion is affected by the presence and binding of the
analyte®. In this picture, the analyte causes conformational changes of the adsorbed DNA, which
changes the potential landscape through which the exciton diffuses. A necessary additional
explanation is that in addition to the changes in the exciton diffusion mentioned above, k" is
increasing during the sensing event while &, is decreasing. This also explains the
phenomenological explanations from previous studies**, which basically assume that an exciton
that hits a DNA strain upon the SWCNT surface is quenched, therefore k,, would be increased for
the sensing in pPSWCNTs. The established hypothesis for the molecular interaction between the
dopamine molecules and the DNA assumes that the phosphate backbone interacts with the vicinale
OH-groups of the dopamine molecule and that therefore the DNA moves closer to the SWCNT
surface and quenching of the excitons is reduced®. Other simulated scenarios could qualitatively
not reproduce the results and therefore we suggest the 3RC-model as the mechanism for sensing.
Based on the measurements and simulations carried out, the fluorescence responses for two other
important analytes and SWCNT-based sensors (ascorbic acid, riboflavin) were tested!?. For
riboflavin, a strong decrease in fluorescence intensity was observed for pSWCNTs. For
dSWCNTs, we observed only a very small decrease of both E;; and E;,” (Figure S10). This data
can be interpreted in such a way that the riboflavin interaction directly quenches excitons or let
excitons go into the dark state of pPSWCNTs. In dSWCNTs the new defect state serves as an exciton
trap and is a competing process. Therefore, the quenching effect of riboflavin is nearly completely
abolished. For ascorbic acid, fluorescence changes for pSWCNTs and dSWCNTs are similar to
dopamine sensing. The absolute changes in fluorescence can be explained by differences in the

rate constants, but the general mechanism is most likely the same (Figures S10 and S11).
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Figure 6: Ratiometric sensing of dopamine using quantum defects. a, Fluorescence spectrum of mixed (GT)o
dSWCNTs/pSWCNTs before and after the addition of dopamine (100 xM). The E;; emission increases (+60%) and
the E;," transition decreases (-30%), which enables ratiometric sensing at two different wavelengths. b Ratiometric

fluorescence response to dopamine (1 M, 100 pM). n = 3, error = SD.

Our mechanistic insights provide a framework for understanding different SWCNT-based sensors.
The exact surface chemistry might affect the absolute changes in rate constants but the approach
to perturb the sensing response with quantum defects can be applied to all sensors. Narrowing
down the involved rate constants can furthermore serve as a guideline to improve sensitivity by

tailoring signal transduction.

Different fluorescence responses at different wavelengths opens opportunities for advanced
sensing schemes. We used it to establish ratiometric sensing at two different wavelengths (Figure
6). Such approaches are desired in biosensing because they are more robust and promise higher
signal/noise ratios*®. The dopamine response almost equals the average of the expected dopamine
responses for two independent pSWCNT and dSWCNT samples, which further underlines that the
presence of NO,-Aryl-units does not interfere with the overall DNA structure on the SWCNTs.

Consequently, quantum defects are a useful tool to create spectrally encoded ratiometric sensors.
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Discussion

In this work, we placed quantum defects in SWCNTs to perturb the fluorescence response to
analyte molecules. Other studies focused more on covalent functionalization chemistry®. The data
provided mechanistic insights into the sensing mechanism of SWCNT-based fluorescent sensors.
We could rule out that energy transfer to vibrations of the solvent playd a major role. Additionally,
the length dependence highlights that exciton diffusion and/or end quenching is involved. The
surprising finding that a small number of quantum defects completely reverses the fluorescence

change led to the conclusion that multiple rate constants are affected by the analyte.

These data and the additional Monte-Carlo exciton diffusion simulation suggested that a model in
which three rate constants are changed by the analyte is most likely (3RC-model). In this model a
decrease of the k,,, an increase of the exciton diffusion constant D, and an increase in the non-
radiative decay k,~ is caused by the analyte (dopamine). This model is in agreement with
experimental results from previous studies and establishes a kinetic understanding of the sensing
mechanism?. It allows also to understand other analytes as we show for riboflavin and ascorbic
acid. For different surface chemistries analyte rate constants will most likely change in different
ways but our work provides a framework for other analytes and how quantum defects can be used
to mechanistically narrow down possible mechanisms. Such insights will also further guide the
design of novel sensors with enhanced sensitivity and selectivity. Additionally, we could show
that the combination of SWCNTSs with defects and without defects enables ratiometric sensing
approaches. One other major advantage of SWCNT-based sensors with quantum defects is the

higher quantum yield compared to normal SWCNTs (Table 1).
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SWCNT-based sensors have recently been used as diagnostic tools that detect pathogens or
identify disease markers*®!. Furthermore, they are used to reveal fundamental insights into
chemical communication between cellular networks®? or as macroscopic imaging tool to study
plant health!34¢  These examples show the large potential of SWCNT-based NIR sensing and
imaging. Our insights provide mechanistic guidelines to further tailor such sensors. Recently, it
was also shown that it is possible to grow peptide chains on quantum defects*, which opens further
possibilities to change the chemical environment for the trapped exciton and thereby decay
pathways. Therefore, using different types of quantum defects both mechanistic insights and

general advances in sensing are envisioned.

Conclusion

In summary, this work establishes sp? quantum defects in the lattice of a nanomaterial as a tool to
both reveal photophysical mechanisms and vary sensing responses. We use it to identify the most
likely mechanism for SWCNT-based sensors and show that multiple rate constants are involved.
Additionally, this work enables mechanism-guided chemical design of even brighter and more

sensitive sensors.
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Materials and Methods

Chemicals
All chemicals, unless otherwise stated, were supplied from Sigma Aldrich. D>O had a deuterium

share of 99.9%. Milli-Q™ -water was used for all experiments.

Preparation of (GT)1o functionalized single-walled carbon nanotubes (SWCNTSs)

A SWCNT stock suspension (2 mg (6,5)-chirality enriched SWCNT (ComoCat, Lot
MKBZ1159V) per 1 mL water) was prepared. 100 pL of this suspension were spun down (16100
g, 3 min), the supernatant was discarded and 200 uL of a 2 mg-mL"! solution of ssDNA (supplied
by Sigma-Aldrich, desalted) in 1x PBS (phosphate buffered saline) (in H2O or D,0, respectively)
was added. The mixture was tip-sonicated (Fisher Scientific Modell 120 Sonic Dismembrator, 15
min, 40 W, cooled in an ice-water bath) and subsequently centrifuged (16100 g, 30 min, 5 °C) to
remove remaining bundled nanotubes and metallic residues. The upper 90% of the resulting

supernatant was used for further experiments.

Preparation of sodium cholate single-walled carbon nanotubes (SWCNTSs) with different
lengths

For each sample, 600 puL of the above mentioned SWCNT stock solution was spun down and the
supernatant was discarded. 1.2 mL of a 10 mg-mL! sodium cholate solution in water was added.
The resulting suspensions were tip-sonicated for 7 min, 30 min or 4 h, respectively (Fisher
Scientific Modell 120 Sonic Dismembrator, 36, 48 or 60 watts respectively). The resulting
dispersions were centrifuged (16,100 g, 30 min, 21 °C) to remove remaining bundled nanotubes

and metallic residues. The upper 90% of the resulting supernatant was used for further
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experiments. For these experiments, 100 pL of the SC-SWCNT dispersions (¢ = 32 nM) were
mixed with 100 pL 1x PBS and 100 pL of a 2 mg-mL"! solution of (GT)io. The mixture was
dialysed in 1 kDa MWCO dialysis bags (Spectra/Por, Spectrum Laboratories Inc.) against 1xPBS
(4x 500 mL). The resulting dispersions were centrifuged (30 min, 16100 g, 21 °C) and the

supernatant was used for further experiments.

Atomic Force Microscopy

The cholate-SWCNT dispersions were diluted by the factor 10 and 10 uL. of each sample were
spin-coated (RT, 1000 rpm) on muscovite mica. The samples were rinsed with water and dried in
a nitrogen stream. AFM measurements were performed using the intermittent contact mode (scan-
rate = 2 Hz or 1 Hz, 512 lines) on an Asylum Research MFP-3D Infinity with rectangular
cantilevers (Opus, MikroMasch Europe, Al-coated, tetrahedral-shaped tip, fres = 300 kHz, k£ = 26
N-m). Image analysis was done with Gwyddion®. The images were background-corrected using

a 2nd grade polynome and the lowest value was set to zero.

Determination of the SWCNT concentration

The ssDNA-SWCNT dispersions’ concentration was estimated using NIR absorption
measurements as previously described®*. The stock solutions were diluted to achieve a peak height
at the Eii-transition not exceeding an absorption of 1. The Ei; absorption at approx. 991 nm was
used for the calculation according to 34. All dispersions were diluted to a concentration of 0.3 nM

using 1x PBS (in H>O or D;0, respectively) and stored at room temperature.
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Fluorescence spectroscopy in the presence of dopamine

The fluorescence measurements were performed in clear 96-well plates (F96 Maxisorb nunc-
immuno, Thermo Fisher). A DPSS (Diode-pumped solid state) 561 nm continuous wave laser
(Laserquantum gem 561) was used for excitation. The light was passed through an Olympus 1X73
inverted microscope (10x Olympus UPlanFL N-FN26.5-0.30 10x objective). The SWCNT NIR
emission was guided to a spectrometer (Shamrock 193i spectrograph) equipped with an Andor
iDUS InGaAs 491 array NIR InGaAs detector. Per well, 180 uL of the 0.3 nM SWCNT dispersion
was mixed with 20 puL of a dopamine hydrochloride solution (in 1x PBS) with ¢ =1 mM or 10 uM
(start concentration). For control samples, 20 pL 1x PBS was added. The resulting mixtures were

measured directly after preparation (¢ < 10 min).

Purification of SWCNTSs

The purification of (6,5)-SWCNTs was performed according to a previously reported aqueous
two-phase extraction (ATPE) protocol from Li et al.* Using a three step approach SWCNT
chiralities were separated between two aqueous phases, containing dextran (MW 70000 Da, 4%
m/m) and PEG (MW 6000 Da, 8% m/m) with varying pH-values due to HCI addition. The final
B3 (bottom)-phase yielded nearly monochiral (6,5)-SWCNTs, which were diluted with DOC to
obtain a stable 1% DOC-SWCNT solution. Further dialysis with a 300 kDa dialysis bag against
1% DOC removed the dextran polymer which was used for the SWCNT separation. In order to
transform the purified SWCNTSs into sensors again, a surface exchange had to be performed. For
that 150 pl of purified (6,5)-SWCNTs in a solution of 1% DOC (~2 absorption at 986 nm), 25 ul
of PEG (MW 6 kDa, 25% m/v) and 30 pl of conjugated (GT)10-DNA (2.5 mg/mL in H20) were

mixed. After that, 270 uL of methanol was added in three steps of 90 uL in order to replace the
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DOC with DNA on the SWCNT surface. 600 pL of iso-propyl alcohol was used to crush the
SWCNT-DNA-complex out. The solution was centrifuged at 16100 g for 2 min. Then, the
supernatant was removed and the pellet was dried to remove last traces of other organic solvents.
After one precipitation cycle, the nanotube pellet was directly redispersed in 200 pl 1 x PBS and

characterized by absorption spectroscopy.

Introduction of sp3-defects into SWCNTSs

For the introduction of sp3-defects into SWCTNSs, samples of 180 uL of a previously purified (6,5)-
SWCNT-solution in 1% SDBS with a concentration of 10 nM were placed in wells of a 96-well
plate (F96 Maxisorb nunc-immuno (Thermo Fisher)). 20 puL of a freshly prepared 4-nitrophenyl
diazonium tetrafluoroborate solution in water with a concentration of 100 uM were added to each
sample (final concentration in the well: 10 uM). After the addition, the wells were illuminated with
a LumidoxTM (Analytical Sales & Services, Inc, Flanders NJ, USA) 96 green LED array with an
LED current of 25 mA. The reaction was controlled and observed using fluorescence spectroscopy
and the development of the Ei;"-Peak. After that, the reaction mixtures were transferred to spin
filters (VivaspinTm 500, MWCO = 100 kDa, V = 500 pL, Sartorius, Gottingen, Germany) and
centrifuged at 12,000 g. The dSSWCNTs, which precipitated on the membrane of the filter, were
washed 4 times with 450 pL of water. Between each washing step, the sample was centrifuged
again. After that, the SWCNTSs were resuspended in the desired surfactant, in this case DOC. For

resuspension, the sample was tip-sonicated in an cooled ice bath (30% amplitude, 36 W, 5 min).
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Measurement of photoluminescence quantum yields

The PL quantum yield (PLQY) of the dispersions was determined by an absolute approach
measuring the ratio of emitted to absorbed photons, as reported previously®*’. Firstly, a cuvette
containing the solvent and the respective PBS concentration of the sample was placed within an
integrating sphere (LabSphere, Spectralon Coating) and the intensity of the excitation laser (561
nm, WhiteLase SC400 supercontinuum laser, Fianium Ltd.) and as well as the dark counts of the
PL emission region without SWCNTSs were recorded. The signal from the sphere was transmitted
via an optical fiber and coupled into an Acton SpectraPro SP2358 (grating 150 lines/mm)
spectrometer with an OMA-V InGaAs line camera (Princeton Instruments) for spectra acquisition.
Subsequently, the respective SWCNT sample was inserted and both the emission spectra an
attenuated laser peak were measured. To account for wavelength dependent transmissivity and
reflectivity of all optical components as well as the absorption of solvent and PBS, the emission
of a broadband light source with stabilized color temperature (IR Light Source SLS202L/M,
Thorlabs Inc.) was recorded for both spectral regions with a cuvette containing the solvent and the
respective PBS concentration. A correction function was calculated by dividing these data by the
black body spectrum of the lamp’s color temperature. Finally, the collected spectra were multiplied
by the correction function and the wavelength to ensure direct proportionality between detector
counts and photons. The difference of the integrated laser intensities was taken as a measure for
the absorbed photons and the difference of the integrated spectral region of the SWCNT emission
was taken as a measure for the emitted photons. The ratio of both quantities gives the PLQY of
the sample. Due to the low emitter concentration, self-absorption was neglected. The obtained

PLQY can therefore be viewed as conservative.
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Transient Absorption Spectroscopy Measurements

Ultrafast broadband transient optical absorption spectroscopic measurements were performed on
a set-up similar as described in literature®®°. Briefly, a 100 fs laser pulse train from a Ti:sapphire
amplifier system (Spectra-Physics, Spitfire ACE) centered at 800 nm is used and split (90:10) to
generate a pump and a probe beam. A broadband super continuum is generated by nonlinear
processes inside a CaF, or sapphire crystal (320 — 1600 nm) with 10 % of the fundamental. The
arrival of the probe beam with respect to the pump is varied by using a delay stage with a range of
up to 8 ns. The pump beam energy is controlled by nonlinear frequency mixing in an optical
parametric amplifier (OPA) system (TOPAS). The pump pulse is dumped after the photoexcitation

of the sample, while the probe light is led to a fiber-coupled detector array (Ultrafast, Helios FIRE).

Simulation Algorithm

The simulation was written in Python to model the movement of an exciton on the SWCNT. For
this purpose, the model is simplified to a 4-state model. In the addition to the ground state, there
are a bright and a dark mobile S,; state, which are in equilibrium. The bright state can decay both
radiative and non-radiatively, while the dark state only allows for non-radiative decay. Both states
can transition to a radiative state S;;* located at the defect site. Thermal detrapping into Sy,
radiative and non-radiative decay are the depopulating channels for the defect state. The movement
of the exciton along the SWCNT is simulated by diffusion in a chosen time step. A class was
written to handle saving and loading a calculation as well as easier handling of several methods
for different scenarios of the interaction between the fluorescence decay and the dopamine. The

underlying model for the simulation is flexible. In each simulation, the decay path of a set number
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of photons n_photons is simulated to calculate the quantum yield of the excited state and the defect
state. The length of the SWCNT CNT_length and the number of defects n_defects are set at the
beginning of the calculation, by distributing the defect sites randomly on the SWCNT. The exciton
is initiated at a random position on the SWCNT in a mobile state, either the bright or the dark state.
If the distance between two defects is less than the exciton radius r_exc, non-radiative quenching
takes place at that position if the exciton is trapped there to account for the total quenching of
SWCNTs with a large defect density. If the exciton is in one of the mobile states it defuses along
the SWCNT in the timestep ¢_step. For the exciton diffusion, the SWCNT is treated one
dimensionally, since the exciton radius is large enough™ that it will likely hit the defect site when
diffusing along the tube length. If the exciton reaches the end of the SWCNT, non-radiative
quenching takes place. The exciton is trapped in the first defect site encountered along the diffusion
path. At the end of each time step the probability for all depopulating processes of the excitons
current state is calculated. The exciton converts to either another states or decays, upon which a
new SWCNT with different random defect distribution is initiated and the process repeated to
obtain the photo luminescence quantum yield. For the software, Python 37! with the packages

Numpy (1.17)”2, Matplotlib (1.3)7, Scipy (1.3)™, H5py (2.9)7° and Ipykernel (5.1) were used.
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