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ABSTRACT: Neurotransmitters are important signaling molecules in the brain and relevant in
many diseases. Measuring them with high spatial and temporal resolution in biological systems is
challenging. Here, we develop a ratiometric fluorescent sensor/probe for catecholamine
neurotransmitters based on near-infrared (NIR) semiconducting single wall carbon nanotubes
(SWCNTs). Phenylboronic acid (PBA)-based quantum defects are incorporated into them to
interact selectively with catechol moieties. These PBA-SWCNTs are further modified with

polyethylene glycol phospholipids (PEG-PL) for biocompatibility. Catecholamines including
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dopamine do not affect the intrinsic E1; fluorescence (990 nm) of these (PEG-PL-PBA-SWCNT)
sensors. In contrast, the defect-related Ei;* emission (1130 nm) decreases by up to 35%.
Furthermore, this dual-functionalization allows tuning selectivity by changing the charge of the
PEG-polymer. These sensors are not taken up by cells, which is beneficial for extracellular
imaging and they are functional in brain slices. In summary, we use dual-functionalization of

SWCNTs to create a ratiometric biosensor for dopamine.
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Detection of molecules is crucial for environmental monitoring, health, medicine, security, efc.!”?
Common techniques include chromatography as well as electrochemical and optical microscopy
and spectroscopy.’” Optical biosensors have attracted increasing attention because of many
advantages.®® They enable fast readout in real-time with high spatiotemporal resolution. However,
movements of the sample or variations of the illumination bias such measurements. To circumvent
this issue self-calibrated approaches such as fluorescence lifetime (FLIM) imaging has been
used.”!” Another approach is to use fluorescent sensors/probes with at least two emission features.
One emission peak serves as reference and the second emission peak responds to the target
analytes.!!"1*In the past, the advantages of ratiometric sensors have enabled e.g. improved calcium

imaging but for most biomolecules ratiometric sensors do not exist.'

Such sensors are especially important to measure the fast chemical communication between cells
for example via neurotransmitters. They are essential signaling molecules that transmit
information between neurons in the brain. Disturbances in neurotransmitter concentration or
regulation is linked to various diseases such as Parkinson’s disease, schizophrenia, ete.'®
Monitoring and detecting the concentration of neurotransmitters could therefore provide insights
into mechanisms or to diagnose/monitor these diseases. Over the past decades, electrochemical
techniques and optical sensors including genetically encoded sensors have been developed to
detect neurotransmitters.'”!® Each technique has drawbacks as the low spatial resolution of
electrochemical sensors or transfection of genetically encoded sensors or the lack of deep tissue

penetration.

Single wall carbon nanotubes (SWCNTSs) are a material that could overcome these limitations

because of their advantageous chemical and optical properties.’®?! SWCNTs can be
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conceptualized as rolled-up sheet of graphene. Semiconducting SWCNTs display fluorescence in
the near-infrared (NIR) region, which overlaps with the tissue transparency window in which
absorption and scattering are reduced. This makes them uniquely suited for biological applications
and they therefore serve as versatile building blocks for biosensors.?! >’ However, due to the high
hydrophobicity of SWCNTs, hydrophilic surface coatings are required to use them in aqueous
environments. Surfactants or larger (bio)polymers that either form micelles around the SWCNTs
or exhibit -7 interactions are suitable for this purpose.?®=° This non-covalent functionalization
(corona) governs molecular interactions and photophysics.’!3°> For example, certain DNA
modified SWCNTs such as (GT)io-coated SWCNTs are powerful dopamine sensors and were used
to image dopamine release with high spatiotemporal resolution.**<*% Similarly, SWCNTs
modified with DNA aptamers are able to visualize serotonin release from blood platelets.*
Additionally, SWCNTs-based biosensors have found applications in detecting proteins,*! cancer

4243 reactive oxygen species (ROS),* 6 and plant pathogens.*’ However, a disadvantage

markers,
of non-covalently functionalized SWCNTs is the non-specific adsorption of biomolecules from
biological fluids and their sensitivity towards ions.*®* Therefore, a robust surface coating is
required to minimize non-specific adsorption. It has been shown that polyethylene glycol
phospholipid (PEG-PL) coated SWCNTs display minimal non-specific adsorption.’*>! Besides,
PEG-PL-SWCNTs also show less interaction with cells and are used for extracellular tracking and

microrheology.’?

Apart from the non-covalent strategies, SWCNTSs can be covalently functionalized. This includes
guanine quantum defects®>’ that reduce uptake by cells®® and also serve as anchors for other
recognition units.** In contrast, sp> quantum defects in the sp? lattice of SWCNTs generate a red-

shifted emission peak (E11") and brighten their fluorescence.> %2 They also serve as anchors to
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6364 and certain defects enable biosensing.®>*” Examples include pH-

conjugate biomolecules
sensitive quantum defects to study lysosomes and even in vivo monitoring.®® Importantly, the
number of quantum defects is on the order of 1-3 per SWCNT, which makes them well-defined
recognition units and guarantees high sensitivity.>’° Quantum defects can also affect the sensing

mechanism. For example, (GT)10-SWCNTs invert their optical response when they contain

quantum defects.®¢

Biosensors require recognition units such as aptamers or antibodies. A well-established small
recognition unit is boronic acids that interact with diols.”"”> Nakashima et al. previously used
boronic acids to decorate SWCNTs.”® The emission of SWCNTSs modified with phenylboronic
acid (PBA) quantum defects shifted when saccharides bound, which was explained by electron
withdrawal. However, this phenomenon occurred under basic conditions (pH ~13), which limits
biological applications. Nevertheless, functionalization with quantum defects in combination with

biocompatible coatings promises advances in biosensing.

Here, we describe a ratiometric sensor based on dual-functionalization of SWCNTs (Figure 1). It
is based on the hypothesis that boronic acid quantum defects should bind diols including
catecholamines. It is combined with non-covalent functionalization (PEG-PL) to block nonspecific
adsorption, guarantee biocompatibility and tailor selectivity by changing the charge of the
polymer. The quantum defect also creates a second fluorescence feature that is explored for
ratiometric sensing. The biocompatibility of the nanosensor is then tested with cells and its

functionality in brain slices to assess its potential.
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Figure 1. Design of ratiometric catecholamine sensors with boronic acid quantum defects. Single wall
carbon nanotubes (SWCNTs) are modified with sp® quantum defects that contain a phenyl boronic acid
(PBA) moiety, which is known to bind diols. The non-biocompatible surfactant is then exchanged to PEG-
PL or other (bio)polymers. This material emits the normal NIR fluorescence of SWCNTs and additionally
a red-shifted defect-related fluorescence. This hybrid nanomaterial is explored as ratiometric sensor for
catecholamine neurotransmitters such as dopamine.

To introduce PBA quantum defects into (6,5)-chirality enriched CoMoCAT SWCNTs, a
diazonium salt derivate was synthesized from 4-aminophenylboronic acid pinacol ester. It was
then added to sodium dodecyl benzenesulfonate (SDBS)-dispersed SWCNTs and irradiated with
green light. After 15 min, hydrogen chloride (HCI) was added to the solution to release the boronic
acid group for sensing. As a result, a peak at 1130 nm (E1;") appeared in the NIR fluorescence
spectrum (Figure 2a), and the ratio between the D and G modes of the Raman spectrum increased
(Figure Sla), both indicating successful incorporation of quantum defects. Next, a surfactant

exchange process 747

was performed to remove non-reacted diazonium salt and the surfactant to
make PBA-SWCNTs biocompatible. PBA-SWCNTs were modified with PEG-PL to obtain PEG-
PL-PBA-SWCNTs, which could be verified by a red-shift in absorption (Figure S1b) and NIR
fluorescence spectra (Figure Slc, Ei1 peak shift from 980 nm to 991 nm).

To check the performance of PEG-PL-PBA-SWCNTs, 100 pM dopamine was added. The E;;"
fluorescence significantly decreased by 35% + 2.05% (SD) but Ei1 just slightly changed, and the
ratio decreased by 41% + 2.42% (SD) (Figure 2b). This is most likely caused by the specific

interaction between PBA and the ortho hydroxy group of dopamine, which changes the emission
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features of the quantum defects’® and leads to a ratiometric readout (I 5, /1E,,)- Furthermore, the
decrease in E1;" fluorescence and [ g1, /1, were concentration-dependent (Figure 2¢). In addition,
the binding affinity of PBA was tested. Both ascorbic acid and epinephrine also contain diol
features and showed a similar behavior (Figure 2d) in a concentration-dependent manner (Figure
S2). In contrast, the fluorescence of PEG-PL modified pristine SWCNTs (PEG-PL-pSWCNTs)
did not change significantly in response to these analytes (Figure S3). Only at the highest tested
concentration (100 uM) the fluorescence of PEG-PL-pSWCNTs decreased but to a much smaller
extent and we attribute this effect to non-specific interactions or dopamine polymerization. In
contrast to the strong response of PEG-PL-PBA-SWCNTs to catecholamine neurotransmitters,
other potentially interfering molecules with only one hydroxy group or hydroxy groups in para
positions did not change the fluorescence (Figure 2¢). Together, all these results demonstrate the

selectivity of PEG-PL-PBA-SWCNTs for molecules with (ortho) diol groups.
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Figure 2. Ratiometric NIR fluorescence sensing of catecholamines. (a) Normalized NIR fluorescence
spectra of (6,5)-SWCNTs before and after PBA quantum defect incorporation. (b) Normalized fluorescence
response of PEG-PL-PBA-SWCNTs to 100 uM dopamine in PBS (mean £+ SD, n= 3). (c) Dose-response
curve of PEG-PL-PBA-SWCNTs for dopamine (mean £ SD, n= 3). (d) Relative fluorescence intensity
changes after PBS, dopamine, ascorbic acid and epinephrine addition in PBS (mean £ SD, n= 3). (e)
Selectivity of PEG-PL-PBA-SWCNTs for dopamine compared to different related compounds (10 uM).
(Mean + SD, n=3). (f) Impact of surface charge on selectivity for PEG-PL-NH>-PBA-SWCNTs and PEG-
PL-PBA-SWCNTs (mean + SD, n= 3).

DNA-coated SWCNTs e.g. (GT)10-SWCNTs or (GT)15-SWCNTs have been used previously as
high affinity sensors to detect dopamine release. These sensors also respond to ascorbic acid,!**%76
making it challenging to distinguish it from dopamine. In our dual-functionalization approach, we
have the additional opportunity to modify the non-covalent coating without compromising the
recognition unit (PBA). We hypothesized that the charge of the PEG polymer headgroup would
have an impact on selectivity and tested PEG-PL-NH> (PEG-PL-NH2-PBA-SWCNTs). Addition

of the analytes decreased again the Eii” fluorescence (Figure S4) and all three analytes caused
I

concentration-dependent responses. When dopamine was added, the A(IEA) of PEG-PL-PBA-
E11

SWCNTs decreased by 41% + 2.42% (SD) and PEG-PL-NH2-PBA-SWCNTs by 35% + 1.97%

https://doi.org/10.26434/chemrxiv-2023-rp320 ORCID: https://orcid.org/0000-0003-0638-9822 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-rp320
https://orcid.org/0000-0003-0638-9822
https://creativecommons.org/licenses/by-nc-nd/4.0/

(SD). For ascorbic acid PEG-PL-NH2-PBA-SWCNTs decreased 18% more than PEG-PL-PBA-
SWCNTs. For epinephrine, the ratio decreased by 48% + 2.14% (SD) for PEG-PL-PBA-SWCNTs
versus 57% = 0.30% (SD) for PEG-PL-NH>-PBA (Figure 2f). Therefore, PEG-PL-NH>-PBA-
SWCNTs responded differently to dopamine and ascorbic acid, compared to the PEG-PL-PBA-
SWCNTs, which showed similar responses to dopamine and ascorbic acid. A possible explanation
is the additional positive charge that attracts negatively charged ascorbic acid and repels positively
charged dopamine. Even though these results (roughly 2 fold increase in selectivity for dopamine
versus ascorbic acid) are not yet demonstrating very high selectivity of ascorbic acid over
dopamine (or vice versa) they indicate that the dual-functionalization approach has the potential

to tailor selectivity.

DNA-SWCNTs are known to interact strongly with cells and are taken up by them, which is
wanted for intracellular delivery. For many other applications this poses a challenge and affects
the cells. In contrast, it is known that PEG-PL-SWCNTs show minimal nonspecific interaction
with cells and are therefore commonly used for extracellular tracking.>>”” To investigate the uptake
of SWCNTs with different surface coatings (DNA and PEG-PL) by cells and the effect of PBA,
HeLa cells were exposed to DNA-pSWCNTs, PEG-PL-pSWCNTs, and PEG-PL-PBA-SWCNTs.
As expected, we observed a higher NIR fluorescence signal in cells incubated with (GT)io-
pSWCNTs (Figure 3a). However, many SWCNTSs can also be seen in the background, which is
due to the interaction between (GT)10-SWCNTs and the glass substrate. Cells incubated with PEG-
PL-pSWCNTs (Figure 3b) and PEG-PL-PBA-SWCNTs (Figure 3c) both showed a relatively low
NIR fluorescence signal inside the cells and no adsorption of SWCNTSs on glass was observed.
(GT)10-SWCNTs showed the highest fluorescence inside cells (Figure 3d). No significant

difference between PEG-PL-pSWCNTs and PBA-SWCNTs was observed, which makes sense
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given the expected low number of (PBA) quantum defects.”® These results indicate that PEG-PL
coated PBA-SWCNTs are not effectively taken up by cells and remain mostly extracellular. This
renders them suitable to detect secreted molecules and to perform extracellular imaging and
tracking. Additionally, covalent functionalization with PBA had no effect on cellular uptake by

PEG-PL-SWCNTs.

b

PEG-PL-pSWCNT

a {GT)1o-pSWCNT

Figure 3. PEG-PL coated catecholamine sensors show less interactions with cells. Merged bright field
(gray) and NIR fluorescence (vellow) images of HelLa cells incubated with (a) 0.4 nM (GT) 1o--SWCNTs, (b)
2 nM PEG-PL-pSWCNTs and (c¢) 2 nM PEG-PL-PBA-SWCNTs and magnified images of single cells
(insert). (d) NIR fluorescence signal colocalization with HeLa cells shows less physisorption/uptake for
PEG-PL-PBA-SWCNTs (N = 133, 118 and 105 cells respectively) compared to DNA-coated SWCNTSs.
Two-sample test: ***p < 0.001, ns = not significant.

Finally, we tested if PEG-PL-PBA-SWCNTs diffuse into brain slices and their functionality by
exogenous application of dopamine. For this purpose, mouse brain slices were incubated with
nanosensors (3 nM) for 15 min and subsequently transferred to a glass-bottom petri dish and rinsed
twice to remove SWCNTs that did not diffuse into the tissue. They distributed relatively
homogeneously within the slide (Figure 4a) matching the tissue architecture and freely accessible
extracellular space. Then, time-dependent fluorescence images were recorded with a long-pass
filter to detect the E1;" fluorescence (>1050 nm). During recording, 100 uM dopamine was added
to the brain slice to examine the responsiveness of PEG-PL-PBA-SWCNTs. Before adding
dopamine (i.e. in the first 300 s) and in control measurements without adding dopamine (900 s)

the fluorescence intensity showed only a minor decrease most likely due to drift of the brain slice.
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After dopamine addition fluorescence intensity decreased as expected (Figure 4b and S5b, Video
M1). This behavior can also be seen on the single SWCNT level (Figure 4c). Single SWCNTSs
exhibited slightly different behaviors, with some showing an immediate and others a delayed
decrease in fluorescence intensity, which might be due to differences in dopamine diffusion
through the slice and the different positions of the SWCNTSs inside it. However, all these results

illustrate the functionality of PEG-PL-PBA-SWCNTs to detect dopamine in such a complex

biological environment.
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Figure 4. Dopamine imaging with PEG-PL-PBA-SWCNTs in organotypic cortico-hippocampal brain
slices. (a) Merge of bright-field (gray) and NIR (yellow, >1050 nm) image of a brain slice. (b) Normalized
overall NIR fluorescence intensity trace over 15 min. Dopamine was added at t = 300 s. (c¢) Fluorescence
traces of three single nanosensors inside the brain tissue. Dopamine was added at t= 240 s. Image (cl, c2)
of a single SWCNT before and after addition of dopamine (black trace in c). Scale bar = 1 um.

Ratiometric sensors provide technical advantages that enable novel and more complex experiments
or more sensitive data analysis. SWCNT-based sensors have been used so far for many biomedical
applications.?! Previously, it was shown that one can combine SWCNTSs of different chirality to
create a ratiometric readout.’®’®”? However, the ratiometric fluorescence readout was not encoded
in single SWCNTs but different populations. The ratiometric response encoded in a single
nanosensor is especially important in single-SWCNT imaging such as tracking of SWCNTs in

5334 or when they are immobilized on surfaces and high-resolution imaging of

extracellular space
sensor responses is performed.’® This design is therefore only possible by creating a second

emission feature by the quantum defect. Another advantage is the dual-functionalization, which
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opens chemical design opportunities to improve sensitivity and selectivity. In our case we used it
to create by physisorption on the one side a non-responsive fluorescent signal and a surface
chemistry that prevents uptake by cells. On the other side, we used the quantum defects as selective
recognition unit for catecholamines. The possibility to tune sensor properties on different levels
can be used for a broad range of existing sensors to push their performance. More robust
fluorescence imaging is also possible by NIR FLIM as shown by us before.” However, such
approaches are demanding optical setups capable of time correlated single photon counting
(TCSPC), while ratiometric imaging can be performed in any wild field fluorescence microscope.
Therefore, the intrinsic ratiometric sensor design presented here provides many opportunities for
further developments including an extended chemical design space and promises higher

performance in biomedical imaging.

In summary, we developed a ratiometric NIR fluorescent nanosensor by leveraging the dual-
functionalization of SWCNTs. Technically, non-covalent modification of the SWCNT surface was
combined with covalent functionalization (quantum defects) of SWCNTSs. The boronic acid
quantum defects create selectivity for catecholamines including dopamine while the polymer
coating reduces non-specific interactions with cells. The second function of the quantum defects
is a second fluorescence emission feature, which enables ratiometric sensing and imaging schemes.
These parameters are important for experiments in complex biological systems such as mouse
brain slices. Therefore, the approach pushes the limits of sensing and provides conceptual advances

to optimize sensitivity, selectivity, and biocompatibility of nanosensors.
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