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Abstract

Single wall carbon nanotubes (SWCNTs) are versatile building blocks for biosensors. Their near
infrared (NIR) fluorescence enables detection of biomolecules in the optical tissue transparency
window. The fluorescence intensity of SWCNTSs changes in response to an analyte and this
interaction can be chemical tailored by the surface chemistry. However, optical signals based on
intensity are affected by external factors such as sample movement or fluctuations in excitation
light. Here, we demonstrate fluorescence lifetime imaging microscopy (FLIM) of SWCNT-based

sensors in the NIR as calibration-free method.



For this purpose, we tailored a confocal laser scanning microscope (CLSM) for NIR signals (>800
nm) and employed time correlated single photon counting (TCSPC). (GT),,-DNA functionalized
SWCNTs are then used as sensors because they increase their fluorescence (995 nm) in response
to the important neurotransmitter dopamine. Their fluorescence lifetime (> 900 nm) follows a
biexponential decay and the longer lifetime component (370 ps) changes with dopamine
concentration. It increases by up to 25 % with detection limits in the nM range. These sensors
serve as paint to cover cells and report extracellular dopamine in 3D via FLIM. We therefore show
the potential of using fluorescence lifetime in combination with confocal microscopy as readout

for SWCNT-based sensors.



Single wall carbon nanotubes (SWCNTs) are a 1D material with beneficial optoelectrical
properties. In contrast to organic dyes or quantum dots, SWCNTs do not blink or bleach and
fluoresce in the near Infrared (NIR) region of the electromagnetic spectrum '-3. The NIR (> 800
nm) is especially beneficial for biological applications as it falls into the tissue transparency
window where light absorption, scattering as well as autofluorescence are minimal 7. Light
absorption by SWCNTs leads to excitons that travel along the SWCNT axis for around 100 nm 3-
5. The SWCNT’s organic corona influences the exciton, making the SWCNT itself highly
sensitive for chemical changes aroundit. Surface chemistry is also crucial for colloidal stability
because pristine SWCNTs are hydrophobic and cannot be suspended in polar solvents like
physiological buffers and media.

Due to their properties SWCNTs have emerged as versatile building blocks for chemical sensing
and imaging!7-'®!7. Functionalization of the SWCNT’s with DNA '8, peptides ' or polymers %,
does not only result in solubility, but renders them chemically selective for detection of different
analytes like reactive oxygen species >'-2¢, small molecules 232, sugars ** and larger biomolecules
like peptides, proteins and nucleic acids 3! or neurotransmitters like dopamine “>* or serotonin
46’47.

Neurotransmitter play an essential role in the human body, mainly in chemical signaling in the
neuronal network of the brain. A key player is the neurotransmitter dopamine, regulating motor
function as well as reward and motivation “4°, Detection of dopamine and other neurotransmitters
with a high spatiotemporal resolution is therefore a major but challenging goal to gain deeper
insights in intercellular communication. In contrast to other approaches such as electrochemical or
genetically encoded sensors 5% imaging of neurotransmitter with SWCNT-based sensors offers

very high spatial and temporal resolution 4>46-59-61,



First surface chemistry screening approaches showed that SWCNTSs coated with single stranded
(ss)DNA respond to dopamine and other catecholamines by a reversible increase in fluorescence
intensity **. MD simulations revealed that an interaction between polar groups from dopamine and
the phosphate backbone of the DNA moves the backbone closer to the SWCNT resulting in an
altered electrostatic potential at the SWCNT surface 36263, Coating of SWCNTSs with guanine (G)
containing ssDNA sequences such as (GT),-SWCNTs showed the best results and these sensors
were used for biological studies #>°¢!. Additional characterization of (GT),-SWCNTs rendered a
length of 10 bases ((GT),o) to be most selective and sensitive . Imaging of dopamine in a cellular
context ® using such sensors was first performed by coating the glass surface before seeding
neuroprogenitor cells . This approach provided a good spatiotemporal resolution to observe
dopamine release and was also applied to the detection of serotonin “6. Furthermore, by coating
cells with sensors similar to a paint (AndromeDA) dopamine detection at axonal varicosities of
primary neurons was achieved*.

NIR imaging of fluorescence intensities is a quickly advancing field, ranging from widefield
microscopy % over laser scanning confocal microscopy ° to spinning-disc confocal microscopy .
However, fluorescence signals contain much more information than the mere intensity.
Fluorescence anisotropy as well as fluorescence lifetimes contain valuable additional and unique
information. Their advantage is that they are absolute measures or in other words internally
calibrated. It means that e.g. the fluorescence lifetime does not change when the focus in a
microscope changes or the light source fluctuates. This is an important advantage especially for
biological samples. Fluorescence lifetimes depend on intrinsic dye properties, micro surrounding
and molecular interactions but is independent of fluorophore concentration, photobleaching,

sample thickness and excitation intensity . Fluorescence lifetime imaging microscopy (FLIM)



offers the opportunity to assess and image changes of the molecular environment in the direct
vicinity of the fluorophore leading to changes in the fluorescence lifetime. FLIM is typically
performed by time correlated single photon counting (TCSPC) in a confocal laser scanning
microscopy (CLSM). A challenge in FLIM is to find the sweet spot of sufficient photon counts
and a minimal acquisition time to obtain also a high temporal resolution of changes in the
fluorescence lifetime. Therefore, short pulsed lasers with high repetition rates, a CLSM, suitable
detectors like single photon avalanche diodes (SPAD) and the respective electronics to record
TCSPC traces are required.

The fluorescence lifetime of SWCNTSs depends on the type of functionalization of the corona,
the solvent and the temperature ®“-’!. It lies in the order of hundreds of picoseconds and the
measurements are therefore more challenging compared to lifetimes in the nanosecond regime e.g.
of organic fluorophores. Lower temperatures ">73, organic solvents ™ and for example guanine
quantum defects in (GT),, coated SWCNTSs 7 prolong the fluorescence lifetime, simplifying their
detection.

In this work, we exploit for the first time the fluorescence lifetime of SWCNT to detect
biomolecules in the NIR above 900 nm. Combining time correlated single photon counting and
confocal fluorescence microscopy we show that fluorescence lifetime acts as sensitive measure for
the neurotransmitter dopamine and confocal microscopy allows for scanning in 3D around cells

(Figure 1).

ssSDNA coated SWCNTs are known to be sensitive to several analytes. The sequence (GT),, has
been reported to make SWCNTs selective and sensitive in the nM range for the important

neurotransmitter dopamine *. Therefore, (6,5)-chirality enriched SWCNTSs were functionalized



with (GT),-ssDNA. Fluorescence emission spectra of 0.1 nM (GT),,--SWCNTs in PBS showed a
strong increase in fluorescence intensity upon addition of 100 xM dopamine at around 995 nm,
corresponding to the emission maximum of the (6,5)-chirality (Figure 2A). We hypothesized that
a fluorescence increase is correlated with an increase of fluorescence lifetime. This makes also
sense given that the quantum yield depends on the fluorescence lifetime’. (6,5) SWCNTs have
their excitation maximum at around 560 nm but in our optical setup only a pulsed 481 nm laser
was available. The excitation-emission spectrum (Figure 2B, S1) shows that even though less
efficient other wavelengths can be used for excitation as well. Therefore, we tailored a standard
CLSM (MicroTime200 PicoQuant) for the NIR. It consists of a confocal fluorescence microscope
unit with a pulsed laser and single photon detection unit controlled by electronics that allows time
correlated single photon counting (TCSPC) (Figure 1). The optical setup was optimized for the
NIR by replacing the general dichroic mirror and adjusting the focal length for NIR signals.
Detection of fluorescence signals in the NIR can be challenging and the optical setup was
optimized to obtain best results. A cut-on dichroic mirror, allowing a high transmission of (N)IR
light up (800-2500 nm), was compared to a Quad Line dichroic mirror which is regularly used to
detect fluorescence up to 1200 nm. In the relevant wavelength range (900-1200 nm) transmission
is comparable but the Quad Line dichroic allowed additional detection of the membrane stain in
cell experiments. Furthermore, we found that red-light sensitive Si-based single photon avalanche
diodes (SPAD, Excelitas Technologies) are better suited than a NIR-photomultiplier tube

(Hamamatsu).



confocal
A volume
SWCNTs GT) |
SWCNTs % dopamine

sensor
ssDNA
(GT)o

Time Correlated Single Photon Counting

[2]
TR i [} .
stimulus 5 dopamine E high
® sensor paint )
z 8% Joo P qi' g
cell @dopamine filled vesicles [ g
) k=2
Y, ’ low
I [
T<T time
481nm| pulsed, excitation. )/ +
40MHz = dichroic
e ... >900nm, TCSPC
\ ﬂ' ﬂ' ' module
synchronization IR lense  pinhole |

Figure 1. Near infrared fluorescence lifetime imaging of nanosensors. (GT),,-SWCNTs serve as
sensors for the neurotransmitter dopamine. Pulsed excitation and time correlated single photon
counting is used to measure changes in the fluorescence intensity and lifetime of the nanotubes
dependent on the dopamine concentration. It allows to perform fluorescence lifetime imaging in a

confocal microscope and study neurotransmitter release by cells coated with these nanosensors.

In the described setup 1 nM (GT),-SWCNTs were excited with a pulsed laser (481 nm,
40 MHz) to obtain Time Correlated Single Photon Counting (TCSPC) histograms (Figure 2C),
containing information about the fluorescence intensity and lifetime. Both detectors revealed an
increase in fluorescence intensity in the presence of 100 M dopamine (Figure S2). Nevertheless,
only the SPAD detector was able to report the fluorescence lifetime of our dopamine sensor as the
temporal resolution of the PMT was too slow (400 ps) to allow detection of photons with a lifetime
below this limit. In Figure 2C the TCSPC histogram in absence and presence of dopamine,
recorded by the SPAD is shown. For fluorescence intensity (Figure 2C) as well as for fluorescence

lifetime (Figure S3) an increase was detected upon addition of 100 uM dopamine. For further



application in a cellular context, possible side effects on the fluorescence lifetime were ruled out.
For this purpose, ensemble measurements of the sensors were performed in cell culture medium.
While addition of dopamine to SWCNTs in RPMI resulted in a comparable increase in
fluorescence lifetime as in 1x PBS, the sensors did not respond to high concentrations of K* ions,
which is relevant because they have been used later to stimulate exocytosis of dopamine filled

vesicles from neural progenitor cells (Figure S3).

The short fluorescence lifetimes are challenging and at the limit of the optical setup (Figure 2C)
as can be seen by the small difference between the instrument response function (IRF, gray) and
the TCSPC histogram (cyan) of the dopamine sensor in absence of dopamine. To fit the TCSPC
histograms we made use of the IRF, which was calculated by the Software (SymPhoTime64,
PicoQuant). The instrument response function can also be determined experimentally by recording
the TCSPC histogram of a quenched fluorophore. The fluorescence lifetime of SWCNTs is already
very short and close to the time resolution of the detector and the IRF. Further shortening of the
SWCNT’s lifetime should be difficult with the used electronics. Nevertheless, we tested riboflavin
as a known quencher of SWCNT fluorescence  but detected predominantly the lifetime of leaking
photons from riboflavin and therefore this method was not applicable for us. The obtained TCSPC
histograms showed a biexponential decay from which a shorter and a longer lifetime was obtained.
While the shorter lifetime component, in the range of 85 ps, is below the resolution limit of the
SPAD detector, the longer lifetime can be resolved with the used optics (SI, Table 1). The
determined longer lifetime component was in the range of 350-460 ps and comparable to published
lifetimes of (GT),,-SWCNTs in water 7°. Differences in the lifetimes can be accounted by different
lasers and detectors and purity of the SWCNTs. Most importantly, the longer lifetime component

increased in response to dopamine (Figure 2C). Therefore, we focused on the reliable changes of



the longer lifetime component as depicted in Figure S3 and Figure 3A rather than the absolute

lifetime values (SI, Table 1).

A B C
4 _ 10  ~—
——  w/o dopamine w/o dopamine 2 —— w/o dopamine
_ ——100 pM dopamine 5 —— 100 pM dopamine
5 2 2 - —IRF
> 31 = [3)
< £, 600 < 5
8 c S X
c 2 o c -
[0 =1 £ [0 )
3 S = o1
) = c \
o 5 2 !
_g 14 R - - - e 8 :
T o \
=] \
. = | i . ; r
1000 1200 900 1000 1100 1200 25 30 35 40 45
A [nm] Emission [nm] time [ns]

Figure 2. Characterization of the fluorescence lifetime sensor. A) Fluorescence spectrum of
SWCNTs without (cyan) and with (orange) 100 uM dopamine excited at 561 nm. B) 2D excitation-
emission plot of 2 nM (GT),;,-SWCNTs in the absence of 100 uM dopamine. C) TCSPC histogram
of SWCNTs fluorescence in the absence without (cyan) and with (orange) 100 uM dopamine

excited at 481 nm. The instrument response function (IRF) is depicted in gray.

The change in fluorescence intensity as a readout for dopamine concentration is associated with
dissociation constants in the nM regime *. To obtain a dose-response curve for the relative change
in fluorescence lifetime as a function of dopamine concentration 1 nM (GT),-SWCNTs were
mixed in physiological buffer with increasing dopamine concentrations (1 nM-100 xM) and
TCSPC histograms were recorded by collecting all photons > 900 nm. The obtained relative
changes in fluorescence intensity and fluorescence lifetime are depicted in Figure 3A.
Fluorescence intensities increased up to 60 % and fluorescence lifetimes increased by up to 25 %
with increasing dopamine concentration (Figure 3A). These results show that fluorescence

lifetimes can be used as measure for the dopamine concentration.




To rule out, that the determined lifetimes are not biased by the IRF and the fitting procedure, a
phasor analysis was performed for the obtained concentration dependent TCSPC histograms. This
fit-free analysis approach revealed that the relative changes in the longer lifetime component
obtained by a biexponential fit are real and distinct lifetimes can be differentiated (Figure 3B,C,
S4). The increase of absolute (mean) lifetimes is depicted in Figure 3C, showing in an increase
from 121 ps, in the absence of dopamine, to 145 ps in the presence of 100 M dopamine (SI Table
2). These lifetimes are in good agreement with already published lifetimes of (GT),, coated (and
additionally guanine defected) SWCNTs by Zheng et al. ”* revealing a lifetime of ca. 170 ps for
(GT),,-SWCNTs. It is important to note that the lifetime values are not on the hemisphere in the
phasor plot because of the biexponential decay. Furthermore, these numbers are different from the

long lifetime component (Figure 3A) because the data includes as well the non-changing short

component.
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Figure 3. Fluorescence lifetime increases with dopamine concentration. A) Relative change in
the longer-lived fluorescence lifetime component (black) and fluorescence intensity (green) of 1
nM (GT),,- SWCNTs as function of the dopamine concentration. N=3, mean+SD. B) Phasor plot
of fluorescence lifetimes of dopamine concentration dependent TCSPC. Note that the data points
look squeezed because the whole plot covers a much longer time scale. C) Absolute lifetimes from

fit-free phasor analysis (B). N=3, mean + SD.
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The neurotransmitter dopamine plays an essential role in intercellular communication in the
brain. Detection of the extracellular dopamine levels is important to better understand this type of
chemical communication, which is based on release and uptake events. To test the lifetime sensor
in this biological context we used the recently published sensing approach called AndromeDA +*.
Here, the SWCNTs are used as a sensor paint that covers both, glass surface between the cells as
well as the cells itself *? instead of placing the sensor beneath the cells as it was state of the art
463961 To find out if FLIM with SWCNT-based sensors is possible in a complex environment in
cell medium surrounded by cells, first a more general approach was tested. For this purpose, HeLa
cells were seeded and coated with the sensors. Z-stack imaging of sensor coated Hela cells
showed, that the sensors distributed around and on top of the cells but were not located beneath
the cells and additionally they were not taken up within the time scale of the experiment (20 min)
(Figure 4A). FLIM is a sensitive tool to distinguish between environmental changes and the
lifetime is a robust readout. A drawback of CLSM-based FLIM is that scanning takes time. To
show that fast (non-parallel) 3D measurements are possible we placed the confocal spot on a region
of interest close on the cells and tracked changes in the fluorescence intensity and fluorescence
lifetime to monitor temporal changes in fluorescence by artificially added dopamine (100 xM).
The obtained time traces of fluorescence intensity show an increase in intensity upon dopamine
addition (t=0 s) as shown exemplarily for one cell in Figure 4C (upper panel). Similarly, the
TCSPC histograms before and after addition of dopamine reveal an increase in lifetime indicating
the increased concentration of dopamine (Figure 4D). This shows that even around HelLa cells the

lifetime sensor is able to report dopamine concentrations.

Next, we observed the sensors on and around the neural progenitor cell line PC12, which is

known to release dopamine via exocytosis upon stimulation 7778, Again, the PC12 cells were
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seeded, and the sensors were used as (physisorbed) paint to cover the cells (Figure 4B). A Z-stack
was obtained prior to the time resolved fluorescence detection to identify an interesting point of
interest for measuring the local dopamine concentration. To activate exocytosis of dopamine-filled
intracellular vesicles, PC12 cells were triggered by addition of KCI, while recording a fluorescence
time trace. The FLIM measurements before and after triggering the cells as well as the time
resolved fluorescence in a defined confocal volume revealed an increase in fluorescence intensity
(Figure 4B,C). Additionally, dissection of the fluorescence time trace before and after KCl addition
and respective lifetime analysis showed again an increase in fluorescence lifetime (Figure 4D). All

together we thus demonstrate NIR FLIM of biomolecules around cells.

Fluorescence traces can easily be affected by the addition/pipetting of dopamine or KCI because
the focus slightly shifts, which is a common problem of such experiments (Figure S5).
Nevertheless, when extracting the fluorescence lifetime from the recorded traces an increase in the
fluorescence lifetime after dopamine addition or release was still revealed. This observation
perfectly demonstrates the advantage of an internally calibrated readout (fluorescence lifetime)

compared to the easily biased fluorescence intensity.
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Figure 4. Confocal fluorescence lifetime imaging (FLIM) and single pixel tracing of dopamine
around cells. A) FLIM of (GT),,-SWCNTs (left panel) surrounding HeLa cells (middle panel) in
the absence (upper row) and presence (lower row) of 100 uM dopamine. B) FLIM of (GT),,-
SWCNTs (left panel) covering PCI12 neuroprogenitor cells (middle panel) sensing dopamine
release triggered by KCI (lower row. Scale bars equal 10 um. C) Time resolved dopamine sensing
in a defined small volume. Exemplary fluorescence intensity traces before and after addition of
dopamine (HelLa, upper row) or KCl (PC12, lower row) at t=0 s. D) The increase in lifetimes of
(GT)10-SWCNTs show dopamine presence around HeLa cells or released by PCI12 cells. N=6,

mean +SD).

Chemical signaling by cells is typically very fast, which means that fast imaging is required.
This is especially true for release of neurotransmitters . The current limitations in temporal

resolution because of the confocal scanning process could be further increased by several technical
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improvements. First of all, the laser excitation (Figure 2B) that we used in our optical setup was
not resonant. For (6,5)-SWCNTs resonant excitation at 560 nm would increase the signal by a
factor of around 10. Additionally, one could use monochiral samples to improve the resonant
excitation further 74, In this context, (6,4)-SWCNTs that emit closer to the visible range (870 nm)
could further increase the signal because the quantum yield of the Si-based detectors significantly
increases compared to the 995 nm light detected by us. Nevertheless, our results show the potential
of FLIM with SWCNT-based sensors and technical improvements could further increase temporal

resolution etc.

In conclusion, we demonstrate for the first time that the NIR fluorescence lifetime of SWCNTSs
can be used for detection of molecules. It is possible in simple aqueous solutions as well as in cell
experiments. This combination of lifetime imaging and confocal microscopy of nanosensors
allows to probe biomolecule concentrations in well-defined locations around cells. In the future

this approach will help to gain deeper understanding of chemical signaling between cells.
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DNA functionalized SWCNTs are fluorescent sensors in the near infrared for important
biomolecules such as the neurotransmitter dopamine. These sensors change their fluorescence
lifetime, which can be observed by pulsed excitation and single photon counting. Lifetimes are

sensitive to the concentration of dopamine, which can be used for imaging dopamine release by

cells.
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