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ABSTRACT: Despite the popularity of drugs that act on catecholamine receptors, our knowledge of catecholamine dynamics in
human health and disease remains incomplete. Recent advances in fluorescent sensors have enabled unprecedented access to
catecholamine dynamics in preclinical animal models, but the requirements of these technologies to use in model organisms limit
their translational value for clinical diagnostics. Here, we introduce proof of principle fluorescent catecholamine detection via optical
fibers functionalized with single-walled carbon nanotube (SWNT)-based near-infrared catecholamine sensors (nIRCats), a
catecholamine detection form factor that has potential for more convenient and less invasive clinical translation. We show that these
near-infrared functionalized (nIRF) fibers respond to dopamine in a biologically relevant concentration range (10 nM through 1
4#M), with minimal responsivity loss following 16 h exposure to human blood plasma. We further demonstrate the utility of these
fibers in detecting dopamine from as little as 10 L volumes of clinically relevant biofluids up to 24 weeks after fiber synthesis. We
also introduce a compact, mobile dual-near-infrared fiber photometry rig and demonstrate its success detecting dopamine in acute
brain slices with nIRF fibers. Together, this fiber-based dopamine detection tool and photometry rig expand the toolset for
catecholamine detection.

H INTRODUCTION

The catecholamine dopamine has been implicated in move-

and in vivo. In particular, single-walled carbon nanotubes
(SWNTs) have demonstrated remarkable flexibility as

ment and reward prediction,"”” neurodegenerative diseases
such as Parkinson’s and Alzheimer’s Diseases,>" neuro-
psychiatric disorders,” and physiological functions.””” Dop-
amine is hydroxylated to norepinephrine (noradrenaline),
which is similarly implicated in neurological and psychiatric
illness,'®™'? stress and arousal,'® memory,'* and other
functions.'” While the last few decades of research have
demonstrated interactions between dopamine and norepi-
nephrine in health and disease,'”'"'°™"* our understanding is
far from complete, and physicians have limited tools to
monitor catecholamine levels in human patients.”” To
accelerate this field of study, versatile technologies to examine
catecholamine dynamics are needed that can function in
settings from preclinical animal models to human patients.

In recent years, nongenetically encoded fluorescent mole-
cules have emerged as viable tools for bioimaging both ex vivo
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biocompatible biosensors, capable of detecting DNA poly-
morphisms, nitric oxide, proteins, and other biomarkers.”' ~**
These sensors rely on the intrinsic near-infrared (nIR)
fluorescence of SWNTs, which can be modulated by adsorbed
polymers to increase emission in the presence of select
analytes. Functionalized SWNTSs emit at 1000—1300 nm, well
within the nIR-II “second window” of optimal biological
imaging, in which tissue absorbance and scattering of photons
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is minimal.”* Functionalized SWNTs employed in drug
delivery investigations have demonstrated low toxicity in
vivo.”> Examination of blood serum biomarkers in rodents
after intravenous injection of DNA-functionalized SWNTs
suggests long-term (~5 months) biocompatibility,”® and
implanted SWNT-based chemical sensors have previously
been used to measure nitric oxide in mice for over 400 days.”’
These features position SWNT-based biosensors as a
promising candidate for long-term biological ex vivo and in
vivo imaging, where their synthetic nature facilitates easy
adoption for use across animal species.

As a proof of concept, we here leverage the functional
properties of SWNTs to develop optical fibers surface-
functionalized with near-infrared catecholamine nanosensors
(nIRCats) for rapid detection of catecholamines in small
volumes of biofluids, permitting reuse of both fibers and
biofluid samples. nIRCats are SWNTs functionalized with
(GT)g single-stranded DNA that emit up to a 24-fold and 35-
fold increase in fluorescence (AF/F,) in response to dopamine
and norepinephrine, respectively, in vitro.”" To date, we have
validated the use of nIRCats in solution for measuring evoked
dopamine release in ex vivo striatal brain tissue with micron-
level spatial resolution and millisecond-level temporal reso-
lution, in the presence of pharmacological a§ents, and in
evaluating Huntington’s Disease progression. 2% nIRCats
immobilized on glass surfaces have also been used to measure
neuronal dopamine signaling on a subcellular scale.’”’’
Immobilizing nIRCats on optical fibers couples our catechol-
amine-sensing technology with fiber photometry, a commonly
employed method in systems and behavioral neuroscience,
thus expanding the conceptual imaging toolkit to permit a
more adaptable experimental paradigm for a wider variety of
applications. While SWNT-based sensors have previously been
coupled to fiber optics using an intermediate hydrogel,*” the
scale of that particular form factor precludes potential use in
animal research. Our approach thus presents novel utility, both
in terms of scale and in terms of the direct coupling between
the silica fiber and sensor. Using these nIRCat-functionalized
optical (nIRF) fibers, we demonstrate a fluorescent response to
10 nM dopamine in as little as 10 yL biofluid in vitro and
record endogenous dopamine transients evoked by electrical
stimulation in ex vivo mouse brain tissue. We show that nIRF
fibers are shelf-stable for 24 weeks postsynthesis, reusable, and
nonbiofouling in human plasma. Together, these results
suggest translatable potential for real-time readout of catechol-
amine release in biological environments.

B EXPERIMENTAL SECTION

Fiber Preparation (Standard). Aminosilanes are a class of
compounds commonly used as coupling agents for silica-based
materials such as glass. In solution, the amine groups interact with
negatively charged molecules, such as DNA. We leveraged this
interaction to develop an aminosilane-based protocol, loosely based
on previous demonstrations of silica silanization, to immobilize
nIRCats on glass optical fibers for photometric measurement of
dopamine. We used a 400 ym-diameter core multimode silica optical
fiber (Thorlabs FP400URT, 0.5 NA) glued with epoxy into a 1.25
mm diameter iron ferrule (Thorlabs SFLC440). The exposed length
of fiber was trimmed to 4.5 mm, the approximate depth of the rodent
nucleus accumbens from the brain surface. Fibers were first cleaned by
immersion for at least S min each in acetone, isopropyl alcohol, and
molecular grade water, in that order.

Hydroxylation of Silica Surface. This procedure was incorporated
only for data represented in Figure 3. Fibers were soaked in potassium

permanganate solution for 30 min, washed repeatedly with water,
soaked in a solution of potassium hydroxide in ethanol for 30 min,
again washed with water, then placed in a glass vial which had been
pretreated with piranha solution (1:1 (v/v) concentrated sulfuric acid
and 30% hydrogen peroxide). 300 L fresh piranha solution was
added to the vial and fibers were incubated for 30 min. Fibers were
then washed with water to remove ionic debris, ethanol to remove
water and less polar contaminants, and toluene to remove ethanol.

Silanization. Prepared fibers were placed in an oven-dried 3-
necked round-bottom flask containing 19 mL anhydrous toluene. The
flask was connected to a condenser and continuously flushed with
nitrogen gas. Exposed flask necks were secured with septa, and 1 mL
(3-Aminopropyl)triethoxysilane (APTES, 99%, Sigma-Aldrich) was
injected through one neck to create a 5% APTES solution in toluene.
To increase APTES-silica hydrolyses and minimize APTES polymer-
ization, we aimed to attenuate atmospheric humidity. The flask was
then lowered into an 80 °C heated oil bath and the condenser was
flushed with cold tap water to reduce evaporate throughout the 1 h
silanization reaction.

Functionalization with nIRCats. Postsilanization, tips were
immersed for at least S min each in toluene, ethanol, and molecular
grade water, in that order, to displace any residual weakly bonded
silanes. Fibers were then dried overnight in a 110 °C oven to promote
formation of siloxane bonds. Afterward, fibers were incubated in 50—
200 mg/L nIRCats solution (manufactured in-house as in Beyene et
al, 2019) for 30—60 min. Fibers were passively incubated or
incubated with bath sonication for 30 min followed by a rest of at
least 30 min. Immediately after nIRCats incubation, fibers were
transferred to 1X phosphate buffered saline (PBS, Gibco) for at least
10 min before spectra were assessed. Functionalized fibers can be
stored long-term in clean plastic or glassware.

Production of Covalently Modified nIRCats. SWNTs sub-
jected to an aromatization reaction using cyanuric chloride and
sodium azide can be solubilized in water via functionalization with
ssDNA sequences without substantial loss of analyte-dependent
fluorescence response.”* We adapted the protocol described in Chio
et al,, 2020, to produce covalently modified nIRCats. In brief, pristine
SWNTSs were reacted with cyanuric chloride and sodium azide to
produce TrZ-L-SWNT, which were subsequently reacted with
ethylenediamine to produce NH,-SWNT. (GT)4-ssDNA was
adsorbed to NH,-SWNT as in Beyene et al, 2019, to yield NH,-
(GT)s-SWNT, which was evaluated for DA response.

Covalent nlRCats-silica Linkage. Triazine Functionalization.
Fibers were washed, etched, hydroxylated, and silanized as described
above, then reacted with 1 g cyanuric chloride in 20 mL N-methyl-2-
pyrrolidone (NMP) at 70 °C for 24 h to produce triazine-
functionalized silica fibers. Triazine-functionalized fibers were then
incubated in an aqueous solution of NH,-(GT)s-SWNT for 24 h.

1,3,5-Triscbromomethyl)benzene Functionalization. Fibers were
washed, etched, hydroxylated, and silanized as described above, then
reacted with 20 mL dimethylformamide, 250 L triethylamine, and
250 mg TBMB at 70 °C for 24 h under nitrogen. Fibers were then
incubated in a solution of NH,-(GT)s-SWNT for 24 h.

Exchange of SWNT Solvents. Chemical Desiccation. In brief,
nIRCats prepared as in Beyene et al,, 2019 or NH,-(GT)s-SWNT as
described above were combined with a water-miscible polar aprotic
solvent, then a desiccant was added to remove water. 50 uL each of
acetone, dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
and NMP, and were added to separate aliquots of 50 yL nIRCat
solution, then agitated. 50 uL solvent was subsequently added with
agitation between each addition until the total volume of solution
reached 250 pL. Approximately 100 mg anhydrous sodium sulfate was
added and solutions were stored at 10 °C.

Evaporation and Reconstitution. nIRCats prepared as in Beyene
et al, 2019 or NH,-(GT)s-SWNT as described above were
evaporated under reduced pressure, then the resulting residue was
vigorously agitated with water or with polar aprotic solvents. 250 yL
aqueous SWNT solution was added to a 50 mL round-bottom flask
and the water was removed under reduced pressure using a rotary
evaporator. 250 uL of water, NMP, or DMSO was added, and the
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Figure 1. (A) Schematic representation of silica surface functionalization. The optical fibers used in this study consist of a silica core and a hard
polymer cladding (FP400URT, Thorlabs). The silica surface is optionally first hydroxylated using a piranha solution, followed by silanization with
APTES. The functionalized fibers are then incubated with near-infrared catecholamine nanosensors (nIRCats), promoting electrostatic interactions
between the negatively charged nIRCats and the aminosilane groups on the silica surface. Further details on the functionalization procedure are
provided in the Experimental Section. (B) Integrated fluorescence from 1050 to 1300 nm for increasing concentrations of dopamine for individual
functional fibers (gray lines, n = 16) and mean (black line; error bars = SD). (C) Representative spectra from one fiber (red in panel B) in 1X PBS
and in increasing concentrations of dopamine in vitro..

residue was agitated under the solvent. The solvent was collected and
centrifuged at 2 X 10* rcf for 30 min at room temperature, and the
supernatant was collected and characterized by UV—vis absorbance

and IR fluorescence spectroscopy. An approximate extinction
coefficient for SWNT in DMSO at 632 nm was calculated by serial
dilution of known-concentration aqueous NH,-(GT)s-SWNT in
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DMSO followed by averaging the calculated values. This value was
then used to approximate the concentration of SWNT in DMSO.

Laser/Spectrometer Data Collection. A 721 nm laser (Opto
Engine LLC) was fiber-coupled to an inverted Zeiss microscope (Axio
Observer D1). A 60 cm-long sheathed fiber with a plastic ferrule at
one end was coupled directly to the light source in place of an
objective and provided a conduit for excitation light. Each individual
nIRF fiber was then plugged into the plastic ferrule at the end of the
conduit fiber; laser power exiting the fiber was measured to be 4—8
mW. Each nIRF fiber was suspended in 40 mL 1X PBS. Fluorescence
spectra were collected from 850 to 1300 nm by a Princeton
Instruments spectrograph (SCT 320) and a liquid nitrogen-cooled
Princeton Instruments InGaAs linear array detector (PyLoN-IR).
Each fiber was equilibrated to the solution and laser light for 10 min
in 1X PBS with the microscope shutter open before baseline spectrum
collection. Thereafter, a 1 mM DA solution was added directly into
the PBS in increments of 0.4 uL, 4 uL, 40 uL, and 400 L to produce
10 nM, 100 nM, 1 M, and 10 uM DA solutions, respectively, unless
otherwise noted. Spectra were collected 1 min after each subsequent
addition of DA. When assessing spectra in small volumes, fibers were
suspended in individual 10 L aliquots of 10 nM, 100 nM, and 1 uM
DA. Fibers were equilibrated for 10 min in each solution before data
was acquired.

Solutions. Artificial Cerebrospinal Fluid (aCSF). aCSF was
prepared in-house, consisting of sodium chloride (6.90 g/L),
potassium chloride (0.26 g/L), hydrated magnesium chloride
(0.264 g/L), sodium phosphate (0.12 g/L), sodium bicarbonate
(220 g/L), p-glucose (1.98 g/L), and hydrated calcium chloride
(0.37 g/L) in one liter of Milli-Q water.

Brain Homogenate. The brain of one adult male mouse was
extracted in accordance with laboratory animal care guidelines. S mL
1X PBS was immediately added to the brain and homogenate was
generated by probe-tip sonication for 30 min.

Blood Plasma. Frozen 1 mL aliquots of human blood plasma
(pooled, Lee Biosciences) were thawed and diluted with 1X PBS.

Acute Slice Preparation. Slices were obtained from CS7BL/6
adult male mice. Mice were group-housed after weaning at postnatal
day 21 (P21) and kept with nesting material on a 12:12 light cycle. All
animal procedures were approved by the University of California
Berkeley Animal Care and Use Committee. Acute brain slices were
prepared using established protocols.”**” Briefly, mice were deeply
anesthetized via intraperitoneal injection of ketamine/xylazine
cocktail, and transcardial perfusion was performed using ice-cold
cutting buffer (119 mM NaCl, 26.2 mM NaHCO;, 2.5 mM KCJ, 1
mM NaH,PO,, 3.5 mM MgCl,, 10 mM glucose, and 0 mM CaCl,),
after which the brain was rapidly extracted. The cerebellum and other
connective tissues were trimmed using a razor blade, and the brain
was mounted onto the cutting stage of a vibratome (Leica VT'1200 S).
300 pm thick slices including the dorsal striatum were prepared. Slices
were incubated at 37 °C for 60 min in oxygen-saturated ACSF (119
mM NaCl, 262 mM NaHCO,, 2.5 mM KCl, 1 mM NaH,PO,, 1.3
mM MgCl,, 10 mM glucose, and 2 mM CaCl,) before use.

Dual-nIR Fiber Photometry Rig and Electrical Stimulation.
We designed and constructed a mobile dual-nIR fiber photometry rig
for use with nIRF fibers in ex vivo and in vivo applications. A 635 nm
excitation laser (35—50 mW at end of conduit fiber) was fiber
coupled, collimated, and deflected into a patch fiber by a 900 nm
long-pass dichroic mirror. The patch fiber allows for individual nIRF
fibers to be implanted in tissue and connected when needed via a
plastic sleeve. Emission light from nIRF fibers travels through the
same patch fiber and passes through the dichroic mirror to an
ultrasensitive, thermoregulated nIR camera (Ninox 640 II, Raptor
Photonics). The patch fiber was affixed to the camera lens such that
the only light entering the lens was from the fiber itself. For each
acquisition, Micro-Manager imaging software (v. 1.4.23) acquired 600
frames at 8.33 Hz with 0.5 mA electrical stimulation triggered at frame
200. All nIRF fibers used on this rig are first evaluated for in vitro DA
response with the spectrometer.

Analysis of Fluorescence. For spectroscopic data, we integrated
fluorescence values (arbitrary units) from 1050 to 1300 nm for all

readings. Each fiber’s fluorescence in 1X PBS served as the baseline
against which subsequent measurements from that fiber were
normalized. For nIR camera images, image acquisition was controlled
by Micro-Manager software, which summed pixel intensity from a 640
X 512 pixel field of view, an area which encapsulated the totality of
the 400 pm-diameter nIRF fiber surface. A line fit between the average
of the first SO frames and average of the last SO frames of each
acquisition was taken as the fluorescence baseline to correct for drift;
all fluorescence values are represented normalized relative to that
baseline. All analysis was performed in MATLAB using custom
scripts.

B RESULTS AND DISCUSSION

We developed a protocol for aminosilane-based immobiliza-
tion™ of nIRCats on glass optical fibers. 400 ym diameter
multimode silica optical fibers were cleaned, then silanized
with 5% (3-aminopropyl)triethoxysilane (APTES) solution in
toluene. After overnight curing at 110 °C, fibers were passively
incubated in nIRCat solution to promote an electrostatic
interaction between the DNA adsorbed on the SWNT
backbone and the aminosilane bound to the silica of the
fiber (Figure 1A and Figure S1). This electrostatic interaction
increased the number of nIRCats immobilized on the silica
surface (Figure S2). The surface coverage was confirmed by a
near-infrared fluorescent microscope (Figure S3). We first
assessed the fluorescent spectra of these nIRCat-functionalized
(nIRF) fibers in a 40 mL solution of 1X phosphate buffered
saline (PBS) to approximate saline conditions of biological
environments. In agreement with the known dopamine
response of solution-phase nIRCat,”**° we observed a
response profile with characteristic peaks at 1150 and 1200
nm from all fibers. To assess the functionality of immobilized
nIRCats, we added aliquots of concentrated dopamine solution
directly to the PBS solution to produce sequential solutions of
10 nM, 100 nM, and 1 M dopamine. To enforce a standard of
quality control, we rejected any fiber that exhibited AF/F, <
0.1 to 1 yM dopamine as nonfunctional (Figure S4). As with
solution-phase nIRCat (Figure SS), we observed a stepwise
increase in fluorescent response above baseline fluorescence,
AF/F,, to each subsequent addition of dopamine in 16/21
fibers, though the individual response magnitude varied
between the 16 functional replicates (10 nM dopamine =
0.022 + 0.056 AF/F,, 100 nM dopamine = 0.223 + 0.162 AF/
Fy, and 1 yM dopamine = 0.411 + 0.230 AF/F, (means =+
SD); n = 16; P < 0.001 between 10 nM versus 100 nM
dopamine and P = 0.015 between 100 nM versus 1 uM
dopamine, two-tailed ¢ test; Figure 1B,C).

To assess the reversibility of functional fibers and the impact
of potential biofouling by molecules present in biological
environments,”® we assessed a new batch of fibers (n = 6) in
dopamine, rinsed them in 1X PBS, then incubated them in
10X diluted human blood plasma overnight (>16 h). After
incubation, we observed comparable responses to dopamine
(before incubation: 10 nM dopamine = 0.036 + 0.050 AF/F,,
100 nM dopamine = 0271 =+ 0.202 AF/F, and 1 uM
dopamine = 0.390 + 0.242 AF/F; after incubation: 10 nM
dopamine = 0.033 + 0.025 AF/F;, 100 nM dopamine = 0.198
+ 0.118 AF/F, and 1 uM dopamine = 0.381 + 0.189 AF/F; P
= 0.623 between time points, repeated-measures ANOVA;
Figure 2A), indicating that our fibers are both reusable and
robust to blood plasma exposure. As blood plasma contains
only a small subset of biomolecules present in the living brain,
we next sought to test performance in an extreme biological
environment containing a high level of potential bioconta-
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Figure 2. Average nIRF fluorescent responses to increasing
concentrations of dopamine (error bars = SD; n = 6). (A) Before
plasma incubation (black) vs after overnight plasma incubation (red).
(B) Before brain homogenate incubation (black) vs after 48 h brain
homogenate incubation (red).

minants. We pretested and then incubated a new batch of
fibers (n = 4) in brain homogenate solution for 48 h and
observed a noticeable, but not statistically significant,
attenuation of response (before incubation: 10 nM dopamine
= 0.080 + 0.099 AF/F,, 100 nM dopamine = 0.308 + 0.156
AF/Fy, and 1 yM dopamine = 0.536 + 0.306 AF/F; after
incubation: 10 nM dopamine = —0.004 + 0.053 AF/F,, 100
nM dopamine = 0.098 + 0.050 AF/F,, and 1 M dopamine =
0.278 + 0.073 AF/Fy;; P = 0222 between time points,
repeated-measures ANOVA; Figure 2B), indicating that even
in this extreme case, nIRF fibers are not completely
defunctionalized by biocontaminants.

To examine the longevity of nIRF fibers and their use in a
broader range of biological environments, we prepared a new
batch of fibers (n = 4) for long-term dry storage. After 24
weeks, despite a nearly 50% reduction in baseline fluorescence,
nIRF fibers could reliably detect dopamine without a
statistically significant attenuation in fluorescent response
relative to the initial performance (date of manufacture: 10
nM dopamine = 0.002 + 0.020 AF/F,, 100 nM dopamine =
0.414 + 0.378 AF/F;, and 1 uM dopamine = 0.687 + 0.355
AF/FEy; after 24 weeks: 10 nM dopamine = 0.024 + 0.053 AF/
F,, 100 nM dopamine = 0.266 + 0.174 AF/F,, and 1 uM
dopamine = 0.517 + 0.235 AF/F;; P = 0.479 between time

points, repeated-measures ANOVA; Figure 3A,B). Despite a
slight attenuation of fluorescence, 24-week-old fibers main-
tained a biologically relevant response range for potential in
vivo applications (10—100 nM dopamine). These data suggest
nIRF fibers are shelf-stable, reusable, and generate repeatable
results, ideal for experimental or clinical applications.

We next sought to explore the utility of nIRF fibers in
another potential clinical application: biofluid samples
commonly used in diagnostic testing. To this end, we tested
these same 24-week-old fibers in artificial cerebrospinal fluid
(aCSF) and 100x diluted human blood plasma. While
heretofore, tests had been performed in 40 mL solution to
enable sequential increases in dopamine concentration, we
modified our protocol to assess nIRF fiber performance in as
little as 10 uL volume to account for the reduced clinical
availability of patient biofluids. In all biofluid solutions, though
baseline fluorescence was attenuated compared to the baseline
in 1X PBS on the manufacturing date, responses to 10 nM
dopamine were comparable to 10 nM dopamine in 1X PBS as
summarized in Table 1 (P = 0.872 between 40 mL 1x PBS
versus 40 mL blood plasma, P = 0.344 between 40 mL 1X PBS
versus 40 mL aCSF, P = 0.394 between 40 mL aCSF versus 10
L aCSF, all repeated-measures ANOVA; Figure 3A,B, further
detail in Table S1).

As further proof of principle, we assessed the response of
one fiber in 10 uL undiluted blood plasma. Compared to initial
performance in PBS, this fiber exhibited a greater response to
dopamine in undiluted human blood plasma after 24 weeks,
with 0.182 AF/F,, 0221 AF/F,, and 0.856 AF/F, to 10 nM,
100 nM, and 1 M dopamine, respectively (Figure 3C). Taken
together, these data show that nIRF fibers can detect dopamine
in small volumes of human biofluids, supporting the clinical
utility of nIRF fibers in indicating potential risk factors for
complex human disease.

We then targeted detection of evoked dopamine release
from ex vivo dorsal striatum, an area of the brain densely
innervated by dopaminergic fibers. While endogenous
dopamine release in the mouse dorsal striatum in response
to reward in the intact brain ranges from about 1-20 nM,*’
electrically evoked dopamine in the same region can extend
into the micromolar range,"'8 well within the detection range of
nIRF fibers. We constructed a compact, mobile dual-nIR fiber
photometry rig with a 635 nm excitation laser, ultrasensitive
thermoregulated nIR camera (Ninox 640, Raptor Photonics),
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Figure 3. (A) Average nIRF fiber response in biologically relevant solutions (n = 4; error bars = SD). (B) Baseline fluorescence after 24 weeks in
tested solutions relative to baseline fluorescence in 1X PBS on manufacturing date (circles = individual fibers, error bars = SD). (C) Single fiber

response profile in clinically relevant solution volumes.

https://doi.org/10.1021/acs.langmuir.4c04910
Langmuir XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c04910/suppl_file/la4c04910_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c04910?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c04910?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c04910?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c04910?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c04910?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c04910?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c04910?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c04910?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c04910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

Table 1. Fluorescent Responses to Dopamine in Different Media

Solvent 40 mL 1X PBS 40 mL diluted blood plasma 40 mL aCSF 10 uL aCSFE
10 nM dopamine 0.024 + 0.053 0.103 + 0.086 0.063 + 0.048 0.114 + 0.069
100 nM dopamine 0.266 + 0.174 0.307 + 0.143 0.190 + 0.106 0.118 + 0.043
1 uM dopamine 0.517 + 0.235 0.467 + 0.152 0.289 + 0.126 0.143 + 0.035

and flexible patch cord (Figure 4A) and prepared 300 ym-thick
slices of mouse striatum in a bath continually perfused with
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Figure 4. (A) Schematic of 12” X 18” breadboard-based fiber
photometry rig compatible with other recording platforms. (B)
Baseline-corrected fluorescent response to electrically evoked DA
release in excised brain tissue. Gray traces correspond to individual
trials (n = 4, one fiber); black = average; red triangle indicates time of
stimulation.

AF/F

aCSF, as in previous work with solution-phase nIRCats.”*?’

We implanted a platinum iridium stimulating electrode and a
nIRF fiber in the same slice and recorded a small but
consistent increase in fluorescence corresponding to stim-
ulation over four consecutive trials (mean peak AF/F, =
0.005), providing evidence of endogenous dopamine release
from ex vivo brain tissue (Figure 4B). This experiment further
serves as a proof of principle that, despite attenuation of signal
after exposure to brain tissue, dopamine detection within a
biological environment is feasible with nIRF fibers.

While we observed consistent responses from most nIRF
fibers, we also observed that some fibers were nonresponsive to
dopamine, which we attributed to the variable availability or
accessibility of silanol groups for nIRCat bonding on the fiber
surface. We thus tested protocol modifications (summarized in
Table S2) toward the goal of regularizing fiber output. To
promote greater availability of silanol groups, we treated fibers
with a base bath of potassium hydroxide in ethanol and then
hydroxylated the silica surface in a solution of concentrated
sulfuric acid and 30% hydrogen peroxide (piranha solution).
Finally, we bath sonicated fibers in nIRCat solution to facilitate
interaction between nIRCats and the fiber surface. These
protocol modifications increased the average baseline
fluorescent response nearly 4-fold relative to the originally
described protocol (P = 0.0012, Wilcoxon ranked sum test);
this greater density of bound nIRCats, however, yielded a
reduction in fluorescent response to dopamine in comparison
to our standard protocol (P = 0.022 significant effect of
protocol, two-way ANOVA, Figure S6). We hypothesize that
the dynamic range of the functionalized fibers may have an
inherent maximum dictated by the fiber architecture rather

than functionalization density. Furthermore, the dynamic range
of fluorescent response to dopamine may be attenuated by
steric overcrowding of nIRCats immobilized on the fiber
surface.

We next considered whether a covalent interaction between
SWNT and silica might promote a greater density of
dopamine-responsive nIRCats on the fiber surface, as a single
nanotube could occupy several amine sites on the silanized
silica surface through our standard protocol.” Moreover,
localized pH changes in a physiological environment could
potentially desorb ssDNA from SWNT," thus disrupting the
nIRCat-silica bond. Certain covalent bonds, however, may be
less susceptible to pH fluctuation-related cleavage. To this end,
we assessed the performance of fibers functionalized with
covalently modified SWNTs, which have been shown to
maintain analyte-dependent fluorescence responses.”* We
prepared aromatized SWNTs (NH,-(GT)s;-SWNT) as in
Chio et al.,, 2020, then silanized fibers as described followed
by the addition of cyanuric chloride to produce triazine-
functionalized silica fibers, which were reacted with aromatized
nIRCats to covalently link nIRCats to the fibers. This
modification yielded fibers with consistent dopamine response
but weaker baseline signal (n = 6; baseline fluorescence
significantly lower than standard protocol, P < 0.001, Wilcoxon
ranked-sum; no significant effect of protocol on dopamine
response, P = 0.317, two-way ANOVA; Figure S7). We
subsequently introduced a 1,3,5-tris(bromomethyl)-benzene
(TBMB) reaction, commonly used in the cross-linking of
complex polymers,*" in attempt to produce a silica surface
functionalized with reactive bromo-substituted benzylic
carbons before reacting the fiber with aromatized SWNTs.
This modification yielded fibers with well-quenched fluores-
cent baselines exhibiting a characteristic SWNT profile (n = S;
baseline fluorescence significantly lower than standard
protocol, P = 0.001, Wilcoxon ranked-sum) and moderate
dopamine response, but no improvement of signal compared
to our previous electrostatic SWNT-silane manufacturing
protocol (no significant effect of protocol on dopamine
response, P = 0.156, two-way ANOVA; Figure S6).

As nIRCat solution is prepared in water, we sought to assess
the effect of solution nucleophilicity on fiber performance by
exploring alternative SWNT solution solvents. We desiccated
standard aqueous aromatized SWNT solution through rotary
evaporation, then attempted to reconstitute the residue
separately in four polar aprotic solvents: acetone, dimethylfor-
mamide (DMF), dimethyl-sulfoxide (DMSO), and N-methyl-
pyrrolidone (NMP). Reconstitution was successful only with
DMSO. Triazine-functionalized fibers incubated in DMSO-
SWNT solution yielded baseline fluorescence spectra that were
indistinguishable from our standard preparation (P = 0.971,
Wilcoxon signed-rank) but did not demonstrate the expected
fluorescence response to dopamine (significant effect of
protocol and significant interaction between protocol and
dopamine response, both P < 0.001, two-way ANOVA; Figure
S6). Together, these experiments provide further insight into
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the nature of functionalized SWNTSs in hydrous and anhydrous
environments, in solution and immobilized form.

In their current form, nIRF fibers serve as proof of principle
turnkey, shelf-stable, reversible, reusable probes for detection
of dopamine at nanomolar levels in small volumes of biofluids.
Though fibers exhibit substantial variability in detection, this is
common among engineered biosensors and can be overcome
by screening and calibrating fiber fluorescence in known
concentrations of dopamine prior to use in experimental or
clinical samples. We foresee a unique advantage of this tool,
upon further development, in the realm of clinical evaluations
of catecholamine levels in biofluids such as blood,
cerebrospinal fluid, and urine. While blood plasma contains
dopamine at subnanomolar concentrations,”” norepinephrine
is present at 1.5—1.8 nM.*> CSF contains dopamine at 1.3—
21.7 naM"*** and norephinephrine at up to 25 nM,'>* and
urine contains dopamine at 65—400 ug/24h* and norepi-
nephrine at 15—80 ug/24h.*” Elevated plasma and CSF
dopamine levels in the 10 nM range are associated with certain
pathologies, including coronary artery disease*® and psycho-
sis.*”*" These concentrations are within the dynamic range
detectable by nIRF fibers. There is a growing interest in
improved biosensors for clinical catecholamine detection from
lower-volume samples,”' > and we have demonstrated that
nIRF fibers can detect dopamine in as little as 10 uL of sample.
Moreover, because our sensor platform does not require the
addition of subsequent reagents, nIRF fibers permit reversible
catecholamine detection in patient samples, which can then be
reused for subsequent assays, reducing the overall volume of
sample needed in diagnostic testing. Taken together, these
attributes elevate nIRF fibers as a promising first-pass
diagnostic tool.

Additionally, our work contributes to a greater under-
standing of SWNT fluorescent dynamics in a unique fiber form
factor. We have demonstrated that baseline fluorescence is not
necessarily indicative of dopamine detection sensitivity; fibers
with low baseline fluorescence perform just as well, if not
better than, higher-baseline fibers (Figures 4, S3). Indeed, prior
work has shown that low initial baseline fluorescence of
nIRCat dopamine sensors enables larger dopamine-specific
responses, and it is possible this phenomenon extends to our
nIRF fibers as well.***° Conversely, covalently linking SWNTs
to the silica surface of the fiber failed to amplify dopamine
response, which we postulate could be due to unintended
reactions between the halide-functionalized silica and nucleo-
tides in the ssDNA oligomer or pH-driven desorption.

One limitation of this tool is the apparent attenuation of
fluorescence observed after long-term exposure to brain
homogenate. This could be due to biofouling compromising
the exciton recombination efficiency of nIRCats or endonu-
cleases compromising the integrity of the (GT ), functionaliza-
tion on nIRCat surfaces. Previous work has identified
biofouling via the SWNT protein corona as a prominent
source of nanosensor attenuation.’’ Future work to combat
biofouling may explore passivation of SWNTs with poly-
ethylene glycol, which reduces SWNT-induced platelet
aggregation,58 permits circulation in vivo,”’ improves targeted
drug delivery success,” minimizes cytotoxicity and nonspecific
cellular interactions,”” reduces expression of inflammatory
cytokines, attenuates micro%hal activation, and further
enhances dopamine imaging.”> An alternative approach to
nIRF fiber synthesis could encapsulate nIRCats in a hydrogel,
which has demonstrated excellent biocompatibility and light-

guiding properties.””®" This strategy has successfully enabled
SWNT-based sensors for detection of steroid hormones,®
essential vitamins,”> and chemotherapeutic drugs®* in vivo.
Moreover, this strategy has recently proved applicable to large
mammal models for multiweek sensing without adverse health
effects,®® suggesting tractability across species. Further
investigation combining these strategies may present a viable
route by which to successfully utilize nIRCats in living brain
tissue.

B CONCLUSION

In summary, we developed catecholamine-sensitive, near-
infrared nanosensor-functionalized optical (nIRF) fibers and
a compatible dual-nIR mobile fiber photometry imaging
platform to readily detect extracellular dopamine in vitro and
ex vivo. We have demonstrated that this tool can be
successfully used to detect signals up to 24 weeks
postproduction and is robust to biofouling anticipated with
chronic implantation in biological tissue. This form factor
introduces the possibility of real-time extracellular catechol-
amine imaging, potentially permitting a broader range of time-
sensitive studies across multiple species with fewer invasive
procedures. Overall, we foresee this tool as a starting point
from which to expand resources available for quickly assessing
biofluid catecholamine levels, chronic catecholamine monitor-
ing in genetically intractable or time-sensitive model systems,
or and study of the effects of catecholamine pharmacology.
These data represent the first step in development of a turnkey
optical probe for catecholamine detection that may provide a
real-time readout of catecholamine release during human
surgery or the ability to chronically monitor catecholamine
levels in a patient over time, leading to a deeper understanding
of the catecholamine dynamics behind the progression and
treatment of debilitating human illnesses.
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