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Abstract

Amyloid-beta (Ap) deposition occurs in the early stages of Alzheimer’s disease (AD), but the
early detection of Ag s a persistent challenge. Herein, we engineered a near-infrared optical
nanosensor capable of detecting Ag intracellularly in live cells and intracranially in vivo. The
sensor is composed of single-walled carbon nanotubes functionalized with Agwherein Ag-ASB
interactions drive the response. We found that the A nanosensors selectively responded to AS
via solvatochromic modulation of the near-infrared emission of the nanotube. The sensor tracked
Apaccumulation in live cells and, upon intracranial administration in a genetic model of AD,
signaled distinct responses in aged mice. This technology enables the interrogation of molecular
mechanisms underlying Ag neurotoxicity in the development of AD in living systems.
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An estimated 50 million people live with Alzheimer’s disease (AD) and other dementias
worldwide,! posing an increasing global health challenge.? Although research aimed at
providing treatments has been accelerating over the past few decades, current therapies
provide minimal benefit.3 One significant challenge? is the identification of early events

in the initial progression of AD. The symptom-free stage of AD is accompanied by
undetectable structural and molecular deformities in the brain,> characterized by amyloid-
beta (Ap) deposition, tau-tangle formation, and neuro-degeneration.”

Current hypotheses identify dyshomeostasis of A as a key event in AD, where the
accumulation of self-aggregated A triggers a cascade of toxic molecular events that
eventually lead to memory decline and, ultimately, advanced AD.8° Agexists in several
isoforms, varying between 36 and 43 amino acids, with AB;,, linked to neurotoxicity

and neuronal dysfunction.10 During disease progression, A monomers aggregate to form
oligomers and fibrils. AB deposition is a validated signature biomarker,” and the change
in ABs (ABa: AByo ratio) is an indicator for the pathological state in AD. Preceding
extracellular fibril and plaque A deposition, A may accumulate intracellularly.11-13
Importantly, reports link intra-neuronal Ag accumulation as an initial pathogenesis event
in AB-induced neurodegeneration,14-16 along with microglia-internalized AB.1” There is an
outstanding need for tools capable of monitoring Ag accumulation intracellularly. New
methods to report endogenous Ag in live cells and organisms, including intracellular
accumulation of A, could improve research efforts to elucidate mechanistic pathways
that lead to AS neurotoxicity and shed more light on the role of Agin AD.18:11,19,20
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The internalization of Ag by cells is of particular importance since dysregulation of
internalization, clearance, and degradation of Ag by the neuroimmune system is a

key mechanism in AD pathophysiology.21:22 Quantitative measurements and analytical
techniques to quantify A have been reviewed elsewhere.23:24 Neuroimaging modalities
such as positron emission tomography and magnetic resonance imaging?® are vital tools
in the clinical setting but are limited in their ability to identify early Ag-induced
neuropathological events such as intracellular accumulation. Optical detection of Ag with
near-infrared (NIR) fluorescent imaging probes has recently enabled in vivo discovery

of A fibrils and, with some probes, soluble-oligomer Ag species.26:27 However, these
imaging probes are limited by depth penetration issues28 which constrain the detection of
Apto the surface area of the brain. Agaccumulation within live cells can be monitored
by fluorescently tagged AgB,29 or by fixing cells/tissue and immunostaining with specific
antibodies targeting Ag isoforms.30 These strategies may affect the innate A bioactivity,
however, and are not suitable for transient monitoring in live samples. Here, we aimed to
address the need for investigative tools that can monitor Ag subcellularly and intracranially
with the capability of longitudinal and transient measurements.

One promising material class for optical biosensor development is single-walled carbon
nanotubes (SWCNTSs) and cylindrical carbon nanomaterials with intrinsic near-infrared-

I1 (NIR-IT) emission (1000-1700 nm) within the biological transparency window.

This emission range enables deep optical penetration, reduced scattering, and low
autofluorescence in tissues. SWCNTSs additionally exhibit unique optical properties such

as high photostability, low photobleaching, and negligible fluorescence intermittency
(commonly called blinking). Noncovalent surface functionalization of SWCNTSs with
DNA,3! proteins,32-35 and polymers38 confers demonstrable biocompatibility in living
cells and animals. These properties render SWCNTSs optimal for longitudinal optical
measurements in live samples.3” In this manner, optical biosensors derived from engineered
SWCNTSs have been developed for detecting protein biomarkers,38 microRNA,39 and small
molecules, such as lipids,? in vivo. In live brain samples, SWCNT probes have been
developed for imaging neurotransmitters in brain slices*142 and probing extracellular space
in mouse brains without exhibiting obvious toxicities,3 while amine-modified SWCNT
have demonstrated neuroprotective effects in a rat stroke model.#4

Herein, we present the development of a biosensor capable of label-free specific and
sensitive detection of AZin live cells and animals for preclinical studies of AS. We
functionalized SWCNTSs via absorption of ASto the nanotube surface, utilizing the strong
hydrophobic and r—r interactions between Ag and graphitic carbon (described in refs 45—
53). We hypothesized that nanotube-adsorbed Ag would function to promote binding of
endogenous A, resulting in accumulation at the nanotube surface and leading to a distinct
optical response. We modified carbon nanotubes with AS,,, which has a higher propensity
to aggregate than AB,0.>4 We found that AB-functionalized SWCNTS selectively detected
Apthrough modulation of their emission wavelength. In exploring the mechanism, we found
that A modulated the coverage on the nanotube surface, triggering a solvatochromic shift.
The sensor consistently responded to synthetic and endogenous Ag in live cells. Finally,
we measured the sensor response in vivo following intracranial injection in a genetically
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modified mouse model of AD, resulting in a distinct optical response that progressed with
age.

RESULTS
ApB-Functionalized Single-Walled Carbon Nanotubes Optically Respond to AB.

To functionalize nanotubes with Ag, we initiated assembly of Ag on surfactant-dispersed
SWCNTs via selective displacement from precursor sodium deoxycholate-suspended
nanotubes, here termed SDC-CNTs (Figure 1a). We assessed the adsorption of ASy; to the
nanotube surfaces via biophysical and optical methods. Using AFM, we measured the height
profiles of Ag-functionalized carbon nanotubes (which we termed amyloid-beta carbon
nanotubes, ABCNTSs) revealing nanometer-sized structures with a periodic distribution
distinctly different from precursor SDC-CNTSs (Figure 1b,c, see Figure S1 for length
distribution AFM measurements). The average height of the beadlike ridges on ABCNTs
was significantly larger than fluctuations on SDC-CNTSs (2.32 + 1.48 nm vs 0.65 + 0.42 nm,
respectively) (Figure 1d). The diameters of pristine SWCNTS, as measured by AFM, range
from 0.5 to 1.2 nm, %556 while the smallest Ag,, particles are reported as globular and range
between 1 and 2 nm and correspond to the monomeric form.57:58 \We therefore concluded
that the beaded ridges on the nanotubes in the AFM images were adsorbed as monomeric or
low-order oligomers of AS.

Complementing the height variation as an indication of Ag functionalization, we found that
ABCNTSs exhibited a lower Young’s modulus compared to SDC-CNTSs (Figure S2a,b). We
conclude that this attenuation upon protein derivatization is largely in concordance with a
similar effect observed with DNA-CNT hybrids.59

We extensively characterized the optical properties of the ABCNTSs. We observed well-
resolved optical absorption peaks (Figure S2c) albeit increased background absorbance,
suggesting that Ag exfoliates the nanotubes adequately, but to a lesser degree than SDC.60
In accordance, the fluorescence emission of ABCNTSs was broader and shifted to longer
wavelengths (i.e, red-shifted) as compared to SDC-CNTs (Figure S 2d,e).61

To further assess the displacement of SDC by A, we measured zeta potential, which
reports surface charge. We recorded a negative zeta potential of ABCNTSs (Figure S2g)
corresponding to the net negative charge of Agin alkaline solutions.83 This result suggests
that the ABCNTSs are colloidally stabilized by the peptide, possibly via the hydro- phobic
and rr-stacking interactions between the CNT surface and hydrophobic peptide regions.
We therefore surmise that charged/hydrophilic regions face the aqueous solvent to produce
electrostatic repulsion between nanotube—peptide complexes.53:64

We investigated the interaction between the ABCNTSs and ABy; by studying the optical
response of ABCNTSs. We hypothesized that Ag motifs on ABCNTs would allow the capture
of AB due to self-assembly mechanisms between molecules of Af3.55:66 We examined the
optical response of ABCNTS to increasing concentrations of ABs,. We observed signal
amplification and blue-shifting (shifting of the emission peak to shorter wavelengths)
(Figure 1e,f) which fit a one- phase decay model (Figure 1g). Dose—-response curves were
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also acquired in response to the AB,q isoform to study the differential response between
isoforms (Figure S2h) and found a smaller optical wavelength shift compared to AS;o,
indicating a higher affinity of ABCNTS to ApBs».

We then investigated the specificity of ABCNTSs to ABy, by studying the influence of
biomolecules on the optical response of ABCNTSs. We found a differential optical response
between Apy, and scrambled AS;o, bovine serum albumin, a-synuclein, and sphingomyelin
(Figure 1h). In 10% serum, a protein biointerferent environment, we observed blue-shifted
emission and increased intensity in the presence of ABs, compared to scrambled AByo
(Figure S2i).

To investigate the role of the ABCNT coating in the sensitivity to ABy, we studied

the optical responses of surfactant- and DNA-wrapped CNTs. We chose (GT)5 and
CTTCCCCTTC sequences, which have been used in multiple previous CNT sensor
studies,*1:67 as well as the surfactant sodium deoxycholate (SDC), for suspension of CNTSs.
None of the DNA- or SDC-suspended CNTs produced similar optical responses as ABCNTSs
to AB;», indicating a unique interaction between ABCNTS and Apy, (Figure S3).

We studied the chirality-specific optical response of ABCNTSs to ABy, in serum

(Figure S4a,b). In contemplation of the detection limit, we conducted receiver-operating
characteristic (ROC) analysis of the ABCNT response to Az, and found a limit of detection
of 100 nM PBS and 1 ¢M in 33% serum (Figure S4c,d). Due to its high signal-to-noise, low
autofluorescence in biological samples, and high optical penetration, as well as the low limit
of detection, we continued to investigate the (9,4) nanotube chirality as the primary sensor
element. (The ABCNT optical signal hereafter refers to the (9,4) signal unless otherwise
stated.)

To assess the stability of the sensor, we measured the optical properties of ABCNTSs
longitudinally. First, we measured ABCNT absorbance up to 14 days and found no
broadening or red-shifting of the resonant absorption peaks but some decline in the
fluorescence intensity (Figure S5a,b). In samples removed to a PBS solution, we found
perturbations to nanotube absorption spectra (Figure S5c¢) and, upon incubation in 37

°C, a red-shifting response, decreased intensity, and increased full-width half-maximum
(FWHM) of the emission band that was diminished by the addition of A, (Figure S5d).

In combination, these effects suggest that AB physisorption on nanotube surfaces changed in
physiological conditions.58

Finally, we investigated the response of surface-bound ABCNTS to Ay, via spectral
imaging. We found the expected blue-shifting response upon incubation with ABs, (Figure
S6), indicating that the responses of individual nanosensors can be imaged and that the
optical modulation of the sensor by Ag;, was not caused by aggregation of ABCNTS.

Assembly of ABy,> on the Nanotube Surface Modulates Emission Wavelength.

We investigated the mechanism of the optical modulation of ABCNTSs by Agy. The
addition of Ay results in a blue-shifted spectrum and increased intensity. Spectral blue-
shifting, as observed upon addition of AB,, to ABCNTS, has been linked to an increase
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in nanotube surface coverage by decreasing intertube attraction.5® Moreover, increased

A deposition on the nanotube surface has been shown to decrease water content from

the vicinity of the nanotube,*849 a solvatochromic phenomenon optically translated to blue-

shifted emission. We therefore hypothesized that the interaction between ABs, and ABCNTS
results in changes to the immediate environment of nanotube surface. Further, an increase in
nanotube surface coverage by Ag can derive the optical response by changing the water and

polyelectrolyte exposure to the nanotube surface, resulting in a solvatochromic shift.40

To assess the solvatochromic response and intensity of ABCNTS in response to the dielectric
environment, we measured the fluorescence intensity and wavelength upon exposure to
different solvents. As expected, we identified some degree of quenching and a bathochromic
(redshift) with increasing solvent polarity (Figure S7).

To determine if added ABs, modulates the surface coverage of nanotubes, we visualized the
adsorbed Ag on the nanotube surface with AFM (Figure 2a, Figure S8a,b). We studied the
beadlike Ag structures on ABCNT’s surfaces following the addition of ABy, (Figure 2b)
and found the mean height of the peaks increased following the addition of A, (Figure
2¢). From the relative frequency distribution (Figure S8c), we found that the probability

of 4 nm elevated structures, corresponding to low molecular weight (LMW) oligomers,
increased 2-fold upon the addition of AB4,. While the probability of 1 nm structures,
roughly representing exposed nanotube surface, decreased by 40%, suggesting a decrease of
exposed nanotube surface upon addition of AS;,.

To test if the blue-shifting response of ABCNTSs can be attributed to the surface-interaction
between Apy, and the nanotube, we conducted a quenching experiment. We used
fluorescently labeled Ag (fluor-555 ABy, here designated as fluor-Ag) and probed the
intensity of fluor-Ag upon incubation with ABCNTSs. We observed a distinct quenching
effect (Figure 2d, Figure S9a), which suggests an interaction between the nanotube surface
and fluor-Ag, similar to quenching effects of a dye molecule in proximity to nanotube

that is caused by charge-transfer events.’%"1 Since fluor-AB may also quench upon self-
association,”23 we further studied the quenching ratio. At low concentrations of fluor-Ag
(high ABCNT: fluor-Ag ratios), we observed an increased quenching ratio (Figure S9b). The
relationship between ABCNT: fluor-Agratio and the quenching ratio suggests ABCNTSs are
quenchers of the fluorophore. We also increased the ABCNT concentration with respect to
Apand plotted /y//versus [ABCNT] (Figure S9c), resulting in a linear plot, suggesting a
primary static quenching mechanism, i.e, an association between the fluorophore (fluor-Ap)
and a quencher (ABCNTS), according to the Stern-Volmer plot.”

We then quantitatively examined the effect of ABCNTSs on the rate of aggregation of

Apuo, by measuring the fluorescence response of the thioflavin-T (ThT) dye. We found

that ABCNTSs did not decrease the rate of fibril formation (Figure 2e), suggesting that

the association of AB;, monomers or LMW oligomers to the nanotube surfaces does not
prevent fibrilization. In sum, we conclude that the most probable interaction between Agand
ABCNTSs is through the assembly of ABs, on nanotube surfaces resulting in solvatochromic
blue shifting of the emission wavelength.
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ApB-Functionalized Single-Walled Carbon Nanotubes Probe AB Aggregation.

We asked whether ABCNTSs can optically report aggregated AB;, species. The assembly

of Aginto fibrils and the formation of oligomer-intermediate states have been studied
extensively in well-defined and controlled environments. To probe ABCNT optical
properties following Ag self-assembly, we incubated ABCNTS with A, [10 4M] under
favorable conditions for aggregation (10 ¢M Apyp, 37 °C, pH 7.4, 24 h) and acquired

NIR emission spectra. We found a blue shift in ABCNT emission wavelength and an
intensity increase (Figure 2f). A similar trend but in lower magnitude was recorded when
ABCNTSs were incubated with ABy; at 4 °C (Figure S10), suggesting a differential response
to aggregation conditions\species, as the low temperature can slow down the formation of
ordered fibrils and lead to disparate types of oligomers and fibrils.”>

To examine whether ambient proteins will interfere with the sensitivity of the sensor during
aggregation, we examined the optical shift in the presence of bovine serum albumin (BSA)
since albumin is the most abundant protein in the CSF, comprising approximately 50%

of total protein content.”® We found that BSA [150 xg/mL] did not have any discernible
effect on the ability of ABCNTS to distinguish between ABs, and SA By, before and after
aggregation (Figure 2g).

We studied the response of ABCNTS to aggregated states of AB,,. To quantify the optical
response of ABCNT to different AB;, species, we incubated ABCNTs with ABy, prepared
at monomeric, oligomer, or fibril states’® (Figure S11). We found blue shifting and an
intensity increase as a function of the fibrillar state (Figure 2g), consistent with our findings
in temperature-controlled ABy, aggregation conditions.

To investigate the mechanistic pathway in which aggregated states interact with ABCNT
surfaces and modulate the optical emission, we used AFM, which resolved the fibrillary
form, as well as globular LMW states of Ay, (Figure S12a). Upon incubation of fibrillar
ApBso with ABCNTS, we observed a decrease in fibrillar morphology and an increase in
intermediate aggregate states. We quantified the change in morphology by measuring the
roughness of the protein surface and found that ABCNTS lowered the surface roughness,
as quantified by root-mean square (RMS) average of height deviation (Figure S12b),
suggesting high fibrillary forms disassembled to lower states when incubated with ABCNTS.
Concurrently, the height of ABCNTSs increased compared to ABCNTSs with no addition of
fibrillar AByo, suggesting that dissociated LMW Agaccumulated on the nanotube surface
(Figure S12c). To further test this hypothesis, we quantified ThT fluorescence of fibrillary
Apyo following incubation with ABCNTSs and found a decrease in ThT fluorescence
indicating a lower prevalence of fibrillary form (Figure S12d). This finding is in line

with recent studies showing that carbon nanotubes can disaggregate Ag fibrils and adsorb
dissociated AfBs,.”” We then compared the relative frequency distribution of the height

of ABCNTs and found that upon incubation with fibrillar ABy, the probability of higher
A structures (>3 nm) on ABCNTSs increased while exposed surfaces (<2 nm) decreased
compared to ABCNTSs incubated with freshly prepared Ay, (Figure S12e). Figure 2i
illustrates the proposed mechanism and interaction between ABCNTSs and AS;, in which
LMW Ap,, accumulates on ABCNTS, prompting a shift in the dynamic equilibrium from
Ap-Ap association to AB-ABCNT association.

ACS Nano. Author manuscript; available in PMC 2022 November 30.
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ApB-Functionalized Single-Walled Carbon Nanotubes Detect Agin Live Cells.

We next investigated the ABCNT sensor in live cells. First, we studied the effect of
ABCNTSs on cell viability and found no toxic effects at up to 1 gg/mL (Figure S13a).

We then examined the ABCNT response in neuronally differentiated SH-SY5Y human
neuroblastoma cells,”® a common model to study the effects of A on neuronal cells.
SH-SY5Y cells are susceptible to Ag-induced toxicity caused by the accumulation of

Ap aggregates, on and within the cells.”®-81 Upon incubation, ABCNTs localized with
differentiated SH-SY5Y cells. To assess the response of localized ABCNTSs, we further
incubated the cells with ABy,, scrambled ABy; or vehicle, and spectrally resolved the
obtained images. (Figure 3a,b). We quantified ABCNT regions of interest (ROI’s) and found
a significant blue shift effect specifically in cells incubated with Agy, (Figure 3c).

Next, to study the response of ABCNTSs in live cells, without the external addition of

Apuo, we used mouse neuroblastoma cells (N2a cells) that stably overexpress amyloid
precursor protein (N2a-APP) and overproduce AB.82 We found that the ABCNTSs proximally
associated with the cells (Figure 3d), and as in the case of SH-SY5Y cells, ABCNTSs
associated with N2a-APP cells showed blue-shifted emission spectra compared to ABCNTSs
infon WT cells (Figure 3e and Figure S13b,d,e). To investigate whether the local optical
response derived from secreted A, we examined the response of ABCNTS to N2a-APP
conditioned media. We found that the ABCNT emission blue-shifted as compared to N2a
WT conditioned media, showing that secreted A can induce the expected response (Figure
S13c).

Following recent reports demonstrating SWCNTS alleviate neurotoxicity and Ag- induced
toxicity in AD models,83:84 we examined the effect of ABCNTS on toxicity in N2a cells
and found that ABCNTSs reduced the toxicity of Ag (Figure 3f), likely caused by ABCNTs
capturing LMW Agand in turn reducing the effective concentration of toxic A species.

We then assessed the ability of ABCNTSs to detect Ag intracellularly. We chose a phagocytic
immune cell model, human monocytic THP-1 cells differentiated into macrophages, to
study ABCNTSs capacity to probe Agy, intracellarly® as THP-1 cells have been shown to
internalize A% and respond by increasing cytokine expression.87:88 To visualize the uptake
of AB by the cells, we used fluor-Ag,, and found that the cells internalized AB within a 24

h incubation time frame (Figure S14a). We then collected spectrally resolved images of the
cells incubated with ABCNTSs and simultaneously visualized internalized fluor-Agy, (Figure
3g). ABCNTs in the vicinity of internalized Ag exhibited a blue shift in their emission
(Figure 3h).

To determine whether the optical response of ABCNTSs is linked with local intracellular
Apyo, we studied the colocalization of fluorescently labeled ABCNTSs (Fluor-555 ABy))
with fluor-AB;, (Fluor-488 Apyy) intracellularly. We observed colocalization of the red
and green-fluorescence signals. (Figure S14b). We conclude that the ABCNT blue-shifted
optical response is thus related to the local ApByy vicinity with the nanotubes.

We studied whether ABCNTS can be used as a tool to quantitatively report Ag
intracellularly. We pulsed THP-1 cells with ABCNTSs and compared the optical output
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following incubation with either 1 zM or 10 1M of AB. Both concentrations prompted a
blue-shift in the emission (Figure S15a—c) without significant differences between them.
This can be explained by the requirement of ABCNTS to be in the vicinity of Ag, combined
with differential uptake of AB by the cells (as seen in Figure S14c, with Figure S15b
showing some cells highly loaded with Ag compared to others in the same condition and
Figure S15d,e showing optical emission of control samples without ABCNTS). Moreover,
the intracellular effective concentration of Ag can differ from the extracellular environment
due to local concentration in vesicles.81

Next, we studied the ability of ABCNTSs to dynamically monitor the internalization of Ay,
by THP-1 cells. Spectra were collected transiently following incubation with ABy,. After 24
h of incubation, ABCNTs exhibited blue-shifted emission, consistent with previous results
showing the time-dependent internalization of Agin cells.81:89 Interestingly, we continued
to observe blue-shifted spectra even following 5 days of incubation, accompanied by an
increase in emission intensity (Figure S16).

ApB-Functionalized Single-Walled Carbon Nanotubes Differentiate Alzheimer’s Mice Model
Intracranially.

Our next goal was to evaluate the utility of ABCNTSs to detect Ag locally in vivo. We

used a transgenic mouse model that co-overexpresses five familial AD (FAD) mutations

and produces elevated Ap;, levels4 (5XFAD). Our previous studies showed that injecting
functionalized SWCNTSs intravenously resulted in virtually nonexistent transfer through the
blood-brain barrier (BBB) in healthy mice.% In this study, as a direct method to interrogate
local accumulation of Ag, we injected ABCNTSs intracranially and recorded the nanotube
spectra, through the intact cranium, after 24 h (schematic of the experiment shown in Figure
4a). We injected ABCNTSs into the hippocampus, where A, accumulates as mice agel*
and where levels of soluble Agy, differ significantly from WT.91 With these parameters,

we were able to detect nanotube spectra from both the (9,4) and (8,6) chiralities in vivo
(Figure 4a,b). We then compared the signal obtained in vivo from 5XFAD mice and WT.
We found the (9,4) showed a significant blue-shifted effect in 5XFAD aged mice (8 months),
but not in younger (4-month old) mice (Figure 4c,d). Due to the lower (8,6) signal intensity
obtained from several mice we quantified the mean wavelength from ex-vivo resected brains
and found similar trends (Figure S17).

To investigate the fate of ABCNTSs following intracranial injection, we imaged sections from
resected brains via NIR hyperspectral microscopy. We found a localized extracellular pool of
ABCNTSs in the hippocampus region, identified by the strong NIR emission (Figure 4e,f, and
Figure S18). We further immunostained the slices to verify the presence of A aggregates

in 5XFAD mice (6E10), which also stained the pool of ABCNTSs. As expected, we observed
high load of AB aggregates in 8-month old 5XFAD mice (Figure 4e, Figure S18a). By
spectrally resolving the region of ABCNTSs, we found a broad distribution of nanotube
emission wavelengths in the 5XFAD mice compared to WT, and overall blue-shifted (9,4)
center wavelength (Figure S19a). We found lesser broadening with the (8,6) chirality,
corresponding to the ex vivo results (Figure S19b). To assess the influence of ABCNTs

on surrounding cells we stained sections for hematoxylin and eosin (H&E) and found no
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apparent abnormalities to hippocampal tissue (Figure S20a,b). To visualize the interaction
between the cells and ABCNTs we immunostained neuronal bodies (NeuN) and microglia/
macrophage (Iba-1). Previous studies have shown that carbon nanoparticles negatively affect
neurons¥? and that accumulation of SWCNTSs in cellular organelles may lead to oxidative
stress and DNA damage.93:94 We did not however observe intracellular accumulation of
ABCNTSs (Figure S20cf). We then immunostained for apoptosis marker (caspase-3) (Figure
$20d,g) and response to DNA damage® (p-53) (Figure S20e,h) finding no apparent damage
to cells at the injection site. These results validate the potential of the ABCNT for in vivo
use and functional intracranial sensing of Ag.

CONCLUSIONS

Herein, we investigated the potential for an optical nanosensor to conduct label-free

specific detection of Agin live cells and intracranially. This nanosensor took advantage

of the formation of hydrophobic interactions and 7z—r bonds between Agand SWCNT to
functionalize SWCNTSs with AB. The detailed atomic interactions between SWCNTSs and
monomeric Ay, have been computationally studied by Zhang et al.>3 and Jana et al.2

Luo et al. suggested a theoretical model in which carbon nanotubes are engulfed within the
hydrophobic core of hollow Ag protofibrils.>%:9 In our AFM studies, we did not find the
protofibril structure characterized by ~10 nm diameters and helical repeats of ~7.8 nm%7
(Figure 1a), which can be explained by the decreased stability of such hollow core structures
in the alkaline preparation conditions we have used.%

We determined that the sensor signal transduction mechanism is through solvatochromism
and takes advantage of AB-Ag association. The specific pathway in which the Ag
functionalization interacts with A may involve association or exchange mechanisms. Using
AFM we found disparate LMW species accumulating with the ABCNTSs (Figure S12e).
Previous studies*8-53 reveal that the SWCNT-Agy, binding favors Ag conformations that
increase hydrophobic and r-stacking interactions with the nanotube surface, decrease the
structural stability of the peptide, and disrupt the tertiary conformation of Ag. It is possible
that by functionalizing SWCNTSs with A, we constrained random conformations of Ag;
peptide to the nanotube surface,>® which, upon interaction with freshly prepared Ap;, affect
the formation and disappearance of ordered LMW oligomer species, delaying transition to
organized intermediates. It is now accepted that A aggregation occurs in parallel pathways,
forming oligomer kinetic intermediates which can be “on-pathway” or “off- pathway” to
fibril formation. Thus, the capture of LMW Apy, species on the nanotube surfaces does

not necessarily affect rate of fibril formation, as we observed in our kinetic experiments
(Figure 2e).%9 This capturing of LMW species on nanotube surfaces can also justify the
neuroprotective effect we observed (Figure 3f). Upon incubation with fibrillary A8, we
found that ABCNTS shift the dynamic equilibrium from AB-Ag association to AG-ABCNT
association. It is also likely that the increased coverage provided by the structurally different
LMW species contribute to the increased blue-shifting effect observed upon incubation with
high-concentration ApBs» (Figure 1g) or oligomer and fibrillary AB;, (Figure 2h).

To date, there are few methods that can target soluble ABs>, LMW intermediates and enable
detection of AZin live specimen. In vitro, we used three cell models to assess the response
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of ABCNTSs to AgB transiently and in the cellulanintracellular environment. In vivo, the
nanosensor detected Agaccumulation in 5XFAD mice following intracranial injection.
This study reveals functional information from a deep tissue section (2 mm), owing to

the IR emission of the nanotubes. We noticed that the soluble concentration of AGin

the extracellular environment, where the nanosensor localized at the time point that we
measured, is expected to be of a lower range than detected by the nanosensor.100.101 oy
data suggests that the nanotube-based sensors disaggregate amyloid beta fibrils (Figure S12),
plausibly explaining the observed optical shift from the extracellular environment, where
high loading of AB plaques is present in dynamic equilibrium with monomeric\LMW Ag.
We speculate that this selectivity may be the reason that the nanosensor did not differentiate
AD mice from WT at an earlier time point (4 months) when plaque load is lower.

We believe that the nanosensor could be readily used to facilitate mechanistic studies of
Apaccumulation, dynamics, and local intracellular clustering for disease investigations and
drug pharmacodynamic studies at the cellular level. Additionally, this sensor potentially
enables in vivo longitudinal monitoring of disease.

METHODS AND MATERIALS
Ap Preparation.

All Ag peptides were purchased from AnaSpec (CA, USA), with a purity of 295% as
analyzed by% peak area by HPLC. To ensure the monomeric state of the peptide, it was
dissolved in high-grade 1,1,1,3,3,3-hexafluoroisopropanol (HFIP), vortexed, and incubated
at room temperature for 2 h. Ag was then dried under a slow stream of Ar(g) and for an
additional 1 h in a high vacuum to remove access HFIP. The obtained film was dissolved
in 10 mM NaOH192 (10 mM NaOH, pH ~ 10.5-11, pl of A= pH 5.2,103 or dimethyl
sulfoxide (DMSO), and its concentration was determined by UV absorption using the
theoretical molar extinction coefficient £(214 nm)AB;_4» = 76848 M-1 cm-1104105 on 3
JASCOV-670 spectrophotometer. Similarly, scrambled Ags, HiLyte 555 ABy,, and HiLyte
Flour 488 Apy, were prepared (AnaSpec).

Preparing Dispersed SWCNTSs.

To prepare ABCNTSs we used a selective displacement mechanism, similar to previous
displacement- mediated derivatizations of carbon nanotubes.52:196 \We prepared HiPCO-
sodium deoxycholate (SDC) wrapped nanotubes. SWCNTs 1 mg Unidym HiPCO (high-
pressure carbon monoxide SWCNTS) was added to 1% sodium deoxycholate (SDC) in 1
mL of PBS buffer, and the mixture was probe sonicated (3 mm probe, 750 W, 20 kHz, 40%
Amplitude, SONICS VibraCell) at 4 °C for 30 min.

The solution was centrifuged (SORVALL Discovery 90SE, HITACHI) at 250000¢ for 30
min at 4 °C to remove unsuspended nanotubes and carbon impurities. After centrifugation,
80% of the supernatant was collected and stored at 4 °C until further use. To allow selective
transfer of AB;, to nanotube surface freshly prepared AB;, prepared in alkaline conditions
(see above) was added to SDC wrapped CNTSs in a 4:1 weight ratio (AB:CNT). Preparation
of fluorescently labeled ABCNTSs was achieved as described above with the addition of
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HiLyte 555 AB4, (AnaSpec) at 15% of the total ABy,. To selectively displace the SDC,

we used a spin filtration membrane with a low molecular weight cutoff (MWCO) of 500
Da-1 kDa. As the molecular weight of SDC is below the membrane MWCO, at 400 Da,
while Ay, is much higher at 4.5 kDa. Nanotube and protein were transferred to a small
volume dialysis device with a 500 Da—1 kD molecular weight cutoff (Spectrum ), in a 10
mM NaOH bath (x50 volume). The solution was mixed at 180 rpm for 48 h, with one
replacement of bath solution. Then the CNT solution was removed carefully and placed

in a small volume dialysis device with a 1000kD molecular weight cutoff (Spectrum ), to
remove access AByo. The bath solution was replaced 3 times every 2 h. ABCNT were
removed and characterized by ultraviolet-visible—near-infrared (UV-vis—nIR) absorbance
and fluorescence spectroscopies. Absorption and fluorescence spectra were compared to
those from precursor SDC-suspended SWCNTS. The concentration was calculated using the
extinction coefficient, Absgz, = 0.0361 mg~31 cm=1; where | is the path length. Sensor stocks
were kept in 4 °C in NaOH 10 mM solution until use. Ultrapure water (18.2 mQ) was used
for all aqueous solutions.

Preparation of DNA wrapped CNTs was conducted with 2 mg DNA sequence in the place of
SDC, according to our previous methods.197

Preparation of Oligomers and Fibers.

Conformation-specific ABs, was prepared according to previously described protocols.’®
Briefly, HFIP treated and dried stocks were dissolved in dimethyl sulfoxide (DMSO) to 5
mM, vortexed, and sonicated in a bath sonicator. This stock was used for unaggregated,
oligomeric A, and fibrillar AgB. Unaggregated ApBs, was immediately diluted in ice-cold
Ultrapure water (18.2 mQ) to 100 ¢M. Oligomeric AB,, was prepared by adding cold
phenol-free F-12 cell culture media, to a final concentration of 100 mM Ap;,, the solution
was then vortexed, and incubated at 4 °C for 24 h. Fibrillar AB;, was prepared by adding 10
mL of HCI to a final concentration of 100 mM Apy, vortexed, and incubated at 37 °C for 24
h. Corresponding vehicle stocks (1% DMSO) were incubated simultaneously. Stocks were
diluted in cold Dulbecco’s phosphate-buffered saline DPBS (no calcium no magnesium) to
a final concentration of 10 £M for fluorescence spectroscopy measurements. Samples for
AFM were further diluted x10 and %100 for optimal imaging.

Near-Infrared Fluorescence Spectroscopy of Single-Walled Carbon Nanotubes in Solution.

Near-infrared fluorescence microscopy was used to measure the photoluminescence
emission from the nanotube sensor, as described previously.4%:67 For solution measurements,
spectra were acquired using a home-built near-infrared fluorescence spectroscopy apparatus
consisting of 730 nm laser source, inverted microscope, and InGaAs NIR detector. An
HL-3-CAL-EXT halogen calibration light source (Ocean Optics) was used to correct for
wavelength-dependent features in the emission intensity arising from the spectrometer,
detector, and other optics. A Hg/Ne pencil-style calibration lamp (Newport) was used to
calibrate the spectrometer wavelength. A continuous wave 730 nm diode laser with an
output power of 2W in was injected into a multimode fiber to produce the excitation source
for fluorescence experiments. The light path was shaped and fed into the back of an inverted
IX-71 microscope (Olympus), where it passed through a 20x NIR objective (Olympus) and
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illuminated the sensor samples in a 96-well plate. Emission from the sensor was collected
through the 20x objective and passed through a dichroic mirror (875 nm cutoff, Semrock).
The light was f/# matched to the spectrometer using several lenses and injected into a
Shamrock 303i spectrograph (Andor, Oxford Instruments) with a slit width of 100 zm,
which dispersed the emission using 86 g/mm grating with 1.35 4m blaze wavelength. The
spectral range was 723-1694 nm with a resolution of 1.89 nm. The light was collected by an
iDus 1.7 um InGaAs (Andor, Oxford Instruments). To acquire photoluminescence emission
from all CNT chirality’s the 730 nm laser source was replaced with a supercontinuum white-
light laser source (SuperK EXTREME, NKT Photonics) with a VARIA variable bandpass
filter. The excitation wavelength was tuned from 500-825 nm, with a bandwidth of 20 nm
centered at 575 nm.

Typical sensor experiments were conducted with freshly prepared ABCNT diluted with
DPBS to 0.1 tg/mL in a 96-well plate. Experiment wells contained freshly prepared A, and
to match solvent properties 10 mM NaOH, or DMSO, was proportionally added to control
wells. Hydrochloric acid (HCI) was added when necessary to neutralize the pH conditions.
Background subtraction was conducted using a well filled with DPBS. For analyte
screening, bovine serum albumin (Sigma-Aldrich), sphingomyelin (Avanti Polar lipids), a-
synuclein (AnaSpec), and scrambled ApBs, (AnaSpec) were diluted in appropriate solutions,
corresponding to solution conditions in ABCNT wells. For measurements in serum, we used
fetal bovine serum at 10% or 33% final concentrations in PBS. During the measurements,
the excitation wavelength remained at 730 nm, close to the resonant excitation maximum of
the Ap-wrapped (9,4) and (8,6) nanotube species. Following the acquisition, the data were
processed with custom code written in MATLAB to subtract background and correct for
nonuniformities in the excitation profile. Corrected and smoothed data were used to fit with
Lorentzian functions to extract center wavelength, intensity, and full width at half-maximum
(FWHM). Data for dose—response curves were fitted with one-phase decay in GraphPad
Prism (A2 > 0.97). Excitation/emission plots, also dubbed PL plots, were compiled using
the supercontinuum laser for excitation. Spectra were acquired between movements of the
VARIA bandpass filter in 3 nm steps from 500 to 827 nm.

Zeta-Potential Measurements.—Zeta-potential measurements were performed with a
Zetasizer Nano S (Malvern Instruments) device and evaluated with Zetasizer software. Two
Different stocks ABCNTs and SDC-CNTSs were diluted in PBS and measured in triplicates.

Thioflavin T (ThT) Assay.

ThT stock was freshly prepared for each experiment. ThT (Sigma) was dissolved in PBS
buffer and filtered through a 0.2 m syringe filter. The concentration of ThT was determined
using Abss1 = 36 mM~1 cm™2, where | is the path length1%8 and brought to 25 1M in

a 96-well flat clear bottom black plate (Corning) freshly prepared AB, and ABCNTSs

were diluted to a final concentration of 10 xM and 0.1 pg/mL, respectively, in ThT (final
concentration 22 M). The plate was sealed with sealing tape for optical assays (bio rad).
Plates were shaken (654 rpm) for 30 s, and the fluorescent signal of each well was then
immediately measured by a fluorescent plate reader (Infinite M1000 Pro, Tecan), using Aegx
of 450 nm and Ag, of 485 nm. Hourly measurements were taken with the same parameters
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for 17 h. The fluorescent signal was subtracted from background wells containing ThT
alone, and the signal was normalized to time zero. Smoothed data of three technical
replicates are shown. Data were fit to a nonlinear agonist vs response model (/2 > 0.98)

in Graphpad Prism (V 7.04). For measuring ABCNT effect on preformed fibrils, fibrillary
Apuo [10 1] was incubated with ABCNTSs [0.1 pg/mL] for 1 h at rt, and ThT fluorescence
measurements were taken as described above.

Fluorescence Quenching by ABCNT.

AFM.

HiLyte 555 AB4, and ABCNT were prepared as described. HiLyte 555 Ay, at increasing
concentration was added to ABCNT (final concentration 1 4g/mL) in PBS in a 96-well flat
clear bottom black plate (Corning), and fluorescence was immediately measured (Infinite
M1000 Pro, Tecan) with Aex 555 nm and Aem 580 nm. Background fluorescence was
corrected with wells containing ABCNT in PBS, and the results are shown for one of the
experiments carried out in triplicate.

Atomic Force Microscopy.—A 20 4L aqueous solution of SWCNTSs (0.01 tg/mL,

in filtered Ultrapure water (18.2 mQ) was dropped onto a pretreated MICA with 3-
aminopropyltriethoxysilane (APTES) (Pelco Mica Disc, V1, Ted Pella) and allowed to stand
for 45s. The mica surface was rinsed with deionized water two times to remove unbound
carbon nanotubes and air-dried at room temperature before AFM imaging. AFM images
were collected using an Asylum MFD-3D-BIO in ac mode using AC240TS and AC160TS
tips (Asylum Research). The typical scan size was 1-5 um, and the scan rate was 0.5-1 Hz.
The images were processed with Gwyddion 2.47 software. A minimum of 40 nanotubes per
group was analyzed for height analysis derived from 1 x 1 zm?2 images.

Atomic Force Microscopy: Young’s Modulus Measurements.—Young’s modulus
measurements were performed on the same AP-mica slides containing Argon-dried
SWCNTSs. A spherical probe with a 600 nm SiO2 glass bead (Novascan) was used in this
experiment, and the nominal spring constant is 1 N/m. The cantilever spring constant was
calibrated using the thermal noise method. The scan size is 1 x 1 zm2, and the force point
and line are 20 x 20. The rate of a single approach/withdraw cycle was set to 0.7 Hz, and the
force—distance was 1 ym. Force curves in each map were fitted according to the Hertz model
using the routine implemented in the MFP 3D AFM to obtain elastic modulus maps (Igor
Pro, Wavemetrics) (wjp = 0.5, Eijp = 68 GPa, vsample = 0.5).

Cell Cultures.

Neuro-2a (N2A) Mouse Neuroblastoma Cells.—Mouse neuroblastoma N2a cells
stably expressing APP695 (N2a-APP) and/or N2a (n2a WT) were received from Yueming
Li lab. Cells were grown Dulbecco’s Modified Eagle Medium with high glucose (Thermo
Fisher Scientific) supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS), 2
mM Glutamx (Thermo Fisher Scientific), and 1% penicillin-streptomycin (10000 U/mL)
(Thermo Fisher Scientific) and maintained 37 °C with 5% CO, until 70-80% confluency.
Cells were seeded at 100,000 cells/mL in 24 well plates (Corning) for media extraction,
and media was replaced with Opti-Mem (Thermo Fisher Scientific). After 48 h, the media
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was collected from each well and stored at —20 °C until use. Extracted media was then
transferred to a 96-well clear bottom well plate (Corning), and freshly prepared ABCNT
was added [1 pg/mL]. Data was collected in three technical replicates for each experiment
well following 24 h incubation. The center wavelength was derived for each data point and
subtracted from Opti-Mem control samples as a baseline.

For imaging experiments, 100000 cells/mL in 24 well plates were plated in a 35 mm? glass
bottom plate (MetTek) for hyperspectral imaging. Following 24 h, cells were pulsed with
ABCNT [1 tg/mL] in DPBS for 30 min, then cells were washed, and fresh media was
added. Cells were imaged in hyperspectral microscope following 24 h incubation, with the
acquisition of at least 9 hyperspectral cubes per plate. Results are shown of average of three
biological replicates.

Cell Titer Glow.—100 L Cells were plated at WT and APP N2a cells at 100000
cells/mL Opaque white clear-bottom 96-well culture plates (Corning). After overnight
freshly prepared AB-CNTs were added to the cellsin 0.1, 0.2, 0.5, 0.7, and 1 zg/mL in
PBS. Cells were loaded with the ABCNT sensor for 30 min, then washed, and media was
replenished. For assessing the recovery effect from Ag toxicity, N2a WT cells loaded 1
Lg/mL ABCNT were incubated with freshly prepared ABy, in a final concentration of 10
UM. Corresponding vehicle (10 mM NaOH) was added in control wells. Additional wells
containing media alone were kept for background subtraction. Following 72 h of incubation
cell viability was assessed with Luminescent Cell Viability Assay (Promega), as detailed by
the manufacturer’s instructions. Briefly, CellTiter-Glo Reagent was freshly mixed, and 30
UL was added to experiment wells. Cells were equilibrated at room temperature for 10 min,
and the emitted luminescence was recorded with (Infinite M1000 Pro, Tecan). Background
luminescence was corrected, and results are shown of one experiment carried in triplicates,
out of a series of three showing similar trends.

SH-SY5Y Culture and Differentiation.

Human neuroblastoma cells (SH-SY5Y) were grown in Eagle’s Minimum Essential Medium
(EMEM) (Thermo Fisher Scientific), including 15% heat-inactivated fetal bovine serum (HI-
FBS), 2 mM Glutamx (Thermo Fisher Scientific), and 1% penicillin-streptomycin (10,000
U/mL) (Thermo Fisher Scientific) and maintained 37 °C with 5% CO5 until 70-80%
confluency. Cells were differentiated according to the protocol’8-109 and selected against
epithelial cells by gradual serum-starvation, with the introduction of extracellular matrix
proteins and neurotrophic factors. Briefly, undifferentiated SH-SY5Y cells were platted in
50000 cells/mL 35 mm? glass-bottom plates (MatTek). For 7 days, media was replaced
every other day with an addition of low serum media (2.5% HI-FBS) and freshly added
retinoic acid (RA) [10 xM] (Sigma-Aldrich). On day 7 cells were split onto new plates,

and sequential addition of low serum (1% HI-FBS) with fresh RA were added. On day

10, cells were split onto prepared 35 mm? glass-bottom plates (MetTeck) precoated with
Matrigel (Corning). SH-SY5Y were continuedly differentiated with a Neurobasal media
(Life Technologies-Gibco) with 2 mM Glutamx (Thermo Fisher Scientific), 1% penicillin-
streptomycin (10,000 U/mL K1), (Thermo Fisher scientific), B-27 (Gibco), 1 M KClI,
dibutyl cyclic-AMP (Sigma), and freshly added RA [10 x#M], with two sequential exchanges
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of media every 3 days. Differentiated cells were loaded with ABCNT [1 yg/mL] in DPBS

for 30 min, and then cells were washed and freshly prepared Ay, [1 4M]. Scrambled ABy)
[1 ¢M] or NaOH (vehicle) was added to the cells in differentiation media without RA. Cells
were imaged in hyperspectral microscope following 24 h incubation, with the acquisition of
at least nine hyperspectral cubes. Experiments were conducted in three biological replicates.

Hyperspectral Microscopy and Analysis.

Hyperspectral microscopy was performed as described previously.197 A continuous-wave
730 nm diode laser with an output power of 2W was injected into a multimode fiber to
provide an excitation source for experiments. Homogenous illumination over the field of
view was assured by passing the excitation beam through a custom beam shaping module to
produce a top-hat intensity profile with a maximum of 20% variation on the surface of the
sample. The laser was reflected into an Olympus IX-71 inverted microscope (with internal
optics modified for near-infrared transmission) equipped with a 50x air objective or 100x
(UAPON100XOTIRF, NA = 1.49) oil objective (Olympus, USA) via a long pass dichroic
mirror with a cut-on wavelength of 880 nm. The spatially defined near-infrared emission
was collected from the sample through a volume Bragg grating (VBG) to resolved emission
wavelength. Following its passage through the VBG, a specific wavelength component of
emitted polychromatic light was diffracted, while all other wavelengths were transmitted
through the grating. The diffracted component then passed through the VBG a second time
resulting in a monochromatic beam which was collected by a 256 x 320 pixel InGaAs array
(Photon Etc.). Finally, the filtered image produced on the InGaAs camera was composed of
a series of vertical lines, each with a specific wavelength. The reconstruction of a spatially
rectified image stack was performed using cubic interpolation on every pixel for each
monochromatic image, according to the wavelength calibration parameters. The rectification
produced a hyperspectral “cube” of images of the same spatial region exhibiting distinct
spectral.

Fluorescence Microscopy of Live Cells.

Standard fluorescence imaging in the UV-vis emission range was performed on the
hyperspectral microscope by using an XCite Series 120Q lamp as the light source and

a QiClick CCD camera (QImaging) directly attached to a c-mount on a separate port

of the microscope. Fluorescence filter sets from Chroma Technology and Semrock were
used. Back-to-back images were acquired with the near IR hyperspectral microscope and
live-imaging of fluorescently labeled AB-CNTSs in THP-1 cells was performed on a Zeiss
LSM 880.

Analysis and Processing of Hyperspectral Data.—Acquired hyperspectral data was
saved as 16-bit arrays (320 x 256 x Y), where the first two coordinates represent the spatial
location of a pixel and the last coordinate its position in wavelength space (1100-1250 nm).
Following Hyperspectral acquisition, the data was processed with custom code written in
MATLAB to identify individual pixel center wavelengths. A peak finding algorithm was
used to determine the intensity range for a given pixel, i.e., range = (intensity_maximum-
intensity_minimum). Data points were designated as peaks if their intensity was range/4
greater than the intensity of adjacent pixels. Pixels that did not meet this threshold (primarily
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due to low signal above background) were removed from the data sets. The remaining pixels
were fit with a Lorentzian function. The Center wavelengths for single pixels were plotted
as a histogram (example S13d), and he peak wavelength was derived for each condition and
biological replicate. The results are shown as the average of biological replicate + SE.

Alternatively, an individual region of interest (ROI) analysis was performed. Manual ROIs
were selected from hyperspectral “cube” data” in ImageJ software. Spectra were extracted
for each ROI, interpolated and smoothed and finally, a peak finding algorithm was applied
to obtain center wavelength and FWHM. Outliers were removed based on FWHM (90%,
excluding lower 5% and upper 95%) to remove possible aggregated CNTs from ROIs or
background noise. The individual center wavelengths for ROIs were plotted and averaged.

Human monocyte-like THP-1 cells were grown in RPMI 1640 medium (Thermo Fisher
Scientific), including 10% heat-inactivated fetal bovine serum (HI-FBS), 2 mM Glutamx
(Thermo Fisher Scientific), and 1% penicillin-streptomycin (10000 U/mL) (Thermo Fisher
Scientific) and maintained 37 °C with 5% CO,. For experiments, cells were seeded in a
96-well clear bottom plate (corning). THP-1 activation was achieved by adding 100 ng/mL
Phorbol 12-myristate 13-acetate (PMA) (Fisher Bioreagents) in the media for 24 h. Cells
were then loaded with ABCNT [1 xg/mL] in DPBS for 30 min and washed, and freshly
prepared ABs, [1 MM] or NaOH (vehicle) was added. Data acquisition was at 0 time points,
4 and 24 h following A addition.

Cells were fixed in 4% PFA, and the immunofluorescence detections of B-amyloid ab slides
were performed at Molecular Cytology Core Facility of Memorial Sloan Kettering Cancer
Center using Discovery Ultra processor (Ventana Medical Systems. Roche- AZ). A mouse
monoclonal 1gG1 anti- B-amyloid (clone 6E10) antibody (Biolegend, cat no. 803004) was
used in 5 gg/mL concentration. The incubation with the primary antibody was done for 5

h, followed by Rb antimouse 1gG1 (Abcam cat#ab133469) for 32 and 60 min incubation
with biotinylated goat antirabbit 1gG (Vector laboratories, cat. no. PK6101) in 5.75 zg/mL.
Blocker D, Streptavidin-HRP, and TSA Alexa488 (Life Tech, cat. no. B40932) were used for
16 min.

All slides were counterstained in 5 xg/mL DAPI [dihydrochloride-(2-(4-Amidinophenyl)-6-
indolecarbamidine dihydrochloride] (Sigma D9542), for 5 min at room temperature,
mounted with antifade mounting medium Mowiol [Mowiol 4-88 (CALBIOCHEM code:
475904)], and covered by a coverslip.

Near-Infrared Fluorescence Spectroscopy of Single-Walled Carbon Nanotubes from Cells.

Before the acquisition, the fluorescence spectroscopy apparatus was adjusted to allow
maximum signal collection from cells by adjusting the z position of the objective. Nanotube
photoluminescence was collected from 96-well plate-containing cells. Background
subtraction was conducted using a media-filled well. During the measurements, the
excitation wavelength remained at 730 nm, close to the resonant excitation maximum of
the AB-wrapped (9,4) and (8,6) nanotube species. Following the acquisition, the data were
processed with custom code written in MATLAB to subtract background noise and correct
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for nonuniformities in the excitation profile. Corrected and smoothed data were used to
fit with Lorentzian functions to extract center wavelength, intensity, and full width at half-
maximum (FWHM).

Animals Studies.

All animal studies were approved by and carried out by the Memorial Sloan

Kettering Cancer Center Institutional Animal Care and Use Committee. Male B6.Cg-Tg
(APPSwFILon, PSEN1*M146L*L286 V)6799Vas/Mmjax (5XFAD) and WT mice were
bred in the lab of Li laboratory (Memorial Sloan Kettering) and were graciously provided at
4 months and 8 months of age for stereotaxic injections. All control and experimental mice
were age- matched and housed in identical environments

Stereotaxic Injection of ABCNT.

Each mouse was injected intraperitoneally with a mixture of mixture ketamine (50 mg/kg)
+ dexmedetomidine (0.5 mg/kg) to produce deep anesthesia. The mouse was mounted in

a stereotactic frame (Harvard Apparatus 75-1820) and its head shaved. A midline sagittal
incision was made to expose the skull. Cotton swabs were used to remove the periosteum
and clean the skull surface. Coordinates were identified from bregma, and a burr hole

was drilled with a micro drill (cellpoint scientific, 0.8 mm wide). We used the following
coordinates to target the dentate gyrus of the hippocampus: anteroposterior (AP) —2.0 mm,
mediolateral (ML) +1.5 mm, dorsoventral (DV) —2.0 mm, from bregma. After a pause

of at least 2 min for pressure equalization, the injection was performed manually at an
approximate rate of 0.4 4L per minute. Afterward, the syringe was left in place for an
additional 3 min, then withdrawn over 2 min or more. Once injections were complete, the
scalp was sutured and the mouse was kept under a warming lamp until recovered from

the anesthesia, then returned to standard housing. Near-infrared in vivo spectroscopy was
acquired 24 h following injection, 7= 4 mice in each group (1 mouse died and was excluded
from results).

Near-Infrared In Vivo Spectroscopy.—Noninvasive in vivo spectra were taken using

a custom-built reflectance probe-based spectroscopy system. Excitation light was provided
by injecting a continuous wave 730 nm diode laser (Frankfurt) into a bifurcated fiber optic
reflection probe bundle (Thorlabs). The sample leg of the bundle included one 200 ym, 0.22
NA fiber optic cable for sample excitation located in the center of six 200 gm, 0.22 NA
fiber optic cables for collection of the emitted light. Excitation power at the sample was
~590 mW with an ~1 c¢m circle being illuminated. Long pass filters were used to filter
emission light below 1050 nm, and emission light was focused through a 410 zm slit into

a Czerny-Turner spectrograph with 303 mm focal length (Shamrock 303i, Andor). Emission
light was dispersed by an 85 g/mm grating with 1350 blaze wavelength and collected by

an iDus InGaAs camera (Andor). For in vivo spectroscopy, mice were anesthetized with

2% isoflurane prior to data collection. An exposure time of 1or 3 s was used for all in

vivo data acquisition, with 1-3 optical measurements per mouse, to account for instrument
signal-to-noise. Additional ex-vivo data was acquired per mice following animal sacrifice.
Following acquisition data was processed to apply spectral corrections for nonlinearity of
the InGaAs detector response, background subtraction, and baseline subtraction. Center
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wavelengths were determined by fitting processed spectra to a Lorentzian function. Results
were threshold based on /2 and FWHM values. Data is shown as average of repeated
measurements. Results are shown of in vivo or ex vivo data obtained from biological
replicates.

Immunofluorescence Staining.

Statistics.

WT and 5XFAD mice were anesthetized with a single dose of ketamine/xylazine (100
mg/kg/5.0 mg/kg) and transcardially perfused with 50 mL of PBS followed by 50 mL of
4% paraformaldehyde (PFA). Brains were removed and post fixed in 4% PFA overnight at 4
°C and then processed for paraffin embedding with tissue processor (Leica Biosystems,
ASP6025). Paraffin-embedded perfused brains were sectioned sagittally at 10 xm and
mounted on slides. Slides were washed twice in 100% Xylene 100% for 3 min, followed

by 3 min in xylene 1:1 100% EtOH, 3 min in 100% EtOH, 3 min in 95% EtOH, 3 min

in 70% EtOH, 3 min in 50% EtOH, 3 min in H,0 and then boiled in citrate buffer, pH

6.0 for 15 min. Slides were left in citrate buffer to cool to room temperature and then
washed 3x in PBS. Slides were incubated in PBST (PBS + 0.05% Triton X-100) for

20 min at room temperature followed by blocking buffer (PBST + 10% Donkey Serum)

for 40 min at room temperature. Slides were then incubated in anti-Ibal (Abcam, cat.

no. ab178847, 1:200), antiNeuN (Abcam cat. no. ab 104224, 1:200), or 6e10 (Biolegend,
cat. no. 803004, anti-Bg-Amyloid, 1-16 Antibody, 1:500), cleaved caspase-3 antibody (cell
signaling no. 9661, 1:200), or anti-p53 (Abcam cat. no. ab183544, 1:250) in blocking buffer
overnight at 4 °C. Sections were then washed three times in PBST for 5 min. Slides were
incubated in 1:10000 Donkey anti-Mouse 1gG Alexa Fluor 568 (A10037) and 1:10000
Donkey anti-Rabbit 1gG Alexa Fluor 488 (A21206) in 50% blocking buffer/50% PBS for 1
h at room temperature and then washed 3 times with PBST. Slides were incubated in Dapi
for 10 min and then washed 3 times in PBS and mounted with Fluoromount-G Mounting
Medium (00-4958-02). Slides were dried at room temperature while protected from light.
H&E staining was performed at the Molecular Cytology Core Facility at Memorial Sloan
Kettering Cancer Center. Back-to-back images were acquired with the near IR hyperspectral
microscope and a digital slide scanner.

Statistical analysis was performed with GraphPad Prism version 7.04. All data met the
assumptions of the statistical tests performed. To account for the testing of multiple
hypotheses, one-way ANOVAs were performed with Dunnet’s, Tukey’s, or Sidak’s post-
tests when appropriate. To account for time- measurements and test multiple hypotheses
two-way ANOVA were preformed with Sidak’s post-tests.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ABCNTsare nanoscale sensors for AS.
(a) Schematic illustration of AgB-carbon nanotube (ABCNT) assembly via selective

displacement. (b) Representative atomic force microscopy (AFM) image of an ABCNT
and a sodium deoxy cholate-suspended carbon nanotube (SDC-CNT). Scale bar: 50 nm.
(c) Height profiles of an ABCNT and SDC-CNT. (d) Average height of ABCNTSs and
SDC-CNTs, as derived from AFM images (7= 42 and 88 nanotubes, respectively). Error
bars denote standard error, **** p< 0.0001 as measured via unpaired #test. (€) Emission
spectra of ABCNTSs exposed to increasing concentrations of Ay, (1 nM to 10 tM). (f)
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Normalized spectra from (e), focused on the (9,4) nanotube species. (g) Wavelength (AA,
blue line) and intensity change (/a4 /o, pink lines) of ABCNTSs exposed to increasing
concentrations of Agy,. Data is fitted with one-phase decay model (/, > 0.97). Error bars
represent standard deviation. /= 3 technical replicates. (h) Emission of the (9,4) ABCNT,
in response to AByy, scrambled AByo (SABs2), bovine serum albumin (BSA), a synuclein
(a-Sync) and sphingomyelin, each at 1 M. Error bars = deviation for 3 technical replicates.
****n < 0.0001, as measured with a one-way ANOVA with Tukey’s multiple comparisons
test between groups.
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Figure 2. ABCNT Mechanism.
(a) Representative AFM images of ABCNTS (top) and after addition of freshly prepared

Apuo [100 nM] (bottom). Scale bar = 100 nm. (b) Height profiles derived from AFM
images. (c) Average ridge height of ABCNTSs. Error bars = standard error of mean (7> 75).
*p < 0.05 as measured by ttest. (d) Intensity of fluorescent-Ag (fluor-Ap) in response to
ABCNTSs. Error bars = standard error of mean for three technical replicates, *p < 0.05, **p <
0.01, ***p < 0.001 as measured with one-way ANOVA with Tukey’s multiple comparisons
between groups. () Intensity of thioflavin-t (ThT) fluorescence of Ap42 [10 M] without
(control) and with ABCNT [1 g/mL]. Error bars = standard deviation of 3 technical
replicates. ***p < 0.001 as measured with #test. (f) Change in intensity (top) and center
wavelength (bottom) of ABCNTSs incubated with freshly prepared AB;, [10 m] at time 0

h and following 20 h incubation at 37 °C. Error bars = standard deviation for 3 technical
replicates. ***p < 0.001, *p < 0.05 as measured with #test. (g) ABCNT response to ABs2
[1 pM] and scrambled ABy, (SABs2) [1 1] in BSA. Error bars = standard deviation for

3 technical replicates, **p < 0.01, ****p < 0.0001, as measured with two-way ANOVA
with Sidak’s multiple comparisons between groups. (h) ABCNT response to different Ay
aggregation states. Change in intensity (top) and center wavelength (bottom) of ABCNTs
incubated with freshly prepared AByy, oligomers, and fibrils [10 £M]. Error bars = standard
deviation for 3 technical replicates. *p < 0.05,**p < 0.01, ***p < 0.001,****p < 0.0001,

as measured with one-way ANOVA with Tukey’s multiple comparisons between groups. (i)
Schematic illustration of the proposed mechanism of action.
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Figure 3. ABCNT detection of Agaccumulation in livecells.
(a) Near-infrared hyperspectral maps of ABCNT emission wavelength overlaid with

brightfield images of SH-SY5Y differentiated cells in response to (i) ABso [1 tM], (ii)
vehicle only, or (iii) scrambled ABs, [1 ¢M]. (b) Emission spectra of ROIs denoted

on the images in (a). Spectra were smoothed and normalized. (c) Center wavelength

of ABCNT emission in SH-SY5Y-differentiated cells from three individual biological
replicates; error bars represent standard deviation. *p < 0.05, **p < 0.01 as measured with a
one-way ANOVA with Tukey’s multiple comparisons test between groups. (d) Near-infrared
hyperspectral maps of ABCNT emission wavelength overlaid with brightfield images of
N2a APP and N2a WT cells. (e) Center wavelength of ABCNT sensor (9,4) emission of
N2a WT and N2a cells. Error bars = standard deviation of the mean of three biological
replicates. *p < 0.05 as measured with ftest. (f) Cell viability of N2a cells incubated with
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ABCNT [1 tg/mL] and with AByy [10 ¢M] for 72 h. Results of three technical replicates.
Error bars = standard error. **p < 0.01, ***p <.001, ****p < 0.0001 as measured with

a one-way ANOVA with Tukey’s multiple comparisons test between groups. (g) (left)
Fluorescence intensity of THP-1 cells incubated with fluorescently tagged ABso [1 1M].
(right) Near-infrared hyperspectral maps of ABCNT emission wavelength in THP-1 cells.
Both images are overlays on brightfield images of the cells. ROIs select regions with

low intracellular Ag content (1) and high intracellular Ag content (2). Scale bar = 20

um. (h) Corresponding emission spectra of ROIs from panel g. Spectra were smoothed
and normalized. (i) Representative near-infrared hyperspectral maps of ABCNT emission
wavelength overlaid with brightfield images of THP-1 cells incubated with vehicle (left) or
Apuo [1 1] (right) for 24 h. Scale bar = 20 tm. (j) Dynamic response of ABCNT sensor
to intracellular accumulation ABy, in THP-1 cells, as measured via spectroscopy in 96
well plates. Results are from three biological repeats carried out in triplicate at least. Error
bars = standard error. *p < 0.05 as measured with two-way ANOVA with Sidak’s multiple
comparisons test between groups.
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spectra of ABCNTSs from within the live brain (ABCNT) and uninjected hemisphere control
(uninjected). (b) Representative emission spectra acquired in vivo from 5XFAD and WT
mice. (c) Mean center wavelength of ABCNT emission from WT and 5XFAD 4 month-old
mice ((9,4) chirality). (d) Mean center wavelength of ABCNT emission from WT and
5XFAD 8-month old mice ((9,4) chirality). **p < 0.001 as measured with #test. Data points
are from individual mice. (e) Hippocampal section from 8-month-old 5XFAD mouse. (i)
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Immunolabeled section with 6E10 antibodies against A (green) to detect ABCNT and A8
aggregates (white arrow); DAPI (blue). Yellow box highlights a ROl containing ABCNTSs.
Scale bar = 100 um. (ii) Near-infrared hyperspectral map of ABCNT emission wavelength
derived from ROl in panel i. Scale bar = 25 gm. (f) Hippocampal section from an 8
month-old WT mouse. (i) Immunolabeled section with 6E10 antibodies against AS (green)
to detect ABCNT and AgB aggregates (white arrow); DAPI (blue). Yellow box highlights

a ROI containing ABCNTSs. Scale bar = 100 zm. (ii) Near-infrared hyperspectral map of
ABCNT emission wavelength derived from ROl in panel i. Scale bar = 25 ym.
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