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ABSTRACT: Dysregulated lipid metabolism contributes to neuro-
degenerative pathologies and neurological decline in lysosomal
storage disorders as well as more common neurodegenerative
diseases. Niemann−Pick type A (NPA) is a fatal neurodegenerative
lysosomal storage disease characterized by abnormal sphingomyelin
accumulation in the endolysosomal lumen. The ability to monitor
abnormalities in lipid homeostasis intracranially could improve basic
investigations and the development of effective treatment strategies.
We investigated the carbon nanotube-based detection of intracranial
lipid content. We found that the near-infrared emission of a carbon
nanotube-based lipid sensor responds to lipid accumulation in
neuronal and in vivo models of NPA. The nanosensor detected
lipid accumulation intracranially in an acid sphingomyelinase
knockout mouse via noninvasive near-infrared spectroscopy. This
work indicates a tool to improve drug development processes in NPA, other lysosomal storage diseases, and neurodegenerative
diseases.
KEYWORDS: biosensor, Niemann−Pick, sphingomyelin, neurodegenerative disease, carbon nanomaterials

Lysosomal storage diseases are associated with abnormal
accumulation of lipids in lysosomal compartments.1 It is

estimated that 70% of these diseases feature significant central
nervous system (CNS) involvement.2 Neuronal lysosomal lipid
accumulation is associated with neurodegenerative lysosomal
storage diseases including Gaucher disease,3 Tay−Sachs
disease,4 and Niemann−Pick disease.
Niemann−Pick type A (NPA) disease is a rare, autosomal

recessive lysosomal storage disorder characterized by hep-
atosplenomegaly and rapid neurodegeneration, ultimately
leading to fatality during infancy. This neurodegenerative
disorder is caused by the inherited deficiency in acid
sphingomyelinase (ASM) activity, a lysosomal enzyme that
hydrolyzes sphingomyelin (SM) into ceramide and phosphor-
ylcholine. In NPA, loss-of-function mutations in the SMPD1
gene encoding ASM lead to the accumulation of SM within
lysosomes in cells and tissues.5 Indeed, studies performed on a
knockout mouse model lacking ASM and with cells derived
from patients show that intralysosomal accumulation of SM is
a primary pathological event.6 In the brain, the defective
homeostasis of SM leads to neurodegeneration that initially
affects Purkinje neurons in the cerebellum7−9 and further
involves astrogliosis, high oxidative stress, increased intra-
cellular calcium,10 and autophagy.11 Neurons deficient in ASM
are also characterized by increased SM in the plasma

membrane, unpolarized distribution of proteins, dendritic
spine anomalies,12 and impaired synaptic vesicle docking.13

Together, these effects highlight the importance of ASM for
normal brain activity and may contribute to the pathological
phenotype of cognitive deficits in NPA patients. The
significant effect of ASM on neurological activity is also
evident by the fact that minimal ASM activity, such as that in
Niemann−Pick B patients, suffices to present mild to no
neurological symptoms.5 Identifying the effects and changes in
ASM activity is therefore crucial for diagnosis, studying
molecular abnormalities, and identifying therapeutic targets.
Sensitive and reliable techniques for quantifying lysosomal SM,
the primary pathological outcome of ASM deficiency (ASMD),
are thus of considerable importance.
Direct quantification of ASM activity can be measured from

serum or cerebrospinal fluid via measurements of fluorescent
substrates metabolites14,15 or mass spectrometry techniques16

which allow for sensitive measurements of global lipid content.
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However, these methods do not map the localization or
compartmentalization of lipids. Specific localization and
quantification of lipid content within lysosomes can be
achieved via imaging techniques, such as fluorescent
microscopy techniques. To fluorescently monitor SM, SM-
binding proteins can be exploited to form fluorescent protein
probes and can be used for studying lipid trafficking and
metabolism.17−19 Haberkant et al. suggested a method to
fluorescently label SM by using a photoactivatable metabolic
precursor of SM and using click chemistry in situ.20

Alternatively, fluorophore-conjugated lipids can be used for
imaging and studying lipid trafficking;21 however, the
conjugated fluorophore may change the native activity of the
lipids.
The utilization of fluorescent imaging methodologies for the

quantification of the SM content is laborious and impractical.
To combine the qualities of rapid measurements of lipid
content with localized-imaging capabilities, there is a need for
an imaging reporter that can localize in lysosomes and provide
quantitative data on lipid content rapidly. Moreover, despite
the wealth of data regarding the molecular mechanisms that
underlie NPA pathologies,9 in vitro and cellular assays are
insufficient to capture the extent of the effect of ASM
deficiency on neurological impairments and aberrant brain
phenotypes. To study the global impact of SM accumulation in
the nervous system and to target preventative therapies, there
is a need for lipid sensing modalities that can detect abnormal
accumulation of SM directly in the brain.
Single-walled carbon nanotube (SWCNT) optical biosen-

sors are cutting-edge technologies with unique features. Their
intrinsic near-infrared-II (NIR-II) emission, ranging from 1000

to 1700 nm, aligns perfectly with the biological transparency
window.22 These biosensors offer exceptional photostability,
minimal photobleaching, and no fluorescence intermittency,
making them ideal for live brain tissue applications.23 The
NIR-II emission allows for deep optical penetration, reduced
scattering, and low autofluorescence in biological tissues.
Engineered SWCNTs, achieved through surface functionaliza-
tion,24−27 enable the detection of various biomolecules like
protein biomarkers,28,29 pH,30 microRNA,31 and lipids32,33 in
live cells.
In live brain tissue, SWCNT probes have successfully

imaged neurotransmitters,34 probed the extracellular space
with low toxicity,35,36 and detected amyloid beta.37

In this work, we endeavored to develop a biosensing
technique that is capable of intracellular imaging and rapid and
high-throughput measurements to monitor SM in brain and
cell models. In the context of neurological disorders, a method
to detect lysosomal lipid and SM accumulation intracranially
can assist in the study of pathologies of diseases that exhibit
abnormalities in the sphingolipid pathway. Here, we present a
nanoreporter that optically monitors endolysosomal SM and
lipid accumulation in vitro and from within the cerebellum in
vivo in an ASMD model.
To develop a sensitive reporter for SM, we used intrinsic

NIR fluorescence from single-walled carbon nanotubes
(SWCNT) that were noncovalently complexed with single-
stranded DNA (ssCTTC3TTC) (Figure 1A). We previously
found the (9,4) chirality showed the greatest emission
response to lipids and enabled endolysosomal localization
without adversely affecting cell viability and organelle
function.32,33 Therefore, we enriched the nanotube reporter

Figure 1. Characterization of the lipid reporter and sphingomyelin interaction. (A) Lipid reporter’s optical reporter schematic. (B) Emission peak
wavelength shift and intensity change of the lipid reporter nanotube complexes in solution as a function of SM concentration. n = 3, mean ± SD.
(C) Stern−Volmer plot was derived for the quenching of C11-SM by the lipid reporter. n = 3, mean ± SD. (D) Correlograms from a dynamic light
scattering instrument showing the correlation coefficient of the lipid reporter and the lipid reporter incubated with SM [10 μM] for 1 h at 37 °C. n
= 3, mean ± SD. (E) Zeta-potential measurements of the lipid reporter and the lipid reporter incubated with SM [10 μM] for 1 h at 37 °C. n = 5,
mean ± SD; **P < 0.01, as measured via unpaired t test. (F) Representative AFM images of lipid reporters before (left) and after (right) the
addition of SM. Scale bar: 20 nm. (G) Average height of the lipid reporter and the lipid reporter incubated with SM [10 μM] for 1 h at 37 °C, as
derived from AFM images (n > 500 ridges). Mean ± SE, ***p < 0.001 as measured via unpaired t test.
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with the (9,4) chirality via an aqueous two-phase (ATP)
polymer separation system, a scalable method for chirality
separation of DNA-wrapped SWCNTs.38 We characterized the
enrichment efficiency via absorbance following a one-step
separation protocol and found comparable enrichment to
previously reported separation38 (Figure S1A,B). The enriched
ssCTTC3TTC-(9,4) sensor responded to sphingomyelin
(SM) in a decrease in center wavelength as a function of SM
concentration (we henceforth denote ssCTTC3TTC-(9,4)
sensor as lipid reporter) (Figure 1B). We note that in
accordance with our previous reports,32,33 the enrichment of
the (9,4) chirality yields a larger change in central wavelength
compared to unseparated solutions (Figure S1C). In our
previous studies, we calculated that lipids, including
sphingomyelin, bind to the reporter surface via hydrophobic

interactions, increasing surface coverage on the nanotube
surface and decreasing the water density in the nanotube’s
immediate vicinity. To study and validate this mechanism, we
designed a set of experiments to study the surface interaction
between the SM and the lipid reporter. First, we studied the
effect the lipid reporter had on fluorescently labeled SM (C11-
SM). We found the quenching of C11-SM by the lipid
reporter, as described by a Stern−Volmer relationship, is close
to linearity, suggesting that the majority of C11-SM and the
lipid reporter are in close proximity, resulting in the
deactivation of the fluorophore by energy transfer,39 similar
to effects of dye molecules in proximity to nanotubes (Figure
1C).40−42 We note that the sensitivity of the fluorophore to
quenching by the lipid reporter was higher following a 1 h
incubation with SM, validating the importance of incubation

Figure 2. Lipid reporter detects SM accumulation in SHSY-5Y cells. (A) Representative fluorescence microscopy images of C11-SM [1 μM]
(green) within SHSY-5Y cells treated with desipramine. Hoechst nuclei staining (blue). Scale bar: 20 μm. (B) C11-SM intensity profile per cell (n
= 240), ****p < 0.0001 as measured via unpaired t test. (C) Representative bright-field images overlaid with near-infrared emission of
ssCTTC3TTC-(9,4) SHSY-5Y cells. Scale bar: 25 μm. (D) Emission spectra of ROIs denoted in the images in panel C. Spectra were smoothed
and normalized. (E) Center wavelength of the lipid reporter emission derived from well-plate (n = 10 from 2 individual biological experiments). *p
< 0.05 as measured with a one-way ANOVA with Tukey’s multiple comparisons test between groups (n > 5 wells).
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with SM, to reach binding equilibrium between SM and the
lipid reporter (Figure S1D). Next, we studied the surface
chemistry changes of the reporter upon incubation with SM by
monitoring the particle size via dynamic light scattering.
Because SWCNTs are tubular, we used the correlation
function derived from the dynamic light scattering of the
lipid reporter, showing an increase and shift upon incubation
with SM, suggesting an increase in nanotube size (Figure 1D).
A decrease in zeta-potential suggests a greater charge density
on the nanotube surfaces, indicating that charged SM is
assigned to the surface of the nanotubes43−45 (Figure 1E).
Finally, the height profiles of the lipid reporter increased upon
incubation with SM, as measured via AFM (Figures 1F,G and
S2). Together, these experiments provide further evidence of
the reporter mechanism in which SM is absorbed to the
nanotube surfaces. Such proximity between hydrophobic
molecules such as SM and nanotube surfaces changes the
nanotube’s local dielectric constant and photoluminescent
energy shifts.46,47

We investigated the response of the lipid reporter to the
lysosomal accumulation of SM in live ASMD cell models. We
validated the reporter in a neuronal pharmacological cellular
model, SH-SY5Y cells treated with an ASM inhibitor
desipramine [10 μM].48,49 We confirmed the NPA phenotype
differential accumulation of C11-SM (Figure 2A,B). Upon
incubation of the lipid reporter, local intracellular internal-
ization was observed (Figure 2C).
Recent papers found that ASM deficiency is accompanied by

autophagy lysosomal alterations.11,50 A recent study found that
c-Abl tyrosine kinase is activated in NPA models and

downregulates autophagy, including in SH-SY5Y cells treated
with desipramine.48 Moreover, the authors found that
treatment with imatinib, a clinical c-Abl inhibitor, restores
autophagy flux51 (Figure S3) and lowers sphingomyelin
accumulation in NPA cell models. We therefore tested the
effect of combined treatment of imatinib and desipramine on
the reporter’s wavelength emission. Spectra obtained from
hyperspectral imaging of cells treated with desipramine and
SM exhibited a distinct shifting of the emission compared to
control groups (Figure 2D).
While the NIR hyperspectral microscopy enables visual-

ization of the nanotube reporter localization, measurements in
a high-throughput spectroscopy instrument can diminish the
data acquisition time and enable fast screening of biologically
distinct tests. In a high-throughput NIR spectroscopy instru-
ment, the reporter showed a progressive decline in center
wavelength emission upon incubation with SM, desipramine,
and desipramine with SM (Figure 2E) from cells seeded in 96-
well plates similar to hyperspectral single-pixel quantification.
In agreement with the autophagy restoration function of
imatinib, in our nanosensor experiments, we found that
combined treatment with desipramine and imatinib increased
the reporter’s wavelength emission back to the baseline (Figure
2E).
We used the established genetic model for NPA mouse

embryonic fibroblasts derived from ASM knockout mice
(ASMKO MEF) for applying SM detection in NPA models.
In agreement with the expected phenotype, ASMKO MEFs
exhibit elevated accumulation of C11-SM in endolysosomal
organelles, as visualized and quantified via fluorescence

Figure 3. Lipid reporter detects SM in ASMKO MEF cells. (A) Representative fluorescence microscopy images of C11-SM [1 μM] (green) WT
and ASMKO MEF cells. Hoechst nuclei staining (blue). Scale bar: 10 μm. (B) C11-SM intensity profile per cell (n = 16), ****p < 0.0001 as
measured via unpaired t test. (C) Mass spectrometry analysis of 2 sphingomyelin species (SM d36:1, SMd36:2). *p < 0.05 as measured with Welch
t test. (D) Center wavelength of the lipid reporter emission derived from hyperspectral imaging (n = 16). Error bars = standard error. ****p <
0.0001 as measured with a one-way ANOVA with Tukey’s multiple comparisons test between groups. (E) Center wavelength of the lipid reporter
emission derived from well-plate spectra (n = 10), **p < 0.01 as measured with a one-way ANOVA with Tukey’s multiple comparisons test
between groups (n = 10 wells). (F) Center wavelength of the lipid reporter emission from cell media.
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microscopy (Figure 3A,B) and a global increase in two
sphingomyelin species via mass spectrometry (Figure 3C). In
addition to the increase in SM content, lipid measurements via
mass spectrometry also revealed a decrease in ceramide levels
in ASMKO MEFs, as compared to WT MEFs52 (Figure S4).
We tested the capacity of the lipid reporter to visualize and

account for elevated SM in live cells, without the necessity for
adding external C11-SM. Following incubation with the lipid
reporter, it localized intracellularly, and reporter spectra
obtained from the ASMKO cells exhibited a distinct shifting
of the emission compared with WT (Figure S5). Violin plots
obtained from single-pixel NIR hyperspectral microscopy53 of
the reporter from within ASMKO cells showed a shifted
population by ∼5 nm compared to WT. Moreover, upon
treatment with SMase, the emission returned to a baseline
similar to WT (Figure 3D). In a high-throughput NIR
spectroscopy instrument, the reporter delivered similar trends
from cells seeded in 96-well plates to hyperspectral single-pixel
quantification (Figure 3E).

In NPA, together with the abnormal accumulation of lipids
in lysosomes, an increase in extracellular lipids is observed54,55

(Figure S6). Therefore, we tested the sensitivity of the reporter
for detecting differences in the extracellular lipids. The overall
average center wavelength was lower by ∼0.5 nm in media
extracted from ASMKO MEF cell culture as compared to
media extracted from WT MEF cells (Figure 3F). This change
in magnitude (Δλ ∼ 5 nm detected from within live cells) can
reflect a lower difference in lipid content in cell media.
Alternatively, it can be attributed to nonspecific interactions
with proteins, nutrients, or salts that can attenuate the
effectiveness of the signal. To determine whether such
nonspecific protein interactions were associated with the
change in center wavelength observed in the media extracted
from ASMKO cell culture, we assessed the total protein
content with data from the reporter emission and found no
significant correlation (Figure S7).
To locally detect SM accumulation in the cerebellum, the

initially affected brain region,8 we administered the lipid
reporter directly in mice cerebellum via stereotaxic injection

Figure 4. Lipid reporter identifies ASMKO mice model in vivo. (A) Schematic image of stereotaxic administration of the lipid reporter in the
cerebellum (created with BioRender.com). (B) Representative emission spectra of the lipid reporter from mouse through-skull in vivo
measurements. (C) Center wavelength of the lipid reporter emission from in vivo measurements. *p < 0.05 as measured with ANOVA test based
on maximum likelihood (n = 6 mice, repeated experiment conducted in groups of 2 or 3 per group and are labeled in corresponding colors). (D)
Representative emission spectra of the lipid reporter from cerebellum slices of WT and ASMKO mice. (E) Immunofluorescence image of the
injection site in ASMKO mice cerebellum stained for neurons (NeuN, green), microglia (Iba-1, red), and nuclei (DAPI, blue). Injection site
marked in yellow dashed lines. Scale bar: 50 μm. (F) Near-infrared hyperspectral map of reporter emission center wavelength overlaid with bright-
field image in ASMKO mouse cerebellum, corresponding to panel E. Scale bar: 25 μm. Spectral bar: 1130−1160 nm.
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(Figure 4A,B). We used an ASM knockout (ASMKO)
transgenic mouse model that expresses NPA phenotypes
including neurodegeneration.9,56 Spectra recorded through
intact cranium from the cerebellum region were compared
between the ASMKO and WT mice. In all experiments
(marked as colored dots), a decrease in the central wavelength
of the reporter in ASMKO mice as compared to WT mice was
noted (Figure 4C), indicating higher lipid content in the
knockout mice.
To investigate the fate of the nanosensors in the cerebellum,

we resected tissue and used NIR microscopy to identify the
emission of the nanotubes. NIR hyperspectral microscopy was
conducted on the tissues, showing a decrease in center
wavelength in ASMKO samples as compared to WT tissues
(Figure 4D). In resected cerebellar tissue from mice injected
with the sensor, we found a substantial number of nanotubes
near the injection site (Figure 4E,F). We noted that injecting
the nanosensors into the cerebellum did not induce significant
cell damage (Figure S8), indicating relative biocompatibility
for functional sensing of lipid accumulation from within brain
tissues in vivo.
Herein, we describe the detection of neuropathological SM

accumulation in vitro and in vivo. Central to this method was
the development of a biocompatible57 nanosensor for
detection of cholesterol and SM, consisting of (9,4) SWCNTs
noncovalently complexed with the single-stranded oligonucleo-
tide CTTC3TTC, as described in our previous reports.32,33 In
our previous results, we showed that the optical shift correlated
to dielectric environment of the nanotube surfaces. Based on
the new findings from our experiments, we corroborated the
mechanism proposed previously and determined that SM
absorbs on nanotube surfaces, inducing a change in the local
dielectric constant and photoluminescent energy shifts. Lipid
binding to a nanotube surface is governed by the hydrophobic,
electrostatic, and amphiphilic properties of the lipids, proper-
ties which may contribute to the optical shift of the reporter in
response to different lipid species. We observed the nanosensor
response to SM in live NPA cells and mouse models. We used
the nanosensor to report the retrieval of normal ASM activity
in cell models, validating the potential of the nanosensor for
the development of NPA therapies. With this in mind, we
investigated a method for screening cells in 96-well plates,
indicating the amenability of the sensor for both imaging
spectroscopy-based assays that facilitate higher throughput
measurements.33 The therapeutic treatments that we used for
in vitro studies, such as imatinib, show limited effects in vivo
due to poor penetration through the BBB58,59 and were
neglected in this study for in vivo use. In future studies,
screening for new NPA therapies in vivo could potentially
accelerate diagnostic testing processes by providing relative
brain SM valuation in a rapid and direct method.
We aim to develop a method capable of detecting lipid

dysregulation in the brain, as such measurements remain a
challenge.60 The efficiency of the nanotube-based reporter to
target and identify endolysosomal lipid accumulation in the
liver was established in previous reports.33 Following IP
injection, the reporter localizes mainly to the liver and is
confined to lysosomal compartments in Kupffer cells.33,57 We
also previously found that following i.v. administration of
SWCNTs the small amounts that cross the BBB do not allow
for optical detection of sensors in live samples.57 Here, we
found that the injection of carbon nanotube sensors directly
into the cerebellum results in a local extracellular pool of

nanotubes in the brain. Extracellular accumulation of nanotube
sensors has been reported following intracranial injections37

and observed in ex vivo preparations.35,36,61,62 Following
intracerebral injection, the sensor localized in extracellular
pools and responded in ASMKO mice by a decrease in the
average center wavelength. Although the nanosensor did not
directly detect lysosomal accumulation of SM, it is possible
that the change in signal is due to secondary effects of aberrant
SM metabolism, such as increased SM levels in neuronal
plasma membranes,63,64 altered lipid composition,64 increased
CSF SM,65 or adjuvant mechanisms.66 Extralysosomal lipids
can be detected via the sensor, as demonstrated in the solution
and from media extracted from ASMKO MEF cells. Although
collecting CSF from ASMKO mice would have been preferable
to determine the in vivo mechanism, obtaining sufficient CSF
from mice is challenging. Whether the contact between
nanosensors and SM occurs at the interface with SM-rich
plasma membranes or by interaction with SM circulating the
CSF in nanoscaled structures such as exosomes, synaptic
vesicles, or dense core vesicles67,68 is yet unknown. Nonethe-
less, global identification of ASM deficiencies and subsequent
SM accumulation at the cerebellum level are beneficial for
studying disease progression and drug development applica-
tions. For example, the sensor can be used intracranially to
assess the degree of pathology in ASMD live mice at different
brain regions or different stages.8 The nanosensor can also be
applied in ASMD in vitro models to investigate molecular
mechanisms that may be responsible for neurological
dysfunction and as complementary tools for investigating the
lysosomal environment.30 Additionally, the nanosensor can be
applied to study abnormalities in ASM activity in other
neurological disorders,69 such as Alzheimer’s disease.70 One
potential limitation of this nanosensor is the broad
susceptibility to non-SM lipids such as cholesterol. This
drawback can be mitigated with the selective use of lipidomic
assays that can clarify the lipid profile distributions.
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F.; Şen, S.; Croy, R. G.; Li, D.; Yum, K.; Ahn, J.-H.; Jin, H.; Heller, D.
A.; Essigmann, J. M.; Blankschtein, D.; Strano, M. S. Molecular
Recognition Using Corona Phase Complexes Made of Synthetic
Polymers Adsorbed on Carbon Nanotubes. Nat. Nanotechnol. 2013, 8
(12), 959−968.
(27) Gerstman, E.; Hendler-Neumark, A.; Wulf, V.; Bisker, G.
Monitoring the Formation of Fibrin Clots as Part of the Coagulation
Cascade Using Fluorescent Single-Walled Carbon Nanotubes. ACS
Appl. Mater. Interfaces 2023, 15 (18), 21866−21876.
(28) Williams, R. M.; Lee, C.; Galassi, T. V.; Harvey, J. D.; Leicher,
R.; Sirenko, M.; Dorso, M. A.; Shah, J.; Olvera, N.; Dao, F.; Levine, D.
A.; Heller, D. A. Noninvasive Ovarian Cancer Biomarker Detection
via an Optical Nanosensor Implant. Sci. Adv. 2018, 4 (4), eaaq1090.
(29) Ehrlich, R.; Hendler-Neumark, A.; Wulf, V.; Amir, D.; Bisker,
G. Optical Nanosensors for Real-Time Feedback on Insulin Secretion
by β-Cells. Small 2021, 17 (30), e2101660.
(30) Kim, M.; Chen, C.; Yaari, Z.; Frederiksen, R.; Randall, E.;
Wollowitz, J.; Cupo, C.; Wu, X.; Shah, J.; Worroll, D.; Lagenbacher,
R. E.; Goerzen, D.; Li, Y.-M.; An, H.; Wang, Y.; Heller, D. A.
Nanosensor-Based Monitoring of Autophagy-Associated Lysosomal
Acidification in Vivo. Nat. Chem. Biol. 2023, 1−10.
(31) Harvey, J. D.; Jena, P. V.; Baker, H. A.; Zerze, G. H.; Williams,
R. M.; Galassi, T. V.; Roxbury, D.; Mittal, J.; Heller, D. A. A Carbon
Nanotube Reporter of miRNA Hybridization Events In Vivo. Nat.
Biomed. Eng. 2017, 1 (4), 0041.

(32) Jena, P. V.; Roxbury, D.; Galassi, T. V.; Akkari, L.; Horoszko, C.
P.; Iaea, D. B.; Budhathoki-Uprety, J.; Pipalia, N.; Haka, A. S.; Harvey,
J. D.; Mittal, J.; Maxfield, F. R.; Joyce, J. A.; Heller, D. A. A Carbon
Nanotube Optical Reporter Maps Endolysosomal Lipid Flux. ACS
Nano 2017, 11 (11), 10689−10703.
(33) Galassi, T. V.; Jena, P. V.; Shah, J.; Ao, G.; Molitor, E.; Bram,
Y.; Frankel, A.; Park, J.; Jessurun, J.; Ory, D. S.; Haimovitz-Friedman,
A.; Roxbury, D.; Mittal, J.; Zheng, M.; Schwartz, R. E.; Heller, D. A.
An Optical Nanoreporter of Endolysosomal Lipid Accumulation
Reveals Enduring Effects of Diet on Hepatic Macrophages in Vivo.
Sci. Transl. Med. 2018, 10 (461), eaar2680.
(34) Yang, S. J.; Del Bonis-O’Donnell, J. T.; Beyene, A. G.; Landry,
M. P. Near-Infrared Catecholamine Nanosensors for High Spatio-
temporal Dopamine Imaging. Nat. Protoc. 2021, 16 (6), 3026−3048.
(35) Paviolo, C.; Soria, F. N.; Ferreira, J. S.; Lee, A.; Groc, L.;
Bezard, E.; Cognet, L. Nanoscale Exploration of the Extracellular
Space in the Live Brain by Combining Single Carbon Nanotube
Tracking and Super-Resolution Imaging Analysis. Methods 2020, 174,
91−99.
(36) Godin, A. G.; Varela, J. A.; Gao, Z.; Danné, N.; Dupuis, J. P.;
Lounis, B.; Groc, L.; Cognet, L. Single-Nanotube Tracking Reveals
the Nanoscale Organization of the Extracellular Space in the Live
Brain. Nat. Nanotechnol. 2017, 12 (3), 238−243.
(37) Antman-Passig, M.; Wong, E.; Frost, G. R.; Cupo, C.; Shah, J.;
Agustinus, A.; Chen, Z.; Mancinelli, C.; Kamel, M.; Li, T.; Jonas, L.
A.; Li, Y.-M.; Heller, D. A. Optical Nanosensor for Intracellular and
Intracranial Detection of Amyloid-Beta. ACS Nano 2022, 16 (5),
7269−7283.
(38) Lyu, M.; Meany, B.; Yang, J.; Li, Y.; Zheng, M. Toward
Complete Resolution of DNA/Carbon Nanotube Hybrids by
Aqueous Two-Phase Systems. J. Am. Chem. Soc. 2019, 141 (51),
20177−20186.
(39) Lakowicz, J. R. Principles of Fluorescence Spectroscopy; Springer
Science & Business Media: 2013.
(40) Yang, R.; Jin, J.; Chen, Y.; Shao, N.; Kang, H.; Xiao, Z.; Tang,
Z.; Wu, Y.; Zhu, Z.; Tan, W. Carbon Nanotube-Quenched
Fluorescent Oligonucleotides: Probes That Fluoresce upon Hybrid-
ization. J. Am. Chem. Soc. 2008, 130 (26), 8351−8358.
(41) Pinals, R. L.; Ledesma, F.; Yang, D.; Navarro, N.; Jeong, S.; Pak,
J. E.; Kuo, L.; Chuang, Y.-C.; Cheng, Y.-W.; Sun, H.-Y.; Landry, M. P.
Rapid SARS-CoV-2 Spike Protein Detection by Carbon Nanotube-
Based Near-Infrared Nanosensors. Nano Lett. 2021, 21 (5), 2272−
2280.
(42) Chiu, C. F.; Dementev, N.; Borguet, E. Fluorescence
Quenching of Dyes Covalently Attached to Single-Walled Carbon
Nanotubes. J. Phys. Chem. A 2011, 115 (34), 9579−9584.
(43) Kamble, S.; Agrawal, S.; Cherumukkil, S.; Sharma, V.; Jasra, R.
V.; Munshi, P. Revisiting Zeta Potential, the Key Feature of Interfacial
Phenomena, with Applications and Recent Advancements. Chemis-
trySelect 2022, 7 (1), e202103084.
(44) Brown, M. A.; Goel, A.; Abbas, Z. Effect of Electrolyte
Concentration on the Stern Layer Thickness at a Charged Interface.
Angew. Chem., Int. Ed. Engl. 2016, 55 (11), 3790−3794.
(45) Chang, Q. Colloid and Interface Chemistry for Water Quality
Control; Elsevier Science: 2016.
(46) Larsen, B. A.; Deria, P.; Holt, J. M.; Stanton, I. N.; Heben, M.
J.; Therien, M. J.; Blackburn, J. L. Effect of Solvent Polarity and
Electrophilicity on Quantum Yields and Solvatochromic Shifts of
Single-Walled Carbon Nanotube Photoluminescence. J. Am. Chem.
Soc. 2012, 134 (30), 12485−12491.
(47) Choi, J. H.; Strano, M. S. Solvatochromism in Single-Walled
Carbon Nanotubes. Appl. Phys. Lett. 2007, 90 (22), 223114.
(48) Marín, T.; Dulcey, A. E.; Campos, F.; de la Fuente, C.; Acuña,
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