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Abstract

Dysregulated lipid metabolism contributes to neurodegenerative 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 
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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 non-invasive near-infrared spectroscopy. This work portends a tool to improve 

drug development processes in NPA, other lysosomal storage diseases, and neurodegenerative 

diseases.
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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 hepatosplenomegaly, 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 phosphorylcholine. 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 intracellular calcium10, 

and autophagy.11 Neurons deficient in ASM are also characterized by increased SM in 

the plasma membrane, unpolarized distribution of proteins, dendritic spine anomalies12, 

and impaired synaptic vesicle docking.13 Together, these effects highlight the importance 
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of ASM for normal brain activity and may contribute to the pathological phenotype of 

cognitive deficits of NPA patients. The significant effect of ASM on neurological activity is 

also evident by the fact that minimal ASM activity, such as that in Nieman-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. However, these methods 

do not map the localization and 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 metabolism17–19. 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 trafficking21; however, the conjugated fluorophore may change the native activity of 

the lipids.

The utilization of fluorescent imaging methodologies for the quantification of 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 of 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 biosensors are a cutting-edge technology 

with unique features. Their intrinsic near-infrared-II (NIR-II) emission, ranging from 1000 

to 1700 nanometers, 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 auto-fluorescence in 

biological tissues. Engineered SWCNTs, achieved through surface functionalization,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 beta37.
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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 the 

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 nano reporter 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 the 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 enables endolysosomal localization without 

adversely affecting cell viability and organelle function.32,33 Therefore, we enriched the 

nanotube reporter 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 denote 

ssCTTC3TTC-(9,4) sensor as lipid reporter henceforth) (Figure 1B). We note that, in 

accordance with our previous reports32,33, the enrichment of the (9,4) chirality yields a 

larger change in central wavelength compared to unseparated solutions (Figure S1.C). 

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 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-transfer39, 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-hour incubation with SM, 

validating the importance of incubation with SM, to reach binding equilibrium between 

SM and the lipid reporter (Figure S1.D). Next, we studied the surface chemistry changes 

of the reporter upon incubation with SM by monitoring the particle size via dynamic light 

scattering. Since 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 (Figure 1F–G, 

Figure S2). Together, these experiments provide further evidence of the reporter mechanism, 

in which SM is absorbed to the nanotube surfaces. Such proximity between hydrophobic 
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molecules such as SM and nanotube surfaces change the nanotube’s local dielectric constant 

and photoluminescent energy shifts.46,47

We investigated the response of the lipid reporter to 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 [10uM].48,49 We confirmed the 

NPA phenotype differential accumulation of C11-SM (Figure 2A–B). Upon incubation of 

the lipid reporter, local intracellular internalization was observed (Figure 2C),

Recent papers found that ASM deficiency is accompanied with 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 therefor 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 visualization of the nanotube reporter 

localization, measurements in a high-throughput spectroscopy instrument can diminish 

data acquisition time and enable fast screening of biologically distinct tests. In a high-

throughput NIR-spectroscopy instrument, 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 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 

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 to 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 
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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 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 lower difference in lipid content 

in cell media. Alternatively, it can be attributed to non-specific 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 

4A–B) We used an ASM knock-out (ASMKO) transgenic mouse model that expresses NPA 

phenotypes including neurodegeneration.9,56 Spectra recorded through intact cranium from 

the cerebellum region were compared between ASMKO and WT mice. In all experiments 

(marked as hued 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 amount of nanotubes near the injection site (Figure 

4E, F). We noted that injecting the nanosensors in 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 oligonucleotide CTTC3TTC, as described in our previous 

reports.32,33 In our previous results we showed that the optical shift correlated with 

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 as well as the amphiphilic properties of the lipids, properties 

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 cell and mouse models. We used 
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the nanosensor to report the retrieval of normal ASM activity in cell models, validating 

the potential of the nanosensor to be used 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 measurements33. The therapeutic treatments that we used for in-vitro studies, 

such as imatinib, show limited effects in vivo due to poor penetration through the BBB,58,59 

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 reports33. 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 samples57. Here, we found that 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 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 nano-scaled structures such as exosomes, synaptic vesicles, or dense 

core vesicles,67,68 is yet unknown. Nonetheless, global identification of ASM deficiencies 

and subsequent SM accumulation at the cerebellum level is beneficial for studying disease 

progression and drug development applications. 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 lysosomal enviorment.30 Additionally, the 

nanosensor can be applied to study abnormalities in ASM activity in other neurological 

disorders,69 such as Alzheimer’s disease70. 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 lipid profile distributions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of the lipid reporter and Sphingomyelin- interaction.
(A) The 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 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 [10μM] for 1 hour at 37°C. n = 3, mean ± SD. (E) 
Zeta potential measurements of the lipid reporter and the lipid reporter incubated with SM 

[10μM] for 1 hour 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) addition of 

SM. Scale bar 20 nm. (G) The average height of the lipid reporter and the lipid reporter 

incubated with SM [10μM] for 1 hour 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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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 overlayed with near-infrared emission 

of ssCTTC3TTC-(9,4) SHSY-5Y cells. Scale bar = 25 μm. (D) Emission spectra of 

ROIs denoted on the images in (C). Spectra were smoothed and normalized. (E) Center 

wavelength of ssCTTC3TTC-(9,4) 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>5wells).
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Figure 3. The 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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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 in 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 hues) (D) Representative emission spectra of the 

lipid reporter from cerebellum slices of WT and ASMKO mice. (E) Immunofluorescence 

image of 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 = 50μm (F) Near-infrared hyperspectral map of reporter emission center 

Antman-Passig et al. Page 16

Nano Lett. Author manuscript; available in PMC 2024 December 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://BioRender.com


wavelength overlayed with brightfield image in ASMKO mouse cerebellum, corresponding 

to panel E. Scale bar = 25μm. Spectral bar = 1130–1160 nm.
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