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Rapid mapping of spinal and supraspinal connectome via self-
targeting glucose-based carbon dots

Yasin B. Seven,*2b Elif S. Seven,~d Emel Kirbas Cilingir,© Komal Parikh,® Mehmet Aydin,? Edward K.
Luca,® Jayakrishnan Nair,f and Roger M. Leblanc®

The spinal cord is a highly dynamic network playing significant roles in vital functions of the brain. Disorders of the spinal
cord, such as spinal cord injury and amyotrophic lateral sclerosis (ALS), are associated with neurodegeneration, often
resulting in morbidity and mortality. The blood-brain barrier (BBB) represents a major challenge against imaging and
therapeutic agents as less than 2% of small-molecule drugs and almost no large-molecule drugs can cross the BBB.
Furthermore, spatial spectroscopy studies show highly heterogeneous BBB crossing with significant accumulation at the
unintended brain regions. Thus, targeting systems that can cross the BBB at the spinal cord and precisely target specific cell
types/populations are vitally needed. Carbon dots can be custom-designed to accumulate at the spinal cord; thus, they offer
great potential as delivery platforms for imaging and therapeutic approaches. Since neurons are metabolically highly active
and rely on glucose, we designed glucose-based carbon dots (GluCDs) with ~4 nm in diameter and glucose-like surface
groups. Thus, we determined the CNS distribution of GIuCDs in three scales: 1. brain regional distribution, 2. cellular tropism
(e.g. neurons vs glia), and 3. intracellular localization. We found that GluCDs: 1) cross the BBB at the spinal cord level, localize
primarily to the spinal cord, and are quickly transported to higher centers in the brain, revealing supraspinal connectome
within 4 hours after systemic delivery (minimally invasive and significantly faster than available technologies); 2) almost
exclusively localize to neurons without the need for targeting ligand (neuronal self-targeting), 3) are confined to late
endosomal/lysosomal compartment in neurons. Then, we verified our findings in a cervical spinal cord contusion injury
model with GluCDs targeting neurons at the injury epicenter. Therefore, GIuCDs can be used as robust imaging agents to
take rapid snapshots of the spinal/supraspinal network. GluCDs nanoconjugates can open new avenues for targeted imaging
of spinal cord injury. These findings can be extended to other spinal disorders such as ALS, spinal muscular atrophy, and

spinal stroke.

The spinal cord plays a significant role in the communication,
data processing, and coordination between the brain and
peripheral nervous system. Motor functions, such as breathing

Delivery of imaging and therapeutic agents across the blood-
brain barrier (BBB) is a formidable problem, limiting the
development of effective neuroimaging and neurotherapeutic
agents.® BBB represents a major obstacle as less than 2% of
small-molecule drugs and almost no large-molecule drugs can
cross the BBB.*> Even the “BBB crossing” small molecules
achieve much
Furthermore, according to spatial spectroscopy studies, these
molecules show highly heterogeneous BBB crossing with
significant targeting at the unintended brain regions or cell
types/populations.” Thus, delivery systems that can cross the
BBB at the desired brain regions and precisely target specific cell
populations are vitally needed.

lower concentrations than the plasma.5’
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and locomotion, and sensory functions, such as pain and touch,
rely on adequately functioning spinal circuits.812 Spinal cord
disorders such as spinal cord injury (SCl), spinal stroke in aortic
surgery, amyotrophic lateral sclerosis (ALS), spinal muscular
atrophy (SMA), Friedreich’s ataxia, and multiple sclerosis are
often associated with neuronal loss and highly dynamic
reorganization of spinal and supraspinal networks.3-16 Despite
the prevalence and severity of these conditions, there is no
rapid and minimally invasive small molecule delivery system
selectively targeting the spinal neurons and associated circuits.

Carbon dots are spherical carbon-based nanoparticles with
tunable physicochemical and optical properties.}’-1° Precursors
and synthetic methods significantly affect the carbon dot
properties and their interactions with the biological
environment,2? leading to differences in tissue distribution and
biological Thus, highly
customizable nanoplatforms, which can be conjugated with
fluorophores, small molecule drugs, and siRNAs for imaging and
therapeutic purposes.?22 Neurons are metabolically very
active; relying primarily on glucose as their energy source. To

interactions. carbon dots are
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Fig. 1 Summary of methods: (A) Flowchart of the methods for GIuCD characterization, in vitro, and in vivo studies. GluCDs were used for in

vitro studies and GluCD-F was used for in vivo studies. Fluorescence imaging performed via epifluorescence and super-resolution confocal

microscopies. (B) Spinal cord contusion was performed at the C4 level.

leverage neurons’ high glucose demand to deliver imaging
agents, we recently characterized ultrasmall, amphiphilic
glucose-based carbon dots (GIuCDs), which are ~4 nm in
diameter, cross

the BBB in vivo and show no measurable cytotoxicity in healthy
cell lines.20.2425 However, the distribution and the behavior of
GluCDs in the central nervous system (CNS) are not yet
described.

In this study, we determined the CNS distribution of GluCDs
in three scales: 1. regional distribution (e.g. spinal cord,
cerebellum, motor cortex, etc.), 2. cellular specificity/tropism
(e.g. neurons, astrocytes), and 3. intracellular localization
(cytoplasmic or a specific organelle). We showed that GluCDs 1.
effectively cross the BBB selectively at the spinal cord level
carrying small molecule cargo and quickly transported to higher
centers in the brain revealing spinal cord connectome faster
than available technologies, 2. almost exclusively localize to
neurons without the need for targeting ligand, and 3. localize to

2| J. Name., 2012, 00, 1-3

late endosomes/lysosomes. In addition, we tested the GluCDs
in a cervical SCI model and observed that GIuCDs penetrate to
injury epicenter and target neurons when administered
intravenously after cervical SCI. Our findings indicate GluCDs
nanoconjugates open new avenues for targeted imaging and
treatment of SCI. These findings can be extended to other spinal
disorders, such as ALS, SMA, and spinal stroke.

Results and Discussion
Glucose Carbon Dot Characterization

Following synthesis and purification, GluCDs were lyophilized to
obtain a dry powder. The physical appearance of the GluCDs
after lyophilization was brownish. GIuCD yield was ~0.4% per
initial d-glucose weight. To evaluate the utility of the GluCDs
beyond initial synthesis, we next assessed their long-term
stability. We observed comparable fluorescence intensities and
central nervous system distribution of freshly prepared (Supp.

This journal is © The Royal Society of Chemistry 20xx
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Fig.2 Characterization of glucose carbon dots: (A) Representative
transmission electron microscopy image (Scale bar: 10 nm) (B) FTIR- (C) and

UV/Vis spectra.

Fig.3) and 2-year-old batches?%, indicating strong stability.
Furthermore, the photoluminescence intensity of GIuCDs
remained stable and did not quench after repeated imaging
using fluorescence or confocal microscopy. PL of GIuCDs is
excitation-dependent, whereas the PL of GIuCD-F is excitation
independent (Supp Fig.3) consistent with our previous work.?>
We conducted additional characterization of CDs as a quality
control measure to confirm batch-to-batch consistency of
synthesis.20:24.25

Our earlier studies have characterized GIluCDs and
conjugates, extensively including UV/vis, PL, FTIR-ATR, XPS and
Raman spectroscopy, TGA, TEM and AFM.20:2425 Fig. 2A shows a
representative image from TEM showing round-shaped GluCDs.
The diameters of GIuCDs used in the studies are within the
range of 3 to 8 nm.?° GluCDs were covalently conjugated to
fluorescein (GluCD-F), and characterized earlier2%2> to test the
cargo loading and enhance the fluorescence intensity.20:24.25
Fourier-transform infrared (FTIR) spectrum of GluCDs is shown
in Figure 2B. The wide prominent peak centered around 3335
cm™ is consistent with hydroxyl groups (-OH stretch) in all
samples. The sharp peak at 1020 cm™ is mainly due to C-O
stretching in C-O-C and C-O-H bonds. The peaks at 1703 nm and
1610 nm correspond to C=0 and C=C bonds, respectively.
UV/vis spectrum (Fig. 2C) shows two bands between 200 nm

This journal is © The Royal Society of Chemistry 20xx
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and 300 nm, suggesting m-it* transition likely due, to aromatic
ring formation.2° DOI: 10.1039/D5NR02670A

Glucose Carbon Dots Target Spinal Neurons with High Specificity
and Localize to Late-Endosomal/Lysosomal Compartment

After GIuCD-F administration via tail injections, initial
observations suggested GIuCD-F presence throughout the
spinal cord, most likely due to the higher permeability of the
BBB at the spinal cord level.?5-28 In contrast, only a few centers
were targeted in the higher brain centers. In imaging studies, 45
minutes after intravenous delivery, the fluorescence intensity
was minimal at the cervical spinal cord. However, four hours
following delivery, significant green fluorescence was observed
in the grey matter, which remained for at least 5 days (the
longest time point verified).

Next, GIuCD-F was co-immunolabelled with a neuronal
marker (NeuN), astrocytic marker (GFAP), or microglial marker
(IBA1) to study the cellular specificity. Fig. 3A and B show that
GIuCD-F is almost exclusively colocalized with NeuN+ neurons
and distributed in a granular fashion in the perinuclear
compartment of the cytoplasm. Thus, once internalized at the
cell membrane, GIuCDs are retrogradely carried to the
perinuclear region. We quantified the ratio of fluorescein
fluorescence in cell marker-labelled regions to the fluorescence
in the entire image. Approximately 94.5% of the total
fluorescence is observed within the NeuN+ areas, displaying
strong neurotropism (Fig. 3C). NeuN labelled neuronal nuclei
and cell bodies (somata). We observed that NeuN labels
neuronal nuclei and somata, but not distal dendrites and axons,
indicating that this number is conservative. Astrocytes did not
detectably contain GluCDs, whereas microglia contained <5% of
the GIuCDs. To support the colocalization analyses, we
performed a 2-dimensional Pearson’s correlation coefficient
between each cell marker with GluCDs (Fig. 3D). GluCD-treated
astrocytes and microglia were indifferent than saline controls
(0-15%). In contrast, neurons showed significant correlation
with GluCD (~40%). GIuCDs localize to nearly all neurons in the
cervical spinal cord rather than a subset of them. Two observers
counted 98.3% of NeuN+ neurons contained GIuCD with a range
of 95.9-100% per spinal cord section. Overall, GluCDs were
effectively crossing the blood-spinal cord barrier and localize
extensively to spinal neurons rather than glia (Fig. 3,
Supplementary Fig. 1). Neuroimmune response is a major
concern for viral targeting methods?® and non-functionalized
nanomaterials crossing the BBB as they are frequently
scavenged by macrophages and microglia.3%33 Hence
nanomaterials escaping microglia are crucial to target other cell
types in the CNS, such as neurons. Here, we leveraged neurons’
high glucose demand to deliver GluCDs with glucose-like surface
groups; suggesting self-targeting property.?> Furthermore,
microglia do not show proinflammatory phenotype suggesting
favourable biocompatibility. Lastly, we generated rat dorsal
root ganglion (DRG) cultures to confirm if GluCDs have the
ability to target neurons outside the BBB. Fig 3E shows that rat
DRG neurons are positive for GluCDs.

To determine the intracellular localization, we performed
LAMP1 immunohistochemistry. LAMP1 is a late endosomal and
lysosomal marker. Fig. 4 shows nearly complete overlap
between GluCDs and LAMP1, suggesting that GIuCDs localize to
late endosomes and lysosomes. Of particular note, GluCDs are
distributed homogeneously in the perinuclear compartment
with some polarized clustering of lysosomes (Fig. 4A-B,

J. Name., 2013, 00, 1-3 | 3
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Fig.3 Neuronal colocalization of glucose carbon dot-fluorescein (GluCD-F) conjugates in the cervical spinal cord following intravenous delivery. (A) Representative
histological sections following GIuCD-F (top panels) or saline (bottom panels) administration. In the left panels, neurons are labelled with NeuN (red). Middle
panels show GluCD-F localization (green). The right panels show the colocalization via the overlay. GIuCD-F colocalize with neurons. Scale bar: 25 um (B) Zoomed-
in view showing the neuronal colocalization and the granular distribution of GIuCD-F. Scale bar: 25 um (C) Approximately 95% of all fluorescence colocalize with
neurons. ~4% colocalize with microglia. (D) Pearson's cross-correlation coefficients between red and green channels are shown by image to determine the
distribution by cell types. The of GluCD-F correlates with neuronal marker, but not others. (E) Histological visualization of GluCD-F treatment in rat DRG neuron
cultures. The first figure is a brightfield overview. Nuclei are shown by DAPI (blue). Green fluorescence shows the GluCD-F uptake. Scale bar: 100 um

Supplementary Fig. 2). Finally, we also confirmed the
intracellular GluCD distribution via 3D super-resolution confocal
microscopy (Supplementary video). These results suggest that
GIuCDs can be used for imaging of neuronal lysosomes, which
can be invaluable for studying spatial lysosomal dynamics.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr02670a

Page 5 of 11

Open Access Article. Published on 21 July 2025. Downloaded on 8/9/2025 5:57:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Glucose Carbon Dots Rapidly Reveal Supraspinal Connectome
within 4 hours, Much Faster Than Previously Established
Techniques

GluCD localization studies in the medulla, midbrain, cerebrum,
and cerebellum showed that GIuCD localization is not as
extensive as in the spinal cord and does not follow a diffuse
pattern when present. Often, GIuCDs target a particular band or
a focal area of neurons but not the adjacent centers.
Furthermore, GluCDs are localized in neurons to specific brain
centers, mostly with direct connections to the spinal cord. The
primary areas of GIuCD targeting were the area associated with
premotor neurons in the medulla, thalamus, lamina/layer V at
the cerebral cortex, and some olfactory areas such as the
piriform cortex.’® Fig. 5 shows the lamina V and thalamus
labelling, which is not a diffuse pattern but a select group of
cells. These connections are likely direct sensory or motor
connections to the spinal cord. In addition, some neurons
indirectly connected to the spinal cord, such as Purkinje
neurons were also GIuCD+, suggesting the possibility of GluCDs
crossing the synapses to higher order neurons.

GIuCD targeting occurs at most within 4 hours after
intravenous administration and lasts up to 5 days (maximum
time-span experiments were conducted). In comparison,
retrograde labelling methods commonly used often take 2-14
days. Some examples of these traces are fluorogold (3-13
days3437), fast blue (3-14 days3841), cholera toxin beta subunit
(2-3 days*2*3), wheat germ agglutinin (2-3 days***’), pseudo-
rabies virus (24-48 hours*833). More recent methods of AAV-
mediated retrograde labelling are invasive and take 7-14 days.
A recent elegant study of AAV-mediated supraspinal
connectome tracing needed 2-4 weeks post-spinal injection.’3
We observed significant overlap in the brain regions labelled
between intraspinal AAV injections of Wang et al. and our rapid

Intracellular Biodistribution
A. B.
100+
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60

% Cells

40
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Perinuclear Both Polar
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LAMP1 GluCD Overlay

minimally invasive (intravenous) method. Thus, GluCD method

Fig.4 Intracellular distribution of glucose-based carbon dots (GIuCDs). (A)
Cervical spinal distribution of GluCDs showing neuronal features. (B)
Perinuclear symmetric distribution with polarization is the most common
intracellular distribution. (C) GIuCDs are colocalized with LAMP1-positive
intracellular vesicles, i.e., late endosomes / lysosomes. Scale bars: 50 um (A)
and 10 um (C).
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offers a minimally invasive method, which provides a spapshat
of supraspinal connectivity faster than bhe currentinebhods,
This method can be very useful to elucidate highly dynamic
neural architecture of the spinal and supraspinal pathways in
health and disease.3

A. Cortex: Lamina V

B. Cerebellum: Purkinje Cells

Fig.5 Representative images of glucose carbon dot targeting the supraspinal
network. (A) Cortex: Layer V neurons are selectively positive for GluCD. Other
layers are devoid of GIuCDs (green). (B) Purkinje cells in the cerebellum are
GluCD-positive. Scale bars: 100 um (A) and 30 um (C).
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Glucose Carbon Dots Penetrate to Injury Epicenter and Maintain
Neurotropism after Cervical Spinal Cord Contusion Injury

An important problem involving the spinal cord is the SCI. Cervical
SCl is very commonly observed in vehicle accidents, where the blood
supply to the spinal cord is impaired via acute hypotension and
disruption to the local microvasculature, followed by coagulation.
Thus, blood flow is the most impaired in the areas where
therapeutics are needed the most. To determine the targeting
efficacy of GIuCDs to the epicenter of the SCI, we performed mid-
cervical spinal contusion at C3/4 segment and waited 3 hours to
administer GluCDs; much longer than expected for coagulation to
take place. Four hours after administration, we determined the
biodistribution of the GIuCDs in the spinal cord. Similar to intact
animals, GluCDs were present in neurons after injury (Fig. 6).
Neuronal fluorescence intensities were stronger in the soma and
dendrites at the injury epicenter, suggesting that neuronal GluCD
uptake is enhanced with acute SCI.

GluCD penetration following spinal contusion

Contusion
Epicenter

Grey
matter

White
matter

Fig.6 Representative image of a longitudinal section of cervical spinal cord
with glucose carbon dot (GluCD) treatment after mid-cervical spinal contusion
injury. Neuronal somata (grey matter) are GluCD-positive. Scale bar =200 um

Conclusion

The BBB and innate immune responses are major obstacles in the
delivery of imaging agents and therapeutics for various neurological
disorders. Therefore, it is crucial to develop minimally invasive and
less immunogenic delivery platforms that can effectively and
robustly cross the BBB and reach the CNS. Here, we are reporting
glucose-based carbon dots, which can cross the BBB selectively in the
spinal cord likely due to increased permeability of the BBB at the
spinal cord 26-28 (Figure 7A & B). Furthermore, GluCDs localize to
spinal neurons with high specificity (Figure 7). Then, GluCDs
retrogradely target the supraspinal network following the spinal
route (Figure 7B); more rapidly than currently available techniques.
Intracellularly, neuronal lysosomes appear to be the target organelle
(Figure 7C). Importantly, GluCDs effectively penetrated into the
spinal contusion injury epicenter. Thus, GluCDs may be effective
imaging and therapeutic delivery tools for the neurological disorders
of spinal cord.

6 | J. Name., 2012, 00, 1-3
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Experimental

Materials and Instrumentation

D-glucose and NaOH pellets (98.5 %) (nitrogen flushed,
hygroscopic) were purchased from VWR International, LLC
(Radnor, PA) and Acros Organics, respectively. DI-H,0 with a
resistivity of 18 MQ-cm at 20.0 + 0.5°C and surface tension of
71.2 mN-m~! was used for all reactions and purification steps
(Direct-Q 3 water purification system; EMD Millipore Corp.;
Chicago, IL). Pre-treated Spectra/Por 7 dialysis membrane
tubing (1 kDa MWCO, Spectrum Laboratories Supply, Inc.,
Rancho Dominguez, CA) and syringe filters (0.2 um, VWR,
Radnor, PA) were used for GluCD purification. The samples were
lyophilized using a FreeZone 4.5 L cascade benchtop freeze dry
system (Labconco, Kansas City, MO). All agueous CD samples
were sonicated prior to characterization using a Branson 1510
ultrasonicator (Gaithersburg, MD). All chemicals were used as
received without further purification.

Carbon Dot Preparation

GluCDs are prepared using a bottom-up approach with glucose
as the sole precursor via our previously published hydrothermal
carbonization method.?%2425 Hydrothermal carbonization was
performed in a Teflon-coated autoclave reactor with glucose
dissolved in ultrapure water at a final concentration of 10%
w/w. The reaction temperature was set to 200°C for a duration
of 5 h. After the reaction, everything in the reactor was
transferred to a centrifuge tube and centrifuged at 3000 rpm, at
4°C for 20 min. The supernatant was syringe-filtered to get rid
of all the leftover precipitation. The filtered solution was
neutralized using a super-saturated NaOH solution. Finally, the
sample was lyophilized to yield a solid product. GIuCD-F

This journal is © The Royal Society of Chemistry 20xx
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conjugates were prepared with EDC-NHS ester conjugation
using our previously published medhod.?®

Characterization of Carbon Dots

UV/vis absorption spectra of CDs dispersed in DI-H,O were
acquired using a Cary 100 UV/vis spectrophotometer (Agilent
Technologies, Inc.; Santa Clara, CA, USA) and a semi-micro-
quartz cuvette with 1 cm pathlength and two dark walls (Starna
Cells, Inc). Photoluminescence (PL) emission spectra were
obtained employing a Horiba Jobin Yvon Fluorolog-3 (Horiba,
Ltd.; Piscataway, NJ, USA) with a slit width of 5 nm for both
excitation and emission. A quartz cuvette with all clear walls and
a 1-cm pathlength (Starna Cells, Inc) was used for the PL
emission measurements. Data analysis and plotting were done
using ORIGIN Software (OriginLab Corp., Northampton, MA).
Fourier-transform infrared spectroscopy equipped with
attenuated total reflection accessories (FTIR-ATR, Perkin Elmer,
Inc.; Waltham, MA, USA) was used to acquire FTIR spectra of
lyophilized CDs with air as background.

A JEOL 1200x transmission electron microscope (TEM) was
used for morphological studies using a carbon-coated copper
grid. A drop of the aqueous CDs solution placed on the grid and
air dried before imaging.

Rat Dorsal Root Ganglion Cultures

Rat dorsal root ganglion (DRG) neuron cultures for bioimaging
studies were generously provided by Yelena Pressman at the
University of Miami. DRG neurons were isolated from the dorsal root
ganglia of embryonic rats (E15) according to an established
protocol.’® DRG neurons were plated on poly-L-lysine/laminin-
coated 24-well (Corning, NY, US) plates in neurobasal media
supplemented with B-27, L-glutamine and nerve growth factor
(Gibco). Cultures were treated with 10 uM fluorodeoxyuridine to
prevent contamination. First, to show viability of neurons in the
culture immunocytochemistry was performed for neurofilament and
B-Tubulin. One week after isolation, neurons were treated with 500
UM concentration of GluCD-Fluorescein for 24 hours, followed by
PBS washes, and pre-fixed with a couple of drops of fresh 4%
paraformaldehyde (PFA) for 5 minutes. PBS and PFA were aspirated
gently, and neurons were post-fixed with fresh 4% PFA for 10
minutes, followed by PBS wash (2x). After fixation, we blocked the
DRGs with 5% bovine serum albumin (BSA) with 0.6% Triton-X100.
Primary antibodies targeting neurofilament (Thermo Fisher
Scientific, Waltham, MA) and B-tubulin (Cell Signaling, Danvers, MA)
were applied. For negative controls, neurons were incubated with
antibody diluent only (2.5% BSA, 0.3% Triton-X100 in PBS). Secondary
antibodies, Alexa Fluor 594 goat anti-mouse and Alexa Fluor 488 goat
anti-rabbit (Thermo Fisher Scientific, Waltham, MA), were then
applied. One drop of antifade reagent with DAPI was added and one
cover slip was inserted carefully on top of each well before imaging
with an EVOS Floid Cell Fluorescent Microscope.

Animals

Animal experiments were approved by the Institutional Animal
Care and Use Committee at the University of Florida in

This journal is © The Royal Society of Chemistry 20xx
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accordance with the National Institutes of Health Guide andUse
of Laboratory Animals. 19 adult male Spraglel DH&eY Yatdz0éve
studied (~350-400 g, Harlan, Indianapolis IN, Colony 208A). Rats
were maintained on a 12-h light/dark cycle with access to food
and water ad libitum.

Intravenous Injections

Anesthesia was induced in a gas chamber (2.5% isoflurane in
02) and maintained via a nose cone (2% isoflurane in 02) on a
surgical heating pad. Intravenous (IV) injections were
performed at the lateral tail vein as described earlier.>>°¢ Tail
vein was catheterized (24 Gauge; Surflash, Somerset, NJ) and
administered with GIuCD-F conjugate in sterile saline (0.9%
NaCl) or vehicle. The total dose of GIuCD-F was 10 mg/kg at 2
mg/ml (mass/volume). Then, the intravenous catheter was
removed, and the injection site was pressurized until bleeding
stopped. Rats were kept awake for 45 min (imaging), 4 h
(imaging) or 7 days (imaging and toxicity, Supp. Fig. 4). In
addition to cellular toxicity analyses??, no abnormal signs of
stress were observed in vivo. Weight gains were normal for 7
days after GIuCD delivery and microglia were not activated.

C4 Spinal Contusion

Anesthetic and surgical preparation methods have been
previously described.>”-%0 First, anesthesia was induced in a gas
chamber (3% isoflurane in O,) and maintained via a nose cone
(2-2.5% isoflurane in O,) during surgery. The adequacy of
anesthesia was verified by the absence of toe pinch reflex. A
heating pad was used to maintain the body temperature.
Artificial tears were applied, and nails were clipped. Meloxicam
(2 mg/kg) was administered subcutaneously to minimize
inflammation. The surgical area was shaved and cleaned with
betadine.

Following a cervical incision from the base of the skull to the
C6 segment, C4 spinal cord was exposed via laminectomy while
keeping the dura intact. A midline contusion was performed
using the Infinite Horizons Impactor (Precision Systems and
Instrumentation, LLC, Lexington, KY) after the spine was
stabilized via 2 forceps near C3 and C5 levels.61%* A 1.3 mm-
diameter tip was used to deliver 125 kdyn force with 0-s dwell
time. Probe force and displacement were measured in real-time
to ensure no accidental bone impacts occurred. Following
contusion, muscles were sutured, and skin was closed with
wound clips. Sterile lactated Ringer’s solution (5mL) was
administered subcutaneously for fluid loss due to surgery.
Nanoconjugates were delivered IV 3 hours after injury. Rats
were sacrificed at 7 h post-injury for further analyses.

Histology and Immunolabeling

All rats were perfused transcardially with 0.01 M PBS (4°C, pH
7.4) followed by 4% paraformaldehyde (PFA) in 0.01 M PBS (4°C,
pH 7.4) at the terminal time points. Brain and spinal cord were
harvested, fixed in 4% PFA (4°C, pH 7.4) overnight, and
cryoprotected in 20% followed by 30% sucrose solution (4°C).
Harvested tissues were protected from light as possible. All
tissues were sectioned in the transverse plane using a freezing
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microtome (40-um thickness; SM2010R, Leica; Buffalo Grove,
IL). Sectioned tissue slices were stored in antifreeze solution
(30% glycerol + 30% ethylene glycol + 40% 0.1 M PBS) at —20°C.
more than 6 cervical spinal samples and 8 medulla samples
were uniformly selected for histological analyses.®°

Immunohistochemistry was performed to label different cell
types in the cervical spinal cord. Each cell marker protein was
immunolabeled in a single batch to reduce batch-to-batch
variability. Tissues were triple-washed in PBS (0.1M, pH 7.4) and
incubated with 5% normal donkey serum (NDS), 0.1% bovine
serum albumin, and 0.1% Triton X-100 in 0.1 M PBS (PBS-Tx) for
1 h. Then, tissues were incubated with one of the following: 1)
mouse anti-NeuN (Neurons, 1:500; catalog no: MAB377,
Millipore Sigma), 2) rabbit anti-GFAP (Astrocytes, 1:1000,
catalog no: AB5804, Millipore), 3) mouse anti-IBA1 (Microglia,
1:500, catalog no: MABN92, Millipore), and 4) rabbit anti-
LAMP1 (Late endosomes/lysosomes, 1:250, catalog no: 9091,
Cell Signalling) primary antibodies in 2.5% NDS with PBS-Tx at
4°C for 2 overnights. Tissues were triple-washed in PBS and
incubated in donkey anti-mouse or donkey anti-rabbit (594,
1:500, Thermofisher) secondary antibodies, 2.5% NDS, and PBS-
Tx at room temperature for 2 h. After the final wash, tissue
sections were mounted on charged slides (Fisher) with hard-set
anti-fade medium (Vector Labs) and cover-slipped. On a
separate set of control tissues, no immunohistochemistry was
performed to confirm if the nanoconjugate distribution in
immunohistochemistry-treated and untreated tissues were the
same.

Image Acquisition and Analysis

Tissue sections were imaged via epifluorescence and siper-
resolution confocal microscopies. First, imaging was performed
using an epifluorescence microscope with a 20x PlanApo lens
(Keyence BZ-X700, Keyence Corporation of America, ltasca, IL).
GluCD-Fluorescein conjugate was imaged at the excitation and
emission wavelengths of 470/40 nm and 525/50 nm (GFP filter:
0OP-87763). Cell markers were imaged at the excitation and
emission wavelengths of 560/40 nm and 630/75 nm (Texas red
filter: OP-87765). For each image set (e.g., Neuronal marker +
GluCD-Fluorescein), the image acquisition settings were used
for both vehicle and treatment groups. We determined
nanoconjugate  colocalization using 3 methods: 1)
%Colocalization: Determining the total nanoconjugate
fluorescence intensity within a cell type divided by the overall
total nanoconjugate fluorescence intensity, 2) Pixel-to-pixel 2-
dimensional cross-correlation between nanoconjugate
fluorescence intensity and cell marker intensity with MATLAB,
and 3) Cell-by-cell classification of nanoconjugate
positive/negative cells by 2 independent operators. We
confirmed our intracellular localization and distribution findings
using a Nikon CSU-W1 SoRa super-resolution confocal
microscope (112x, 40x lens, 2.8x intermediate magnification,
488 nm). Furthermore, we quantified the symmetry of the
intracellular distribution of the nanoparticles. Student’s t-test
was used to test the effects of nanoconjugate treatment
compared to the vehicle group (SAS JMP Inc, Cary, NC).
Differences were considered significant if p<0.05.
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