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Introduction

Spinal cord injury (SCI) constitutes a significant clinical challenge with profound impacts on
patients' quality of life, characterizedby limited functional recovery under current therapeutic
approaches.This limitation stems primarily from the complex nature of lesions in the central
nervous system (CNS), whose capacity for repair is markedly more restricted than that of the
peripheral nervous system (PNS)(Huebner and Strittmatter, 2009). In spinal injury, the local
microenvironment plays a decisive role, paving a progressive, chronic inflammatory response,
neuronal and glial apoptosis, axonal demyelination, and reactive astrogliosis (Quraishe et al., 2018).
This extrinsic contribute, in addition to the low regenerative potential of mature CNS
neurons(Fawcett, 2020), contribute to the failure of neuronal regeneration in SCI (Filous and

Schwab, 2018).

The aim of this project is to propose an innovative strategy to counteract one of the major inhibitory
components of neural regeneration by integrating nanomedicine, molecular biology, and applied
neuroscience.Specifically, the signalling cascade under investigation is the one activated by

chondroitin sulphate proteoglycans (CSPGs), which, by binding to specific receptors on the neuron



membrane, trigger inhibitory pathways that prevent the neurons from extending and reconnecting

with their target(Sharma et al., 2012; Ohtake and Li, 2015).
The Cleave&Elongate method

The model system chosen consists of mouse hippocampal neurons, resident neuronal cells of the
brain, ideal for in vitro studies within the CNS. To target the inhibitory component, nanocomplexes
were employed, comprising gold nanoparticles (GNPs) functionalized with the Cas13d protein. The
use of a nanocomplex aims to facilitate protein internalization and delivery (Rana et al., 2012;
Daraee et al., 2016). When guided by an appropriate guide RNA (gRNA), Cas13d cleaves a specific
mRNA, thereby potentially reducing the expression of a given protein(Gupta et al., 2022; Zhang et
al., 2019; Konermann et al., 2018).In this project, the nanocomplex was designed to target the
specific receptor of the inhibitory signal cascade triggered by CSPGs, namely Protein Tyrosine
Phosphatase Receptor-type Sigma (PTPc)(Shen et al., 2009; Sharma et al., 2012).

The aim is to assess a possible phenotypic rescue and, specifically, the capacity of CNS neurons to
regenerate even in the presence of an inhibitory molecule, potentially re-establishing connections
with their target. The method proposed in this project is the Cleave&Elongate (C&E) approach,
whereby the delivery of Casl3d-functionalised GNPs will enable the cleavage of mRNA encoding
PTPo, thereby reducing receptor expression levels and allowing the neuron to elongate and cross

the inhibitory environment.

Results
CSPG signaling inhibits axonal outgrowth in dose-dependent manner

To reproduce the inhibitory environment typical of CNS lesions, hippocampal neurons were treated
with different concentrations of CSPGs. The objective of the dose-response assay was to identify
the ideal concentration to inhibit neuritic growth without inducing excessive cytotoxicity. To do
this, we followed a protocol already published by the team (Capitanini et al., 2025). Specifically, we
tested three CSPG concentrations (0.5 pg/mL, 1 pg/mL, and 1.5 pg/mL) and measured axonal

length to demonstrate consistency with previous works.

For the CSPG treatment, glass coverslips were first coated with 100 pg/ml Poly-L-Lysine (PLL).
After overnight incubation, they were coated with 0.5 - 1.5 pg/ml of CSPGs for 90 minutes at 37
°C.Hippocampal neurons isolated from post-natal (P)l mice were mechanically and chemically

dissociated and plated on CSPG-precoated and uncoated (control) coverslips in an adhesion



medium consisting of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 2 mM GlutaMAX and 100 TU-ml™" penicillin / 100 ug ml™" streptomycin.

After four hours, the adhesion medium was replaced with growth medium composed of
Neurobasal-A medium supplemented with 2% B27 and 2 mM GlutaMAX and 50 IU ml™" penicillin,
50 pg ml™' streptomycin.

At day in vitro(DIV) 3, cultures were fixed in 4% paraformaldehyde (PFA) for 10 min and washed
three times with DPBS. Samples were permeabilized in 0.5% Triton X-100 for 10 min at RT and
then blocked in 5% serum, 0.3% Triton X-100 in DPBS for 1 h at RT. As primary antibody, anti-f}-
tubulin (#T8578, Sigma) was used, diluted in 3% serum, 0.2% Triton X-100 in DPBS. After
overnight incubation at 4 °C, samples were washed and incubated for 1 h at RT with a secondary
antibody solution containing the secondary antibody (#A11029, Thermo Fisher Scientific) and
Hoechst 33342 supplemented with 3% serum and 0.2% Triton X-100 diluted in DPBS. Then, glass

coverslips were mounted and stored at 4°C until use.

Images were acquired on a Nikon Eclipse Ti inverted microscope using a 10x objective. Fields were
selected randomly along the edge of the coverslip, and neurite lengths were measured with a Fiji

plugin namely NeuronJ (Figure 1A)(Meijering et al., 2004).

As expected, CSPG treatment induced a dose-dependent reduction in axonal length compared to the
control condition: neurons grown on 1.5 ug/mL CSPGs showed 45% in length reduction compared
with controls (Figure 1B). Therefore, for subsequent experiments, we decided to prioritise the
intermediate concentration (1 pg/mL: =30% reduction in axonal length compared to the control) as
starting point. However, higher and lower concentrations (1.5 and 0.5 pg/mL, respectively) may be

included as further controls in future experiments.
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Figure 1. CSPG substrates inhibit axonal outgrowth of mice hippocampal neurons. (A)Representative images of
hippocampal neurons cultured on PLL-coated surfaces (CTRL) or PLL/CSPG-coated (1 pg/mL) surfaces (TUBBIII
staining) analyzed with NeuronJ software. Scale bar: 150 um. Insets: scale bar = 50 um. (B) Axon length of neurons
stained for BIII-tubulin in the absence and in the dose-dependent presence of CSPG. Data from 4 biological replicates;
N=~60 axons. Data are expressed as mean +SEM and analyzed by one-way ANOVA (NS >0.05; multiple comparison
Dunnett's test: **** p <0.0001).

Casl3d Protein Expression and Purification and Design of sgRNA for successful mRNA target in
primary CNS neurons

The Cas13d protein was expressed in Escherichia coli BL21 Rosetta cells transformed with the
expression vector pET-28b-RfxCas13d-His. The cellular lysate was then loaded onto a nickel resin,
which selectively captures the His-tag through chemical affinity for the metal ion. After removing
bacterial contaminants with washing buffers, the target protein was finally eluted in purity by
applying a high concentration of imidazole, which competes for binding to the metal. Additional
quality controls were performed via SDS-PAGE and Western Blot, while protein concentration was

assessed using a colorimetric assay (BCA assay).



Using the NCBI database, we identified the initial nucleotide sequence of the mouse PTPo
transcript, common to all isoforms. Subsequently, we evaluated potential folding patterns and
unstructured regions of this sequence using the RNAfold web server bioinformatic software
(ViennaRNA Web Services,http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi), thereby
identifying regions accessible for Cas13d binding. In parallel, we queried a second bioinformatic
tool, casl3design(https://cas13design.nygenome.org/(Wessels et al., 2020; Guo et al., 2021)):
aflexible tool to design Casl3d guide RNAs, to identify guides with maximal efficiency and
minimal off-target potential. The best guides targeting the regions of interest within the transcript
were assessed for secondary structure using the RNAfold web server. This process led to the

selection of two specific guides:

e 5-GGGGCUCUUCCUCGUACUGCUGG-3'
e 5-UGGAGUGUCGGGAGGCGUGGCCU-3’

GNPs are not toxic for primary CNS neurons

In parallel with Casl3d production, the cytotoxicity of naked GNPs was evaluated on mouse
hippocampal neurons. This step was fundamental for determining the optimal nanoparticle
concentration for future experiments. Hippocampal neurons were plated and cultured on PLL coated
substrates following the protocol already described. GNPs were administered 4 hours after seeding,
at scalar dilutions ranging from 10" GNPs/mL down to 10° GNPs/mL. Cellular viability was
analyzed viathe Operetta CLS High-Content Analysis System, which allows us to capture many
images quickly and automatically. To do so, we stained cells using the LIVE/DEAD™
Viability/Cytotoxicity Assay Kit (L32250, Invitrogen). Weincubate for 30 minutes at room
temperature with 2 uM of Calcein, to label the cell morphology, and 0.25 uM of SYTOX, which is a
fluorescent nuclear marker capable of penetrating exclusivelythe damaged membranes in necrotic
or apoptotic cells.The assay revealed naked GNPs are in general not toxic,showing adeath cell not
significantly different compared to untreated cells,with the exception of the highest concentration of
10"* GNPs/mL (Figure 2). Considering that we expect during the subsequent steps of
functionalization a reduction of particle concentration compared to the initial one, we accept to start

with the stock solution (10'* GNPs/mL) for the following toxicity tests on functionalized GNPs.
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Figure 2. Naked GNPs do not compromise hippocampal neurons vitality. (A) Representative images from High-
content confocal microscopy Operetta of mouse hippocampal neurons 3 days after the GNP treatment. Cells are stained
for nuclei with Hoechst33342 (blue), for cell morphology with Calcein (green), andfor mortalitywith SYTOX (red),
which is present only in the nuclei of necrotic or apoptotic cells. (B) Statistical analysis of dead cells normalized on the
negative control after Naked GNP treatment. Data are expressed as mean + SEM and analyzed by one-way ANOVA
(p****<0.0001) and post hoc Dunnett’s test for multiple comparisons.*<0.05, **<0.01, ***<0.001,
*Hx%£<0.0001.

GNPs are functionalised with Cas13d for the construction of the Cas13d-GNP nanoformulation

Two batches of GNPs were functionalized using the protocol described in (De Carli et al., 2025),
yielding two Cas13d-GNP nanoformulations. For protocol details, see the representation in Figure
3. Their protein concentrations were respectively 88 ng/uL and 109 ng/pL, at an equivalent

estimated GNP concentration of 10° GNPs/mL.
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Figure 3. Functionalization Cas13d procedure. Representative scheme of 3 functionalization steps of Au_NPs with
Cas13d. Taken from (De Carli, 2025).

Cas13d-GNP delivery does not impair viability of primary CNS neurons

Subsequently, the cellular toxicity of the Cas13d-GNP nanoformulation was evaluated to verify its
safety in the presence of the protein. To this aim, the same fluorescence microscopy assay
performed for naked GNPs was carried out using three different dilutions of the nanoformulation
(pure, 1:2, and 1:4). As shown in Figure 4, in all three cases, we did not observe an increase in
toxicity compared to that of naked GNPs at equivalent concentration (theoretical estimation: 10°
NPs/mL). This data confirms the possibility of using the pure nanoformulation in subsequent

experiments, maximizing the amount of Cas13d enzyme delivered to the cells.
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Figure 4. Cas13d-GNP are not toxic compared to the naked NPs at same concentration. (A) Representative images
from High-content confocal microscopy Operetta of mouse hippocampal neurons 3 days after the Cas13d-GNP
treatment. Cells are stained for nuclei with Hoechst33342 (blue), for cell morphology with Calcein (green), and for
mortality with SYTOX (red), which is present only in the nuclei of dead cells or cells that are dying. (B) Statistical
analysis of death cell normalized on the negative control after naked GNP treatment. Data are expressed as mean =+
SEM and analyzed by one-way ANOVA (p****<0.0001) and post hoc Dunnett’s test for multiple comparisons. *<0.05,
**<0.01, *¥**<0.001, ****<0.0001.

Cas13d-GNPsare internalized in primary CNS neurons

After evaluating the cytotoxicity of the nanoformulation, we examined the dynamic entry capacity
of the functionalized nanoparticles into hippocampal neurons by performing real-time acquisition
on the Operetta CLS High-Content Analysis System (Figure 5A). Cas13d-GNPs were administered
witha non-targeted fluorescent gRNA at appropriate molar ratios, which make possible to follow the
Cas13d enzyme indirectly. For this reason, we added some controls, such as RNA without any

transfection reagent and GNP-Casl3d without labelled gRNA to exclude any interference.



Immediately after sgRNA addition, real-time confocal microscopy images were acquired directly on
the plate to dynamically follow nanoparticle entry and cellular localization (nucleus and cytoplasm).
We observed that Cas13d-GNP entry begins 4 hours after administration, reaching its peak at
approximately 14 hours (Figure5B). Furthermore, as shown in Figure 5C, the nanoformulation
localizes primarily (=80%) in the cytoplasm rather than in the nucleus (=20%). These findings are
crucial as they confirm the spontaneous entry of Cas13d-GNPs into cells within a short timeframe

and a predominant localization in the site where the target of interest resides: the cytosol.
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Figure 5. Cas13d-GNP are internalized in hippocampal neurons, localizing preferentially in the cytoplasm.
(A)Representative images from High-content confocal microscopy Operetta of mouse hippocampal neurons after the
GNP treatment. Cells are stained for nuclei with Hoechst33342 (blue), for cell morphology with CellMask deep red
(red), and for sgRNA with atto546(orange). (B) Average of Cas13d per cellover time. Data are expressed as mean =+

SEM. (C) Percentage of Cas13d in nuclei and cytoplasm over time. Data are expressed as mean + SEM.

Cas13d-GNP delivery ameliorates axonal elongation on CSPG substrate: preliminary data

Mouse hippocampal neurons were subjected to matrix stress composed of CSPGs, at concentration
of 1 ug/mL, which inhibits neurite growth. Neurons were treated with the Casl13d-GNP
nanoformulation, providing both sgRNAs targeting the transcript of PTPo.

The experimental designincluded several groups to ensure a good interpretation of the preliminary

results. Specifically, sperimental groups included: (i) untreated (PLL-coated substrate), (ii) neurons



treated with the nanocomplex without sgRNA, (iii) untreated neurons on CSPG, (iv) neurons treated
with the Cas13d-GNP plus the target sgRNAs, (v) and neurons on CSPG treated with Casl3d-
GNPplus the non-target sgRNA.

The protocol unfolded in two stages, starting with the functionalization of gold nanoparticles with
Cas13d. These nanoformulations were freshly prepared and delivered to hippocampal neurons,
obtained from P1 mice, together with the growth medium, 4 hours after cell seeding.
At DIV3, the cells were fixed in 4% PFAand immunostained for B-tubulin IIT and Hoechst. The
images acquired via Nikon Eclipse Ti inverted microscope using a 10x% objective were then

analyzed to measure neurite length using the NeuronlJ software (Figure 6A).

In this first pilot experiment, we observed a 16% recovery in neurite length compared to the
neurons grown on CSPG substrate(Figure 6B) suggesting a possible rescue. While these
preliminary data are promising, further implementation and optimization of the protocol are
required to enhance the system's efficacy, for which some potential methodological adjustments are

currently under consideration.
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Figure 6. Casl3d-GNP delivery increases axonal length of neurons grown on CSPG substrate
(1ug/mL).(A)Representative TUBBIII-immunostained hippocampal neurons cultured on PLL/CSPG-coated (1 pg/mL)
substrates, without and with AuNPs-Cas13d nanocomplex treatment. Neurite outgrowth was quantified using NeuronJ
software. Scale bar: 150 um; inserts scale bar: 50 pm.(B) Quantitative analysis of neurite length measured with NeuronJ
across the different experimental conditions. Data from 2 biological replicates; N= ~80 axons. Data are presented as
mean + SEM and analyzed by one-way ANOVA. Statistical significance was assessed using Dunnett’s multiple-

comparison test: *p > 0.05; **p < 0.05; ***p < 0.01; ****p < 0.0001).

Conclusion

The data obtained over the past year do not yet allow us to definitively establish the
efficacy of the Cas13d-GNP treatment, as further investigations are required and will be
pursued in subsequent experiments. However, the preliminary data shown in Figure 5 are
highly promising and suggest a positive outlook for the success of this treatment in culture.

We have successfully expressed and purified the Cas13d protein and designed two
sgRNAs to direct Cas13d activity toward our target of interest: the PTPo receptor. The
toxicity of naked gold nanoparticles was firstly evaluated (Figure 3) to establish the optimal
concentration for functionalization. We found thatnaked nanoparticles caused toxicity just
under maximum concentration. Consequently, we decided to functionalize the
nanoparticles with Cas13d starting from the stock solution. For nanoparticles
functionalization we followed a previously validated protocol (De Carli et al., 2025). We
then assessed the toxicity of the Cas13d-GNP nanocomplexes, observing neuronal
viability comparable to that of naked nanoparticles at the same concentration (Figure 4),
confirming the potential biocompatibility of the nanoformulation. However, we found a
general increase of cell death with that GNP concentration (naked and functionalized)
compared to the untreated group (control), highlighting a possible variability that we need
to further investigate with future experiments. Then, we verified the internalization of
Cas13d-GNP within neurons, by an indirect measure of Casl3d using a fluorescent non-targeted
sgRNA.

Then, we tested our nanoformulation on hippocampal neurons grown on CSPG substrate
(1 pg/mL), paving our setup on a previously published work from our team(Capitanini et
al., 2025) that we first confirmed for consistency (figure 1). Notably, in this pilot experiment
(figure 6), we observed a measurable 16% recovery in axonal length in neurons treated
with Cas13d-GNP, compared to CSPG controls.

While these results are preliminary, they provide the first evidence that the
Cleave&Elongate approach, mediating Cas13d-dependent cleavage of PTPa mRNA via
GNP delivery, may ameliorate the phenotype of CNS primary neurons grown in inhibitory
conditions.

Future experiments will focus on expanding the sample size and replicates of the pilot
experiment, confirming the interesting result already observed. Then, we will assess
morphological and physiological hallmarks, including:



e Measurments of GNPs concentration after functionalization by Dynamic light scattering
(DLS) for determining the real concentration of GNPs after Cas13d-coniugation.

e GNP localization and intracellular distribution via transmission electron microscopy (TEM)
to confirm nanoparticle localization within the cytoplasm.

e Biochemical analysis (Western Blot, qPCR) and immunostaining of PTPc expression
levels to confirm mRNA cleavage and receptor knockdown efficiency as well as receptor
turnover following the treatment.

o Ultrastructural analysis of neurons via TEM to evaluate axonal integrity, mitochondria
morphology, and cytoskeleton ultrastructure.

o Electrophysiological recordings to determine neuronal membrane potential, action potential
firing, and synaptic functionality, assessing the potential capacity of neurons to reform
functional connections with their target.

e Immunofluorescence for synaptic markers (e.g., synapsin, PSD-95) to quantify synapse
formation.

In summary, year one of the project provides preliminary evidence of phenotypic rescue in CNS
primary neurons grown on a CSPG substrate. Additional experiments are needed to confirm the
efficacy and reproducibility of the Cleave&Elongate approach in culture prior to move into
more complex systems like in vivo models of spinal cord injury.
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