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Ischemic stroke remains one of the leading causes of long-term disability worldwide, depriving patients
of their quality of life and physical independence. The root cause of this loss of motor movement stems
from the disruption of neuronal connections in the infarct site. Limited spontaneous neural re-wiring
post-stroke does provide limited functional recovery, but more than two thirds of ischemic stroke
patients suffer from long-term disability for the remainder of their lives. Here, we explore the co-
delivery of synaptogenic proteins with an angiogenic biomaterial to promote synapse formation in a
mouse model of ischemic stroke. The angiogenic biomaterial is based on microporous annealed particle
(MAP) scaffolds containing previously reported pro-angiogenic clustered vascular endothelial growth
factor (CLUVENA) heparin nanoparticles. To this material, pro-synaptogenic protein thrombospondin-1
(TSP-1) was added either in soluble or clustered nanoparticle form. Co-delivery of TSP-1 with CLUVENA
within MAP scaffolds led to enhanced synapse formation in and around the infarct, despite a reduction
in axonal sprouting when compared to CLUVENA delivery alone. TSP-1 treatment also resulted in
increased glial scar thickness and astrocytic coverage in the peri-infarct region, potentially contributing
to limited axonal integration. Overall, these findings highlight the capacity of TSP-1 to modulate the
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1. Introduction

Each year, millions of individuals suffer an ischemic stroke,
and many are left with persistent motor and cognitive impair-
ments resulting from the loss of neural connections within the
infarcted region." Healing after stroke is a dynamic but incom-
plete process where the timing of reparative events greatly
influences functional recovery. Although limited spontaneous
rewiring occurs after stroke, the molecular programs activated
in the acute phase often restrict axonal sprouting and synapse
formation, ultimately constraining neurological recovery in the
later stages of repair.”

One potential therapeutic strategy is to rehabilitate the
infarct space into an environment that supports neural repair.
Microporous annealed particle (MAP) scaffolds are granular
scaffolds made of monodispersed microgels (~100 pm in
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synaptic and glial landscape post-stroke.

diameter) covalently annealed together to create a 3-dimen-
sional scaffold.” MAP scaffolds combine the advantages of
providing a substrate to encourage cellular infiltration and
residency while also preventing fibrotic contraction of the
infarct, thereby supporting tissue integration. Importantly,
the replacement of the neurotoxic lesion with a tissue compa-
tible biomaterial has previously been shown to reduce astro-
gliosis and attenuate the local microglia and macrophage
response.” However, functional behavioral improvement in
stroke models was only observed when pro-angiogenic factors
such as clustered VEGF heparin nanoparticles (CLUVENA) were
delivered with MAP.® Although this approach promoted vascu-
larization and neurite sprouting, behavioral recovery lagged
until 12 weeks, likely due to the absence of mechanisms that
actively guide synaptic and engram refinement required for
movement execution.

To address this gap, we sought out a bioactive molecule
capable of promoting synapse formation amenable to endo-
genous activation. By doing so, we may mitigate the risk of
excessive or maladaptive hyperconnectivity that could contri-
bute to neuropathic pain.® Excitatory silent synapses are struc-
turally mature but functionally silent, as they initially lack
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AMPA necessary to generate a postsynaptic
potential. However, these synapses can be unsilenced through
experience-dependent plasticity, such as sensory input and
learning, which aligns with the rehabilitative effects of physical

receptors

therapy following stroke.” Notably, recent studies have shown
that silent synapses are more abundant in the adult brain than
previously thought, comprising approximately 30% of all exci-
tatory synapses in the cortex.® One such molecule that can
induce these silent synapses is thrombospondin 1 (TSP-1),
which is a trimeric astrocyte-secreted glycoprotein known to
promote excitatory synapse formation through its interaction
with the %26-1 subunit of voltage-gated calcium channels on
neurons.’ ™" Generally, TSP-1 is upregulated after injury in the
central nervous system.'>"? In the context of ischemic stroke,
knock out of TSP-1 and -2 severely impaired axonal sprouting
and synapse formation, leading to worse functional recovery
despite comparable infarct size and vascular density in wild-
type mice."> Given TSP-1’s ability to generate a reservoir of
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synapses primed for activity-dependent refinement, we inte-
grated this protein into a biomaterial platform as a molecular
cue for post-stroke repair. Actively targeting synapse formation
through a biomaterial vehicle after ischemic stroke has not
yet been fully investigated. Leveraging the scaffold’s spatio-
temporal presentation capabilities, we aimed to guide neural
circuit remodeling by supporting axonal sprouting and
functional connection formation that together contribute to
enhanced motor recovery.

In this work, we explore how co-delivery of a dual angiogenic
and synaptogenic hydrogel MAP scaffold to the infarct site can
impact tissue repair and behavioral recovery in vivo. By lever-
aging the scaffold’s ability to present bioactive signals in a
controlled spatiotemporal manner, we aimed to combine the
vascular benefits of CLUVENA with the synaptogenic activity of
TSP-1. Here, we report that co-delivery of TSP-1 (either soluble
or nanoparticle-conjugated) with CLUVENA in MAP scaffolds
increased synapse formation within and around the infarct site
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Fig. 1 Synthesis and characterization of heparin nanoparticles covalently functionalized with TSP-1. (A) Schematic depicting the method for synthesizing
TSP-1 Nanoparticles (TSP NPs) and Clustered VEGF Nanoparticles (CLUVENA). (B) Dynamic light scattering data of heparin nanoparticle sizes. (C) Time-
dependent aggregation behavior of heparin nanoparticles in water. N = 3. (D) TSP-1 binding efficiency to heparin nanoparticles as determined with a
TSP-1 ELISA through the measurement of unbound TSP-1 found in the dialysate. N = 3. (E) CryoEM images of heparin nanoparticles and TSP NPs (F) Zeta
potential measurements of heparin nanoparticles, TSP NPs, and CLUVENA, indicating the expected changes in surface charge following protein
conjugation. Unadjusted p-values are indicated on the graphs and were measured using one-way ANOVA.
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without disrupting angiogenesis. Although TSP-1 treatment
also altered astrocytic and axonal dynamics, the overall find-
ings establish a new therapeutic paradigm: using synaptogen-
esis cues embedded in biomaterials to guide neural circuit
repair after ischemic stroke.

2. Results and discussion

2.1. Conjugation of TSP-1 to heparin nanoparticles enables
delivery without loss of synaptogenic activity

TSP-1 has not previously been delivered as a therapeutic to
promote synapse formation after stroke. Here, we explored two
delivery modalities: soluble protein delivery (TSP-1 Sol) and a
nanoparticle delivery approach (TSP-1 NP). For our nanoparti-
cle formulation, we elected to use a heparin nanoparticle-
based delivery system that was originally designed for VEGF
delivery>'*"®> and adapted it for TSP-1. Heparin possesses a
high binding affinity for growth factors, including VEGF, FGF,
and BMP, enabling it to sequester and stabilize bioactive
proteins.'®™'® When formulated as a nanoparticle, heparin
can not only protect its protein cargo from rapid degradation
but also modulate release kinetics. We elected to use heparin
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nanoparticles as our delivery vehicle for TSP-1 since the TSP-1
protein itself contains a heparin-binding domain as well as free
thiol groups, making it well-suited for stable conjugation via
thiol-ene click chemistry.'® Heparin nanoparticles were synthe-
sized from norbornene-modified heparin, validated by NMR
(Fig. S1), using an inverse emulsion polymerization method
with UV initiated thiol-ene click chemistry and LAP as a radical
initiator (Fig. 1A). Nanoparticles were found to be ~120 nm in
diameter measured by dynamic light scattering (DLS) (Fig. 1B).
To evaluate stability under biologically relevant conditions,
heparin nanoparticle aggregation behavior was assessed over
time in water, displaying non-significant levels of aggregation
over 4 hours (Fig. 1C). We found that heparin TSP-1 bound to
heparin nanoparticles with a 99.8% binding efficiency at a
mass-to-mass ratio of 20:1 (Fig. 1D). Diameter measurements
align with the cryoEM images and SEM results reported in our
previous work (Fig. 1E).®

Surface charge analysis revealed that TSP-1 functionaliza-
tion increased the zeta potential of the nanoparticles relative to
naked heparin nanoparticles, while CLUVENA nanoparticles
exhibited a further shift (Fig. 1F). This shift in zeta potential is
expected, as covalent conjugation of proteins partially masks
the highly anionic sulfate groups of heparin and introduces
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Fig. 2 Characterizing TSP-1 protein expression in a photothrombotic stroke model and sustained TSP-1 release from MAP scaffolds. (A) Experimental
overview of the photothrombotic stroke model for characterizing TSP-1 expression after onset. (B) TSP-1 protein levels measured in isolated affected
tissues from the stroke-induced hemisphere, contralateral hemisphere, and in serum. (C) TSP-1 protein levels in the stroke-affected hemisphere
normalized to the corresponding contralateral hemisphere (n = 3). (D) Conjugation scheme for covalently binding TSP-1 and CLUVENA heparin
nanoparticles to microgels and annealing of the microgels to form MAP scaffolds. (E) Cumulative TSP-1 release profiles rom TSP-1 nanoparticles (N = 3
and n = 3) and soluble TSP-1 (N = 3 and n = 3)-loaded MAP scaffolds.
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amino acid residues with differing charge distributions. VEGF*°
contains strongly basic heparin-binding domains and is net
positively charged at physiological pH, whereas TSP-1 is a larger
protein with a near-neutral charge distribution, likely contri-
buting to the more modest shift in zeta potential post-
conjugation.”'>* These results confirm successful nanoparticle
functionalization and stability.

2.2. Heparin nanoparticles facilitate sustained release of TSP-
1 in MAP scaffolds

After confirming successful conjugation of TSP-1 to heparin
nanoparticles, we next sought to determine the appropriate
dosing and delivery strategy for this therapeutic in a murine
ischemic stroke model. While prior studies have demonstrated
increased TSP-1 gene and protein expression post-stroke via
gPCR and Western blotting, precise concentrations within
brain tissue remain poorly defined.">>* Moreover, few studies
have characterized TSP-1 expression over time in a photothrom-
botic (PT) model of ischemic stroke. Therefore, we performed
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an ELISA to directly quantify and verify whether similar patterns
of TSP-1 protein expression existed in our PT stroke model.

A stroke was induced in the left hemisphere of the brain in
the motor cortex area. Serum and brain tissue were collected
from both hemispheres at 24 hours, 5 days, and 15 days post-
induction (Fig. 2A). We observed a moderate but not statisti-
cally significant decrease in TSP-1 protein levels of 0.578 ng
(£0.283) five days post-onset within the stroke affected hemi-
sphere (Fig. 2B). However, the contralateral side showed no
changes in TSP-1 protein levels on days 1, 5, and 15 after stroke,
suggesting that changes in TSP-1 expression were more pro-
nounced on the ipsilateral side (Fig. 2C).

Next, we assessed whether MAP scaffolds could be loaded
with sufficient TSP-1 to exceed endogenous physiological levels,
with the goal of achieving a supraphysiological dose capable of
enhancing repair. Microgels, the hydrogel subunits of MAP
scaffolds, were synthesized as previously described™'*** from
norbornene functionalized hyaluronic acid with a MMP clea-
vable cross linker and thiolated RGD peptide to encourage

In Vitro
Soluble Nanoparticle B
25 +GABA N+A 0.5564
—~ 045 03698 0.0051
S
® 0.3+ .
2 2
S >
S & 02‘
3 > >
@ 0.1 <7
C ) {
: NSNS
0.0 T T |
> R K =~ o
Cx S LY R
SO O O v ¥
S P P roo\"
K
DAPI vGlut1 SMAI312 A
In Vivo
0.0001 <0.0001
C
CLUVENA TSP, Sol TSP, NP 0.0005 <0.0001
b 0.0008 <0.0001
©
= 6000 0.0031 <0.0001 |
3
B S 4000 . T
8 [+
© hd =
= 3 2000 L
= Q) =
O] > 0 ﬁ ﬁ Pﬂ
o T l T
<2 v o> v <2 o
Glut1 s V\ $ ?‘ é A=)
Vel Wess” s
o\/
Infarct Peri-Infarct

Fig. 3 Synapse formation in response to TSP-1 treatment. (A) 60 x images of neurites taken from cortical neurons with pre-synaptic marker stain vGlutl
(magenta), SMI312 (green), and DAPI (blue). (B) Densities of synaptic puncta expressed on neurites. One way ANOVA with multiple comparisons (Sidak)
was performed. n = 13-14 neurites. Unadjusted p-values are indicated on the graphs. (C) 60x images of the synapse marker (vGlutl) in magenta in the
peri-infarct and infarct areas. (D) Densities of puncta were quantified in infarct and peri-infarct. Scale bars represent 5 um. n = 3—4. Unadjusted p-values

are indicated on the graphs.
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cellular adhesion. TSP-1 nanoparticles and soluble TSP-1 were
loaded into MAP scaffolds at a concentration of 200 ng of TSP-1
per 6 pL of MAP and subsequently annealed with HA-tetrazine
(Fig. 2D). MAP scaffolds were incubated in PBS at 37 °C for
7 days to track TSP-1 release. Soluble TSP-1 exhibited an initial
burst release of ~70 ng over the first 24 hours (Fig. 2E). In
contrast, TSP-1 nanoparticles resulted in a modest burst release
of on average 15 ng within the first 24 hours, before transitioning
to a sustained release profile of <5 ng over the remaining 6 days.
In vitro, TSP-1 Sol scaffolds were capable of releasing > 50 ng of
TSP-1 into the surrounding environment. In contrast, TSP-1 NP
scaffolds retained over 50 ng within the biomaterial, maintaining
a localized physiologically relevant concentration at the site of
implantation. This distinction highlights the NP formulation’s
capacity to sustain therapeutic TSP-1 levels locally, while the
soluble formulation enables broader distribution.

2.3. TSP-1 nanoparticles retain synaptogenic bioactivity both
in vitro and in vivo

To determine if conjugated TSP-1 still retained its synaptogenic
bioactivity post-conjugation, we performed a synapse formation
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assay in vitro by exposing cortical neurons to either 25 ng mL ™"
or 50 ng mL ™" of TSP-1 protein in its soluble or nanoparticle
form. Untreated cells and TSP-1 cotreatment with gabapentin,
a known TSP-1 competitive inhibitor, served as negative
controls.’ Cells were fixed 48 hours post treatment and stained
for the pre-synaptic marker vGlutl, as well as DAPI and for
SMA312, a pan axonal cocktail. We found that there were no
statistical differences in the vGlutl puncta density between
cells treated with 50 ng of either soluble or nanoparticle TSP-
1, confirming that nanoparticle-bound TSP-1 retained its bioac-
tivity (Fig. 3A and B).

Given these results, we evaluated whether this synaptogenic
activity was retained when delivered in vivo, given that promot-
ing synaptogenesis was a primary rationale for including TSP-1
in our treatment strategy. To assess this, we again stained for
vGlutl and evaluated the puncta density in and around the
infarct site. We found that MAP + TSP-1 treatment in either
soluble or nanoparticle forms increased synapse presence more
than 2-fold in both the infarct and peri-infarct space, suggest-
ing that active induction of synapse formation is possible
in vivo with delivery of TSP-1 in either bound or soluble forms
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Fig. 4

Inclusion of TSP-1 does not hinder the angiogenic effect of CLUVENA + MAP 15 days after stroke. (A) Experimental timeline of PT stroke surgery.

(B) Schematic outlining vascular characteristics analyzed. (C) Representative 20x large image scans of the infarct and surrounding tissue. Tissues were
stained for perfusable vessels (Tomato Lectin) and nuclei (DAPI). Scale bars represent 500 um. For magnified images, scale bar represents 200 um. (D)
Vasculature density measured in the infarct normalized to void space. (E) Vessel density normalized to DAPI count in the infarct. (F) Maximum branch
length measured in the infarct. DAPI positive area measured in (G) the infarct and (H) the peri-infarct. For panels (D)—-(H), averaged values were plotted
with error bars representing the SEM. n = 3—-4. Mixed effect analysis with Sidak post hoc analysis was performed. Unadjusted p-values are indicated on the

graphs.
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(Fig. 3C and D). Moreover, we observed similar levels of synapse
formation in response to both bound and soluble TSP-1. This
suggests that transient exposure to TSP-1 even without sus-
tained local presence, may be sufficient to trigger synaptogenic
programs in and around the stroke infarct.

2.4. Introduction of TSP-1 at the infarct site does not limit
angiogenesis induced by CLUVENA

Our therapeutic approach aimed to leverage the angiogenic
effects of clustered VEGF nanoparticles (CLUVENA) to work in
concert with synapse formation induced by TSP-1 NPs. How-
ever, TSP-1 has also been reported to exert anti-angiogenic
effects, which could directly counteract the VEGF-mediated
pro-angiogenic activity of CLUVENA.”® To evaluate whether
our combinatorial approach had any anti-angiogenic effect,
we delivered 6 pL MAP scaffolds annealed with HA-tetrazine
and loaded with CLUVENA (containing 200 ng of VEGF), along
with either TSP-1 Sol or TSP-1 NP containing 200 ng of TSP-1,
directly into the infarct site via intracranial injection 5 days
post-stroke (Fig. 4A). MAP scaffolds containing CLUVENA alone
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were included for comparison. Brains were harvested 15 days
post-injection, a time point selected to coincide with the
onset of the angiogenic response induced by MAP-CLUVENA
treatment.

We observed that TSP-1 NPs did not inhibit the VEGF-
mediated angiogenesis induced by CLUVENA within MAP scaf-
folds (Fig. 4D-F). All MAP treatments containing CLUVENA
exhibited increased vascularization in the infarct compared to
stroke only or mice treated with MAP alone (Fig. 4D). There
were no statistical differences in the vascular density in the
infarct area when comparing MAP + CLUVENA (16.39% =+ 2.19)
versus TSP-1 Sol (11.02% = 2.60) or TSP-1 NPs (11.16% + 2.31).
When the vascular area was normalized to DAPI as an alter-
native measure, the TSP-1 nanoparticle group displayed the
highest ratio of perfusable vasculature per cell (0.00062 =+
0.000137). This suggests a trend toward enhanced vascular
density, though this difference did not reach statistical signifi-
cance (Fig. 4E).

Additionally, there were no significant differences in the
maximum branch length across groups, indicating comparable
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Fig. 5 TSP-1 NP MAP decreases astrocyte migration and increases astrogliosis. (A) Representative 20x immunofluorescence images stained for
astrocytes (GFAP in green) and nuclei (DAPI in cyan) taken 15 days after stroke. Images were quantified for the GFAP percent positive area in the (B) infarct
and (D) peri-infarct, (C) average migration distance into the infarct from the glial barrier, and (E) glial barrier thickness. Scale bars for the large image tile
scan represent 500 pm. For magnified images, the scale bar represents 200 um. n = 3-5. (F) Representative images from the astrocyte scratch migration
assay where the (G) total scratch area recovered was measured 6, 12, 18, and 24 hours after wounding. (N = 3—4; n = 3). For panels (B)—(E), each data
point is a biological replicate averaged over 2 coronal sections taken from the same animal and graphed. Error bars represent the SEM. For panel G,
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levels of vascular maturity in the infarct region (Fig. 4F).
Following ischemic stroke, both VEGF-dependent and indepen-
dent angiogenic programs are upregulated.?”?® The sustained
angiogenesis observed despite the inclusion of TSP-1 in the
infarct site suggests that alternative non-VEGF pathways
may compensate for or outweigh the anti-angiogenic effects
of TSP-1.

TSP-1 delivery also appeared to influence the cellular
dynamics within the MAP scaffold. An increase in void space
between MAP microgels was observed in TSP-1 NP-treated mice,
as indicated by a higher DAPI-positive area in both the infarct
(18.82% + 1.05) and peri-infarct (36.56% =+ 2.70) areas com-
pared to CLUVENA alone (infarct 13.12% = 1.56; peri-infarct
18.38% =+ 3.11) and even TSP-1 Sol (infarct 9.23% + 1.20;
peri-infarct 16.93% + 1.73) (Fig. 4G and H). This phenomenon
may be attributed to either increased cellular infiltration or
enhanced degradation of the MAP scaffold. Interestingly, TSP-1
Sol exhibited the opposite trend, with decreased cellular resi-
dency in the infarct space.

2.5. Delivery of TSP-1 in MAP scaffolds results in reduced
astrocyte infarct migration but does not change macrophage
and microglia infiltration

Given the established roles of glial cells in supporting wound
resolution and axonal regeneration, we next examined their
response to our therapy post-stroke. As TSP-1 is frequently
produced by glial barrier-forming astrocytes following
stroke,> we investigated whether its increased presence in
the infarct region could influence glial activation and immune
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cell dynamics following stroke by staining for GFAP positive
astrocytes. While no significant differences were observed in
the overall astrocyte density within the infarct core (Fig. 5B),
astrocyte migration into the lesion was notably restricted in all
groups treated with TSP-1 (Fig. 5C). Strikingly, mice receiving
TSP-1 nanoparticles exhibited a significant increase in both
the glial scar thickness (135.14 um + 24.9) and GFAP+ area
(13.08% =+ 2.10) in the peri-infarct compared to other treatment
groups such as CLUVENA (glial barrier thickness, 78.19 pm =+
9.68; GFAP + area, 9.54% =+ 2.21) and MAP alone (glial barrier
thickness, 86.42 pm =+ 13.20; GFAP + area, 8.52 + 2.30) (Fig. 5D
and E). Although treatment with TSP-1 Sol may have similarly
decreased astrocytic migration in the infarct, we found that
TSP-1 Sol dramatically decreased the glial barrier thickness
compared to its NP counterpart (51.33 pm =+ 8.07). These
findings suggest that targeted delivery of TSP-1 to the infarct
site may potentiate localized astrogliosis.

To further corroborate our in vivo observations in a more
controlled environment, a scratch assay was conducted on
monolayer astrocyte cultures to investigate the potential anti-
migration effects of TSP-1 NPs on cellular migration. Astrocytes
were scratched, treated with or without 100 ng TSP-1 NPs, and
then monitored for 24 hours. We found that TSP-1 NP treat-
ment lowered astrocyte migration into the open wound space
over time, with the trend observed as early as 6 hours into the
assay (Fig. 5F and G). Although TSP-1 upregulation has been
linked to reactive astrocyte phenotypes, it has not previously
been identified as a direct inducer of astrogliosis, indicating
that its role in modulating astrocyte behavior may be context-
dependent.
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Fig. 6 TSP-1 nanoparticles hinder axonal sprouting 15 days after stroke. (A) 6 x 6 20x tile large image scan of stroke infarct with the neurons (NF200) in
magenta and nuclei (DAPI) in cyan. Images were quantified for the NF200 percent positive area in the (B) infarct and (C) peri infarct. Scale bars represent

500 pm. For magnified images, the scale bar represents 200 pm. n = 3-5.
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Infarct resolution after ischemic stroke is often mediated by
both tissue resident and circulating immune cells and is crucial
for promoting a neuroreparative environment.* Although TSP-
1 has been reported to act as a chemoattractant for certain
immune cell populations in other diseases,*'* this effect was
not evident in our study. We observed no significant differences
in macrophage or microglial densities within the infarct or peri-
infarct regions across treatment groups (Fig. S1). The lack of
heightened immune cell infiltration in our study suggests that
localized TSP-1 delivery via nanoparticles may preclude unde-
sirable pro-inflammatory responses.

2.6. TSP-1 nanoparticle treatment limits axonal sprouting

Increased axonal projections in and around the infarct site have
been correlated with improved functional improvements in
numerous stroke studies.>** These newly sprouted axons act
as the substrate for new neural connections to form as

View Article Online
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replacements for the engrams controlling behavior and cogni-
tion that are lost after ischemic stroke.*® Prior work demon-
strated that treatment with MAP + CLUVENA increased the
neuronal marker NF200 expression in the infarct compared to
MAP alone and stroke with no treatment.> NF200 presence was
sustained into the chronic phase of healing suggesting that
MAP + CLUVENA enabled a supportive environment with
survival signals to sustain axonal presence long term, allowing
them to form functional connections (not pruned/retracted).
However, when CLUVENA was co-delivered with either TSP-1
NPs or TSP-1 Sol, we observed a reduction in axonal sprouting
within both the infarct and the peri-infarct (Fig. 6A-C). Notably,
TSP-1 Sol showed markedly less axonal sprouting in the peri-
infarct region (7.14% =+ 2.39) compared to both TSP-1 NPs
(13.70% =+ 1.59) and CLUVENA (23.61% =+ 4.59). This finding
was somewhat unexpected, as TSP-1 expression is often ele-
vated in regions of active neurogenesis where synaptogenesis
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(A) Experimental timeline for stroke induction and subsequent recordings at different time points. (B) Different experimental groups and the

accompanying surgical manipulation. (C) Cylinder tests for measuring functional improvement. Animals were recorded from 6 different views
simultaneously and 3-dimensional aligned neural network for computational ethology (DANNCE) was used to recapitulate behaviors in 3D space for
asymmetrical limb use analysis. With stroke induced on the left motor cortex, the affected limb should be the right forepaw. Total affected (right) paw
usage is represented by both a (D) line graph and (E) bar graph for sham, stroke, TSP NPs, and soluble TSP. Error bars for panels (D) and (E) represent
S. E. M. with each point depicting a biological replicate (n = 4-6). For panel (E), mixed effects analysis was performed with a Sidak post hoc test comparing
conditions across time. *p < 0.05, **p < 0.01, and ***p < 0.001.
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and axonal sprouting can temporally and spatially overlap
following injury."®?**® We do suspect, however, that the pre-
viously observed thickening of the glial barrier in response to
TSP-1 treatment (Fig. 5A-G) may have contributed to the
observed reduction in NF200-positive axonal elongation into
the infarct.

Given the limited axonal sprouting observed, we considered
whether this might be in part due to reduced progenitor cell
presence, which eventually could participate in neuronal differ-
entiation and axonal sprouting. Prior literature has shown that
knockout of TSP-1 impaired NPC proliferation and neuronal
differentiation after ischemic stroke.?” However, extrinsic
modes of TSP-1 action have not yet been studied in this context.
Therefore, we examined whether TSP-1 could promote progeni-
tor cell proliferation in and around the infarct site. Additional
staining with Sox2 showed no differences in progenitor cell
presence across all groups (Fig. S2).

2.7. TSP-1 increases affected forepaw use after ischemic
stroke

Ultimately, restoration of motor function is the primary treat-
ment goal for ischemic stroke. Given that focal ischemia was
induced in the left motor cortex, we anticipated contralateral
motor deficits due to the lateralized nature of cortical motor
control. Animals were subjected to the cylinder test to evaluate
functional impairments and recovery as measured through
vertical exploration and affected limb use. To perform high-
resolution behavioral quantification, all cylinder test sessions
were recorded through six synchronized camera angles. The
resulting recordings were then processed using 3D Aligned
Neural Network for Computational Ethology (DANNCE), a deep
learning-based pose estimation pipeline optimized for multi-
view reconstruction.*® The approach enabled precise, three-
dimensional tracking of forelimb kinematics, allowing for a
temporally resolved analysis of limb use (Fig. 7C). Stroke, sham,
and MAP delivered with CLUVENA and either soluble TSP-1 or
TSP-1 nanoparticles were evaluated over 54 days (Fig. 7B). MAP
was excluded since prior studies demonstrated that MAP alone
did not elicit statistically significant functional improvement as
measured with DANNCE.** Work performed by Erning et al.
showed that MAP + CLUVENA significantly improved func-
tional recovery after PT induced stroke.® By post-stroke day
54, animals treated with TSP-1-conjugated nanoparticles
demonstrated a statistically significant increase in use of the
affected contralateral forepaw during the cylinder test, indicat-
ing improvement in motor function compared to their soluble
TSP treated counterparts. (Fig. 7D and E).

3. Conclusions

This study aimed to evaluate the feasibility and therapeutic
potential of delivering soluble and nanoparticle forms of TSP-1
in the context of ischemic stroke. By leveraging the endogenous
synaptogenic role of TSP-1, we aimed to restore neural circuitry
in the infarct and peri-infarct regions. We observed promising

This journal is © The Royal Society of Chemistry 2026
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trends in synapse formation, particularly in areas surrounding
the stroke core, and several key findings offer new insights into
the interplay between neurovascular, immune, and synaptic
processes during recovery.

Compensatory revascularization of neural tissue is integral
to functional recovery after stroke.’®*" Angiogenesis reestab-
lishes the vascular infrastructure necessary for nutrient delivery
to affected but still viable neurons in the peri-infarct initially,
and later to sprouting axons involved in neural rewiring.*?
Although vascularization within the infarct appeared consistent
across all MAP-treated groups, the known anti-angiogenic
effects of TSP-1 mediated through CD36 and CD47**** were
not evident at concentrations used. The local TSP-1 concen-
tration (~ 200 ng) was well below the threshold (> 0.5 pg mL ™)
required to inhibit angiogenesis via CD36 and CD47 signaling
in vitro.*>*® This indicates that localized delivery of TSP-1 does
not compromise essential revascularization in the post-stroke
microenvironment.

Besides its vascular effects, TSP-1 treatment led to a notable
increase in the DAPI-positive area within the infarct, suggesting
increased cellular residency in the implanted MAP scaffold.
This observation is consistent with previous reports demon-
strating that TSP-1 upregulates MMP-9 expression in endothe-
lial cells,*” positioning it as a key modulator of extracellular
matrix remodeling. Our MAP scaffolds incorporate an MMP-
cleavable sequence that is sensitive to both MMP-9 and MMP-2,
allowing for scaffold degradation in the post-stroke brain
environment where the MMPs are naturally upregulated. We
hypothesize that the presence of TSP-1 may facilitate scaffold
degradation, thereby creating additional space for cellular
infiltration. However, the identity of the infiltrating cells
remains unclear. Although TSP-1 has been reported to act as
a chemoattractant for various immune cell types*® and neural
precursor cells,®” we observed no significant differences in
microglial or macrophage infiltration, nor in Sox2+ progenitor
cell populations. These findings suggest that while endogenous
TSP-1 may be necessary to support certain repair processes,
exogenous supplementation does not further enhance the
recruitment of these specific cell types following stroke.

Astrocytic responses also emerged as a key factor influen-
cing recovery. Injury-associated pathways that trigger TSP-1
release, such as MAPK/ERK and STAT signaling, also reinforce
the formation of a dense, reactive astrocytic barrier. While
initially protective, this glial scar can later obstruct axonal
regeneration and tissue reintegration. A central therapeutic
goal moving forward will be to guide reactive astrocytes toward
a more regenerative phenotype that supports, rather than
hinders, circuit re-establishment.

Most importantly, we found that TSP-1 delivery promoted
synapse formation but limited axonal elongation into the
infarct. This observation highlights a key challenge in neural
repair: the timing of synaptogenic versus axonogenic cues must
be carefully balanced. By inducing synaptogenesis too early in
the repair timeline, TSP-1 may inadvertently curtail axonal
extension before sufficient target connectivity can be
achieved.* By inducing synaptogenesis prematurely, TSP-1
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may stabilize connections before sufficient axonal growth has
occurred. To our knowledge, this is the first demonstration that
a synaptogenic protein delivered via a biomaterial scaffold can
directly modulate post-stroke connectivity.

Together, our results underscore the need for a more
temporally precise modulation of synaptogenic signals in
the post-stroke brain. Future iterations of this platform could
include controlled-release strategies or environment-responsive
delivery systems that delay the onset of TSP-1 activity until the
structural groundwork for axonal regeneration has been laid. In
doing so, we hope to more effectively balance the competing
demands of axonal outgrowth and synaptic stabilization, ulti-
mately guiding the brain toward more complete and functional
recovery.

4. Experimental section/methods

4.1. Norbornene modification of heparin

Heparin modification with norbornene was performed as pre-
viously described.”® 500 mg of heparin from porcine intestinal
mucosa (Alfa Aesar, Cat. No A16198) and 735.5 mg of 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM) (TCI Chemicals, Cat. No. 50-014-32155) were dis-
solved by stirring in 50 mM of MES buffer at pH 5.5 and allowed
to react for 10 minutes at room temperature. Afterwards,
73.5 pL of 5-norbornene-2-methanamine (NMA) (TCI Chemi-
cals, Cat. No. N0907) was added to the stirring mixture and
allowed to react with the solution overnight at room tempera-
ture, protected from light. The next day, the modified polymer
was dialyzed (molecular weight cutoff of 6-8 kDa) for 3 days
against MilliQ water with water bath changes every 24 hours to
remove the unreacted components. The final polymer product
(Heparin-NB) was filtered through a 0.22 pM filter, then flash
frozen, lyophilized, and kept at —20 °C until use. Norbornene
modification was quantified by integrating the alkene proton
resonances at 66.00-6.30 ppm relative to the heparin N-acetyl
methyl peak at $2.00 ppm. Heparin-norbornene was confirmed
by 'H NMR with 71.6% norbornene modification. All equiva-
lents were based on the moles of the heparin repeat unit.

4.2. Heparin nanoparticle synthesis & characterization

Heparin nanoparticle production was performed as previously
described."*"* 100 mg of norbornene-modified heparin was
dissolved in 500 pL of 0.3 M of HEPES buffer at pH 8.2
(Millipore Sigma, Cat. No. H3375) to make a 20% w/v solution.
0.27 mg of dithiothreitol (DTT) (Fisher Scientific, Cat. No.
BP172-5) and 129 pL of 50 mM tris(2-carboxyethyl) phosphine
(TCEP) (Millipore Sigma, Cat. No 580567) were added to the
mixture. An organic phase consisting of 10 mL of hexane
(Millipore Sigma, Cat. No. 320315), 123 uL Tween-80 (VWR,
Cat. No. M126), and 383 pL of Span 80 (Millipore Sigma, Cat.
No. 8.40123.01) was combined with the heparin-NB mixture. A
horn sonicator was then used to sonicate the mixture to create
the nanoparticles via reverse emulsion for one minute at 10%
amplitude. Afterwards, 10 pL of TEMED was added and the
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mixture was again sonicated at the settings mentioned above.
Then, 60 pL of 30% ammonium persulfate (APS) was added,
and the solution was sonicated again using the same settings
one final time. The mixture was allowed to react overnight
stirring at 25 °C protected from light. To extract the nano-
particles, a liquid-liquid extract was used. To a separatory
funnel, 10 mL of hexane, 10 mL of brine solution, and the
heparin solution were added. The funnel was shaken, and
layers separating the organic phase from the aqueous solution
were allowed to form. The lower layer containing the brine and
heparin nanoparticles were saved, and the hexane layer was
discarded. A fresh 40 mL of hexane was once again combined
with the extracted brine-heparin nanoparticle solution, and the
process was repeated 5 times. Afterwards, the nanoparticles
were dialyzed (molecular weight cut off of 100 kDa MW) against
DI water with frequent bath changes for 2-3 days. Purified
particles were emptied from the dialysis tubing, and kept at
4 °C, protected from light until use. The nanoparticles were
filtered through a 0.22 um filter before use after storage as
particles can aggregate during storage. To characterize particle
diameters, nanoparticles were loaded into a clean cuvette
which was then loaded into an Anton Paar Litesizer DLS.
Determination of the particle concentration was performed by
measuring the weight before and after lyophilization of 1000 pL
of the particle solution. The stability of all nanoparticle for-
mulations was evaluated by monitoring changes in the particle
size following dilution in an aqueous environment. The nano-
particles were diluted in MilliQ water at a concentration of
60 pg mL~". Samples were incubated at room temperature for
the duration of the analysis, with the first reading taken
immediately after dilution. Following incubation, the mean
diameter was measured using dynamic light scattering (DLS)
by intensity, and aggregation was assessed by comparing
particle size distributions over time.

4.3. CryoEM

Quantifoil R 1.2/1.3 300 mesh copper grids were subjected to a
30 second plasma treatment using the easiGlow system (Ted
Pella) prior to sample deposition. Cryo-sample preparation was
carried out using a Vitrobot Mark IV (Thermo Fisher) under
controlled conditions of 10 °C and 100% relative humidity. For
nanoparticle samples, 3 uL of sample was applied to the carbon
side of the grids. Blotting was performed for 3 seconds with a
blotting force setting of —3, followed by rapid vitrification in
liquid ethane. Data acquisition was performed using EPU soft-
ware on a Tundra cryo-electron microscope (Thermo Fisher
Scientific) operating at 100 kv.

4.4. TSP-1 and VEGF clustering on heparin nanoparticles

TSP-1 nanoparticles and VEGF nanoparticles (CLUVENA) were
formulated by covalently tethering the protein to the surface of
the heparin nanoparticles at a 20:1 mass ratio, as previously
described.’ In a low protein binding tube, either TSP-1 (Milli-
pore Sigma, Cat. No. EM002) or VEGF (Biolegend, Cat. No.
583706) was added to a solution containing 10 mM LAP in
1x PBS at a ratio of 2 pg of protein per 0.1 pg of heparin

This journal is © The Royal Society of Chemistry 2026
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nanoparticles. The particles and protein were incubated on ice
for 30 minutes, before exposure to UV (365 nm) at 20 mW cm™
for 1 hour. For CLUVENA patrticles, the solution was transferred
into 1% bovine serum albumin blocked 100 kDa Amicon filters
(Millipore Sigma, Cat. No. UFC510024) and spun at 14 000 RPM
for 10 minutes to remove unbound VEGF. The resulting parti-
cles were washed 4 times by adding 500 pL of 0.05% Tween-20
in PBS to the filter and centrifuging at 14000 RPM for
10 minutes. The final particles were isolated by flipping the
filter in a fresh tube, and centrifuging at 14000 RPM for
15 minutes for CLUVENA. For TSP-1 nanoparticles, the reaction
solution was instead placed in a 1 mL Spectra-Pore Float-A-
Lyser (Repligen, Cat. No. G235036) with a MW cut off of
300 kDa. The nanoparticles were dialyzed against 200 mL of
sterile water at 4 °C overnight. Particles were isolated from the
dialysis device and further concentrated with a 1% BSA blocked
100 kDa Amicon filter to further concentrate the particles for
experimental use. To measure binding efficacy, the dialysate
was concentrated using 15 mL 100 kDa Amicon concentrators
(Millipore Sigma, Cat No. UFC901000) and centrifuged at
5210 G for 30 minutes at a time until all dialysate was
concentrated to ~300 pL. Concentrated unbound TSP-1 was
then quantified using a TSP-1 ELISA as described below. Both
nanoparticle formulations were kept at 4 °C until use within
7 days after synthesis.

4.5. TSP1 ELISA

TSP-1 binding efficacy, TSP-1 release, and TSP-1 tissue concen-
tration were measured using a human TSP-1 DuoSet ELISA
(R&D Systems, Cat. No. DY3074) following manufacturer’s
instructions. TSP-1 is highly conserved between humans and
mice (~95%), allowing us to use the ELISA kit for detecting
both mouse and human TSP-1. A standard curve of
100 ng mL ™" down to 1.56 ng mL~ " was used. All samples were
used undiluted to be within the limit of detection.

4.6. Media preparation

Three different media formulations were used for the dissec-
tion and culture of neurons. A neuron pre-plating media was
made consisting of a base of neurobasal media (Gibco, Cat. No.
21103049) with 1% penicillin-streptomycin (Gibco, Cat. No.
15140122), 0.3% vr-glutamine (Gibco, Cat. No. 25030081), 0.6%
sodium bicarbonate (Gibco, Cat. No. 25080084), and 5% nor-
mal horse serum (Gibco, Cat. No. 16050122). Dissection media
consisted of a base of neurobasal media with 10% penicillin-
streptomycin, 0.25% v-glutamine, 0.6% sodium bicarbonate,
10% normal horse serum, 10% glutamate (Millipore Sigma,
Cat. No. 49621), and 2% B27. Neuronal culture media consisted
of 10% penicillin-streptomycin, 0.25% i-glutamine, 0.6%
sodium bicarbonate, and 2% B27. Formulations of media sans
B27 was sterile filtered through a 0.22 pm filter prior to the
addition of B27 and allowed to equilibrate in a 37 °C incubator
with 5% CO, for at least 1 hour before use.

Astrocyte growth media (AGM) used for culture consisted
of DMEM (Gibco, Cat. No. 11995073), 1% r-glutamate
(Sigma-Aldrich, Cat. No. 49621), 1% of 10000 U mL ' of
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penicillin-streptomycin (Gibco, Cat. No. 15140122), and 10%
normal horse serum (Gibco, Cat. No. 16050122).

4.7. Primary mouse cortical neuron isolation and culture

Neurons were isolated from cortical tissue as previously
described.>® For neuron isolation, a timed pregnant CD1 mouse
(Charles River) was sacrificed via cervical dislocation. After-
wards, approximately 6-8 E15 embryos were isolated from the
abdominal cavity and kept on ice in chilled 1% penicillin-
streptomycin (Gibco, Cat. No. 15140122) in Hank’s Balanced
Salk Solution (Gibco, Cat. No. 1025092). After isolating the
brain, cortices were dissected and digested for 10 minutes with
10 mL of 0.25% Trypsin/EDTA (Gibco, Cat. No. 25200056) with
500 pL of 40 000 U mL ™" DNase (Worthington Biochemical, Cat.
No. LS002006) that had been equilibrated in a CO, incubator
for a minimum of 30 minutes beforehand. Cortices were then
transferred into a 50 mL conical tube containing 5 mL of pre-
plating media with 250 puL of 40000 U mL™' DNAse and
mechanically dissociated with a 1000 pL pipette until homo-
geneous. 30 seconds after dissociation, the supernatant was
removed from the larger pieces of debris using a 1000 pL
pipette and transferred into a new 50 mL conical tube. Cells
were then pelleted by centrifugation at 1000 rpm for 5 minutes.
After removal of the supernatant, the cells were resuspended in
fresh neurobasal media and allowed to incubate in a TC-treated
culture dish with pre-plating media at 37 °C for 40 minutes.
This step allowed for the adhesion of contaminating cell types
such as fibroblasts and astrocytes to attach to the culture dish.
After the incubation, the supernatant solution containing neu-
rons was filtered through a 100 pm filter, and once more
pelleted before resuspension with 2 mL of day 1 media. To
ensure accurate counting, a 1:50 dilution of the cell solution
was created and counted manually using a hemocytometer.
Cells were seeded (80 000 cells per well) onto PDL-coated cover-
slips (Neurovitro, Cat. No. GG-12-PDL) in a 24-well plate.
24 hours after seeding, the full volume of day 1 media was
replaced with culture media. Afterwards, media were replaced
every 5 days with culture media.

4.8. Astrocyte isolation and culture

P1 mouse pups were sacrificed by isoflurane inhalation. Cor-
tices were dissected from the brain and digested with 10 mL of
0.25% Trypsin/EDTA (Gibco, Cat. No. 25200056) with 500 pL of
40000 U mL™ "' DNase (Worthington Biochemical, Cat. No.
LS002006) that had been equilibrated in a CO, incubator for
a minimum of 30 minutes beforehand. The cortices were then
transferred into a 50 mL conical tube containing 5 mL of pre-
plating media with 250 pL of 40000 U mL ' DNAse and
mechanically dissociated with a 1000 pL pipette until homo-
geneous. 30 seconds after dissociation, the supernatant was
removed from the larger pieces of debris using a 1000 pL
pipette and transferred into a new 50 mL conical tube. Cells
were then pelleted by centrifugation at 1000 rpm for 5 minutes.
After removal of the supernatant, the cells were resuspended in
fresh astrocyte growth media, filtered through a 100 um filter,
and plated onto PDL-coated 10 cm tissue culture treated Petri
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dishes. 24 hours after initial plating, a full media change
was performed. Afterwards, astrocytes were passaged every
6-7 days. Astrocytes up to passage number 3 were used in the
experiments.

4.9. Synapse formation assay

The synapse formation assay was performed as previously
described.’ Day 10 neurons were used for synapse formation
studies. Cells were exposed to 25 ng or 50 ng of TSP-1 in either
nanoparticle or soluble form. Negative controls included co-
incubation of TSP-1 nanoparticle or soluble forms with 32 pM
of the known TSP-1 inhibitor Gabapentin (Millipore Sigma, Cat.
No. G154). Positive controls included a co-culture of astrocytes
with neurons at a 15: 80 ratio of astrocytes to neurons starting
at day 10. Cells were allowed to interact with treatments for
48 hours before fixation for further analysis.

4.10. Immunocytochemistry

48 hours post treatment, neurons were fixed with 4% parafor-
maldehyde (PFA) (Electron Microscopy Sciences, Cat. No.
15710-S) for 7 minutes at room temperature. Afterwards, they
were washed with 1x TBS (Thermo Scientific, Cat. No.
J60764.K7) three times to remove excess PFA. The cells were
then incubated in blocking buffer consisting of 5% normal
donkey serum (Millipore Sigma, Cat. No. S30), TBS, and a 0.2%
Triton X-100 Surfact-Amps detergent solution for 2 hours at
room temperature. Afterwards, a solution containing the pri-
mary antibodies of interest prepared in blocking buffer was
introduced and allowed to incubate with the glass coverslips at
4 °C overnight. The next day, the primary antibody solution was
removed, and the coverslips were washed three times with TBS
with 0.2% Triton X-100 for 10 minutes on an orbital shaker.
After these washes, a DAPI-secondary antibody solution pre-
pared in blocking buffer was added and allowed to incubate
with the neurons for a minimum of 2 hours protected from
light. After incubation, samples were once more washed three
times with TBS as described for 15 minutes. Glass coverslips
containing the neurons were then mounted onto glass slides
using Aqua/Poly Mounting (Polysciences, Cat. No. 18606-20)
solution and allowed to dry at 4 °C for 2-3 days until imaging.

4.11. Invitro synapse imaging

Synapse formation was captured by confocal imaging after
neuron fixation. All confocal images were taken on a Nikon Ti
Eclipse scanning confocal microscope equipped with a C2 laser
with a 60x oil immersion objective. A z-stack of at least 2 um
with a step size of 0.33 um was taken for each region of interest.
2 regions of interest were taken from each coverslip to account
for each technical replicate. The number of puncta was quanti-
fied for 100 pm of neurite length. Primary antibodies: 1:1000
vGlutl (Synaptic Systems, Cat. No. 135 304), Homer (Synaptic
System, Cat. No. 160 002), and SM1321 (Fisher Scientific, Cat.
No. NC1239357). Secondary antibodies: 1:500 Alexa Fluor 488
(Mouse, Invitrogen, A32766), 1:500 Alexa Fluor 555 (Guinea
Pig, Biotium, 2076), 1: 500 Alexa Fluor 647 (Rabbit, Invitrogen,
A-31573), and 1:500 DAPI (Sigma-Aldrich, D9542).
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4.12. Modification of hyaluronic acid with either norbornene
or tetrazine

Norbornene-modified hyaluronic acid and tetrazine-modified
hyaluronic acid were synthesized as previously described.>>
Sodium hyaluronate also known as hyaluronic acid (HA)
(~70 kDa, Contipro, Cat. No. 00-52-18) was modified with
norbornene functional groups as previously described. A
200 mM MES (Millipore Sigma, Cat. No. M3671) buffer at
pH 5.5 was first prepared. 1 g of Sodium hyaluronate was
dissolved with 40 mL of 200 mM MES buffer via sonication.
The carboxylic acids on the backbone of HA were then activated
with 1092 mg of DMTMM for 20 minutes stirring at room
temperature. Then, 2 molar equivalents of NMA and a 0.25
molar equivalent of the tetrazine amine HCI salt (Chem-Impex,
Cat. No. 35098) were added to the solution and allowed to react
for 24 hours at room temperature, protected from light. The
next day, the modified HA was precipitated in chilled ethanol,
centrifuged, and dried to remove the excess organic solvent.
The modified polymers were then dialyzed (6-8 kDa molecular
weight cut off) to remove the unreacted components, changing
the dialysate every 24 hours against DI water across 3 days. After
flash freezing in liquid nitrogen, the final product was lyophi-
lized for long-term storage at 20 °C. Modification was charac-
terized by proton NMR. Functionalization of norbornene-
modified HA (HANB) was determined by "H-NMR shifts of
pendant norbornenes in D,0, 86.33 and 86.02 (vinyl protons
and endo), and 86.26 and $6.23 ppm (vinyl protons and exo)
compared to the HA methyl group at 82.05 ppm. Functionaliza-
tion of tetrazine-modified HA (HA-Tet) was determined by
H NMR shifts of the pendant tetrazine groups at 88.5 (2H)
and $7.7 (2H) (aromatic protons) compared to the HA methyl
group at 62.05 ppm.

4.13. Microgel production

HA-NB microgels were produced as previously described.
Microgels were formed using a flow focusing microfluidic chip
to create particles of the hydrogel. A hydrogel precursor
solution consisted of 3.4% (w/v) hyaluronic acid modified
with norbornene as described above, 1000 mM of RGD
(RGDSPGERCG) (Genescript, custom synthesis), a di-thiol
MMP peptide crosslinker (Ac-GCRDGPQGIWGQDRCG-NH2)-
(Genescript, custom synthesis), di-sulfide reducer tris(2carboxyethyl)
phosphine also known as TCEP (Millipore Sigma, Cat. No. 580567),
and a photo initiator lithium phenyl(2,4,6-trimethylbenzoyl)
phosphinate photo-initiator (LAP) (TCI America, Cat. No.
L0290). The precursor solution was filtered through a 0.22 pm
filter before loading into a 1 mL Luer lock syringe (BD, Cat. No.
309628) fitted with a blunt 23G needle. The oil solution consisted
of 5% (v/v) Span-80 in heavy mineral oil. Droplets were cross-
linked off chip with a UV light at 20 mW c¢m ™ (OmniCure LX500)
and collected. The resulting microgels were washed first with a
5% pluronic solution to encourage mineral oil sequestration and
removal. Particles were then spun down after washing with
pluronic by centrifugation at 5250 G for 10 minutes. Additional
washes with HEPES buffer followed to remove the remaining oil

This journal is © The Royal Society of Chemistry 2026
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and surfactant using the same centrifugation process. Particles
were then stored in a HEPES solution with 1% pen/strep at 4 °C
until use.

4.14. MAP scaffold generation and characterization

Microgels were isolated from storage solution through centri-
fugation at 14000 G for 7 minutes. The supernatant was
removed, and then microgels were spun down again at
14000 G for 7 minutes to remove the remaining liquid. Micro-
gels were then resuspended with either soluble TSP-1 (Millipore
Sigma, Cat. No. ECM002-50UG) or TSP-1 nanoparticles using a
positive displacement pipette to achieve a final concentration
of 200 ng TSP-1/6 pL of gel. Then, HA-Tet was added to the
microgel-TSP nanoparticle mixture through vigorous resuspen-
sion to achieve an annealing ratio (HA monomer/tetrazine)
of 5.80.

4.15. TSP-1 MAP scaffold release study

For release studies, 12 pL of the MAP scaffold mixture was
pipetted onto the bottom of a 24-well plate. Scaffolds were
allowed to anneal at 37 °C for 1 hour. Then, 600 uL of 1x PBS
was added to each well, and the plate was sealed with parafilm
before incubation at 37 °C. 300 pL of sample buffer was with-
drawn at each time point and replaced with 300 pL of fresh
1x PBS. Samples were then flash frozen in liquid nitrogen and
stored at —20 °C before evaluation with a TSP-1 ELISA as
described above.

4.16. Photothrombotic stroke

Induction of PT was performed as previously described and in
accordance with the US National Institutes of Health and
Animal Protection Guidelines and as approved by the Chancel-
lor’'s Animal Research Committee. C57BL/6 male mice (Jackson
Labs) of 8-12 weeks were positioned on a stereotaxic stage to
immobilize the skull and intubate the animal under anesthe-
sia. Rose Bengal (Millipore Sigma, Cat. No. 330000) was dosed
at 10 mg mL™" intraperitonially and allowed to circulate for
7 minutes. The skull was exposed, and a laser at 40 mw cm™>
was directed at the stereotaxic coordinate of 1.5 mm medial/
lateral from the bregma. The laser was allowed to illuminate
the brain through the skull for 13 minutes to induce the stroke
infarct. The incision was then closed with Vetbond surgical
glue (3 M, Cat. No. 70-0052-8246-5).

4.17. Stereotactic injection of MAP

Five days after ischemic stroke induction using the PT model,
MAP scaffolds were injected into the infarct site. After position-
ing the anesthetized animal on the stereotaxic frame, the skull
was exposed using the original incision created from the prior
PT surgery. A burr hole was drilled at the same coordinates
where the infarct was induced. A 10 pL glass syringe (Hamilton
Company, Cat. No. 7635-01) with a 30-gauge needle (Hamilton
Company, Cat. No. 7762-04) was loaded with 10 pL of the MAP
scaffold and positioned at the skull opening. The needle was
then lowered 0.750 mm into the infarct. 4.5 pL of the gel
was then injected at a rate of 1 pL min~" until the full volume
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was dispensed. The needle was allowed to sit for 3 minutes
before removal to prevent accidental removal or displacement
of the implanted hydrogel. The incision was then closed using
Vetbond surgical glue, and animals were allowed to wake from
anesthesia on a heating pad.

4.18. Tissue processing for ELISA

At terminal endpoints, animals were first anesthetized with
isoflurane. A vena cava draw was then used to collect blood for
serum isolation. After isolating the brain, a 4 mm biopsy punch
was used to isolate the infarct and peri-infarct sites, as well as
the correlating contralateral side. Tissue biopsies were then
placed in low binding microcentrifuge tubes, flash frozen in
liquid nitrogen, and kept at —80 °C until ready for processing.
Brain tissue samples were then placed in a bead lysis tube with
zirconium oxide beads (Next Advance, Cat. No. PINKR1) with
30x excess of T-PER tissue protein extraction reagent (Thermo
Fisher Scientific, Cat. No. 78510). Tubes were then placed in a
Bullet Blender (Next Advance, Troy, NY) and allowed to homo-
genize at speed 8 for 3 minutes at 4 °C. Samples were then
further centrifuged at 10000 G for 5 minutes at room tempera-
ture to remove debris. The supernatant from the sample was
then isolated and stored at —80 °C until further analysis.

4.19. Tissue processing for histology

At terminal time points, animals were first anesthetized with
isoflurane. Under anesthesia, a 50 pL retro-orbital injection of
biotinylated Lycopersicon esculentum (tomato) Lectin (Vector
Labs, Cat. No. B-1175-1) was administered and allowed to
circulate for 10 minutes. Animals were then put under using
isoflurane, and then transcardially perfused first with ~10 mL
of 1x PBS followed by 10 mL of chilled 4% (wt/vol) parafor-
maldehyde (PFA) (Electron Microscopy Sciences, Cat. No.
15710-S). Brains were then extracted and placed in 4% PFA
for 4 hours at 4 °C. The brains were then rinsed with 1x PBS
and then placed in 30% sucrose solution made with 1x PBS for
a minimum of 24 hours at 4 °C. Brains were then cryosectioned
into 30 pm sections collected on gelatin-coated glass slides. The
slides were kept at —20 °C until staining.

4.20. Immunostaining

Slides were first acclimated to room temperature to remove
residual moisture. They were then wash three times with 1x
TBS with 0.2% Triton X-100 Surfact-Amps detergent solution
(Thermo Fisher Scientific, Cat. No. 28314) (TBST) for 10 min-
utes. Afterwards, sections were placed in a blocking buffer
consisting of 5% normal donkey serum in TBST for 2 hours.
Slides were then incubated overnight at 4 °C with primary
antibodies prepared in blocking buffer. After incubation, the
slides were again washed three times for 10 minutes each with
1x TBS with Triton X-100. Secondary antibodies with DAPI
(1:500) were then allowed to incubate with the tissues for
2 hours at room temperature shielded from light. Slides were
washed again for a final time as previously described. Slides
were then mounted using Aqua-Poly/Mount (Polysciences, Cat.
No. 18606-20) and left to dry for 1-3 days at room temperature
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protected from light. Primary antibodies: 1:250 NF200
(Millipore-Sigma, N4142), 1:250 PDGFRP (R&D Systems,
AF1042), 1:500 CD31 (BD, 557355), 1:1000 vGlutl (Guinea
Pig, AB5905), 1:250 Homer (Synaptic Systems, 160 002),
1:500 GFAP (Invitrogen, 13-0300), 1:250 TMEM119 (Synaptic
Systems, 400 004), 1:250 IBA1 (Wako, 011-27991), and 1: 500
Sox2 (Synaptic Systems, 347 003). Secondary antibodies: 1: 500
Alexa Fluor 647 (Rb, Invitrogen, A31573), 1: 500 Alexa Fluor 555
(Gt, Abcam, ab150130), 1:500 Alexa Fluor 488 (Streptavidin,
Invitrogen, S11223), 1:500 CF 555 (Guinea Pig, Biotium, 2076),
1:500 Alexa Fluor 488 (Rt, Invitrogen, A21208), 1:500 Alexa
Fluor 647 (Gt, Invitrogen, A21447), 1:500 Alexa Fluor 488 (Rb,
Southern Biotech, 6442-30), 1:500 Alexa Fluor 647 (Streptavi-
din, Invitrogen, $32357), and 1:500 DAPI (Sigma-Aldrich,
D9542).

4.21. Imaging and image analysis

Data points for each animal were reported as an average
between two sections. Fiji/Image] was used to analyze the
maximum intensity projections (MIPs) of 20x large fluores-
cence image scans taken with a Nikon Ti Eclipse scanning
confocal microscope equipped with a C2 laser. ROIs were
drawn around the infarct and peri-infarct (area surrounding
the infarct 300 pm in all directions). Vessel diameters were
determined using the straight line and measure tools with at
least 10 different vessels measured and averaged per ROI. For
vessel branching measurements (longest shortest path and the
maximum branch length) images were despeckled, thre-
sholded, and skeletonized. From the analyzed skeleton results,
the maximum longest shortest path and maximum branch
length were recorded for each ROI. The normalized signal area
was found by dividing the signal PPA by the void space in the
infarct. The void space was calculated by despeckling, Gaussian
blurring (Sigma 8), thresholding, and finding the DAPI positive
percent area in the infarct ROL

4.22. Scratch assay

A monolayer of astrocytes was grown to ~90% confluency on
PDL-coated TC-treated 12-well plates as described above. A
200 pL pipette tip was used to create the scratch down the
middle of the well against a straight edge. Wells were rinsed
twice with warmed sterile PBS to remove debris before incuba-
tion in fresh astrocyte growth media with or without 100 ng of
TSP-1 in the nanoparticle form. The plate was then placed in a
Zeiss Axio Observer inverted microscope equipped with a Pecon
XL S1 incubator system for live cell imaging. 3 fields of view
capturing the scratch area and surrounding cells per well were
taken every 30 minutes for 25 hours. During this time, the
cells were maintained at 5% CO, and 37 °C. Frames taken
at the 0-, 6-, 12-, 18-, and 24-hour time mark were then
processed using the FIJI/Image] plugin Wound Healing Tool
(RRID:SCR_025260).

4.23. Behavioral testing

Behavioral testing was performed as previously described.” The
DANNCE arena consisted of 6 cameras mounted on a 30” x 30”
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breadboard. These cameras surrounded a stage on which a
borosilicate glass cylinder (height 8’ diameter 4”’) was placed in
the center for recordings. The stage was further illuminated
with 3 overhead LED lights (ikan Onyx, OYB240) to ensure
adequate visibility for the cameras.

Prior to each session of animal recordings, the cameras
underwent extrinsic and intrinsic calibration methods to aid
with post processing triangulation of anatomical landmark
translation into 3D Cartesian space from the video recordings.
Intrinsic calibration of each camera was computed using
AprilTags, a 2D fiducial marker array of QR codes, which were
recorded for 15 seconds at 30 fps and processed using MATLAB
code. Intrinsic calibration recordings were repeated until the
mean pixel error was lower than 0.5 pixels and each recording
had at least 150 frames. Afterwards, extrinsic calibration was
performed by taking images of the calibration target with posts
of known height and orientation. The quality of the extrinsic
and intrinsic calibrations were assessed, and both calibrations
were repeated if the mean pixel error was greater than 2.0 or the
single camera pixel error was greater than 3.0.

After the mouse was placed in the glass cylinder, simulta-
neous recordings from all 6 cameras were taken of the subject’s
free movements for 5 minutes. After the recordings were
finished, the animal was placed back in its housing unit, and
the glass cylinder and stage were cleaned.

Video predictions of key anatomical points were performed
by the DANNCE algorithm as described previously. DANNCE
reconstructed a 3D volume from 6 camera views using cali-
brated camera parameters. On this 3D volumetric rendering,
DANNCE estimated the 3D coordinates of anatomical key
points in the real-world coordinate system. The key points of
the forepaws were used to calculate the duration of the contact
(paw use) with the cylinder during the rearing behavior, where a
threshold of 2 mm was used to define contact. The usage of a
forepaw is defined by the contact duration of that paw during
rearing behavior. The total usage is the sum of both forepaw
usage. This functioned as a measure for the asymmetrical
behavior affected by stroke. The code and information to per-
form these key tasks can be found in the DANNCE GitHub
repository.

4.24. Statistical analysis

For immunofluorescence image quantification of in vivo tis-
sues, data were presented such that each point represents a
single animal whereby values from 2 sections were averaged.
Error bars represent the standard error of the mean (SEM). One
way ANOVA was performed on the quantification of images
with post hoc analysis (Sidak test). Animals were only excluded
from analysis if tissue was damaged. For behavioral assess-
ment, data were presented with error bars representing the
standard error of the mean (SEM), where each animal was a
biological replicate. Mixed effect analysis was performed to
account for time and treatment factors. Post hoc test (Sidak)
was performed to compare the treatment groups. Animals were
excluded from analysis only if they prematurely passed or were
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sacrificed early due to humane endpoint. Statistical analysis
was performed using GraphPad Prism software (version 10.5.0).
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