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Sustained Release of Human Adipose Tissue Stem Cell
Secretome from Star-Shaped Poly(ethylene glycol)
Glycosaminoglycan Hydrogels Promotes Motor
Improvements after Complete Transection in Spinal Cord
Injury Rat Model

Deolinda Silva, Lucas Schirmer, Tiffany S. Pinho, Passant Atallah, Jorge R. Cibrão,
Rui Lima, João Afonso, Sandra B-Antunes, Cláudia R. Marques, João Dourado,
Uwe Freudenberg, Rui A. Sousa, Carsten Werner,* and António J. Salgado*

Adipose tissue-derived stem cells (ASCs) have been shown to assist
regenerative processes after spinal cord injury (SCI) through their secretome,
which promotes several regenerative mechanisms, such as inducing axonal
growth, reducing inflammation, promoting cell survival, and vascular
remodeling, thus ultimately leading to functional recovery. However, while
systemic delivery (e.g., i.v. [intravenous]) may cause off-target effects in
different organs, the local administration has low efficiency due to fast
clearance by body fluids. Herein, a delivery system for human ASCs
secretome based on a hydrogel formed of star-shaped poly(ethylene glycol)
(starPEG) and the glycosaminoglycan heparin (Hep) that is suitable to
continuously release pro-regenerative signaling mediators such as interleukin
(IL)-4, IL-6, brain-derived neurotrophic factor, glial-cell neurotrophic factor,
and beta-nerve growth factor over 10 days, is reported. The released
secretome is shown to induce differentiation of human neural progenitor cells
and neurite outgrowth in organotypic spinal cord slices. In a complete
transection SCI rat model, the secretome-loaded hydrogel significantly
improves motor function by reducing the percentage of ameboid microglia
and systemically elevates levels of anti-inflammatory cytokines. Delivery of
ASC-derived secretome from starPEG-Hep hydrogels may therefore offer
unprecedented options for regenerative therapy of SCI.
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1. Introduction

Spinal cord injury (SCI) has been known as
“an ailment not to be treated” since ancient
Egyptian times, about 2500 years before
the common era (B.C.E).[1] However, even
thousands of years later, no effective cure
exists. SCI incidence is ≈54 cases per one
million people or about 17 700 new cases
per year in the United States alone.[2] As
a severely disabling condition, SCI encom-
passes a detrimental impact on the qual-
ity of life of patients afflicted. The disease
affects both motor and sensory functions
in the body. Although physical disabilities
are the major incapacitating alterations, pa-
tients are further burdened by the emerging
psychological and financial concerns.[3,4]

SCI pathophysiology comprehends three
main phases: the primary injury starts
when a mechanical impact compresses,
contuses, or lacerates the spinal cord,
disrupting ascending and descending
tracts.[5] Massive amounts of inflammatory
cells infiltrate injured tissue, leading to
the release of pro-inflammatory cytokines
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initiating the second phase.[6] In addition, cell death and dam-
age to spinal neurons and axons also occur.[5,7] A chronic or third
phase is then established, with a cystic cavity formed and sur-
rounded by reactive astrocytes. Furthermore, the demyelination
of white matter together with grey matter dissolution creates an
inhibitory environment for the regenerative process.[8] The com-
plexity of this cascade of events makes developing regenerative
approaches for SCI far more complex when compared to other
trauma-related injuries.

Cell-based therapies have opened a window of new possible
therapeutic approaches that have been studied in both preclin-
ical models and clinical applications.[9–12] In particular, adipose
tissue-derived stem cells (ASCs) can provide protection, survival,
and differentiation of neural cells and support neuroregenera-
tion with their beneficial immunomodulatory profile.[13–15] In
addition, the implantation of ASCs in a contusion mice model
enhanced functional recovery, reduced inflammation, and pre-
served neural tissue.[10] Moreover, our group showed that the
transplantation of a combination of ASCs and olfactory ensheath-
ing cells (OECs) within a gellan gum hydrogel improved motor
function by reducing inflammatory cells in the lumbar[16] and
thoracic hemisection SCI rat model.[9] Likewise, this approach
was capable of increasing diaphragmatic activity and partially
restoring sensory function in cervical level 2 (C2) hemisection
SCI in rats.[17]

The impact of cell transplantation on regenerative processes
is mainly conveyed through their secreted bioactive molecules
(secretome), including soluble proteins (cytokines, growth fac-
tors, and chemokines) and a vesicular fraction (exosomes),
both of which have neuroprotective, neuroregenerative, and im-
munomodulatory capabilities.[13,18] Thus, ASCs-derived secre-
tome has been shown to protect pheochromocytoma (PC12) cells
from glutamate excitotoxicity and apoptosis by reducing the lev-
els of cleaved-caspase-3.[14] Regarding inflammation, the ASCs
secretome is able to reduce the release of pro-inflammatory tu-
mor necrosis factor-𝛼 (TNF-𝛼) after exposure to an inflammatory
stimulus, as well as to induce active macrophages (M2) polar-
ization and the secretion of anti-inflammatory cytokines IL-10
and transforming growth factor (TGF𝛽1).[19] Furthermore, the
ASCs secretome was shown to be capable of promoting neuronal
survival and differentiation,[20,21] axonal outgrowth in dorsal root
ganglia (DRG) explants,[9,22] and also tissue vascularization.[23]

Based on these positive effects on neuroregeneration, our
group recently showed that ASCs secretome can promote func-
tional recovery in an SCI mice model by multiple systemic
injections.[24] The beneficial effects have only been observed by
systemic administration in this study, whereas the action of lo-
cal injection was greatly diminished due to its quick clearance of
the secretome from the target site. However, systemic adminis-
tration also presents some disadvantages, frequently associated
with rapid diffusion through the body and off-target effects.[25]

Other strategies involve catheter implantation or mini pumps,
which come with the downside of the additional risk of infections
at the delivery site.[26,27]

Taking all of the previous into account, new methods of sus-
tained administration must be developed, such as hydrogels.
Indeed, in recent years several studies have demonstrated the
ability of hydrogels to serve as delivery platforms for a vari-
ety of therapeutic agents for a plethora of disabled conditions.

In an SCI rat model, elastic poly(sebacoyl diglyceride) coated
with isoleucine-lysine-valine-alanine-valine-serine hydrogel load-
ing neural stem cells promoted improved motor function while
reducing inflammation and cell death.[28] Pan and coworkers
also demonstrated that the release of human periodontal liga-
ment stem cells from a thermosensitive hydrogel overexpress-
ing platelet-derived growth factor-BB (PDGF-BB) supported bone
regeneration.[29] Hydrogels have also been identified as promis-
ing candidates for chemotherapeutic drug delivery as an alterna-
tive to conventional methods.[30] Overall, these findings strongly
support the development and application of hydrogels as deliv-
ery systems. In fact, the ability of hydrogels to act as release sys-
tems is directly related to their ability to integrate at lesion sites,
support tissue regeneration, and load and release a wide range
of small molecules or biological compounds.[31–34] In particular,
the viscoelasticity, cell compatibility, and biofunctionalization of
hydrogels can support the treatment of SCI.[35]

Poly(ethylene glycol) (PEG) is a biocompatible synthetic poly-
mer that has been widely used to design hydrogels that allow ax-
onal growth, vascularization, infiltration of glial cells;[36] promote
functional recovery, and reduce cystic cavity.[37] Moreover, these
hydrogels can be easily functionalized with cell-instructive pep-
tides, such as Arg-Glys-Asp (RGD), to improve cell loading and
survival.[38] The physical and chemical characteristics of PEG-
based hydrogels, such as their inert characteristics avoiding in-
teractions with proteins, are favorable to create a permissive en-
vironment to drive the diffusion of molecules which confers an
advantage of using them as encapsulating platforms.[39] For in-
stance, the controlled delivery of brain-derived neurotrophic fac-
tor (BDNF) and glial-derived neurotrophic factor (GDNF) from
PEG-based hydrogels into the brain has been beneficial to reduce
microglial response[40] as the local delivery of neurotrophin-3
(NT-3) in SCI induced axonal growth and functional recovery,[32]

corroborating the potential of these hydrogels as delivery sys-
tems.

However, hydrogels lacking affinity sites for cytokines and
growth factors can hardly provide long term release. To over-
come this limitation, biohybrid hydrogels made of starPEG (star-
shaped PEG) and the glycosaminoglycan (GAG) heparin (Hep)
have been produced and demonstrated to enable the sustained
release of various growth factors.[41–43] In this system, the an-
ionic charge arising from the high density of sulfate moieties
on heparin results in a high affinity for a broad range of growth
factors, cytokines, and chemokines mainly due to electrostatic
interactions.[44] This effect has been previously utilized to mod-
ulate the release of multiple growth factors such as FGF-2 and
vascular endothelial growth factor (VEGF)[45] or cytokines, such
as IL-4[46] in a controlled and sustained manner over weeks. Ad-
ditionally, these matrices can be applied as in situ forming hy-
drogels, which allow for the injection in a liquid state at the in-
jury site, and posterior fast polymerization due to a Michael type
reaction.[47]

Herein, we draw benefit from the high concentration of bind-
ing sites within a customized starPEG-Heparin (starPEG-Hep)
hydrogel for controlled release of human ASCs (hASCs) secre-
tome consisting of an effective combination of different growth
factors and cytokines. Fluorescein isothiocyanate (FITC) labeled
secretome and membrane-based protein arrays were used to as-
sess the cumulative release of the secretome from starPEG-Hep
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Figure 1. Schematic representation of our biomaterial concept, in vitro cultures, and in vivo model that were used to evaluate the bioactivity of human
adipose-tissue derived stem cells (hASCs) secretome released from starPEG-Hep hydrogels. StarPEG-Hep hydrogels are formed by Michael type addition
between thiol-terminated 4-arm starPEG and maleimide-functionalized heparin. Through electrostatic interactions, signaling mediators of the hASCs
secretome bind to heparin to enable a controlled and sustained release. Bioactivity of released secretome was evaluated by the capacity to promote
neuronal differentiation of human neural progenitor cells (hNPCs) and organotypic spinal cord cultures. In a final assessment, recovery of thoracic (T8)
level transected rats by secretome-loaded starPEG-Hep hydrogels was analyzed.

hydrogels. In vitro bioactivity was evaluated in the capacity to in-
duce neuronal differentiation in human neural progenitor cells
(hNPCs) and neurite growth in organotypic spinal cord slices.
Finally, this release system’s potential to promote regeneration
after a complete transection in an SCI rat model was assessed
(Figure 1).

2. Results and discussion

2.1. Physical Characterization of In Situ Forming Hydrogels

StarPEG-GAG hydrogels have been well characterized regard-
ing their mechanical as well as biomolecular behavior and
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Figure 2. Physical characterization of starPEG-Hep hydrogels. At different crosslinking degrees (starPEG/Hep molar ratio) hydrogels characteristics
such as A) stiffness, B) mesh size (calculated based on rubber elasticity theory,[41,56] and C) swelling degree, were measured. Hydrogels can vary from
soft to stiff materials, decreasing mesh size and swelling degree upon increasing crosslinking degree. Measurements are plotted as mean ± SEM,
corresponding to 9 replicates.

have previously been presented as a suitable matrix for in vivo
implantation.[41,48,49] These hydrogels are formed from heparin
functionalized with six maleimide groups together with thiol-
terminated, 4-arm starPEG. The physical properties of the hy-
drogels can be adjusted by the number of starPEG molecules
reacting with heparin maleimide groups, changing the degree
of crosslinking, thus modulating the stiffness, mesh size, and
swelling.[47,50] Increasing the crosslinking degree from 0.75 to 1
and 1.5, hydrogels increase their storage modulus from 1.01 ±
0.13 to 2.69 ± 0.30 to 7.14 ± 0.97 kPa, respectively (Figure 2A),
ranging from soft to stiff materials. This control over material
stiffness is highly important in SCI, where the material’s me-
chanical properties should mimic the spinal cord’s soft tissue.[51]

In this manner, the low stiffness hydrogels were selected to be
used in this work, mainly due to its similar stiffness to neu-
ronal tissue and its ability to allow axons to grow throughout
the material.[52] Furthermore, mesh size and swelling degree de-
crease with increased crosslinking degree (Figure 2B,C, Table S1,
Supporting Information). The mesh size will allow the diffusion
of molecules through the material.[53] Hydrogels injected at the
spinal cord may swell around twice the initial volume to avoid
additional pressure or lesion in the tissue.[54,55] In accordance,
starPEG-Hep hydrogels have a low swelling degree, between 1.2
and 1.5, which will ensure no damage to the tissue.

2.2. Characterization of Secretome Released from starPEG-Hep
Hydrogels

In the context of SCI, administering a therapy is still a concern,
considering the administration route and associated problems,

such as toxic side effects promoted by high doses or the rapid
clearance by the fluids at the injury site. Moreover, the enzy-
matic degradation at the injury site can compromise the bioac-
tivity of drugs and molecules.[57] To minimize these problems,
starPEG-GAG hydrogels can be easily integrated at the lesion site
and bind, protect, and sustainable deliver the secretome of ASCs.
As the secretome of ASCs has already been characterized to be
composed of a wide range of signaling factors,[21,58,59] our ap-
proach capitalizes from the high number of binding sites within
the starPEG-Hep hydrogels that allow for independent release of
multiple factors[42] and thus should be a promising choice for de-
livering hASCs secretome within SCI sites. Several release assays
were conducted to evaluate the release profile of the hASCs secre-
tome from starPEG-Hep hydrogels. In a first approach, the secre-
tome was labeled with a FITC dye that binds to amine groups
of proteins, enabling their detection by fluorescence intensity.
Then, the labeled secretome was loaded into starPEG-Hep hy-
drogels with an efficiency of immobilization of about 95% and
incubated in phosphate buffered saline (PBS) with 1% bovine
serum albumin (BSA). To characterize the release of the secre-
tome, samples from the supernatant that have been in contact
with the hydrogel were collected over 10 days, revealing a con-
trolled and prolonged release profile (Figure 3A). Briefly, after a
burst release during the first day (≈45%) the hydrogel showed
a cumulative release of the secretome until 10 days, reaching
≈70% of release at that time point of the experiment. Over
the following 9 days, a sustained release of the secretome was
detected.

These results show the hydrogel’s potential as a sustained re-
lease system for the secretome. In order to elucidate more closely
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Figure 3. Characterization of hASCs secretome release from starPEG-Hep hydrogels. A) FITC-labeled secretome was loaded to starPEG-Hep hydrogels
and samples were collected at 0, 3 h, 1, 2, 3, 4, 5, 6, 7, and 10 days. Secretome was detected by fluorescence and the cumulative release was calculated over
time. Values are plotted as mean ± SEM from two independent experiments with seven replicates. To decipher which molecules were being released
from starPEG-Hep hydrogels, a membrane based-protein array was performed of samples collected at 2 and 10 days. B,C) show the membranes of
Cytokines Antibody arrays and Neuro Discovery arrays, respectively. D) Relative intensity of factors involved in neuroinflammatory and angiogenesis,
such as IL-4, tissue inhibitor of metalloproteinase (TIMP)-1, and VEGF, present a higher release in the first 2 days. E) On the opposite neuroregulatory
molecules like BDNF, 𝛽-NGF, or TGF-𝛽 are mainly released within 2–10 days of release. Values are presented as relative intensity, in percentage, for the
positive control in each membrane.

which components of the secretome were being released from
starPEG-Hep hydrogels, membrane-based protein arrays were
used. Membrane-based protein arrays detect multiple protein lev-
els with high sensitivity and specificity in a single experiment.
The technology is based on the sandwich immunoassay, in which
each dot in the membrane represents a single factor and signals
are detected using chemiluminescence (Figure 3B,C).[60] For this
purpose, samples of released secretome were collected only at 2
and 10 days and evaluated separately using Human Neuro Dis-
covery Array C1 and Human Cytokine Antibody Array C5 (Fig-
ure 3B–E), allowing the detection of known ASCs released neu-
rotrophic factors and cytokines after 2 days and 2–10 days, respec-
tively. This allows to determine whether all factors are released
after 2 days or if they are delayed until the end of the experiment.
This could also be useful in determining which processes are
being addressed by the protein release for biological purposes.
Each dot was quantified and normalized to the positive controls to
determine the relative amount released at different time points.
Membrane arrays revealed a different release profile of neuroin-
flammatory and angiogenic factors (Figure 3D) compared with
neuroregulatory molecules (Figure 3E). In fact, cytokines that
play a role in modulating the immune response, such as IL-1𝛼,
IL-1𝛽, IL-2, IL-3, and IL-4, or factors involved in angiogenesis like
angiogenin or VEGF had a burst release after 2 days. Despite

that, the cumulative release observed after 10 days evidenced
their continuous and extended release. In contrast, growth fac-
tors that promote neuronal growth and survival like BDNF, 𝛽-
NGF, heparin binding epidermal growth factor are mainly re-
leased within 2–10 days, indicating overall an instant release of
immune modulating factors and a slightly delayed but therefore
more prolonged release of neuro-regulating factors. Moreover,
it was possible to detect a wide range of molecules present in
the secretome of hASCs that were continuously released from
the hydrogels such as fibroblast growth factor (FGF), transform-
ing growth factor beta (TGF-𝛽), hepatocyte growth factor, NT-3,
NT-4, IL-16 (Figures S1 and S2, Supporting Information). Alto-
gether, these results support and explain the cumulative release
profile presented in Figure 3A. While Figure 3A shows the total
release of the secretome, membrane-based protein arrays show
which of these factors are released over time. The burst release re-
sults from high amounts of neuroinflammatory and angiogenic
factors released in the first days, while the continuous and pro-
longed release until 10 days is driven mainly by neuroregulatory
growth factors. This pattern may also indicate the different affin-
ity of various proteins to heparin which control the overall release
characteristics.[61] This profile is in line with other approaches
that used hydrogels as affinity-based delivery systems incorporat-
ing heparin to deliver fibroblast growth factor (FGF-2),[34,62] and
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Figure 4. Effect of hASCs secretome released from starPEG-Hep hydrogels on hNPCs differentiation in vitro. A) Representative micrographs of hNPCs
differentiation in immature (DCX) and mature (MAP2) neurons when exposed to control, secretome- or vehicle in which secretome was collected
(NbA)-loaded starPEG-Hep hydrogels, free secretome or NbA conditions. Nuclei are stained with DAPI and neurons with anti-MAP2 and anti-DCX. B,C)
Quantification of the percentage of DCX+, MAP2+ cells from total cells, respectively. Results are representative of two independent experiments with
8/12 replicates in a total of ten representative fields per replicate. Mixed ANOVA; ***p < 0.0001. Error bars represent mean ± SEM. Scale bar: 50 μm.
MAP2 microtubule-associated protein 2, DCX doublecortin, DAPI 4′,6′-diamino-2-fenil-indol.

was effective in promoting their prolonged release and improved
functional recovery after SCI in animal models.

2.3. hASCs Secretome Released from starPEG-Hep Hydrogels
Promotes Differentiation of hNPCs and Neurite Outgrowth in
Organotypic Cultures

Testing of the bioactivity of the developed hydrogel system then
followed through the evaluation of the differentiation of hN-
PCs. For this goal, hNPCs were seeded as a single monolayer
of adherent cells on precoated coverslips with poly-D-Lysin and
laminin, after which secretome-loaded starPEG-Hep (starPEG-
Hep+sec) hydrogels were placed in an insert above the cell layer.
After 5 days in culture, differentiation of hNPCs was assessed
by immunocytochemistry (ICC) analysis for doublecortin pos-
itive cells (DCX+) and microtubule-associated protein positive
cells (MAP2+), staining immature and mature neurons, respec-
tively. Fluorescence microscopy images showed hNPCs differen-
tiation (Figure 4A). Statistical analysis showed that there was an
effect of factor treatment (F (4,474) = 57.87, p < 0.0001, 𝜂2

partial
= 0.33), and the differentiation condition (F (1,474) = 153.66, p
< 0.0001, 𝜂2

partial = 0.25), and the interaction between these two

factors (F (4,474) = 40.15, p < 0.0001, 𝜂2
partial = 0.25). As shown

in Figure 4B, hASCs secretome released from starPEG-Hep hy-
drogels presented significative higher percentage of DCX+ cells
when compared with hydrogel loading the vehicle in which se-
cretome was collected (Neurobasal A) (starPEG-Hep+NbA) (n =
120; 25.47 ± 17.90 versus n = 99; 9.08 ± 12.66; p < 0.0001) or the
vehicle alone (n = 80; 17.57 ± 15.37; p < 0.0001). No statistical
differences were observed compared with the positive control (n
= 100; 24.77 ± 13.87; p = 0.72) or free secretome (n = 80; 28.78 ±
9.97; p= 0.11), which was in contact with cells for the entire exper-
iment. The same tendency is observed regarding the staining of
mature neurons (MAP2+). Cells treated with secretome released
from starPEG-Hep hydrogels promoted a higher differentiation
of MAP2+ cells (Figure 4C) compared to cells treated with the ve-
hicle released from the hydrogel (n = 120; 30.75 ± 19.80 versus
n = 99; 10.43 ± 13.23; p < 0.0001) and cells treated only with ve-
hicle (n = 80; 17.95 ± 15.01; p < 0.0001). Significance was also
observed when comparing with positive control (n = 100; 44.78
± 13.34; p < 0.0001) or free secretome (n = 80; 36.72 ± 11.74; p =
0.007). All statistical values are presented in Table S2, Supporting
Information.

With this, we have shown that starPEG-Hep hydrogels are suit-
able for sustainably releasing a wide range of molecules, that
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are closely implicated in regenerative processes such as BDNF
and NGF, which are known to be involved in the survival, pro-
liferation, and differentiation of hNPCs through the extracellular
signal-regulated kinase (ERK) pathway.[63,64] Additionally, TIMP-
1, highly released by starPEG-Hep+sec hydrogels, is also in-
volved in the differentiation of oligodendrocyte progenitor cells
(OPCs) by activating the protein kinase B (Akt) pathway.[65] These
results are also in line with our previous work, where we showed
the effects of hASCs secretome in inducing proliferation and
metabolic activity of hippocampal neurons,[66] promoting differ-
entiation of hNPCs and neurite outgrowth of DRG explants.[22]

The secretome’s role in modulating regenerative processes may
rely on initial inflammatory activity created by the early release
of pro-inflammatory cytokines, such as IL-1𝛼, IL-1𝛽 or IL-2 (Fig-
ure 3D), which are required to activate elements of innate re-
sponse and may be involved in the proliferation and differen-
tiation of reparative cells.[67,68] On the other hand, the time-
dependent release of anti-inflammatory cytokines, IL-10, and pro-
regenerative molecules such as BDNF, NGF, or even TGF-𝛽 (Fig-
ure 3E) helps to restrict the immune response while also trigger-
ing axonal sprouting and regeneration.[69]

Given the generally low neuroregenerative capacity observed
in SCI, it is of the utmost importance to develop therapies that
can promote better regeneration. Bearing this in mind, organ-
otypic spinal cord slice cultures were used as a more represen-
tative assay to evaluate the potential of hASCs secretome in pro-
moting axonal or neurite outgrowth. After 7 days in culture, the
secretome effect was evaluated by staining slices with neurofil-
ament (NF) antibody (Figure 5). Quantification was performed
by normalizing the total area occupied by the neurite to the to-
tal slice area. Statistical analysis evidenced the effect of the treat-
ment (F (3.65) = 12.22, p < 0.001). Indeed, as shown in Figure 5B
the percentage of relative NF area was significantly higher in
the presence of starPEG-Hep+sec when compared with starPEG-
Hep+Nb (n = 16; 25.70 ± 12.04 versus n = 17; 18.04 ± 8.47; p =
0.039). Statistical significance was also detected when compared
with the control group (n = 19; 12.73 ± 2.58; p < 0.001) and to
free secretome (n = 17; 10.71 ± 5.72; p < 0.001, Table S3, Sup-
porting Information). The observed effect of hASCs secretome
in promoting neurite outgrowth can be attributed to the released
signaling mediators, such as BDNF, which induces outgrowth of
cortical and hippocampal neurons[70] as well as supports axonal
growth.[71] Neurite extension in organotypic spinal cord slices
could be caused by the growth factors released during the first
days, such as GDNF, FGF-2, and NT-3 supporting neurogenesis,
axonal growth, and cell metabolism.[64,72,73] However main effects
may be most likely governed by factors released from 2–10 days,
such as BDNF and NGF, as the medium was changed after 48 h,
in an attempt to recapitulate the rapid clearance by the fluid at
the SCI lesion site.[74] Other highly released factors can also in-
fluence these processes, such as IL-6, which can enhance sprout-
ing and functional recovery, as observed in lesioned hippocampal
slices associated with a high level of growth associated protein
(GAP)-43 expression, a protein associated with axonal growth,[75]

or by activating mitogen-activated protein kinase (MAPK) signal-
ing pathway inducing regeneration.[76] Apart from specific well-
known molecules related to the beneficial effects of the secretome
in in vitro and in vivo cultures, stomal cell-derived factor (SDF)-1,
previously shown to be sustainably released from starPEG-Hep

hydrogels,[77] has been associated with tissue protection, namely
when mesenchymal stem cells (MSCs) overexpress this factor af-
ter myocardial infarction leading to the preservation of cardiac
tissue.[78]

Altogether, these results emphasize the potential of starPEG-
Hep hydrogels as a release system for a broad spectrum of the
neuroregenerative signaling mediators of the hASCs secretome
that can induce neural differentiation and neurite outgrowth.
Furthermore, the promising avenue in promoting an extended
release of secretome from starPEG-Hep hydrogels holds up not
only for the action of single factors, but most likely for the balance
between pro-inflammatory and pro-regenerative factors that are
being released in an optimal time-dependent frame that favor the
processes of regeneration path, when compared with free secre-
tome condition.

2.4. hASCs Secretome Released from starPEG-Hep Hydrogels
Promotes Motor Recovery in an SCI Animal Model

The secretome of hASCs has previously been shown to induce re-
generation after SCI in animal models.[24,79] Herein, we aimed to
develop a hydrogel system capable of controlled and prolonged
release of secretome at the injury site to potentiate its effect.
Considering the pro-regenerative capacity shown on hNPCs and
spinal cord slices within the in vitro studies, we explored the po-
tential of the released secretome in promoting motor improve-
ments after a complete transection in a rat model. Animals were
divided into five groups: SCI treated with starPEG-Hep+sec (n
= 7); SCI treated starPEG-Hep+NbA (n = 4); SCI treated with
secretome locally (n = 7); SCI treated with NbA (n = 6); and non-
injured animals (laminectomy—SHAM group; n = 7). Complete
transection was performed at T8 level, which resulted in a very se-
vere lesion compared with hemisection or contusion models.[80]

Animals were immediately treated and motor recovery was eval-
uated every 2 weeks until 8 weeks post-injury by Basso, Beattie,
and Bresnahan (BBB) test.

Animals treated with starPEG-Hep+sec displayed improved
motor outcomes compared with other groups (Figure 6). In addi-
tion, SHAM animals did not present motor deficits during that
time. Statistical analysis revealed an effect of factor time (weeks F
(5,130) = 33.54 p< 0.0001, 𝜂2

partial = 0.56), and treatment (F (4,26)
= 948.54 p < 0.0001, 𝜂2

partial = 0.99) and the interaction between
these two factors (F (20,130) = 3.90 p < 0.0001, 𝜂2

partial = 0.38).
In particular, the mean BBB score was significantly improved
by starPEG-Hep+sec treatment at 2, 6, and 8 weeks post-injury
(wpi). Moreover, at 2 and 6 wpi, animals treated with starPEG-
Hep+sec showed improved motor function when compared with
animals treated with only secretome (2 wpi: 2 ± 2 versus 0.71 ±
0.57; p = 0.032; 6 wpi: 3.5 ± 2.25 versus 1.29 ± 0.95; p = 0.004).
Notably, at 8 wpi animals treated with starPEG-Hep+sec showed
statistically significant improvements compared with starPEG-
Hep+NbA (4.07 ± 2.24 versus 2.00 ± 0.82; p = 0.012), animals
treated with only secretome (1.86 ± 0.85, p = 0.002) and ani-
mals lesioned treated with vehicle (2.25 ± 0.69; p = 0.013). In-
terestingly, comparing the group treated with starPEG-Hep+sec
with free secretome, a difference of approximately two points in
BBB scale was reported clearly showing a beneficial effect of the
hydrogel-based release. Furthermore, this is consistent with our
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Figure 5. Effect of hASCs secretome released from starPEG-Hep hydrogels in promoting neurite outgrowth in organotypic in vitro cultures. A) Repre-
sentative micrographs of spinal cord slices when exposed to control, secretome- or vehicle in which secretome was collected (Nb)-loaded starPEG-Hep
hydrogels, free secretome conditions. Nuclei were stained with DAPI and neurites with anti-neurofilament. B) Quantification of the percentage of area
occupied by neurofilament normalized to total slice area. Results represented four independent experiments with 16/19 replicates. One-way ANOVA; *
p < 0.05; **p < 0.001. Error bars represent mean ± SEM. Scale bar: 100 μm. DAPI 4′,6′-diamino-2-fenil-indol; NF—Neurofilament.
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Figure 6. Evaluation of motor performance in SCI rats by BBB test for 8 weeks post-injury. Animals treated with secretome presented improved motor
recovery 8 weeks after treatment. Mixed ANOVA; (*) represents differences between starPEG-Hep+sec and Secretome, (#) represents differences
between starPEG-Hep+sec versus starPEG-Hep+NbA and NbA, and (&) represents differences between SHAM group and all other; * and # p < 0.05;
**p < 0.001 and &&& p < 0.0001. Error bars represent mean ± SEM.

findings from organotypic spinal cord cultures where the free
secretome group promoted significantly lower neurite extension
(Figure 5). Moreover, all groups presented statistical differences
from SHAM animals, as presented in Table S4, Supporting In-
formation.

The BBB score of animals treated with starPEG-Hep+sec in-
dicates that animals could perform extensive movements of two
joints (such as ankle, knee, or hip), while animals treated with
starPEG-Hep+NbA or NbA were only able to perform exten-
sive movement of one joint and slight movement of the third.
Finally, animals treated with secretome only performed slight
movements of hindlimbs joints.

2.5. hASCs Secretome Released from starPEG-Hep Hydrogels
Decreases the Inflammation in an SCI Model

8 weeks after spinal cord transection, animals were sacrificed and
the spinal cords were processed for histological analysis. Neu-
roinflammation in the tissue was evaluated through immunos-
taining with Iba-1. In this sense, the area of ameboid microglia,
a phenotype associated with higher inflammation, was quanti-
fied (Figure 7A). Statistical analysis showed that there was a sig-
nificant effect on Iba-1 staining (F (4.30) = 96.90, p < 0.0001).
Animals treated with starPEG-Hep+sec presented a significantly
reduced area of ameboid microglia (p = 0.019) when compared
with animals treated with secretome only (n = 7; 38.88 ± 7.44 ver-
sus n = 7; 48.59 ± 5.05) or NbA (n = 6; 49.28 ± 4.32; p = 0.015;
Figure 7C). Previous studies have shown that the starPEG-Hep
hydrogels can reduce inflammation by scavenging inflammatory
mediators.[81,82] In line with those findings, a slight attenuation of
Iba-1 expression was observed in animals treated with starPEG-
Hep+NbA, which points to the anti-inflammatory characteristics
of the pure hydrogels (n = 4; 44.43 ± 7.77, p = 0.49) with only
the starPEG-Hep+sec effectively attenuating inflammation in the
SCI model. All statistical comparisons between groups are pre-
sented in Table S5, Supporting Information.

Other markers were used to assess astrocytes (glial fibril-
lary acidic protein (GFAP)) and axonal regeneration/preservation
(NF), which are displayed in Figure S3, Supporting Information.
A decrease in the percentage of GFAP positive area at the ros-
tral, epicenter, and caudal regions was also observed in animals
treated with starPEG-Hep+sec compared with animals treated
with secretome and NbA (Figure S3B, Supporting Information).
A similar trend occurs for NF-positive areas. While a slight in-
crease in NF positive area in starPEG-Hep+sec is observed at
the epicenter region, a decrease is noticed in rostral and cau-
dal regions with all other groups (Figure S3C, Supporting Infor-
mation). Nevertheless, no significant differences were observed
among treated animals for both markers (Table S6, Supporting
Information).

Altogether, these data indicate that motor recovery seems to be
favored by a reduced inflammatory response to treatment in lo-
cal tissue. Furthermore, it has been previously demonstrated that
hASCs secretome promoted a reduced inflammatory response
in vivo, either by treatment with secretome systemically in mice
model[24] or the local cell transplantation.[9,10] Moreover, ASCs se-
cretome can induce M2 polarization through mammalian target
of rapamycin complex 1 (mTORC1) and mTORC2 pathways.[83]

Other authors also hypothesized that hASCs transplantation in a
contusion injury mice model could reduce neuroinflammation
by reducing microglia/macrophages at the lesion site, as well
as inhibiting Jagged1/Notch pathway.[84] This pathway has been
implicated in modulating the immune response after lesion in
the central nervous system (CNS) by impacting cell fate deci-
sions and endogenous neurogenesis.[85] On the other hand, in-
terferon gamma (IFN-𝛾), present in secretome and released by
hydrogels, may determine microglia’s anti or pro-inflammatory
state. Indeed a lower concentration can induce a neuroprotective
function.[86,87]

SCI is characterized by an exacerbation of inflammatory re-
sponse, which could be one of the causes of the massive damage
to the tissue after lesion. After we observed an attenuation of in-
flammation characterized by the reduction of ameboid microglia
in the damaged tissue of animals treated with hydrogel and
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Figure 7. Representative confocal microscopy images of longitudinal sections of spinal cord tissue for Iba1 staining. A) delineated ameboid area in
animals treated with starPEG-Hep+sec, starPEG-Hep+NbA, Secretome, NbA, and SHAM 8 weeks after lesion. B) Magnification of tissue stained with
anti-Iba1 and considered ameboid area. C) quantification of ameboid area in all groups. Ameboid area was normalized to total area of the tissue and
plotted as percentage. One-Way ANOVA, * p < 0.05; Error bars represented mean ± SEM. Scale bar: 100 μm.

secretome, we evaluated if the same could be observed system-
ically. For this purpose, animal serum was collected at three dif-
ferent time points (48 h, 4, and 8 wpi) and the expression of
cytokines was evaluated by a cytokine array. Molecular analyses
of sera at 48 h post-lesion are presented in Figure 8B, where
the expression as a heatmap (Figure 8A). Animals treated with
starPEG-Hep+sec have an increase in IL-10 compared with an-
imals treated with hydrogel only, secretome, or NbA, and a de-
crease of inflammatory cytokine monocyte chemoattractant pro-
tein (MCP)-1 compared with other groups. Moreover, cluster of
differentiation 86 (CD86), a classically (M1) marker, presented
values similar to SHAM animals at this time point.

After 4 weeks (Figure 8C and Figure S4A, Supporting Informa-
tion), animals treated with starPEG-Hep+sec continue to have a
higher expression of IL-10 when compared with animals treated
with starPEG-Hep+NbA, secretome, or NbA, Figure 8C. Interest-
ingly, at this time point, a decrease in expression of CD86 is ob-
served compared with NbA treated animals. On the other hand,
values of MCP-1 remained similar to values obtained at 48 h, with
a decrease in groups treated with starPEG-Hep+NbA, secretome,
or NbA.

Right before sacrifice (8 weeks, Figure 8D and Figure S4B,
Supporting Information), sera analysis revealed an increase
in IL-10 levels in animals treated with starPEG-Hep+sec and
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Figure 8. Molecular analysis of collected sera following SCI using Rat Cytokine Array C2 from RayBiotech. A) Representative heat map at 48 h pi of the
panel for the different groups was generated using the BROAD Institute’s R implementation of Morpheus with Euclidean distance hierarchical clustering.
B) Relative expression of selected pro-inflammatory and anti-inflammatory cytokines at 48 h pi, C) 4 wpi, and D) 8 wpi. Data are shown as mean Log2
(fold change—FC) relative to the normalization of each cytokine to the positive controls of each membrane. Error bars represented mean ± SEM.

secretome compared to other groups (Figure 8D). The release of
IL-4 or IFN-𝛾 by secretome-loaded hydrogels has been previously
shown to induce IL-10 production by microglia/macrophages,
leading to increased circulation levels.[88,89] Thus administra-
tion of IL-10 has been shown to decrease the levels of pro-
inflammatory cytokines and contributed to motor recovery after
lesion.[90,91] At the same time, as MCP-1 has been shown to play
a critical role in mediating neuron-macrophage interactions that

contribute to axonal growth and M2 phenotype polarization, the
moderate levels of MCP-1 observed over time may down reg-
ulate the inflammatory response and endure the regenerative
process.[92] CD86, a marker of M1 phenotype,[93] demonstrated a
slight decrease from 4 weeks post-injury and compared with an-
imals treated with hydrogel and NbA at this time point. It is also
worth noting that animals treated with starPEG-Hep+sec have
higher levels of VEGF expression than all other groups at all time
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points, which was shown to inhibit inflammatory response by
increasing autophagy contributing to motor improvements after
SCI.[94]

Together, the reported data demonstrate for the first time that
a biohybrid hydrogel-based sustained hASCs secretome release
comprising pro-regenerative cytokines (IL-4, IL-2) and growth
factors (BDNF, GDNF). In vitro, hASCs secretome release from
starPEG-Hep hydrogel promoted significant hNPCs differentia-
tion in immature (DCX) and mature (MAP2) neurons. Neurite
extension was found to be greater in organotypic spinal cord
slices if treated with starPEG-Hep+sec. Significant motor recov-
ery in a complete SCI rat model further confirmed the robustness
of the delivery system, accompanied by a reduced ameboid mi-
croglia area, as well as increased levels of the anti-inflammatory
cytokine IL-10 in animal sera.

3. Conclusion

A StarPEG-Hep hydrogel was successfully tuned for sustained
hASCs secretome release over weeks as well as for mechan-
ical tissue stabilization to promote neural regeneration.[95,96]

The system was demonstrated to be effective in an SCI ani-
mal model in reducing inflammation management and initiat-
ing pro-regenerative processes. In perspective, the approach may
offer unprecedented clinical treatment modalities for SCI.

4. Experimental Section
Synthesis of Hydrogel Precursors, starPEG, Heparin Maleimide: Thiol

end-functionalized 4-arm star-PEG (MW 10000, USA) was purchased and
maleimide-functionalized heparin (MW 15000, Merck, Germany) was syn-
thesized as previously described.[47] Briefly, heparin (1.5 mm) dissolved
in PBS was mixed with an equal volume of starPEG (1.1 to 2.2 mm) to
produce hydrogels in the crosslinking range of 0.75–1.5 (molar ratio of
starPEG to heparin) (Detailed in Supporting Information).

Rheological Measurements: For rheological measurements, hydrogels
with different molar ratios (0.75–1.5) were prepared. Briefly, 67 μL of hy-
drogel were prepared and allowed to polymerize between two hydropho-
bic Sigmacote coverslips (Merck, Germany) of defined diameter (Di = 9
mm). After polymerization, discs were hydrated in PBS. Then, oscillat-
ing measurements on swollen gel disks were carried out on a rotational
rheometer (ARES LN2; TA Instruments, Germany), with plate-plate geom-
etry (plate diameter 25 mm; gap width, 1.2–1.5 mm). Frequency sweeps
were performed at 25 °C with a shear frequency range of 10−1–102 rad s−1

and a strain amplitude of 2%. Mean values of the storage modulus were
calculated. Experiments were performed in triplicate. The gel volumetric
swelling of the gels was determined by the following equation: where d0 is
the diameter of the unswollen gel disk and d is the diameter after swollen
gel for 24 h in PBS.

Q =
(

d
d0

)3

(1)

Mesh Size: The mesh size of a hydrogel was defined as the distance be-
tween two entanglement points (𝜉) and varied with the different molar ra-
tios in a hydrogel network.[97] It was calculated from the storage modulus
G′ based on rubber elasticity theory[56] using the following Equation (2),
where G′ is the storage modulus, NA the Avogadro constant, R the molar
gas constant, and T the temperature:

𝜉 =
(

G′NA

RT

)− 1
3

(2)

Cell Isolation and Culture: The hASCs were obtained from lipoaspirates
from consenting donors under a protocol approved and reviewed by an
institutional board of LaCell LLC. Cells were isolated according to the pre-
vious protocol.[98] The culture conditions of these cells are described in
Supporting Information.

Secretome Collection: For secretome collection, hASCs were seeded at
a density of 4000 cells cm−2 in cell culture flasks with alpha minimum
essential medium (𝛼-MEM). The medium was harvested 72 h after cul-
ture and the cells were washed four times with PBS without Ca2+/Mg2+

(Merk, Germany). The cells were then conditioned for 24 h in Neurobasal
medium (ThermoFisher, USA) with 1% penicillin/streptomycin or Neu-
robasal A (ThermoFisher, USA) with 1% kanamycin, depending on which
cultures the secretome will be applied. It was further centrifuged (249 × g,
Megafuge 1.0R, Heraeus, Germany) for five min to remove any cell debris.
Then, hASCs secretome was concentrated (100×) by centrifugation (3000
× g) using 5 kDa cut-off concentrator (Vivaspin, GE Healthcare, UK) and
frozen at −80 °C until used.

Characterization of Secretome Release by Immunofluorescence: For flu-
orescence release experiments, secretome was labeled using a FluoRe-
porter FITC protein labeling Kit (ThermoFisher, USA). FITC dye binds to
primary amine bonds of proteins forming a dye-protein conjugate, which
was detected by fluorescence emission at 518 nm, respectively. Briefly, se-
cretome was labeled according manufacturer’s procedures at a labeling
ratio of 1:2 protein to dye.

For gel formation, labeled secretome (10 μL) was mixed with heparin
(5 μL) and starPEG (5 μL) and allowed to polymerize inside low protein
binding tubes. Secretome was allowed to release from hydrogels into PBS
supplemented with BSA (1%, 300 μL). Samples from released secretome
were collected at defined intervals (0 h, 3 h and 1, 2, 3, 4, 5, 6, 7, 10 days),
and replaced by an equal volume of fresh medium. The release samples
were stored at −80 °C until analyzed by measuring fluorescence intensity
on a Varioskan flash plate reader (ThermoFisher).

Characterization of Secretome Release by Array Membranes: To obtain
samples for these experiments, secretome (15 μL) was mixed with heparin
(7.5 μL) and then loaded into starPEG (7.5 μL) into 24-well plate. Secre-
tome was allowed to release by adding Neurobasal medium (1 mL, Ther-
moFisher, USA) supplemented with 1% penicillin/streptomycin (Ther-
moFisher, USA). Samples were collected at defined time points (2 and
10 days) and replaced by an equal volume of fresh medium. The released
samples were stored at −80 °C until analyzed by Human Neuro Discovery
Array C1 (C-Series RayBiotech, USA) and Human Cytokine Antibody Array
C5 (C-Series RayBiotech, USA).

For secretome analysis, after blocking the membrane for 30 min at RT,
released samples (1 mL) were incubated in each well overnight at 4 °C.
After washing five times, the membranes were incubated with a biotiny-
lated antibody cocktail for 2 h at RT. Then membranes were incubated with
HRP-Streptavidin for 2 h at RT and analyzed by chemiluminescence detec-
tion in Sapphire Biomolecular Imager (Azure Biosystems, USA). Analysis
of the membranes was performed in AzureSpot Analysis software (Azure
Biosystems, USA) where the relative intensity of each spot was measured.
Afterward, quantification was done by subtracting the background in each
spot and normalizing it to positive control in each membrane.

Neural Progenitor Cells (hNPCs) Growth and Incubation with Released Se-
cretome: To study the potential of secretome released from starPEG-Hep
hydrogels in promoting neuronal differentiation hNPCs were used. hNPCs
were kindly gifted from Prof. Leo A. Behie (University of Calgary, Canada).
Cells were isolated from the telencephalon region of a 10 week post-
conception fetus, as described previously.[99] Ethical guidelines were pre-
viously established and approved by the Conjoint Health Research Ethics
Board (CHREB, University of Calgary, Canada; ID: E-18786). Cells were
thawed and cultured as described in Supporting Information. For differen-
tiation assays, neurospheres were mechanically dissociated and plated in
24-well plates in coverslips coated with poly-D-Lysine (100 μg mL−1; Merk,
USA) and laminin (10 μg mL−1; Merk, USA) using 60 000 cells per well. For
these experiments, 24-HTS Transwell plates (Costar, Corning, USA) were
used. After seeding hNPCs on the bottom, hydrogels were prepared and
pipetted onto the insert membrane. Neurobasal-A supplemented with 1%
kanamycin and 1% GlutaMAX (Gibco, USA) (basal medium) was added as
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a negative control, and the same amount of loaded secretome was diluted
in this medium added as a free condition. Additionally, Neurobasal-A sup-
plemented with B27 (2%, ThermoFisher, USA), FGF-2 (0.05%; R&D Sys-
tems, USA), kanamycin (1%), and GlutaMAX (1%) was used as a positive
control. Cultures were maintained for 5 days.

Spinal Cord Slices Isolation and Incubation with Released Secretome:
Organotypic spinal cord slice cultures were prepared from Wistar Han rats
as described in Supporting Information. Then, viable slices were deposited
on top of collagen drops (30 μL). Additionally, drops starPEG hydrogel
loading secretome (30 μL) were allowed to polymerize and release se-
cretome in the same well. Afterward, Neurobasal medium supplemented
with B27 (2%, ThermoFisher, USA), glucose (2%, 300 mg) (Merck, USA),
l-Glutamine (1%, ThermoFisher, USA), and 1% pen/strep was added to
each well and medium changed after 2 days and the cultures were main-
tained at 37 °C and 5% CO2 for 7 days.

ICC: ICC was used to evaluate neuronal differentiation of hNPCs, as
well as to identify neurite projections in spinal cord slices. Rabbit anti-
doublecortin (DCX, 1:300 Abcam, UK) and mouse anti-microtubule asso-
ciated protein-2 (MAP-2, 1:500, Merck, USA) were used to unveil neuronal
differentiation of hNPCs for immature and mature neurons, respectively.
Mouse anti-NF (NF, 1:200; Merck, USA) to identify neurites in spinal cord
slices. Imaging was performed with a fluorescence microscope (BX61,
Olympus, Germany) for hNPCS and with a confocal point-scanning mi-
croscope Olympus FV1000 for spinal cord slices. A detailed protocol can
be founded in Supporting Information

Neuronal Differentiation Analysis: Cell counts were performed under
blinded conditions using Image J (NIH) software for quantification. Ten
representative fields per condition were selected and analyzed. The num-
ber of positive cells for DCX and MAP-2 were counted per field and nor-
malized to a total number of cells in each field stained with DAPI. Results
were presented as a percentage of differentiated cells.

Neurite Extension Analysis: To quantify the area occupied by neurites,
Fiji software was used. First, the scale was defined and the total slice area
was measured, using the proper drawing tools. Then applying the thresh-
old contrast was possible to emphasize the neurite identification. Using
the function “Analyze particles,” the total area occupied by neurite was cal-
culated. The results were then normalized to the total area of the slice and
presented as a percentage of neurite area.

Study Design: The final goal of this study was to evaluate the capacity
of a secretome release system based on the use of starPEG-Hep hydrogel
in promoting regeneration in an SCI animal model. Thus, regenerative pro-
cesses were assessed by functional recovery and histological alterations.
Animals were randomly treated and all data collection (behavior and his-
tology) was obtained in blinded conditions. All procedures were carried
out in accordance with EU directive 2010/63/EU and were approved by the
ethical committee in life and health sciences (ID: SECVS116/2016, Univer-
sity of Minho, Braga, Portugal).

Animals and Groups: In this in vivo study, Wistar Han female rats
(8–11 weeks old, weighing 170–190 g) were used. Animals were kept in
light and temperature-controlled cages and fed ad libitum with a stan-
dard diet. The handling of the animals was carried out 5 days before the
surgery. The animals were divided into five different groups according
to the treatment/procedure instituted: 1) Animals subjected to SCI that
were injected with starPEG-Hep+sec (n = 7); 2) SCI animals treated with
starPEG-Hep+NbA (n = 4); or 3) SCI animals treated with secretome lo-
cally (n = 7); 4) SCI animals treated only with NbA (n = 6); and 5) Animals
with laminectomy only, SHAM (n = 7).

SCI Surgery: For surgery, animals were previously anesthetized with
an intraperitoneal injection of a mixture (1.5:1) of ketamine (100 mg
mL−1, Ketamidor/Richter Pharma, Austria) and medetomidine hydrochlo-
ride (1 mg mL−1, Seedorm/ProdivetZN, Portugal). After anesthesia, the
animals’ fur was shaved and the skin was disinfected with 70% ethanol
and chlorhexidine. The incision was made in the dorsal midline, between
T7 and T13, with subsequent retraction of the paravertebral muscles. A
laminectomy (removal of the spinous processes to expose the spinal cord)
was performed at the T8 level and a total spinal cord transection was per-
formed at this level. After administering the respective treatment, the par-
avertebral muscles and the skin were sutured with Vicryl sutures (Johnson

and Johnson, USA). After surgery, all rats were kept under heat lamps and
received daily post-operative care (protocol described in Supporting Infor-
mation)

Hydrogel Preparation: For in vivo application heparin, starPEG and
RGD (990 g mol−1, Peptides International) were dissolved as previously
described and filtered using low protein binding 0.2 μm filter (Acrodisc,
PALL, USA) to ensure sterile conditions of the materials prior to injecting.
Briefly, hASCs secretome (5 μL collected in NbA) was mixed with an equal
amount of heparin/RGD and starPEG (2.5 μL).

Locomotor Rating: The BBB locomotor rating scale[100] was employed
to evaluate motor behavior and recovery. The test was performed for 4 min
by two blinded researchers starting 3 days after surgery and performed 1,
2, 4, and 6 weeks up to 8 weeks. Locomotion of the affected hindlimbs was
rated in a score of 0 if no movement was observed, 1 to 8 indicates some
movement of joints without weight support. 9 to 20 animals were capable
of weight support, had coordinated steps and trunk stability, and finally, a
21 score corresponds to a normal animal with perfect movements. To at-
tribute the final score to each animal, the average score of both hindlimbs
was made and plotted over 8 weeks of behavior analysis.

Immunohistochemistry: 8 weeks post-injury, rats were deeply anes-
thetized by an intraperitoneal injection of sodium pentobarbital (200 mg
mL−1, Eutasol, Ecuphar, Spain) and perfused through the ascending aorta
with NaCl (0.9%; 100 mL) followed by PFA (4%; 100 mL) After tissue
preparation the following primary antibodies were used: rabbit anti-rat
GFAP for astrocytes (1:200, Dako, Denmark), mouse anti-NF (NF, 1:200,
Merck, USA), rabbit anti-Iba-1 (1:1000, Wako, Japan). Finally, the slides
were observed at a fluorescence microscope, Olympus Widefield Inverted
Microscope IX81. All images were treated using Fiji software. Detailed pro-
tocols of tissue preparation, immunohistochemistry, and staining quantifi-
cation are presented in Supporting Information.

Serum Collection and Analysis by Neuro Array Membrane: Rat blood
was collected directly from the tail vein at 48 h and 4 weeks post-injury and
from the heart at sacrifice. Blood was allowed to coagulate for ≈15 min and
centrifuged at 15 330 × g for 15 min. Serum was collected and stored at
−80 °C until further use. For each group, a pool of serum was made and
analyzed using Rat Cytokine Array C2 (C-Series RayBiotech, USA) accord-
ing to the manufactures instructions or as explained previously. Analysis
of the membranes was performed in AzureSpot Analysis software (Azure
Biosystems, USA), where the relative intensity of each spot was measured.
Afterward, to quantify the relative intensity of each spot corresponding to
a different protein, the background was subtracted and intensity was nor-
malized to positive controls.

Statistical Analysis: Data regarding neurodifferentiation of hNPCs and
BBB test were analyzed using Mixed ANOVA to compare the mean val-
ues of five groups. When evaluating the neurite outgrowth in spinal cord
slices, ameboid area of Iba-1 and positive area of NF and GFAP one-way
ANOVA were performed. A pairwise comparison between groups based
on estimated marginal means using Turkey’s correction was performed.
The significance value was set as p ≤ 0.05 for all statistical tests and
graphs were presented as mean ± SEM. For all data, normality was as-
sessed using Shapiro-Wilk statistical tests and taking into account the
measures of skewness and kurtosis. Moreover, it was important to high-
light that ANOVA distribution can be approximately normally distributed
for repeated measurements.[101] IBM SPSS statistics version 27 for IOS
(IBM Co., USA) was used to perform all statistical analyses. GraphPad
Prism ver.8.4.3 (GraphPad Software, La Jolla, USA) was used for graphical
representations.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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