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A B S T R A C T

Traumatic spinal cord injury (SCI) induces permanent sensorimotor deficit below the site of injury. There is 
various research conducted to provide effective therapy, however, SCI is still considered incurable due to the 
complex nature of the injury site. Recently, our lab developed a combinatorial therapeutic for SCI repair 
comprising human adipose-derived stem cell (hASC)-embedded nerve composite hydrogels using different ratios 
of decellularized sciatic nerve (dSN) and spinal cord (dSC) matrices. This study investigated angiogenic and 
neurotrophic effects of the combinatorial therapeutic in vitro. Compression testing was performed to analyze 
mechanical properties of the composite hydrogels and showed no significant difference between all hydrogel 
groups. Next, pro-angiogenic factors and neurotrophins secreted from hASCs within different ratios of the 
composite hydrogels were analyzed and we found culture durations and extracellular matrix (ECM) composition 
affect secretory behavior. Interestingly, ECM compositional difference between hydrogel groups had little in-
fluence on human brain microvascular endothelial cells (HBVECs) infiltration and dorsal root ganglia (DRG) 
neurite outgrowth. Finally, we conducted proteomic analysis to identify the ECM components potentially 
contributing to these observed effects. Taken together, dSN:dSC = 1:2 hydrogel showed slightly better thera-
peutic potentials, warranting validation using in vivo studies.

Introduction

Traumatic spinal cord injury (SCI) often leads to a permanent loss of 
motor and sensory function below the site of injury. SCI is particularly 
devastating due to a limited regenerative capacity of the central nervous 
system (CNS) [1]. SCI can result in a series of pathophysiological events 
including cell death, axonal degeneration, scarring, cyst cavitation, 
inflammation, etc. [2]. These events contribute to additional breakdown 
of extracellular matrix (ECM) and imbalance in the spinal cord micro-
environment that is unfavorable for tissue restoration and axonal 
regeneration [3,4]. It is important to provide a regenerative microen-
vironment for axonal regeneration and functional recovery. To this end, 
a variety of biomaterials and cell-based combinatorial therapies have 
been studied to facilitate SCI repair. Yet, clinical success of combinato-
rial therapeutics remains limited and warrants further development.

Human adipose-derived stem cells (hASCs) have emerged as a 
promising candidate for cell-based therapy in SCI due to their regener-
ative factor secretion, easy harvest in high yield, multipotency with 
ability to differentiate into neurogenic lineages, and therapeutic 

potential demonstrated in early stage clinical trials [5–8]. For instance, a 
recent Phase I clinical trial of intrathecal injection of autologous hASCs 
showed promising results in terms of safety and improvement in 
sensorimotor functions [9]. Interestingly, patients had to be rotated 
side-to-back-to-side after ASC injection to ensure homogeneous ASC 
distribution. The injured spinal cord presents a hostile environment 
characterized by inflammation and a lack of essential nutrients, which 
hinders the survival and integration of transplanted ASCs [10]. Thus, it 
is important to provide an injectable supportive niche for hASCs that can 
maintain their viability and functionality.

Biomaterials have gained attention for SCI repair because they can 
provide physical matrix that neurons and endogenous repairing cells can 
adhere and remain functionally active [11]. Among various types of 
biomaterials, ECM-based hydrogels are an outstanding option due to 
their biocompatibility, biodegradability, and ability to facilitate tissue 
regeneration [12]. The ECM, a key component of tissue microenviron-
ment, provides a 3D structural network and is a critical regulator of 
multiple physiological and pathological processes, including cell adhe-
sion, migration, survival, differentiation, neuronal growth and synapse 
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formation [13–16]. In this context, decellularization allows acquisition 
of these pro-regenerative ECM cocktails as the process removes cellular 
and nuclear components while preserving the structural and functional 
ECM components.

Decellularized ECM (dECM) derived from various tissues such as 
spinal cord, brain, urinary bladder, optic nerve, and peripheral nerve 
have been investigated for its potential in the SCI repair [17–19]. 
However, hydrogels alone cannot replace lost cells after SCI and it is 
often challenging to precisely regulate their properties to achieve the 
desired responses [11]. Cell transplantation is one of the widely utilized 
SCI regenerative approaches over the years, however, it’s difficult to 
mediate survival, integration, and differentiation of transplanted cells. 
Therefore, combinatorial approaches have gained attention to take ad-
vantages of both approaches.

dSN derived hydrogels and peripheral nerve grafts are known to 
promote axonal regeneration after SCI repair with the inherent regen-
erative capacity of the peripheral nervous system [20]. However, the 
major challenges, including rapid degradation and neurons failing to 
extend beyond the distal graft-host interface, limit their ability to pro-
vide the supportive condition needed for axonal regeneration after SCI 
[20,21]. Hydrogels made from dSCs retain spinal cord-specific ECM 
components, which can provide natural bioactive cues that can interact 
with cells in a way that other natural or synthetic hydrogels cannot 
recapitulate. For example, dSC hydrogels have been shown to promote 
neural stem/progenitor cell (NSPCs) viability, proliferation, and 
migration compared to dSN or collagen hydrogels due to the presence of 
spinal cord-specific ECM proteins and growth factors [22]. However, 
rapid degradation and cyst formation hindered long-term structural 
support [23]. Combining these two different tissue-derived hydrogels 
may provide synergistic effects by leveraging the unique properties of 
each ECM proteins, enhancing hydrogel properties, cellular response, 
and axonal regeneration outcomes.

Previously, we fabricated nerve composite hydrogels containing 
decellularized sciatic nerve (dSN) and spinal cord (dSC) [24]. Moreover, 
hASCs were encapsulated in the nerve composite hydrogels and 3D 
viability of the cells were investigated. However, no further studies were 
conducted in the context of SCI repair. Therefore, it is necessary to 
investigate the therapeutic effects, such as angiogenic and neurotrophic 
effects, of hASCs-embedded nerve composite hydrogels for SCI.

In this study, hASC-laden composite hydrogels were further char-
acterized with hASC secretion of angiogenic and neurotrophic factors 
after 7- and 14-day cultures. In addition, angiogenic and neurotrophic 
effects were investigated by seeding and embedding human brain 
microvascular endothelial cells (HBVECs) and dorsal root ganglia 
(DRG), respectively. Lastly, proteomic analysis of dSN and dSC was 
performed to analyze the ECM components that might influence hASC 
behavior within the composite hydrogels. Overall, our study offers 

insights on how the dSN and dSC may impact hASCs behavior and 
suggests the best candidate for future in vivo studies or SCI repair.

Results

Hydrogel stiffness is not affected by the ratios of dSN:dSC

The mechanical properties of the composite hydrogels were inves-
tigated using compression testing. The stress–strain graph revealed a J- 
shaped curve with three distinct regions: the toe, the linear (elastic), and 
the failure (Fig. 1A). Calculated Young’s Moduli were 344.80 ± 35.02 
Pa, 293.69 ± 43.91 Pa, 358.18 ± 27.22 Pa, and 314.28 ± 22.07 Pa for 
dSN:dSC = 2:1, 1:1, 1:2, and dSC only hydrogels, respectively (Fig. 1B). 
The result showed that there is no significant difference across all 
hydrogel groups.

dSN:dSC = 1:2 hydrogel induces increased cytokines release by embedded 
hASCs over time

Analysis of secreted cytokines from hASCs embedded in different 
composite hydrogels was performed using Luminex assay. The amount 
of angiogenic and neurotrophic factors were normalized by DNA content 
and compared between two different time points, day 7 and day 14. 
There was an increasing trend in IL-8, HGF, Ang-1 and bFGF secretion 
over culture time across all hydrogel groups (Fig. 2A). In 2:1 hydrogel, 
bFGF and Ang-1 were significantly more secreted over time compared to 
IL-8 and HGF while the 1:1 hydrogel showed significantly increased 
secretion of bFGF, HGF, and Ang-1. In contrast, 1:2 and dSC only 
hydrogels demonstrated a comprehensive secretion profile with all 
analytes being significantly more secreted over time. A consistent trend 
was observed from the neurotrophic factors analysis (Fig. 2B). Although 
statistically not significant, secretion of GDNF across all hydrogel groups 
was trending towards an increase over the culture period. NT-3 was 
significantly more released from 2:1 hydrogel only while BDNF and 
β-NGF secretion were significantly elevated at day 14 compared to day 7 
across all hydrogel groups.

Immediate seeding of human brain microvascular endothelial cells 
(HBVECs) promotes endothelial sprouting

To investigate the effect of hASC-laden nerve composite hydrogels on 
angiogenic sprouting in vitro, HBVECs were seeded atop hydrogels 
either immediately or after 7 days of pre-culture and co-cultured for 
another three days in invasion media (Fig. 3A,B, and Supplementary 
Fig. S1A). The numbers of lumens were not significantly different across 
all hydrogel groups (Fig. 3C). However, after immediate seeding of 
HBVECs, the average length of sprouts from 1:2 and dSC only groups 

Fig. 1. Mechanical properties of composite hydrogels. A) stress–strain curves of composite hydrogels from compression test. B) Young’s Modulus calculated from 
stress-strain curve, n = 4–6. One-way ANOVA with Tukey’s multiple comparison test was performed; ns: not significant, p > 0.05.
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were significantly longer than those from dSN:dSC = 2:1 and 1:1 
(Fig. 3D). On the other hand, HBVECs seeded after 7-day preculture of 
hASCs showed no or immature (not lumenized) sprouts into composite 
hydrogels (Supplementary Fig. S1A). A significantly higher number of 
endothelial lumens was observed in the dSC only hydrogel compared to 
the 2:1 hydrogel group (Supplementary Fig. S1B). Additionally, the 
average length of sprouts was significantly longer from 1:2 and dSC only 
hydrogel groups than those from 2:1 hydrogel group (Supplementary 
Fig. S1C). Upon comparing the immediate and preculture groups, a 
higher number of lumens and longer average length of sprouts were 
observed across most of the hydrogel groups (Fig. 4).

To determine whether any possible migration of hASCs towards 
HBVEC monolayer during the co-culture contributed to altered HBVEC 

sprouting between immediate and pre-culture groups, hASC presence at 
the top versus bulk was analyzed. Here, the bulk layer represents about 
50 µm below the top hASC layer of the hydrogels. In both co-culture 
conditions, approximately a third of hASCs remained at the top across 
all hydrogel groups. Significant differences were observed in the 1:2 and 
dSC only hydrogel groups, with increased hASC coverage at the top of 
the gel after the pre-culture (Supplementary Fig. S2A). Interestingly, 
compared to immediate co-culture, hASC pre-culture before HBVE-
C introduction resulted in a significantly lower % of hASCs in the bulk of 
the gel across all hydrogel types (Supplementary Fig. S2B).

Fig. 2. Secretome analysis of hASCs-embedded nerve composite hydrogels at day 7 and day 14. A) Pro-angiogenic factors and B) neurotrophic factors, n = 4–8. A 
two-way ANOVA with Bonferroni multiple comparison test was performed; ns: not significant (p > 0.05) and p values are shown on each graph.

Fig. 3. HBVECs invasion assay. A) Platform for HBVECs sprouting assay to investigate pro-angiogenic effect of hASCs-embedded different ratios of composite 
hydrogels. B) Immunofluorescence images of composite hydrogels, F-actin (red), CD31 (green) and overlay, scale bar = 100 μm. C) Number of lumens and D) average 
length of sprouts that invaded the hydrogels, n = 3. One-way ANOVA with Tukey’s multiple comparison test was performed; ns: not significant (p > 0.05) and p 
values are shown on each graph.
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DRG neurite outgrowth relies on presence of hASCs or their secreted 
cytokines

We next assessed the effect of hASC-embedded nerve hydrogels on 
neurite outgrowth in vitro. DRGs were embedded into spinal cord 
hydrogel without ASCs and cast adjacent to composite hydrogels with 
ASCs either immediately or after 7 days of pre-culture and cultured for 
another three days in neuron media (Fig. 5A-B). In addition, to deter-
mine if the physical presence of hASCs versus hASC cytokine alone is 
sufficient to promote axonal regeneration, secreted factors collected 
after 14 days were injected into the hydrogel groups instead of hASCs.

Neurite counts were measured via Sholl analysis that provides a 
count of neurite intersections at different distances from the center, as 
we have recently demonstrated [25]. In this case, measurements were 
taken every 100 µm from 0 to a maximum length of neurites per image. 
Area under curve (AUC) of the count versus distance curve (Fig. 5C) was 
also calculated to quantify the extent of neurite outgrowth and compare 
between different ratios of hydrogels (Fig. 5D). Additionally, average 
longest neurites in all hydrogel groups were calculated (Fig. 5E).

When DRGs were embedded immediately, hASCs across all hydrogel 
groups exhibited almost no neurotrophic effect (Supplementary 
Fig. S3A). The number of neurites, the AUC, and the average longest 
neurite did not show significant differences among all hydrogel groups 
(Supplementary Fig. S3B-D). In contrast, multiple neurite outgrowths 
were observed in all 7-day preculture hydrogel groups (Fig. 5B). How-
ever, there was no significant difference of AUC and average longest 
neurite across these hydrogel groups (Fig. 5C-E). Similarly, DRG adja-
cent to the hASCs cytokine-injected composite hydrogels also showed 
neurite extension (Supplementary Fig. S4A), yet there was still no sig-
nificant difference in neurotrophic effect among all hydrogel groups 

(Supplementary Fig. S4B-D).
The AUC and the average longest neurites were analyzed across three 

different conditions for all hydrogel groups-immediate, preculture, and 
injected-to determine the effect of the culture condition and physical 
appearance of cells on neurite outgrowth. In the dSN:dSC = 2:1 and dSC 
only hydrogel groups, no significant differences were observed among 
the conditions (Fig. 6A and 6D). However, in the 1:1 hydrogel group, 
both the AUC and the average longest neurites were significantly higher 
and longer in the preculture condition compared to the immediate 
condition (Fig. 6B). In the 1:2 hydrogel group, these parameters were 
significantly different in the preculture condition compared to imme-
diate and injected conditions (Fig. 6C).

Proteomic profiling and analysis of fresh and decellularized SN and SC

Proteomic analysis was performed to compare and analyze ECM 
composition of native and decellularized sciatic nerves and spinal cords. 
The identified proteins were categorized into two categories with six 
divisions using MatrisomeDB: core matrisome including collagen, ECM 
glycoproteins, and proteoglycans, and matrisome-associated proteins 
including ECM-affiliated proteins, ECM regulators, and secreted factors 
[26].

In the context of matrisome, a total of 18 collagen, 71 ECM glyco-
proteins, 16 proteoglycans, 32 ECM-affiliated proteins, 62 ECM regu-
lators, and 20 secreted factors were identified in dSN whereas a total of 
20 collagen, 54 ECM glycoproteins, 18 proteoglycans, 28 ECM-affiliated 
proteins, 45 ECM regulators and 12 secreted factors were detected in 
dSC. Differences and similarities between dSN and dSC were visualized 
using Venn diagrams (Fig. 7A). Since matrisome-associated proteins 
including ECM-affiliated proteins, ECM regulators, and secreted factors 

Fig. 4. Comparison of number of lumen and average length of sprouts between immediate and preculture conditions in each group; A) 2:1, B) 1:1, C) 1:2, and D) dSC 
only. t-test was performed; ns: not significant (p > 0.05) and p values are shown on each graph.
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are mainly proteolytic enzymes and cytokines that are not core struc-
tural ECM component, only the core matrisome; collagen, ECM glyco-
proteins, and proteoglycans were taken into consideration for analysis as 
they are essential for building the ECM structure. Some proteins, such as 
COL5A1, PRG4, SPARC, IGFBP7 in dSN and PODN in dSC were less 
observed compared to native SN and SC, however, almost all collagen 
family, ECM glycoproteins, and proteoglycans in both dSN and dSC 
showed greater expression compared to the fresh SN and SC (Fig. 7B). In 
Fig. 7C, the top 20 abundant ECM proteins were listed. While several 
ECM proteins were found to be common between dSC and dSN, their 
relative abundance was different. We believe this distinction may be 
able to highlight the tissue-specific variations in ECM composition and 
how they contribute to their unique functional characteristics. TNXB, 
COL18A1, LAMB2, HSPG2, NID1, and LAMB1 were identified as dSN- 
specific abundant ECM proteins while POSTN, COL1A1, COL1A2, 
VCAN, DPT, and CLIP2 were particularly abundant in dSC.

Ranking

To determine the best candidate for further studies, composite 
hydrogels were ranked based on the levels of statistical significance of 
experimental data discussed in this study, with 1 being the best and 4 
being the worst. The final scores were calculated by summing scores 
from all analyses (Table 1). Taken together, dSN:dSC = 1:2 hydrogel 
showed the best performance in releasing pro-angiogenic and neuro-
trophic factors as well as supporting endothelial infiltration and neurite 
outgrowth in vitro. This suggests that 1:2 hydrogel may be suitable for 
further investigation using in vivo models and potential therapeutic 
application in SCI treatment.

Discussion

In this study, we investigated the angiogenic and neurotrophic ef-
fects of hASC-embedded nerve composite hydrogels in vitro. hASCs were 
encapsulated in different ratios of nerve composite hydrogels, dSN:dSC 
= 2:1, 1:1, 1,2 and dSC only hydrogel served as a control. dSC only 
hydrogel rather than dSN only hydrogel was selected as the control as 
the current study focused on SCI regeneration. Since the goal is to 
investigate how the composite hydrogels might enhance therapeutic 
outcomes in the context of SCI repair, dSC only hydrogel may provide 
the most appropriate control. By examining the secreted cytokine pro-
files of hASCs in different ratios of hydrogels, we were able to observe 
that dSN:dSC = 1:2 hydrogel group showed a significantly increased 
secretion of angiogenic and neurotrophic factors. Immediate introduc-
tion of HBVECs to hASC-embedded nerve composite hydrogels pro-
moted endothelial invasion despite an increasing trend in angiogenic 
factors. Immediate introduction of DRG did not result in neurite 
outgrowth, however, precultured hASCs and injection of cytokines from 
hASCs within the nerve composite hydrogels promoted neurite 
outgrowth. We performed proteomic analysis to identify differences in 
ECM composition between the decellularized tissues. These differences 
may provide insights into why hASCs exhibit different therapeutic 
behavior, which warrants future investigation. Overall, our approach 
provides an insight into not only how different ECM components within 
ECM-based hydrogels may exert therapeutic effects on their own as well 
as onto encapsulated cells, but also targeting specific ECM proteins to 
improve the therapeutic efficacy of hydrogels for spinal cord injury 
treatment.

The stress–strain curve (Fig. 1A) exhibited the characteristics of a J- 
shaped exponential behavior, which is often observed in soft bio-
materials such as collagen, retina and choroid [27–29]. The toe region 
corresponds to the initial straightening of the hydrogels and as strain 

Fig. 5. Pre-culture of hASCs for 7 days prior to DRG encapsulation in dSC only hydrogel. A) Platform for DRG neurite outgrowth assay. DRG were embedded in dSC 
hydrogel adjacent to hASCs-embedded different ratios of composite hydrogels. B) Immunofluorescence images of composite hydrogels, F-actin (red), neurofilament 
(green), nucleus (blue), and overlay. C) neurite outgrowths count versus distance graph. D) The area under curve from C). D) Average longest neurites. Scale bar =
500 μm, n = 3–4. One-way ANOVA with Tukey’s multiple comparison test was performed; not significant, p > 0.05.
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increases into the elastic region, the slope becomes steeper, implying the 
engagement of the ECM proteins leading to a greater resistance to 
further compression. The curves also reached peak stresses indicating 
the onset of the failure of hydrogels. Calculated Young’s modulus of all 
hydrogel groups was between 300 – 400 Pa. Soft substrates with elas-
ticity of 0.1 – 1 kPa, similar to brain tissue, have been shown to induce 
mesenchymal stem cells to adopt a neuronal lineage, leading to 
expression of neuronal markers like β3 tubulin, neurofilament heavy 
chain, and its phosphorylated form, and upregulate neurogenic tran-
scripts [30]. It is plausible that our composite hydrogels could provide 
an effective microenvironment to differentiate encapsulated stem cells 
into neurons. Further studies will confirm this hypothesis.

ASCs secrete pro-angiogenic factors such as vascular endothelial 
growth factor (VEGF) and angiopoietin-1 (Ang-1) that promote neo-
vascularization, and neurotrophic factors including brain-derived neu-
rotrophic factor (BDNF), glial-derived neurotrophic factor (GDNF), 
nerve growth factor (NGF), and neurotrophin-3 (NT-3) that can enhance 
axonal regeneration, potentially leading to improved functional recov-
ery [8,31]. Secreted cytokines from hASCs embedded in different ratios 
of nerve composite hydrogels were examined to investigate the influ-
ence of ECM compositional differences on hASCs. We examined IL-8 
because it regulates angiogenesis by enhancing endothelial cell sur-
vival, proliferation and matrix metalloproteinases production [32]. 
bFGF plays a role in mitogenesis of endothelial cells and HGF enhances 
angiogenesis in concert with VEGF [33,34]. Ang-1 regulates migration, 
adhesion, and survival of endothelial cells and also essential factor for 
vessel maturation [35]. The secretion level of IL-8 did not differ 

significantly between day 7 and day 14 from dSN:dSC = 2:1 and 1:1 
hydrogel group. In contrast, HGF was released markedly higher on day 
14 compared to day 7 in 1:1, 1:2, and dSC only hydrogels. Notably, 1:2 
and dSC only hydrogel groups exhibited increased secretion of all 
angiogenic factors on day 14. Next, neurotrophic factors were investi-
gated; NT-3, BDNF, GDNF, and β-NGF. NT-3 facilitate not only survival, 
proliferation, and differentiation of neuron, but also promotes axonal 
regeneration after injury [36,37]. BDNF is one of the widely investigated 
neurotrophic factors and it enhances neurite growth, neural regenera-
tion, and functional recovery [38,39]. GDNF also exhibits a survival 
effect on various neurons within the CNS and plays multiple other roles 
in regulating nervous system functions [40]. β-NGF is considered an 
important mediator of neuronal survival, development, function and 
axonal growth [41,42]. Neurotrophin analysis showed similar trends as 
angiogenic factor results, increased secretion across all hydrogel groups 
at day 14 compared to day 7. While the precise mechanism of increased 
cytokine secretions over time remains unclear and was not investigated 
in the current study, it is possible that changes in cell signaling path-
ways, interactions with the surrounding microenvironments, and gene 
expression over time attribute to the increased growth factor release. 
Future studies should aim to explore these mechanisms to provide 
deeper insights into how to optimize conditions for improved thera-
peutic potentials and eventually functional recovery.

Our secreted cytokine profile highlights the importance of hydrogel 
composition in modulating hASCs behavior and cytokines release over 
time. Interestingly, dSN:dSC = 1:2 hydrogel demonstrated a significant 
increase in secretion of almost all analytes by encapsulated hASCs at day 

Fig. 6. Three different conditions comparative analysis-Immediate, preculture and injected-in A) 2:1, B) 1:1, C) 1:2, and D) SC only hydrogel. One-way ANOVA with 
Tukey’s multiple comparison test was performed; ns: not significant (p > 0.05) and p values are shown on each graph.
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14 compared to day 7. The enhanced and prolonged secretion from the 
1:2 hydrogel suggested that this specific composition of the hydrogels 
can provide a more favorable microenvironment for encapsulated 
hASCs. It may be able to address the limitation of direct administration 

of growth factors at the site of injury since they can be rapidly cleared 
and/or degraded and eventually reduce therapeutic efficacy [25].

Angiogenic response by HBVECs to hASC-embedded composite 
hydrogels seems to have depended on the co-culture condition and hASC 

Fig. 7. Proteomic analysis on fresh and decellularized sciatic nerve and spinal cord (n = 4/5). A) Venn diagrams showing the differences between dSN and dSC at six 
different divisions; collagens, ECM glycoproteins, proteoglycans, ECM-regulators, ECM-affiliated proteins, and secreted factors. B) Heatmap of collagen, ECM gly-
coproteins, and proteoglycans identified from proteomics. C) Top 20 abundant proteins in dSN and dSC, sorted by their log2VSN (variance stabilizing normalization), 
color-coded; collagens (blue), ECM glycoproteins (orange), and proteoglycans (green) and tissue-specific abundant proteins are highlighted in bold.
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location throughout the gel. When HBVECs were seeded immediately, 
endothelial sprouts were formed across all hydrogel groups while no or 
immature sprouts were observed following hASC pre-culture in all 
hydrogel groups. This result may indicate that pro-angiogenic effect of 
our combinatorial therapeutic may occur during the earlier periods of 
co-culture. Another possible reason behind decreased endothelial 
sprouting after hASC pre-culture is increased presence of hASCs at the 
top layer interfacing HBVEC monolayer. This top layer of hASCs may 
have acted as a physical barrier that inhibited endothelial infiltration 
into the hydrogels. Interestingly, our result contrasts with findings from 
another study that reported increased endothelial sprouting when 
endothelial cells were seeded atop hASC-laden collagen hydrogels 
following 7 days of pre-culture [43]. In this study, increased presence of 
hASCs at the top was found after immediate co-culture. This discrepancy 
may be attributed to differences in experiment conditions, such as 
hydrogel types (nerve composite versus type I collagen), endothelial cell 
types used [HBVECs versus human umbilical vein endothelial cells 
(HUVECs)], etc. While in the previous study HUVECs deposited base-
ment membrane during immediate co-culture, our combinatorial plat-
form already contains basement membrane components. It is possible 
that this difference in ECM milieu triggered overlaid HBVECs to respond 
favorably to pro-angiogenic cues from embedded hASCs early on. In our 
studies, a similar number of endothelial lumens were formed across 
hydrogel groups, however, longer sprouts were formed in the 1:2 
hydrogels. With this result, we also postulate that the ECM composi-
tional difference across our hydrogel groups may also affect pro- 
angiogenic capacity of hASC-embedded nerve composite hydrogels.

For the DRG neurite outgrowth assay, DRG were embedded in a 
separate spinal cord hydrogel adjacent to the different ratios of nerve 
composite hydrogels to recapitulate a site of injury as shown in Fig. 5A. 
DRG-embedded spinal cord hydrogel was designed to mimic an endog-
enous microenvironment, while hASC-laden nerve composite hydrogels 
represent therapeutic administration at the injury site. In this platform, 
we observed a lack of neurite outgrowth in the immediate co-culture 
condition across all hydrogel groups; however, in a preculture condi-
tion, we were able to observe axons extending from the overlaid DRGs. It 
is possible that an immediate introduction of nerve composite hydrogels 
did not provide a conducive environment for neurite extension because 
there was not sufficient time for axons to interact with ECM components 
within the hydrogels and cytokines from hASCs. In contrast, the pre-
culture period presumably allowed axons to communicate with ECM and 
growth factors secreted from hASCs that might contribute to a favorable 
environment for neurite outgrowth. Across the three culture conditions, 
no significant difference was found between all hydrogel groups, indi-
cating that our ECM compositional differences have little effect on 
neurite outgrowth.

Comparative analysis on three different DRG embedded conditions 
highlighted the role of culture condition and cellular presence on neurite 

outgrowth within the hydrogels. There were no significant differences in 
the AUC and the average longest neurites in the dSN:dSC = 2:1 and dSC 
only hydrogel groups, suggesting that these compositions provide an 
environment irrespective of the culture conditions. However, the sig-
nificant differences in the AUC and the average longest neurites in the 
1:1 and 1:2 groups underscore the importance of culture condition. The 
significant difference between preculture and injected condition in 1:2 
group indicated that cellular presence might influence neurite extension 
due to prolonged secretion of growth factors and injected cytokines 
might have degraded or diffused rapidly in this composition. The same 
trend across all hydrogel groups was noted, higher AUC and longer 
average longest neurites in preculture condition compared to immediate 
and injected conditions. These results are consistent with our neuro-
trophic factors secretion results, showing an increased secretion of 
neurotrophic factors over time. Enhanced neurite outgrowth and longer 
neurites are likely affected by the amount of secreted factors.

It is worth noting that while our co-culture studies were performed 
either immediately or after seven days of hASC preculture, co-culture 
responses after 14 days of preculture were not assessed. We assessed 
immediate or 7-day preculture responses to focus on the early effect of 
our therapeutic. This early assessment might reveal critical insights into 
the early signs of angiogenesis and axonal regeneration and provide an 
understanding of how cells interact with the hydrogels during the early 
phases of wound healing. To better correlate our Luminex data to 
HBVEC and DRG responses, future studies will also need to determine 
14-day preculture effects for more comprehensive evaluation of long- 
term cellular responses therapeutic potentials. More angiogenic and 
neurotrophic factors were observed after the 14-day preculture, how-
ever, it may not lead to promoted neovascularization and axon regen-
eration as mentioned above. Additional investigation of MMPs ECM- 
degrading activity and degradation pores as previously demonstrated 
to contribute to endothelial sprouting [43] will be necessary to confirm 
these conclusions. The effects of preculture are also intriguing since it 
had a negative effect on angiogenic potential and a positive effect on the 
DRG neurite outgrowth. As mentioned earlier, increased migration of 
ASCs to the top of the hydrogels during pre-culture may have resulted in 
reduced endothelial sprouting. However, it may be resolved by opti-
mizing cell encapsulation density for HBVECs infiltration assay as cell 
density within the hydrogels can significantly influence cell behavior 
and experimental outcome in 3D culture [44]. In addition, the effects of 
pre-culture might be due to a possible shift in the secretory behavior of 
the hASCs from day 0 to day 7. Angiogenic and neurotrophic factor 
analyses between days 0 and 7 may help to understand this behavior. 
Also, RNA-seq transcriptomic profiling could provide insights on gene 
expression changes at the early time point.

Proteomic analysis provided us with a comprehensive profile of 
proteins contained in native and decellularized tissues. We were able to 
categorize them into six different divisions and found out there are 
several dSN- and dSC-specific proteins that might affect hASCs behav-
iors. Given the complexity and the extensive list of proteins identified in 
the proteomics data, we focused our analysis on the top 20 most abun-
dant ECM components to simplify the results. It was expected to provide 
a clear understanding of the functional contributions of these ECM 
components to hASCs behaviors.

The collagen division identified 15 overlaps, three dSN-specific and 
five dSC-specific collagens. COL4A2 was one of the dSN-specific 
collagen and type IV collagen is known to be a main component of 
basement membrane. Preexisted COL4A2 in dSN could serve as a part of 
basement membrane that might prevent endothelial sprouting. 
COL18A1 is neither dSN- nor dSC-specific protein, however, it is one of 
the top 20 abundant proteins found in dSN. Type XVIII collagen and its 
carboxyl-terminal fragment, endostatin, are known to have anti- 
angiogenic activity in vitro and in vivo [45]. In addition, COL8A1 and 
COL8A2 were found only in dSC. Type VIII collagen is reported to play a 
role in angiogenesis and vascular remodeling [46,47].

As for ECM glycoproteins, 49 common proteins were found between 

Table 1 
Ranking of different hydrogel groups based on analysis of hASC cytokines and 
co-culture studies. Hydrogel groups were ranked from 1 to 4 (1 being the best, 4 
being the worst) for each parameter listed below.

Hydrogel Ratio

Analysis Parameter 2:1 1:1 1:2 dSC only

IL-8 3 3 1 2
HGF 4 3 1 1
bFGF 1 3 1 4
Angiopoietin-1 4 2 2 1
NT-3 1 2 2 2
β-NGF 1 4 2 3
BDNF 1 1 1 1
GDNF 1 1 1 1
HBVEC sprouting 3 3 1 1
DRG neurite infiltration 1 1 1 1
Final score 20 23 13 17
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dSN and dSC and 22 proteins were only observed in dSN. THBS2, a dSN- 
specific protein, can inhibit angiogenesis by preventing endothelial cell 
proliferation and inducing apoptosis, However, it plays a role in synapse 
formation and axonal sprouting [48,49]. Tenascin-R (TNR), dSC-specific 
protein in our study, is a glycoprotein predominantly expressed in the 
CNS and it is involved in regulating neurogenesis [50]. Periostin 
(POSTN), which is one of the top 20 abundant proteins in dSC, is known 
to promote neurite extension through activation of focal adhesion kinase 
(FAK) and AKT signaling pathways, which is crucial for cellular survival 
and growth mechanism [51].

The proteoglycan division identified 13 common proteins, three and 
five dSN- and dSC-specific proteins, respectively. ChABC was utilized 
during SN decellularization to remove proteoglycans, however, pro-
largin (PRELP), mimecan (OGN), and lumican (LUM) are the most 
abundant proteins in dSN. It is because PRELP, OGN, and LUM are 
classified as small leucin-rich proteoglycans (SLRP) that contain few 
glycosaminoglycan (GAG) chains that ChABC targets [52]. Therefore, 
these SLRPs are unlikely to be affected by ChABC. There was no ChABC 
step during SC decellularization, and it may explain why Aggrecan 
(ACAN), brevican (BCAN), and neurocan (NCAN) were only found in 
dSC. Proteoglycans are widely known as the main inhibitors for CNS 
regeneration. Thus, additional enzymes to degrade SLRP or keratan 
sulfate (KS) during decellularization steps may enhance neurite 
extension.

It is noteworthy that tissue inhibitors of metalloproteinases-2 and 3 
(TIMP2 and 3) were detected in dSN even though they are not core 
matrisome we analyzed since they are reported to inhibit endothelial 
cell invasion [53]. Based on this finding, it can be inferred that hydrogels 
with a lower proportion of dSN and a higher proportion of dSC may 
provide a favorable environment for angiogenesis and vascular remod-
eling. While this conjecture needs to be validated, our results demon-
strated that 1:2 hydrogel significantly promoted the formation of longer 
endothelial sprouts.

There are limitations of the current study that can be addressed in the 
future. First and foremost, it is essential to dive into the molecular 
mechanisms underlying the interactions between different ECM com-
positions and encapsulated hASCs. Future studies should aim to inves-
tigate the pathways and signaling molecules involved in promoting 
angiogenic and neurotrophic effects. Additionally, elucidating the effect 
of ECM composition on gene expression and protein synthesis on 
embedded cells may provide valuable insights on how the surrounding 
microenvironment influences cells behavior. In addition, one of the 
main disadvantages of decellularization is batch-to-batch inconsistency, 
however, controlled utilization of same type of animals, such as age, 
gender, weight, and diet may help mitigate this challenge [24]. In this 
study, 3-week-old rats were utilized for DRG study, however, newborn 
or neonatal rats DRG are also widely used due to their higher growth and 
regenerative capacity [25]. DRG from younger rats may yield better 
neurite extension. Finally, while our DRG studies showed promising 
results of our combinatorial platform, further investigation should 
include directionality of neurite outgrowth. If we can guide regenerating 
axons, it would improve the accuracy and efficiency of regenerating the 
axons at the injury site, potentially leading to better functional recovery.

In conclusion, we have demonstrated the therapeutic potentials, 
especially angiogenic and neurotrophic effects of hASCs-laden nerve 
composite hydrogels. Particularly, dSN:dSC = 1:2 hydrogel was shown 
to be the most effective composition for inducing angiogenesis and 
axonogenesis based on our findings and will be the focus of future in-
vestigations in the context of SCI repair. Collectively, this research sheds 
light on not only the significance of culture conditions and ECM 
compositional differences in promoting regenerative potential but also 
the development of effective combinatorial therapy for better functional 
restoration.

Materials and methods

Cell culture

Human ASCs and human brain microvascular endothelial cells 
(HBVECs) were purchased from Lonza and Cell System, respectively. 
Human ASCs of passage 2 through 5 were cultured in growth media 
(ADSC-GM, Lonza) and HBVECs of passage 4 through 8 were cultured in 
growth media (EGM2-MV, Lonza). Cells were maintained at 37 ◦C, 5 % 
CO2 and media were changed every 2 days.

ECM hydrogel production

Porcine spinal cords (SC) and sciatic nerves (SN) were purchased 
from Tissue Sources LLC. The tissues were frozen at − 80 ◦C upon de-
livery, thawed immediately prior to use, and then decellularized ac-
cording to the tissue-specific methods as previously described [24]. 
Chemicals used in the process were purchased from Millipore Sigma 
unless stated otherwise. Briefly, spinal cords were rinsed in water, 
trypsin (Thermo Fisher), Triton X-100, sucrose, deoxycholic acid, 
DNase, phosphate buffered saline (PBS, VWR), and peracetic acid (Lab 
Alley). Sciatic nerves were washed in water, salt buffers, SB-10, SB-16, 
Chondroitinase ABC (ChABC), and DNase. All steps except DNase and 
ChABC incubations were performed under orbital agitation. After 
decellularization, tissues were lyophilized and separately digested in a 
0.01 N HCl solution containing 1 mg/ml pepsin at a tissue concentration 
of 15 mg/ml and stirred at 4 ◦C temperature for 72 h to form pre-gel 
solutions. Composite hydrogels were made by mixing dSN and dSC 
pre-gel solutions at following ratios between dSN:dSC = 2:1, 1:1, and 
1:2. dSC only hydrogel was utilized as a control in all experiments.

Polydimethylsiloxane (PDMS) microwell fabrication and 3D culture

PDMS microwells were fabricated via soft photolithography as pre-
viously described [24]. Briefly, Si wafer was etched with a SU-8 
photoresist to generate circular patterns of 200 μm in depth and 4 mm 
in diameter. PDMS base and curing agent were mixed at a ratio of 10:1, 
poured onto the Si wafer, and cured for 2 h at 60 ◦C. The cured PDMS 
sheet was demolded and punched out using an 8 mm diameter biopsy 
punch. Microwells were air plasma treated (Harrick Plasma) and func-
tionalized with 1 % [v/v] polyethyleneimine (PEI, Sigma) and 0.1 % [v/ 
v] glutaraldehyde (GA, Sigma). Different ratios of composite pre-gel 
solutions were cast with ASCs embedded at 1 million cells/ml.

Proteomic analysis – CME methods (Orbitrap Exploris DIA)

Total protein from each tissue sample was reduced, alkylated, and 
purified by chloroform/methanol extraction prior to digestion with 
sequencing grade modified porcine trypsin (Promega). Tryptic peptides 
were then separated by reverse phase XSelect CSH C18 2.5 um resin 
(Waters) on an in-line 150 x 0.075 mm column using an UltiMate 3000 
RSLCnano system (Thermo). Peptides were eluted using a 60 min 
gradient from 98:2 to 65:35 buffer A:B ratio. Eluted peptides were 
ionized by electrospray (2.2 kV) followed by mass spectrometric anal-
ysis on an Orbitrap Exploris 480 mass spectrometer (Thermo). To 
assemble a chromatogram library, six gas-phase fractions were acquired 
on the Orbitrap Exploris with 4 m/z DIA spectra (4 m/z precursor 
isolation windows at 30,000 resolution, normalized AGC target 100 %, 
maximum inject time 66 ms) using a staggered window pattern from 
narrow mass ranges using optimized window placements. Precursor 
spectra were acquired after each DIA duty cycle, spanning the m/z range 
of the gas-phase fraction (i.e. 496–602 m/z, 60,000 resolution, 
normalized AGC target 100 %, maximum injection time 50 ms). For 
wide-window acquisitions, the Orbitrap Exploris was configured to ac-
quire a precursor scan (385–1015 m/z, 60,000 resolution, normalized 
AGC target 100 %, maximum injection time 50 ms) followed by 50x 12 
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m/z DIA spectra (12 m/z precursor isolation windows at 15,000 reso-
lution, normalized AGC target 100 %, maximum injection time 33 ms) 
using a staggered window pattern with optimized window placements. 
Precursor spectra were acquired after each DIA duty cycle.

Buffer A = 0.1 % formic acid, 0.5 % acetonitrile
Buffer B = 0.1 % formic acid, 99.9 % acetonitrile
Following data acquisition, data were searched using an empirically 

corrected library against the UniProt Sus scrofa database (January 2022) 
and a quantitative analysis was performed to obtain a comprehensive 
proteomic profile. Proteins were identified and quantified using Ency-
clopeDIA [54] and visualized with Scaffold DIA using 1 % false dis-
covery thresholds at both the protein and peptide level. Protein MS2 
exclusive intensity values were assessed for quality using ProteiNorm 
[55]. The data was normalized using VSN [56] and analyzed using 
proteoDA to perform statistical analysis using Linear Models for 
Microarray Data [57] with empirical Bayes (eBayes) smoothing to the 
standard errors. Proteins with an FDR adjusted p-value < 0.05 and a fold 
change > 2 were considered significant.

Compression test

The compression test was conducted using a rheometer (DHR 2, TA 
Instruments) to analyze the mechanical property of the hydrogels. 
Hydrogels were fabricated in a PDMS mold with a diameter of 8 mm and 
a height of 2–3 mm, with a volume of 100 µl. Hydrogels were com-
pressed with a load of 250 N in between 40 mm diameter stainless-steel 
parallel plates. All tests were performed at a rate of 10 % of height until 
failure at room temperature. The data were collected as strain (%) versus 
strain curve (Pa). Parallel plates started compressing approximately 1 
mm above of the hydrogels, therefore, initial ~15 % of the curve was not 
considered as a data point. Young’s modulus was calculated from the 
slope of the linear region of the curve.

Analysis of pro-angiogenic and neurotrophic factor secretion

After 7- and 14-day of culture, serum-free media was added and 
collected after 24 h in culture. Collected media were concentrated 5-fold 
through 3 kDa MWCO concentration filter centrifugal tubes (Millipore). 
Human Premixed Multi-Analyte Kits (Magnetic Luminex Assay, R&D 
Systems) were used to analyze multiple cytokines, including pro- 
angiogenic factors; interleukin-8 (IL-8), basic fibroblast growth factor 
(bFGF), hepatocyte growth factors (HGF), angiopoietin-1 (Ang-1), and 
neurotrophins; nerve growth factor (NGF), neurotrophin-3 (NT-3), glial 
cell-derived neurotrophic factor (GDNF), and brain-derived neuro-
trophic factor (BDNF). All reagents were prepared according to the 
manufacturer’s instructions. Results were normalized to dsDNA content. 
The amount of dsDNA was quantified using DNeasy Blood and Tissue Kit 
(Qiagen).

HBVECs invasion assay

For HBVECs invasion assay, composite hydrogels were cast either in 
microwells or PDMS strip that was cut and placed on glass coverslip. 
After gelation at 37 ◦C, hydrogels in microwells or PDMS strip were 
overlaid with HBVECs at a density of 471,000 cells/ml either immedi-
ately or after 7-day pre-culture of ASCs to ensure confluent endothelial 
monolayer formation. Pre-culture was performed in ADSC-GM and in-
vasion assay was performed in invasion media consisting of HBVEC 
growth media supplemented with 50 μg/ml L-ascorbic acid (Acros Or-
ganics) and 50 ng/ml tetradecanoyl phorbol acetate (TPA, Cell Signaling 
Technology) for 7 days as previously described [58]. ImageJ was used to 
analyze endothelial sprouting analysis. Endothelial sprouts less than 10 
µm in length were not included in the analysis [43]. A number of 
endothelial lumens was counted manually at the surface of hydrogels. 
The length of endothelial sprouts was determined by measuring the 
number of stacks the sprouts penetrated from the surface through the 

hydrogels. hASC percentage area was analyzed by creating top and bulk 
images using Z-stack maximum intensity projection, with the top layer 
representing the hASC layer, 0–25 µm on average, and the bulk layer 
representing an average of 50 µm below hASC layer, followed by 
analyzing the percentage area using ImageJ.

DRG harvest, coculture and neurite outgrowth quantification

The animal studies were approved by the Institutional Animal Care 
and Use Committee (IACUC) of the University of Arkansas (protocol 
numbers: 20054 and 23019). Male Sprague Dawley rats between 3–4 
weeks old and 35–49 g were ordered from Envigo and euthanized using 
CO2 asphyxiation.

Rat DRGs were harvested as previously described [59]. Briefly, the 
hemi-segment of spinal column was generated after transverse and 
sagittal cut of spinal cord. The DRGs were visualized by dissection mi-
croscope (Leica), removed carefully with forceps, trimmed, and 
collected in Ham’s F12 media on ice until use on the same day.

Custom-made PDMS sheets were punched out using an 8 mm biopsy 
punch to make PDMS strips with complete and truncated circular pat-
terns. PDMS strips were placed on glass slips, plasma cleaned, and PEI 
and GA treated as described. Composite hydrogel with hASCs were cast 
in the complete circular pattern, and DRG were embedded in dSC only 
hydrogel in the truncated circular pattern either immediately or after 
preculture of 7 days. Following the incubation, neuron media was added 
to the hydrogels and incubated for another 3 days. In addition, collected 
cytokines were injected into the dSC only hydrogel that DRGs were 
embedded to determine if hASC cytokines alone can induce neurite 
outgrowth. Sholl analysis toll in the SNT plugin in Fiji was utilized to 
quantify the DRG neurite outgrowth as previously reported [25]. 
Stacked images were projected with maximum intensity, intersections in 
each shell were counted with an interval of 100 µm.

Immunofluorescence and confocal imaging

All hydrogel groups were fixed in 4 % formaldehyde, washed with 
PBS, permeabilized with 0.05 % Triton-X (VWR) in PBS, and blocked 
with bovine serum albumin (BSA, Fisher Scientific). The samples were 
incubated with primary antibodies at 4 ◦C overnight. Primary antibodies 
used in this study are mouse anti-CD31 (1:200, Abcam, ab9498) and 
mouse anti-neurofilament (1:500, Developmental Studies hybridoma 
Bank, RT97). After rinsing with 0.05 % Tween-20 in PBS, the samples 
were incubated with secondary antibodies (goat anti-mouse Alexa 
Flour® 488; goat anti-rabbit Alexa Fluor® 647). Cell nuclei and cyto-
skeleton were stained with DAPI and Alexa Fluor® phalloidin 568, 
respectively. Confocal images were acquired using Olympus IX83 
confocal microscope. Images of 4 at the center of hydrogels were taken 
with 20X magnification. To visualize neurite outgrowth and endothelial 
cell invasion, ImageJ was used to compile stacks into a maximum in-
tensity projection.

Statistical analysis

Statistical analysis was performed in GraphPad Prism 9.5.1 using 
student’s t-test, one- and two-way analysis of variance (ANOVA) fol-
lowed by Tukey’s and Bonferroni’s post-hoc test for multiple pairwise 
comparisons. Outliers were eliminated using Grubbs test. All data are 
presented as mean ± standard deviation.
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