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ABSTRACT

Biomaterials are being developed as therapeutics for spinal cord injury (SCI) that can stabilize and bridge acute lesions and mediate the
delivery of transgenes, providing a localized and sustained reservoir of regenerative factors. For clinical use, direct injection of biomaterial
scaffolds is preferred to enable conformation to unique lesions and minimize tissue damage. While an interconnected network of cell-sized
macropores is necessary for rapid host cell infiltration into—and thus integration of host tissue with—implanted scaffolds, injectable bioma-
terials have generally suffered from a lack of control over the macrostructure. As genetic vectors have short lifetimes in vivo, rapid host cell
infiltration into scaffolds is a prerequisite for efficient biomaterial-mediated delivery of transgenes. We present scaffolds that can be injected
and assembled in situ from hyaluronic acid (HA)-based, spherical microparticles to form scaffolds with a network of macropores (�10lm).
The results demonstrate that addition of regularly sized macropores to traditional hydrogel scaffolds, which have nanopores (�10 nm), sig-
nificantly increases the expression of locally delivered transgene to the spinal cord after a thoracic injury. Maximal cell and axon infiltration
into scaffolds was observed in scaffolds with more regularly sized macropores. The delivery of lentiviral vectors encoding the brain-derived
neurotrophic factor (BDNF), but not neurotrophin-3, from these scaffolds further increased total numbers and myelination of infiltrating
axons. Modest improvements to the hindlimb function were observed with BDNF delivery. The results demonstrate the utility of macropo-
rous and injectable HA scaffolds as a platform for localized gene therapies after SCI.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0035291

I. INTRODUCTION

As of 2020, spinal cord injury (SCI) is estimated to have an aver-
age annual incidence of 54 cases per million people in the United
States (roughly 17 800 annually), and the consequences to those
affected are tremendous, often resulting in mild to severe paraplegia,
bladder dysfunction, sexual dysfunction, and/or spasticity.1 The esti-
mated lifetime cost of treating each patient with SCI in the U.S. ranges
from $1 � 106 to $5 � 106, depending on severity and age at injury.1

Development of novel therapies that improve tissue sparing and/or
induce repair after SCI could alleviate these personal and financial
costs for patients in the future.2

A substantial portion of neurological damage caused by SCI has
been attributed to the secondary injury response that occurs after the
primary traumatic insult, where an ischemic and inflammatory micro-
environment propagates cell death, axon retraction, and axon demye-
lination.3–5 Immediately after SCI, immune cells, which include
macrophages and neutrophils from the peripheral blood supply and
microglia from surrounding tissue, infiltrate the lesion. Activated
immune cells produce reactive oxygen species and cytokines that cause
extensive death of cells required for the neurological function, in par-
ticular conducting neurons and myelinating oligodendrocytes.3 While
some level of an immune response is necessary to initiate wound
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healing, an overactive response in the acute phase of SCI and persis-
tence of these inflammatory cells in the chronic phase represent sub-
stantial barriers to regeneration.6

The chronic pathology of SCI is characterized by the formation
of dense scar tissue, typically surrounding a cystic cavity.3,7 While
some degree of scar formation can prevent the injury from spreading
and further cell death,8 several components of this scar tissue likely
inhibit the ability of regenerating axons to bridge SCI lesions.3,9,10

Taken together, previous reports suggest that in order to support tissue
regeneration after SCI, the local microenvironment should attenuate,
but not eliminate, the immune response and scar formation while
actively promoting neuronal survival and axonal growth.

Biomaterial scaffolds can improve SCI outcomes through modu-
lating the inflammatory response to reduce or avoid formation of a
cystic cavity walled off by a dense scar and providing a scaffolding for
potentially reparative cells to infiltrate the lesion site.11–13 In acute SCI,
scaffolds may also help to stabilize injured tissue.14 Scaffolds that
approximate the mechanical properties and water content of native
spinal cord tissue have been found to provide this stability, reduce
inflammation, and integrate with host tissue.12,13,15,16 Hydrogel mate-
rials are seemingly ideal for this application, given their relatively high-
water content and soft tissue-like mechanics.17 Additionally, the ability
to deliver hydrogel materials via injection so that scaffolds form in situ
in the spinal cord makes hydrogels attractive candidates. As the major-
ity of clinical cases of SCI involve incomplete injuries,18 administration
of biomaterial-based therapies directly into the spinal cord via injec-
tion to avoid unintentional damage to spared axonal tracts is desirable.

Despite their advantages, a major limitation to traditional hydro-
gels is their nanoscale porosity, which restricts infiltration of host cells
and axons into lesion sites after implantation.12 In contrast, cell-scale
macropores can improve host integration by providing a geometric
template for infiltrating cells, axons, and vasculature.19–22

Incorporation of cell-scale (on the order of 10–100lm diameter) mac-
ropores into scaffolds improves host-cell integration and functional
outcomes after SCI in rodents.23 However, macroporous scaffolds typ-
ically cannot be delivered by injection and instead must be pre-
fabricated, cut to fit each unique defect, and positioned carefully within
the spinal cord.23,24 Although recent work has attempted to tackle this
issue using magnetic resonance images as a guide to custom-fabricate
scaffolds for an individual patient, this approach is relatively low-
throughput and requires specialized analysis and equipment.25 To
address these issues, we investigated whether a hydrogel-based scaffold
that can be injected and forms a macroporous architecture in situ can
increase host tissue integration and functional outcomes after SCI.

Here, we employed hyaluronic acid (HA), a major structural and
bioactive component of the spinal cord extracellular matrix (ECM), as
a base material for scaffolds. HA biomaterials have a long history of
clinical use for ophthalmic and orthopedic applications.26,27 While
previous studies have demonstrated that HA biomaterials can reduce
inflammation and scarring while promoting angiogenesis after SCI in
rodents, these studies reported poor infiltration of cells and axons and
integration with host tissue.12,28 Here, we demonstrate that addition of
a network of regularly structured, cell-scale macropores within HA-
based scaffolds substantially increases infiltration of host cells and
axons after SCI in a mouse model.

Biomaterial scaffolds can also act as local reservoirs of bioactive
factors (e.g., through gene delivery) that can promote tissue sparing

and regeneration.29 Many studies have the explored delivery of various
biological factors, including proteins and nucleic acids, to alter the
local microenvironment after SCI. Neurotrophic factors that modulate
axon growth and neuroplasticity, such as brain-derived neurotrophic
factor (BDNF) and neurotrophin-3 (NT3), have been reported to be
beneficial after SCI.30–33 The delivery of the BDNF, either systemically
or intrathecally, has been reported to improve tissue regeneration and
functional recovery in animal30,31 and human trials.34 However, the
delivery of growth factors by bolus injection requires supraphysiologi-
cal doses, which may cause undesired side effects, is expensive, and
results in significant variability of factor availability over time.35–37

Continuous infusion of growth factors requires the use of implanted
intrathecal pumps,31 which require more invasive procedures and
have been shown to cause observable tissue damage.38 Alternatively,
the delivery of cells engineered to overexpress proteins, such as BDNF,
to the spinal cord has been explored as a strategy to provide a sus-
tained source of beneficial factors that remain localized near the deliv-
ery site.13,39 However, cell injection into the spinal cord typically
results in low cell survival and may require continued administration
of immunosuppressive agents.30

In preclinical models of SCI, bioengineered scaffolds have been
explored for their ability to support the local delivery of proteins40–45

or genetic vectors.46–48 Transgene delivery, achieved through viral or
non-viral vectors, avoids several concerns with protein delivery,
including (1) loss of protein bioactivity over time, (2) expense and sup-
ply limitations given large amounts of protein required for therapeutic
loading, and (3) the need to tailor biomaterial chemistry for each spe-
cific protein to be delivered. Genetic vectors have the flexibility of
delivering transmembrane proteins,49 silencing RNA,50 or transcrip-
tion factors51 in addition to secreted proteins.29,47 Biomaterial-
mediated gene delivery provides an excellent platform for the
development of complex, combinatorial therapies, which often
have synergistic benefits on functional recovery after SCI.6,47,48,52

With viral carriers, the same packaging vector can be used to
deliver multiple therapeutic genes without the need to re-engineer
biomaterial chemistry to enable interactions with each individual
therapeutic molecule. Viral vectors have shown particular promise
for the delivery of therapeutic transgenes, given their substantially
higher transduction efficiency compared to non-viral vectors.53

Here, we investigated lentiviral vectors for delivery, which can
infect both dividing and non-dividing cells, have broad tropism,
integrate into the host genome to yield long-term effects, and are
relatively straightforward to produce.

Transduction efficiency from biomaterials depends on the ability
of cells to infiltrate the biomaterial and interact with vectors within the
first day or two after implantation before vectors lose their activity.19

While in theory cells could encounter and be transduced by vectors
diffusing out of the scaffold, infiltration of cells into the scaffold has
been found to dominate transgene uptake, most likely due to the large
size of lentiviral vectors relative to proteins and small molecules and
the short half-life of lentivirus in vivo (estimated to be 24–48h).23,54–56

This dependence on rapid cell infiltration necessitates the presence of
a macroporous architecture in scaffolds. Studies by our group and
others have confirmed that scaffold porosity dictates the efficiency of
biomaterial-mediated transgene delivery.19,54 Previous studies have
shown that lentiviral vectors, including those encoding BDNF and
NT3, can be efficiently delivered to the spinal cord after injury from
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macroporous biomaterials and that transgene expression persists at
initial levels for at least 8weeks in rodent models.29,47

To create injectable scaffolds with macroporous architectures, we
utilized a previously developed strategy in which spherical hydrogel
particles can be injected and then tether to each other in situ so that
the void space around the particles leaves an interconnected net-
work of macropores.54,57,58 These scaffolds can be created using
hydrogel particles with wide (polydisperse) or narrow (monodis-
perse) size distributions. Packing densities of polydisperse and
monodisperse particles have been previously studied with a focus
on solid state systems where Lochmann et al. found that the theo-
retical packing density of monodisperse particles, 64%, increases to
74% if particle distributions span an order of magnitude and fur-
ther increases with greater variation.59 Since void space is defined
by unpacked space, it follows that polydisperse particles provide
less available space for infiltrating cells.

Here, we investigated how the presence of a macroporous archi-
tecture, and the structure of this architecture, affects inflammation,
scar formation, infiltration of host cells and axons, and functional
recovery after thoracic-level SCI in a mouse model. We compared
scaffolds with the same HA-based chemical composition and with
varying structures: two macroporous architectures, created from
annealing hydrogel particles with monodisperse or polydisperse diam-
eters, and traditional, nanoporous (NP) hydrogels. As cell infiltration
is a key determinant of successful gene delivery from scaffolds,19 the
effects of pore architecture on the efficiency of transgene delivery from
lentivirus-laden scaffolds were also investigated. Finally, we investi-
gated the therapeutic effects of delivering lentiviral vectors encoding
neurotrophic factors from biomaterial scaffolds.

II. RESULTS

Annealed microparticle scaffolds (pHA-MP and mHA-MP) were
developed to provide micrometer-scale pores within an in situ cross-
linked scaffold for the delivery of lentiviral particles and regeneration
of spinal cord tissue [Figs. S1(A) and S1(B)]. For pHA-MP scaffolds,
microparticle diameters measured 426 24lm and, for mHA-MP
scaffolds, 556 4lm [Fig. S1(C)]. A lack of diffusion of high molecular
weight FITC-dextran (Stokes radius, �15nm60) confirmed that NP-
HA scaffolds were difficult for large solutes to penetrate [Fig. S1(D)],
whereas diffusion was ample through the void spaces formed by
packed microparticles for both pHA-MP and mHA-MP scaffolds
[Figs. S1(E) and S1(F)]. Scaffold void spaces were larger and more con-
sistent in mHA-MP scaffolds (47%6 1%) than in pHA-MP scaffolds
(33%6 8%) [Fig. S1(G)].

To evaluate how the porous architecture of scaffolds affected len-
tiviral delivery to lesions in acute SCI, we delivered lentivirus encoding
overexpression of FLuc within NP-HA, pHA-MP, and mHA-MP scaf-
folds. Scaffolds with cell-scale macroporosity (pHA-MP and mHA-
MP) resulted in significantly greater bioluminescence than nanopo-
rous scaffolds (NP-HA), indicating greater expression levels of FLuc
transgene by host cells (Fig. 1). A 2-week time point was selected as
previous reports have found that expression of scaffold-delivered
transgenes in the injured, rodent spinal cord peaks at 2weeks and con-
tinues at a relatively constant level for at least 8weeks.23,46,47 To further
examine transgene expression throughout scaffolds, lentivirus encod-
ing the reporter gene td-Tomato was delivered from each scaffold type
after SCI. Td-Tomato transgene expression was primarily localized at
the site of injection in all scaffold types, but expression was observed

FIG. 1. Delivery of FLuc-encoding lentivirus to the injured spinal cord. Both pHA-MP and mHA-MP scaffolds exhibited significantly greater integrated bioluminescence intensity
than NP-HA scaffolds [(a) and (b)] 2 weeks post-injection. There was no significant difference between pHA-MP and mHA-MP scaffolds. Bootstrap analysis with 10 000 itera-
tions agreed with statistical testing (c) (�p< 0.05, Kruskal-Wallis test with Dunn’s multiple comparisons test, n¼ 5–6).
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as far as 1.5mm from the injection site [Figs. 2(a)–2(c)]. Expressed td-
Tomato was quantified in fixed cryosections [Figs. 2(d) and 2(e)]. The
normalized fluorescence signal from expressed td-Tomato transgene
(tissue region/total signal) was not significantly different among scaf-
folds, indicating that expression remained localized near all scaffold
implants [Fig. 2(d)]. The total fluorescence intensity was also quanti-
fied to identify any differences in absolute transgene expression.
Consistent with measurements of bioluminescence of FLuc transgene,
the fluorescence signal from td-Tomato transgene was greater in mice
treated with mHA-MP scaffolds, in particular within 300lm of scaf-
fold centers [Fig. 2(e)].

To account for the possibility that tissue preparation (i.e., fixation
and cryosectioning) might have prevented fluorescence of td-Tomato,
we compared the area covered by fluorescence from unamplified
td-Tomato to that in adjacent tissue sections when an antibody is used
against td-Tomato, which should detect any potentially bleached
td-Tomato [Figs. S2(A)–S2(C)]. Immunostained and non-
immunostained td-Tomato fluorescence signals did not cover

significantly different tissue areas, with a difference of 10%6 5%
between fluorescently positive areas between immunostained and
non-stained signals across all samples [Fig. S2(D)]. Thus, analyses
were performed without immunostaining for td-Tomato.

To identify which cell types were transduced by viral vectors
delivered via each scaffold, we used antibodies against markers of
astrocytes (GFAPþ), axons (NF200þ), myelinating cells (MBPþ), and
immune cells (F4/80þ, macrophages/microglia). Quantification indi-
cated no differences in the extent of transgene expression among cell
types examined, with roughly 25% of transgene being expressed by
macrophages/microglia, 25% by astrocytes, 20% by myelinating cells,
and 10% with neurons (Fig. 3). While we did not uncover here the
identities of the remaining �30% of cells expressing transgene, previ-
ous reports suggest that these are likely fibroblasts, endothelial cells, or
non-myelinating glia.14,23,61

Tissue integration was assessed from H&E-stained cryosections
and cell infiltration quantified by counting Hoechst-stained nuclei in
cryosections. Scaffolds were clearly identifiable at the center of the

FIG. 2. Expression of td-Tomato transgene was present throughout spinal cords 8 weeks post-injury but localized near the site of injection. Td-Tomato transgene is visible near
lesion sites where lentivirus-loaded NP-HA (a), pHA-MP (b), and mHA-MP (c) scaffolds were injected. White dashed lines indicate the scaffold region, and green dashed lines
indicate the areas used for quantification. There were no significant differences in the distribution of transgene expression within 1.5 mm of lesions, as measured by comparing
integrated fluorescence intensity in 300 lm segments normalized to the total integrated fluorescence intensity within 1.5 mm of the scaffold center (d). However, mHA-MP scaf-
folds had a greater raw td-Tomato fluorescence intensity signal within 300lm of the scaffold center in either direction (E) (�p< 0.05, two-way repeated measures ANOVA,
Tukey test, n¼ 3–4 animals, scale bars¼ 500 lm).
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injury site 2 weeks [Figs. 4(a)–4(c)] or 8 -weeks [Fig. 4(d)] post-injury,
and lesion pathology was consistent with moderate SCI.68,78 While
there is a clear variation in lesion areas within each condition, we did
not identify any significant differences in injury areas across scaffold
conditions (Fig. S3). Regardless of scaffold type, substantial numbers
of cells infiltrated scaffolds; however, only NP-HA scaffolds exhibited
large (>100lm across) regions devoid of any nuclei [Fig. 4(b)]. pHA-
MP and mHA-MP scaffolds appeared to have fewer regions devoid of
cells than NP-HA scaffolds [Fig. 4(b)]. Quantification of infiltrating
cells (normalized to the area) 2weeks after injury found significantly
more nuclei present within mHA-MP than NP-HA, but not pHA-
MP, scaffolds [Figs. 4(c) and 4(d)]. Two weeks after SCI, there were no
apparent differences in numbers of macrophages/microglia (F4/80þ)
within scaffolds (Fig. 5) or the area covered by reactive astrocytes
(GFAPþ) immediately surrounding scaffold implants (Fig. 6).

Significantly, more axons (NF200þ) were found to infiltrate scaf-
folds with a highly uniform, macroporous architecture, mHA-MP,
compared to NP-HA and pHA-MP scaffolds [Figs. 7(a)–7(e)]. This
increase in axon ingrowth 8weeks after SCI is consistent with the
increase in cell infiltration observed within the mHA-MP scaffolds
2weeks after SCI, suggesting that uniform macroporosity facilitated
migration of both cells and axons into scaffolds. The orientation of
axons that had infiltrated scaffolds 8weeks after SCI was found to be
closely aligned with the longitudinal place for all scaffold and trans-
gene conditions with 610� difference between the net angles of
NF200þ objects from the longitudinal axis of the spinal cord [Fig.
7(f)]. While there were no differences in the proportion of axons with
myelin (double positive for MBP and NF200 divided by total positive
for NF200) [Fig. 7(g)], there was a significant increase in the total den-
sity of myelinated axons in mHA-MP scaffolds relative to NP-HA and
pHA-MP [Fig. 7(h)].

Next, we evaluated the scaffold-mediated delivery of lentiviral
vectors encoding for the overexpression of the neurotrophic factors
BDNF or NT3. Prior to in vivo studies, each batch of lentiviral vectors
was evaluated for potency by first infecting HEK cells and then apply-
ing the HEK cell-conditioned medium, which should now contain

BDNF or NT3, to DRGs (Fig. S4). The results confirmed the produc-
tion of the appropriate growth factor by infected HEK cells and the
ability of secreted protein to promote survival and elongation of DRG
neurites in culture.

mHA-MP scaffolds were used for in vivo studies of gene delivery
as they most effectively increased cell infiltration (Fig. 4), transgene
expression [Figs. 1 and 2(e)], and axon ingrowth [Fig. 7(e)]. High den-
sities of cells were visible 8 weeks post-injury in H&E-stained sections
[Fig. 4(d)]. The delivery of either BDNF or NT3 transgenes from
mHA-MP scaffolds had substantial effects on axon infiltration and
myelination 8weeks after SCI (Fig. 8). The density of NF200þ neurons
in scaffolds was roughly twofold higher with the delivery of BDNF
transgene than the delivery of NT3 (however, this difference was not
statistically significant) or reporter (FLuc or td-Tomato control vec-
tors) transgenes (this difference was statistically significant) [Figs.
8(a)–8(e)]. There were no significant differences between the orienta-
tions of axons that had infiltrated the scaffolds, with 610� difference
between the net angles of NF200þ objects from the longitudinal axis
of the spinal cord [Fig. 8(f)]. The delivery of BDNF transgene led to
significantly greater proportions of axons that were myelinated
(NF200þ and MBPþ) and total densities of myelinated axons
(NF200þ and MBPþ) than the delivery of NT3 or control transgenes
[Figs. 8(g) and 8(h)]. There were few infiltrating Schwann cells (P0þ),
which could contribute to regenerated myelin sheaths, in all condi-
tions, but there appeared relatively more Schwann cells in the NT3
condition (Fig. S5).

Functional recovery of hindlimb locomotion (BMS) was evalu-
ated over 8weeks after SCI. For the most part, there were no signifi-
cant differences in functional recovery at any time points among
animals treated with scaffolds with varying porosities [Fig. 9(a)].
However, when mHA-MP scaffolds were used to deliver lentivirus
encoding for BDNF overexpression, there was a non-significant trend
toward improved functional recovery over 8weeks, with a significantly
higher BMS score 1week after SCI [Fig. 9(b)]. This difference in the
function at 1week correlates with increased numbers of myelinated
axons in spinal cord lesions at 8weeks after injury when BDNF trans-
gene was delivered from scaffolds. While not statistically significant,
there was an unexpected trend toward worse functional outcomes
when NT3 transgene was delivered.

III. DISCUSSION

After SCI, biomaterial scaffolds can be designed to stabilize the
injury site, reduce further tissue damage caused by the secondary
injury cascade, and bridge a post-injury microenvironment that inhib-
its regeneration.11–13 Previous studies have shown that networks of
cell-sized macropores within biomaterial scaffolds increase infiltration
of host cells, improve integration with host tissue, reduce the inflam-
matory response, and generally support tissue repair in vivo.14,46

Additionally, macroporosity enables efficient delivery of regenerative
factors using genetic vectors.19,62 Biomaterials that can be injected and
formed in situ are particularly attractive as regenerative scaffolds after
SCI given irregularly shaped lesions and a need to preserve tissue
spared by the primary injury. Here, we investigated how the porous
architecture of injectable biomaterials affects their therapeutic benefits
after SCI. In addition, we report the ability of scaffolds that are both
injectable and macroporous to enhance wound healing and delivery of
therapeutic transgenes after SCI.

FIG. 3. Quantification of td-Tomato transgene co-staining with markers of neural
and inflammatory cell types at 8 weeks post-injury. Td-Tomato transgene co-stains
with each neural and inflammatory cell type stained. No significant differences were
observed between each scaffold condition (p< 0.05, Kruskal-Wallis test with
Dunn’s multiple comparisons test, n¼ 3–4).

APL Bioengineering ARTICLE scitation.org/journal/apb

APL Bioeng. 5, 016104 (2021); doi: 10.1063/5.0035291 5, 016104-5

VC Author(s) 2021

https://scitation.org/journal/apb


FIG. 4. H&E and nuclei staining of spinal cord 2 and 8 weeks post-injury. Scaffolds were clearly identifiable 2 weeks post-injury in H&E stained sections, outlined in white
dashed lines (a). Cells infiltrate into each scaffold type, though regions devoid of nuclei were observed, particularly in NP-HA scaffolds (b). Quantification of numbers of nuclei
in scaffolds showed that mHA-MP scaffolds had significantly more cell infiltration than NP-HA, but not pHA-MP, scaffolds (c). Scaffolds were still identifiable 8 weeks post-injury
in H&E stained sections (d) (�p< 0.05, Kruskal-Wallis test with Dunn’s multiple comparisons test, n¼ 4–5, scale bars¼ 200lm).
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While delivery from both pHA-MP and mHA-MP scaffolds
resulted in increased expression of the FLuc transgene (indicated by
bioluminescence intensity measurements) compared to NP-HA
(Fig. 1), a corresponding increase in the number of cells that had infil-
trated to scaffold centers 2 weeks post-injury was only observed with
mHA-MP scaffolds [Fig. 4(c)]. Previous work demonstrated that
scaffolds formed from monodisperse, as opposed to polydisperse,

microparticles have a greater and more uniform void space that can
lead to greater cell proliferation and infiltration in vivo.58 We posit
that this larger, more uniform void space in mHA-MP scaffolds facili-
tated a more even distribution of cells and fewer cell aggregates com-
pared to other scaffolds [Fig. 4(b)], which could influence the
quantification of nuclei. As nuclei that are more spread out are more
easily distinguished by CellProfiler software, the presence of tightly

FIG. 5. Immunostaining of inflammatory cell types in scaffolds 2 weeks post-injury. F4/80þ macrophages/microglia were the most abundant cell type within scaffolds [(a)–(c)],
and no significant difference was found between scaffold types (d) {�p< 0.05, Kruskal-Wallis test with Dunn’s multiple comparisons test, n¼ 5–6 animals, scale bars¼ 200lm
[(a)–(c)], 40 lm (d)}.
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FIG. 6. Immunostaining of astrocytic cell types and glial scar in scaffolds 2 weeks post-injury. GFAPþ astrocytes are found throughout the spinal cord (a), but denser staining
was observed surrounding scaffolds (b), also associated with deposited fibronectin (c), consistent with previous work showing an activated astrocyte barrier. Zoomed insets (d)
show scaffolds’ borders. No significant differences in the GFAPþ area within 200 lm of scaffold borders were observed along scaffold types (e) [�p< 0.05, Kruskal-Wallis test
with Dunn’s multiple comparisons test, n¼ 5–6, scale bars¼ 200lm (a)–(c), 40lm (d)].
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FIG. 7. Immunostaining of myelinated axons in scaffolds 8 weeks post-injury. Spinal cords injected with NP-HA, pHA-MP, and mHA-MP scaffolds (a) showed clear scaffold
boundaries that NF200þ axons (b) and MBPþ oligodendrocytes (c) appeared to cross. Zoomed-in images of the areas indicated by white boxes in (b) are shown in (d). White
arrows indicate NF200þ/MBP� axons, while pink arrows indicate NF200þ/MBPþ axons. NF200þ axons had significantly greater densities in mHA-MP scaffolds than NP-HA
or pHA-MP (e). The net orientation of axons was near parallel, relative to the longitudinal axis of the spinal cord, in each condition, with no significant differences among
conditions (f). There was no difference in the percentage of axons that were myelinated (g). There was greater myelinated axon density in mHA-MP scaffolds than in NP-HA,
but not pHA-MP, scaffolds (h) [�p< 0.05, Kruskal-Wallis test with Dunn’s multiple comparisons test, n¼ 5–6, scale bars¼ 200 lm for (a)–(c) and 20 lm for (d), white arrows
¼ unmyelinated axon and pink arrows ¼ myelinated axon].
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FIG. 8. Quantification of myelinated axons after the delivery of neurotrophic factor-encoding vectors 8 weeks post-injury. mHA-MP scaffolds were delivered after injury contain-
ing BDNF, NT3, or control FLuc-encoding vectors (a) and showed NF200þ axons (b) and MBPþ oligodendrocytes (c) within the scaffolds. Zoomed-in images of the areas indi-
cated by white boxes in (b) are shown in (d). White arrows indicate NF200þ/MBP- axons, while pink arrows indicate NF200þ/MBPþ axons. The delivery of vectors encoding
for the BDNF increased the density of axons (NF200þ) and myelinated axons (NF200þ/MBPþ). The axonal density was significantly higher with the delivery of the BDNF rela-
tive to NT3 (p< 0.1) but not FLuc control (e). The net orientation of axons was near parallel, relative to the longitudinal axis of the spinal cord, in each condition, with no signif-
icant differences among conditions (f). BDNF delivery led to increased proportion of myelinated axons (g) and densities of myelinated axons (h) relative to both NT3 and
control ([p< 0.05, Kruskal-Wallis test with Dunn’s multiple comparisons test, n¼ 5–6, scale bars¼ 200 lm for (a)–(c) and 20 lm for (d), white arrows ¼ unmyelinated axon
and pink arrows ¼ myelinated axon].

APL Bioengineering ARTICLE scitation.org/journal/apb

APL Bioeng. 5, 016104 (2021); doi: 10.1063/5.0035291 5, 016104-10

VC Author(s) 2021

https://scitation.org/journal/apb


packed cell clusters in NP-HA and pHA-MP scaffolds may lead to an
underestimation of cell numbers. Although mHA-MP scaffolds had a
larger void space than pHA-MP scaffolds [Fig. S1(G)], there were no
significant differences in transgene expression or cell infiltration
between mHA-MP and pHA-MP scaffolds. While increased numbers
of infiltrating cells would be expected to result in an increase in trans-
gene expression,23,54–56 it is possible that this effect was not significant
enough to elicit a difference in transgene expression (at least at the mea-
surement sensitivity) or that viral dose, which was held constant, was a
more significant limiting factor to the numbers of cells transduced.

In contrast to bioluminescence data, histological analysis of td-
Tomato transgene expression showed significantly more total expres-
sion in mHA-MP scaffolds than in pHA-MP or NP-HA scaffolds [Fig.
2(e)]. Differences in measurement type and the time point (2weeks
after SCI for FLuc and 8weeks for td-Tomato) could be responsible
for this difference. For example, proliferation of transgene-expressing
cells may have amplified differences between expression levels at 2 and
8weeks. While bioluminescence data constitute a cumulative measure
of transgene expression, fluorescence intensity in histological sections
allows visualization of transgene expression locally in the spinal cord.
Research has also shown that the use of scaffolds to deliver gene ther-
apy can improve localization of expression over bolus delivery.55,62–64

Our results found no significant effect of macroporosity of the scaffold
on localization and distribution of transgene expression in the spinal
cord (Fig. 2). Comparing these measures of transgene expression at
the tissue level 2weeks after injury (Fig. 2) and the cell level 8 weeks
after injury (Fig. 3) suggests that the distribution of transgene
remained primarily localized near the site of delivery across the study
duration, in agreement with previous reports.23,46,47

While around 1.2-fold more infiltrating cells were observed in
both types of macroporous scaffolds 2weeks after SCI than in nanopo-
rous scaffolds (although the pHA-MP condition was not significantly
different), macroporous scaffolds exhibited an over fivefold difference
(mHA-MP and pHA-MP each significantly more than NP-HA) in
transgene expression as observed by FLuc bioluminescence 2weeks
after SCI (Fig. 1) and roughly twofold difference in transgene

expression as assessed by the integrated intensity of td-Tomato fluo-
rescence 8weeks after SCI (Fig. 2). Together, these data indicate that
small changes in numbers of infiltrating cells can lead to large differ-
ences in transgene expression. As lentivirus will degrade within a day
or two of scaffold implantation, cell infiltration and transduction
within this timeframe are imperative.63,65 While there were no large
differences in cell infiltration among scaffolds with different porosities
2weeks after implantation, the macroporous architecture of mHA-MP
and pHA-MP scaffolds may have encouraged more very early cell
infiltration, thus increasing the numbers of cells transduced. However,
further investigation at early time points would be required to make
any strong claims.

The HA-based scaffolds used in this study are biodegradable,
both enzymatically through cell-produced hyaluronidase12,26,66–68 and
hydrolytically through attack of thioether crosslinks.69 Previous
reports have observed limited degradation of nanoporous, HA-based
scaffolds injected into the injured rodent spinal cord 8–9weeks after
injury.12,28,66 In theory, increased cell infiltration into macroporous
scaffolds could increase the rate of scaffold degradation, as infiltrating
cells may secrete hyaluronidase and affect the local pH. Here, all scaf-
folds (nanoporous and macroporous) were clearly visible in histologi-
cal sections 2weeks after SCI [Fig. 4(a)] but less apparent after 8 weeks
[Fig. 4(d)]. While the scaffolds used here were not pre-labeled before
implantation and immunohistochemistry against scaffolds was not
possible due to the overwhelming presence of endogenous HA, in
many tissue sections showing macroporous scaffolds annealed from
microparticles, infiltrating axons appear in circular patterns, which
may indicate wrapping around a spherical, microparticle surface [Figs.
7(d) and 8(d)]. It is also possible that transduced cells may migrate
away from the lesion site as scaffolds degrade. However, this is not
likely the case here given that transgene expression remained localized
to the lesion area after 8weeks (Fig. 3), a finding reported by previous
studies delivering genetic vectors from degradable biomaterials after
SCI.23,46,47 Additional studies will be required to characterize the rela-
tionships among porous architecture, cell infiltration, degradation rate,
and transgene expression patterns in the injured spinal cord.

FIG. 9. Functional recovery after injury depending on the scaffold type (a) and viral delivery of the BDNF and NT3 within mHA-MP scaffolds (b). Delivery of macroporous scaf-
folds did not significantly improve regeneration relative to NP-HA scaffolds. The delivery of the BDNF within mHA-MP scaffolds significantly increased regeneration at 1 week
post-injury (�p< 0.05, two-way repeated measures ANOVA, Tukey test, n¼ 4–6).
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Areas of F4/80þ staining (macrophages and microglia) within
scaffolds (Fig. 4) and GFAPþ astrocyte staining around scaffolds
(Fig. 5) were not significantly different between porosities 2 weeks
after injury, suggesting that porosity alone did not significantly
affect the inflammatory response by the subacute phase of injury.
In acute SCI, disruption of the blood-brain barrier leads to an influx
of peripheral monocytes/macrophages, which, along with resident
microglia, are activated, targeting any potential sources of infection
and producing substantial reactive oxygen and nitrogen species and
matrix proteases, which dismantle the spinal cord ECM. Through
the subacute stage, astrocytes and perivascular fibroblasts also
become activated and remodel the local ECM over time, where a
newly deposited ECM typically contributes to glial and fibrotic scar
tissues, respectively.7,70 In rodents, the production of inflammatory
cytokines is typically maximal at around 1week post-injury, and a
peak in F4/80þ and GFAPþ expression in response to these factors
is typically found at 1–2weeks.71,72 Fibroblast deposition of fibro-
nectin, which composes the fibrotic scar, also peaks around this
time.70 Our findings are consistent with these previous observa-
tions. While we did not compare SCI alone to SCI with scaffold
implants in this study, a number of previous studies have demon-
strated that HA-based scaffolds reduce the presence of macro-
phages/microglia, activated astrocytes, and ECM deposition in the
scar.12,28 In this study, HA scaffolds induced a similar inflammatory
response as observed in these previous studies.11,12,28,71 Together,
these previous studies and the current results indicate that while
HA scaffolds can reduce the inflammatory response, it is not
completely eliminated. This is crucial for tissue regeneration, as a
complete lack of an inflammatory response, including scar forma-
tion, may actually be detrimental to healing.8

Addition of integrin-binding RGD peptides into HA scaffolds
provides a means for adhesion of host cells and regenerating axons.
Recovery after SCI requires that axons extend either through or
around the injury site and reestablish functional synapses. The
increased void space in mHA-MP scaffolds was sufficient here to sig-
nificantly increase the density of axons that had penetrated scaffolds
8weeks after SCI [Fig. 7(e)]. Myelination of axons in the white matter
increases the speed of signal propagation and is necessary for many
neurological functions. Thus, effective treatment for spinal cord regen-
eration may require facilitation of axon extension across the injury site
followed by myelination of those axons. Secondary injury can also
induce apoptosis of myelinated oligodendrocytes, even while axons
remain alive and intact,73,74 further emphasizing the need to evaluate
axon myelination after SCI. Here, significantly higher densities of mye-
linated axons were found to have infiltrated scaffolds 8 weeks post-
injury [Fig. 7(h)]. However, no significant differences were observed in
the percentage of infiltrating axons that were myelinated [Fig. 7(g)],
indicating that porosity did not necessarily affect the potential for
regenerating axons to be myelinated. It should be noted that the pres-
ence of MBPþ staining after SCI has been associated with myelin
debris.3 Here, only NF200þ axons closely associated with MBPþ mye-
lin were considered to be myelinated axons, making it unlikely that
myelin debris was incorporated into data.3,14,75 Furthermore, myelin
debris has been reported to be clear by 8 weeks post-injury in mice.76

The delivery of viral vectors from biomaterial scaffolds has been
examined previously in several studies.6,29,46–48,63 In particular,
Tuinstra et al. delivered lentivirus encoding for overexpression of the

BDNF and NT3 from poly-lactide-co-glycolide (PLG) scaffolds to a
thoracic hemisection SCI in rats.46 Our results in mice show compara-
ble improvements in axon density and myelination with delivery of
these neurotrophic transgenes. While Tuinstra et al. found similar
densities of axons myelinated within scaffolds with either NT3 or
BDNF delivery, our results show significant benefits of the BDNF but
no apparent differences between NT3 conditions and controls (Fig. 8).
The orientation of axons within scaffolds appeared random in all scaf-
fold and virus conditions [Figs. 7(f) and 8(f)]. While the orientation of
axons along the rostral-caudal axis, like in the normal spinal cord, is
preferable, these injectable scaffolds do not provide structural features
that can guide axons along this axis.

We observed comparable densities of axons and myelinated
axons infiltrating scaffolds with NT3 delivery as another study by
Thomas and Seidlits et al., using a C57/Bl mouse thoracic hemisection
model, found for NT3 delivery from PLG scaffolds.47 We found that
densities of myelinated axons when the BDNF was delivered were sim-
ilar to those reported by Thomas and Seidlits et al. for NT3 delivery.
Notably, BDNF delivery also increased the proportion of infiltrating
axons that were myelinated compared to NT3 or control vector deliv-
ery [Fig. 8(g)], indicating an additional benefit of adding BDNF deliv-
ery to scaffolds.

Thomas and Seidlits et al. found that NT3 delivery primarily
increased myelination of axons 8weeks after SCI by P0þ Schwann
cells, rather than oligodendrocytes.47 In the current study, we observed
an increase in the density of P0þ Schwann cells in NT3-loaded scaf-
folds compared to BDNF-loaded scaffolds but not control vector-
loaded scaffolds (Fig. S5). However, this difference did not translate
into more myelinated axons (Fig. 8). Our data do not show any signifi-
cant differences between animals treated with vectors encoding NT3
overexpression and those treated with vectors expressing an FLuc con-
trol. This unexpected result may be a result of low expression or
potency of the NT3 vector relative to the BDNF (Fig. S4) or loss of
viral activity during sample preparation. Alternatively, it is possible
that suppression of neural stem cell activity by NT3 may have
impaired recovery. For example, Delgado et al. showed that NT3 can,
in some instances, lead to quiescence of neural stem cells through
induction of nitric oxide production, which is already elevated after
SCI.77

Despite significantly greater numbers of axons and myelinated
axons 8 weeks post-injury in mHA-MP (Fig. 7), no corresponding
benefit in functional recovery was observed over 8 weeks [Fig. 9(a)].
Addition of BDNF transgene delivery significantly increased the den-
sity of myelinated axons over mHA-MP scaffolds bearing control
FLuc transgene (Fig. 8). This increase translated into a trend toward
improved functional recovery over 8weeks after SCI [Fig. 9(b)].
However, this difference was only statistically significant at 1 week
post-injury. Several groups have reported similar results, where the
increased axon density or reduced inflammation in response to a par-
ticular intervention did not translate into an improved function unless
combined with an additional bioactive therapy, including the delivery
of the platelet-derived growth factor,78 NT3,42 NT3 paired with stem
cells,79 or BDNF.30

As the purpose of this study was to evaluate how the pore struc-
ture of biomaterial scaffolds affects transgene delivery and regenera-
tion after acute SCI, we did not include an experimental group
without a biomaterial implant. Previous studies have evaluated the
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recovery of C57/Bl6 mice after thoracic SCI compression in the
absence of treatment, reporting a maximum BMS score of around 3–4,
which peaks 2–4weeks after injury.80–82 In this study, a minimum
BMS score of four was found for mHA-MP, pHA-MP, and mHA-MP
þ BDNF conditions 2weeks after SCI, and the average BMS score for
the mHA-MP þ BDNF condition approached six after 8weeks in the
[Fig. 9(b)]. Given this comparison to BMS scores of untreated SCI in
other studies80–82 and a number of reports demonstrating that HA-
based scaffolds can improve functional recovery in rodent SC models,
compared to untreated controls,12,66–68,83 we expect that the HA-based
scaffolds reported here also provide benefits compared to baseline
recovery. However, given the variation in BMS scores reported for
baseline SCI in the literature across mouse strain, age, sex, injury level,
injury severity, and potential subjectivity of the scorer, it is not possible
to make a rigorous assessment of how scaffolds may affect recovery
over the baseline without including non-treated animals side-by-side
in the same study.80–82,84

The results described here demonstrate significant potential for
the use of the HA-based, injectable, macroporous scaffolds used here
in tissue engineering approaches to SCI repair. In particular, these
scaffolds represent an effective platform for combined delivery of such
therapeutic factors using viral vectors.

IV. CONCLUSIONS

Tissue engineering strategies for SCI recovery that can reduce the
severity of injury while improving the capacity for tissue regeneration
are a promising avenue of research. Biomaterial scaffolds can act as
inductive platforms for in situ tissue repair and deliver additional
regenerative therapies, such as genetic vectors. Injectable scaffolds that
form in situ will likely be required to accommodate variably shaped
and sized lesions and maximize tissue sparing. Furthermore, these
injectable scaffolds should have cell-scale macropores to support cell
and axon infiltration and integrate with host tissue. Here, we demon-
strate that scaffolds formed by cross-linking HA-based hydrogel
microparticles together in situ can fulfill these requirements. The
results provide strong evidence that a regularly structured, macropo-
rous network within scaffolds improves the efficiency of transgene
delivery and densities of total and myelinated axons infiltrating scaf-
folds. The delivery of a potentially regenerative transgene, BDNF, fur-
ther increased densities of total and myelinated axons infiltrating
scaffolds, which translated into modest functional recovery. Here, we
demonstrate that crosslinked microparticle scaffolds can provide a
tissue-inductive platform for combinatorial gene therapies after SCI.

V. METHODS

Materials were purchased from Fisher scientific unless otherwise
specified.

A. Synthesis and characterization of thiolated
hyaluronic acid (HA-SH)

Sodium hyaluronate (Mw ¼ 700 kDa, LifeCore Biomedical) was
dissolved at 10mg/mL in distilled, de-ionized water (di H2O) and thio-
lated as previously described.85 Molar ratios are reported with respect
to carboxyl groups on glucuronic acid moieties of HA. The pH of the
HA solution was adjusted to 5.5 using 0.1 M HCl. 1-Ethyl-3-[3-dime-
thylaminopropyl]carbodiimide (EDC, Fisher Scientific) was dissolved
in di H2O at a molar ratio of 0.1875 immediately before addition to

HA solution. N-hydroxysuccinimide (NHS, Acros Organics) was,
then, added at a molar ratio of 0.094. The pH was, then, readjusted to
5.5, and the reaction was mixed at room temperature for 45min.
Then, cystamine dihydrochloride (Sigma-Aldrich) was added (molar
ratio, 0.1875), pH was adjusted to 6.25 using 0.1 M NaOH, and the
reaction continued while stirring at room temperature overnight.
Dithiothreitol (DTT, Sigma-Aldrich) was added in excess (4� greater
than cystamine) at pH 8. The mixture was stirred for 1–2h to cleave
cystamine disulfides and yield thiolated HA (HA-SH). The reaction
was quenched by adjusting the pH to 4. HA-SH was purified using
dialysis against acidic (pH 4) di H2O for 3 days in the dark. Purified,
HA-SH was filtered through a 0.22lm filter (EMD Millipore), frozen
under liquid nitrogen, lyophilized, and stored at �20 �C until use. HA
thiolation was confirmed using proton nuclear magnetic resonance
(NMR) spectroscopy and the colorimetric Ellman test for free thiols.86

B. Gene therapy design

Lentiviral particles encoding firefly luciferase (FLuc), td-Tomato,
BDNF, or NT3, each under control of a constitutively active cytomega-
lovirus (CMV) promoter, were generated using a third generation
packaging system, as previously described.87 Plasmids were generously
provided by Professor Lonnie Shea at the University of Michigan.46–48

Briefly, 80% confluent human embryonic kidney (HEK) cells (Lenti-X
293T Takara Bio, USA) were simultaneously transfected with packag-
ing plasmids using jetPRIME transfection reagent (Polyplus transfec-
tion)—pCMV-VSV-G (gift from Bob Weinberg, Addgene plasmid #
8454) and pRSV-Rev and pMDLg/pRRE (gifts from Didier Trono;
Addgene plasmids # 12253 and #12251, respectively). Lentiviral par-
ticles were recovered from media after 2 days of culture using PEG-it
virus precipitation solution (SBI System Biosciences), resuspended in
D-phosphate-buffered saline (PBS), and stored at �80 �C. Lentiviral
titers were calculated using the Lenti-X qRT-PCR titration kit (Takara
Bio, USA).

C. Formation of nanoporous scaffolds (NP-HA)

HA-SH and four-arm vinyl sulfone-terminated polyethylene
glycol-vector scan (PEG-VS) (20 kDa, Laysan Bio) were crosslinked
via Michael-type addition between thiol and vinyl sulfone functional
groups.88 HA-SH and PEG-VS were dissolved separately in PBS at pH
7.4. The cysteine-terminated RGD peptide (GCGYGRGDSPG,
GenScript Biotech) was conjugated to PEG-VS by reaction at room
temperature for 1 h prior to gel formation to provide sites for cell
adhesion.89 To form hydrogels, precursor solutions of PEG-VS and
HA-SH were mixed to yield a mixture with a ratio of 1.2:1 of thio-
l:vinyl sulfone.90 Hydrogels had final concentrations of 10mg/mL
HA-SH, 150lM peptide, and 6mg/mL PEG-VS. For in vitro studies,
HA-SH and peptide-modified PEG-VS solutions were mixed and
pipetted into circular wells of a silicone isolator (8mm diameter, 1mm
depth, Grace BioLabs).91 Scaffolds were incubated at 37 �C for 2 h to
ensure that cross-linking had completed.88 For some in vitro materials
characterization studies, L-cysteine was conjugated instead of RGD.

D. Hydrogel microparticle formation

HA-SH was crosslinked with peptide-modified PEG-VS as
described above for NP-HA scaffolds. Microparticles were made from
NP-HA hydrogels using two methods: (1) batch fabrication using
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water/oil emulsification, which yields a wide range of particle sizes,54

or a step-emulsification microfluidic device, which more tightly con-
trols the microparticle diameter.57 To produce polydisperse micropar-
ticles by emulsion, 100lL of hydrogel precursor solution was vortexed
in 900lL mineral oil with 1% span 80 surfactant for 20 s before addi-
tion of 100lL mineral oil containing 0.1% triethylamine (Sigma-
Aldrich), an oil-soluble base that raised the precursor pH and initiated
cross-linking. The emulsion was vortexed for an additional 20 s and
stirred at room temperature overnight in the dark to ensure that cross-
linking was complete. Microparticles were centrifuged and washed
with mineral oil five times and hexane five times before resuspending
in 70% ethanol. Microparticles were, then, sieved twice against 70-lm
cell strainers and stored at 4 �C in 70% ethanol. To produce monodis-
perse microparticles, a microfluidic step-emulsification approach was
used as previously described.57 Briefly, the precursor solution was co-
injected into a 200 channel step-emulsification device along with an
oil phase composed of Novec 7500TMþ 1% PicoSurf (Sphere Fluidics)
to generate monodisperse droplets. After droplet generation, an addi-
tional oil phase composed of Novec 7500TM and 3% (vol/vol) triethyl-
amine was introduced in flow to increase precursor pH and facilitate
particle cross-linking. The microparticles were recovered from the oil
phase using a series of Novec and hexane washing steps before resus-
pending in 70% ethanol for sterilization and storage. Microparticles
were washed three times with sterile PBS immediately before use.

E. Macroporous scaffold formation and
characterization

Microparticle diameters were manually measured using ImageJ
(NIH) using at least 500 microparticles of each type across three
batches to estimate size distributions [Figs. S1(A)–S1(C)].
Macroporous scaffolds were formed by annealing either monodisperse
(mHA-MP) or polydisperse (pHA-MP) microparticles via disulfide
bonding, as previously described.54 When injected in vivo, ethanol-
sterilized and PBS-rinsed microparticles or NP-HA precursor was
mixed with poly-L-lysine (PLL, Sigma-Aldrich), to facilitate the reten-
tion of lentiviral particles, to a final concentration of 100ng/mL.55

Lentiviral solution was added to achieve a final viral dose of 106 to 107

viral particles per scaffold. When produced in vitro for physical char-
acterization, PLL and lentiviral solutions were substituted with PBS.

F. Confocal microscopy to evaluate the scaffold
macrostructure

To visualize scaffolds fluorescently, Texas red- or fluorescein-
maleimide was conjugated to thiols on HA-SH and incorporated into
hydrogels at 0.1mg/mL. To assess pore interconnectivity, scaffolds
were incubated in a 1mg/mL solution of high molecular weight
(500 kDa) fluorescein isothiocyanate (FITC)-dextran (TdB
Consultancy AB). FITC-dextran was incubated with Texas-red tagged
NP-HA scaffolds to confirm the inability to diffuse into nanoporous
scaffolds [Figs. S1(D)–S1(F)]. Scaffolds were imaged using an SP5 con-
focal microscope to estimate void space (Leica Microsystems). 3D
reconstructions were created using the volume viewer plugin for
ImageJ (NIH). The void space was calculated using thresholding
images using an Otsu algorithm and by calculating the percent area
covered by FITC-dextran throughout the scaffold volume [Fig.
S1(G)].92

G. Compression thoracic injury model in female mice

All in vivo studies were conducted in compliance with the NIH
Guide for Care and Use of Laboratory Animals with approval from
the UCLA Institutional Animal Care and Use Committee (Protocol
#2015–006). Studies were performed on 8–10weeks old healthy female
C57BL6 mice (Charles River, N¼ 6) with ad libitum access to food
and water. Pre-operatively, mice were acclimatized to handling and
functional assessment procedures for 10 days prior to the procedure.
Mice were anesthetized using vaporized isoflurane (3%–4% for induc-
tion and 1.5%–3% for maintenance). The spinal cord was exposed by
laminectomy (T8-T10), and a clip compression injury using a 30 g,
1mm microvascular clip (RS-6470, Roboz Surgical) was made at spi-
nal cord level T9 for 15 s.93,94 Injections were performed using a 34G
needle (80lm inner diameter). The animal received an injection to
form either NP-HA, pHA-MP, or mHA-MP scaffolds in situ (N¼ 6)
immediately after compression injury. At a rate of 1lL/min, 1lL of
material was injected into the lesion epicenter through a 34G needle
and a 10ll NanoFil syringe and using a UMP3–1 micropump (World
Precision Instruments). After injection, the laminectomy site was cov-
ered with Gelfoam (Pfizer) to discourage direct adhesion of muscles to
spinal cord tissue. The muscle and subcutaneous tissue were sutured
with absorbable 4–0 chromic gut sutures (003–2482, Ace Surgical),
and skin was closed using wound clips (427631, BD). Post-operative
care included injection with buprenorphine (twice daily) and lactated
Ringer’s solution (once daily) for 72 h, and bladders were expressed
twice daily until normal bladder expression returned.

H. In vivo bioluminescence

Luciferase bioluminescence was measured 2weeks post-injection
of scaffolds loaded with FLuc-encoding lentivirus using an IVIS
Lumina II imager (Perkin Elmer) using standard techniques.54

Animals were injected with 150mg/kg of luciferin into the intraperito-
neal space, and images were taken every 3min for 50min post-
injection. Images with the greatest photon flux were used for analysis.

I. Tissue immunostaining and analysis

Cryosectioning and hematoxylin and eosin (H&E) staining were
performed by the Translational Pathology Core Laboratory at the
UCLA. Explanted tissues were cryosectioned in the sagittal plane at a
thickness of 18lm. Immunostaining was performed to detect td-
Tomato transgene (1:200, LS-C340696, LifeSpan BioSciences, Inc.),
F4/80þ macrophages/microglia (1:200, MCA497R, AbD Serotec),
NF200þ axons (1:50, N4142, Sigma-Aldrich), GFAPþ astrocytes
(1:200, GFAP, Aves Labs), MBPþ oligodendrocytes (1:200, SC-13914,
Santa Cruz Biotechnology), and P0þ Schwann cells (1:200, PZ0, Aves
Labs). Secondary antibodies against rat (1:1000, SABt4600133, donkey
anti-rat, Sigma-Aldrich) or goat (1:1000, SAB4600032, donkey anti-
goat, Sigma-Aldrich) were used, as appropriate. Hoechst 33342 was
used as a nuclear counterstain. Wide-field fluorescence images were
taken using an Axio-Observer microscope (Carl Zeiss) at 200�magni-
fication with a numerical aperture of 0.8. Staining and imaging were
performed in a single batch and using matched exposure levels to
enable head-to-head comparisons.

At least two sections with clearly defined injury regions and a vis-
ible scaffold from each of at least three animals per condition were
used for analysis in all cases. Quantitative analysis of neurofilament
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(NF200þ) and myelination (NF200þ/MBPþ) present was performed
using a modified axon counting and spinal cord regeneration algo-
rithm using a Hessian filtering-based method to improve threshold
detection and quantification and the MATLAB code, as previously
described.75 Calculation of cell densities and integrated intensity,
determination of positively stained regions and the angle of the
NF200þ object orientation, and quantification of overlapping cell
markers were performed using CellProfiler software.95 For quantifica-
tion of td-Tomato integrated intensity over the length of the spinal
cord, the integrated intensity was calculated within 300lm segments
from 0 to 1.5mm away from the center of the scaffold in both longitu-
dinal directions. The percent integrated intensity was calculated by
normalizing the intensity within each bin to the total intensity within
all bins. Comparison of anti-td-Tomato immunostained and natively
fluorescent td-Tomato was performed by comparing thresholding
images for the positively stained area using CellProfiler software.71

J. Analysis of functional recovery

Functional recovery after SCI was assessed using the basso mouse
scale (BMS) for the locomotor function.84 Testing was done prior to
injury and weekly after SCI and scaffold injection until mice were
euthanized. Mice were placed individually in an open field for 4min,
and hind-limb movements were assessed in accordance with the BMS.

K. BDNF and NT3 activity

To confirm the activity of the BDNF and NT3 proteins, condi-
tioned media from BDNF- or NT3-overexpressing Lenti-X 293T cells
(Takara Bio) was delivered to embryonic (E18) mouse dorsal root gan-
glia (DRGs, C57EDRG, BrainBits). DRGs were seeded on PLL-coated,
glass coverslips in NbActiv4 media containing Neurobasal/B27 and
Glutamax supplements (Nb4, BrainBits). After one day of culture, half
of the culture media was replaced with conditioned media from HEK
cells overexpressing the BDNF, NT3, or FLuc (negative control).
DRGs were cultured for 3 days prior to fixation by 4% paraformalde-
hyde for 10min and immunocytofluorescence staining and imaging of
NF200 with a Hoechst 33342 nuclear counterstain [Figs.
S2(A)–S2(C)]. Neurite extensions (NF200þ) from the DRG body were
analyzed using Sholl analysis and quantification of size and density of
positive neurites in concentric rings from the center of the DRG.96

NT3 production by cells infected with lentivirus was further con-
firmed by immunoblotting. After infection with NT3-encoding lentivi-
ral particles, HEK cells were cultured for 4 days. The cell medium was
collected before cells were lysed by 30-min incubation in RIPA buffer,
on ice, followed by 15min of centrifugation at 14 000� g. The medium
and cell lysate were spotted on a nitrocellulose membrane, incubated
in 10% BSA blocking solution, and the presence of transgene was
detected using the rabbit anti-NT3 antibody (500-P84–50ug,
PeproTech) followed by the anti-rabbit HRP-linked secondary anti-
body (7074S, Cell Signaling Technologies).

L. Statistical analyses

Data were analyzed using GraphPad Prism six software.
Differences in cell counts and immunostaining of cell types were ana-
lyzed using the Kruskal-Wallis test followed by Dunn’s multiple com-
parisons test. Data are displayed as the mean 6 standard error of the
mean with significance considered to be p< 0.05. The recovery of the

hindlimb function (BMS) was analyzed via two-way ANOVA, where
independent variables were time and scaffold type. Differences in FLuc
expression were evaluated using a nonparametric bootstrapping
approach.97 Two-sided 95% confidence intervals were calculated with
10 000 iterations using MATLAB software loaded with the Statistics
and Machine Learning Toolbox. Significance denotes no overlap
between 95% confidence intervals.

SUPPLEMENTARY MATERIAL

See the supplementary material for Figs. S1–S5.

AUTHORS’ CONTRIBUTIONS

S.K.S. conceptualized the study; S.K.S., A.E., and D.D. designed
the study; A.E., M.S., L.M.R., J.dR., R.D.B., J.L., and W.X. performed
laboratory investigation; A.E., J.dR., and M.S. analyzed data; A.E. and
S.K.S. wrote the manuscript; A.E., L.M.R., R.D.B., J.L., and S.K.S.
reviewed and edited the manuscript; and S.K.S. and D.D. supervised
and provided resources. All authors had substantial input to the logis-
tics of the work and approved the final manuscript.

ACKNOWLEDGMENTS

We thank the UCLA Tissue Pathology Core Laboratory
(TPCL) for cryosectioning and hematoxylin and eosin staining, the
Preclinical Imaging Technology Center at the UCLA Crump
Institute for Molecular Imaging for use of the IVIS imaging system,
and the UCLA Molecular Instrumentation Center for use of proton
NMR facilities. Confocal laser scanning microscopy was performed
at the California NanoSystems Institute Advanced Light
Microscopy/Spectroscopy Shared Resource Facility at the UCLA,
supported with funding from NIH-NCRR shared resources (Grant
No. CJX1–443835-WS-29646) and NSF Major Research
Instrumentation (Grant No. CHE-0722519). In vivo procedures
were performed with support from the Division of Laboratory
Animal Medicine (DLAM) at the UCLA. Finally, we would like to
acknowledge support from a UCLA Henry Samueli School of
Engineering and Applied Sciences (HSSEAS) Faculty Research
Grant (SKS) and a UCLA Faculty Career Development Award
(SKS).

The authors would like to acknowledge funding for this work
from a National Science Foundation CAREER Award [No. 1653730
(SKS)] and a Presidential Early Career Award for Scientists and
Engineers [No. N00014–16-1–2997 (DD)].

NOMENCLATURE

BDNF brain-derived neurotrophic factor
FLuc firefly luciferase
HA hyaluronic acid
NT3 neurotrophin 3

DATA AVAILABILITY

The data that support the findings of this study are available
within the article and its supplementary material. Additional raw data
that support the findings of this study are available from the corre-
sponding author upon reasonable request.

APL Bioengineering ARTICLE scitation.org/journal/apb

APL Bioeng. 5, 016104 (2021); doi: 10.1063/5.0035291 5, 016104-15

VC Author(s) 2021

https://www.scitation.org/doi/suppl/10.1063/5.0035291
https://www.scitation.org/doi/suppl/10.1063/5.0035291
https://scitation.org/journal/apb


REFERENCES
1National Spinal Cord Injury Statistical Center, Facts and Figures at a Glance
(University of Alabama at Birmingham, Birmingham, AL, 2020).

2One Degree of Separation: Paralysis and Spinal Cord Injury in the United
States, Christopher Dana Reeve Found, 2009.

3J. W. Fawcett and R. A. Asher, “The glial scar and central nervous system
repair,” Brain Res. Bull. 49(6), 377–391 (1999).

4H. Kim, M. J. Cooke, and M. S. Shoichet, “Creating permissive microenviron-
ments for stem cell transplantation into the central nervous system,” Trends
Biotechnol. 30(1), 55–63 (2012).

5C. F. Jones, P. A. Cripton, and B. K. Kwon, “Gross morphological changes of
the spinal cord immediately after surgical decompression in a large animal
model of traumatic spinal cord injury,” Spine 37(15), E890–E899 (2012).

6J. Park, J. T. Decker, D. R. Smith, B. J. Cummings, A. J. Anderson, and L. D.
Shea, “Reducing inflammation through delivery of lentivirus encoding for anti-
inflammatory cytokines attenuates neuropathic pain after spinal cord injury,”
J. Controlled Release 290, 88–101 (2018).

7I. B. Wanner, M. A. Anderson, B. Song, J. Levine, A. Fernandez, Z. Gray-
Thompson, Y. Ao, and M. V. Sofroniew, “Glial scar borders are formed by
newly proliferated, elongated astrocytes that interact to corral inflammatory
and fibrotic cells via STAT3-dependent mechanisms after spinal cord injury,”
J. Neurosci. 33(31), 12870–12886 (2013).

8M. A. Anderson, J. E. Burda, Y. Ren, Y. Ao, T. M. O’Shea, R. Kawaguchi, G.
Coppola, B. S. Khakh, T. J. Deming, and M. V. Sofroniew, “Astrocyte scar for-
mation aids central nervous system axon regeneration,” Nature 532(7598),
195–200 (2016).

9M. B€ahr, C. Przyrembel, and M. Bastmeyer, “Astrocytes from adult rat optic
nerves are nonpermissive for regenerating retinal ganglion cell axons,” Exp.
Neurol. 131(2), 211–220 (1995).

10J. R. Faulkner, J. E. Herrmann, M. J. Woo, K. E. Tansey, N. B. Doan, and M. V.
Sofroniew, “Reactive astrocytes protect tissue and preserve function after spinal
cord injury,” J. Neurosci. 24(9), 2143–2155 (2004).

11S. V. Kushchayev, M. B. Giers, D. Hom Eng, N. L. Martirosyan, J. M.
Eschbacher, M. M. Mortazavi, N. Theodore, A. Panitch, and M. C. Preul,
“Hyaluronic acid scaffold has a neuroprotective effect in hemisection spinal
cord injury,” J. Neurosurg. Spine 25, 114 (2016).

12J. W. Austin, C. E. Kang, M. D. Baumann, L. DiDiodato, K. Satkunendrarajah,
J. R. Wilson, G. J. Stanisz, M. S. Shoichet, and M. G. Fehlings, “The effects of
intrathecal injection of a hyaluronan-based hydrogel on inflammation, scarring
and neurobehavioural outcomes in a rat model of severe spinal cord injury
associated with arachnoiditis,” Biomaterials 33(18), 4555–4564 (2012).

13M. I. G€unther, N. Weidner, R. M€uller, and A. Blesch, “Cell-seeded alginate
hydrogel scaffolds promote directed linear axonal regeneration in the injured
rat spinal cord,” Acta Biomater. 27, 140–150 (2015).

14Y. Yang, L. D. Laporte, M. L. Zelivyanskaya, K. J. Whittlesey, A. J. Anderson, B.
J. Cummings, and L. D. Shea, “Multiple channel bridges for spinal cord injury:
Cellular characterization of host response,” Tissue Eng. Part A 15(11),
3283–3295 (2009).

15C. M. Dumont, M. A. Carlson, M. K. Munsell, A. J. Ciciriello, K. Strnadova, J.
Park, B. J. Cummings, A. J. Anderson, and L. D. Shea, “Aligned hydrogel tubes
guide regeneration following spinal cord injury,” Acta Biomater. 86, 312–322
(2019).

16F. Zhuo, X. Liu, Q. Gao, Y. Wang, K. Hu, and Q. Cai, “Injectable
hyaluronan-methylcellulose composite hydrogel crosslinked by polyethylene
glycol for central nervous system tissue engineering,” Mater. Sci. Eng., C 81,
1–7 (2017).

17K. S. Straley, C. W. Po Foo, and S. C. Heilshorn, “Biomaterial design strategies
for the treatment of spinal cord injuries,” J. Neurotrauma 27(1), 1–19 (2010).

18M. J. DeVivo, “Epidemiology of traumatic spinal cord injury: Trends and future
implications,” Spinal Cord 50(5), 365–372 (2012).

19J. A. Shepard, F. R. Virani, A. G. Goodman, T. D. Gossett, S. Shin, and L. D.
Shea, “Hydrogel macroporosity and the prolongation of transgene expression
and the enhancement of angiogenesis,” Biomaterials 33(30), 7412–7421 (2012).

20J. Kim, M. J. Yaszemski, and L. Lu, “Three-dimensional porous biodegradable
polymeric scaffolds fabricated with biodegradable hydrogel porogens,” Tissue
Eng. Part C 15(4), 583–594 (2009).

21V. Keskar, N. W. Marion, J. J. Mao, and R. A. Gemeinhart, “In vitro evaluation
of macroporous hydrogels to facilitate stem cell infiltration, growth, and miner-
alization,” Tissue Eng. Part A 15(7), 1695–1707 (2009).

22C. M. Hwang, S. Sant, M. Masaeli, N. N. Kachouie, B. Zamanian, S.-H. Lee,
and A. Khademhosseini, “Fabrication of three-dimensional porous cell-laden
hydrogel for tissue engineering,” Biofabrication 2(3), 035003 (2010).

23A. M. Thomas, M. B. Kubilius, S. J. Holland, S. K. Seidlits, R. M. Boehler, A. J.
Anderson, B. J. Cummings, and L. D. Shea, “Channel density and porosity of
degradable bridging scaffolds on axon growth after spinal injury,” Biomaterials
34(9), 2213–2220 (2013).

24H. M. Tuinstra, D. J. Margul, A. G. Goodman, R. M. Boehler, S. J. Holland, M.
L. Zelivyanskaya, B. J. Cummings, A. J. Anderson, and L. D. Shea, “Long-term
characterization of axon regeneration and matrix changes using multiple chan-
nel bridges for spinal cord regeneration,” Tissue Eng. Part A 20(5–6),
1027–1037 (2014).

25J. Koffler, W. Zhu, X. Qu, O. Platoshyn, J. N. Dulin, J. Brock, L. Graham, P. Lu,
J. Sakamoto, M. Marsala, S. Chen, and M. H. Tuszynski, “Biomimetic 3D-
printed scaffolds for spinal cord injury repair,” Nat. Med. 25(2), 263–269 (2019).

26C. Chircov, A. M. Grumezescu, and L. E. Bejenaru, “Hyaluronic acid-based
scaffolds for tissue engineering,” Rom. J. Morphol. Embryol. 59(1), 71–76
(2018).

27K. A. Gutowski, “Hyaluronic acid fillers: Science and clinical uses,” Clin. Plast.
Surg. 43(3), 489–496 (2016).

28Z. Z. Khaing, B. D. Milman, J. E. Vanscoy, S. K. Seidlits, R. J. Grill, and C. E.
Schmidt, “High molecular weight hyaluronic acid limits astrocyte activation and
scar formation after spinal cord injury,” J. Neural Eng. 8(4), 046033 (2011).

29S. Liu, B. Sandner, T. Schackel, L. Nicholson, A. Chtarto, L. Tenenbaum, R.
Puttagunta, R. M€uller, N. Weidner, and A. Blesch, “Regulated viral BDNF
delivery in combination with Schwann cells promotes axonal regeneration
through capillary alginate hydrogels after spinal cord injury,” Acta Biomater.
60, 167–180 (2017).

30H. Gransee, W.-Z. Zhan, G. C. Sieck, and C. Mantilla, “Localized delivery of
BDNF-expressing mesenchymal stem cells enhances functional recovery fol-
lowing cervical spinal cord injury,” J. Neurotrauma 32, 185–193 (2014).

31C. B. Mantilla, H. M. Gransee, W.-Z. Zhan, and G. C. Sieck, “Motoneuron
BDNF/TrkB signaling enhances functional recovery after cervical spinal cord
injury,” Exp. Neurol. 247, 101–109 (2013).

32V. S. Boyce, J. Park, F. H. Gage, and L. M. Mendell, “Differential effects of
brain-derived neurotrophic factor and neurotrophin-3 on hindlimb function in
paraplegic rats,” Eur. J. Neurosci. 35(2), 221–232 (2012).

33Z. Yang, A. Zhang, H. Duan, S. Zhang, P. Hao, K. Ye, Y. E. Sun, and X. Li,
“NT3-chitosan elicits robust endogenous neurogenesis to enable functional
recovery after spinal cord injury,” Proc. Natl. Acad. Sci. U.S.A. 112,
13354–13359 (2015).

34The BDNF Study Group (Phase III) and W.G. Bradley, “A controlled trial of
recombinant methionyl human BDNF in ALS: The BDNF study group (phase
III),” Neurology 52(7), 1427–1433 (1999).

35R. Groth and L. Aanonsen, “Spinal brain-derived neurotrophic factor (BDNF)
produces hyperalgesia in normal mice while antisense directed against either
BDNF or TrkB, prevent inflammation-induced hyperalgesia,” Pain 100(1–2),
171–181 (2002).

36Y. Yajima, M. Narita, A. Usui, C. Kaneko, M. Miyatake, M. Narita, T.
Yamaguchi, H. Tamaki, H. Wachi, Y. Seyama, and T. Suzuki, “Direct evidence
for the involvement of brain-derived neurotrophic factor in the development
of a neuropathic pain-like state in mice,” J. Neurochem. 93(3), 584–594 (2005).

37C. E. Kang, P. C. Poon, C. H. Tator, and M. S. Shoichet, “A new paradigm for
local and sustained release of therapeutic molecules to the injured spinal cord
for neuroprotection and tissue repair,” Tissue Eng. Part A 15(3), 595–604
(2009).

38L. L. Jones and M. H. Tuszynski, “Chronic intrathecal infusions after spinal
cord injury cause scarring and compression,” Microsc. Res. Tech. 54(5),
317–324 (2001).

39S. Uchida, K. Hayakawa, T. Ogata, S. Tanaka, K. Kataoka, and K. Itaka,
“Treatment of spinal cord injury by an advanced cell transplantation technol-
ogy using brain-derived neurotrophic factor-transfected mesenchymal stem
cell spheroids,” Biomaterials 109, 1–11 (2016).

APL Bioengineering ARTICLE scitation.org/journal/apb

APL Bioeng. 5, 016104 (2021); doi: 10.1063/5.0035291 5, 016104-16

VC Author(s) 2021

https://doi.org/10.1016/S0361-9230(99)00072-6
https://doi.org/10.1016/j.tibtech.2011.07.002
https://doi.org/10.1016/j.tibtech.2011.07.002
https://doi.org/10.1097/BRS.0b013e3182553d1d
https://doi.org/10.1016/j.jconrel.2018.10.003
https://doi.org/10.1523/JNEUROSCI.2121-13.2013
https://doi.org/10.1038/nature17623
https://doi.org/10.1016/0014-4886(95)90043-8
https://doi.org/10.1016/0014-4886(95)90043-8
https://doi.org/10.1523/JNEUROSCI.3547-03.2004
https://doi.org/10.3171/2015.9.SPINE15628
https://doi.org/10.1016/j.biomaterials.2012.03.022
https://doi.org/10.1016/j.actbio.2015.09.001
https://doi.org/10.1089/ten.tea.2009.0081
https://doi.org/10.1016/j.actbio.2018.12.052
https://doi.org/10.1016/j.msec.2017.07.029
https://doi.org/10.1089/neu.2009.0948
https://doi.org/10.1038/sc.2011.178
https://doi.org/10.1016/j.biomaterials.2012.06.081
https://doi.org/10.1089/ten.tec.2008.0642
https://doi.org/10.1089/ten.tec.2008.0642
https://doi.org/10.1089/ten.tea.2008.0238
https://doi.org/10.1088/1758-5082/2/3/035003
https://doi.org/10.1016/j.biomaterials.2012.12.002
https://doi.org/10.1089/ten.tea.2013.0111
https://doi.org/10.1038/s41591-018-0296-z
https://doi.org/10.1016/j.cps.2016.03.016
https://doi.org/10.1016/j.cps.2016.03.016
https://doi.org/10.1088/1741-2560/8/4/046033
https://doi.org/10.1016/j.actbio.2017.07.024
https://doi.org/10.1016/j.expneurol.2013.04.002
https://doi.org/10.1111/j.1460-9568.2011.07950.x
https://doi.org/10.1073/pnas.1510194112
https://doi.org/10.1212/WNL.52.7.1427
https://doi.org/10.1016/S0304-3959(02)00264-6
https://doi.org/10.1111/j.1471-4159.2005.03045.x
https://doi.org/10.1089/ten.tea.2007.0349
https://doi.org/10.1002/jemt.1144
https://doi.org/10.1016/j.biomaterials.2016.09.007
https://scitation.org/journal/apb


40S. J. Taylor and S. E. Sakiyama-Elbert, “Effect of controlled delivery of
neurotrophin-3 from fibrin on spinal cord injury in a long term model,”
J. Controlled Release 116(2), 204–210 (2006).

41C. R. Silva, P. S. Babo, M. Gulino, L. Costa, J. M. Oliveira, J. Silva-Correia, R.
M. A. Domingues, R. L. Reis, and M. E. Gomes, “Injectable and tunable hyalur-
onic acid hydrogels releasing chemotactic and angiogenic growth factors for
endodontic regeneration,” Acta Biomater. 77, 155–171 (2018).

42I. E. Donaghue, C. H. Tator, and M. S. Shoichet, “Local delivery of
neurotrophin-3 and anti-NogoA promotes repair after spinal cord injury,”
Tissue Eng. Part A 22, 733–741 (2016).

43D. Liu, T. Jiang, W. Cai, J. Chen, H. Zhang, S. Hietala, H. A. Santos, G. Yin,
and J. Fan, “An in situ gelling drug delivery system for improved recovery after
spinal cord injury,” Adv. Healthcare Mater. 5, 1513–1521 (2016).

44P. J. Johnson, A. Tatara, A. Shiu, and S. E. Sakiyama-Elbert, “Controlled release
of neurotrophin-3 and platelet-derived growth factor from fibrin scaffolds con-
taining neural progenitor cells enhances survival and differentiation into neu-
rons in a subacute model of SCI,” Cell Transplant. 19(1), 89–101 (2010).

45P. J. Johnson, S. R. Parker, and S. E. Sakiyama-Elbert, “Controlled release of
neurotrophin-3 from fibrin-based tissue engineering scaffolds enhances neural
fiber sprouting following subacute spinal cord injury,” Biotechnol. Bioeng.
104(6), 1207–1214 (2009).

46H. M. Tuinstra, M. O. Aviles, S. Shin, S. J. Holland, M. L. Zelivyanskaya, A.
Fast, S. Ko, D. J. Margul, A. K. Bartels, R. M. Boehler, B. J. Cummings, A. J.
Anderson, and L. D. Shea, “Bridges delivering neurotrophin encoding lentivi-
rus enhance regeneration following spinal cord injury,” Biomaterials 33(5),
1618–1626 (2012).

47A. M. Thomas, S. K. Seidlits, A. G. Goodman, T. V. Kukushliev, D. M. Hassani,
B. J. Cummings, A. J. Anderson, and L. D. Shea, “Sonic Hedgehog and
neurotrophin-3 increase oligodendrocyte numbers and myelination after spinal
cord injury,” Integr. Biol. 6(7), 694–705 (2014).

48D. R. Smith, D. J. Margul, C. M. Dumont, M. A. Carlson, M. K. Munsell, M.
Johnson, B. J. Cummings, A. J. Anderson, and L. D. Shea, “Combinatorial len-
tiviral gene delivery of pro-oligodendrogenic factors for improving myelination
of regenerating axons after spinal cord injury,” Biotechnol. Bioeng. 116(1),
155–167 (2019).

49N. Shen, L. Wang, Y. Wu, Y. Liu, H. Pei, and H. Xiang, “Adeno-associated
virus packaged TRPC5 gene therapy alleviated spinal cord ischemic reperfusion
injury in rats,” NeuroReport 31(1), 29–36 (2020).

50G. Lewandowski and O. Steward, “AAVshRNA-mediated suppression of
PTEN in adult rats in combination with salmon fibrin administration enables
regenerative growth of corticospinal axons and enhances recovery of voluntary
motor function after cervical spinal cord injury,” J. Neurosci. 34(30),
9951–9962 (2014).

51B.-T. Tan, L. Jiang, L. Liu, Y. Yin, Z.-R.-X. Luo, Z.-Y. Long, S. Li, L.-H. Yu, Y.-
M. Wu, and Y. Liu, “Local injection of lenti-olig2 at lesion site promotes func-
tional recovery of spinal cord injury in rats,” CNS Neurosci. Ther. 23(6),
475–487 (2017).

52M. A. Anderson, T. M. O’Shea, J. E. Burda, Y. Ao, S. L. Barlatey, A. M.
Bernstein, J. H. Kim, N. D. James, A. Rogers, B. Kato, A. L. Wollenberg, R.
Kawaguchi, G. Coppola, C. Wang, T. J. Deming, Z. He, G. Courtine, and M. V.
Sofroniew, “Required growth facilitators propel axon regeneration across com-
plete spinal cord injury,” Nature 561(7723), 396–400 (2018).

53S. K. Seidlits, R. M. Gower, J. A. Shepard, and L. D. Shea, “Hydrogels for lenti-
viral gene delivery,” Expert Opin. Drug Delivery 10(4), 499–509 (2013).

54A. Ehsanipour, T. Nguyen, T. Aboufadel, M. Sathialingam, P. Cox, W. Xiao, C.
M. Walthers, and S. K. Seidlits, “Injectable, hyaluronic acid-based scaffolds
with macroporous architecture for gene delivery,” Cell. Mol. Bioeng. 12(5),
399–413 (2019).

55M. Skoumal, S. Seidlits, S. Shin, and L. Shea, “Localized lentivirus delivery via
peptide interactions,” Biotechnol. Bioeng. 113(9), 2033–2040 (2016).

56C. M. Walthers and S. K. Seidlits, “Gene delivery strategies to promote spinal
cord repair: Supplementary issue: Stem cell biology,” Biomarker Insights 10s1,
BMI.S20063 (2015).

57J. M. de Rutte, J. Koh, and D. D. Carlo, “Scalable high-throughput production
of modular microgels for in situ assembly of microporous tissue scaffolds,”
Adv. Funct. Mater. 29(25), 1900071 (2019).

58J. Koh, D. R. Griffin, M. M. Archang, A.-C. Feng, T. Horn, M. Margolis, D.
Zalazar, T. Segura, P. O. Scumpia, and D. D. Carlo, “Enhanced in vivo delivery
of stem cells using microporous annealed particle scaffolds,” Small 15(39),
1903147 (2019).

59K. Lochmann, L. Oger, and D. Stoyan, “Statistical analysis of random sphere
packings with variable radius distribution,” Solid State Sci. 8(12), 1397–1413
(2006).

60M. Mobed-Miremadi, S. Djomehri, M. Keralapura, and M. McNeil, “Fickian-
based empirical approach for diffusivity determination in hollow alginate-
based microfibers using 2D fluorescence microscopy and comparison with the-
oretical predictions,” Materials 7(12), 7670–7688 (2014).

61L. De Laporte, Y. Yang, M. L. Zelivyanskaya, B. J. Cummings, A. J. Anderson,
and L. D. Shea, “Plasmid releasing multiple channel bridges for transgene
expression after spinal cord injury,” Mol. Ther. J. Am. Soc. Gene Ther. 17(2),
318–326 (2009).

62J.-H. Jang, C. B. Rives, and L. D. Shea, “Plasmid delivery in vivo from porous
tissue-engineering scaffolds: Transgene expression and cellular transfection,”
Mol. Ther. 12(3), 475–483 (2005).

63A. M. Thomas and L. D. Shea, “Polysaccharide-modified scaffolds for con-
trolled lentivirus delivery in vitro and after spinal cord injury,” J. Controlled
Release 170(3), 421–429 (2013).

64S. Shin, H. M. Tuinstra, D. M. Salvay, and L. D. Shea, “Phosphatidylserine
immobilization of lentivirus for localized gene transfer,” Biomaterials 31(15),
4353–4359 (2010).

65F. Higashikawa and L.-J. Chang, “Kinetic analyses of stability of simple and
complex retroviral vectors,” Virology 280(1), 124–131 (2001).

66E. M. Horn, M. Beaumont, X. Z. Shu, A. Harvey, G. D. Prestwich, K. M. Horn,
A. R. Gibson, M. C. Preul, and A. Panitch, “Influence of cross-linked hyalur-
onic acid hydrogels on neurite outgrowth and recovery from spinal cord
injury,” J. Neurosurg. Spine 6(2), 133–140 (2007).

67G. Jensen, J. L. Holloway, and S. E. Stabenfeldt, “Hyaluronic acid biomaterials
for central nervous system regenerative medicine,” Cells 9(9), 2113 (2020).

68N. Ashammakhi, H.-J. Kim, A. Ehsanipour, R. D. Bierman, O. Kaarela, C. Xue,
A. Khademhosseini, and S. K. Seidlits, “Regenerative therapies for spinal cord
injury,” Tissue Eng. Part B: Rev. 25, 471–491 (2019).

69C. Echalier, L. Valot, J. Martinez, A. Mehdi, and G. Subra, “Chemical cross-
linking methods for cell encapsulation in hydrogels,” Mater. Today Commun.
20, 100536 (2019).

70Y. Zhu, C. Soderblom,M. Trojanowsky, D.-H. Lee, and J. K. Lee, “Fibronectinmatrix
assembly after spinal cord injury,” J. Neurotrauma 32(15), 1158–1167 (2015).

71A. Saghazadeh and N. Rezaei, “The role of timing in the treatment of spinal
cord injury,” Biomed. Pharmacother. 92, 128–139 (2017).

72R. E. White, D. M. McTigue, and L. B. Jakeman, “Regional heterogeneity in
astrocyte responses following contusive spinal cord injury in mice,” J. Comp.
Neurol. 518(8), 1370–1390 (2009).

73G. L. Li, M. Farooque, A. Holtz, and Y. Olsson, “Apoptosis of oligodendro-
cytes occurs for long distances away from the primary injury after com-
pression trauma to rat spinal cord,” Acta Neuropathol. 98(5), 473–480
(1999).

74S. D. Grossman, L. J. Rosenberg, and J. R. Wrathall, “Temporal–spatial pattern
of acute neuronal and glial loss after spinal cord contusion,” Exp. Neurol.
168(2), 273–282 (2001).

75D. A. McCreedy, D. J. Margul, S. K. Seidlits, J. T. Antane, R. J. Thomas, G. M.
Sissman, R. M. Boehler, D. R. Smith, S. W. Goldsmith, T. V. Kukushliev, J. B.
Lamano, B. H. Vedia, T. He, and L. D. Shea, “Semi-automated counting of
axon regeneration in poly(lactide co-glycolide) spinal cord bridges,”
J. Neurosci. Methods 263, 15–22 (2016).

76M. Lindner, S. Heine, K. Haastert, N. Garde, J. Fokuhl, F. Linsmeier, C.
Grothe, W. Baumg€artner, and M. Stangel, “Sequential myelin protein expres-
sion during remyelination reveals fast and efficient repair after central ner-
vous system demyelination,” Neuropathol. Appl. Neurobiol. 34(1), 105–114
(2008).

77A. C. Delgado, S. R. Ferr�on, D. Vicente, E. Porlan, A. Perez-Villalba, C. M.
Trujillo, and P. D0Oc�on, “Fari~nas, I. Endothelial NT-3 delivered by vasculature
and CSF promotes quiescence of subependymal neural stem cells through nitric
oxide induction,” Neuron 83(3), 572–585 (2014).

APL Bioengineering ARTICLE scitation.org/journal/apb

APL Bioeng. 5, 016104 (2021); doi: 10.1063/5.0035291 5, 016104-17

VC Author(s) 2021

https://doi.org/10.1016/j.jconrel.2006.07.005
https://doi.org/10.1016/j.actbio.2018.07.035
https://doi.org/10.1002/adhm.201600055
https://doi.org/10.3727/096368909X477273
https://doi.org/10.1002/bit.22476
https://doi.org/10.1016/j.biomaterials.2011.11.002
https://doi.org/10.1039/c4ib00009a
https://doi.org/10.1002/bit.26838
https://doi.org/10.1097/WNR.0000000000001359
https://doi.org/10.1523/JNEUROSCI.1996-14.2014
https://doi.org/10.1111/cns.12694
https://doi.org/10.1038/s41586-018-0467-6
https://doi.org/10.1517/17425247.2013.764864
https://doi.org/10.1007/s12195-019-00593-0
https://doi.org/10.1002/bit.25961
https://doi.org/10.4137/BMI.S20063
https://doi.org/10.1002/adfm.201900071
https://doi.org/10.1002/smll.201903147
https://doi.org/10.1016/j.solidstatesciences.2006.07.011
https://doi.org/10.3390/ma7127670
https://doi.org/10.1038/mt.2008.252
https://doi.org/10.1016/j.ymthe.2005.03.036
https://doi.org/10.1016/j.jconrel.2013.06.013
https://doi.org/10.1016/j.jconrel.2013.06.013
https://doi.org/10.1016/j.biomaterials.2010.02.013
https://doi.org/10.1006/viro.2000.0743
https://doi.org/10.3171/spi.2007.6.2.133
https://doi.org/10.3390/cells9092113
https://doi.org/10.1089/ten.teb.2019.0182
https://doi.org/10.1016/j.mtcomm.2019.05.012
https://doi.org/10.1089/neu.2014.3703
https://doi.org/10.1016/j.biopha.2017.05.048
https://doi.org/10.1002/cne.22282
https://doi.org/10.1002/cne.22282
https://doi.org/10.1007/s004010051112
https://doi.org/10.1006/exnr.2001.7628
https://doi.org/10.1016/j.jneumeth.2016.01.021
https://doi.org/10.1111/j.1365-2990.2007.00879.x
https://doi.org/10.1016/j.neuron.2014.06.015
https://scitation.org/journal/apb


78A. J. Mothe, R. Y. Tam, T. Zahir, C. H. Tator, and M. S. Shoichet, “Repair of
the injured spinal cord by transplantation of neural stem cells in a hyaluronan-
based hydrogel,” Biomaterials 34(15), 3775–3783 (2013).

79S. Tang, X. Liao, B. Shi, Y. Qu, Z. Huang, Q. Lin, X. Guo, and F. Pei, “The
effects of controlled release of neurotrophin-3 from PCLA scaffolds on the sur-
vival and neuronal differentiation of transplanted neural stem cells in a rat spi-
nal cord injury model,” PloS One 9(9), e107517 (2014).

80J. R. Plemel, G. Duncan, K.-W. K. Chen, C. Shannon, S. Park, J. S. Sparling,
and W. Tetzlaff, “A graded forceps crush spinal cord injury model in mice,”
J. Neurotrauma 25(4), 350–370 (2008).

81M. B. Orr, J. Simkin, W. M. Bailey, N. S. Kadambi, A. L. McVicar, A. K.
Veldhorst, and J. C. Gensel, “Compression decreases anatomical and functional
recovery and alters inflammation after contusive spinal cord injury,”
J. Neurotrauma 34(15), 2342–2352 (2017).

82T. Fukutoku, G. Kumagai, T. Fujita, A. Sasaki, K. Wada, X. Liu, T. Tanaka, H.
Kudo, T. Asari, Y. Nikaido, S. Ueno, and Y. Ishibashi, “Sex-related differences
in anxiety and functional recovery after spinal cord injury in mice,”
J. Neurotrauma 37(21), 2235–2243 (2020).

83S. A. Geissler, A. L. Sabin, R. R. Besser, O. M. Gooden, B. D. Shirk, Q. M.
Nguyen, Z. Z. Khaing, and C. E. Schmidt, “Biomimetic hydrogels direct spinal
progenitor cell differentiation and promote functional recovery after spinal
cord injury,” J. Neural Eng. 15(2), 025004 (2018).

84D. M. Basso, L. C. Fisher, A. J. Anderson, L. B. Jakeman, D. M. McTigue, and
P. G. Popovich, “Basso mouse scale for locomotion detects differences in recov-
ery after spinal cord injury in five common mouse strains,” J. Neurotrauma
23(5), 635–659 (2006).

85W. Xiao, R. Zhang, A. Sohrabi, A. Ehsanipour, S. Sun, J. Liang, C. Walthers, L.
Ta, D. A. Nathanson, and S. K. Seidlits, “Brain-mimetic 3D culture
platforms allow investigation of cooperative effects of extracellular matrix
features on therapeutic resistance in glioblastoma,” Cancer Res. 78, 1358
(2018).

86G. L. Ellman, “A colorimetric method for determining low concentrations of
mercaptans,” Arch. Biochem. Biophys. 74(2), 443–450 (1958).

87T. Dull, R. Zufferey, M. Kelly, R. J. Mandel, M. Nguyen, D. Trono, and L.
Naldini, “A third-generation lentivirus vector with a conditional packaging sys-
tem,” J. Virol. 72(11), 8463–8471 (1998).

88S. Ibrahim, Q. K. Kang, and A. Ramamurthi, “The impact of hyaluronic acid
oligomer content on physical, mechanical, and biologic properties of divinyl
sulfone-crosslinked hyaluronic acid hydrogels,” J. Biomed. Mater. Res. A
94A(2), 355–370 (2010).

89B. P. Bernab�e, S. Shin, P. D. Rios, L. J. Broadbelt, L. D. Shea, and S. K. Seidlits,
“Dynamic transcription factor activity networks in response to independently
altered mechanical and adhesive microenvironmental cues,” Integr. Biol. 8(8),
844–860 (2016).

90A. Shikanov, R. M. Smith, M. Xu, T. K. Woodruff, and L. D. Shea, “Hydrogel
network design using multifunctional macromers to coordinate tissue matura-
tion in ovarian follicle culture,” Biomaterials 32(10), 2524–2531 (2011).

91P. Gong, G. M. Harbers, and D. W. Grainger, “Multi-technique comparison of
immobilized and hybridized oligonucleotide surface density on commercial
amine-reactive microarray slides,” Anal. Chem. 78(7), 2342–2351 (2006).

92N. Otsu, “A threshold selection method from gray-level histograms,” IEEE
Trans. Syst. Man Cybern. 9(1), 62–66 (1979).

93M. Joshi and M. G. Fehlings, “Development and characterization of a novel,
graded model of clip compressive spinal cord injury in the mouse: Part 1. Clip
design, behavioral outcomes, and histopathology,” J. Neurotrauma 19(2),
175–190 (2002).

94J. T. Wilcox and M. G. Fehlings, “The acute clip contusion-compression model
of cervical spinal cord injury in the rat,” Neuromethods (Springer, 2012).

95M. R. Lamprecht, D. M. Sabatini, and A. E. Carpenter, “CellProfiler: Free, ver-
satile software for automated biological image analysis,” BioTechniques 42(1),
71–75 (2007).

96T. A. Ferreira, A. V. Blackman, J. Oyrer, S. Jayabal, A. J. Chung, A. J. Watt, P.
J. Sj€ostr€om, and D. J. van Meyel, “Neuronal morphometry directly from bit-
map images,” Nat. Methods 11(10), 982–984 (2014).

97M. Wood, “Simple methods for estimating confidence levels, or tentative prob-
abilities, for hypotheses instead of P values,” arXiv:1702.03129 (2017).

APL Bioengineering ARTICLE scitation.org/journal/apb

APL Bioeng. 5, 016104 (2021); doi: 10.1063/5.0035291 5, 016104-18

VC Author(s) 2021

https://doi.org/10.1016/j.biomaterials.2013.02.002
https://doi.org/10.1371/journal.pone.0107517
https://doi.org/10.1089/neu.2007.0426
https://doi.org/10.1089/neu.2016.4915
https://doi.org/10.1089/neu.2019.6929
https://doi.org/10.1088/1741-2552/aaa55c
https://doi.org/10.1089/neu.2006.23.635
https://doi.org/10.1158/0008-5472.CAN-17-2429
https://doi.org/10.1016/0003-9861(58)90014-6
https://doi.org/10.1128/JVI.72.11.8463-8471.1998
https://doi.org/10.1002/jbm.a.32704
https://doi.org/10.1039/C6IB00093B
https://doi.org/10.1016/j.biomaterials.2010.12.027
https://doi.org/10.1021/ac051812m
https://doi.org/10.1109/TSMC.1979.4310076
https://doi.org/10.1109/TSMC.1979.4310076
https://doi.org/10.1089/08977150252806947
https://doi.org/10.2144/000112257
https://doi.org/10.1038/nmeth.3125
http://arxiv.org/abs/1702.03129
https://scitation.org/journal/apb

	s1
	s2
	f1
	f2
	s3
	f3
	f4
	f5
	f6
	f7
	f8
	f9
	s4
	s5
	s5A
	s5B
	s5C
	s5D
	s5E
	s5F
	s5G
	s5H
	s5I
	s5J
	s5K
	s5L
	s6
	s7
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61
	c62
	c63
	c64
	c65
	c66
	c67
	c68
	c69
	c70
	c71
	c72
	c73
	c74
	c75
	c76
	c77
	c78
	c79
	c80
	c81
	c82
	c83
	c84
	c85
	c86
	c87
	c88
	c89
	c90
	c91
	c92
	c93
	c94
	c95
	c96
	c97



