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A B S T R A C T

Our earlier work generated a powerful platform technology of polymeric scaffolding of stem cells to investigate
and treat the injured or diseased central nervous system. However, the reciprocal sequelae between biophysical
properties of the polymer and responses of the stem cell have not been examined in situ in lesioned spinal cords.
We postulated that implantable synthetic scaffolds, acting through physical features, might affect donor cell
behavior and host tissue remodeling. To test this hypothesis, poly(d,l-lactic-co-glycolic acid) (PLGA) in either
low/soft or high/hard rigidity was fabricated for carrying adult human bone marrow mesenchymal stromal stem
cells (hMSCs). The construct was transplanted into the epicenter of a rat model of acute T9–10 segmental
hemisection to evaluate the effect of PLGA rigidity on the therapeutic potential and fate of hMSCs for neural
repair. Compared to controls, only treatment with soft PLGA-scaffolded hMSCs significantly improved sensor-
imotor function via activation of recovery neurobiology mechanisms. The main benefits included inhibiting
neuroinflammation and enhancing tissue protection. Also detected in the treated lesion region were expressions
of neurotrophic and anti-inflammatory factors together with proliferation of endogenous neural stem cells,
impacts likely derived from hMSCs' functional multipotency maintained by soft PLGA-scaffolding. Conversely,
hard rigidity PLGA activated mechanotransduction and mesoderm lineage differentiation of hMSCs that ecto-
pically produced bone, cartilage and muscle markers in neural parenchyma. The findings collectively suggested
that the physical texture of polymeric scaffolds should be tailored for sustaining the stemness of hMSCs to
constructively interact with the spinal cord for functional restoration.

1. Introduction

Reports of functional recovery from spinal cord injury (SCI) after
transplantation of human mesenchymal stromal stem cells (hMSCs)
have generated high expectations for developing and installing clinical
cell therapies for neurotrauma (Spejo et al., 2018; Papa et al., 2018;
Ropper et al., 2017; Bao et al., 2011; Hofstetter et al., 2002; Cyranoski,
2019). However, certain experimental and clinical studies only showed
very limited benefits following intraparenchymal administration of
hMSCs, due to poor donor survival in a hostile microenvironment of the
injured adult mammalian spinal cord (Oh et al., 2016; Ohta et al.,
2004). Using a unique in vitro organotypic coculture system, we

recently demonstrated that soft texture PLGA provided support to
functional multipotency of hMSCs to exert neural repair effects on adult
rat dorsal root ganglia (DRG) explants (Thakor et al., 2018) and le-
sioned spinal cords via maintaining hMSCs' stemness capacity (Ropper
et al., 2017; Teng, 2019a).

The studies were enabled by a platform technology our collabora-
tors and we originally devised, which established 3-dimensional (3D)
biodegradable polymer-based neural stem cell (NSC) transplantation
systems mimicking spinal cords for research and therapeutic develop-
ment (Teng et al., 2002; Park et al., 2002). We later further enhanced
the design of the polymeric construct by adding controlled drug release
and stemness retention features (Yu et al., 2009; Thakor et al., 2018)
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and uncovered Functional Multipotency of Stem Cells (Teng et al.,
2008, 2010, 2011; Teng, 2019a & b). The elevated functional repair
efficacies of polymer-scaffolded NSCs were corroborated by in-
dependent findings from other laboratories (Kubinova et al., 2011;
Cigognini et al., 2011; Hwang et al., 2011). Overall, the outcomes
suggested that synthetic scaffolds should physically and biochemically
emulate the microenvironment of the host tissue and/or donor cell
developmental niche to optimize therapeutic potential.

MSCs have been known for their sensitivity to mechanically trans-
duced cues from the surroundings. They can differentiate into various
mesoderm lineages depending on the rigidity of the extracellular matrix
molecules (ECM) that underlie the stiffness of the structure (Hejcl et al.,
2010; Dupont et al., 2011; Engler et al., 2006). Functional multipotency
of MSCs is maintained by stemness biology (Thakor et al., 2018), which
permits the cells, in interactive manner, to secrete trophic factors and
cytokines, and to form gap junctions besides phenotypic differentiation
(Teng, 2019a). We thereby reasoned that the mechanical properties of
PLGA scaffolds might influence stemness-based therapeutic capacity of
hMSCs and host tissue response. The hypothesis was tested in an adult
rat model of T9–10 segmental hemisection.

2. Materials and methods

2.1. Fabrication of PLGA scaffolds

The scaffolds were prepared as previously described by our group
(Teng et al., 2002; Ropper et al., 2017; Thakor et al., 2018). In parti-
cular, the scaffolds were synthesized from a blend of 75% PLGA:25%
PLGA-polylysine (PLGA-PLL) (w/w) (PLGA: 50:50 lactide:glycolide, Mn
30,000 to 60,000 Da, Sigma-Aldrich cat no. P2191; PLGA-PLL: PLGA
block Mn ~30,000 Da, polylysine block Mn ~10,000 Da, PolySciTech,
cat. No. AI028). Hereafter, this blend is referred to as “PLGA” for
simplicity. The PLGA blend was dissolved in chloroform and cast over
salt with a particle diameter range of 350–500 μm (made from rock salt;
Thermo Fisher Scientific cat. no. S71989) inside a glass vial to a volume
ratio of ~2:1 (salt:PLGA solution). The chloroform solvent was then
allowed to evaporate under an organic solvent-resistant desiccator.
After drying, the salt/PLGA construct was cut from the glass vial and
soaked overnight in sterilized distilled water to leach out the salt, fol-
lowed by a series of washes with fresh sterile distilled water (Fig. 1A1-

4). This salt-leaching process produced pores in sizes of 350–500 μm.
The porous scaffolds were then allowed to dry in a laminar flow hood
and cut to the implant size (W×H×L: 1×2×4mm). The scaffolds
were stored at −20 °C until use.

To obtain PLGA scaffolds of different stiffness, the elasticity was
manipulated by varying the concentration of PLGA (i.e., 10, 20, and
40%) in the solvent during scaffold casting in the molds (Fig. 1B1), or
by treating the scaffolds with ultraviolet (UV) for different times
(Fig. 1B2) or NaOH at different concentrations (Fig. 1B3). In our ex-
perience a higher concentration of PLGA could produce a denser, more
rigid scaffold than a lower PLGA concentration. Thus, a standard PLGA
concentration of 20% was compared to 40% and 10% for fabricating
stiffer and softer scaffolds, respectively. Furthermore, based on a pre-
vious report (Yixiang et al., 2008), we exposed the scaffold made of
40% PLGA to UV irradiation to soften it via partial PLGA degradation,
resulting in reduced tensile strength of polymer nanofibers. These
scaffolds were compressed after incubation in cell culture medium for
4 days. Lastly, because NaOH treatment could degrade PLGA through
hydrolysis of ester bonds by hydroxide anions (Vance et al., 2004;
Colzani et al., 2018) we used 0.1 or 1.0M NaOH treatment to soften the
40% PLGA scaffolds.

For stiffness evaluation, the scaffolds were compressed using a 75 g
aneurysm clip (Mizuho America Inc., Union City, CA), and the ratio of
the final to the initial width along the axis of compression (red arrows
in Fig. 1B4) was used to define the compressibility as an outcome
measure of physical stiffness.

2.2. Cell culture

hMSCs were obtained from either a 26 year-old male donor (7023R)
or a 29 year-old female donor (7038-L) at the Tulane University Center
for Gene Therapy, an NIH funded cell repository center (Ropper et al.,
2017; Thakor et al., 2018). hMSCs were maintained in Dulbecco's
modified eagle medium (DMEM) (GibcoBRL, Grand Island, NY) con-
taining 15% fetal bovine serum (Invitrogen) and 1% penicillin-strep-
tomycin (Invitrogen). The medium was changed every three days. The
cells were stored in a cell culture incubator at 37 °C under a 5% CO2

atmosphere and were passaged every 6–7 days when they were at
80–90% confluency.

To control for quality of stemness, a fraction of hMSCs in each
culture passage was used for immunocytochemical (ICC) analysis to
determine the expression profile of MSC-specific markers. For study
inclusion, passages must have ≥90% of the cells expressing hMSC
markers (e.g., HLAeI, CD147, CD90, CD105, CD49c, and/or CD29)
without presentation of non-hMSC markers (e.g., CD36, CD34, CD19,
and CD11b). In general, hMSCs with less than six cell passages (< 6P)
met the aforementioned criteria and were used for scaffold seeding.

2.3. Preparation of PLGA scaffold and feeder hMSC monolayer

Scaffolds were soaked in 70% ethanol at room temperature for at
least 3 h to permit disinfection and hydration. The scaffolds were wa-
shed (10min× 3) under sterile conditions in phosphate-buffered saline
(1× PBS: 10mM PO43−, 137mM NaCl, and 2.7 mM KCl; pH: ~7.4 and
osmolality: 280–315mOsm/kg; Sigma-Aldrich). The scaffolds were in-
cubated in 100% FBS containing 1% penicillin-streptomycin (both from
Thermo Fisher Scientific) overnight to permit the adsorption of serum
proteins to facilitate hMSCs attachment. To increase the seeding of
hMSCs onto the soft scaffolds, feeder hMSCs (at the 16th passage) were
plated onto the bottom of Corning® Costar® TC-Treated 24-well plates
(Sigma-Aldrich) at a density of 1×104 cells/cm2, and the soft scaffolds
were placed onto these feeder cells the next day. The hard scaffolds
were placed into the 24-well plate for direct donor cell engrafting, since
there were ~3×more hMSCs per hard scaffold than a soft scaffold after
the same process of adding cells without exposure to any feeder cells
(see below). To probe the influence of PLGA rigidity over therapeutic
potential and fate of hMSCs in lesioned spinal cords, we decided to use
an identical procedure for cell seeding per se for the two groups without
implementing the same feeder treatment or number of hMSCs per
scaffold.

2.4. Seeding and culture of hMSCs in PLGA scaffolds

For cell seeding onto the soft scaffolds, 5 μl of a suspension of low-
passage (< P6) hMSCs (2×104 cells/μl) was pipetted slowly into the
medium over the polymer surface. The scaffolds were maintained in a
37 °C/5% CO2 incubator (Model: CO-150; New Brunswick Scientific,
Edison, NJ) for 3 h to permit cell attachment prior to addition of 1ml
fresh medium to each well. The seeding procedure was repeated at 24
and 48 h after the initial seeding. In total, ~6×104 cells were seeded
in each soft scaffold based on the estimate derived from cell quantifi-
cation of 20 μm sections of the implant following H&E staining. For
seeding onto the hard scaffolds, 6 μl of a low-passage (< P6) hMSC
suspension (6×104/μl) was pipetted over the top of a polymer con-
struct, followed with 37 °C/5% CO2 incubation for 3 h and medium
replenishment. After the same formula of repeated seeding, ~1.8× 105

cells were seeded in each hard scaffold (i.e., ~3× more cells in each
hard scaffold than onto a soft scaffold). All scaffold-cell implants were
then returned to the incubator and continuously cultured for 3 days
prior to transplantation.
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2.5. Implantation of the hMSC-seeded scaffolds

After approval by the Institutional Animal Care and Use Committee
of Harvard Medical School and in accordance with its guidelines, fe-
male Sprague-Dawley rats weighing 220–250 g (Charles River Labs,
Wilmington, MA) underwent unilateral midline hemisection at the T9-
T10 level as previously described (Teng et al., 2002; Yu et al., 2009;
Ropper et al., 2017). Surgeries and implantations were performed in a
randomized block design. Briefly, rats were anesthetized with in-
traperitoneal injections of ketamine/xylazine mixture (70–100mg/kg
and 10–20mg/kg; Sigma-Aldrich) and a laminectomy was performed
from the ninth to the tenth thoracic vertebrae, followed by a left lateral
midline hemisection at the T9-T10 spinal cord to generate a 4-mm
longitudinal gap using a size 11 Bard-Parker® disposable sharp scalpel
(Aspen Surgical, Caledonia, MI). Following parenchyma removal via
negative pressure suction, the surgical blade was repeatedly scraped
along the ventral surface of the spinal canal to sever any residual fibers
at the lesion epicenter before one of the following treatments was given
(Teng et al., 2002; Yu et al., 2009; Ropper et al., 2017). In total, 4
treatment or control designs were studied (n= 7/group): (1) lesion
alone control group; (2) hard PLGA scaffold alone (without hMSCs)
group; (3) hard PLGA-scaffolded hMSC group; and (4) soft PLGA-scaf-
folded hMSC group. The soft scaffold without cell seeding showed high
degree of shrinkage upon hydration, which tripled the polymer amount
that was required to fill the epicenter lesion gap, disqualifying its use as
an adequate vehicle material in this SCI model. In addition, our pub-
lished reports demonstrated that without proper scaffolding hMSCs or
hNSCs would quickly die in the lesion gap of this SCI model (Teng et al.,
2002; Yu et al., 2009; Ropper et al., 2017). For these reasons no control
groups were set up to receive soft scaffold alone and hMSC suspension
only. After each procedure, hemostasis was achieved via using Gel-
foam® (Pfizer, New York, NY); the muscles and skin were closed with
sutures and wound clips (Leica Biosystems), respectively. All post-sur-
gery animals received buprenorphine administration (0.01–0.05mg/
kg/day, s.c.) for 5 consecutive days to manage potential nociceptive

sensory responses. The bladders were expressed manually twice per day
until a so called reflex bladder was established (Teng et al., 2002;
Ropper et al., 2017).

2.6. Behavioral analysis

On the first day after SCI and then once weekly thereafter
throughout the entire study, standard behavioral evaluations were
performed by two observers blinded to the treatment (Teng et al., 2002,
2004). At each time point, a battery of tests was used to examine the
coordinated use and reflexes of the hindlimbs. For coordinated motor
function, the Basso-Beattie-Bresnahan (BBB) scale of ranking open field
locomotor ability was assessed, which ran from 0 (total paralysis) to 21
(normal). In addition, the downward-facing inclined plane performance
was evaluated to measure the maximum degree of plane inclination
where a rat could maintain a stable body position for 5 s. Spinal cord
reflex tests monitored hindlimb toe spreading, placing, and withdrawal
response to extension, pressure, or brief pain stimulation, as well as
contact righting reflex. For these examinations, the scores range was 0
(no response to the stimulus), 1 (reduced response), 2 (normal re-
sponse), and 3 (hyperactive response). The withdrawal response to
Semmes-Weinstein filament stimulation was also tested. Rats were
placed on a wire mesh platform, and the filaments (2.0 g) were applied
vertically to an area of the dermatome of the back adjacent to the in-
cision site, with just enough pressure to gently bend the filament. Fol-
lowing this type of brief tactile stimulation, the absence or presence of
vocalizations and instances of the rat attacking the filament was re-
corded (Yu et al., 2013).

2.7. Histopathological analyses

After 6 weeks of behavioral testing, rats were deeply anesthetized
with ketamine and xylazine (350–500mg/kg and 30–50mg/kg; Sigma-
Aldrich) and perfused intracardially with normal saline (0.9% sodium
chloride, pH 7.4; Sigma-Aldrich) followed by 4% paraformaldehyde

Fig. 1. Establishment of PLGA scaffolds in varying
rigidity and stiffness.
A. Scaffold synthesis. 1: Casting of PLGA blend dis-
solved in chloroform over salt particles. 2:
Evaporation of chloroform solvent, leaving solid
scaffold. 3: Soaking of scaffold in water to dissolve
salt particles, generating pores. 4: Finished product
of porous scaffolds. B. Methods for manipulating and
testing stiffness. 1: Different concentrations of the
PLGA blend in the solvent. 2: Ultraviolet (UV) irra-
diation. 3: NaOH treatment. 4: Stiffness testing.
Compressibility was used to define stiffness as a
function of rigidity. It was determined by comparing
the initial and final widths (measured alongside the
red arrows) of the scaffolds after 1 min compression
of a 75 g force applied from an aneurysm clip. C.
Compressibility of scaffolds prepared with different
concentrations of PLGA. Scaffolds were compressed
when dry. D. Compressibility of scaffolds prepared
from 40% PLGA and subjected to UV irradiation for
different times. Scaffolds were compressed im-
mediately after incubation in cell culture medium for
4 days. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)
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(PFA) in 0.1 M PB (pH 7.4; Sigma-Aldrich). After perfusion, spinal cords
were excised, post fixed in 4% PFA overnight at 4 °C, dehydrated in 10,
20 and 30% sucrose in 0.1 M PB, and frozen in dry ice-isopentane
(~− 45 °C). A 2-cm segment of spinal cord tissue centered at the injury
site was serially cryosectioned at 20 μm for morphometric and me-
chanistic analyses.

Solvent blue and hematoxylin stain was done for tissue sections
obtained from the lesion epicenter and 1, 2, 3, and 4mm both rostral
and caudal to the epicenter. The results were analyzed to measure
averaged and summed group lesion volume and white matter (WM)
sparing quantity as previously described (Teng et al., 2004; Ropper
et al., 2017). For neuronal protection assessment, average surviving
interneurons (INs) per 20 μm tissue in the intermediate gray matter
(i.e., Rexed laminae V-VII) were quantified (Teng et al., 1998). To
minimize miscounting only INs with proper soma size (Φ≥ 15 μm)
were included (red arrows, Fig. 3; Clarke et al., 1998). Smaller neurons
(Φ < 6 μm) were not countered (arrowheads, Fig. 3). Serial spinal cord
sections from all study groups (i.e., the 1st 20 μm tissue section of each
200 μm spinal cord; total: 5 sections/1mm spinal cord) were stained in
blocks of all 4 groups. All morphological analyses were performed with
the tissue recognized only by the animal number; the evaluator was
blind to the treatment until the group summary of the data was com-
pleted.

2.8. Immunohistochemical (IHC) analysis

IHC assays for detecting inflammatory responses were done by using
primary antibodies against glial fibrillary acidic protein (GFAP, 1:1000;
Millipore), CD11b (1:250; AbD Serotec), and nitrotyrosine, a “finger-
print” of protein nitration (1:250, Santa Cruz). Angiogenesis signs were
evaluated per immunoreactivity levels to primary antibodies against
laminin (1:60, Sigma-Aldrich) and CD31 (1:400, Santa Cruz). To probe
proliferation of endogenous neural stem cells (NSCs) a primary anti-
body against nestin (1:200; Santa Cruz) were used. Neurotrophic and
anti-inflammation activities in the spinal cord were assessed by IHC
reactivity to primary antibodies against brain-derived neurotrophic
factor (BDNF, 1:250; Promega) and Interleukin 10 (IL-10, 1:250; Santa
Cruz), respectively. Antibodies against mesoderm phenotypic lineage
markers such as type I collagen (1:250; Santa Cruz), type II collagen
(1:250; Santa Cruz), and alkaline phosphatase (1:250; Santa Cruz) were
used to determinate donor hMSC fate (Thakor et al., 2018; Ropper
et al., 2017). For evaluating signaling event of mechanotransduction, a
primary antibody against Yes-associated protein (YAP) was used
(1:200; Santa Cruz). Cell nuclei were counterstained with DAPI (Vec-
tashield), and hMSC were tracked in the rat spinal cord through de-
tecting IHC reactivity to primary antibodies against human CD90
(1:300; Santa Cruz) or human heat shock protein 27 (HSP27; 1:250,
Stressgen Bioreagents). Serial spinal cord sections (i.e., the 1st 20 μm
tissue section of each 200 μm spinal cord; total: 5 sections/1 mm spinal
cord) of different levels were stained in blocks containing all 4 groups
to permit the comparison of the targets post identical processing.

The following secondary antibodies were used in 1:250–300 dilu-
tions: donkey anti-rabbit FITC, donkey anti-mouse Texas Red (TR),
donkey anti-mouse FITC, donkey anti-goat Dylight 594, donkey anti-
chicken TR, donkey anti-mouse FITC, and donkey anti-rabbit TR (all
from Jackson Immunoresearch). Primary antibodies were incubated at
4 °C overnight, followed by secondary antibody incubation at room
temperature for 1 h. Blocking was performed for 1 h at room tempera-
ture immediately before primary antibody incubation with the solution
containing 3–5% bovine serum albumin (BSA; Invitrogen), 0.1% Triton
X-100, and 0.05% Tween 20 (Sigma-Aldrich).

Imaging was performed using a Zeiss Axiovert 200 microscope
equipped with an Axiocam CCD camera (Zeiss) or a Zeiss LSM1 confocal
microscope equipped with Zeiss Zen 2011 software set (Carl Zeiss
Microimaging), with appropriate filters for FITC, Texas Red, and DAPI.
The immunoreactivity was semi-quantified by first measuring the signal

intensity above a threshold level that avoids non-specific reactivity;
then, dividing the number of pixels above the intensity threshold by the
total pixel count of the view field to yield relative signal values for the
quantity of a particular antigen in a selected region (Teng et al., 2004;
Thakor et al., 2018).

2.9. Statistics

The group size (n=7) was decided based on our previously pub-
lished work to obtain sufficient statistical power to evaluate neuro-
protection outcomes following lower thoracic SCI in rats (Teng et al.,
1998). All statistical analyses were computed through using SPSS
software version 19 (IBM Corp, Somers, NY, USA). One-way or two-way
analysis of variance (ANOVA) with or without repeated measures was
used to assess differences in behavioral, histology, and IHC data among
the 4 experimental groups; for specific intergroup comparisons, Tukey's
post-hoc test was performed. For categorical data comparison, Fisher's
exact test was used. In all cases, P < 0.05 was considered to be sta-
tistically significant (Teng et al., 2002).

3. Results

3.1. Biophysical features of the PLGA scaffolds

In corroboration for our hypothesis, the compressibility of the
scaffolds indeed increased as the PLGA concentration decreased
(Fig. 1C). Specifically, when compressed with a force of 75 g from an
aneurysm clip (Fig. 1B4), the 40% PLGA scaffold on average maintained
about 80% of its original width, whereas the 20% and 10% PLGA
scaffolds were compressed to about 46% and 33% of their original
width, respectively (n= 5/group; Fig. 1C). The data suggested that the
reduced concentration of PLGA in the casting solution might have also
resulted in a lower amount of PLGA between the salt crystals after
casting, thus increasing the softness and deformability of the scaffolds.

To further investigate whether the texture of a scaffold with a given
PLGA concentration could be physicochemically manipulated, we syn-
thesized some relatively “stiff” scaffolds made of 40% PLGA and ex-
amined if UV irradiation or NaOH treatment could “soften” them
(Fig. 1B2-4). UV irradiation for 2 h triggered a notable increase in group
average compressibility under a 75 g force, from about 39% compres-
sion (i.e., ~61% of its original width) to ~65% compression (i.e.,
~35% of its original width); there was a further increase to ~75%
group mean compression rate following UV irradiation for 5 h (i.e.,
~25% of its original width; Fig. 1D). For this particular assay, no fur-
ther increases in compressibility were observed with UV irradiation that
lasted for 8 or 22 h (data not shown). However, after UV irradiation, the
scaffolds became crumbly and disintegrated easily, and they degraded
quickly when exposed to cell culture medium. Lastly, treatment with
NaOH exposure for 25min at concentrations of 0.1 and 1.0M also in-
creased the compressibility of the scaffolds, although the magnitude of
the increase was less than that observed when decreasing the PLGA
concentration (data not shown).

Based on these findings, we decided to use 40% and 10% PLGA for
the stiffer and softer scaffolds, respectively, without UV or NaOH pre-
conditioning in subsequent experiments. The results demonstrated that
manipulation of the PLGA concentration was both readily to implement
and reliable for maintaining the scaffold integrity.

3.2. Evaluations of coordinated hindlimb motor functions

To test the hypothesis that degrees of scaffold stiffness might affect
functional multipotency and fate of hMSCs in the implant to influence
recovery process after SCI, hindlimb locomotion, inclined plane, and
spinal reflex data were analyzed. Importantly, the average BBB score of
the affected hindlimb in SCI rats treated with soft PLGA-scaffolded
hMSCs was significantly higher (P < 0.05) compared to that of the
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group treated with hard PLGA-scaffolded hMSCs, hard scaffold alone, or
no implant throughout the 4-weeks of evaluation (Fig. 2A).

To further determine changes in hindlimb coordinated functions,
animals were tested facing upward and downward on an inclined plane.
In the upward orientation, all groups exhibited statistically similar
performance (data not shown), which suggested that the rats had si-
milar forelimb strength and general wellbeing condition (Choi et al.,
2005). Notably, in the downward-facing setting the group that received
soft PLGA-scaffolded hMSCs showed significantly improved perfor-
mance starting 7 days post SCI, compared to all 3 other groups
(Fig. 2B). However, there were no discernible differences in group
average BBB score or mean incline plane angle at any time point
evaluated between SCI rats that received hard PLGA-scaffolded hMSCs,
hard PLGA scaffold alone, or lesion only (Fig. 2A and B).

3.3. Tests of spinal reflexes and nociception

Examinations of spinal cord sensory reflexes revealed significantly
improved recovery in responses to a brief hindlimb toe pinch in the
group that received soft PLGA-scaffolded hMSCs, relative to SCI rats
with hard PLGA-scaffolded hMSCs, hard scaffold alone, or no implant.
At 4 weeks post SCI, about 75% of SCI rats treated with soft

PLGA+hMSCs regained a normal nociceptive withdrawal reflex in the
hindlimb on the ipsilesional side in contrast to ~40% in the group that
received treatment of hard PLGA-scaffolded hMSCs, and ~22% and
~20% of SCI rats with no implant or hard scaffold alone, respectively
(Fig. 2C). The outcomes suggested that hMSCs interacted with soft
PLGA scaffold beneficially to enhance their combinatorial therapeutic
effect (see below for details; Thakor et al., 2018; Ropper et al., 2017).
Contrariwise, hard PLGA scaffolds, despite housing ~3 times more
hMSCs per unit than soft scaffolds, appeared to negatively affect neural
repair potentials of hMSCs and host healing process, triggering beha-
vioral outcomes similar to those of SCI rats that were transplanted with
hard scaffold only (Fig. 2A and C).

To more precisely evaluate the impact of the varied treatments on
neuropathic pain evolvement after SCI, Semmes-Weinstein filament test
(2 g) was applied to determine at-level allodynia at 4 weeks following
SCI. SCI rats implanted with soft PLGA-scaffolded hMSCs demonstrated
the lowest group average response rate relative to all other groups that
showed significantly higher prevalence of hypersensitivity (Fig. 2D).
Overall, the data suggested that high rigidity scaffolds unfavorably in-
fluenced therapeutic capability of donor hMSCs as well as host spinal
cord's healing capability, resulting in no significant improvement in all
functional parameters evaluated (Fig. 2A–C) and further worsened at

Fig. 2. Behavioral assessments of functional recovery. A. Group average BBB open-field locomotion scores of the lesion side hind limbs. The average score of
improvement for SCI rats treated with soft PLGA-scaffolded hMSCs (SS-hMSC) was significantly higher than that of the hard scaffold-hMSC (HS-hMSC), hard scaffold
(HS) or lesion only control (LC) group, starting 14 days post SCI (note: there was no any significant differences between the control groups; *, P < 0.05, two-way
ANOVA with repeated measures and Tukey's post hoc test; n= 7/group). (B) Inclined plane test with rats facing downward. SCI rats receiving implantation of soft
PLGA-scaffolded hMSCs, on average, maintained body stability significantly better than the controls that showed similar poor performances (*, P < 0.05, two-way
ANOVA with repeated measures and Tukey's post hoc test; n= 7/group). (C) Percentage of SCI rats in each group with a normal spinal cord reflex in response to the
toe pinching/pain test. The soft PLGA-hMSC group had the highest average % of normal range pain reflex compared to all controls. By 4 weeks after SCI, about 75%
rats in the soft PLGA-hMSC group showed normal response to a brief tow pinch relative to 40%, 22% and 20% in the hard PLGA-hMSC, lesion only, and hard PLGA
group, respectively. (D) At-level allodynia test. At-level allodynia condition was assessed by applying a standard 2 g Semmes-Weinstein monofilament test in the
dermatome of T9–10. The average number of avoidance response was significantly decreased in SCI rats that were transplanted with the soft PLGA-scaffolded hMSCs,
compared to control groups. The hard scaffold alone and lesion only groups on average also had significantly less hypersensitive responses than the hard PLGA-hMSC
group (* vs. soft PLGA-hMSC group; ^ vs. hard PLGA-hMSC group; P < 0.05, Fisher's exact test; n= 7/group; note: missing of group mean value bar indicated 0% of
normal response).
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level hypersensitivity relative to other groups (Fig. 2D).

3.4. Histopathological results

The SCI lesion volume consists of the primary syrinx, additional
smaller cavities, and a loose web of connective tissue-like non-neural
cells with their ECMs (Teng et al., 1999; Teng et al., 2002, 2004). Thus,
it represents parenchymal regions with maximum amount of tissue loss.
To measure the lesion volume, the injury areas were outlined in solvent
blue/hematoxylin-stained spinal cord sections sampled at the

hemisection epicenter and loci up to 4mm both rostral and caudal away
from it in 1mm increments. The overall cross-section profile of the
hMSC-seeded soft scaffold-treated spinal cords appeared to be best
preserved, relative to the 3 other groups (Fig. 3A). Quantitative analysis
showed that spinal cords receiving soft PLGA-scaffolded hMSCs had the
least amount of tissue loss as exampled by the smallest group average
lesion volume (Fig. 3B) and the highest group average level of WM
preservation (Fig. 3C), relative to the control groups. Noticeably, spinal
cords implanted with hard scaffold alone or hard PLGA-scaffolded
hMSCs manifested the worst tissue loss at the epicenter region,

Fig. 3. Histopathological analyses. A. Profiling of cross sections from a representative spinal cord of each group. Solvent blue and hematoxylin-stained serial 20 μm
transverse spinal cord sections at and around the injury epicenter (in 1 mm increments) showed that the soft PLGA-hMSC group (SS-hMSC) had the highest degree of
tissue preservation, compared to hard PLGA-scaffolded hMSCs (HS-hMSC), hard PLGA alone (HS), and lesion only control (LC) groups. B. Morphometry-based
measurement of the lesion volume. Spinal cords implanted with the soft PLGA-scaffolded hMSCs exhibited the smallest group average lesion volume compared to all
3 control groups (*, P < 0.05, one-way ANOVA with Tukey's post hoc test; n= 7/group; lesion area was colored yellow; scale bar: 1mm). C. Quantification of white
matter (WM) sparing around the epicenter. No significant difference was detected between the 3 control groups for mean MW preservation amount that was very low.
In contrast, the soft PLGA-hMSC group had a significantly higher mean volume of WM sparing (*, P < 0.05, one-way ANOVA with Tukey's post hoc test; n= 7/
group; spared WM area was colored yellow). D. Epicenter region interneuron (IN) protection. Quantitative assessment of spinal cords of each group determined that
the implantation of the soft PLGA-scaffolded hMSCs significantly preserved average IN numbers per 20 μm tissue section in Rexed laminae V-VII, relative to the
controls at loci 3 and 4mm rostral to the epicenter. The treatment also significantly spared INs on spinal cord level 3mm caudal to the lesion site compared to the
hard PLGA- hMSC group (*, P < 0.05, two-way ANOVA with repeated measures and Tukey's post hoc test; n= 7/group; scale bar: 15 μm). Note: only INs with
proper soma size were countered (red arrows). Smaller neurons were not included (arrowheads; see Methods for more details). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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exhibiting further deterioration compared to the lesion only group
(Fig. 3A).

To determine the neuronal effector that benefited from the treat-
ment, the number of healthy-appearing INs in Rexed Laminae V-VII of
the spinal cord cross section (thickness: 20 μm) was counted per an
unbiased method reported before (i.e., discernible nuclear envelope and
nucleolus: inset in Fig. 3D; Teng et al., 1998; Hadi et al., 2000). The
average numbers of surviving INs at loci 3 and 4mm rostral to the
epicenter were significantly higher in the group that was transplanted
with soft PLGA-scaffolded hMSCs than those of the spinal cords treated
with hard PLGA-scaffolded hMSCs, hard scaffold alone, or no implant
(Fig. 3D). The IN sparing effect of soft PLGA-scaffolded hMSCs was also
significant on spinal cord level 3 mm caudal to the lesion site, relative
to that of the hard PLGA-scaffolded hMSC group. Lastly, at the end of
the study (i.e., ~6–8weeks post SCI) both soft and hard scaffolds ap-
peared to be totally degraded in the spinal cord (Teng et al., 2002; Yu
et al., 2009; Ropper et al., 2017), indicating that the degradation speed
was largely determined by the ratio of lactic acid in PLGA, not polymer
rigidity as reported before (Makadia and Siegel, 2011).

3.5. IHC data

We observed long surviving donor cells only in the spinal cords
treated with soft PLGA-scaffolded hMSCs per IHC reactivity to antibody
against the 70-kilodalton heat shock proteins (i.e., HSP70). Similar to
data reported before (Ropper et al., 2017), there were 2–3% of initially
scaffolded hMSCs remaining detectable by ~6–8weeks post SCI. To
probe the anti-inflammatory effect of the treatment, expression profile
of typical inflammatory markers around the injury epicenter was sys-
tematically evaluated. In corroboration to outcomes of tissue sparing
(see above), compared to the spinal cords treated with soft PLGA-
scaffolded hMSCs, there was much heightened production of neural
inflammatory markers of CD11b (a marker of inflammatory cells in-
cluding microglia, macrophages, natural killer cells, etc.), nitrotyrosine
(a marker of oxidative protein nitration), and GFAP (a marker of re-
active gliosis) on spinal cord level 3 mm caudal to the epicenter in
groups that received hard PLGA-scaffolded hMSCs, hard scaffold alone
or no implant (Fig. 4). The data suggested higher level presence of in-
flammatory cells, oxidative protein nitration, and reactive gliosis, re-
spectively, in all 3 control groups (Fig. 4; Yu et al., 2009). The results
indicated that hard PLGA as scaffolds diminished the anti-inflammatory
and anti-oxidative properties of hMSCs (Thakor et al., 2018).

In order to determine major therapeutic effects of the implant, we
first obtained coronal sections from the spinal cord segment 3mm
rostral to the epicenter for IHC staining of CD31, a marker of angio-
genesis. It was known that hMSC treatment could induce formation of
new blood vessels in target tissues (Ropper et al., 2017; Cortez-Toledo
et al., 2019). Compared to lesion only and hard scaffold control groups,
spinal cords receiving implantation of soft or hard PLGA-scaffolded
hMSCs had significantly higher group average level of CD31 im-
munoreactivity, suggesting that they had stronger angiogenic activities
(Fig. 5A).

Owing to their functional multipotency (Teng, 2019a; Thakor et al.,
2018), donor hMSCs, in their stemness retention state, could induce
host endogenous neurogenesis (Ropper et al., 2017). Therefore, the
immunoreactivity of nestin, a NSC marker, in spinal cord sections 2mm
rostral to the injury epicenter was evaluated for neurogenic signs. There
was a significantly elevated group mean level of nestin im-
munoreactivity in spinal cords implanted with soft PLGA-scaffolded
hMSCs, compared to that from each of the 3 control groups (Fig. 5B).
Moreover, group mean nestin IHC reactivity of spinal cords treated with
hard PLGA-scaffolded hMSCs was significantly higher than that of hard
scaffold alone or no implant group, suggesting that both angiogenic and
neurogenic effects were derived from hMSCs (Fig. 5A and B).

Neural trophic factors and other cytokines are secreted by stem or
progenitor cells including MSCs and NSCs that act as mediators of

homeostasis for the surrounding environment (Teng et al., 2011; Teng,
2019a). Therefore, the immunoreactivities to BDNF, a neurotrophin
and IL-10, an anti-inflammation cytokine were assessed in tissue section
1mm caudal to the injury epicenter. More cells expressing BDNF
(Fig. 5C: red) and IL-10 (Fig. 5C: green) were found in spinal cords that
received soft PLGA-scaffolded hMSCs than those treated with hard
PLGA-scaffolded hMSCs. No definitive immunoreactive signals of BDNF
or IL-10 were found in the same region for lesion only and hard scaffold
control groups (data not shown).

To analyze post-transplantation fate of hMSCs, IHC assays were
done to detect immunosignals of alkaline phosphatase (an enzyme for
osteogenesis; Baudry et al., 2019), collagen I (a component of tendons,
ligaments, muscles, and bones), and collagen II (a component of ar-
ticular cartilage and hyaline cartilage; Deshmukh et al., 2016), mole-
cules that indicate presence of mesoderm lineage cell differentiations
(Thakor et al., 2018). Cells with such markers are normally absent from
the adult spinal cord (Ropper et al., 2017). Indeed, only spinal cord
implanted with hard PLGA-scaffolded hMSCs showed high im-
munoreactivity to alkaline phosphatase and collagen II (Fig. 5D), as
well as collagens I and II (Fig. 5E and D). The data suggested that donor
hMSCs under direct scaffolding of hard PLGA were induced to differ-
entiate towards mesoderm phenotypes such as bone, articular cartilage
(e.g., production of alkaline phosphatase and type II collagen, respec-
tively; Fig. 5D), and peripheral tissues expressing type I collagen
(Fig. 5E). However, the increased immunoreactivity to collagen type IV
(Fig. 5E), a major basal membrane component was found in spinal
cords implanted with either hard or soft PLGA-scaffolded hMSCs, cor-
roborating the augmented angiogenic signal seen in the same groups
(Fig. 5A; Marchand et al., 2019).

We next investigated whether there was hMSC nuclear expression of
YAP, a transcriptional co-activator and effector of the mechanosensitive
Hippo pathway (Zhubanchaliyev et al., 2016). The results demonstrated
that only hMSCs scaffolded by hard/high rigidity PLGA polymer ex-
hibited nuclear YAP/TAZ immunoreactivity; in contrast, hMSCs seeded
in soft PLGA scaffolds showed YAP/TAZ immunostain predominantly in
the cytoplasm (Fig. 5F). The outcome confirmed that only the hard
scaffold was capable to ignite mechanotransduction signaling of hMSCs,
which was consistent with data obtained from IHC assay of mesodermal
lineage differentiations.

4. Discussion

The present study elucidated that there were reciprocal interactions
between the physical rigidity of PLGA scaffolds, seeded hMSCs, and
injured spinal cords. Such communications influenced retention or loss
of hMSC stemness function (e.g., production of trophic and anti-in-
flammatory factors, induction of endogenous NSC proliferation, etc.),
ectopic mesodermal lineage differentiation, and spinal cord post-injury
responses (e.g., inflammation, reactive gliosis, tissue preservation,
neural restoration, etc.). In general, the findings suggested that low/soft
rigidity PLGA scaffolding for hMSCs was crucial for the implant to or-
chestrate functional recovery in the injured adult rat spinal cord.
Conversely, the high rigidity/hard PLGA-composed implant was detri-
mental for neural repair as it triggered loss of functional multipotency
of donor cells, ectopic differentiation of mesodermal lineages, ex-
acerbated host tissue damage, and no significant behavioral improve-
ment in SCI rats.

We and our collaborators pioneered the platform technology of 3D
polymer scaffolding that topologically mimicked a healthy spinal cord
to deliver NSCs (Teng et al., 2002) for SCI. The approach effectively
overcame a formidable barrier to investigating or developing cell
therapies for neurotrauma due to no or extremely poor survival of stem
cells transplanted in suspension inside severe, penetrating or open
wounds of the central nervous system (CNS; Teng et al., 2002, 2018).
We also investigated benefits of designing polymer-NSC implants that
emulated the anatomical structure of the brain (Park et al., 2002) or
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varied topological features as niches to induce neuronal differentiation
(Jia et al., 2014), and embedding drugs for controlled release to protect
donor cells (Yu et al., 2009).

The NSC or MSC-derived therapeutic events, which do not rely on
direct neural cell replacement, were first validated for neural recovery
post SCI (Teng et al., 2002; Kim et al., 2009; Myers et al., 2011; O'Shea
et al., 2017; Teng et al., 2018). Thus, relative to the conventional view
that is primarily concentrated on the totipotency, pluripotentcy and
multipotency of cell lineage differentiation, accumulated data pro-
moted us and our colleagues to establish Functional Multipotency of
Stem Cells as a biological concept (Teng, 2019a). It describes the innate
capability of the stem cell to exert interactive functions (e.g., produc-
tion of trophic factors, cytokines, exosomes, formation of gap junctions,
etc.) triggered by environmental cues to mediate homeostasis for proper
cell division, migration, differentiation, organogenesis as well as system
formation and function (Teng et al., 2008, 2011; Teng, 2019a). Fol-
lowing this reasoning, a broader range of stemness-enabled signaling,
epigenetic and genetic endeavors have been uncovered. Our current
data again confirms that it is crucial to invent multimodal biomaterials
with features that can sustain such inducible multiple biofunctions of
stem cells.

We recently reported that the hMSC's multiple functions (e.g., tropic
factor secretion, anti-inflammation, immunoregulation, neuroprotec-
tion, and neurogenic and angiogenic effect) could be maintained by soft
PLGA scaffolding; implantation of the construct markedly promoted
neural recovery in the same model of SCI (Ropper et al., 2017). The
treatment provided comprehensive impacts to galvanize the four es-
sential events of Recovery Neurobiology (i.e., propriospinal network
function, serotonergic reinnervation, neuromuscular junction integrity,
and reanimation of locomotor pattern generator) of the injured adult
rat spinal cord (Teng, 2019b; Ropper et al., 2017). We have now

reconfirmed that the approach significantly protected neurons in Rexed
Laminae V-VII, a fraction of which were propriospinal INs (Fig. 3).
Indeed, there were discernibly more WM and less lesion volume in the
spinal cord treated with soft PLGA-scaffolded hMSCs, comparing to all 3
control groups (Fig. 2). The therapeutic benefits were linked with the
anti-inflammatory, angiogenic and neurogenic capabilities of hMSCs
scaffolded by soft PLGA (Figs. 3-5). Because the scales of functional
recoveries post the same type of treatment with soft PLGA-scaffolded
hMSCs were replicated in the present study, we did not repeat neural
tracing analyses performed by Ropper et al. (2017) or ex vivo assays by
Thakor et al. (2018). However, future studies may verify possible op-
timizing effect of feeder cells (e.g., release of cytokines, etc.) on ther-
apeutic potential of hMSCs during seeding onto soft scaffolds.

Interestingly, the lack of therapeutic impact of hard PLGA-scaf-
folded hMSCs did not appear to be linked with acute donor cell death
but rather the loss of stemness plus ectopic differentiation of donor cells
towards osteogenesis, chondrogenesis and myogenesis (Fig. 4 and
Fig. 5; Dupont et al., 2011; Engler et al., 2006). The fate changes of
hMSCs might have made cell seeding easier in the hard scaffold (e.g.,
~3× more cells/per hard scaffold than a soft scaffold) as physical
stresses often trigger cell clustering (Teng et al., 2018). For the spinal
cord that is an ectoderm organ, such post-implantation development of
hMSCs is detrimental due to its non-compatibility for the CNS (Goritz
et al., 2011). The in vivo IHC data revealed that YAP immunoreactivity
was within the nuclei of the hMSCs seeded in hard PLGA, but it was
mostly within the cytoplasm of hMSCs scaffolded by soft PLGA. The
outcome, in line with a previous report (Dupont et al., 2011), suggested
that the expression of alkaline phosphatase, an osteogenic marker in
hMSCs might be partially caused by YAP nuclear relocation following
mechanotransduction activated by physical impact of hard PLGA scaf-
folding (Fig. 5E; Tang and Weiss, 2017; Wrighton, 2011; Totaro et al.,

Fig. 4. Immunohistochemical evaluation of neural inflammation. A. Immunosteins of CD 11b, nitrotyrosine and GFAP (glial fibrillary acidic protein). Transverse
spinal cord sections, 3mm caudal to the injury epicenters in each group (one 20 μm section/200 μm tissue; signal levels in 5 sections/mm spinal cord were averaged
for the mean value of one rat; n=7/group), were immunohistochemically stained for CD 11b (a maker of inflammatory cells including monocytes, macrophages,
microglia, and natural killer cells), nitrotyrosine (a protein nitration “fingerprint” for oxidative damage), and GFAP (a marker of reactive astrogliosis). Compared to
hard PLGA-scaffolded hMSCs (HS-hMSC), hard scaffold (HS) and lesion only control (LC) groups, implantation of soft PLGA-hMSCs (SS-hMSC) significantly reduced
group mean immunoreactivity to CD 11b, nitrotyrosine, and GFAP. Spinal cords of HS-hMSC group also showed significantly impeded neuroinflammatory responses
relative to LC and HS groups (*, P < 0.05, one-way ANOVA with Tukey's post hoc test; scale bar: 100 μm). Note: Arrow-pointed target objects showed varied IHC
profiles in different groups.
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2018).
It was shown that MSCs seeded in polyacrylamide gels with varying

bis-acrylamide crosslinking densities intended to increase osteogenic
differentiation when interacting with stiffer matrices (Dupont et al.,
2011). In fact, MSCs could specify their lineage differentiation based on
the physical properties of the scaffolds they grow on. The cells can sense
elasticity of the scaffold (i.e., the matrix stiffness that is a function of

material rigidity) intracellularly via consequent tension changes of the
actomyosin cytoskeletons following different pulling forces exerted
from the matrix (Smith et al., 2017; Jaalouk and Lammerding, 2009;
Discher et al., 2005). Therefore, it is utterly important for the field to
understand how biophysical design of a particular polymer scaffold can
affect the function and fate of the seeded stem cell, modifying the
therapeutic impact of the implant. Such knowledge and technology will

(caption on next page)
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enable us to manufacture biomaterials to meet unique needs of specific
organ or system (including the CNS) reconstruction.

In summary, the rigidity and stiffness of PLGA scaffolds can mod-
ulate functional multipotency and fate choice of hMSCs and host re-
sponses in vivo, affecting the extent of functional recovery in a rat
model of SCI. Thus, fabrication of precisely designed polymer that
meets specific demands of a particular tissue is crucial for target organ
reconstitution (Hollister et al., 2002; Irvine and Venkatraman, 2016;
Reighard et al., 2018). For injured adult mammalian spinal cords, soft
and degradable polymer scaffolds are more supportive for donor hMSCs
to jointly ignite pro-recovery responses from host cells and neural cir-
cuitry (Caliari et al., 2016; Ropper et al., 2017; Thakor et al., 2018).
These features and their related specific signaling pathways should be
further characterized in order to devise future clinical grade implants to
treat neurotrauma.
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