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Fibrocartilage is typically found in regions subject to complex, multi-axial loads and plays a critical role in
musculoskeletal function. Mesenchymal stem cell (MSC)-mediated fibrocartilage regeneration may be
guided by administration of appropriate chemical and/or physical cues, such as by culturing cells on poly-
mer nanofibers in the presence of the chondrogenic growth factor TGF-b3. However, targeted delivery
and maintenance of effective local factor concentrations remain challenges for implementation of growth
factor-based regeneration strategies in clinical settings. Thus, the objective of this study was to develop
and optimize the bioactivity of a biomimetic nanofiber scaffold system that enables localized delivery of
TGF-b3. To this end, we fabricated TGF-b3-releasing nanofiber meshes that provide sustained growth fac-
tor delivery and demonstrated their potential for guiding synovium-derived stem cell (SDSC)-mediated
fibrocartilage regeneration. TGF-b3 delivery enhanced cell proliferation and synthesis of relevant fibro-
cartilaginous matrix in a dose-dependent manner. By designing a scaffold that eliminates the need for
exogenous or systemic growth factor administration and demonstrating that fibrochondrogenesis
requires a lower growth factor dose compared to previously reported, this study represents a critical step
towards developing a clinical solution for regeneration of fibrocartilaginous tissues.

Statement of Significance

Fibrocartilage is a tissue that plays a critical role throughout the musculoskeletal system. However, due to
its limited self-healing capacity, there is a significant unmet clinical need for more effective approaches
for fibrocartilage regeneration. We have developed a nanofiber-based scaffold that provides both the bio-
mimetic physical cues, as well as localized delivery of the chemical factors needed to guide stem cell-
mediated fibrocartilage formation. Specifically, methods for fabricating TGF-b3-releasing nanofibers were
optimized, and scaffold-mediated TGF-b3 delivery enhanced cell proliferation and synthesis of fibrocar-
tilaginous matrix, demonstrating for the first time, the potential for nanofiber-based TGF-b3 delivery to
guide stem cell-mediated fibrocartilage regeneration. This nanoscale delivery platform represents an
exciting new strategy for fibrocartilage regeneration.

� 2019 Published by Elsevier Ltd on behalf of Acta Materialia Inc.
1. Introduction

Fibrocartilage is an essential tissue for musculoskeletal function
and is commonly found in regions that are subjected to complex,
multi-axial loads, including at ligament and tendon entheses
[1–3], the meniscus [4], the intervertebral disc [5,6], and the tem-
poromandibular joint (TMJ) [7]. With an extracellular matrix com-
prised of proteoglycans and types I and II collagen [8–12], these
tissues are tailored to withstand both tensile and compressive
loads [13], such as those that develop between bone and ligament
or tendon [14,15]. Structurally, the fibrocartilaginous interface
connects the soft tissue to bone, minimizing stress concentrations
and facilitating load transfer between these mechanically dissimi-
lar tissues [1,2]. To enable integrative repair of soft tissues such as
ligaments and tendons, there is significant interest in fibrocartilage
regeneration strategies that will expedite healing and address this
unmet clinical need.
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To this end, mesenchymal stem cells (MSC) represent a promis-
ing cell source for fibrocartilage tissue engineering. These somatic
progenitor cells are characterized by their high self-renewal and
multi-lineage differentiation potential [16,17] and can be readily
harvested from a variety of tissues throughout the body [18–22].
In particular, synovium-derived stem cells (SDSC) exhibit higher
proliferative capacity and superior chondrogenic potential com-
pared to stem cells from other tissue sources [23–25]. Resident
SDSC have been shown to naturally increase proliferation, initiate
chondrogenic differentiation, and migrate to the defect site follow-
ing cartilage injury [26,27], while injected SDSC have been shown
to promote meniscal regeneration in rabbit [28–30], rat [31,32],
and porcine [33,34] models. It has also been reported that when
compared to extra-articular stem cells, intra-articular stem cells
share a more similar gene expression profile with other intra-
articular cell types [35], suggesting that SDSC may be a favorable
cell source for regeneration of intra-articular tissues such as enthe-
sial or meniscal fibrocartilage.

Fibrochondrogenic differentiation of stem cells can be induced
by administration of an appropriate combination of chemical and
physical cues [36–41]. For instance, transforming growth factor
(TGF)-b is a family of pleiotropic cytokines that regulate cell
growth, differentiation, tissue repair and inflammation, and are
essential for fibrocartilage and cartilage formation [42–45]. Media
supplementation with TGF-b1 has been reported to enhance cell
proliferation as well as collagen and proteoglycan synthesis in
explanted fibrocartilage tissues [46–49]. For fibrochondrocyte-
seeded scaffolds, TGF-b1 and TGF-b3 media supplementation have
similarly been shown to increase collagen synthesis, leading to
improved functional properties [50–52]. Interestingly, media sup-
plementation with TGF-b3 has been shown to facilitate fibrocarti-
lage formation by bone marrow-derived stem cells (BMSC) seeded
on polymer nanofibers [36,37].

However, effective protein delivery remains a challenge for clin-
ical application of growth factor-based tissue regeneration strate-
gies. Current methods often rely on systemic or bolus injection,
but administered growth factors can rapidly diffuse away from
the target tissue and cause undesirable side effects. Given the
pleiotropic effects of the TGF-b family of proteins, it is especially
important to ensure controlled, localized delivery to only the tar-
geted cells or tissues. This study focuses on the design and opti-
mization of a nanofiber scaffold system that provides both
structural and chemical inductive cues for SDSC-mediated fibro-
cartilage regeneration. Specifically, the inductive factor of interest
is TGF-b3, as it is expressed at the enthesis during fetal develop-
ment [53], accelerates healing and improves functional outcomes
in tendon-to-bone repair [54], and plays a role in fibrocartilaginous
metaplasia of tendon matrix in response to compressive loading
[55]. Recently, co-release of TGF-b3 and connective tissue growth
factor (CTGF) from polymer microspheres embedded in a 3D-
printed microfiber matrix has been reported to guide meniscal
[56] and TMJ [57] fibrocartilage formation.

This study explores the design of a nanofiber-based delivery
system for several reasons. Nanofibers are ideal for regenerating
the narrow interface between ligaments and bone, as they are
designed to structurally recapitulate the native collagen alignment
and mechanical properties of ligaments and tendon [58,59]. More-
over, inductive factors, such as nerve growth factor [60,61],
platelet-derived growth factor [62], or TGF-b1 [63,64], can be read-
ily incorporated into nanofibers during electrospinning, which
allows for a simplified and more streamlined fabrication process.
The higher effective surface area-to-volume ratio exhibited by
nanofibers is also more favorable for release, and enables greater
interaction between seeded cells and the encapsulated biomole-
cules. It is thus hypothesized that local delivery of TGF-b3 from
nanofibers will enhance SDSC proliferation and induce the synthe-
sis of a fibrocartilage-like matrix, comprising types I and II collagen
as well as proteoglycans. Given that the concentration of adminis-
tered TGF-b3 can differentially affect activation of downstream sig-
naling pathways in synovial fibroblasts [65], the effects of both
low- and high-dose delivery systems will also be evaluated. This
nanoscale delivery platform represents an exciting new strategy
for fibrocartilage interface regeneration, and it is anticipated that
findings from this study will have broader impact and relevance
for guiding the regeneration of other key fibrocartilaginous tissues.

2. Materials and methods

2.1. Scaffold fabrication

Aligned protein-containing polymer blend fibers of poly-e-
caprolactone (PCL) and polylactide-co-glycolide (PLGA) were
fabricated by electrospinning [66]. For PCL-PLGA scaffolds,

PCL (M
�
w � 70,000–90,000; Sigma-Aldrich) and PLGA (85:15,

M
�
w � 123.6 kDa; Evonik) were dissolved at a 5:1 weight to volume

(w/v) ratio in a 3:2 v/v solution of dichloromethane (Sigma-Aldrich)
and N,N-dimethylformamide (Sigma-Aldrich), resulting in an 18%
w/vpolymer solution. As co-encapsulation of bovine serumalbumin
(BSA) has been reported to stabilize incorporated growth factor dur-
ing the electrospinning process [60,61,67], up to 10% w/w of finely
ground BSA (Sigma-Aldrich) was added to the polymer solution
and then vortexed for 1 h. Next, TGF-b3 (Sigma-Aldrich) was recon-
stituted in deionized water (1 lg/lL) and added to the PCL-PLGA/
BSAmixture (10 lg for low-dose and 20 lg for high-dose), and then
vortexed for an additional hour. The PCL-PLGA/BSA/TGF-b3mixture
was then loaded into a 5 mLsyringefittedwith an18Gstainless steel
blunt-tip needle, and was electrospun at 11–13 kV. To form aligned
meshes, the solutions were dispensed at 1 mL/hour using a syringe
pump(HarvardApparatus) over a distanceof 12 cmonto a grounded
rotating (20 m/s) mandrel.

Fiber morphology and diameter of as-fabricated meshes were
examined by secondary scanning electron microscopy (SEM;
2 kV, Hitachi 4700, Hitachi Ltd.). Briefly, samples were pre-coated
with gold-palladium to reduce surface charging effects (Sputter
Coater 108 Auto, Cressington Scientific). Fiber diameter was quan-
tified via image analysis of SEM micrographs (2500�, n = 5
images/group; 10 random fibers/image, ImageJ, NIH) [68].

2.2. TGF-b3 release kinetics and modeling

Growth factor incorporation efficiency and bioactivity post-
electrospinning were determined. Briefly, as-fabricated TGF-b3
meshes (thickness: 90 ± 10 lm, ø = 8 mm, n = 5/group) were dis-
solved in a 1:2 solution of chloroform (Fisher) and Dulbecco’s Mod-
ified Eagle’s Medium (DMEM, Cellgro-Mediatech) supplemented
with 1.25 mg/mL BSA. This solvent mixture was customized to
maximize the recovery of TGF-b3. The mixtures were vortexed
for 30 min and then centrifuged at 20,000 RCF for 5 min to separate
the organic and aqueous phases. The amount of TGF-b3 in the
aqueous phase was measured by ELISA (R&D Systems), following
the manufacturer’s suggested protocol.

To assess TGF-b3 release kinetics, as-fabricated TGF-b3 meshes
(thickness: 90 ± 10 lm, ø = 10 mm, n = 5/group) were sterilized by
ultraviolet irradiation (15 min/side) and then incubated in DMEM
supplemented with 1.25 mg/mL BSA, 2% penicillin/streptomycin
(P/S, Cellgro-Mediatech), 0.2% amphotericin B (amp-B, Cellgro-
Mediatech), and 0.2% gentamicin sulfate (G/S, Cellgro-Mediatech).
All samples were incubated in 1 mL media (scaffold weight-to-
media volume ratio: low-dose: 1.29 ± 0.14 mg/mL; high-dose:
1.53 ± 0.10 mg/mL), which was sufficient to achieve and maintain
perfect sink conditions, and maintained at 37 �C in humidified
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conditions. At each time point (0, 0.25, 0.5, 1, 4, 7, 11, and 14 days),
media from each sample was collected and replaced with fresh
media. Media TGF-b3 concentrations were measured by ELISA. In
order to better understand the mechanism of release, the experi-
mental release data was fit to the model developed by Ritger and
Peppas [69], which describes solute release from non-swellable
polymeric delivery devices of various geometries. Assuming one-
dimensional release under perfect sink conditions, the release from
a monodispersion of cylinders is described by:

Mt

M1
¼ ktn ð1Þ

whereMt/M1 is the fractional release at time t, k is a constant, and n
is the diffusional exponent.

2.3. Cell isolation

Following published protocols [70], SDSC were harvested from
bovine knee joints. Briefly, neonatal (1–7 days old) bovine tibiofe-
moral joints were obtained from a local abattoir (n = 2, tissues
pooled; Green Village Packing Company). Prior to harvest, joints
were sterilized by soaking in soapy water for 40 min, followed by
70% ethanol for 20 min, after which the surrounding muscle and
subcutaneous fascia were removed. The joint capsules were then
opened aseptically in a sterile environment, and the synovial mem-
brane lining the femoral condyles was harvested. The synovial tis-
sue was digested for 4 h at 37 �C with collagenase II (1.2% w/w;
Worthington Biochemical) in Minimum Essential Medium Alpha
(aMEM; Cellgro-Mediatech) supplemented with 10% fetal bovine
serum (FBS), 2% P/S, 0.2% Amp-B, and 0.2% G/S. The mixture was
then filtered (30 lm, Spectrum Labs), and the isolated cells were
collected by centrifugation and plated at a density of 1.8 � 103

cells/cm2 on tissue culture plastic. Cells were maintained in fully-
supplemented (F/S) aMEM containing 10% FBS, 1% P/S, 1% non-
essential amino acids (NEAA; Cellgro-Mediatech), 0.1% Amp-B,
and 0.1% G/S, under humidified conditions at 37 �C and 5% carbon
dioxide.

To eliminate synovium-derived macrophages and obtain a pure
population of SDSC, cells were subsequently cultured for 4 passages
[71] by splitting confluent cells in each passage at a ratio of 1:4. Pas-
sage 4 SDSC were used for all subsequent characterization and dif-
ferentiation studies. This process has been shown to yield a
population of cells that is positive for mesenchymal stem cell mar-
ker CD73 and negative for hematopoietic cell marker CD34 [72]. To
confirm the stemness of the isolated cells, their adipogenic [17],
osteogenic [73], and chondrogenic [74] differentiation potential
were evaluated following established protocols. For adipogenic
(n = 3) and osteogenic (n = 3) differentiation, SDSC were plated at
a density of 100 cells/cm2 and cultured in F/S aMEM for 10 days.
For adipogenic differentiation, the medium was then replaced with
F/S DMEM supplemented with 1 lM dexamethasone (Sigma-
Aldrich), 500 lM isobutyl-1-methyl-xanthine (Sigma-Aldrich),
100 lM indomethacin (Sigma-Aldrich), and 10 lg/mL insulin
(Sigma-Aldrich). After an additional 14 days of culture, cells were
fixed in 10% neutral-buffered formalin (NBF) and stained with Oil
Red-O (0.18% solution, Sigma-Aldrich). For osteogenic differentia-
tion, themediumwas replacedwith F/S low-glucose DMEM (Gibco)
supplemented with 10 mM b-glycerolphosphate (Sigma-Aldrich),
0.1 lM dexamethasone, and 200 lM ascorbic acid (Sigma-
Aldrich). After an additional 14 days of culture, cells were fixed in
10% NBF and stained with von Kossa (5% silver nitrate solution,
Fisher Scientific). For chondrogenic differentiation (n = 3), cells
were pelleted by centrifugation (2 � 105 cells/pellet) and cultured
in DMEM supplemented with antibiotics, 1% ITS+ (Corning),
50 lg/mL L-proline (Sigma-Aldrich), 0.1 lM dexamethasone,
50 lg/mL ascorbic acid, and 10 ng/mL TGF-b3 for 21 days. Pellets
were then fixed in 10% NBF, embedded in paraffin, cut into 7 lm
sections, and stained with Alcian blue (1% solution, Sigma- Aldrich).

2.4. Cell culture

Scaffold discs (thickness: 90 ± 10 lm, ø = 10 mm) were steril-
ized by ultraviolet radiation (15 min/side). Prior to cell seeding,
scaffolds were incubated in DMEM supplemented with 20% FBS,
2% P/S, 0.2% amp-B, and 0.2% G/S overnight at 37 �C to enhance cell
attachment. The cells were seeded onto control (BSA only), low-
dose TGF-b3, or high-dose TGF-b3 scaffolds at a density of
3 � 104 cells/cm2, and were cultured in F/S DMEM, with media
exchange occurring every 3 to 4 days. Cells cultured on control
scaffolds with and without exogenous supplementation of TGF-
b3 served as controls. Based on the mean amount of available
TGF-b3 in the high-dose scaffold group in the first week of culture,
the cell culture media of the exogenous TGF-b3 group was supple-
mented with 200 pg/mL TGF-b3 at every feeding. To evaluate the
rate of growth factor consumption, media samples were collected
at every feeding and TGF-b3 amount was quantified by ELISA. Cell
viability, proliferation, mineralization potential, and matrix depo-
sition on the scaffolds were evaluated at 1, 7, 14, and 28 days.

2.5. Cell viability and proliferation

At each time point, cell viability (n = 3) was assessed by Live/
Dead staining (Invitrogen) according to the manufacturer’s sug-
gested protocol. Briefly, samples were rinsed with phosphate-
buffered saline (PBS; Sigma-Aldrich), stained, and then imaged by
confocal microscopy (Fluoview FV1000, Olympus) at 488 nm and
594 nm to assess cell viability and death, respectively.

Cell proliferation (n = 5) was measured by quantifying the
amount of DNA in each sample (Quant-iT PicoGreen dsDNA Assay,
Invitrogen). Briefly, at each time point, samples were rinsed with
PBS and then homogenized with 0.1% Triton-X (Sigma-Aldrich).
Samples were subjected to 15 s of ultrasonication at 5 W. Fluores-
cence was measured at 485 nm excitation and 535 nm emission
wavelengths (SpectraFluor Plus, Tecan). Measured fluorescence
intensity was correlated to a DNA standard curve, and a conversion
factor of 7.7 pg DNA/cell was then used to determine total cell
number in each sample.

2.6. SMAD activation

To evaluate downstream effects of TGF-b3 released from the
scaffolds, activation of phosphorylated SMAD (pSMAD) 2/3 and
pSMAD 1/5/9 after 24 h of culture was evaluated by whole-
mount immunohistochemistry. Briefly, samples harvested on day
1 were fixed immediately in 10% NBF and then rinsed briefly in
PBS and transferred onto glass slides. Samples were incubated
overnight at 4 �C with antibodies for pSMAD 2/3 (n = 3; 8828, Cell
Signaling Technology) or pSMAD 1/5/9 (n = 3; 13820, Cell Signaling
Technology), which were diluted 1:200 and 1:800, respectively, in
serum-free Protein Block (Dako Cytomation) prior to use. After a
PBS wash, a FITC-conjugated secondary antibody (ab6798, Abcam)
diluted 1:200 in Protein Block was added, and samples were incu-
bated for an additional hour at room temperature. Cell nuclei were
counterstained with DAPI (Sigma-Aldrich). Samples were imaged
using a confocal microscope with a 495 nm excitation wavelength.

2.7. Matrix synthesis

Total proteoglycan (n = 5) and collagen (n = 5) content were
quantified using a modified 1,9-dimethylmethylene blue (DMMB)
dye-binding assay [75,76] and the hydroxyproline assay [77],
respectively. Sample lysates were dehydrated and then subjected
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to an 18 h digestion in papain buffer (Sigma-Aldrich) to solubilize
matrix proteins. For proteoglycan quantification, samples were
mixed with DMMB dye (pH 3.5, Sigma-Aldrich) and absorbance
was immediately measured (lQuant, Bio-Tek) at both 540 nm
and 595 nm. Proteoglycan content was determined by correlating
measured absorbance to a chondroitin-6-sulfate standard curve.
For collagen quantification, samples were hydrolyzed in 2 N
sodium hydroxide (Sigma-Aldrich) and subsequently incubated
with Chloramine-T solution (Sigma-Aldrich) and Ehrlich’s reagent
[77]. Absorbance was measured (SpectraFluor Plus) at 555 nm
and collagen content of each sample was determined by correlat-
ing measured optical density to a collagen standard curve.

Total proteoglycan (n = 2) and collagen (n = 2) were also visual-
ized by Alcian blue and Picrosirius red (0.1% solution, Sigma-
Aldrich) staining, respectively, of frozen sections. Samples har-
vested on day 28 were fixed immediately in 10% NBF supple-
mented with 1% cetylpyridinium chloride (CPC; Sigma-Aldrich) to
preserve proteoglycans [78,79]. Following fixation, samples were
embedded in 5% poly(vinyl alcohol) (PVA; Sigma-Aldrich), and
10 lm sections spanning the entire thickness of the scaffold were
obtained using a cryostat (Hacker-Bright OTF, Hacker Instruments
and Industries). Stained sections were imaged by light microscopy
(Axiovert 25, Zeiss).

Deposition of type I (n = 2) and type II collagen (n = 2) was eval-
uated by immunohistochemistry [80]. Sample sections were incu-
bated overnight at 4 �C with antibodies for type I (ab90395,
Abcam) or type II collagen (ab34712, Abcam), which were diluted
1:100 in serum-free Protein Block prior to use. After a PBS wash,
FITC-conjugated secondary antibodies (type I collagen: ab6785,
Abcam; type II collagen: ab6798, Abcam) diluted 1:200 in Protein
Block were added, and samples were incubated for an additional
hour at room temperature. Cell nuclei were counterstained with
DAPI. Samples were imaged using a confocal microscope with a
495 nm excitation wavelength.

2.8. Gene expression

The expression of fibrocartilage-related markers was assessed
via quantitative real-time reverse transcriptase polymerase chain
reaction (qPCR, n = 5/group) after 1 and 28 days of culture. Total
RNA was isolated using the Trizol extraction method (Invitrogen).
Isolated RNA was then reverse-transcribed into complementary
DNA using the SuperScript First-Strand Synthesis System (Invitro-
gen), and the cDNA product was amplified using recombinant Taq
DNA polymerase (Invitrogen). The following oligonucleotide primer
sequences were used: GAPDH: GCTGGTGCTGAGTATGTGGT (sense),
CAGAAGGTGCAGAGATGATGA (anti-sense); type I collagen:
CTTCTGGAGCAAGTGGTGAA (sense), GATCCTTCAGCACCAGGAG
(anti-sense); type II collagen: GCATTGCCTACCTGGACGAA (sense),
GAACCTGCTGTTGCCCTCAG (anti-sense); TGF-b3: CTTCAACGTGTCC
TCAGTGG (sense), GGAAGAGCTCAATCCTCTGC (anti-sense); aggre-
can: GTGAATCCCAAAACGCCACT (sense), CGGCGTAGCACTTGTCCAG
(anti-sense). GAPDH served as the house-keeping gene. All genes
were amplified for50 cycles in a thermocycler (Bio-Rad iCycler)with
a fluorescent probe (SYBR Green, Invitrogen). Quantitative analysis
of gene expression was performed using the delta-delta CTmethod.

2.9. Statistical analysis

Results are presented as mean ± standard deviation. Two-way
analysis of variance (ANOVA) was performed to determine time-
and culture condition-dependent differences in growth factor
release, cell proliferation, matrix production or gene expression.
The Tukey-Kramer post-hoc test was used for all pair-wise com-
parisons (p < 0.05). All statistical analyses were performed using
JMP IN (4.0.4, SAS Institute).
3. Results

3.1. Scaffold characterization

To assess the protective effects of BSA, aligned PCL-PLGA scaf-
folds with two concentrations of BSA and TGF-b3 were fabricated
via electrospinning. Growth factor release from PCL-PLGA fibers
was shown to increase as a function of BSA incorporation, with
meshes that contained 10% BSA exhibiting approximately three-
fold higher release over 15 days compared to meshes with only
5% BSA (Fig. 1A). Based on these results, all subsequent studies were
conducted using PCL-PLGA meshes with 10% BSA incorporated.

Evaluation of fiber morphology showed no significant difference
in fiber diameter among control (10% BSA-only), low-, and high-
dose TGF-b3 scaffold groups (Fig. 1A, C). Growth factor incorpora-
tion was evaluated by ELISA, with an incorporation efficiency of
46.0 ± 2.5% measured in low-dose scaffolds and 41.7 ± 2.5% in
high-dose scaffolds (Fig. 1C). Based on evaluation of as-fabricated
meshes, each low-dose sample used for cell culture contains on
average 6.0 ± 0.3 ng of TGF-b3, while high-dose samples contained
12.7 ± 0.4 ng TGF-b3.

Evaluation of TGF-b3 release showed an initial burst release of
TGF-b3 within the first six hours of incubation, followed by slower,
sustained release (Fig. 1D). Over the course of 14 days, high-dose
scaffolds released 2.6 ± 0.2% of total incorporated TGF-b3, which
was approximately two-fold higher than the total cumulative
release from the low-dose scaffolds (Fig. 1C, E).

3.2. Cell viability and proliferation

Stem cells isolated from the synovium were adherent to tissue
culture plastic and exhibited multi-lineage osteogenic, adipogenic,
and chondrogenic differentiation potential characteristic of MSC
(Suppl. Fig. 1). Cells seeded on the nanofiber scaffolds remained
viable in all groups (Fig. 2A) and proliferated significantly over
time (Fig. 2B). By day 7, cell number was significantly higher for
the two TGF-b3-releasing scaffold groups when compared to the
control and the exogenously stimulated groups. At day 14, the
highest cell number was found in the high-dose TGF-b3 scaffold
group and in the exogenous group. No significant differences in cell
number were observed among groups by day 28. Cells were
observed to penetrate through the scaffold depth in all groups by
day 28 (Suppl. Fig. 2).

3.3. TGF-b3-Mediated cell signaling

Within the first day of culture, the presence of pSMAD 2/3 and
pSMAD 1/5/9 were detected within and surrounding the nuclei of
cells cultured on high-dose TGF-b3 scaffolds (Fig. 2C; Suppl. Fig. 3).
In contrast, little to no prominent staining for pSMADs was
observed in the control or exogenously stimulated groups.

3.4. Proteoglycan deposition

All groups supported proteoglycan deposition by SDSC (Fig. 3A),
with increasing glycosaminoglycan (GAG) synthesis evident over
time for all groups that were exposed to TGF-b3 (Fig. 3B). Synthesis
of GAG was significantly higher on the TGF-b3 scaffolds compared
to control scaffolds from day 7 onwards. Moreover, a dose-
dependent response was observed, with consistently higher pro-
teoglycan content detected on high-dose compared to low-dose
scaffolds. While GAG deposition in the exogenous group was ini-
tially lower than in the TGF-b3 scaffold groups, by day 28, the high-
est GAG content was found in the exogenous group. Histological
analysis showed that proteoglycans were deposited throughout



Fig. 1. TGF-b3 scaffold characterization. (A) TGF-b3 release from PCL-PLGA nanofibers was modulated by changing the concentration of co-incorporated BSA, with
significantly more bioactive TGF-b3 released from the 10% BSA meshes (n = 5; ^p < 0.05). (B) Aligned PCL-PLGA nanofibers containing 10% BSA, with and without TGF-b3 were
fabricated by electrospinning, (C) Evaluation of TGF-b3 content and scaffold morphology of as-fabricated meshes showed that the high-dose group contained approximately
double the amount of TGF-b3 as the low-dose group (n = 5; ^p < 0.05), and no significant difference in fiber diameter or growth factor incorporation efficiency between
groups. (D) Growth factor release was detected within the first 6 h of incubation, and (E) sustained release of TGF-b3 was observed from both low- and high-dose meshes over
the 14-day period (n = 5; *,^p < 0.05). Note: *p < 0.05, different from previous time point; ^p < 0.05, difference between groups.
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the scaffold in all groups, with strong staining at the top and bot-
tom surfaces of the scaffold (Fig. 3A).
3.5. Collagen deposition

All scaffold groups supported deposition of collagen by SDSC
(Fig. 3A). There were no significant differences in total collagen
deposition among the control and TGF-b3-releasing scaffold
groups (Fig. 3C). However, collagen deposition in the exogenous,
continuously stimulated group was significantly higher than in
the control and low-dose scaffold groups at day 28. Histological
analysis showed that collagen matrix was distributed throughout
the scaffold, and polarized light imaging revealed that collagen
deposition followed the alignment of the underlying nanofiber
scaffold (Fig. 3A). Examination of the collagenous matrix by
immunohistochemistry showed that both type I and type II colla-
gen were deposited in the groups that were exposed to TGF-b3,
while type I collagen, but not type II collagen, was observed on
control scaffolds (Fig. 3A).
3.6. Gene expression

After 24 hours of culture, expression of TGF-b3 was significantly
downregulated on TGF-b3-loaded scaffold groups compared to
both the growth factor-free and the exogenously stimulated con-
trols (Fig. 4; Suppl. Fig. 5). Expression of type I collagen and aggre-
can were also significantly upregulated in the exogenous TGF-b3
groups compared to control and TGF-b3 scaffold groups on day 1.
While type II collagen expression was not detectable on day 1, it
was upregulated by day 28 and found to be similar among all
groups. At day 28, aggrecan expression was significantly upregu-
lated on TGF-b3 scaffolds compared to the control and exogenous
groups, while type I collagen expression was significantly down-
regulated in the exogenous group compared to all other groups.

3.7. TGF-b3 release and consumption

Fitting the cumulative TGF-b3 release data to the Ritger-Peppas
model for release (Eq. (1)), the fractional release from low-dose
scaffolds can be described by (Fig. 5A):



Fig. 2. SDSC proliferation and activation of downstream TGF-b3 signaling. (A) SDSC seeded on TGF-b3-releasing scaffolds remained viable and proliferated over time, with (B)
significantly higher initial cell proliferation on TGF-b3 scaffolds compared to growth factor-free negative control and media addition of TGF-b3 (exogenous, positive control)
at day 7 (n = 5; *p < 0.05, between consecutive time points; ^p < 0.05, between groups). Note: compared to the high-dose group, cells in the exogenous group are exposed to
approximately 2.5� and 5� more TGF-b3 by day 14 and day 28, respectively. (C) Within the first 24 h of culture, phosphorylated SMAD 2/3 and SMAD 1/5/9 were observed
surrounding and within the cell nuclei of SDSC cultured on high-dose TGF-b3 scaffolds.
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Mt

M1
¼ 0:006t0:25 R2 ¼ 0:9955

� �
ð2Þ

and fractional release from high-dose scaffolds can be described by:

Mt

M1
¼ 0:012t0:29 R2 ¼ 0:9947

� �
ð3Þ

These models were used to predict the total amount of TGF-b3
available to the cells at each time point (Fig. 5B). Evaluation of
remaining TGF-b3 in the media after cell culture showed that dur-
ing the first four days of culture, significantly more TGF-b3 was
detected in the high-dose TGF-b3 group compared to the low-
dose and exogenous groups (Fig. 5C). The amount of TGF-b3 con-
sumed at each time point was calculated as the difference between
the theoretical amount of available TGF-b3 and the remaining
amount of TGF-b3 in the media (Fig. 5D). The total amount of
TGF-b3 consumed on day 1 was similar among all groups, but
higher in the high-dose and exogenous groups compared to the
low-dose group at all subsequent time points. While nearly all
available TGF-b3 was consumed by cells in the high-dose and
exogenous groups at later time points, the percent of total of total
available growth factor consumed in the low-dose scaffold group
remained at 80% or lower (Fig. 5E).
4. Discussion

Targeted delivery of inductive factors and local maintenance of
bioavailability offers a high fidelity and effective regimen for
directing stem cell differentiation and guiding new tissue forma-
tion. This study describes a nanofiber-based delivery system that
is designed to modulate the local concentration of TGF-b3, promot-
ing biomimetic activation and induction of fibrochondrogenic dif-
ferentiation of synovium-derived stem cells. Moreover, the
production of fibrocartilage-like matrix by SDSC was optimized
in a dose-dependent manner.

The ideal scaffold for stem cell-mediated fibrocartilage regener-
ation must provide not only appropriate physical cues, such as a
biomimetic, well-aligned matrix, but should also maintain an
effective local concentration of desired inductive factors. This is
especially important given the short half-life of TGF-b in vivo
(< 30 minutes) [81,82], the importance of local TGF-b concentra-
tion on downstream signaling kinetics [111], and the established
need for continuous exposure to TGF-b over the first week of cul-
ture in order to induce stem cell chondrogenesis [83,84]. Within
the first 24 hours of culture, it was observed that cells cultured
on the TGF-b3-releasing nanofibers exhibited positive staining for
phosphorylated SMADs, which are key mediators of TGF-b signal-
ing. The TGF-b signaling cascade is initiated by binding of TGF-b
to cell membrane-anchored TGF-b type I and type II receptors.
These receptors subsequently phosphorylate downstream effectors
(SMAD 2/3 or SMAD 1/5/9), which can then form complexes with
SMAD 4 and translocate into the nucleus [85–87]. Accumulation
of SMADs in the nucleus results in activation or repression of
downstream target genes via recruitment of transcriptional co-
activators or co-repressors. It is reported that TGF-b can induce
phosphorylation of both SMAD2/3 and SMAD 1/5/8 in various cell



Fig. 3. Synthesis of fibrocartilage-like matrix. (A) Cross-sectional view of SDSC-seeded scaffolds after 28 days of culture. Proteoglycan (Alcian blue) and collagen (Picrosirius
red) deposition were observed in all groups. Polarized light microscopy of Picrosirius red-stained sections showed that collagen matrix on scaffold surfaces followed
alignment of the underlying scaffold, where areas with similar fiber orientation exhibit similar brightness. While cells were initially seeded only on the top surface of the
scaffolds, SDSC penetrated through all scaffolds by day 28 (DAPI). SDSC cultured in the presence of TGF-b3 scaffolds synthesized both type I (green) and type II collagen
(pseudo-colored red). Note that only background staining for type II collagen was observed in the control group (see Suppl. Fig. 4), whereas positive staining for type II
collagen was found in TGF-b3-stimulated groups. (B) Quantitative evaluation of proteoglycan deposition showed a dose-dependent effect on glycosaminoglycan (GAG)
synthesis, with consistently higher GAG deposition on high-dose scaffolds compared to on low-dose scaffolds, and the highest GAG deposition in the exogenous group by day
28 (n = 5; *,^p < 0.05). (C) Total collagen synthesis was similar among all groups until day 28, where the highest collagen deposition was observed in the exogenous group
(n = 5; *,^p < 0.05). Note: compared to the high-dose group, cells in the exogenous group are exposed to approximately 2.5� and 5� more TGF-b3 by day 14 and day 28,
respectively; *p < 0.05, different from previous time point; ^p < 0.05, difference between groups. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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types [88,89]. In articular cartilage, canonical TGF-b signaling via
SMAD 2/3 is associated with increased proteoglycan synthesis
and inhibition of hypertrophy [90,91]. Recently, SMAD 2/3-
mediated signaling has been shown to play a similar key role in
modulating differentiation potential of progenitor cells derived
from meniscal fibrocartilage [92].

In the present study, scaffold-mediated TGF-b3 delivery
enhanced cell proliferation at early time points. While TGF-b has
varying effects on proliferation in different cell types, its pro-
proliferative effects on stem cells are well established [93,94]. In
BMSC, it has been shown that TGF-b stimulation induces rapid,
SMAD 3-dependent nuclear translocation of b-catenin, a key medi-
ator of the Wnt signaling pathway, which is required for stimula-
tion of BMSC proliferation [93]. Moreover, inhibition of activin
receptor-like kinase (ALK) 5, which is the TGF-b type I receptor
responsible for activation of SMAD 2/3, slows down BMSC growth
[95]. In the present study, SMAD 2/3 activation was observed early
on in SDSC cultured on TGF-b3-loaded scaffolds and likely played a
similar role in mediating the enhanced proliferation observed at
early time points.

Importantly, TGF-b3-releasing scaffolds also supported deposi-
tion of fibrocartilage-like matrix by SDSC. Fibrocartilage is
uniquely optimized to withstand both tensile and compressive
forces and is characterized by the presence of both types I and II
collagen and proteoglycans in the extracellular matrix [8–11]. In
the present study, while no significant differences in total collagen
synthesis or gene expression were observed, the presence of both
types I and II collagen were observed in both TGF-b3 scaffold
groups. Previous studies have similarly demonstrated that TGF-b
stimulation increases synthesis of type II collagen in chondrocytes
[96,97], fibrochondrocytes [92,98], and MSC [99–101] via SMAD
2/3-mediated signaling. Nanofiber-mediated TGF-b3 delivery also
significantly enhanced proteoglycan synthesis. Proteoglycans play
a critical functional role in cartilaginous tissues wherein they facil-
itate tissue hydration and swelling, enabling the tissue to with-
stand compressive forces [102]. It is also well known that TGF-b
signaling via SMAD 2/3 enhances proteoglycan synthesis in chon-
drocytes [97,103,104], fibrochondrocytes [46,105], and MSC
[100,101,106]. Collectively, these results suggest that the localized
delivery of TGF-b3 from the nanofibers effectively activated chon-
drogenic induction of SDSC, likely via SMAD-mediated signaling.

Together, these findings demonstrate that the TGF-b3-releasing
nanofiber scaffolds developed here effectively guide fibrochondro-
genic differentiation of SDSC. While previous studies reported on
the use of TGF-b1-releasing fibers for culturing primary fibrochon-
drocytes [63], to our knowledge, this study is the first to demon-



Fig. 4. Gene expression. At day 1, expression of type I collagen, TGF-b3, and aggrecan were significantly upregulated in the exogenous TGF-b3 groups compared to control and
TGF-b3 scaffold groups (n = 5; ^p < 0.05). At day 28, type I collagen expression was significantly downregulated in the exogenous group compared to all other groups,
aggrecan expression was significantly upregulated on TGF-b3 scaffolds compared to the control and exogenous groups, and no differences in type II collagen or TGF-b3
expression were observed (n = 5; p < 0.05). Note: compared to the high-dose group, cells in the exogenous group are exposed to approximately 2.5� and 5� more TGF-b3 by
day 14 and day 28, respectively; ^p < 0.05, difference between groups.
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strate the efficacy of nanofiber-mediated TGF-b3 delivery for stem
cell fibrochondrogenesis. It has previously been shown that exoge-
nous addition of TGF-b3 combined with aligned PCL nanofibers
induces BMSC-mediated formation of a fibrocartilage-like tissue
[37]. Subsequently, other studies demonstrated that TGF-b3 and
other growth factors can be encapsulated and released from PLGA
microspheres embedded in 3D-printed PCL microfiber scaffolds for
BMSC-mediated regeneration of meniscal [56] and TMJ [57] fibro-
cartilage in vivo. By incorporating TGF-b3 directly into nanofibers,
the present scaffold design not only simplifies the fabrication pro-
cess, but also increases proximity between seeded cells and the
incorporated factors, more closely mimicking the mechanism by
which TGF-b is presented to cells in native tissues. In vivo, TGF-b
is synthesized and secreted in a latent form that is then bound
and stored in the extracellular matrix until physiologic loading or
other stimuli trigger its release [107]. Here, it was observed that
TGF-b3 expression was initially downregulated in cells cultured
on TGF-b3-releasing scaffolds compared to cells dosed exoge-
nously with TGF-b3, suggesting that scaffold-provided TGF-b3
may better mimic this process and reduce the need for cellular
TGF-b3 synthesis.

In this study, similar to what has been reported for other elec-
trospun delivery systems [108], an initial burst release of TGF-b3
was detected within the first 24 hours of incubation, followed by
slower, sustained release. The initial burst release is typically
attributed to desorption of growth factor from the fiber surface,
while subsequent slower linear release is driven by gradual erosion
of the polymer fiber core [108,109]. According to Ritger and Peppas
[69], protein release from cylinders can be modeled as an exponen-
tial function of time (Eq. (1)), where, in the case of Fickian diffusion
from a monodispersion of cylinders, the diffusional exponent n
would be 0.45, i.e.:

Mt

M1
¼ kt0:45 ð4Þ

and k = 0.006 and 0.012 for low- and high-dose scaffolds, respec-
tively (see Eqs. (2) and (3)). As shown in Fig. 5A, when n is set to
0.45, only the first 48 hours of release, during which growth factor
is likely predominantly released from the fiber surface, follow Fick-
ian kinetics. Similar deviation from Fickian diffusion have also been
reported for b-nerve growth factor delivery from PCL scaffolds [60].
Additionally, n is known to depend on the aspect ratio of the deliv-
ery vehicle and variance in fiber diameter (monodispersed vs. poly-
dispersed system). Histogram distributions of fiber diameters for
both the low- and high-dose scaffolds are relatively tight, suggest-
ing a monodispersed delivery system. Thus, it is likely that the devi-



Fig. 5. TGF-b3 release and consumption. (A) Fitting the experimental release data to the Ritger-Peppas model (Mt/M1: fractional release at time t; k: constant; n: diffusional
exponent) showed that the release profiles for both low- and high-dose scaffolds deviate from Fickian diffusion (i.e. where n = 0.45). The dotted lines indicate the predicted
release based on the model, where the value of n is as indicated. (B) The models were used to calculate the theoretical amount of TGF-b3 available at each time point of the
cell culture study. The dotted horizontal line represents the amount of TGF-b3 available in the exogenous group at each time point. (C) The remaining TGF-b3 detected in the
media at each time point (n = 5; *,^p < 0.05) was subtracted from the theoretical amount available to calculate (D) growth factor consumption. A significantly higher amount of
TGF-b3 was consumed in the high-dose and exogenous groups compared to in the low-dose groups from day 4 onward. (E) When normalized to the amount of available TGF-
b3, it was observed that the percentage of available growth factor initially consumed at day 1 was similar between groups and higher in the low-dose scaffold group on day 4,
with the trend reversed at later time points (n = 5; *,^p < 0.05). Note: compared to the high-dose group, cells in the exogenous group are exposed to approximately 2.5� and
5� more TGF-b3 by day 14 and day 28, respectively; *p < 0.05, different from previous time point; ^p < 0.05, difference between groups.
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ation of the experimental diffusional exponent values from the Fick-
ian range may be attributed to the high aspect ratio of the nanofi-
bers compared to conventional cylinders. In agreement with other
mechanistic studies of drug release from electrospun PCL nanofi-
bers [61,109], it can be surmised that TGF-b3 release is likely driven
by non-Fickian mechanisms. Moreover, the blend of surface and
bulk eroding polymers (PCL and PLGA) allows further modulation
of factor release from the nanofibers. In particular, blending PLGA
with slow-degrading PCL enables continuous, sustained delivery
of TGF-b3 for a prolonged period (Suppl. Fig. 6)

Interestingly, fibrochondrogenic response was achieved in this
study with a much lower concentration of TGF-b3 than what has
previously been reported in studies of fibrochondrogenesis
[37,41]. Previous studies have simply used chondrogenic media
formulations, which typically comprise 5–10 ng/mL TGF-b3
[17,74,99], and are optimized for formation of hyaline-like carti-
lage. Contrastingly, in this study, the maximum amount of TGF-
b3 released from the high-dose scaffold yielded a 50-fold lower
concentration. Analysis of TGF-b3 consumption showed that less
than half of the available TGF-b3 was consumed by the cells
on the first day of culture, which suggests that a lower dose of
TGF-b3 may be sufficient to enhance SDSC proliferation and induce
fibrochondrogenic differentiation. Indeed, in the first two weeks of
culture, higher cell proliferation and GAG synthesis were observed
on high-dose TGF-b3 scaffolds compared to the exogenous group,
even though exogenously stimulated cells were cumulatively
exposed to approximately 2.5-times more TGF-b3 compared to
the high-dose group by day 14. It is possible that the proximity
between TGF-b3 in the scaffold and the seeded cells may result
in enhanced bioavailability compared to conventional media sup-
plementation methods, helping to reduce the growth factor dosage
requirement. Given the established relationships between local
growth factor concentration and cell response [111], future work
will seek to elucidate the effects of scaffold-mediated TGF-b3 deliv-
ery on local growth factor bioavailability and cell response, includ-
ing SMAD activation and downstream effects. Additionally, SDSC
are known to be more inherently chondrogenic than BMSC
[23,25,110], which may also contribute to the overall lower growth
factor dose requirement observed.

In summary, this nanoscale delivery system represents an excit-
ing new platform for fibrocartilage interface regeneration, and
findings from this study yield critical insights for the regeneration
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of other clinically relevant fibrocartilaginous tissues, such as the
meniscus and intervertebral disc. Future work will focus on further
optimization of the delivery system for exercising temporal and
spatial control of protein bioavailability for stem cell differentia-
tion. Additionally, evaluation of the fibrochondrogenic induction
potential of this versatile and biomimetic delivery system will be
evaluated with more clinically relevant cell types, such as SDSC
derived from mature animal models and/or human tissue, as well
as testing in in vivo models.

5. Conclusions

This study focuses on the design and optimization of a
nanofiber-based TGF-b3-delivery scaffold and demonstrates its
potential for inducing SDSC-mediated fibrocartilage regeneration.
Moreover, nanofiber fabrication processes were optimized, specif-
ically to protect the bioactivity of TGF-b3 by co-encapsulation with
bovine serum albumin, which resulted in significant enhancement
of TGF-b3 release. Nanofiber-mediated localized TGF-b3 delivery
enhanced cell proliferation and synthesis of relevant fibrocartilagi-
nous matrix in a dose-dependent manner, with induction achieved
at dosages far below exogenous media supplementation.
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