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Core–Shell Nanofibrous Scaffolds for Repair
of Meniscus Tears

Jihye Baek, PhD,1,2 Martin K. Lotz, MD,2 and Darryl D. D’Lima, MD, PhD1,2

Electrospinning is an attractive method of fabricating nanofibers that replicate the ultrastructure of the human
meniscus. However, it is challenging to approximate the mechanical properties of meniscal tissue while maintaining
the biocompatibility of collagen fibers. Our objective was to determine if functionalizing polylactic acid (PLA)
nanofibers with collagen would enhance their biocompatibility. We therefore used coaxial electrospinning to
generate core–shell nanofibers with a core of PLA for mechanical strength and a shell of collagen to enhance cell
attachment and matrix synthesis. We characterized the nanostructure of the engineered scaffolds and measured the
hydrophilic and mechanical properties. We assessed the performance of human meniscal cells seeded on coaxial
electrospun scaffolds to produce meniscal tissue by gene expression and histology. Finally, we investigated whether
these cell-seeded scaffolds could repair surgical tears created ex vivo in avascular meniscal explants. Histology,
immunohistochemistry, and mechanical testing of ex vivo repair provided evidence of neotissue that was signifi-
cantly better integrated with the native tissue than with the acellular coaxial electrospun scaffolds. Human meniscal
cell-seeded coaxial electrospun scaffolds may have potential in enhancing repair of avascular meniscus tears.
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Impact Statement

The success of any tissue-engineered meniscus graft relies on its ability to mimic native three-dimensional microstructure,
support cell growth, produce tissue-specific matrix, and enhance graft integration into the repair site. Polylactic acid
scaffolds possess the desired mechanical properties, whereas collagen scaffolds induce better cell attachment and enhanced
tissue regeneration. We therefore fabricated nanofibrous scaffolds that combined the properties of two biomaterials. These
novel coaxial scaffolds more closely emulated the structure, mechanical properties, and biochemical composition of native
meniscal tissue. Our findings of meniscogenic tissue generation and integration in meniscus defects have the potential to be
translated to clinical use.

Introduction

The meniscus plays an important biomechanical role in
the knee; meniscal tears or degeneration are often as-

sociated with progressive arthritis.1 Surgery for meniscal
tears or degeneration is the most common orthopedic op-
eration.2 Repair of a meniscal tear in the vascular region is
sometimes successful, but repair of tears in the avascular
region is unlikely because of the lack of blood supply.3

Consequently, there is a significant unmet need for the re-
pair and restoration of meniscus function after injury or
degeneration.4 Cell-based tissue engineering is an attractive
approach to recapitulate the structure and function of the
tissue.5 The regeneration of damaged or lost dense con-

nective tissues, such as the meniscus, requires that regen-
erative cells assemble three dimensionally in and around an
appropriately structured supporting scaffold.6 An ideal
scaffold should be biocompatible and biodegradable, pos-
sess the appropriate biomechanical properties, and facilitate
surgical handling for secure implantation. The quality of the
tissue-engineered construct is initially determined by the
structure and biochemical composition of the supporting
matrix where the cells are cultured. The performance of the
cells in the scaffolds and their meniscogenic response de-
termines the long-term function after implantation.

The biomechanical anisotropy of the meniscus is pre-
dominantly determined by fibrous structures with individual
fiber size ranging from the nanometer to millimeter scale.7
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Therefore, nanofibrous scaffolds have been fabricated and
have been analyzed to mimic these natural matrices. We
previously demonstrated that electrospinning polylactic acid
(PLA) and collagen could replicate meniscus nanostructural
and microstructural organization with promising mechani-
cal properties and cell compatibility.8,9 Collagen scaffolds
were significantly more biocompatible than PLA scaffolds
and enhanced cell attachment and proliferation. Despite the
attractive biocompatibility of collagen scaffolds, hydra-
tion significantly reduced mechanical properties,9,10 which
also compromised feasibility for surgical handling and
biomechanical performance after implantation.11 On the
other hand, PLA scaffolds were stiffer and their mechanical
properties better approximated those of native human me-
niscus. We therefore sought to combine the biomechanical
strengths of PLA with the biocompatible advantages of
collagen.

One study electrospun layers of PLA, polycaprolactone
(PCL), and collagen into a membrane for dural repair, but
only one side of the membrane contained collagen.12 An-
other study electrospun an emulsion of PLA and collagen in
a monofilament for antibiotic release, but the relative dis-
tribution of collagen versus PLA within the fibers could not
be controlled.13 Mixing collagen with PLA reduces the
strength of PLA and the biocompatibility of collagen and
results in a hydrophobic polymer surface.

One approach to combine the properties of synthetic and
natural polymers is to generate core–shell structures. Ap-
proaches for generating core–shell nanofibers include coaxial
electrospinning,14,15 emulsion electrospinning,16,17 template
deposition,18,19 electrostatic force induction,20 phase separa-
tion,21 and other techniques.22–24 Coaxial electrospinning is a
modification of traditional electrospinning in which the single
spinneret is replaced with two coaxial capillaries, the channels
of which are connected to two separate reservoirs. The coaxial
configuration of nozzles provides independent pathways for the
inner and outer solutions that generate a jet of fluid containing
a core of the inner solution encased in a shell of the outer
solution. The coaxial electrospinning configuration is illus-
trated in Figure 1A and the coaxial nozzle shown in Figure 1B.

We hypothesized that coaxial electrospun scaffolds con-
taining a core of PLA and a shell of collagen I possess
mechanical properties approaching that of native meniscal
tissue, upregulate the expression of meniscogenic genes,
induce the secretion of fibrocartilaginous extracellular ma-
trix, and promote integration into meniscal tears. To test
these hypotheses, we electrospun core–shell scaffolds com-
posed of a core of PLA and a shell of collagen I. We char-
acterized fiber morphology, biomechanical properties, cell
viability and proliferation, gene expression, and matrix
synthesis. To determine potential for clinical translation, we
also evaluated ex vivo repair by implanting cell-seeded co-
axial electrospun scaffolds in tears created in the avascular
region of live bovine meniscal explants.

Materials and Methods

Fabrication of electrospun scaffolds

An overview of the coaxial system used to generate scaf-
folds is shown in Figure 1A. PLA (5% w/v, Mw = 100,000;
NatureWorks, MN) and collagen type I (10% w/v, Semed S,
acid-soluble; DSM, NL) solutions were prepared by dissolving

in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; Chem-Impex
International, Inc., IL). A dual concentric nozzle (NNC-
30kV-2mA portable type; NanoNC, South Korea) (Fig. 1B)
was used for coaxial electrospinning to generate fibers with a
core of PLA and a shell of collagen. The PLA and collagen
solutions were placed in different syringes, which were in-
dividually actuated by syringe pumps (KDS200; KD Scien-
tific, Inc., MA) at a feed rate of 1–2 mL h-1. The coaxial
scaffolds were electrospun on a drum cylinder rotating at
2400 rpm to generate aligned fibers. The applied voltage was
adjusted between 15 and 20 kV using a voltage regulator DC
power supply (NNC-30kV-2mA portable type; NanoNC,
South Korea) to induce a polymer jet. For comparison, PLA-
only and collagen-only mats were also independently elec-
trospun. To stabilize the electrospun collagen, scaffolds
were crosslinked in 0.25% glutaraldehyde (Sigma-Aldrich,
St. Louis, MO) in absolute ethanol for 1 h. After cross-
linking, scaffolds were washed three times for 10 min each
with absolute ethanol and were stored at 4�C.

Characterization of scaffolds

The electrospun scaffolds were coated with iridium using
a sputter coater (Emitech K575X; EM Technologies Ltd.,
England) for scanning electron microscopy (SEM, Philips
XL30; FEI Co., Hillsboro, OR) with an accelerating voltage
of 10 kV. The diameter of the electrospun fibers was mea-
sured from the SEM images using image-processing soft-
ware (ImageJ; National Institutes of Health, Bethesda, MD).
The core–shell structure of the coaxial electrospun nanofi-
bers was examined by transmission electron microscopy
(TEM, FEI Tecnai 12 Spirit; FEI Co., Hillsboro, OR). The
samples for TEM were prepared by directly depositing the
as-spun nanofibers onto a copper grid on a flat plate as a
collector. The samples were dried in a vacuum oven at room
temperature for 48 h before the TEM imaging. The TEM
machine was operated at 120 kV Fourier transform infra-
red (FTIR) spectroscopy (PerkinElmer FTIR; PerkinElmer,
Waltham, MA) was carried out to detect any chemical
changes among three different scaffolds, PLA, collagen, and
coaxial electrospun scaffolds. Thermogravimetric analysis
(TGA) was carried out with a PerkinElmer Pyris 1 TGA
(PerkinElmer, Waltham, MA) at a scan rate of 10�C/min
under inert atmosphere with PLA, collagen, and coaxial
electrospun scaffolds.

Hydrophilic properties of scaffolds

The contact angle of a water droplet was measured as
previously described.8,9 Each scaffold (n = 7 per scaffold
type) was photographed with a digital camera with the lens
positioned parallel to and centered on the scaffold. Image
analysis was used to construct a line tangent to the surface
of the water droplet and was used to measure the angle
relative to the scaffold surface.

The water content of hydrated scaffolds was measured as
previously described.8,9 Each scaffold (n = 6 per group) was
immersed in distilled water for 24 h at room temperature.
The wet weight of the scaffolds (Wwet) was measured after
removing excess water from the scaffolds. The scaffolds
were then dried in an oven at 65�C overnight and the weight
of dried scaffolds (Wdry) was measured. The water content
was calculated as a percentage of the wet weight:
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Tissue harvesting and cell isolation

With Scripps Institutional Review Board approval, nor-
mal human menisci were obtained from tissue banks from
six donors (mean age, 25.2 – 9.84; age range, 19–35 years;
two females and four males). A macroscopic and histolog-
ical grading system was used to select normal menisci.25

The avascular region, which comprises the inner two-
thirds of each meniscus, was harvested and enzymatically
digested using collagenase (2 mg mL-1, C5138; Sigma-
Aldrich) in DMEM (Mediatech, Inc., Manassas, VA) and
1% Penicillin-Streptomycin-Fungizone (Life Technologies,
Carlsbad, CA) for 5 to 6 h. The digested tissues were filtered
through 100mm cell strainers (BD Biosciences, San Jose,
CA) and cells were seeded in monolayer culture in DMEM
(Mediatech) supplemented with 10% calf serum (Omega
Scientific, Inc., Tarzana, CA) and 1% Penicillin–
Streptomycin–Glutamine (Life Technologies). The freshly

isolated meniscal cells were cultured for one passage before
being seeded onto electrospun scaffolds.

Cell seeding in scaffolds

Human meniscus cells were seeded onto 2 · 1 cm rect-
angular scaffolds at a cell density of 0.5 · 106 per scaffold.
Cell-seeded scaffolds were cultured in six-well plates and
were maintained in 2 mL of DMEM (Mediatech) supple-
mented with 10% calf serum (Omega Scientific, Inc., Tar-
zana, CA) and 1% Penicillin–Streptomycin–Glutamine (Life
Technologies) for 3 days, for initial cell attachment and
scaffold colonization. The culture medium was then chan-
ged to serum-free ITS+ medium (Sigma) supplemented with
10 ng mL-1 TGFb1 (PeproTech, Rocky Hill, NJ), or with no
growth factor (control group) with subsequent medium
changes every 3 to 4 days for 2 weeks.

FIG. 1. Overview of coax-
ial electrospinning. (A) A
rotating drum collector was
used to deposit aligned elec-
trospun fibers; (B) Photo-
graphs of the coaxial nozzle
and cross-section of coaxial
nozzle tip (inset). (C) TEM
image of an individual co-
axial nanofiber with a core of
PLA and a shell of collagen
(Mag.: 26,000 · ; scale bar:
100 nm). SEM (Mag.:
2500 · ; scale bar: 5 mm) of
(D) noncrosslinked coaxial
fibers; (E) crosslinked coax-
ial fibers with glutaralde-
hyde; (F) noncrosslinked
coaxial fibers and (G) cross-
linked coaxial fibers after 2 h
exposure to culture medium
at incubator. Mag., magnifi-
cation; PLA, polylactic acid;
SEM, scanning electron mi-
croscopy; TEM, transmission
electron microscopy. Color
images are available online.
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Cellular morphology SEM

Cell-seeded scaffolds with either chemical crosslinking or
no crosslinking were washed with 1 · phosphate-buffered
saline (PBS) and fixed with 2.5% w/v glutaraldehyde
(Sigma-Aldrich) in 1 · PBS for 1 h. After fixation, speci-
mens were washed three times with PBS for 10 min each
wash. Then the specimens were dehydrated in a graded
series of ethanol (50%, 70%, and 90%) for 30 min each and
were left in 100% ethanol for 24 h at temperatures below
zero. Next, the specimens were kept in 100% ethanol until
they were completely dried in a critical point dryer
(Autosamdri-815, Series A; tousimis, Inc., Rockville, MD).
The surface of dried samples was then metalized by sputter
coating with iridium. The morphology of the scaffolds as
well as that of the adherent cells was observed by SEM
(Philips XL30).

Cell viability

The viability of cells cultured on the noncrosslinked and
crosslinked scaffolds for 2 weeks was measured using
Calcein-AM and Ethidium Homodimer-1 (Live/Dead Kit;
Life Technologies) and using a laser confocal micro-
scope (Zeiss LSM-510; Zeiss, Jena, Germany) as previously
described.26

Scaffold mechanical properties

Tensile testing was performed as described previously.9

Each scaffold type was tested under three different condi-
tions: (1) dry scaffolds, (2) scaffolds without cells (acellular)
and cultured for 2 weeks, and (3) scaffolds seeded with
avascular human meniscus cells and cultured for 2 weeks.
Scaffolds were cut into dog bone-shaped specimens with a
gauge length of 8 mm and gauge width of 2 mm using a
custom aluminum die cutter. The thickness of each scaffold
was measured using a digital caliper.

Test specimens (n = 8 per group) were mounted in the
grips of a uniaxial testing machine (Instron� Universal
Testing Machine; 3342 Single Column Model; Instron,
Norwood, MA) with a 500 N load cell and were tested to
failure at a displacement rate of 1 mm s-1. The tensile
modulus was calculated as the slope of the linear portion of
the stress–strain curve. The maximum load before failure
was used to calculate the ultimate tensile strength (UTS).

Measurement of newly deposited collagen type I

Human meniscal avascular cells were cultured on discs of
aligned PLA, collagen, and coaxial scaffolds (6 mm in diame-
ter, 0.125 · 106 cells per disc) in the serum-free ITS+ medium
(Sigma-Aldrich) supplemented with 10 ng/mL TGFb1 (Pepro-
Tech) for 2 weeks with medium changes every 3–4 days. The
scaffold and cells were solubilized with pepsin under acidic
conditions and digested with pancreatic elastase at neutral pH
to convert polymeric collagen to monomeric collagen at 2–8�C.
To evaluate newly deposited collagen, an enzyme-linked im-
munosorbent assay (ELISA) was performed (Human collagen
type I ELISA; MD Bioproducts). The plate was read on a
SpectraMax 384 Plate Reader (Molecular Devices) at 450 nm
(650 nm reference). Nonspecific ELISA readings were con-
trolled by using noncell-seeded scaffolds cultured under the
same conditions and times.

Biochemical assays

Biochemical assays were performed on PLA, collagen,
and coaxial constructs with or without cells cultured for 2
weeks. Constructs (n = 5) were digested papain (construct/
1 mL papainase solution; 125 mg/mL) in 0.1 M sodium ac-
etate, 5 mM cysteine HCl, and 0.05M EDTA (pH 6.0) (all
from Sigma-Aldrich) at 60�C under constant rotation for 3 h.
Total DNA content of constructs was quantified using the
Quant-iT� PicoGreen� dsDNA Reagent and Kits (Invitro-
gen, Carlsbad, CA). Proteoglycan content was estimated by
quantifying the amount of sulfated glycosaminoglycan
(sGAG) in constructs using the dimethylmethylene blue
dye-binding assay (Blyscan; Biocolor Ltd., Carrickfergus,
United Kingdom) with a chondroitin sulfate standard.

RNA isolation and reverse-transcription polymerase
chain reaction

Total RNA was isolated using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) and first-strand cDNA was made
as per the manufacturer’s protocol (Applied Biosystems,
Foster City, CA). Quantitative reverse transcription–
polymerase chain reaction was performed using TaqMan�

gene expression reagents. COL1A1, ACAN, SOX9, COMP,
THY-1, CHAD, TNC, SCX, and GAPDH were detected us-
ing Assays-on-Demand� primer/probe sets (Applied Bio-
systems). Expression levels were normalized to GAPDH
using the recommended DCt method, and fold change was
calculated using the 2-DDCT formula.27

Ex vivo meniscal repair

Meniscal tissue from the avascular zone was harvested
from fresh, young bovine knees and cut into rectangular
sections (width: 12.25 – 0.42 mm, length: 15.98 – 1.45 mm,
and thickness: 2.37 – 0.32 mm) and were cultured in medium
for 5 days in six-well plates with DMEM supplemented with
10% calf serum and 1% Penicillin–Streptomycin–Glutamine.
A longitudinal meniscal tear (nominally 10 mm in length)
was surgically created (with a scalpel) parallel to the cir-
cumferential direction of the collagen bundles. Scaffolds
were seeded with avascular human meniscal cells, were
cultured for 2 weeks, and then were inserted in the meniscal
tear with the scaffold fibers aligned parallel to the circum-
ferential fibers of the host meniscal tissue. The repaired
meniscal explants were maintained in serum-free ITS+
medium (Sigma-Aldrich) supplemented with 10 ng mL-1

TGFb1 (PeproTech) (8 mL well-1) for an additional 3 weeks
(with medium changes every 4–5 days).

Histology and immunohistochemistry

Ex vivo meniscal explants with tears repaired with cell-
seeded or acellular scaffolds were fixed in Z-Fix (ANA-
TECH, Battle Creek, MI) for 7 days and embedded in
paraffin. Sections (5–7mm thick) were stained with Hema-
toxylin and Eosin for morphological analysis and with
Safranin O–Fast Green staining to assess glycosaminogly-
can (GAG) distribution. For detection of collagen type I by
immunohistochemistry (IHC), cut sections were treated with
hyaluronidase for 2 h28 and were incubated overnight at 4�C
with a primary antibody against collagen type I (clone: I-
8H5; MP Biomedicals, Santa Ana, CA) at 10mg mL-1.
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Secondary antibody staining and detection procedures were
followed as previously described.9,26 An isotype control
was used to monitor nonspecific staining. To count cells,
sections were stained with VECTASHIELD� mounting
medium containing 4¢,6-diamidino-2-phenylindole (DAPI;
Vector Laboratories, Burlingame, CA).

Mechanical testing of meniscal repairs

Bovine meniscus explants with untreated tears or with
tears repaired with cell-seeded or acellular scaffolds (n = 8 per
group) were tested as previously described.9 After 3 weeks in
culture, the specimens were moved into 50-mL conical tubes
and were washed with 1 · PBS. The ends of the specimen
were mounted in the clamps of an Instron mechanical testing
frame (Instron Universal Testing Machine, 3342 Single
Column Model, Instron). Tensile force was monitored as the
samples were tested to failure in tension at a constant dis-
placement rate of 1 mm s-1. Tensile modulus was calculated
from the slope of the linear segment of the stress–strain curve.
UTS was calculated at the maximum load before failure.

Statistical analysis

Kruskal–Wallis and Mann–Whitney tests were used to
detect statistically significant differences in fiber diameter,
mechanical properties, and gene expression between scaf-
fold types. Also, groups of different cultured scaffolds with
or without cells for the mechanical properties and groups of
different cultured scaffolds with either no growth or TGFb1
factor for gene expression were compared by two-way
analysis of variance (ANOVA). p-Values less than 0.05
were considered statistically significant.

Results

Ultrastructure of core–shell fibers

TEM (Fig. 1C) revealed the core–shell structure of each
fiber, with the darker core of PLA. The collagen shell in
individual nanofibers had an average thickness of 61.55

– 7.06 nm. Electrospinning onto a spinning drum generated
scaffold structures with a high degree of alignment (Fig. 1D,
E). The average diameter of noncrosslinked fibers was
0.24 – 0.012mm (range, 0.14–0.31mm) and that for crosslinked
fibers was 0.32 – 0.016mm (range, 0.2–0.38mm). The thickness
of noncrosslinked scaffolds was 0.21 – 0.04 mm, whereas
crosslinked scaffolds were 0.19 – 0.03 mm. SEM images of
noncrosslinked and crosslinked samples, after exposure to
culture medium, demonstrate the degradation of the un-
crosslinked collagen in Figures 1F and G.

TGA and FTIR of PLA, collagen, and coaxial scaffolds

The thermal stability of the different electrospun scaffolds
was analyzed, and the results are shown in Figure 2A. The
onset of degradation of collagen scaffolds (292�C) was
earlier than that of PLA scaffolds (318�C); whereas the
coaxial scaffolds exhibited an intermediate onset of degra-
dation at 305�C. Furthermore, the residual mass obtained at
500�C was 0, 50, and 23.5 wt% in PLA, collagen, and co-
axial scaffolds, respectively, supporting the collagen content
expected in coaxial electrospun scaffolds.

Figure 2B shows the FTIR spectra of PLA, collagen, and
coaxial electrospun samples. The absorption bands in col-
lagen represent the characteristic amide I at about 1650–
1660 cm-1, which is due to stretching vibrations of peptide
C = O groups, amide II in the range of 1540–1555 cm-1,
originating from stretching C-N and bending N-H, and a
broad and middle amide A at about 3300–3600 cm-1 due
to N-H stretch in resonance with amide II overtone.29,30

PLA scaffolds do not have any strong peak in the 1540–
1660 cm-1 region (amide I and amide II peaks). However,
coaxial scaffolds show the peaks of amide I and II as well
as slightly amide A.

Hydrophilicity of PLA, collagen, and coaxial scaffolds

The hydrophilicity of the scaffold surfaces was measured
using the water droplet contact angle (Fig. 3A). As

FIG. 2. Characterizations of different electrospun scaffolds. (A) Thermogravimetric analysis and (B) FTIR spectra of
three different electrospun scaffolds, PLA, collagen, and coaxial electrospun scaffolds. FTIR, Fourier transform infrared.
Color images are available online.
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expected, PLA scaffolds were hydrophobic with a contact
angle averaging 131�. Coaxial electrospun scaffolds were
highly hydrophilic. The water droplet disappeared when
placed on noncrosslinked collagen. On crosslinked scaf-
folds, the droplet contact angle approached 0�. Water con-
tent also was significantly increased in coaxial electrospun
scaffolds (Fig. 3B).

Mechanical properties of electrospun scaffolds

Dry PLA and coaxial electrospun scaffolds had signifi-
cantly higher average tensile modulus (Fig. 4A, 347 – 36 MPa;
and 376– 47 MPa, respectively) compared with collagen
scaffolds (179 – 79 MPa; Mann–Whitney test, p < 0.0001).
The UTS of PLA (15– 0.68 MPa) and coaxial electrospun

FIG. 4. Mechanical properties of different electrospun scaffolds and cell-seeded scaffolds. (A) Tensile modulus ( p = 0.0038
among experimental groups, Kruskal–Wallis test; **p < 0.01 between groups, Mann–Whitney test), and (B) UTS ( p = 0.0003
among experimental groups, Kruskal–Wallis test; ***p < 0.001 and ****p < 0.0001 between groups, Mann–Whitney test) for
dry PLA, collagen, and coaxial scaffolds. (C) Tensile modulus ( p = 0.0004 for interaction, p < 0.0001 for the existence of cells,
and p < 0.0001 among experimental groups, two-way ANOVA) and (D) UTS ( p = 0.0076 for interaction, p = 0.0008 for the
existence of cells, and p < 0.0001 among experimental groups, two-way ANOVA; Bar+ *p < 0.05, Bar+ ***p < 0.001, and
Bar+ ****p < 0.0001 between groups, Mann–Whitney test; ##p < 0.01, and ###p < 0.001 acellular versus cellular scaffolds in the
same type of scaffolds, Mann–Whitney test) of electrospun PLA, collagen, and coaxial scaffolds in culture with or without
cells for 2 weeks. ANOVA, analysis of variance; UTS, ultimate tensile strength.

FIG. 3. Hydrophilic property of coaxial electrospun scaffolds. (A) Water droplet profiles and the graph of the contact
angles of 1 mL drops of water on PLA, crosslinked (XL) collagen, noncrosslinked (non-XL) coaxial, and crosslinked (XL)
coaxial scaffold with insets of SEM image of each scaffold (PLA: 2500 · , scale bar: 10 mm; others: 10,000 · , scale bar:
2 mm) of scaffolds. (B) Percentage of water uptake by PLA, collagen, and coaxial scaffolds. ( p = 0.0019 among experi-
mental groups, Kruskal–Wallis test; **p < 0.01 and ****p < 0.0001 between groups, Mann–Whitney test).
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(17 – 1.95 MPa) scaffolds was also significantly higher than
that of collagen scaffolds (4.2 – 0.66 MPa, Mann–Whitney
test, p < 0.0001) (Fig. 4B).

The mechanical properties of all scaffolds were reduced
after culture (Fig. 4C, D). However, PLA and coaxial elec-
trospun scaffolds maintained relatively greater mechanical
properties than collagen scaffolds. In terms of loss of me-
chanical property, wet collagen scaffolds without cells had
99.57% decreased tensile modulus compared with dry col-
lagen scaffolds, whereas wet coaxial scaffolds without cells
had 85.10% loss of tensile modulus in comparison to dry
coaxial scaffolds. Otherwise, PLA had only 21.88% loss of
tensile modulus. Cell seeding also had a significant effect,
increasing the stiffness and tensile strength significantly in all
scaffolds compared with each acellular scaffold (Fig. 4C, D).

Cell viability

Human meniscal avascular cells seeded on noncrosslinked
coaxial scaffolds attached only to some areas, presumably due
to loss of the collagen coating (Fig. 5A). Cells seeded on

crosslinked coaxial electrospun scaffolds attached to the entire
surface and appeared elongated in the direction of the fibers
(Fig. 5B). These differences in cell attachment, morphology,
and alignment were also reflected in the confocal images
(Fig. 5C, D), which provided evidence of high cell viability in
the scaffolds. Figure 5E and F show cell viability of avascular
cells on PLA and collagen-aligned scaffolds for 2 weeks in
culture with same media as the cell viability of cells on the
coaxial scaffolds. Biochemical analyses indicated similar
cellularity in collagen and coaxial scaffolds and extracellular
matrix comprised of proteoglycans and collagens (Fig. 6A–C).
Greater amounts of GAG and collagen were observed in both
collagen and coaxial scaffolds compared with PLA scaffolds.

Meniscogenic gene expression

We measured gene expression of COL1A1, COL2A1,
COMP, and ACAN for matrix proteins; SOX9, THY-1, and
CHAD for mesenchymal differentiation; and TNC and SCX
for meniscal growth and development (but COL2A1 did not
detect) as previously described.26 Cells cultured on PLA,

FIG. 5. Cellular morphology, and cell vi-
ability on scaffolds. Cellular morphology,
and cell viability on scaffolds. SEM (Mag.:
625 · ; scale bar: 20mm) of human meniscus
cells seeded on (A) noncrosslinked; and (B)
crosslinked coaxial scaffolds. Viability of
human meniscus cells cultivated on (C)
noncrosslinked coaxial scaffold, (D) cross-
linked coaxial scaffold, (E) PLA scaffold,
and (F) collagen scaffold (Mag.: 10 · ; scale
bar: 200 mm in confocal images). Color
images are available online.
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collagen, and coaxial electrospun scaffolds expressed signifi-
cantly higher levels of COL1A1, ACAN, SOX9, COMP,
THY-1, CHAD, TNC, and SCX genes relative to monolayer-
cultured cells (Fig. 7, Kruskal–Wallis test and two-way AN-
OVA, p < 0.05). Cells on collagen and coaxial electrospun
scaffolds expressed more COLA1, ACAN, COMP, CHAD,
TNC, and SCX than cells on PLA scaffolds, especially in the
presence of TGFb1.

Repair of ex vivo meniscal tears

After 3 weeks of postrepair culture, no repair tissue was
found in untreated control tears (Fig. 8A). Acellular coaxial
electrospun scaffolds filled the tear but without any evidence
of cellular infiltration (Fig. 8B). On the other hand, cell-
seeded coaxial electrospun scaffolds generated newly
formed tissue that filled the tear and appeared histologically
integrated with the host tissue (Fig. 8C). The repair tissue
consisted of cells with elongated morphology, collagen type
I positive matrix staining (IHC), and evidence of scaffold/
neotissue integration within the defect.

On mechanical testing of the repaired explants, prepara-
tion of specimens is shown in Figure 9A and cell-seeded
scaffolds (n = 8) generated significantly greater tensile me-
chanical properties (tensile modulus = 3.00 – 0.36 MPa and
UTS = 0.89 – 0.07 MPa) compared with either unrepaired
defects (tensile modulus = 0.61 – 0.07 MPa, Mann–Whitney
test, p = 0.0019 and UTS = 0.51 – 0.06 MPa, Mann–Whitney
test, p = 0.0002) or defects repaired with acellular scaffolds
(tensile modulus = 1.09 – 0.12 MPa, Mann–Whitney test,
p = 0.0002, and UTS = 0.56 – 0.05 MPa, Mann–Whitney test,
p = 0.0011) (Fig. 9B, C). The differences across all three
groups were statistically significant (Kruskal–Wallis test;
p = 0.0021 for UTS; p < 0.0001 for tensile modulus).

Discussion

The success of a cell-based tissue-engineered meniscus
graft relies on its ability to mimic native three-dimensional
microstructure, to support cell growth and function to pro-
duce tissue-specific matrix, and to enhance graft integration
into the repair site. We had previously shown proof of con-
cept of engineering meniscogenic tissue by electrospinning
PLA and collagen type I.8,9 While PLA scaffolds possessed
the desired mechanical properties, collagen scaffolds in-
duced better cell attachment and enhanced meniscogenic
tissue formation. Coaxial electrospinning, first demonstrated
by Sun et al.,15 is a dynamic process that generates nano-
fibers in a core–shell configuration. By modulating the feed
rate of the inner and outer polymer solutions, we fabricated
nanofibrous scaffolds that combined the properties of two
biomaterials to more closely emulate the structure, mechani-
cal properties, and biochemical composition of native me-
niscal tissue.15,31 The SEM images of our electrospun mats
resemble published reports of SEM of native human me-
nisci.32,33 The coaxial electrospun scaffolds supported the
viability of human meniscus cells, induced an organized
cellular alignment reflecting the underlying meniscal mi-
crostructure, and enhanced the formation of meniscus-like
tissues, compared with noncoaxial electrospun scaffolds of
each individual polymer. The potential for the repair of
meniscal tears was demonstrated by the formation and
integration of new tissue in ex vivo meniscal tears.

Coaxial scaffolds have simultaneously higher
mechanical properties and water uptake capacities

The morphology and hydrophilic/hydrophobic qualities
of the scaffolds affected the rate of water uptake of the
scaffolds and influenced subsequent cell response.34–36 We

FIG. 6. Matrix protein and
DNA quantifications of dif-
ferent electrospun scaffolds
with cells. (A) DNA assay,
(B) GAG assay, and (C)
Collagen type I assay of
electrospun PLA, collagen,
and coaxial scaffolds in cul-
ture with cells for 2 weeks.
( p < 0.0001 among experi-
mental groups Kruskal–
Wallis test; Bar+ *p < 0.05
between groups, Mann–
Whitney test). GAG, glycos-
aminoglycan.
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FIG. 7. Gene expression of human meniscus cells cultured on PLA, collagen, and coaxial scaffolds. (A) COL1A1; (B)
ACAN; (C) SOX9; (D) COMP; (E) THY-1; (F) CHAD; (G) TNC; and (H) SCX. Gene expression is relative to cells cultured
under monolayer conditions. ( p < 0.05 among experimental groups, two-way ANOVA; and Bar+ *p < 0.05, Bar+ **p < 0.01,
and Bar+ ***p < 0.001 between groups, Mann–Whitney test; #p < 0.05 and ##p < 0.01, CNT versus TGFb1 in the same type
of scaffolds, Mann–Whitney test).
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have previously reported better attachment of cells seeded
on collagen scaffolds with greater secretion of matrix pro-
teins than cells seeded on PLA scaffolds.9 Our present study
provides evidence that coaxial electrospun scaffolds were
significantly more hydrophilic than PLA-only scaffolds,
based on water droplet contact angle measurement as well as

water uptake abilities (Fig. 2A, B). Cells seeded on cross-
linked coaxial scaffolds attached to the entire surface further
supporting our hypothesis that a shell of collagen increases
cell attachment. In contrast, cells seeded on noncrosslinked
coaxial electrospun scaffolds only attached to some regions,
presumably because of localized loss of the uncrosslinked

FIG. 8. Representative histological images of ex vivo repair: Hematoxylin and Eosin, DAPI, Safranin O/fast green, and
collagen type I immunostaining. (A) untreated tear. Surgically created tears implanted with (B) acellular coaxial scaffolds: or
(C) cell-seeded coaxial scaffolds (Low Mag.: 10 · ; scale bar: 200mm; High Mag.: 40 · ; scale bar: 100mm). All constructs were
cultured for 3 weeks and then processed for histology. DAPI, 4¢,6-diamidino-2-phenylindole. Color images are available online.
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collagen as it dissolved into the culture medium. The higher
levels of meniscogenic gene expression in cells cultured on
collagen and coaxial electrospun scaffolds, supports the
importance of scaffold hydrophilicity in modulating the
generation of meniscus-like tissues.

Dry collagen scaffolds have high mechanical properties
that degrade quickly as the scaffolds are hydrated in
culture or after implantation. While some studies have
reported high mechanical properties with dry scaffolds,37

the performance after hydration is more clinically rele-
vant. The bending modulus of individual electrospun
collagen fibers reduces precipitously from over 1 GPa to
0.07–0.26 MPa after hydration in the saline buffer.10 In
our study, the tensile modulus of dry collagen-only
scaffolds dropped from 179 MPa to less than 1 MPa after
culture. On the other hand, coaxial electrospun scaffolds
retained much of their mechanical properties, even after
culture, which supports our primary hypothesis that co-
axial electrospinning can combine the advantages of PLA
and collagen. Our coaxial electrospun scaffolds had
higher tensile mechanical properties than previously re-
ported for polymer scaffolds that combined synthetic
materials and natural proteins. For example, Kai et al.38

measured tensile properties of blended and coaxial PCL/
gelatin electrospun nanofibers. After hydration for 3 h, the
tensile modulus was only 0.13 – 0.04 MPa for the blended
scaffolds and 0.56 – 0.09 MPa for the coaxial scaffolds.
Similarly, Lee et al.39 reported on PCL/collagen com-
posite electrospun scaffolds with a tensile modulus of
only 2.7 – 1.2 MPa. The tensile mechanical properties of
our coaxial electrospun scaffolds (Fig. 4) were compa-
rable to those reported for human meniscus ranging from
43 to 160 MPa.40–42

Coaxial scaffolds encourage meniscogenic
differentiation for meniscus regeneration

Functionalizing the core of PLA with a sheath of collagen
enhanced the meniscogenic response in cells reflected by
the increased gene expression (COLA1, ACAN, COMP,
CHAD, TNC, and SCX) relative to noncoaxial scaffolds
of PLA. This gene expression was supported by the IHC
for collagen 1 (the dominant protein in meniscal tissue)
in the neotissue formed during repair of ex vivo meniscal
tears. Some expression of ACAN was also expected be-
cause the avascular zone of the normal meniscus was often

FIG. 9. Mechanical strength of meniscus ex vivo repair. (A) Photographs the meniscus explant with surgically created
tear, scaffold implantation, culturing, and tensile testing. (B) Tensile modulus ( p < 0.0001 among experimental groups,
Kruskal–Wallis test) and (C) UTS ( p = 0.0021 among experimental groups, Kruskal–Wallis test; **p < 0.01 and
***p < 0.001 between groups, Mann–Whitney test) of meniscal tears repaired with cell-seeded coaxial scaffolds compared
with untreated tears and tears repaired with acellular coaxial scaffolds. Color images are available online.
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proteoglycan-containing regions. We have shown COMP
and CHAD to be important genes in defining the differen-
tiated meniscal phenotype.43 TNC and SCX have also
been implicated in meniscus development.44–48 In contrast,
THY-1, a marker of dedifferentiation, was downregulated on
coaxial electrospun scaffolds.

Cell seeding significantly increased mechanical proper-
ties. After 2 weeks in culture, the tensile modulus of cell-
seeded coaxial electrospun scaffolds increased by 62.27%
compared with the acellular scaffolds. The tensile modulus
of cell-seeded PLA-only scaffolds increased by 26.24%
relative to acellular PLA scaffolds. This greater relative
difference in mechanical properties between cell-seeded and
acellular coaxial electrospun scaffolds was likely due to
more newly regenerated extracellular matrix, as supported
by cell viability, gene expression, and histology.

Coaxial scaffolds can repair ex vivo tears in avascular
meniscus

We had previously developed and characterized an ex vivo
model to study the repair of meniscal tears.9 The repair in
meniscal tissue explants provides proof of concept of po-
tential treatment of tears in the avascular zone. In the present
study, the cellular response and histological integration be-
tween electrospun scaffold and host tissue were promising.
We also tested the mechanical strength of the biomechanical
integration after ex vivo implantation into the tear. Repairing
the meniscal tear with cell-seeded coaxial electrospun scaf-
folds not only resulted in significant new collagen I deposi-
tion, but also enhanced integration into the host tissue, which
was reflected in the increased mechanical strength.

Limitations

Despite the promising interaction of human meniscus
cells with the coaxial electrospun scaffolds and the en-
couraging new tissue formation, several issues remain to
be addressed for a successful application to enhance me-
niscal tissue repair. Since the menisci are fibrocartilaginous
crescent-shaped tissue, we are developing fiber collectors to
generate the shapes and sizes representative of human me-
nisci. Human meniscal cells are not easily harvested clini-
cally for autologous use. We are also exploring alternative
cell sources, such as synovial cells or cells from the infra-
patellar fat pad, which are more clinically relevant for au-
tologous applications, and embryonic stem cells as an
allogeneic source.26 While our primary intention in the
present study was to demonstrate proof of concept with
respect to biocompatibility and biomechanical property of
coaxial scaffolds, meniscal cell phenotype, and neotissue
formation, in future studies we aim to test whether these
constructs can be used to repair defects created in an in vivo
model.

Conclusions

We electrospun coaxial scaffolds to generate scaffolds with
the mechanical strength of PLA and the biocompatibility of
collagen. Coaxial electrospun scaffolds induced greater me-
niscogenic gene expression than PLA-alone scaffolds and
generated repair tissue that integrated well into ex vivo me-

niscal tears. Coaxial electrospun scaffolds may therefore have
potential for meniscal tissue engineering.
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