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Abstract

Mimicking the ultrastructural morphology of the meniscus with nanofiber scaffolds, coupled with 

controlled growth-factor delivery to the appropriate cells, can help engineer tissue with the 

potential to grow, mature, and regenerate after in vivo implantation. We electrospun nanofibers 

encapsulating platelet-derived growth factor (PDGF-BB), which is a potent mitogen and 

chemoattractant in a core of serum albumin contained within a shell of polylactic acid. We 

controlled the local PDGF-BB release by adding water-soluble polyethylene glycol to the 

polylactic acid shell to serve as a porogen. The novel core-shell nanofibers generated 3D scaffolds 

with an interconnected macroporous structure, with appropriate mechanical properties and with 

high cell compatibility. Incorporating PDGF-BB increased cell viability, proliferation, and 

infiltration, and upregulated key genes involved in meniscal extracellular matrix synthesis in 

human meniscal and synovial cells. Our results support proof of concept that these core-shell 

nanofibers can create a cell-favorable nanoenvironment and can serve as a system for sustained 

release of bioactive factors.

GRAPHICAL ABSTRACT

We electrospun core-shell nanofibers encapsulating platelet-derived growth factor (PDGF-bb) in a 

core of serum albumin contained within a shell of polylactic acid. Transmission electron 

microscopy revealed the core of serum albumin containing PDGF-bb. Incorporating PDGF-bb 

increased cell viability, proliferation, and migration. Core-shell nanofibers can create a cell-

favorable nanoenvironment and serve as a model system for sustained release of bioactive factors.
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Background

Tissue engineering combines methods from material science engineering and life sciences to 

generate artificial constructs for regenerating new tissue. Dense connective tissue of the 

musculoskeletal system functions in challenging biomechanical environments. In order to 

resist repetitive mechanical loads, tissues such as the tendons and ligaments,1 the knee 

meniscus,2 and the annulus fibrous of the intervertebral disk,3 consist of dense and highly 

aligned extracellular matrices (ECMs). Electrospinning is an attractive approach to engineer 

connective tissue such as the meniscus with structural, mechanical, and biochemical 

properties similar to native tissue.4–6

In addition to using the appropriate cells and scaffold materials, bioactive molecules such as 

growth factors that control cell proliferation, differentiation, migration, and ECM synthesis 

are critical to the success of a tissue-engineered construct. Supplying growth factors directly 

into the culture medium at regular intervals is only feasible in vitro. For in vivo applications, 

it is desirable to have a sustained release of growth factors from the scaffolds.

Biodegradable polymers have been used as reservoirs to modulate release kinetics of 

proteins and small molecules.7 Poly(D, L lactide-co-glycolide) (PLGA) is a biodegradable 

polymer that is commonly formulated as microspheres, which degrades over time and 

releases the encapsulated bioactive molecules. However, the degradation lowers local pH, 

which can destabilize the acid-labile growth factors.8 We have previously shown that 

polylactic acid (PLA) is an attractive polymer for electrospinning scaffolds that approaches 

the mechanical properties of the human meniscus and can be used to engineer meniscogenic 

tissues.9

PLA has a much slower degradation rate than PLGA and is therefore less likely to affect the 

local pH.10–12 For example, the monomer content released from PLA has been reported to 

be ~14-fold less than PLGA 50/50 over a 4-week incubation in buffered media.10 PLA has a 

wet-strength half-life of 6 months, which makes it useful for biodegradable meniscal repair 

devices.13 Meniscal repair devices manufactured from PLA (e.g., Biostinger, meniscal 

screws, and meniscus arrows) preserve their initial strength even after six months.14–16

Blending nonspinnable molecules, such as growth factors, with electrospinnable polymers 

can compromise structural properties and can result in a burst release rather than a controlled 

release. Therefore, we elected to coaxially spin a core of bovine serum albumin (BSA) 

containing a growth factor in a shell of PLA. This approach to co-axial electrospinning falls 

into the same biophysical category as reservoir-type release, similar to PLGA spheres, but 

without the undesirable effect of low pH caused by rapid biodegradation of PLGA.8 To 

control the release of growth factors contained in the core without increasing the rate of PLA 
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degradation, we used a water-soluble porogen. PEGs have been proposed to enhance protein 

release from slowly degrading PLA microspheres.17

Mimicking the ultrastructural morphology of the meniscus with nanofiber scaffolds, coupled 

with controlled growth-factor delivery to the appropriate cells, can engineer tissue that 

continues to grow, mature, and regenerate after in vivo implantation. For proof of concept, 

we used platelet-derived growth factor-bb (PDGF-BB), a powerful mitogen and 

chemoattractant that stimulates the proliferation and recruitment of cells.18 PDGF is a 

locally produced mitogen for cells of mesenchymal origin such as progenitors, pericytes, 

fibroblasts, and chondrocytes.19–21 Other important actions include angiogenesis, 

chemotaxis, and enhanced collagen synthesis.22,23 Meniscal cells respond to PDGF with 

increased proliferation, collagen, and proteoglycan synthesis.24

Our primary hypothesis was that encapsulating PDGF-BB in the core would enhance cell 

proliferation and infiltration and would upregulate key genes involved in meniscal tissue 

synthesis. Our secondary hypothesis was that incorporating a porogen in the shell would 

enhance the local release of PDGF-BB. As proof of concept, we tested human synovial-

derived cells as a potential source for tissue engineering and documented their performance 

relative to human meniscal cells.

Methods

Fabrication of core-shell scaffolds

A dual concentric nozzle (NNC-DN-1621, NanoNC, South Korea, Figure 1, A) was used for 

co-axial electrospinning to generate core-shell fibers with a core of BSA and a shell of PLA. 

BSA solution (1% w/v in phosphate buffered solution [PBS], Fisher, Pittsburgh, PA) or 

FITC- BSA (1% w/v in 10 mM Tris, Sigma-Aldrich, St. Louis, MO) was prepared with or 

without PDGF-BB (20 μg/ml, PeproTech, Rocky Hill, NJ). PLA solution (10% w/v, Mw = 

100,000, NatureWorks, Minnetonka, MN) with 0, 1, 10, and 100 mg/ml polyethylene glycol 

(PEG) (Mw = 8,000, Sigma-Aldrich) was prepared by dissolving in 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP, Chem-Impex International Inc., Wood Dale, IL). The PLA 

and BSA solutions were placed in different syringes, which were individually actuated by 

syringe pumps (KDS200, KD Scientific Inc., Holliston, MA) at a feed rate of 2 and 1 mL h
−1, respectively (Figure 1, B). The coaxial scaffolds were electrospun on a drum cylinder 

rotating at 2400 rpm to generate a predominantly parallel alignment.5, 6 The applied voltage 

was adjusted between 15 and 20 kV using a voltage regulator DC power supply 

(NNC-30kV-2mA portable type, NanoNC) to induce a polymer jet. The scaffolds were 

stored at 4 °C before use.

Scaffold ultrastructure

Core-shell nanofibrous scaffolds were incubated in 1 ml of 1x PBS at 37 °C for the selected 

duration, were dried in a desiccator for one day, and were coated with iridium using a sputter 

coater (Emitech K575X, EM Technologies Ltd, Ashford, England) for scanning electron 

microscopy (SEM, Philips XL30, FEI Co., Hillsboro, OR) with an accelerating voltage of 10 

kV. The core-shell structure of the co-axial electrospun nanofibers was examined via 
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transmission electron microscopy (TEM, FEI Tecnai 12 Spirit, FEI Co., Hillsboro, OR) with 

a voltage of 120 kV. 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 TEM imaging. The diameters of the core 

and shell of the electrospun fibers were measured using image-processing software (Image J, 

National Institutes of Health, Bethesda, MD).

Scaffold mechanical testing

Tensile testing after hydration was performed as described previously.5 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. Each specimen was immersed in 1x PBS for 2 h at 

room temperature for hydration before testing. The thickness of each scaffold was measured 

using a digital caliper. Test specimens (N = 10 per group) were mounted in the grips of a 

uniaxial testing machine (Instron® Universal Testing Machine, 3342 Single Column Model; 

Norwood, MA) with a 500 N load cell and were tested to failure at a displacement rate of 1 

mm sec−1. The slope of the linear portion of the stress-strain curve was used to calculate the 

tensile modulus. The maximum load before failure was used to calculate the ultimate tensile 

strength (UTS).

Release kinetics of BSA and PDGF-BB

FITC-BSA was used to confirm the presence and distribution of BSA cores in the PLA/PEG 

nanofibers deposited on microscope glass slides, which were imaged on a laser confocal 

scanning microscope (LSCM, Zeiss LSM 710, Okerkochen, Germany). The excitation and 

emission wavelengths were 488 and 535 nm, respectively. Pure PLA fibers were used as 

negative control to adjust laser intensity and gain to remove background fluorescence from 

the PLA fiber sample.

To measure the effect of PEG on protein release kinetics, scaffolds (N = 4 each) electrospun 

with a core of BSA in shells of PLA containing 0, 1, 10, or 100 mg/ml PEG were incubated 

in 1 ml of 1x PBS at 37°C without shaking or stirring. The supernatant was then removed 

and was replenished with fresh PBS solution at predetermined time intervals up to 75 days. 

The BSA levels in the supernatant were measured using the micro-BCA™ protein assay.

Core-shell nanofibrous mats were electrospun with a shell of PLA solution (with or without 

PEG 1 mg/ml) and with a core of 1% BSA (with or without 20 μg/ml PDGF-BB). 

Electrospun scaffolds (N = 4) were incubated in 1 ml of 1x PBS at 37 °C, without shaking or 

stirring. The supernatant was then removed and replenished with fresh PBS solution at 

predetermined time intervals (up to 75 days). The released PDGF-BB was measured using 

an enzyme-linked immunosorbent assay (ELISA) that was performed according to the 

protocol provided by the manufacturer (R&D systems, Minneapolis, MN).

Tissue harvesting and cell isolation

With Scripps Institutional Review Board approval, normal human menisci and synovial 

tissues were obtained from six donors (mean age, 33 ± 8.07; age range, 17–35 years; 1 

female and 5 males). The avascular region of the meniscus, which comprised the inner two 
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thirds of each meniscus and the synovial tissues were harvested, rinsed with sterilized 1x 

phosphate-buffered saline (1x PBS). After mincing with a surgical blade, the fragments were 

placed for overnight digestion under constant rotation at 37°C with collagenase (2 mg mL−1; 

C5138, Sigma-Aldrich) in DMEM (Mediatech Inc., Manassas, VA) and 1% Penicillin-

Streptomycin-Fungizone (Life Technologies, Carlsbad, CA). The digested tissues were 

filtered through 100 μm cell strainers (BD Biosciences, San Jose, CA) and the cells were 

seeded in high-density 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 meniscus and synovial cells were cultured for three 

passages before seeding onto electrospun scaffolds.

Cell seeding

Human meniscal and synovial cells were seeded at a cell density of 0.5 × 106 per scaffold 

onto 10 mm diameter disks cut from the following types of electrospun scaffolds: (1) BSA 

core in PLA shell, (2) BSA + PDGF-BB core in PLA shell, (3) BSA core in PLA+PEG shell 

and, (4) BSA + PDGF-BB core in PLA+PEG shell. The PLA/PEG shell contained 1 mg/ml 

PEG. Cell-seeded scaffolds were cultured in 6-well plates and were maintained in 3 mL of 

DMEM (Mediatech) supplemented with 10% calf serum (Omega Scientific Inc.) and with 

1% Penicillin- Streptomycin-Glutamine (Life Technologies) for 1 day for initial cell 

attachment and scaffold colonization. The culture medium was then changed to serum-free 

ITS+ medium (Sigma- Aldrich) that was supplemented with subsequent medium changes 

every 3 to 4 days for 2 weeks.

Cell viability

The viability of cells on the scaffolds cultured for 2 weeks was measured using Calcein-AM 

and Ethidium Homodimer-1 (Live/Dead kit, Life Technologies) following the 

manufacturer’s protocol. Cells were imaged using a laser confocal scanning microscope 

(LSCM, Zeiss LSM 710). For quantitative analysis, the fluorescence intensity of the live 

cells (green) and dead cells (red) was calculated with Image Pro Premier software (9.2, 

Media Cybernetics Inc., Rockville, MD).

Gene expression

Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany) and first 

strand cDNA was made as per manufacturer’s protocol (Applied Biosystems, Foster City, 

CA). Quantitative RT-PCR was performed using TaqMan® gene expression reagents. 

COL1A1, ACAN, SOX9, COMP, THY-1, CHAD, PDGFRβ, CSPG4, ACTA2, VEGFA and 

GAPDH were detected using Assays-on-Demand™ primer/probe sets (Applied 

Biosystems). Expression levels were normalized to GAPDH using the recommended the ΔCt 

method and fold change was calculated using the 2−ΔΔCT formula.

Histology, and immunohistochemistry (IHC)

After 2 weeks in culture, scaffolds were fixed in Z-Fix (ANATECH, Battle Creek, MI) for 2 

days and were embedded in paraffin. Sections (5–7 μm thick) were stained with hematoxylin 

and eosin (H&E) for morphological analysis and with Safranin O Fast Green to assess 
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glycosaminoglycan distribution. For detection of PDGFRβ by immunohistochemistry, cut 

sections were treated with hyaluronidase for 2 h and were incubated overnight at 4 °C with a 

primary antibody against PDGFRβ (ab107169, 1:200 dilution, Abcam, Cambridge, MA). 

ImmPRESS-HRP anti-rabbit IgG (MP-7401, Vector Laboratories, Burlingame, CA) was 

used as a secondary antibody for 30 min. 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).

Statistical analysis

Kruskal-Wallis and Mann-Whitney tests were used to detect statistically significant 

differences in fiber diameter, mechanical properties, and gene expression between scaffold 

and cell types. P values less than 0.05 were considered statistically significant.

Results

Ultrastructure of core-shell fibers

SEM (Figure 1, C) highlights the extensive surface area of the core-shell fibrous scaffolds 

and the interconnected porous architecture. TEM images (Figure 1, D) revealed the core-

shell structure of individual fibers consisting of a lighter shell of PLA containing a darker 

core of BSA. The presence of clear boundaries between the BSA core and the PLA shell 

indicated that the two fluids did not mix significantly during electrospinning. The average 

thickness of the BSA core increased with PEG concentration: 24.17 ± 4.54 nm, 29.66 ± 5.51 

nm, 37.04 ± 4.64 nm, and 45.79 ± 4.88 nm at PEG concentrations of 0, 1, 10, 100 mg/ml, 

respectively, Figure 1, E.

PEG concentration affects structural properties of PLA

The mechanical properties of core-shell nanofibers are important for successful applications 

in meniscal tissue engineering. PEG is water-soluble and acts as a porogen; however, PEG 

may reduce the structural strength of PLA. We therefore tested the effect of PEG on 

mechanical properties of the core-shell electrospun scaffolds at four different concentrations 

of PEG (0, 1, 10, and 100 mg/ml, Figures 1, F and G). The tensile modulus for the scaffolds 

electrospun with concentrations of PEG at 10 and 100 mg/ml was significantly greater than 

scaffolds electrospun with concentrations of PEG at 0 and 1 mg/ml. These differences were 

also reflected in the tensile strength of scaffolds with PEG at 10 mg/ml and 100 mg/ml, 

which generated a significantly higher tensile strength than PEG at 0 and 1 mg/ml.

Increasing PEG concentration increased the average fiber diameter of core-shell scaffolds 

(SEM, Figure 2). However, this increase in fiber diameter reduced over time in culture (up to 

40 days in 1 ml of 1x PBS at 37 °C) which was consistent with the expected loss of PEG 

over time.

Laser confocal scanning microscopy of scaffolds spun with cores of fluorescent-labeled 

BSA in PLA shells confirmed the encapsulation of BSA inside the nanofibers (Figure 3, A). 

The fluorescent signal increased with the concentration of PEG that corresponded with the 

increased fiber diameter.
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PDGF-BB release from BSA core

We measured PDGF-BB release from PDGF-BB in PLA or PLA with 1 mg/mL PEG 

nanofibers. Less than 10% of the encapsulated growth factor was released from the core-

shell nanofibers without PEG in the shell. Adding 1 mg/ml PEG to the PLA increased 

PDGF-BB release to almost 100% in 75 days (Figure 3, B). We therefore decided to 

electrospin fibers with PDGF-BB and PLA containing 1 mg/ml PEG scaffolds for cellular 

experiments.

Cell seeding and viability

Human meniscal avascular and synovial cells were cultured on electrospun mats with or 

without PDGF-BB, and with or without 1 mg/ml PEG. Cell attachment, morphology, and 

alignment are depicted in representative confocal images in Figure 4, A, which provided 

evidence of high cell viability in the scaffolds. In general, the overall viability of synovial 

cells was equivalent to that of meniscal cells (Figure 4). On quantitative analysis (Figures 4, 

B and 4, C), the presence of PDGF-BB increased the viability of meniscal and synovial cells 

(n = 3 donors, 3 replicates). There was an insignificant increase in the fluorescent intensity 

(<1 unit) of dead meniscal cells on scaffolds with PDGF-BB relative to that of dead 

meniscal cells without PDGF-BB.

PDGF-BB effects on gene expression.

Human meniscal and synovial cells cultured on core-shell nanofibers expressed significantly 

higher levels of COL1A1, SOX9, COMP, PDGFRβ, CSPG4, and ACTA2 genes, and 

significantly lower levels of ACAN genes relative to monolayer-cultures (Figure 5). The 

synovial cells (but not the meniscal cells) expressed significantly higher levels of THY-1 and 

VEGFA genes relative to monolayer-cultured cells. In comparison to the meniscal cells, the 

synovial cells expressed significantly higher levels of SOX9, THY-1, PDGFRβ, CSPG4, 

ACTA2, and VEGFA. PDGF-BB induced significantly higher gene expression of COL1A1, 

SOX9, COMP, THY-1, PDGFRβ, CSPG4, and ACTA2. PEG had minimal effect on the 

tested genes.

PDGF-BB stimulates cell proliferation and infiltration

To assess the efficacy of PDGF-BB as a chemoattractant for meniscal and synovial cells, we 

measured the cell density and infiltration of both cell types into the electrospun mats as a 

function of PDGF-BB dose (Figures 6, A and 7, A). After 2 weeks of culture, the meniscal 

and synovial cells had infiltrated into electrospun mats that contained a core of PDGF-BB, 

by H&E, Safranin O Fast Green, and DAPI (Figures 6 and 7). In contrast, without PDGF-BB 

both cells types were predominantly restricted to the surface of the scaffolds. On 

immunohistochemistry, significantly greater PDGFRβ expression was noted in cells cultured 

on electrospun mats that contained a core of PDGF-BB.

The quantification of cell density on DAPI stained sections (Figures 6, B and 7, B) revealed 

that PDGF-BB encapsulated core-shell fibers generated significantly higher cell density for 

both cell types. In the absence of PDGF-BB, the cell density of synovial cells was higher 

than that of meniscal cells.
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Discussion

Nanotechnology, such as electrospinning, provides opportunities to characterize, manipulate, 

and organize matter at the nanometer scale for tissue engineering. One of the challenges in 

electrospun tissue engineering is how to enhance cell proliferation and how to induce cell 

migration into the 3-dimensional scaffolds to support tissue neogenesis and function. This 

study presents a novel approach to leverage electrospinning to generate tissue-engineered 

scaffolds capable of a controlled growth factor delivery. As proof of concept for potential 

clinical translation, we studied the effect of the potent mitogen and chemoattractant (PDGF-

BB) to present biochemical signals to cells for tissue engineering applications. The 

controlled local release of PDGF-BB induced distribution of human avascular meniscal cells 

and synovial cells throughout the scaffold resulting in effective synthesis of meniscal-like 

neotissue.

As proof of concept, Zhang et al.,25 controlled the release of BSA from co-axial electrospun 

nanofibers with a core of BSA and a shell of poly(ϵ-caprolactone) (PCL). In that study, PEG 

was added to BSA to increase viscosity and to stabilize the BSA during electrospinning. In 

our experiments, we added PEG to the PLA sheath and showed that the release of BSA can 

be controlled by modulating the concentration of PEG in the PLA Adding PEG to PLA can 

increase the degradation rates of PLA. However, Zhang et al reported only a 4% loss in mass 

over 60 days after adding 10mg/mL of PEG to PLA.26 In our study, adding PEG to PLA 

initially increased the overall diameter of core-shell nanofibers. PEG at a concentration of 

1mg/mL did not affect the mechanical properties of the electrospun mats. Higher 

concentrations of PEG (up to 100mg/mL) increased the fiber diameter as well as the tensile 

stiffness; however, the fiber diameter decreased over 40 days of culture, presumably due to 

the loss of water-soluble PEG.

Only 10% of the PDGF-BB incorporated in the core was released after 75 days in culture 

when the PLA shell did not contain any PEG. To enhance the release of PDGF-BB, we 

added PEG to the PLA shell. Low molecular weight PEGs, which are water-soluble, 

function effectively as a porogen, are noncytotoxic and are filtered by the kidneys.27, 28 By 

inducing pores in the PLA shell, one can modulate the release of proteins in the core without 

significantly increasing the rate of PLA biodegradation, thus preventing an undesirable 

lowering of the local pH.8, 17 The critical period for meniscus repair is 6-12 weeks.29 

Adding just 1 mg/ml PEG to the PLA increased PDGF-BB release to over 80% in 6 weeks, 

and almost 100% in 75 days (Figure 3, B). This finding led us to conduct subsequent 

experiments with cells at 1 mg/ml of PEG in PLA core-shell fibers.

Heparin conjugation has been used to control the release of PDGF-BB from electrospun 

scaffolds to stimulate smooth muscle cells.30, 31 That process, however, required multiple 

steps after electrospinning: cross-linking of gelatin, followed by conjugation of heparin, and 

then reacting with PDGF-BB before seeding cells. While PDFG-bb release was effectively 

controlled by heparin conjugation, cell infiltration was negligible within scaffolds consisting 

of fibers of 1μm diameter; fibers 3μm in diameter induced a modest increase in cell 

infiltration. Our technique involved one-step co-axial electrospinning before cell seeding and 

we achieved over 10-fold increase in cell proliferation and infiltration in scaffolds with 
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average fiber diameters of less than 1 μm. Despite obvious differences in the scaffold 

materials (PCL/gelatin versus PLA) and cell types (smooth muscle cells versus meniscal and 

synovial cells), we believe that the continued release of PDGF-BB from the fiber core 

accelerated cell infiltration, while heparin conjugation tended to bind PDGF-BB locally and 

limited its release.

Functionalizing the core-shell nanofibrous scaffolds with PDGF-BB enhanced the 

meniscogenic response in cells reflected by increased gene expression (COLA1, SOX9, 

ACAN, COMP, PDGFRβ, CSPG4, and ACTA2) relative to non-PDGF encapsulated core-

shell scaffolds. COLA1, SOX9, ACAN, and COMP are important for the synthesis of 

fibrocartilage, which was reflected in the histological findings. PDGFRβ, CSPG4, and 

ACTA2 are markers for pericytes.32 The upregulation of PDGFRβ was validated by IHC of 

the neotissue for PDGFRβ (the primary receptor for PDGF-BB). PDGFRβ stimulated cell 

growth, proliferation, differentiation, and extracellular matrix production.18,33 Our findings 

of the beneficial effects of PDGF-BB are likely mediated in part via upregulation of 

PDGFRβ.

Several cell sources have been proposed for meniscus repair including meniscus 

fibrochondrocytes, chondrocytes, or bone marrow-derived mesenchymal stem cells. 

However, the ideal cell type for meniscus repair has not yet been established. We studied 

two different cell sources, human meniscus cells and synovial cells. The meniscal cells 

served as positive control; however, meniscal cells are not easily available for clinical 

applications. Synovial tissue can serve as a reservoir for stem cells that mobilize following 

trauma and that migrate to the injury site where, in cooperation with local cells, they 

participate in the repair response. Synovial cells can be harvested from synovium and can be 

readily expanded in culture.34 Synovial cells have high chondrogenic potential;35 intra-

articular injections or implantation of aggregates of synovial cells promotes meniscus 

regeneration in rats, rabbits, pigs, and primates. ‘ ‘ The viability and proliferation of the 

synovial cells were at least equivalent to that of meniscal cells. In addition, expression of 

SOX9, THY-1, PDGFRβ, CSPG4, ACTA2, and VEGFA in synovial cells was significantly 

higher than that in the meniscal cells. These results support the potential for meniscal tissue 

engineering using synovial cells.

This study had the following limitations. Although we selected PDGF-BB as a proof of 

concept example of a growth factor with potential chemoattractant properties, we did not 

directly measure chemoattraction in this study. However, we have shown evidence of the 

efficacy of chemoattraction in previous studies involving heparin-bound PDGF.4 In vivo 
experiments are planned to assess the clinical relevance of chemoattraction. We did not 

directly measure the bioactivity of released PDGF-BB. However, the positive effects on cell 

proliferation, distribution, and gene expression indicated that bioactivity during release was 

maintained. We only studied two human cell types (meniscal and synovial cells); it is 

possible that other cell sources will behave differently. We only studied the effects of one 

concentration of PEG on PDGF-BB release. Careful modulation of PEG concentration and 

of the electrospinning parameters may be required to generate the optimum rate of 

controlled release.
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In summary, we fabricated a novel scaffold using nano fibers consisting of a shell of PLA 

containing a core of the potent growth factor PDGF-BB. PGDF-BB increased cell viability, 

proliferation, and distribution within the scaffold, and upregulated key genes involved in 

meniscal tissue synthesis. Integrating PEG as a porogen increased the local release of 

PDGF-BB. The performance of human synovial cells was at least equivalent to that of 

avascular meniscus cells, which supported their potential use for meniscal tissue 

engineering. These core-shell nanofibers can create a cell-favorable nanoenvironment and 

can serve as a model system for sustained release of bioactive factors. In vivo experiments 

are underway to document the effect of PDGF-BB to enhance migration of host cells into 

implanted scaffolds.
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Figure 1. Co-axial electrospinning and structural properties of co-axial electrospun nanofibers.
(A) Schematic illustration of a co-axial electrospinning spinneret used to prepare core-shell 

nanofibers. (B) Overview of the core-shell electrospinning equipment. (C) SEM image of 

co-axial electrospun scaffold (Mag: 1250x; scale bar 20 μm). (D) Transmission electron 

microscopy images illustrating the presence of BSA cores in PLA shells with 0, 1, 10, and 

100 mg/ml PEG (Mag: 30,000x; scale bar: 100 nm) (E) Average diameter of the BSA core 

increased with increasing concentrations of PEG. *= P < 0.05 compared to 0, and 1 mg/ml, 

**= P < 0.05 compared to 0, 1, 10 mg/ml (n = 10 per condition) (F) Tensile modulus and 
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(G) ultimate tensile strength of core-shell nano fibrous scaffolds with different concentration 

of PEG (0, 1, 10, and 100 mg/ml). **= P < 0.05 compared to 0, and 1 mg/ml, #= P < 0.05 

compared to 10 mg/ml. (n = 10 per condition)
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Figure 2. Size distribution of core-shell electrospun fibers with different PLA/PEG formulations 
over 40 days in phosphate buffered solution.
(A) SEM images of fibers (10% PLA + 0, 1, 10, or 100 mg/ml PEG) at day 0, 1, 7, 14, and 

40 (Mag: 10,000x; scale bar: 5 μm). Insert: SEM images of each specimen (10% PLA + 0, 

1, 10, or 100 mg/ml PEG) at day 7, 14, and 40 (Mag: 35x; scale bar: 500 μm) (B) Diameters 

of electrospun PLA nanofibers with different concentration of PEG cultivated in PBS over 

40 days (electrospun fibers were examined by SEM and fiber size measured using ImageJ). 

Line= P < 0.05 between groups, *= P < 0.05 compared to 0 day, **= P < 0.05 compared to 
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0, and 1 day, #= P < 0.05 compared to 0, 1, and 7 day, ##= P < 0.05 compared to 0, 1, 7, and 

14 day, += P < 0.05 compared to 0, and 7 day.
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Figure 3. Encapsulation of FITC-BSA and PDGF-BB release from electrospun nanofibers.
(A) Laser confocal microscope and DIC images of core-shell nanofibers with FITC-BSA in 

formulations of PEG-blended PLA. (B) Controlled release of encapsulated PDGF-BB from 

PLA and PLA-PEG core-shell scaffolds. (10% PLA + 1 mg/ml PEG).
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Figure 4. Cellular response of the human meniscus avascular and synovial cells cultured on PLA 
nanofibers with or without PDGF and with or without PEG.
(A) Confocal microscope images of human meniscus and synovial cells cultured on aligned 

PLA nanofibers demonstrating viability in confocal images (Mag. 10x; scale bar: 200 mm). 

(B) Quantitative analysis of fluorescent intensity of the live and dead meniscus and synovial 

cells in core-shell nanofibrous scaffolds (n = 3 donors, 3 replicates). Line= P < 0.05 between 

groups.
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Figure 5. Gene expression levels of human meniscus avascular cells and synovial cells cultured on 
PLA scaffolds were compared to cells in monolayer culture.
Shown here are differential effects of PDGF-BB and PEG (3 donors, 3 replicates). (A) 

COL1A1 gene expression, (B) ACAN gene expression, (C) SOX9 gene expression, (D) 

COMP gene expression, (E) THY-1 gene expression, (F) PDGFRβ gene expression, (G) 

CSPG4 gene expression, (H) ACTA2 gene expression, and (I) VEGFA gene expression 

relative to monolayer controls. Line= P < 0.05 between groups.
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Figure 6. PDGF-BB significantly increased infiltration of human meniscus avascular cells into 
the scaffolds.
(A) Representative histologic images of core-shell nanofibers with human meniscus 

avascular cells: H&E, Safranin O Fast Green, DAPI, and PDGFRβ immunostaining (Mag.: 

40x; scale bar: 100 μm). (B) Number of meniscus avas cells infiltrated into core-shell 

nanofibers (3 donors, 3 replicates). Line= P < 0.05 between groups.
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Figure 7. PDGF-BB significantly increased infiltration of human synovial cells into the scaffolds.
(A) Representative histologic images of core-shell nanofibers with human synovial cells: 

H&E, Safranin O Fast Green, DAPI, and PDGFRβ immunostaining (Mag.: 40x; scale bar: 

100 μm). (B) Number of synovial cells infiltrated into core-shell nanofibers. Line= P < 0.05 

between groups, *=P < 0.05 between each cell type.
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