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Various biomaterial technologies are promising for tissue engineering, including electrospinning, but commercial
scale-up of throughput is difficult. The goal of the study was to evaluate meltblown fabrics as candidate scaffolds for
rotator cuff tendon tissue engineering. Meltblown poly(lactic acid) fabrics were produced with several polymer
crystallinities and airflow velocities [500(low), 900(medium) or 1400(high) m3air/h/m fabric]. Fiber diameter,
alignment, and baseline bidirectional tensile mechanical properties were evaluated. Attachment and spreading of
human adipose-derived stem cells (hASCs) were evaluated over 3 days immediately following seeding. After initial
screening, the fabric with the greatest Young’s modulus and yield stress was selected for 28-day in vitro culture and for
evaluation of tendon-like extracellular matrix production and development of mechanical properties. As expected,
airflow velocity of the polymer during meltblowing demonstrated an inverse relationship with fiber diameter. All
fabrics exhibited fiber alignment parallel to the direction of collector rotation. All fabrics demonstrated mechanical
anisotropy at baseline. Cells attached, proliferated, and spread on all fabrics over the initial three-day culture period.
Consistent with the observed loss of integrity of the unseeded biomaterial, hASC-seeded scaffolds demonstrated a
significant decrease in Young’s modulus over 28 days of culture. However, dsDNA, sulfated glycosaminoglycan, and
collagen content increased significantly over 28 days. Histology and polarized light microscopy demonstrated collagen
deposition and alignment throughout the thickness of the scaffolds. While fiber diameters approximated an order of
magnitude greater than those previously reported for electrospun scaffolds intended for tendon tissue engineering, they
were still within the range of collagen fiber diameters found in healthy tendon. The extent of matrix production and
alignment was similar to that previously observed for multilayered electrospun scaffolds. While the Young’s modulus
of scaffolds after 28 days of culture was lower than native rotator cuff tendon, it approximated that reported previously
following culture of electrospun scaffolds and was on the same order of magnitude as of current Food and Drug
Administration-approved patches for rotator cuff augmentation. Together, these data suggest that with minor polymer
and parameter modifications, meltblown scaffolds could provide an economical, high-throughput production alter-
native method to electrospinning for use in rotator cuff tendon tissue engineering.
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Introduction

Each year, over 4.8 million people visit hospitals for
shoulder pain, and over 300,000 surgeries are performed

for rotator cuff repair in the United States.1 Unfortunately,
rotator cuff repair has an overall retear rate of around 20%
and can be as high as a 94% for large tears.2,3 Tissue engi-
neering could represent a way forward and improve rotator

cuff tendon form and function after injury through combining
scaffolds, biomimetic factors, and cells to stimulate regen-
eration rather than repair of native tissue. Fiber-based scaf-
folds produced by electrospinning have been evaluated
widely for tendon tissue engineering.4–9 Electrospinning is
easy to set up in the laboratory for in vitro and preclinical
studies, forms nano- or microfibers on a similar size scale as
the collagen fibers found in tendon matrix, and can produce
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highly aligned fibers, which is a critical microarchitectural
cue for aligned tendon neomatrix synthesis.10,11 However,
electrospun scaffolds have major limitations with respect to
production on a commercially relevant scale, for example,
multilayered scaffolds of dimensions 1 · 50 · 75 mm take 2–
4 h each to fabricate in our laboratory (data not shown), and
Tzezana et al. calculated electrospun scaffolds accumulate at
a rate of 0.8–82.3 mm3/min.12

The meltblowing process was first patented in 1939 as a
method for producing nonwoven fabrics from polymers.13 In
meltblowing, the polymer is melted and is then extruded
through die heads. Upon exiting the die, the air streams draw
out the polymer melt stream into fine fibers where they cool
and solidify in ambient air. A thin layer of fibers, therefore,
accumulates onto the collection surface, forming a nonwoven
fabric.14,15 The meltblowing process is easy to industrialize
and is highly tunable: both the die heads and the surfaces onto
which the polymer is extruded can be manipulated, while still
forming micro- and nanofibers. In stark contrast to electro-
spinning, the meltblowing apparatus can create fabrics at a
rate up to 5000 m/min.16 Fiber diameter, density, and align-
ment can be changed by altering the size of the die capillaries,
the number of dies, and the velocity of airflow.

There have been limited previous studies to evaluate
meltblown fabrics for tissue engineering purposes, but prom-
ising work has assessed this technique for vascular tissue
engineering.17 Additional recent studies confirmed that melt-
blown and other nonwoven poly(lactic acid) (PLA) fabrics
supported attachment,18 proliferation, and differentiation of
human adipose-derived stem cells (hASCs) toward osteogenic
and adipogenic lineages14,19 to a similar extent as single-layer
electrospun PLA scaffolds. To the best of our knowledge,
meltblown scaffolds have not been evaluated for tendon tissue
engineering. Furthermore, these previous studies used induc-
tion media to induce lineage specific differentiation.14,17,19 In
contrast, we have not previously used tissue-specific induction
media or exogenous growth factors in our rotator cuff tendon
tissue engineering studies,4,11 since this approach could con-
fer several regulatory advantages and could be beneficial if the
expression of multiple tissue lineages is desired within the same
scaffold. In the current study, our overall aim was to evaluate
meltblown fabrics for use in rotator cuff tendon tissue engi-
neering. Therefore, our specific aims were to (1) characterize
meltblown fabric produced using three PLA blends and several
different fabrication parameters, (2) to investigate attachment
and proliferation of hASCs on these meltblown nonwoven
scaffolds, and (3) to determine if these scaffolds could be used to
induce a tendon-like phenotype from hASCs cultured without
exogenous growth factors. Our hypothesis was that hASCs
would attach to the scaffolds and produce a tendon-like extra-
cellular matrix to a similar extent as our previous findings using
multilayered electrospun scaffolds, but that there would be no
effect of polymer crystallinity or airflow velocity.

Materials and Methods

Meltblown scaffolds

Bolts of meltblown PLA fabrics were produced at the
Nonwovens Institute on the Centennial Campus of North
Carolina State University (Raleigh, NC) using one of three
different crystallinities of PLA (6100D, 6202D, and a 50:50

blend of 6100/6202D (NatureWorks, Minnetonka, MN). The
6100D crystallinity was nominally 99.5% L-PLA and 0.4%
D-PLA, with a relative viscosity of 3.1, while the 6202D
crystallinity was nominally 98% L-PLA and 2% D-PLA, with
a relative viscosity of 3.1. Each test fabric was produced
using several airflow velocities, 1400 (high: Roll A), 900
(medium: Roll B and C), or 500 (low: Roll D) cubic meters of
air per hour per meter of fabric. The dimensions of each pro-
vided fabric sample from each available roll were 1.5 · 2.5 m.
The 2.5 m aspect was designated the long axis of the fabric
and was parallel to the direction of airflow during fabrication
(perpendicular to the orientation of the collector).

Fiber diameter and scaffold alignment analysis

Three 3 · 10 mm strips were cut from the center of each
sheet of fabric, and from the edge at the midpoint of the long
axis, with the long axis of the strip cut parallel to the long
axis of the fabric. The strips were sputter coated with gold,
and each sample was viewed using a 501 Philips scanning
electron microscope as described previously.4 Three images
were taken per sample, and the diameter of *50 randomly
selected fibers per image was measured in ImageJ (NIH).
Alignment of fibers within each fabric sample was evaluated
by fast Fourier transform using a custom MATLAB
(Mathworks, Natick, MA) code as described previously.20

Mechanical testing—initial screening

Scaffolds were tested in two separate experiments: An
initial screening of tensile mechanical properties of each roll
and blend to establish the airflow velocity during fabrication
(Roll), most likely to be useful in rotator cuff tendon tissue
engineering, followed by a separate experiment in which
the three polymer blends produced using identical parame-
ters were either left unseeded or seeded with hASCs then
maintained in cell culture for 0 and 28 days to assess the
effect of PLA crystallinity and cell-seeding on tensile me-
chanical properties. For all mechanical testing experiments,
scaffolds were cut in dog-bone shapes oriented parallel and
perpendicular to the long axis of the fabric (n = 6 per group).
Verhoeff stain lines were placed at the center and 5 mm on
either side of center to allow optical strain analysis.4 Initial
scaffold thickness was measured using a Prosilica GX 1050
digital camera (Allied Vision Technologies, Inc.) and digital
calipers in ImageJ. Prewetted or precultured scaffolds were
sandwiched in 80-grit sandpaper, mounted, and clamped in
the load frame and tested with a 0.5 g preload at a 1% s-1

strain rate to failure using an electromechanical testing sys-
tem (Bose Enduratec Smart Test Series; Bose Corporation)
with a 2.27 kg load cell (Sensotec Model 31; Honeywell
International). Midsubstance stretch was calculated from digi-
tal images acquired at 20 Hz and interpolated to load frame
data using custom MATLAB code4 and Microsoft Excel
(Microsoft Office) to calculate Young’s modulus, yield stretch,
and stress as described previously.

Cell seeding

10 · 30 mm samples were cut from each scaffold with the
long axis parallel to the long axis of the fabric. Scaffolds were
disinfected in successively decreasing concentrations of eth-
anol in phosphate-buffered saline (PBS) for 30 min each. Then
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each side of the scaffold was sterilized under ultraviolet ra-
diation for 10 min and prewetted with 25mL of media. hASCs
(Passage 4) previously isolated from the same anatomic depot
by collagenase digestion of lipoaspirate surgical waste from
three deidentified female donors (age 36–59, body mass index
19.6–33.1), with the approval of the Duke University In-
stitutional Review Board as described,21 were used as a su-
perlot of cells, prepared at the time of seeding onto scaffolds.
For cell attachment, spreading, and initial proliferation studies,
scaffolds were seeded by pipetting at a low seeding density of
3 · 105 hASCs/cm2 to allow single-cell analysis on each side
of the scaffold with a 15-min incubation period between
seeding of each side. Scaffolds were placed between sterilized
Teflon rings in six-well plates coated with 2% agarose, to
maintain submersion in culture media, and maintained at
37�C, and 5% CO2 in Advanced DMEM (Life Technologies)
supplemented with 10% fetal bovine serum (Zen-Bio), 1%
penicillin–streptomycin–fungizone (Life Technologies), 4 mM
l-glutamine (Life Technologies), and 1.5 mM l-ascorbic acid-
2-phosphate (Sigma-Aldrich A8960; MW = 289.54) without
the use of exogenous growth factors for 0–3 days.21

Evaluation of cell attachment, spreading
and initial proliferation

Following 4 h of incubation on day 0 and on days 1 and 3
after seeding, scaffolds (n = 2 per group) were harvested and
fixed in 4% paraformaldehyde. The scaffolds were then cut into
8 mm discs before being permeabilized with 0.5% Triton-X.
Following incubation with 1:100 Acti-stain 488 (Cytoskeleton,
Inc.) and 1:10,000 Hoechst 33342 (Life Technologies) in PBS
at room temperature, the scaffolds were mounted on coverslips
with glycerol and imaged using a Zeiss Axiovert S100 mi-
croscope (Carl-Zeiss). Three images were taken of each sam-
ple, then images were imported into Fiji (NIH), and then cell
count and cell surface area were calculated using the Bio-
Formats plugin. The mean cell density and mean surface area
per cell were calculated as measures of cell attachment, pro-
liferation over time, and cell spreading, respectively.

Longer term (28-day) cell culture

Based on initial mechanical testing, cell attachment and
spreading data (see Results section), Roll A produced at
‘‘high’’ (1400 cubic meters of air per hour per meter of
fabric) airflow velocity was selected as the most promis-
ing candidate for longer term cell seeding studies. Thus, ad-
ditional 5 · 30 mm strips from Roll A for all three polymer
blends and additional scaffolds prepared for mechanical test-
ing, as described in Mechanical Testing—Initial Screening
section, were seeded with 5 · 105 hASCs/cm2 on each side in
accordance with our previous electrospun studies.4,11 Un-
seeded and seeded scaffolds were again placed between
sterilized Teflon rings in six-well plates coated with 2%
agarose, then maintained in culture as described in Cell
Seeding section for 0 or 28 days until harvest. Following
harvest, scaffolds were stored at -20�C until analysis.

Mechanical testing—after culture

Before and after 28 days in culture, both unseeded and
hASC-seeded Roll A scaffolds underwent tensile testing, as
described in Mechanical Testing—Initial Screening section.

Biochemical assays

On days 0 and 28, unseeded and hASC-seeded scaffolds
from Roll A for each of the three PLA crystallinities were
harvested and lyophilized to obtain dry weight. Scaffolds
were minced and digested in papain (125mg/mL) at 60�C for
1 week. As described previously,21 the PicoGreen assay (Life
Technologies) was used to quantify dsDNA content. Sulfated
glycosaminoglycan (s-GAG) content was quantified using
1,9-dimethylmethylene blue dye (pH 3.0) assay.21,22 Total
collagen content was determined by the hydroxyproline assay
using a conversion factor of 1:7.46 to convert hydroxyproline
to collagen.21,23 All results were normalized to dry weight
(mean – standard deviation [SD]).

Histology

On day 28, hASC-seeded scaffolds (n = 5) were harvested
and embedded in optimal cutting temperature gel (Sakura) and
frozen at -80�C. Following cryosectioning, 10mm sections
were mounted on slides. Slides were stained with either pi-
crosirius red or safranin-O/fast green to evaluate for collagen
and s-GAG synthesis. Slides stained with picrosirius red were
additionally evaluated with polarized light microscopy at 5-�
increments of the polarizer angle to evaluate for alignment of
fibrillar collagen.10,11 To detect collagen alignment for a given
fabric, differences between mean pixel intensity and polarizer
angle were tested using repeated measures analysis of vari-
ance (ANOVA), as described previously.10

Statistical analyses

Data are reported as mean – SD or median (25th quartile,
75th quartile). Parametric data meeting the assumptions for
factorial ANOVA were evaluated for the effect of polymer
crystallinity, roll, seeding, and time. The Tukey post hoc test
was used to determine differences between treatments fol-
lowing ANOVA. The fiber diameters were not normally dis-
tributed; therefore, the Kruskal–Wallis test was used to
compare the ranks across multiple comparisons of this data set,
and the Mann–Whitney-U test was used to compare the me-
dians using pairwise comparison. In this case, we found no
difference in results ( p < 0.05) between using the Kruskal–
Wallis test and the Mann–Whitney-U test. For clarity of pre-
sentation, the results of the Mann–Whitney-U comparison
were reported for data reported as median (25th, 75th quartiles)
in Figure 1C, while the data distributions for all groups eval-
uated and results of the Kruskal–Wallis test are displayed in
Supplementary Figure S1 (Supplementary Data are available
online at www.liebertpub.com/tea). Significance was reported
at the 95% confidence level for all analyses (a= 0.05). All
statistical comparisons were made using SAS University Edi-
tion (SAS Institute, Cary, North Carolina).

Results

Fiber diameter, thickness, and scaffold alignment

Representative gross and SEM images of all four rolls
prepared from 6100D crystallinity PLA are shown (Fig. 1a, b).
Fiber packing was subjectively greater for Rolls A and B,
although this was not quantified. There was no significant ef-
fect of PLA crystallinity on fiber diameter within each airflow
velocity (i.e., roll) (Fig. 1c, and Supplementary Fig. S1), and
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FIG. 1. Representative images (a) and scanning electron micrographs (b) from four different rolls of 6100D crystallinity
poly(lactic acid) (PLA) meltblown fabric. Scale bar in (b) represents 200mm. (c) Fiber diameters represented by box and
whiskers plot:line reporting median fiber diameter, box reporting first and third quartile; whiskers signifying minimum and
maximum values from the edge and middle of each sheet of meltblown fabric (n = 3, 3 images/scaffold, 50 fibers/image). p-
values marked above bars represent difference between rolls (Mann–Whitney-U Test; p-values the same for both Kruskal–
Wallis and Mann–Whitney-U; see Supplementary Figure S1 for full data distributions) (d) fast Fourier transform of
scaffolds cut from each roll for all PLA crystallinities (n = 6, 3 images/scaffold; mean – SD), with peaks in amplitude at 0
and 180� corresponding to long axis of fabric and direction of collector rotation. (e) Fiber alignment index for each
meltblown fabric (mean – SD). p-values marked above bars represent differences between rolls (ANOVA). ANOVA,
analysis of variance; SD, standard deviation.
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location of fiber within the fabric (middle vs. edge) also did not
influence fiber diameter, but the effect of airflow velocity was
significant, since fiber diameters of Roll A fabrics (median
8.7–9.4mm) were significantly less than for Rolls B (median
9.8–10.8mm) and C (median 10.3–10.9mm), with Roll D
fabrics having the greatest fiber diameters (median 12.2–
13.6mm). The thickness of nonwoven fabric scaffolds ranged
from 0.25 – 0.03 mm to 0.30 – 0.05 mm. There was a trend
toward increased thickness of Roll D scaffolds ( p = 0.0535)
compared with other rolls but there was no effect of polymer
crystallinity on thickness (Supplementary Table S1). All rolls
and crystallinities demonstrated some degree of fiber align-
ment (Fig. 1d) parallel to the long axis of the fabric (assigned
to 0 and 180 degrees), that is, parallel to the direction of airflow
and the travel of the collector. There was no significant effect
of crystallinity on fiber alignment index (Fig. 1e), but rolls A–
C, produced with greater airflow velocities demonstrated sig-
nificantly greater fiber alignment indices than Roll D.

Mechanical testing—initial screening

At baseline, all scaffolds showed anisotropy with respect
to Young’s modulus and yield stress in a direction parallel to
the long axis of the fabric (Fig. 2 for 6100D blend and Sup-

plementary Fig. S2 for other blends). Scaffolds prepared from
Roll A had significantly greater Young’s modulus (Fig. 2c) and
yield stress (Fig. 2d) ( p < 0.0001) than scaffolds prepared from
other rolls. Yield stretch did not demonstrate significant an-
isotropy, except for Roll B. PLA polymer crystallinity had no
significant effect on the tensile mechanical properties evaluated.

Cell attachment and spreading

hASCs attached to all scaffolds with no significant effect of
PLA crystallinity or roll and cell density was significantly
greater on days 1 and 3 ( p = 0.0007) compared with day 0
(Fig. 3a and Supplementary Fig. S3a). Cell surface area (Fig. 3b
and Supplementary Fig. S3b) increased by day 3 compared with
day 0 ( p < 0.0001) and cells seeded on roll D spread to a greater
extent than cells seeded on the other rolls ( p = 0.0008).

Mechanical testing—after culture

Following 28 days of culture, unseeded, Roll A scaffolds
tore easily, and the majority of unseeded scaffolds failed
before tensile testing could be accomplished. In contrast, for
hASC-seeded scaffolds after 28 days in culture, while the
Young’s modulus (Fig. 4) decreased significantly compared
with day 0 ( p < 0.0001), there was no effect of time in
culture for yield stress or yield stretch. The 6100D PLA had
a significantly greater yield stress at both days 0 and 28 than
the other PLA crystallinities ( p = 0.0093).

Biochemical assays

Scaffold dry weight did not significantly change between
unseeded scaffolds harvested on day 0 and those cultured for
28 days (data not shown). dsDNA, s-GAG, and collagen

FIG. 2. (a) Schematic of the meltblown fabric sheet
demonstrates the direction of mechanical testing in relation
to the direction of travel of the collector for the meltblowing
apparatus. Representative stretch-strain curve (b) for 6100D
PLA meltblown scaffolds taken from Roll A. Mean – SD
Young’s modulus (c) yield stress (d), and yield stretch (e) in
6100D PLA meltblown scaffolds tested in orthogonal di-
rections, n = 6. Groups with different letters above are sig-
nificantly different from each other, p < 0.05. Data for other
blends of PLA can be found in Supplementary Figure S2.

FIG. 3. Mean – SD cell density (a) and single cell area (b)
(n > 10 cells/image; six images per scaffold) of human adipose
stem cells cultured for 0 (harvested at 4 h), 1, and 3 days on
meltblown scaffolds of various PLA crystallinities [6100D,
6202D and a 50/50 blend] from Roll A fabrics (n = 2, mea-
surements from three images [0.3 mm2] per scaffold). For
complete data set refer to Supplementary Figure S3. ++Dif-
ference between days 1 and 3 and day 0. +Difference between
day 3 and days 0 and 1.
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content (Fig. 5) increased in all Roll A scaffolds after
28 days of culture for the seeded scaffolds ( p < 0.0001). No
significant effect of polymer was identified except that
scaffolds containing 6100D were found to have a signifi-
cantly increased s-GAG concentration compared with the
pure 6202D scaffolds ( p = 0.0180). There was a trend
( p = 0.0534) for the 6100D scaffolds to also have a greater
collagen content than blends containing 6202D.

Histology

Histology (Fig. 6) demonstrated collagen deposition and
as expected, no s-GAG detectable by safranin-O staining
throughout the full thickness of all Roll A scaffolds. There
were small areas of the scaffold that were incompletely
filled by extracellular matrix, representing either PLA fibers
or incomplete matrix formation. Polarized light microscopy
of picrosirius red-stained images confirmed substantial
aligned fibrillar collagen (Fig. 6c) formation, which when
quantified at 5� increments of the polarizer angle demon-
strated peak mean pixel intensity in direction of the long
axis of the fabric (Fig. 6d); there was no significant effect of
PLA blend on degree of aligned collagen fibril formation.

Discussion

High-throughput meltblown fabrics produced using several
airflow velocities and PLA crystallinities had fiber diameters
in the 8–14mm range and demonstrated a mean baseline
anisotropy of 1.94 – 0.58. All fabrics supported cell attach-
ment, proliferation, and spreading over an initial 3-day pe-
riod. Over 28 days of culture, scaffolds prepared from Roll A
(highest airflow velocity) supported continued cell prolifera-
tion and aligned tendon-like matrix formation throughout the
full thickness of the scaffold. Despite rapid degradation of the
underlying PLA scaffold over 28 days in culture in unseeded
scaffolds, the yield stress of hASC-seeded Roll A scaffolds
was maintained through the culture period.

We and others have evaluated electrospinning extensively
for use in tendon tissue engineering.4–9,11 A major attraction
of this technique is the ability to form scaffolds from nano-
fibers on the scale of 3–5000 nm,24 which allows for the
production of fibers on a similar scale to the collagen fibrils
found in healthy tendon matrix in vivo.5,25–27 These fiber
diameters are biomimetic and provide relevant physiological

FIG. 4. Mean – SD Young’s modulus (a), yield stress (b), and yield stretch (c) in hASC-seeded Roll A PLA scaffolds after
0 and 28 days of culture, (n = 3-6). +Significant difference between day 0 and 28; p-values marked above bars represent
significant difference between the 6100D PLA and the 50/50 and 6200D PLA crystallinities ( p £ 0.05, ANOVA; Tukey’s
post-hoc test). hASC, human adipose-derived stem cell.

FIG. 5. Mean – SD dsDNA (a), sulfated glycosaminoglycan
(s-GAG) (b), and collagen (c) content of scaffolds prepared
using various crystallinities of PLA but with consistent fabri-
cation parameters (Roll A) 0 and 28 days after seeding with
5 · 105 hASC/cm2. (n = 5) Groups with different letters above
are significantly different from each other; p-values marked
above bars represent significant difference between PLA
crystallinities, ( p £ 0.05, ANOVA; Tukey’s post hoc test).
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structure for tendon-like extracellular matrix synthesis by both
differentiated tendon fibroblasts and various stem cell lineages,
particularly as the alignment of the fibers increases.10,11,28,29

For example, electrospun fibers with mean diameters between
380 and 1800 nm were investigated for their ability to modulate
cell alignment, gene expression, and tendon-like matrix syn-
thesis.5,29 The larger fiber diameters promoted cell alignment
and a phenotype more consistent with tendon, but the upper
threshold of a beneficial effect of large fiber diameter was not
established. In contrast, previous studies using a variety of cell
types seeded on grooves and channels from 0.5 to 25mm wide
generated by photolithography have shown that smaller
channel width and smaller repeat spacing of grooves generally
increase elongation and orientation of cells compared with
wide channels or widely spaced channels.30 Therefore, ex-
trapolation of cell adhesion, proliferation, migration, and dif-
ferentiation behavior from photolithography to fiber-based
scaffolds could be difficult.

All fabrics exhibited limited fiber alignment and me-
chanical anisotropy in direct proportion to airflow velocity,
despite no concerted attempt to produce aligned fibers in this
study. Roll D fabrics demonstrated significantly less fiber
alignment than fabrics from other rolls, likely because of the
lower airflow velocity during fabrication. Despite a signifi-
cantly greater yield stress and Young’s modulus compared
with other rolls of fabric, Roll A did not exhibit significantly
increased alignment compared with all other rolls, and Roll
A had a significantly lower fiber diameter than all other
rolls, but the fiber packing density was subjectively greater
in Rolls A and B than Rolls C and D. Based on these data, it
is possible that fiber density, packing, and cell–fiber inter-
actions played a role in the enhanced mechanical properties,
however, this was not evaluated in the current study.
However, given the importance of initial mechanical prop-
erties for a rotator cuff augmentation device, this was the

primary reason why Roll A was selected for evaluation over
the 28-day culture period.

Recent data comparing electrospun PLA scaffolds with
meltblown PLA scaffolds suggest that hASC adhesion and
proliferation are not attenuated by increasing fiber diame-
ter.14 In this study, hASCs seeded on Roll D scaffolds ex-
hibited a larger surface area than cells seeded on other rolls.
The reasons for this are not known, but studies are going
on to evaluate cell–fiber diameter and cell–fiber packing
interactions. In the current study, biochemical content, his-
tology, and mechanical testing results were in many respects
comparable to our previous rotator cuff tendon tissue engi-
neering work using multilayered electrospun scaffolds produced
using similar cell donors and identical culture conditions,4,11

suggesting that the fiber diameters up to at least 15 mm do
not impede deposition of a tendon-like matrix. Higher s-
GAG concentrations were observed on Roll A scaffolds
containing 6100D PLA, and there was a trend ( p = 0.0534)
for 6100D scaffolds to have greater collagen concentrations,
possibly contributing to the increased yield stress observed
in seeded 6100D scaffolds. Consistent with our previous
work,31 we would not expect positive safranin-O staining
until the s-GAG concentration exceeds 1% dry weight (10 mg/
mg). A major difference observed using these scaffolds
compared with our previous work with electrospun scaffolds
was that collagen content normalized by weight following
28 days of culture in these scaffolds was almost 10-fold higher
than that observed previously.

This increase in collagen content was in agreement with
the results of Erisken et al. that larger fiber diameters lead to
an increase in type I collagen and tenomodulin expression
by human rotator cuff fibroblasts,5 and suggests that im-
proved understanding of the upper limit of biomimetic fiber
diameters would be beneficial to tendon tissue engineering
and to enhanced understanding of the interactions of focal

FIG. 6. Safranin-O/fast
green staining under visible
light (a), picrosirius red
staining under visible (b) and
orange/red birefringence ob-
served under polarized light
(c) for scaffolds from Roll A
of three different PLA crys-
tallinities cultured for 28 days
with hASCs. Scale bar repre-
sents 100mm. Mean – SD
pixel intensity of orange/red
birefringence at each assessed
polarizer angle, with 45� (d)
(n = 3) corresponding to the
direction of the collector of
the meltblowing apparatus.
*Difference between mean
pixel intensity and intensity at
0� polarizer angle for all
blends, ( p < 0.05, repeated
measures ANOVA, Tukey
post hoc test). Color images
available online at www
.liebertpub.com/tea
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adhesion complexes and early fibronectin matrix assembly
with biomaterials and subsequent collagen fibrillogen-
esis.32,33 In contrast to our current results and to the results
of others,5 Bashur et al., found that a smaller fiber diameter
(280 nm vs. 820 nm and 2300 nm) resulted in increased type
I collagen production along with increased decorin and te-
nomodulin expression in a rat bone marrow-derived mes-
enchymal stem cell model.34 Thus, it is apparent from these
studies that there could be a differential effect of fiber di-
ameter depending on cell type or species. In human mes-
enchymal stem cells, fibers with a diameter of 15mm
induced adipogenesis,35 fibers 2 mm in diameter induced
osteogenesis,35 while fibers *300 nm in diameter induced
chondrogenesis,36 all without tissue-specific induction me-
dia. Our results from this study suggest that fibers in the
9 mm range result in a tendon-like phenotype when cultured
with hASCs in the absence of specific growth factors. By
any measure, more work is needed to understand the effect
that fiber diameter plays on tenogenic differentiation.

To the best of our knowledge, neither fiber alignment
nor mechanical anisotropy has been reported previously for
meltblown fabrics. Surprisingly, all meltblown fabrics pro-
vided showed alignment parallel to the direction of travel of
the collector, and airflow velocity was related to the degree
of alignment. Previous electrospinning studies show that
alignment of electrospun fibers is beneficial for mechanical
properties,11,29,37 promotes expression of tenogenic mark-
ers,38 and governs matrix alignment.29,38 Substantial, aligned
type I collagen developed on the scaffolds over a 28-day
culture period suggests that cellular elongation and alignment
were also present,10 although these factors were not evaluated
in this study. While the degree of mechanical anisotropy in
these meltblown fabrics was substantially less than that re-
ported for electrospun scaffolds and for supraspinatus tendon
of the rotator cuff,11,39,40 the production parameters of the
meltblown assembly could be manipulated to permit intro-
duction of increased mechanical anisotropy. Overall, the
modulus of scaffolds in this study was still around 30%
of native supraspinatus tendon,39 but was on the same order
of magnitude as Food and Drug Administration-approved
extracellular matrix (ECM) and synthetic scaffolds.41,42 The
meltblown fabrics used in this study are thin enough to allow
for intra-operative deployment through an arthroscopic portal.
This represents an additional advantage for translation should
further study and refinement of these fabrics continue to be as
encouraging as this initial in vitro study.

Although matrix synthesis and aligned collagen were
observed throughout the thickness of the scaffold, there
were focal areas where no matrix was present, something
that we have not previously observed with electrospun
scaffolds.4,11 These regions were too large in cross section
to represent the fibers within the scaffolds, and have not
been identified as a cryosectioning artifact previously. The
cause of the incomplete matrix ‘‘fill’’ is unknown and is the
subject of ongoing investigation, but could represent inter-
actions between biomaterial factors (such as fiber diame-
ter, alignment, and packing [inter-fiber distance]) and the
number of fiber interactions of each individual cell, which
could potentially limit interfiber matrix synthesis.

The rapid degradation of unseeded PLA scaffolds over
28 days of in vitro culture was surprising since PLA is
known for its relatively long degradation time,43–45 how-

ever, similar rapid degradation has been observed by Pavia
et al. for PLA foams under standard culture media con-
ditions. In this case, approximately 20% loss of dry weight
was observed after 30 days culture in DMEM/FBS.46

However, we observed no significant loss of dry weight in
the unseeded PLA meltblown scaffolds after 28 days in
culture, but initial and day 28 dry weights were not ob-
tained by repeated measures of the same scaffolds. The
6100D and 6202D blends of PLA used in these studies
were specifically intended for fiber processes but were
marketed for food packaging rather than biomedical ap-
plications. Despite this, the glass transition temperatures
and crystalline melt temperatures of these blends were
similar to those reported for medical grade PLA. Processing
of PLA to protect the thermal stability of the polymer is
critical to prevent thermal degradation, the effect of which
is to reduce molecular weight and to potentially render the
polymer more susceptible to accelerated biodegradation.44

In future studies, additional optimization of the meltblow-
ing process factors, such as moisture level, residence time,
and temperature, could help preserve the thermal stability of
the polymer and subsequently the in vitro and in vivo degra-
dation rate. Evaluation of molecular weight of the PLA or
accumulation of degradation products in culture media could
offer further perspectives in future studies, should other limi-
tations of PLA for rotator cuff tendon tissue engineering and
tendon-bone regeneration be addressed. Future studies will
also examine the question of whether an alternative polymer
could further enhance meltblown fabrics for rotator cuff tendon
tissue engineering.

We did not examine the porosity or fiber density of the
fabrics. The density of fibers and size of the pores could have
played a role in cell–fiber interactions, matrix synthesis, and in
the tensile mechanical properties; future studies to refine the
application of meltblown scaffolds will evaluate these param-
eters. We also did not investigate tendon-related gene ex-
pression on these scaffolds, given the poor correlation between
differential tendon-related gene expression and development of
a tendon phenotype on fiber-based scaffolds,4,5,10,11,29 but are
currently working, as are others, to identify definitive markers
of tendon, tendon cell identity, and engineered tendon devel-
opment. Nonetheless, the observed robust aligned collagen
synthesis, negative staining for safranin-O by histological
evaluation, and high collagen:s-GAG ratio, as assessed by bio-
chemical analysis are more consistent with deposition of a
tendon-like extracellular matrix than with other expected tissue
phenotypes. However, we did not specifically eliminate the pos-
sibility of adipogenic, chondrogenic, or osteogenic differentia-
tion in the current study. Notwithstanding the relatively large
fiber diameters in the current study compared with our previ-
ous studies using single- and multilayered electrospinning, gene
expression profiles associated with these ‘‘off-target’’ pheno-
types in hASCs have not been observed on electrospun scaffolds
without the use of specific induction media or of incorporation of
tissue-specific biomimetic factors into the scaffolds,31 but these
molecular markers will be evaluated in future studies.

Conclusion

Together, these results confirm that meltblown fabrics
are biomimetic for hASCs and permit cell attachment,
spreading, proliferation, and demonstrate synthesis of an
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aligned tendon-like extracellular matrix. Meltblown fabrics
produced at highest airflow velocities increased fiber
alignment and anisotropy and had increased yield stress and
Young’s modulus compared with fabrics produced using
lower airflow velocities; these outcomes are essential for
tendon tissue engineering. With respect to PLA and crys-
tallinity, pure 6100D may be more suitable than 6202D or
blends, given the increase in yield stress and trend toward
inducing increased collagen synthesis observed, but these
findings await further validation. The meltblowing process
is a high-throughput process, which may offer several ad-
vantages over electrospinning for the purposes of commer-
cialization. Further manipulation of fabrication parameters
could further optimize opportunities for this technology in
tendon tissue engineering.
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