Available online at www.sciencedirect.com

ScienceDirect

Biomaterials

A T 4 \
ELSEVIER Biomaterials 28 (2007) 1967-1977

www.elsevier.com/locate/biomaterials

The effect of nanofiber alignment on the maturation
of engineered meniscus constructs

Brendon M. Baker®™®, Robert L. Mauck®®*

dMcKay Orthopaedic Research Laboratory, Department of Orthopaedic Surgery, University of Pennsylvania, Philadelphia, PA 19104, USA
®Department of Bioengineering, University of Pennsylvania, Philadelphia, PA 19104, USA

Received 3 October 2006; accepted 1 January 2007
Available online 23 January 2007

Abstract

The fibrocartilaginous menisci are load-bearing tissues vital to the normal functioning of the knee. Removal of damaged regions of the
meniscus subsequent to injury impairs knee function and predisposes patients to osteoarthritis. In this study, we employed biodegradable
nanofibrous scaffolds for the tissue engineering of the meniscus. Non-aligned (NA) or fiber-aligned (AL) nanofibrous scaffolds were
seeded with meniscal fibrochondrocytes (MFCs) or mesenchymal stem cells (MSCs) to test the hypothesis that fiber-alignment would
augment matrix content and organization, resulting in improved mechanical properties. Additionally, we proposed that MSCs could
serve as an alternative to MFCs. With time in culture, MSC- and MFC-seeded NA and AL constructs increased in cellularity and
extracellular matrix (ECM) content. Counter our initial hypothesis, NA and AL constructs contained comparable amounts of ECM,
although a significantly larger increase in mechanical properties was observed for AL compared to NA constructs seeded with either cell
type. Cell-seeded NA constructs increased in modulus by ~1 MPa over 10 weeks while cell-seeded AL construct increased by >7 MPa.
Additionally, MSC-constructs yielded greater amounts of ECM and demonstrated comparable increases in mechanical properties,
thereby confirming the utility of MSCs for meniscus tissue engineering. These results demonstrate that cell-seeded fiber-aligned
nanofibrous scaffolds may serve as an instructive micro-pattern for directed tissue growth, reconstituting both the form and function of
the native tissue.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The menisci are a pair of fibrocartilaginous wedges that
play a central role in knee mechanics, increasing con-
gruency and joint stability [1,2]. With normal use, forces of
several times body weight arise within the knee, with the
menisci transmitting 50-100% of this load [3.,4] through its
dense network of circumferentially aligned (AL) collagen
[5-8]. This ordered architecture engenders very high tensile
properties in the fiber direction (50-300 MPa) [6,7,9].
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Collagens make up 85-95% of the tissue [10,11], while
proteoglycans (PGs) comprise 2-3% of the dry weight, are
concentrated in the cartilage-like inner regions [12,13], and
contribute to the compressive properties of the tissue. This
extracellular matrix (ECM) is generated and maintained
by meniscal fibrochondrocytes (MFCs), a heterogeneous
cell population sparsely distributed throughout the tissue
[10,12,14].

While the meniscus functions well with normal use,
failures may occur as a result of traumatic injury or
degenerative processes [15,16]. Repaired tears in the
vascular periphery heal well, while those in the avascular
inner region fail to do so, and thus damaged elements are
commonly resected via partial meniscectomy. Removal of
tissue results in higher cartilage contact stresses which may
predispose patients to osteoarthritic (OA) progression.
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Replacing damaged regions of the meniscus with a living,
biodegradable, mechanically competent construct may
restore function and protect against further deleterious
changes in the joint.

To this end, a number of tissue engineering strategies for
restoring the meniscus have been developed. These
strategies include the delivery of cells to the defect site,
including chondrocytes, MFCs, and mesenchymal stem
cells (MSCs) [17-19]. Additionally, direct replacement has
been performed using both natural and synthetic scaffolds,
including collagen-based grafts and macroporous poly-
meric meshes [20-22]. These studies suggest that cell- and
scaffold-based interventions hold promise for effective
meniscus repair.

To further this area of inquiry, we focus on the
generation of engineered meniscus constructs using nanofi-
brous biodegradable scaffolds formed via electrospinning.
In this process, non-woven fibrous meshes are generated
with fiber diameters on the order of hundreds of
nanometers [23,24]. These nanofibrous scaffolds can be
produced from a range of polymers and biopolymers
[25-29], with composition dictating the as-formed mechan-
ical properties of the mesh and its degradation rate.
Numerous cell types attach to, differentiate on, and
infiltrate these scaffolds, including MFCs and MSCs
[30-32].

As described above, the fiber architecture and alignment
of the meniscus endows the tissue with its unique
functional properties. As such, this architecture must be
one of the first considerations when engineering replace-
ment constructs. To address this issue, nanofibrous meshes
with controlled fiber alignment were produced by directing
fiber deposition onto a rotating shaft [33,34], with the
degree of alignment controlled by the target rotation speed.
This controllable architecture in turn dictates the aniso-
tropic mechanical properties of the scaffold [25,30,35,36].
In this study, we hypothesize that, when seeded with cells,
AL scaffolds will serve as a 3D micro-pattern for directing
neo-tissue formation, resulting in a mature construct with
enhanced matrix content, organization, and mechanical
properties compared to non-aligned (NA) scaffolds simi-
larly maintained. Further, we test the hypothesis that
MSCs may serve as a viable alternative to MFCs. To
evaluate these hypotheses, MSCs and MFCs were seeded
on both NA and AL nanofibrous scaffolds and cultured
over a 10-week period in a chemically defined chondro-
genic medium. We evaluated initial cell-scaffold interac-
tions and long-term accumulation and distribution of
ECM and the resulting change in mechanical properties.

2. Materials and methods
2.1. Nanofibrous scaffold production

Poly(e-caprolactone) (PCL) nanofiber meshes were produced via
electrospinning as described in [32]. Briefly, a 14.3% w/v solution of
PCL (Sigma, 80 kD) was prepared in a 1:1 solution of tetrahydrofuran and

N,N-dimethylformamide (Fisher Chemical, Fairlawn, NJ) with contin-
uous agitation over 72h. A total of 10ml of the polymer solution was
gravity fed from a vertically oriented 10ml syringe fitted with a stainless-
steel 18-G blunt needle, the end of which was positioned 20 cm above a
grounded collecting surface. For NA scaffolds, the collecting surface
consisted of a stationary copper plate covered with aluminum foil. To
produce AL scaffolds, the copper plate was replaced with a mandrel
(1” diameter, 8" length) rotating at ~7500 rpm, corresponding to a linear
velocity of ~10m/s [37]. A power supply (Gamma High Voltage Research
Inc., Ormond Beach, FL) was used to apply a 13kV potential difference
between the needle and the collecting surface. Nanofibers were collected
for 12-16h, resulting in a fiber mat ranging in thickness from 0.9 to
1.3mm. NA and AL scaffolds used in this study were of similar
thicknesses and distribution (NA: 1.14mm, AL: 1.11 mm, p>0.487).

2.2. Cell isolation and expansion

MFCs were isolated from the lateral and medial menisci of 3—6-month-
old calves. MSCs were isolated from the tibial trabecular bone marrow of
the same animals. For each replicate study, cells isolated from a minimum
of three donors were pooled. For MFC isolation, menisci were diced into
1-2mm° pieces and placed in tissue culture dishes with basal medium
(DMEM containing 1 x PSF (100 units/ml penicillin, 100 pg/ml strepto-
mycin, 0.25 pg/ml fungizone) and 10% fetal bovine serum (FBS)). MFCs
emerged from these pieces over a 1-2-week period and were sub-cultured
at a 1:3 ratio through passage 2 as in [38]. MSCs were harvested from the
tibial trabecular bone marrow of the same donors as in [39]. Briefly, the
proximal end of the tibia was sectioned and trabecular marrow freed into
DMEM supplemented with 300 units/mL heparin. After centrifugation for
Smin at 500g, pelleted matter was resuspended in basal medium and
plated in 150 mm tissue culture dishes. Adherent cells formed numerous
colonies through the first week, and were subsequently expanded through
passage 2 at a ratio of 1:3 as above.

2.3. Scaffold seeding and culture

To produce cell-seeded constructs, individual scaffolds were excised as
strips from nanofibrous sheets at 25 mm length by 5Smm width. For AL
sheets, the long axis of the construct corresponded to the prevailing fiber
direction. Strips were disinfected and rehydrated with decreasing
concentrations of ethanol (100%, 70%, 50%, 30%; 30min per step).
For acellular degradation studies, constructs were incubated in phosphate-
buffered saline (PBS) at 37 °C. For cell-seeding studies, the rehydration
step was concluded by incubation in 20 pg/mL fibronectin in PBS for 12h
followed by two Smin washes in PBS. To seed scaffolds, 50 ul aliquots
containing 2.5 x 10° cells (MSCs or MFCs) were loaded onto each scaffold
four times (twice per side) at 30 min intervals. After allowing an additional
2h for cell attachment, seeded constructs were cultured in 3mL of
chemically defined medium (high glucose DMEM with 1 x PSF, 0.1 um
dexamethasone, 50 pg/mL ascorbate 2-phosphate, 40 ug/mL r-proline,
100 pg/mL sodium pyruvate, 1 x ITS+ (6.25pug/ml insulin, 6.25 pg/ml
transferrin, 6.25ng/ml selenous acid, 1.25mg/ml bovine serum albumin,
and 5.35 pg/ml linoleic acid) with 10 ng/mL TGF-f3) in non-tissue culture
treated 6-well plates. This chemically defined media formulation was used
as it has previously been shown to both induce chondrogenesis of MSCs as
well as promote deposition of fibrocartilaginous ECM by MFCs in pellet
culture [38]. Media (and PBS) were changed twice weekly over a 10-week
period.

2.4. Visualization of cell-scaffold interactions

NA and AL scaffolds seeded with MSCs were examined with the Live/
Dead kit (Molecular Probes, Eugene, OR) after 24 h of culture to visualize
cell morphology. Images of calcein AM-stained MSCs on AL and NA
scaffolds were acquired with an inverted fluorescent microscope (Axiovert
200, Carl Zeiss Microlmaging Inc., Thornwood, NY) at a magnification of
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Table 1

Change in measured parameters (compared to day 1) for two replicate studies of MFC- and MSC-laden AL and NA nanofibrous scaffolds over 70 days in

free swelling culture

Study 1? Study 2

Cell type MFC MSC MEC MSC

Scaffold alignment NA AL NA AL NA AL NA AL
AMass (mg) 33 2.8 2.5 2.5 5.6 5.1 8.8 6.5

ADNA (ng) 8.9 9.2 5.3 7.3 11.8 13.0 9.6 10.2
AGAG (ng) 104 161 151 303 165 203 325 405
ACollagen (ug) 119 173 162 213 124 133 139 206
AStiffness (N/mm) 0.4 4.2 0.7 4.5 0.1 5.6 1.0 6.8

AModulus (MPa) 1.0 7.6 1.4 7.2 —0.4 4.4 1.3 7.2

#Data from Study 1 are plotted in this manuscript.

20 x . Additional samples were fixed in phosphate-buffered 4% para-
formaldehyde for imaging with scanning electron microscopy (SEM).
These specimens were dehydrated in ethanol (four steps, 30-100%, 60 min
per step) with terminal dehydration in hexamethyldisilane under vacuum
[40]. After AuPd sputter coating, SEM was used to image both acellular
and cell-seeded scaffolds (JEOL 6400, Penn Regional Nanotechnology
Facility).

2.5. Mechanical testing

Uniaxial tensile testing was performed with an Instron 5848 Micro-
tester equipped with serrated vise grips and a 50N load cell (Instron,
Canton, MA). A 0.5N preload was applied for 180s to ensure proper
seating of the sample. An externally mounted digital camera was used to
obtain sample thickness and width from front and side views of the
preloaded sample. After noting gauge length with a digital caliper, samples
were preconditioned with 10 cycles of 0.5% of gauge length at 0.1 Hz and
subsequently extended to failure at 0.1% of gauge length per second.
Construct stiffness was determined from the linear region of the
force—elongation curve. Construct modulus was determined from these
data based on the sample geometry and measured gauge length.

2.6. Biochemical content

After testing, samples were stored at —80°C until processing for
biochemical composition. Samples were lyophilized in a Freezone 4.5
Freeze Dry System (LabConco, Kansas City, MO) for 24 h and weighted
to determine dry weight. After papain digest as in [39], samples were
processed for DNA, sulfated glycosaminoglycan (s-GAG), and collagen
content using the Picogreen double-stranded DNA (dsDNA) (Molecular
Probes, Eugene, OR), DMMB dye-binding [41], and orthohydroxyproline
[42] assays, respectively. These data are reported as mass of ECM element
(s-GAG or collagen) per construct and as ECM content normalized to
DNA content.

2.7. Histological analysis

At each time point, samples were fixed overnight at 4°C in 4%
phosphate-buffered paraformaldehyde, washed in PBS, and frozen in
Optimal Cutting Temperature compound (OCT, Sakura Finetek USA
Inc., Torrance, CA). Cross-sections (spanning the depth and width of the
scaffold) were cut to 8 um with a Cryostat (Microm HM500, MICROM
International GmbH, Waldorf, Germany). Sections were rehydrated and
stained with haematoxylin and eosin (H&E), Alcian blue (AB, pH 1.0), or
Picrosirius red (PSR) for cells, PGs, or collagens, respectively. On separate
samples at the terminal time point (day 70), serial 8 um sections through
the depth were removed en face (in the length-width plane of the scaffold).

En face sections taken deep to the scaffold surface were stained with PSR
to enhance birefringence and imaged using a polarizing light microscopy
system (DMLP, Leica Microsystems, Germany) to assess collagen
organization. Images were acquired at a magnification of 5 x for cross-
sections and 10 x for en face sections with a color CCD digital camera.

2.8. Statistical analysis

Analysis of variance (ANOVA) was carried out with SYSTAT (v10.2,
Point Richmond, CA) with Fisher’s LSD post hoc tests used to make pair-
wise comparisons between groups, with significance set at p<0.05. For
both cellular and acellular (degradation) studies, two replicate studies were
carried out with distinct donors and scaffold productions, with >5
samples analyzed per assay per replicate. Data from cellular studies are
presented as mean +standard deviation (SD) for a single replicate study,
with terminal data from both replicates shown in Table 1.

3. Results
3.1. Scaffold characterization and cellular interactions

As we have previously reported [36,37], NA nanofibrous
scaffolds can be generated with deposition onto a
stationary, grounded collecting plate (Fig. 1A), while an
organized AL array of these same fibers may be generated
by replacing the plate with a rotating mandrel (Fig. 1B). In
this study, orientation and shape of cells (MFCs or MSCs)
were dictated by the scaffold architecture. For example,
after 1 day in culture, MSCs viewed via SEM (Fig. 1C and D)
and by vital staining (Fig. 1E and F) appeared polygonal
on NA scaffolds while those on AL scaffolds took on a
polarized morphology with their long axis oriented in the
prevailing fiber direction. When acellular NA and AL
scaffolds were incubated for 70 days in PBS, no change in
mechanical properties was observed (data not shown, NA:
p>0.83, AL, p>0.09, n = 5-10 per time point).

3.2. Biochemical content of cell-laden scaffolds

To assess long-term maturation of constructs, cell-seeded
scaffolds were cultured for 10 weeks in a chemically defined
medium in two replicate studies. Data from one represen-
tative study is shown, with the change in measured
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Fig. 1. Biodegradable scaffolds with sub-micron fiber diameters may be formed with randomly oriented fibers or with a distinct fiber alignment. Fibrous
architecture dictates initial cell-scaffold interactions, including shape and polarity. SEM images of acellular (A) non-aligned (NA) and (B) aligned (AL)
scaffolds. SEM and fluorescent images of MSCs on NA (C, E) and AL (D, F) scaffolds after one day of culture. Scale bar: 50 pm.

parameters over the time course for each replicate provided
in Table 1.

With time, both MSC- and MFC-laden constructs
increased in mass (Fig. 2A). Irrespective of scaffold
architecture, an ~3 mg increase in mass was observed for
both cell types over 10 weeks (p<0.05). Additionally,
constructs thickened with time (data not shown, p<0.005),
increasing by ~40% by day 70. Cell number, as measured
by DNA content, was dependent on time in culture
(p<0.001), scaffold alignment (p<0.001), and cell type
(»<0.001). Notably, DNA content increased in both MSC
and MFC-seeded constructs up to day 42, after which
levels plateaued (Fig. 2B). At the final time point, MSC-
seeded constructs contained fewer cells than MFC-seeded
constructs (AL: p<0.05, NA: p<0.001).

ECM content also increased in constructs in a time-
dependent manner. s-GAG content increased in all groups
by day 42 (Fig. 3A, p<0.001). For this replicate study, all
groups, with the exception of NA-MSC, continued to
increase in s-GAG content through day 70. Overall, the
total s-GAG per construct was highly dependent on time in
culture (p<0.001) and cell type (p<0.001). While there
were differences in s-GAG content observed between AL
and NA scaffolds at certain time points (particularly at
day 70), neither architecture resulted in consistently higher

s-GAG content at every time point. Similar trends were
seen after normalizing s-GAG to DNA content. By day 42,
MSCs seeded on both NA and AL scaffolds produced
higher amounts of s-GAG (and s-GAG/DNA) than their
MFC counterparts (Fig. 3A and B, p<0.001).

Total collagen per construct was dependent on time
(p<0.001), cell type (p<0.001), and alignment (p<0.001,
Fig. 4A). Collagen was not detectable in day 1 samples. By
day 14, collagen was detected in all groups and significant
increases were observed between days 14 and 42 (p<0.001),
as well as from day 42 to 70 (p<0.001). As with s-GAG
content, MSC-seeded constructs contained higher collagen
than MFC-seeded constructs, irrespective of underlying
architecture, from day 42 forward (p<0.001). Within
a cell type, no difference was observed between AL
and NA constructs at days 14 (MSC: p>0.16, MFC:
p>0.23) and 42 (MSC: p>0.20, MFC: p>0.57). On day
70, modest increases were seen in the collagen content of
AL compared to NA constructs for both cell types
(p<0.001). These findings suggest that scaffold alignment
has less effect on collagen production than time in culture
or cell type. For collagen data normalized to DNA content
(Fig. 4B), cell type had a strong influence (p <0.001) while
scaffold architecture had no effect (p>0.75), even on
day 70. Irrespective of architecture, MSC-laden constructs
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Fig. 2. Cell-seeded constructs increase in mass and DNA content with
time in culture. Construct mass (A) and DNA content (B) of MFC- and
MSC-laden AL and NA nanofibrous scaffolds. *Indicates p <0.05 vs. day
1 within group for construct mass (bracket indicates all groups at time
point); *Indicates p<0.001 vs. day 1 within group for DNA content, n = 5
per group per time point.

contained more collagen per cell than MFC-laden constructs
on days 14 (p<0.05), 42 (p<0.001), and 70 (»<0.001).

3.3. Histologic appearance of cell-laden scaffolds

Cell localization and regional distribution of matrix
deposition were assessed by staining of construct cross
sections with time in culture (1-70 days), cell type (MFC
and MSC), and scaffold architecture (NA and AL). No
striking differences were observed between NA and AL
scaffolds, and so the time course of cell infiltration is shown
only for AL scaffolds for each cell type. H&E staining
revealed a time-dependent progression of cellular infiltra-
tion (Fig. 5). On day 1, a sparse cell population was
observed on the periphery (data not shown) that by day 14
completely covered the construct and had penetrated
through the outer 100-200 um (Fig. 5A and B). By day
42, constructs were covered with a multi-layer sheath of
cells (Fig. 5C and D), with some cells penetrating to depths
of ~300 um from each edge. By day 70, MFCs and MSCs
colonized the entire scaffold thickness, though they
remained less dense at the center compared to the edge
(Fig. 5SE and F). A similar time course and final degree of
colonization was observed for NA scaffolds seeded with
both cell types (Fig. 5G and H).
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Fig. 3. MFCs and MSCs deposit a proteoglycan-rich matrix on NA and
AL scaffolds with time in culture. Total s-GAG content per scaffold (A)
and s-GAG content normalized to DNA (B) of MFC- and MSC-laden AL
and NA nanofibrous scaffolds with time in culture. *Indicates p <0.001 vs.
day 1 within group; *Indicates p<0.001 vs. NA within same cell type at
same time point; 'Indicates p<0.001 vs. MFC group of same alignment at
same time point, #» = 5 per group per time point.

Over the same time course, PG staining became more
intense for both cell types, regardless of scaffold alignment
(data not shown). At early times, PG was most concen-
trated at the scaffold periphery (coincident with cells),
though a deep and homogenous distribution was seen
by day 70 for both MSC- and MFC-seeded constructs
(Fig. 6A and B). PG staining was generally greater for
MSC- than for MFC-seeded constructs. Compared to PG
staining, collagen was more heavily concentrated at the
scaffold boundary (Fig. 6C and D). By day 70, the outer
~300um of each side of the scaffold showed similar
staining intensity. Differences between MSC- and MFC-
seeded constructs were less prominent than for PG
staining. Alignment of collagenous matrix in day 70 en
face sections taken ~200 um deep to the construct surface
showed a marked difference in organization in AL
compared to NA constructs for both cell types (Fig. 7).
Specifically, while abundant PSR staining was observed
in en face sections for both NA and AL scaffolds,
more intense birefringence (orange in polarized images)
corresponded to AL collagen deposition only in AL
constructs.
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Fig. 4. MFCs and MSCs deposit a collagen-rich matrix on NA and AL
scaffolds with time in culture. Total collagen content per scaffold (A) and
collagen content normalized to DNA (B) of MFC- and MSC-laden AL
and NA nanofibrous scaffolds with time in culture. *Indicates p <0.001 vs.
day 1 within group; *Indicates p<0.001 vs. NA within same cell type at
same time point; 'Indicates p<0.001 vs. MFC group of same alignment at
same time point, » = 5 per group per time point.

3.4. Tensile mechanical properties of cell-laden scaffolds

Tensile testing was carried out to determine the
contribution of newly formed matrix to the load-bearing
capacity of constructs with time in culture (stiffness,
Fig. 8A; modulus, Fig. 8B). At the outset of culture
(day 1), stiffness and modulus of AL scaffolds were
~3-fold higher than NA scaffolds (p<0.001). For cell-
seeded scaffolds, both time in culture (p<0.001) and
scaffold alignment (p<0.001) were determining factors in
the mechanical properties of each construct, while cell type
was not (p>0.344). NA constructs, regardless of cell type,
showed a nominal increase in modulus. For example MFC-
seeded NA constructs increased from 4.0 MPa on day 1 to
5.0 MPa on day 70, a 25% increase. Similarly, the stiffness
of these constructs increased from 1.5 to 1.8 N/mm. In
contrast, MFC-laden AL constructs increased in modulus
over the same time course, from 12.1 to 19.7 MPa, a 63%
increase (p<0.001). Likewise, these constructs nearly
doubled in stiffness from 4.5N/mm on day 1 to 8.7N/
mm on day 70. Notably, these increases in mechanical
properties were directed by the AL scaffold architecture
and not cell type, as MSCs performed similarly to MFCs in
both replicate studies (Table 1).

4. Discussion

The mechanical function of the meniscus is dependent on
its unique fiber-aligned collagen architecture. When da-
mage occurs, this architecture is interrupted and the ability
of the meniscus to transmit load is compromised [1]. In this
study, we address the repair of such defects with the
fabrication and maturation of meniscus constructs using
nanofibrous scaffolds whose architecture and anisotropy
mimic that of the native tissue. We evaluated NA and AL
nanofibrous meshes (Fig. 1) formed from PCL, a slow
degrading polyester. As we have previously reported [36],
deposition of PCL nanofibers onto a rotating mandrel
results in scaffolds with significant anisotropy, such that
AL scaffolds tested in the fiber direction were three times
stiffer than NA scaffolds at the outset of the study (Fig. 8).
Further, nanofibrous meshes formed from PCL maintain
their organization and fiber diameter for long time periods
in physiologic conditions, offering a stable micro-pattern
for directed matrix deposition [27].

When seeded with MFCs or MSCs, the underlying
architecture of the nanofibrous scaffolds directed cellular
morphology. The aligned cellular arrays produced in this
study are similar to those observed when cells are exposed
to micro-contact printed strips [43,44] and topographic
channels [45] in monolayer cultures. During culture in a
chemically defined medium, cells divided and occupied the
entirety of the scaffold, and deposited a fibrocartilaginous
matrix similar in composition to the native tissue. This
ECM contributed to time-dependent increases in the
mechanical properties of the construct. Most strikingly,
these increases depended primarily on underlying scaffold
architecture—both MSC- and MFC-seeded NA scaffolds
increased by ~1 MPa, while these same cells increased AL
scaffold properties by >7MPa. Interestingly, while
marked increases in mechanical properties only occurred
with AL scaffolds (Fig. 8), both cell types on NA and AL
scaffolds resulted in similar cell content and degree of
infiltration as well as comparable bulk quantities of ECM
(Figs. 3 and 4). This finding is counter to that previously
observed on AL polyurethane nanofibers after 1 week of
culture, where AL scaffolds increased collagen deposition
by ligament fibroblasts compared to NA scaffolds [46]. In
aligned monolayer cultures, linecar arrays of fibroblasts
organize their collagen deposition with respect to the
underlying surface topography [45]. Preliminary analysis of
collagen organization suggests a similar mechanism at
work in AL scaffolds, with pronounced collagen alignment
observed under polarized light (Fig. 7). These findings
suggest that AL scaffolds serve as a 3D micro-pattern for
directing both the short- and long-term organization of
cells and newly deposited ECM, and that this organization,
rather than the amount of matrix produced, dictates the
functional maturation of these meniscal constructs.

At the outset of this study, we hypothesized that, given
their ability to undergo mixed fibrous/cartilaginous differ-
entiation, MSCs may serve as a useful alternative to MFCs



B.M. Baker, R.L. Mauck | Biomaterials 28 (2007) 19671977 1973

B

Fig. 5. MFCs and MSCs infiltrate nanofibrous scaffolds in a time-dependent fashion, with full colonization occurring between days 42 and 70. H&E
staining of cross sections of MSC- (A, C, E) and MFC- (B, D, F) laden AL scaffolds on days 14 (A, B), 42 (C, D), and 70 (E, F). NA scaffolds seeded with
MSCs (G) and MFCs (H) on day 70 are shown for comparison. Scale bar: 500 pm.

for the production of meniscus constructs. The clinical
need for an alternative to MFCs arises from the scarcity of
healthy autologous cells, and the fact that invasive surgical
procedures are required for their isolation. MSCs may be
suitable for this application, as they are readily available
from bone marrow [47], and can be isolated from aged
donors without significant loss in fibrocartilaginous poten-
tial [48]. The results of this study show that MSC-laden
constructs produce higher levels of collagen and PG than
MFC-laden scaffolds similarly maintained. Importantly,
the MSC-deposited matrix is functional, leading to
equivalent gains in the mechanical properties of constructs
seeded with either cell type. It should be noted that the
analyses carried out in this study were solely bulk measures
of PG and collagen accumulation. Quantitative assessment
of meniscus-specific matrix components, such as collagen

types as well as expression and distribution of decorin,
versican, and biglycan [14,49], may shed further light on
similarities and differences between MFCs and MSCs, as
well as the macromolecular underpinnings of the improve-
ment of functional mechanical properties seen in AL
compared to NA scaffolds in this study. Nevertheless, these
findings do demonstrate the potential of MSCs to colonize
and produce mechanically functional ECM in AL nanofi-
brous scaffolds in a manner similar to healthy primary
MFCs, indicating their potential for meniscus tissue
engineering applications.

While the results of this study are promising and
repeatable (Table 1), several issues remain to be optimized
in the production of a functional construct for meniscus
repair. First, the mechanical properties of cell-seeded AL
scaffolds approach only ~20 MPa, a value ~1/10th [9] to
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Fig. 6. Histological staining of collagen and proteoglycan (PG) deposition over the cross sections of cell-laden AL constructs on day 70. MFC- (A, B) and
MSC- (C, D) laden AL nanofibrous stained with Alcian Blue (A, C) for PGs and Picrosirius Red (B, D) for collagens. PG deposition is observed
throughout the scaffold, while collagen is restricted to the outer two-thirds. Scale bar: 500 pm.

Fig. 7. Scaffold architecture influences the organization of forming neo-tissue with long-term culture. Bright-field (A, C) and polarized light (B, D)
microscopy images of en face sections of NA (A, B) and AL (C, D) scaffolds seeded with MSCs on day 70. Sections were taken ~200 um deep to the
scaffold surface and stained with Picrosirius Red (PSR) to enhance birefringence of collagen stained areas (orange). Scale bar: 200 um.

~1/3rd [31] that of the native tissue measured in the fiber
direction. One explanation for this finding may be tied to
development. Similar to such tissues as the annulus
fibrosus of the intervertebral disk [50], AL meniscus cells
arise first, prior to organized matrix deposition [51]. At this

stage of development, if mechanical forces resulting from
in utero muscle contraction are abrogated, the meniscus
fails to mature and ultimately regresses [52]. Conversely,
with continued normal motion, and more strikingly with
load-bearing use, initial cellular organization presages a
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Fig. 8. Time-dependent changes mechanical properties of cell-laden
constructs are dependent on starting scaffold architecture but not cell
type. Tensile properties (stiffness: A; modulus: B) of MFC- and MSC-
laden AL and NA nanofibrous scaffolds with time in culture. *Indicates
p<0.001 vs. day 1 within group; #Indicates p<0.001 vs. NA within same
cell type at same time point; n = 5 per group per time point.

rapid and robust accumulation of dense fiber-reinforced
ECM [51]. In this study, matured cell-seeded AL scaffolds
possess the appropriate cell and matrix organization, but,
like the developing native tissue, may require additional
signals such as mechanical preconditioning to achieve
properties comparable to the functionally differentiated
adult load-bearing tissue.

A second limitation found in this study was the long time
course required for mechanical properties to emerge. This
slow accumulation in properties may be related to the rate
at which cells colonize the scaffold interior. In this study,
full colonization of ~1 mm thick scaffolds was achieved,
but only between the 6- and 10-week culture time points
(Fig. 5). Further, while cells colonized the entirety of the
scaffold, their distribution and that of the forming matrix
remained biased towards the outer periphery (Fig. 6).
Similar findings have been noted in nanofibrous meshes of
various compositions implanted in a rat model [53]. A
number of strategies have been proposed to address this
issue, including electrospraying cells directly into the
forming nanofibrous scaffold during deposition [54].
Alternatively, design criteria may be imposed on polymer
composition such that scaffold degradation is tuned to
promote cellular colonization.

5. Conclusions

The results of this study demonstrate that AL nanofi-
brous scaffolds serve as a micro-pattern for directed tissue
growth and that, when seeded with either MFCs or MSCs,
produce constructs with improved mechanical properties
compared to NA scaffolds. Importantly, these improve-
ments were dependent on the organization of the forming
neo-tissue, and not on its overall content. Furthermore, we
showed that MSCs serve as a viable alternative, colonizing
and forming ECM and mechanical properties on par with
that formed by native MFCs. While properties improve
substantially on AL scaffolds, these studies highlight the
need for further optimization to achieve native tissue
properties. Additional considerations, such as the inclusion
of radial tie fibers and recapitulation of the anatomic
wedge-shaped form, may also be important for improving
construct integrity and in vivo application. If successful,
these scaffolds will find wide application in the repair of
meniscal defects, a prevalent and otherwise untreatable
orthopedic condition. Further, these AL nanofibrous
scaffolds may in general offer a ready solution to the
challenge of tissue engineering other dense fibrous tissues
of the musculoskeletal system whose mechanical function is
critical to locomotion but whose endogenous repair is
limited.
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