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Abstract

Despite advances in tissue engineering for the knee meniscus, it remains a challenge to match the 

complex macroscopic and microscopic structural features of native tissue, including the 

circumferentially and radially aligned collagen bundles essential for mechanical function. To 

mimic this structural hierarchy, this study developed multi-lamellar mesenchymal stem cell 

(MSC)-seeded nanofibrous constructs. Bovine MSCs were seeded onto nanofibrous scaffolds 

comprised of poly(ε-caprolactone) with fibers aligned in a single direction (0° or 90° to the 

scaffold long axis) or circumferentially aligned (C). Multi-layer groups (0°/0°/0°, 90°/90°/90°, 

0°/90°/0°, 90°/0°/90°, and C/C/C) were created and cultured for a total of 6 weeks under 

conditions favoring fibrocartilaginous tissue formation. Tensile testing showed that 0° and C 

single layer constructs had stiffness values several fold higher than 90° constructs. For multi-layer 

groups, the stiffness of 0°/0°/0° constructs was higher than all other groups, while 90°/90°/90° 

constructs had the lowest values. Data for collagen content showed a general positive interactive 

effect for multi-layers relative to single layer constructs, while a positive interaction for stiffness 

was found only for the C/C/C group. Collagen content and cell infiltration occurred independent 

of scaffold alignment, and newly formed collagenous matrix followed the scaffold fiber direction. 

Structural hierarchies within multi-lamellar constructs dictated biomechanical properties, and only 

the C/C/C constructs with non-orthogonal alignment within layers featured positive mechanical 

reinforcement as a consequence of the layered construction. These multi-layer constructs may 
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serve as functional substitutes for the meniscus as well as test beds to understand the complex 

mechanical principles that enable meniscus function.
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1. Introduction

The menisci are crescent-shaped fibrocartilaginous tissues that function to transmit and 

distribute complex loads between the femur and tibia at the knee joint. Meniscus function is 

enabled by the hierarchical organization of the extracellular matrix (ECM), including 

bundles of highly aligned collagen fibers that circumnavigate the tissue between the 

insertion sites on the tibial plateau. These fiber bundles bear tensile hoop stresses when the 

wedge-shaped meniscus is compressed axially, thereby increasing the contact area over 

which loads are transmitted and decreasing stress concentrations on the opposing articular 

cartilage (Ahmed, et al., 1983, Kurosawa, et al., 1980, Maher, et al., 2010, Zielinska, et al., 

2006). In addition, the meniscus contains radial bundles that are orthogonal to and 

interdigitate with circumferentially aligned bundles (Andrews, et al., 2014, Petersen, et al., 

1998). These tie fibers provide additional mechanical reinforcement and are thought to 

prevent separation of circumferentially aligned bundles. Together, this organized and 

hierarchical collagenous ECM endows the tissue with highly anisotropic mechanical 

properties in tension, which are highest in the circumferential direction (Bursac, et al., 2009, 

Fithian, et al., 1990, Makris, et al., 2011, Proctor, et al., 1989, Skaggs, et al., 1994).

Injuries to the meniscus are common, though the complex nature of these injuries often 

renders suture-based repairs ineffective or impossible (Garrett, et al., 2006, Greis, et al., 

2002). As a result, partial removal of the meniscus represents the most commonly performed 

orthopaedic surgery in the U.S. (Garrett, et al., 2006, Lubowitz, et al., 2011), despite the fact 

that removal increases the likelihood of osteoarthritis (Bedi, et al., 2010, Lubowitz, et al., 

2011, Petty, et al., 2011)(3), and recent evidence showing little if any improvement in 

patient outcomes compared to no treatment for degenerative meniscus injuries (Sihvonen, et 

al., 2013). Though less common, severe injuries may be treated via replacement of the entire 

meniscus with allograft tissue. However, issues with these grafts include donor availability, 

size matching, disease transmission, incomplete cellular incorporation post-surgery, and 

poor integration to the surrounding tissues (Greis, et al., 2002). In order to overcome these 

limitations, a number of tissue engineered (TE) constructs and scaffolds have been 

developed to replace portions of the damaged meniscus (Aufderheide, et al., 2007, Ballyns, 

et al., 2011, Cook, et al., 2006, Heijkants, et al., 2004, Kelly, et al., 2007, Mandal, et al., 

2012, Stone, et al., 1992, Veth, et al., 1986). An increasing number of these engineered 

materials have focused on matching macroand micro-structural features of native tissue that 

enable its complex load bearing function. This has been achieved by scaffold processing 

techniques (to ‘engineer in’ scaffold organization) or through stimulation of cells within 

constructs to generate aligned and hierarchically organized matrix (via the provision of 
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topographical and mechanical cues) (Aufderheide, et al., 2007, Balint, et al., 2012, Kelly, et 

al., 2007, Puetzer, et al., 2013).

While promising, these approaches have not yet culminated in cellularized constructs 

possessing the macroscopic and microscopic multi-scale structure and function of the native 

meniscus. For example, aligned nanofibrous scaffolds produced via electrospinning can 

recapitulate the mechanical anisotropy of the meniscus over small length scales 

(millimeters) (5,6), and seeding with human meniscus cells increased tensile properties with 

time in culture by directing organized tissue formation (Baker, et al., 2007). Further, 

production of these scaffolds can be modified so as to replicate the circumferential 

macroscopic orientation of fibers within a single plane over longer length scales 

(centimeters) (7). Despite these advances, it remains a challenge to generate scaffolds 

matching the anatomic size and shape of the meniscus while allowing for complete cellular 

infiltration upon implantation. Moreover, anatomic directionality and hierarchical 

organization into orthogonal fiber structures (circumferential and radial tie fibers) has not 

yet been investigated.

To address these limitations, the current study developed methods to assemble individual 

cell-seeded layers to form multi-layer constructs that replicate the micro- and macro-scopic 

structure and function of the meniscus. These methods were originally developed for the 

annulus fibrosus (AF) of the disc (Driscoll, et al., 2011, Nerurkar, et al., 2009). In those 

studies, newly formed ECM within and between layers that were oriented in an angle ply 

configuration (+/−30° with respect to the long axis, similar to the native AF) produced a 

reinforcing effect via ECM mediated resistance to shearing between the layers. Here, we 

extend this concept to the evaluation of a three layer scaffold seeded with mesenchymal 

stem cells (MSCs) where layers were assembled in an orthogonal pattern to mimic the 

circumferential and radial tie fibers of the native meniscus. Additionally, unlike the AF 

which features layers with fibers that are preferentially aligned in a single direction, the 

meniscus consists largely of circumferential fibers that change in their spatial orientation, 

which we also engineered into our multi-layer scaffolds using a recently developed 

technology (Fisher, et al., 2013). We hypothesized that the different multi-layer construction 

algorithms would yield different mechanical outcomes, with increasing properties in 

constructs containing a greater fraction of fibers oriented in the aligned (or circumferential) 

direction. Based on recent models of inter-layer interactions (Nerurkar, et al., 2011), we 

further hypothesized that, with increasing time in culture, only multi-layers containing “non-

orthogonal” fiber alignment within or between layers would produce inter-layer matrix that 

conferred an additional mechanical reinforcement effect in the construct.

2. Materials and Methods

2.1. Scaffold Fabrication

Nanofibrous scaffolds composed of poly(ε-caprolactone) (PCL, 80 kDa) were created via 

electrospinning (5–7). Briefly, PCL was dissolved in equal parts dimethylformamide and 

tetrahydrofuran (Fisher Chemical) at 40°C (14.3% w/v) and driven through an 18G needle 

charged to +12kV (Gamma High Voltage Research Inc.) at 2 mL/hr. The needle was 

situated ~150 mm from the collection mandrel. Separate collection mandrels were designed 
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to collect fibers along the long-axis of a rotating cylinder or the end of a rotating disk (~10 

m/s surface velocity) to collect fibers with uniform alignment in a single direction (linearly 

aligned) or circumferentially aligned, respectively (Fisher, et al., 2013). Mats of ~250µm 

thickness were formed, and from these, individual scaffolds (5 mm in width × 40 mm in 

length) were isolated (Fig. 1A). From linearly aligned mats, scaffolds were produced such 

that the long axis was parallel (0°) or perpendicular (90°) to the fiber direction. Additional 

scaffolds were produced such that the midpoint of the long-axis of the scaffolds was tangent 

to the radial direction of the fibrous mat, capturing fibers aligned in a circumferential 

manner (C), as previously described (Fisher, et al., 2013).

2.2. Cell Seeding and Construct Formation

Juvenile bovine MSCs (from two donors of 3–6 months in age) were harvested from the 

marrow within the femur and tibia and expanded through passage two in Dulbecco’s 

modified Eagle’s medium with 10% fetal bovine serum and 1% penicillin/streptomycin/

fungizone (Baker, et al., 2008, Baker, et al., 2007). MSCs from the two donors were pooled, 

mixed thoroughly, and applied evenly to all constructs. Single layer scaffolds (0°, 90°, and 

C) were sterilized and rehydrated via serial ethanol washes and maintained in sterile 

phosphate buffered saline (PBS). Prior to seeding, scaffolds were coated with fibronectin 

(20 µg/ml) in PBS for 12 hours and washed with PBS. MSCs (0.5 million in 100 µl of 

DMEM) were seeded on each side of each scaffold followed by a one hour incubation at 

37°C. Afterward, scaffolds were cultured in a chemically-defined media containing TGF-β3 

(10 ng/ml) at 37°C and 5%CO2 for one week (1ml of media per construct) (Mauck, et al., 

2006).

After one week, multi-layer scaffolds, consisting of three scaffold layers, were formed by 

placing individual layers in apposition as previously described (Nerurkar, et al., 2009). 

Specifically, multi-layer constructs were placed between porous polypropylene scaffolds, 

and the assembly was held together using a foil cinch (Fig. 1B). Five multi-layer groups 

were created: 1) 0°/0°/0°, 2) 90°/90°/90°, 3) 0°/90°/0°, 4) 90°/0°/90°, and 5) C/C/C (Fig. 

1C). Single-layer and multi-layer constructs (n=7 per group) were then cultured in 

chemically-defined media with TGF-β3 (10 ng/mL) (1 mL and 3 mL of media per construct, 

respectively) for an additional 2 or 5 weeks (for a total of 3 or 6 weeks of culture). After 2 

weeks of culture, polypropylene supports were removed, and constructs were cultured 

freely. Upon removal of the foil cinch, the layers within the constructs remained adhered to 

each other for the entirety of the experiment.

2.3. Mechanical Testing

Prior to testing, the cross-sectional area of the samples (n=5/group) was measured using a 

custom laser-based device, and samples were speckle coated with Verhoeff’s stain for strain 

analysis. Constructs were placed in custom-made grips with a clamp-to-clamp length of ~25 

mm (aspect ratio of ~5) in a materials testing machine (model 5848, Instron). Within a saline 

bath maintained at 37°C, samples were preloaded to 0.5N, preconditioned from 0–3% strain 

for 15 cycles, and extended to failure at a rate of 0.5%/sec. During the load-to-failure test, 

images of the sample were acquired at a rate of 2 frames per second.
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From the resulting load-elongation curve, stiffness was calculated as the maximum slope 

over a 1 mm range of elongation in the linear region. To calculate tensile modulus, force 

was divided by the original cross-sectional area of the specimen. Additionally, Lagrangian 

strain along the direction of loading (within an area representing the central 50% of the 

specimen along its length) was computed using image correlation software (Vic2D, 

Correlated Solutions). From the resulting stress-strain curve, tensile modulus was calculated 

as the maximum slope of the linear region of the stress-strain over a 5% strain range. As an 

alternative, the modulus was also calculated between 5% and 10% strain.

To test for interactive effects within multi-layer scaffolds, data acquired from single layer 

constructs were used to predict the stiffness of multi-layer scaffolds. Specifically, assuming 

no interactive effects between the layers, the stiffness of the multilayer scaffolds could be 

represented as three single-layer scaffolds acting in parallel. As such, predicted stiffness for 

the multi-layer scaffolds was calculated as the sum of the stiffness of three single layer 

scaffolds with similar alignment, using the mean stiffness value for the single layer groups at 

the appropriate time point. The percent difference between the experimental and predicted 

stiffness represented the interaction effect, and these values were used for comparisons 

between groups.

2.4. Histological Assessment

For histological assessment (n=2/group), scaffolds were embedded in optimal cutting 

temperature compound (Tissue-Tek O.C.T. compound, Sakura Finetek) and sectioned 

(16µm thickness). Sections were collected perpendicular to the long axis of the scaffolds 

(cross-sectional), parallel to the long axis (en face), or at an angle near parallel to the long 

axis (angled) (Fig. 6). To evaluate cellular colonization, nuclei were visualized with 4’, 6-

diamidino-2-phenylindole (DAPI) and imaged via fluorescent microscopy (Eclipse 90i, 

Nikon Instruments). Collagen distribution was assessed by picrosirius red staining and 

imaging via light microscopy. Additional picrosirius red stained sections were viewed under 

polarized light microscopy to visualize collagen organization.

2.5. Collagen Content

Following mechanical testing, the central portion of each specimen (20 mm length) was 

collected. Matrix components were solubilized via papain digestion at 60°C for 24 hours. 

Collagen content was quantified using the orthohydroxyproline assay (Stegemann, et al., 

1967). An OHP:collagen ratio of 7.14 was used to convert µg of OHP to µg of collagen 

(Neuman, et al., 1950). Predicted collagen content at 6 weeks of culture was computed for 

the multi-layer groups based on single-layer data, following a similar approach as used for 

the stiffness measures.

2.6. Statistical Analysis

Statistical analyses were completed using SPSS (version 22, IBM Corp.). Comparisons were 

done separately for the single layer groups and multi-layer groups. Normality of each group 

was confirmed via the Kolmogorov-Smirnoff test. Two-way analysis of variance (ANOVA) 

was performed with experimental group and culture time as main effects. If necessary, 

Bonferroni or Games-Howell post-hoc tests were done between individual groups, 
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depending on whether the variances were or were not equal, respectively. For prediction of 

stiffness and collagen content of multi-layer scaffolds, differences between the experimental 

and predicted values were compared using a one-way ANOVA and Bonferroni post-hoc 

tests. Finally, Pearson correlation coefficients were calculated to relate the collagen content 

of the scaffolds to their stiffness or modulus values. For all analyses, overall significance 

was maintained at p<0.05.

3. Results

3.1. Mechanical Analysis of Single- and Multi-Layered Constructs

Prior to testing, all constructs were robust, and no failure or separation of layers was 

observed due to handling. In examining the load-elongation and stress-strain curves, the toe 

region was prominent for all groups except for those only featuring fibers running 

perpendicular to the direction of loading (90° single layer and 90°/90°/90° multilayer 

scaffolds). For all other groups, the toe region was similar and continued until ~5–6% strain. 

All groups featured a linear region before yield and eventual failure.

For single layer constructs (Fig. 2), the two-way ANOVA of stiffness revealed significant 

effects due to group and time in culture (p<0.05) as well as a significant interaction term 

(p<0.05). Post-hoc tests showed that scaffolds aligned in the direction of testing (0°) had 

stiffness values an order of magnitude higher than perpendicularly aligned scaffolds (90°) at 

both time points (p<0.05). By 6 weeks, these values were 120% higher than those of the 

circumferentially aligned scaffolds (C) (p<0.05). At both time points, the stiffness of 

circumferentially aligned scaffolds also reached values 7-fold higher than those of the 90° 

group (p<0.05). Only the 0° group significantly increased from 3 to 6 weeks (p<0.05).

For multi-layer scaffolds (Fig. 2), a significant effect was found for both experimental group 

and time in culture (p<0.05), with no significant interaction term (p>0.05). As such, post-

hoc comparisons between scaffold groups were not separated with respect to time. As 

expected, the stiffness of the 0°/0°/0° scaffolds were higher than all other groups (p<0.05), 

while the 90°/90°/90° scaffolds were several fold lower than all other groups (p<0.05). 

Interestingly, no significant differences could be determined between the 0°/90°/0° and 

C/C/C groups (p>0.05), and these groups had stiffness values 40–75% higher relative to the 

90°/0°/90° scaffolds (p<0.05).

To assess the quality of the constructs and account for differences in size between groups, 

the tensile modulus of the constructs was also computed (Fig. 3). The trends between groups 

were similar between the two calculations of modulus (maximum slope and slope from 5–

10% strain). As such, only the data from the former method are presented. Analysis of single 

layer scaffolds revealed similar findings as those for stiffness. Namely, the 0° groups were 

28-to 45-fold and 2–3 fold higher than the 90° and C groups, respectively (p<0.05). 

Moreover, the C groups were 11- to 18-fold higher than 90° groups (p<0.05).

For the modulus of multi-layer scaffolds, a significant effect was found for culture time 

(p<0.05), and there was a significant interaction between culture time and group (p<0.05). 

Only the 90°/90°/90° scaffolds changed with culture time (85% increase from 3 to 6 weeks, 
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p<0.05), although their absolute values were the lowest for any experimental group at either 

time point. At 3 weeks, all experimental groups were different from one another (p<0.05), 

with the 90°/0°/90° and C/C/C groups being the lone exception (p>0.05). At 6 weeks, only 

the 0°/0°/0° and 90°/90°/90° were significantly different (11-fold difference, p<0.05), while 

all other experimental groups had similar values (p>0.05).

3.2. Histological and Biochemical Analysis of Single- and Multi-Layered Constructs

At 3 and 6 weeks of culture, collagenous matrix accumulated both within scaffold layers as 

well as at their peripheries for both single layer and multi-layer constructs (6 week data 

shown in Fig. 4 & 5, respectively). Generally, the intensity of staining increased from 3 to 6 

weeks of culture for all scaffold groups, independent of layering and organization. For 

multi-layer constructs, deposition of matrix between layers enabled removal of the supports 

a two weeks without dehiscence. Additionally, MSCs infiltrated into the majority of the 

scaffold thickness, with only the central region devoid of cells (Figs. 4 & 5). As with 

collagen deposition, cell colonization was independent of alignment (0°, 90°, or C) as well 

as whether the scaffold layers were cultured as single layers or multi-layers.

Polarized light imaging of the multi-layer constructs showed organization of newly formed 

collagen. By sectioning the constructs parallel to layers (en face), collagen organization 

within a layer could be visualized (data not shown). Alignment of this newly formed 

collagenous matrix followed the direction of the scaffold fibers for all multi-layer constructs, 

independent of the type of alignment within the layer (0°, 90°, or C). Additional multi-layer 

scaffolds were sectioned at a steeper angle (Fig. 6), allowing the visualization of alignment 

within multiple layers in the same image. Most interestingly, images that captured the 

interface between two layers of different alignment (such as those in the 0°/90°/0° and 

90°/0°/90° multi-layers) revealed that the matrix at or near these interfaces maintained the 

alignment of the individual scaffold layers.

Collagen content for all constructs was also quantified (Fig. 7). For single layer groups, the 

two-way ANOVA indicated no statistically significant effects between groups or with 

culture time (p>0.05). Similar levels of collagen were also found between the multi-layer 

groups (p>0.05), with a 32–389% increase from 3 to 6 weeks of culture within individual 

multi-layer groups (p<0.05). Considering all samples, collagen content was mildly 

correlated to stiffness (R2=0.39, p<0.05), but no correlation was established between 

collagen content and modulus (R2=0.05, p>0.05). These correlation coefficients were similar 

if only individual time points were considered or if single layer and multilayer groups were 

analyzed separately (data not shown).

3.3. Prediction of Multi-Layered Construct Performance based on Single Layer Constructs

To determine the impact and interactions within multi-layer constructs, collagen content and 

stiffness data for single layer constructs was used to predict the expected data for multi-layer 

groups at 6 weeks (Fig. 8). For collagen content, data showed a general positive effect for 

multi-layer construction relative to single layer construction, with up to 100% more collagen 

content than expected for some groups (though there was little effect in the C/C/C group) 

(Fig. 8A). No statistically significant differences were found between multi-layer groups 
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(p>0.05). Conversely, for stiffness, only the C/C/C group had a positive interactive effect 

(56%, Fig. 8B). Multi-layer groups with two or more 0° layers (0°/0°/0° and 0°/90°/0°) had 

the greatest negative interaction (−82% and −66%, respectively), while multi-layer groups 

with two or more 90° layers (90°/90°/90° and 90°/0°/90°) had mean values near zero (−1% 

and −10%, respectively), indicating little interaction between layers. Statistical analysis 

revealed that the C/C/C group had an interaction that was significantly more positive than 

the 0°/0°/0° and 0°/90°/0° groups (p<0.05).

4. Discussion

In this work, we evaluated the impact of varying fiber alignment within single layer and 

multi-layer MSC-seeded electrospun nanofibrous scaffolds designed for meniscus tissue 

engineering. We compared single-layer scaffolds featuring fiber alignment in a single 

direction (parallel (0°) or perpendicular (90°)) to scaffolds in which the fibers were 

preferentially aligned in a circumferential pattern along the length of the scaffold (C). In 

addition, we assessed the impact of varying the combination of layers with alignment 

parallel or perpendicular to the testing direction in multi-layer constructs, mimicking the 

orthogonal arrangement of circumferential and radial tie fibers in native tissue. In support of 

our first hypothesis, different fiber orientations within scaffold layers comprising the multi-

layered constructs did in fact yield different mechanical outcomes, with higher tensile 

properties in constructs containing more fibers aligned with the direction of testing. 

Furthermore, and consistent with our second hypothesis, only multi-layers with “non-

orthogonal” alignment within layers (C/C/C) showed evidence for a mechanical 

reinforcement effect.

MSC-seeded single layer constructs served as the building blocks for the multilayer 

constructs. As expected, single layer constructs featuring circumferentially aligned fibers 

had mechanical characteristics that were lower than, but closest to, the 0° configuration, 

while the values for the 90° configuration were several fold lower. These data are consistent 

with our previous work comparing a cellular 0° and C scaffolds, where we determined that 

the tensile modulus of a cellular C scaffolds was 50–75% lower than the 0° scaffolds 

(Fisher, et al., 2013). We further showed in that study that these mechanical differences 

were likely due to increased fiber rotation in the C scaffolds resulting in greater shear strain, 

particularly in regions where fibers were oriented at greatest angles from the direction of 

loading.

Building from these single layer constructs, we next assembled, cultured, and evaluated 

multi-layered constructs consisting of MSC-seeded scaffold layers with varying alignment. 

0°/0°/0° constructs had the highest stiffness and modulus values while 90°/90°/90° 

constructs had the lowest values, with the 0°/90°/0° and 90°/0°/90° constructs falling in 

between these extremes, confirming our first hypothesis. C/C/C scaffolds produced values 

closest to the 0°/90°/0° group. Together with the data for the single layer constructs, these 

data indicate that the structural hierarchies ‘engineered in’ to multi-lamellar composites 

dictate the overall functional properties of cell-seeded composites during maturation.
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An additional hypothesis evaluated in this work was that only the C/C/C multilayered 

constructs, which featured “non-orthogonal” alignment between layers would exhibit a 

mechanical reinforcement effect. This hypothesis was based on previous experimental and 

theoretical work in MSC-seeded bi-layer constructs. Nerurkar et al. tested two 

configurations, layers with parallel alignment (+30°/+30°) or layers offset in opposite 

directions (−30°/+30°) relative to the direction of loading (Nerurkar, et al., 2009). 

Interestingly, the −30°/+30° constructs had a higher modulus relative to the +30°/+30° 

constructs due to the resistance of the inter-layer matrix to shear, resulting in a 

reinforcement effect. These findings were confirmed through biaxial testing as well as 

through additional experimental configurations and computational modeling (Driscoll, et al., 

2011, Nerurkar, et al., 2011). Modeling predicted that minimal interaction stresses would 

occur when the fiber angle between layers was 0o or 90o (Nerurkar, et al., 2011). This 

model also predicted that coherent fiber rotation within layers upon extension of the 

construct was necessary for the generation of interaction stresses between layers.

To test these mechanisms in three-layer constructs, we extrapolated the data for the single 

layer constructs to predict the multi-layer scenario. In support of our second hypothesis, only 

the C/C/C constructs had a positive reinforcement effect (i.e. an experimental stiffness that 

exceeded the predicted stiffness). Based on the previous computational work (Nerurkar, et 

al., 2011), layers with similar (e.g. 0°/0°/0°) or perpendicular (0°/90°/0°) aligned layers 

would be expected to produce little rotation between layers with tensile loading, and thus, 

we would not have expected to see a reinforcement effect. In fact, for certain configurations, 

such as the 0°/0°/0° scaffolds, the large amount of matrix produced on the surface or outside 

of the scaffolds may have contributed to the reduced stiffness of the constructs relative to 

predicted values. For the C/C/C scaffolds, although the scaffold layers were aligned in the 

same direction, fiber alignment within each layer continuously changed, and these fibers 

rotate upon elongation, producing high shear strains (Fisher, et al., 2013). Collagenous 

reinforcement between nanofibers may have therefore helped to resist rotation of the fibers 

and matrix during tensile deformation, producing the observed positive reinforcement effect. 

It remains to be determined if the addition of a layer with opposing alignment placed 

between these layers could further enhance this reinforcement effect.

To further understand the mechanisms for the difference in mechanics between the single 

layer and multi-layer scaffolds, we examined the formation of collagen and its alignment. 

All constructs showed similar degrees of cell infiltration and collagen production 

independent of the alignment of the scaffold. While we did not directly measure porosity or 

pore size, linearly aligned and circumferentially aligned fibers possess similar features on 

the nanoscale (Fisher, et al., 2013), so it was not surprising to find similar levels of cell 

infiltration. The similar collagen production is consistent with previous work by Baker et al., 

where cells on highly aligned and randomly aligned scaffolds produced similar amounts of 

collagen (Baker, et al., 2007), suggesting that fiber alignment does not influence production 

rates. Of note, predicted collagen content in multi-layer constructs was generally higher than 

predictions from single-layer constructs. This observation may be related to an increased 

retention of newly produced collagen between layers. While overall levels were not 

different, deposited collagen did align along the nanofiber direction for all constructs, as 

evidenced by polarized light microscopy. Again, this is consistent with previous work 
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showing that cells align along fibers, via contact guidance, which in turn directs the 

formation of new collagen in a similar direction (Baker, et al., 2007, Baker, et al., 2010, 

Wang, et al., 2000). Interestingly, the amount of collagen produced was mildly correlated to 

the stiffness of the constructs as expected, but not their modulus. Thus, the differences in 

mechanical properties (i.e. modulus) in the constructs, which are decoupled from specimen 

size, were the result of differences in scaffold alignment, and later, new collagenous matrix 

alignment, but not due to the total amount of collagen.

While this study sheds new light on how structural hierarchies beget complex mechanical 

function in multi-layered nanofibrous assemblies, there exist several limitations. First, we 

utilized only three layers in our multi-layer scaffolds, and so constructs were still 

considerably thinner than the native meniscus (~1 mm vs. ~10 mm). Since our intention was 

to capture and quantify changes with different multi-layer configurations, using only three 

layers allowed us to do so, without introducing additional complicating factors. In the future, 

it will be critical to test larger, anatomically sized scaffolds to evaluate additional factors, 

such as nutrient limitations, that could compromise matrix accumulation (Farrell, et al., 

2014). Additionally, this study was not powered to provide quantitative data from the 

histological images, so we did not quantify matrix alignment or fiber/bundle size, although 

we note that both the fibers within the scaffold and those within the formed collagenous 

matrix remain quite small. It may well be that longer culture durations and or biophysical 

stimulation will be required to foster fiber network aggregation and maturation to match 

native tissue levels, as has been shown in collagen gel-based engineered meniscus constructs 

(Puetzer, et al., 2013). Finally, we believe the increased collagen content in the multi-layer 

scaffolds could be an effect of diffusion, where the thicker composition traps or retains more 

collagen in the constructs. However, the amount of collagen in the culture media was not 

measured, so it is unclear if the cells in the multi-layer scaffolds made more collagen than 

the cells in the single layers or if more was just localized within the construct.

In the future, it will be essential to explore the addition of a “radial layer” in between the 

circumferentially aligned scaffold layers to further mimic the structure of the meniscus. 

Moreover, longer time points could be employed to increase overall mechanical properties 

of MSC-laden constructs, as previous studies have noted large changes in mechanics from 6 

to 12 weeks, as the newly produced matrix coalesces to result in a construct with increased 

material quality, not just size (Baker, et al., 2012). Sacrificial fiber fractions could also be 

employed to increase scaffold porosity in order to enhance intra-lamellar cellular infiltration 

and matrix deposition, while mechanical stimulation could be used to expedite matrix 

deposition (Baker, et al., 2011, Baker, et al., 2012). Future work will also more fully 

characterize these multi-lamellar constructs in more complex loading configurations, such as 

biaxial loading, or the use of knee simulators or robotic systems (Driscoll, et al., 2013, 

Fisher, et al., 2011, Maher, et al., 2010).

A successful tissue engineered meniscus should match the complex geometry and unique 

mechanical and structural features of the native tissue at both the microscopic and 

macroscopic scale. The current work built from previous work using single layers of 

nanofibrous fibers to produce a 3D multi-layered engineered meniscus construct that 

captured the microscopic and macroscopic structure, organization, and function of the native 
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meniscus, inclusive of orthogonal layers (representing circumferential and radial tie fibers). 

As these multi-layer constructs become increasingly complex and more faithfully reproduce 

native tissue structural hierarchies, they may not only serve as functional substitutes for 

implantation for meniscus repair, but may also provide test beds in which to probe and 

understand the mechanical principles that enable meniscus function in a complex loading 

environment.
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Figure 1. 
Schematic of experimental groups. A) Individual scaffolds of varying fiber alignment (fibers 

parallel to scaffold long axis (0°), fibers perpendicular to scaffold long axis (90°), and 

comprised of circumferential (C) fibers) were seeded with juvenile bovine mesenchymal 

stem cells (MSCs) and cultured as single layer or multi-layer constructs. B) Assembly 

method for the production and culture of multi-layer constructs. C) Illustration of multi-layer 

groups with different fiber alignment in each layer.
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Figure 2. 
Tensile stiffness of single layer and multi-layer constructs after 3 and 6 weeks of culture 

(*p<0.05 vs. 3w time point, +p<0.05 between experimental groups at both time points, 

#p<0.05 between experimental groups at 3 weeks, $p<0.05 between experimental groups at 

6 weeks).
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Figure 3. 
Tensile modulus of single layer and multi-layer constructs after 3 and 6 weeks of culture 

(*p<0.05 vs. 3w time point, +p<0.05 between experimental groups at both time points, 

#p<0.05 between experimental groups at 3 weeks, $p<0.05 between experimental groups at 

6 weeks).
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Figure 4. 
Histological analysis of collagen deposition (picrosirius red staining, top row) and cell 

infiltration (DAPI staining, bottom row) in single layer constructs after 6 weeks of culture 

(scale bars = 200 µm).
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Figure 5. 
Histological analysis of collagen deposition (picrosirius red staining, top row) and cell 

infiltration (DAPI staining, bottom row) in multi-layer constructs after 6 weeks of culture 

(scale bars = 200 µm).
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Figure 6. 
Collagen alignment within multi-layer constructs assessed by polarized light microscopy. 

Angled sections show collagen fiber alignment within and between layers (arrows indicate 

scaffold layer alignment, scale bars = 100 µm).
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Figure 7. 
Collagen content of single-and multi-layer constructs after 3 and 6 weeks of culture 

(*p<0.05 vs. 3 week time point).
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Figure 8. 
Difference between expected and predicted stiffness and collagen content of multi-layer 

constructs at 6 weeks of culture based on data from single-layer constructs (#p<0.05 

between groups). Positive values indicate a positive interaction effect due to multi-layer 

culture, while negative values indicate a negative interaction effect.
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