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Abstract: Tendon is commonly injured, heals slowly and poorly, and often suffers re-injury after
healing. This is due to failure of tenocytes to effectively remodel tendon after injury to recapitulate
normal architecture, resulting in poor mechanical properties. One strategy for improving the outcome
is to use nanofiber scaffolds and mesenchymal stem cells (MSCs) to regenerate tendon. Various
scaffold parameters are known to influence tenogenesis. We designed suspended and aligned
nanofiber scaffolds with the hypothesis that this would promote tenogenesis when seeded with
MSCs. Our aligned nanofibers were manufactured using the previously reported non-electrospinning
Spinneret-based Tunable Engineered Parameters (STEP) technique. We compared parallel versus
perpendicular nanofiber scaffolds with traditional flat monolayers and used cellular morphology,
tendon marker gene expression, and collagen and glycosaminoglycan deposition as determinants
for tendon differentiation. We report that compared with traditional control monolayers, MSCs
grown on nanofibers were morphologically elongated with higher gene expression of tendon marker
scleraxis and collagen type I, along with increased production of extracellular matrix components
collagen (p = 0.0293) and glycosaminoglycan (p = 0.0038). Further study of MSCs in different
topographical environments is needed to elucidate the complex molecular mechanisms involved in
stem cell differentiation.
Keywords: tendon; differentiation; topography; scaffolds; nanofiber

1. Introduction
Tendon injury is a common clinical problem among veterinary and human patients with significant
similarities in physiology and tendon pathologies. The inherent regenerative capacity of tendon is
poor due to low cellularity and low vascularity of the tissue. These characteristics contribute to
prolonged and incomplete healing with a high risk of re-injury [1]. Mesenchymal stem cells (MSCs) are
used in tissue engineering and regenerative medicine applications for musculoskeletal tissue repair,
particularly for their regenerative capabilities. MSCs can differentiate into tenocytes to promote tendon
healing [2–4]. Engineered in vitro nanofiber scaffolds mimic the native topography of the extracellular
matrix (ECM) microenvironmental cues that influence cell response and function including adhesion,
migration, proliferation, and differentiation [5,6]. Scaffold directed MSC differentiation is determined
through a combination of morphology, panels of tendon-related markers, collagen production and
alignment, and levels of glycosaminoglycan (GAG) content [7,8]. Scleraxis (SCX), a transcription
factor, is a key tendon-related marker which functions in tendon development and differentiation and
promotes the expression and production of type I collagen (COL I) [9–11]. Type I collagen is the main
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fibrillar collagen functioning as a structural protein in healthy tendon composition [12]. GAGs aid in
collagen fiber growth and function; abnormal levels signify disease or injury [13].
A challenge of designing scaffolds is determining the specific topographical cues of fiber diameter,
orientation, and alignment that are most suited for tendon studies. Techniques used to manufacture
fibrous scaffolds vary in their ability to control these parameters and produce various combinations.
Fiber alignment influences MSC-fiber interaction and guides cell behavior. Kim et al. fabricated a
nanofiber/microfiber composite scaffold that enhanced cell adhesion, cell spreading, and scaffold
infiltration [14]. In another study, multilayered aligned electrospun scaffolds provided an anisotropic
environment that promoted expression of tenomodulin, a marker of tendon maturation, and alignment
of collagen throughout the scaffold in comparison to nonaligned scaffolds [15]. Yin et al. showed that
compared to random electrospun fibers, aligned nanofibers provided microenvironmental cues for
differentiation into the teno-lineage [16]. MSCs seeded on aligned nanofibers showed evidence that
topography alone promoted changes in cell morphology and orientation. Cell differentiation was only
enhanced by addition of TGF-β3 [6] and printing of growth factors on aligned fibers [17]. These studies
demonstrate that differentiation is a complex process sensitive to environmental cues, thus necessitating
the need to optimize fibrous and growth factor parameters to mimic native environment to achieve
specific lineages.
Electrospinning is a common manufacturing technique used to engineer fibrous scaffolds for
tissue engineering. Improvements to this technique, including the use of modified collectors and
fiber manipulation, have increased the applicability of this technique [18–21]. Besides electrospinning,
other approaches including micropatterning, electro-chemically aligned have been used to study
differentiation. For example, Gilchrist et al. studied the effects of architectural cues on aligned tissue
formation using micropatterned aligned scaffolds of varying lengths and orientation and concluded
that the combination of cues i.e. fiber length, boundaries, and orientation regulate tissue formation
in a complex manner [22]. Kishore et al. investigated the effects of topography on tenogenesis with
electro-chemically aligned threads, and showed alignment induced increased expression of scleraxis
and tenomodulin [23]. In the context of fibrous scaffolds, the non-electrospinning Spinneret-based
Tunable Engineered Parameters technique (STEP) [24] is a pseudo dry spinning method and a novel
alternative to electrospinning, capable of depositing uniform nanofiber arrays. This method allows for
the manufacturing of scaffolds with increased control of fiber diameter, spacing, length, alignment,
orientation, and hierarchical assembly to influence cell response. The advantage of STEP fibers, in
contrast to electrospun fibers, is that the parameter control allows for not only the traditional studies
comparing aligned fibers to nonaligned or random fibers, but rather scaffolds of suspended and highly
aligned fibers in different orientations [25].
Using STEP fibrous scaffolds, the aim of this study was to understand the biological response of
MSCs to topographical cues provided by nanofibers to determine the optimal scaffold design to study
tenogenesis. Polystyrene was used strictly for the purpose of studying MSC response to alignment
and orientation. We hypothesized that MSCs would differentiate into tenocytes on scaffolds that
mimic native tendon alignment specifically scaffolds of three-dimensional (3D) suspended and aligned
nanofibers. MSCs from aligned parallel and aligned perpendicular nanofibers were compared to
traditional two-dimensional (2D) monolayers with increases in gene expression of tendon-related
genes, collagen production, and GAG levels. This data highlights specific cellular responses to
alignment that adds to our understanding of stem cells in development and repair.
2. Materials and Methods
STEP scaffolds were manufactured as 3D suspended and aligned fibers in parallel and
perpendicular orientation as described previously [24–26]. Nanofiber diameters were measured
using environmental scanning electron microscopy. Equine bone marrow MSCs were seeded at a
density of 2 × 105 cells per scaffold on a total of 154 scaffolds. In addition, MSCs were seeded on
cell culture treated plastic for monolayer controls. Microscopy, qPCR, and biochemical data are in
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reference to monolayer. Experiments were performed in triplicate. Gene expression analysis of SCX
and COL I was assessed on day 7 and day 14 from scaffolds relative to monolayers. Production of
soluble collagen and GAG content in the media were assessed on days 1, 7, and 14 and averaged from
6 scaffolds per time point for collagen production and averaged from 8 scaffolds per time point for
GAG content.
2.1. Scaffold Manufacturing and Characterization
Fibers were spun on scaffolds using the STEP technique (US9029149 B2 patent) to manufacture
multi-layered, aligned suspended nanofibers in parallel or perpendicular orientations [24–26].
Briefly, the polymer is pushed through a syringe pump and stretched out into a continuous fiber
as the spinneret comes in contact with the rotating frame and the solvent evaporates. Fiber surface
area and density are determined by a combination of factors; scaffold frame dimensions, polymer
solution, and spinning parameters. Scaffolds were manufactured with dimensions measuring 4 mm in
length × 4 mm in width. Standard polystyrene (Mw 1,571,000 and Mw 2,257,000 g/mol, Polymer
Scientific Products, Ontario, NY, USA) solutions were prepared with xylene to produce 400 nm
diameter fibers. All scaffolds were sterilized with 70% alcohol and plasma-treated with a high
frequency generator (Electro-technic Products Inc., Chicago, IL, USA) before coating with 20 µg/mL of
bovine fibronectin protein (Thermo Fisher Scientific, Waltham, MA, USA).
2.2. Environmental Scanning Electron Microscopy
Fibers from each batch of scaffolds were sputter-coated in gold/palladium alloy and imaged with
a Quanta 600 FEG Environmental Scanning Electron Microscope (FEI, Hillsboro, OR, USA). Scaffolds
were randomly selected from each batch and diameters of 25 fibers per scaffold were measured with
ImageJ and Fiji plugin (National Institutes of Health [27]) from ESEM images.
2.3. Isolation and Characterization of Primary Equine Mesenchymal Stem Cells
MSCs were isolated from bone marrow aspirate harvested from the sternum of a one year old
male horse, euthanized for unrelated conditions, following approval of the Institutional Animal Care
and Use Committee (IACUC) of the Virginia Polytechnic Institute and State University and assessed via
previously described techniques [28]. Briefly, bone marrow was collected, centrifuged to remove the
plasma, and cultured in media containing low-glucose GlutaMAX DMEM with 110 mg/mL sodium
pyruvate (Thermo Fisher Scientific, Waltham, MA, USA), supplemented with 10% MSCs fetal bovine
serum (Thermo Fisher Scientific, Waltham, MA, USA), and 1% sodium penicillin and streptomycin
sulfate (Sigma, St. Louis, MO, USA) at 37 ◦ C, 5% CO2 and 90% humidity. Media was added after
two days, cells were fed on day 4, washed in PBS on day 5, and then fed every two days until cells
were 80% confluent. Flow cytometry results showed >99% of cells were positive for both markers
of stemness OCT4 and CD90, 22% positive for CD44, 19% positive for MHC I, and non-detectable
for MHC II. Multilineage potential of MSCs was confirmed through adipogenesis, chondrogenesis,
and osteogenesis assays.
2.4. Cell Culture and Scaffold Seeding
Scaffolds were each seeded with 2 × 105 equine bone marrow MSCs and cultured for 14 days in
12 well plates. Scaffolds were transferred to new 12 well plates with new cell culture media 24 h after
seeding. In addition, MSCs were seeded on plasma-treated, fibronectin-coated plastic as previously
described for nanofibers for monolayer controls. All MSCs were passage 3. Culture media contained
low-glucose GlutaMAX DMEM with 110 mg/mL sodium pyruvate (Thermo Fisher Scientific, Waltham,
MA, USA), supplemented with 10% MSCs fetal bovine serum (Thermo Fisher Scientific, Waltham, MA,
USA), and 1% sodium penicillin and streptomycin sulfate (Sigma, St. Louis, MO, USA) at 37 ◦ C, 5%
CO2 and 90% humidity.
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2.5. Phase-Contrast and Time-Lapse Microscopy
Cell morphology was observed for days 0–14 under phase microscopy. Each time-lapse video was
recorded for MSCs on scaffolds over a 12-h period. Scaffolds were seeded in 35 mm glass petri dishes
and loaded into the on-stage incubator (Okolab, Naples, Italy) at 37 ◦ C, 5% CO2 and 90% humidity.
Microscopy was performed using an AMG EVOS fl digital inverted fluorescence microscope (Thermo
Fisher Scientific, Walham, MA, USA).
2.6. Fluorescence Microscopy
Seeded parallel and perpendicular oriented fibrous scaffolds were stained with calcein AM on day
14 to assess cell viability on polystyrene fibers. Scaffolds were washed in PBS and stained with calcein
AM in low-glucose GlutaMAX DMEM for 30 min and washed in PBS. Seeded scaffolds were fixed
in 4% paraformaldehyde, incubated with 0.2% Triton X-100 and stained with rhodamine phalloidin
(Thermo Fisher Scientific, Walham, MA, USA), followed by Prolong Gold Antifade Mountant with
DAPI (40 ,6-diamidino-2-phenylindole) (Thermo Fisher Scientific, Walham, MA, USA) for F-actin and
nuclei staining, respectively. Microscopy was performed using an AMG EVOS fl digital inverted
fluorescence microscope (Thermo Fisher Scientific, Waltham, MA, USA).
2.7. RNA Isolation, Quantification, and Quantitative PCR
MSCs were harvested from scaffolds, monolayers from tissue culture treated plastic, and tenocytes
with TRIzol (Thermo Fisher Scientific, Walham, MA, USA). Parallel and perpendicular scaffolds were
pooled into their respective groups on day 7 and day 14. An RNeasy Mini Kit (Qiagen, Hilden,
Germany) was used to isolate the RNA. RNA quantification was performed using a Quant-iT Ribogreen
RNA Assay Kit (Thermo Fisher Scientific, Walham, MA, USA). RNA was converted to cDNA using
a high frequency RNA-to cDNA Kit (Thermo Fisher Scientific, Walham, MA, USA) and Eppendorf
Thermal Cycler (Brinkmann Instruments Inc., Westbury, NY, USA). Applied Biosystems Real-Time 7500
PCR System (Thermo Fisher Scientific, Waltham, MA, USA) was used to run quantitative PCR (qPCR)
with TaqMan Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) and 20 ng of cDNA per 50 µL
PCR reaction. Relative quantitation was calculated using the Comparative CT method (2−∆∆CT ). Gene
expression was normalized to monolayer controls using Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). Custom equine primer and probe sequences for GAPDH, scleraxis, and type I collagen
were purchased (Thermo Fisher Scientific, Waltham, MA, USA).
2.8. Biochemical Assay of Media Content
Biochemical analyses of collagen and glycosaminoglycan (GAG) content were used to determine
ECM production over 7 and 14 days. Solubilized collagen was measured using the Sircol Soluble
Collagen Assay (Biocolor Ltd., Carrickfergus, Ireland, UK). Sulfated glycosaminoglycan content was
measured using the 1,9-dimethylmethylene blue (DMMB) assay, referencing bovine chondroitin
sulfate A [29]. All absorbance readings were measured at 540 nm with a HIDEX Chameleon V
microplate reader (HIDEX, Turku, Finland).
2.9. Statistical Analysis
Two-way analysis of variance (ANOVA) was used to determine fiber orientation and temporal
effects on gene expression and matrix production, followed by post hoc Tukey HSD (JMP Pro 10
Software, SAS Institute Inc., Rockville, MD, USA, 2015). Mean ± standard error for each statistic was
calculated for each scaffold design. p-value ≤ 0.05 were considered significant.
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Fibers of perpendicular orientation promoted changes in cell migration direction and cell
morphology through interaction with intersections and spreading along multiple fibers. The elongated
tenocyte-like morphology was predominant before and after cells migrated through the intersections.
MSC monolayers showed typical polygonal morphology on standard tissue culture treated plastic
(data not shown). Viability was maintained throughout 14 days of culture on both parallel (Figure 4A)
and perpendicular fibers (Figure 4B) showing no toxicity of cells on the polystyrene nanofibers.
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Figure 3. Time-lapse frames of MSCs on aligned fibers. Representative time-lapse microscopy images
of equine bone marrow MSCs on aligned parallel fibrous scaffolds (A–D) and aligned perpendicular
scaffolds (E–H) over 12 h. Time (hours) is indicated in the upper left corner. Arrows tack cell migration
during the time-lapse. Insets show enlarged image of the cell. Scale bar 200 μm.
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elongated tenocyte-like morphology was predominant before and after cells migrated through the
intersections. MSC monolayers showed typical polygonal morphology on standard tissue culture
treated plastic (data not shown). Viability was maintained throughout 14 days of culture on both
parallel (Figure 4A) and perpendicular fibers (Figure 4B) showing no toxicity of cells on the
polystyrene nanofibers.
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MSCs cultured for 12 days on fibrous scaffolds elongated along aligned parallel fibers in both
MSCs cultured for 12 days on fibrous scaffolds elongated along aligned parallel fibers in both
parallel and perpendicular oriented fibrous scaffolds as observed by fluorescence microscopy (Figure
parallel and perpendicular oriented fibrous scaffolds as observed by fluorescence microscopy (Figure 5).
5). Intracellular F-actin stained with rhodamine phalloidin and nuclei stained with DAPI were
Intracellular F-actin stained with rhodamine phalloidin and nuclei stained with DAPI were observed
along the nanofibers and in the monolayers, showed cell attachment and interaction with fibers.
Perpendicular fibrous scaffolds provided fiber intersections for cell interaction (Figure 5C,D), and
parallel scaffolds maintained MSC spacing between fibers (Figure 5A,B) leading to parallel cell
Figure 4. Viability of MSCs on aligned scaffolds. MSCs stained with calcein AM on parallel scaffolds
orientation and spacing between fibers. The above methods have shown that fiber alignment provides
(A) and perpendicular scaffolds (B) after 14 days of culture. Scale bar 400 μm.
environmental cues, resulting in cell elongation/tenocyte-like morphology.

MSCs cultured for 12 days on fibrous scaffolds elongated along aligned parallel fibers in both
parallel and perpendicular oriented fibrous scaffolds as observed by fluorescence microscopy (Figure
5). Intracellular F-actin stained with rhodamine phalloidin and nuclei stained with DAPI were

observed along the nanofibers and in the monolayers, showed cell attachment and interaction with
fibers. Perpendicular fibrous scaffolds provided fiber intersections for cell interaction (Figure 5C,D),
and parallel scaffolds maintained MSC spacing between fibers (Figure 5A,B) leading to parallel cell
orientation
spacing between fibers. The above methods have shown that fiber alignment
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Table 1. Primer and probe sequences of tendon-associated genes for qPCR analysis.
Table 1. Primer and probe sequences of tendon-associated genes for qPCR analysis.
Transcript
Forward Sequence (5’-3’)
Reverse Sequence (5’-3’)
Probe Sequence (5’-3’)
GAPDH
CAAGTTCCATGGCACAGTCAAG
GGCCTTTCCGTTGATGACAA
CCGAGCACGGGAAG
0
0
0
0
Transcript
Forward Sequence (5 -3 )
Reverse Sequence (5 -3 )
Probe Sequence (50 -30 )
Scleraxis
CGCCCAGCCCAAACAG
TTGCTCAACTTTCTCTGGTTGCT
TCTGCACCTTCTGCC
GAPDH
CAAGTTCCATGGCACAGTCAAG
GGCCTTTCCGTTGATGACAA
CCGAGCACGGGAAG
Type
I Sci. Scleraxis
TTGCTCAACTTTCTCTGGTTGCT
TCTGCACCTTCTGCC 9 of 14
Appl.
2016,GCCAAGAAGAAGGCCAAGAA
6, x FOR PEER CGCCCAGCCCAAACAG
REVIEW
TGAGGCCGTCCTGTATGC
ACATCCCAGCAGTCACCT
GCCAAGAAGAAGGCCAAGAA
TGAGGCCGTCCTGTATGC
ACATCCCAGCAGTCACCT
Collagen Type I Collagen

Figure 6. Cont.
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relative to monolayer controls. p-values ≤ 0.05 were considered significant. Error bars represent SEM.
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differentiation of equine bone marrow-derived MSCs on 3D nanofibers. We found that MSCs adhered
to and elongated on fibrous scaffolds of both parallel and perpendicular oriented fibers, maintained
viability, and migrated along both individual and multiple fibers regardless of fiber orientation.
Previous studies using aligned fibrous scaffolds have shown that MSCs elongate along aligned fibrous
scaffolds to promote tenocyte-like morphologies and tendon differentiation, while random electrospun
fibrous scaffolds promote polygonal cell morphology and random cell orientation [16,31,32]. Instead
of randomly oriented fibers, we used aligned perpendicular fibers resulting in primarily two different
morphologies. These findings show that alignment cues affected cell morphology and cell alignment,
providing preliminary evidence of tenogenesis.
Further evidence of tenogenesis was demonstrated by an increasing trend of SCX and COL I
gene expression, in response to fiber orientation from both parallel and perpendicular fibers, over
time. Topographical cues from the fibers control cytoskeletal rearrangement and result in changes
in cell morphology that contribute towards differentiation [33–35]. Using aligned rope-like silk
scaffolds, Maharam et al. have previously demonstrated the association between cell morphology and
tendon differentiation with increased expression of COL I with increase in SCX [36]. However, it was
unexpected to have similar changes in gene expression of MSCs from the parallel and perpendicular
oriented fibers. This can be explained by the similarities in the cell-fiber interactions. The cells on both
the parallel and perpendicular fibers interacted with the individual fibers due to fiber density. Previous
studies have investigated tendon gene expression from cells cultured on fibrous scaffolds where
tendon gene expression was not significantly altered, although this was a comparison between aligned
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and random scaffolds [37]. In another study, Gilchrist et al. compared aligned (parallel) and grid
(perpendicular) architectural cues and observed an increase of gene expression of SCX and COL I from
day 6 to day 12, with no significant differences in tendon gene expression between designs [22], similar
to results observed in our scaffolds. Our findings suggest that alignment, rather than orientation, may
be the predominant cue influencing tenogenic differentiation.
We investigated whether morphology and gene expression also correlated to the production of
ECM components. We found equine MSCs produced increased amounts of collagen and GAGs over
time in response to fibrous scaffolds, in accordance with previous studies. Although our study involved
differences in fiber orientation compared to others, we found that the production of ECM components
increased similarly. Moffat et al. showed an increase of collagen production from fibroblast like cells
on aligned scaffolds compared to unaligned nanofiber scaffolds [38]. Therefore, increased collagen
production was expected with both scaffold designs being highly aligned. We also found the GAG
deposition to increase over time in all three groups from day 1, day 7 and day 14. An increase in
proteogylcans may result in enhancement of fibril and fiber sliding, necessary for proper mechanical
function of collagen in tendon [39]. These findings corroborate previous reports of elevated matrix
production on nanofibers in response to both parallel and perpendicular orientation of fibers. Chainani
et al. report a similar trend of increasing collagen and GAG content over a 28-day culture period [18].
Other studies report increased scaffold production over time, with no differences between aligned and
nonaligned scaffolds [15]. Thus, our findings suggest that increased matrix production over time may
not be due to fiber orientation, suggesting other factors including fiber diameter may be involved.
5. Conclusions
The aligned nanofiber scaffolds were manufactured with fiber characteristics mimicking native
tendon fibrils; alignment and nano-sized fiber diameters. In addition, these scaffold provide cell
infiltration, promote tendon-like gene expression, and matrix production. Topographical cues
stimulated tenogenesis and emphasized the importance of alignment in determining cell fate.
In addition, our study provides insight into the importance of optimizing scaffold design through
adjustable parameters that influence MSC behavior and fate. As a whole, our findings suggest that
nanofiber topography alone can influence tenogenic differentiation; specifically, fiber alignment
promotes cell elongation and tendon-like characteristics of tendon-related markers and matrix
production for MSC differentiation. Future studies will adjust scaffold parameters to further investigate
how alignment cues affect MSC response and investigate molecular mechanisms involved in tendon
differentiation. Our study demonstrated that aligned scaffolds induced changes in MSC morphology,
gene expression, and scaffold production that support evidence of tenogenesis. Further exploration of
fibrous scaffold parameters and MSC response in varying topographical environments may help to
elucidate the optimal parameters needed to stimulate tenogenesis.
Supplementary Materials: The following are available online at http//www.mdpi.com/2076-3417/7/1/59/s1,
Video S1: Mesenchymal stem cells on aligned parallel nanofibers, Video S2: Mesenchymal stem cells on aligned
perpendicular nanofibers.
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