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Abstract

Rigidity of substrates plays an important role in stem cell fate. Studies were commonly carried out 

on isotropically stiff substrate or substrates with unidirectional stiffness gradients. However, many 

native tissues are anisotropically stiff and it is unknown whether controlled presentation of stiff 

and compliant material axes on the same substrate governs cytoskeletal and nuclear morphology, 

as well as stem cell differentiation. In this study, electrocompacted collagen sheets were stretched 

to varying degrees to tune the stiffness anisotropy (SA) in the range of 1 to 8, resulting in stiff and 

compliant material axes orthogonal to each other. The cytoskeletal aspect ratio increased with 

increasing SA by about 4-fold. Such elongation was absent on cellulose acetate replicas of aligned 

collagen surfaces indicating that the elongation was not driven by surface topography. 

Mesenchymal stem cells (MSCs) seeded on varying anisotropy sheets displayed a dose-dependent 

upregulation of tendon-related markers such as Mohawk and Scleraxis. After 21 days of culture, 

highly anisotropic sheets induced greater levels of production of type-I, type-III collagen and 

thrombospondin-4. Therefore, SA has direct effects on MSC differentiation. These findings may 

also have ramifications of stem cell fate on other anisotropically stiff tissues, such as skeletal/

cardiac muscles, ligaments and bone.
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1. Introduction

A number of natural tissues such as tendons, blood vessels and muscles are substantially 

stiffer along their load bearing direction than other tissue axes. Notably, the cytoskeletons 

and nuclei of cells in such tissues are generally elongated along the stiffer direction. In such 
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a fundamental context, the effects of extracellular matrix (ECM) stiffness anisotropy (SA) 

on cellular morphology and response have not been investigated. Prior research has 

demonstrated the effects of extracellular matrix rigidity on morphology, proliferation and 

differentiation of mesenchymal stem cells (MSCs)[1–7]. Such studies were commonly carried 

out on environments with isotropic stiffness. Depending on matrix rigidity, MSCs may 

undergo neurogenesis, myogenesis or osteogenesis[1]. Matrix rigidity has also shown to 

affect the degree to which a cell spreads[8–10]. It has also been shown that cell migration can 

be controlled by stiffness gradients in a process termed as durotaxis[11].

Alignment and elongation of the cytoskeleton have been achieved predominantly by 

topographical cues such as micropatterned ridges, micropillars, gratings, wells or 

microimprinted cell-adhesive patterns[2–7, 12–14]. There is evidence that cells seeded on 

nanofibrous topographies align along the longer axes of fibers[15–17]. This outcome is 

mainly due to the defined topography of the substrates. It was demonstrated that topography 

induced cytoskeletal alignment differentiated MSCs to tenogenic and neuronal 

differentiation[18, 19]. It is yet unknown whether controlled presentation of substrate SA 

governs cytoskeletal and nuclear morphology, as well as stem cell fate.

Type I collagen is the most abundant and major structural protein in connective 

tissues[20, 21]. Therefore, it is the center of many tissue engineering strategies for anisotropic 

tissues such as tendon, ligament, etc. To the best of our knowledge there is no study which 

introduces SA directly to the pure collagen substrate by incorporating different stiffness 

values in different material directions and studies the effect on cytoskeletal response and 

differentiation toward anisotropic tissue lineage. Our research group demonstrated 

transformation of monomeric collagen solutions to solid phase by electrochemical gradients 

induced by linear electrodes[22–24]. The method generates highly dense and aligned collagen 

threads with a packing density (1030 mg/ml) one of the highest reported to date[25, 26]. The 

molecular alignment lacks when planar electrodes are used to fabricate sheets. In the current 

study, SA was introduced in electrocompacted sheets by controlled unidirectional stretch of 

the sheets to various levels. Variations in the cytoskeletal and nuclear morphology of cells 

seeded on collagen sheets of varying SA were studied. Effects of collagen SA on the 

expression of tendon-related transcription factors and tendon-related extracellular matrix 

synthesis were also investigated.

2. Results

Electrochemically compact collagen sheets were fabricated by using planar electrodes 

(Figure 1A) and stretched by a mechanical stretching device to incorporate SA in isotropic 

collagen sheets (Figure 1B) (see Methods). Collagen molecules are randomly (i.e. 

isotropically) oriented in compact sheets as evidenced by CPI (Compensated Polarized 

Imaging) image (magenta indicates randomness[22, 27, 28] in Figure 2A, 0% stretch). 

Molecular alignment increased gradually with stretch as indicated by the emergence of blue 

color in the polarized images (Figure 2A). 0% stretch group was isotropic and 60% stretched 

group had the highest alignment as indicated by the uniform blue color over the aligned 

compact sheet. CPI results were backed up by the SEM (scanning electron microscopy) 

images (Figure 2B) which revealed collagen fibrils of 0% stretch group were randomly 
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oriented. A gradual increase (Figure 2B) in fibrillary alignment was observed along the 

stretching direction. SEM images indicated a full replication of the aligned collagen surface 

topography by the cellulose acetate (Figure 2C).

The electro compacted collagen sheets were tested mechanically both in longitudinal and 

transverse to the stretching direction. The mechanical test result of different SA collagen 

sheet indicated that longitudinal direction modulus (EL) and maximum failure stress (σL) 

increased about 4-fold when  increased from 1 to 8 (Figure 3A). On the other 

hand, ET and σT declined by 2-fold from SA=1 group to SA=8 group (“T” indicates 

transverse direction property).

Electrocompacted random collagen sheet (0% stretch) was isotropically stiff and strong 

(SA=1.11 ± 0.51, STA=1.09 ± 0.55, respectively), in agreement with the random fibrillar 

orientation observed by CPI and SEM. SA and STA  increased 

gradually by up to 8-fold with increasing stretching level (Figure 3B).

Human mesenchymal stem cells (hMSC) seeded on collagen sheets of varying SA showed a 

4-fold increase in the cytoskeletal aspect ratio with increasing SA (Figure 4, 5A) both at 6 

and 12 hours. This increase in aspect ratio was mainly due to continual increase in the length 

of major axis from 40 microns at SA=1 to 110 microns at SA=8 at 12-hour time point 

(Figure 4, 5B). On the other hand, cell minor axis length was stagnant at about 30 

micrometers by 12-hour time point regardless of the SA (Figure 5C). Both major axis length 

(p =0.003) and minor axis length (p = 0.000) increased between 6 and 12 hours indicating 

continual spreading of cells over time (Figure 4, 5B, 5C). There was no significant 

difference of cell aspect ratio between cells seeded on surface replicated cellulose acetate 

sheet and control cellulose acetate sheet (Figure 4B & 5H). Cells on cellulose acetate with 

functionalized Collagen-I coating also did not show any significant difference like the 

uncoated cellulose acetate sample experiment.

Nuclear aspect ratio (Figure 5D) increased moderately but significantly within increasing 

SA (p<0.025). In parallel with the changes observed for cytoskeletal dimensions, major axis 

length (Figure 5E) of nuclei increased with increasing SA whereas the minor axis (Figure 

5F) did not change with increasing SA.

The cumulative histograms (Figure 6) indicated that a greater fraction of cells were aligned 

along the stretch axis with increasing amount of stretch. Such that, at 12 hours, 24%,47% 

and 78.8% aligned cells were within 20° angle of stretching direction for SA=1, SA=3 and 

SA=8 groups, respectively. For SA=1 group, after 6 hours, 65% of cells had r < 1.2 and after 

12 hours 33.33% of cells had r < 1.2. Cells with aspect ratios of r < 1.2 were considered to 

be round and therefore, not included in the histogram.

Gene expression results on days 1 and 3 (Figure 7) showed that increasing the stiffness by 

compaction while maintaining isotropy (gel vs. unstretched sheet) did not affect the 

expression levels of MKX and SCX. On day 1, induction of SA resulted in significant 

increases in the expressions of MKX and SCX. On day 3, expressions of MKX and SCX 
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were greater only for the highest level of stretch. By day 5, expressions of all 

electrocompacted groups (stretched or not) were comparable, and, greater than those of the 

collagen gel.

After 21 days of culture, type-I and type-III collagen production increased by 2-fold in 

highly anisotropic group (SA=8) than SA= 1 and SA=3 (Figure 8). For type-I collagen, there 

was no significant difference between SA=1 and SA=3. For type-III collagen, SA=3 samples 

showed significantly greater matrix synthesis than SA=1. In case of TSP-4, cells on SA=8 

sheet showed 2.5- fold increase in TSP-4 expression than SA=1 indicated by corrected total 

cell fluorescence (CCTF) level (Figure 8). There was no significant difference in TSP-4 

immunofluorescence level of cells between SA=1 and SA=3.

3. Discussion

The planar stretch induced SA in collagen sheet affected cellular and nuclear morphology. 

Furthermore, cell fate, specifically tenogenic differentiation of MSCs were inducible by 

substrate SA. The observed outcome was attributable to SA rather than aligned topography 

as demonstrated by the absence of cellular elongation on isotopically stiff cellulose acetate 

sheets which replicated the topography of aligned collagen sheets.

The increase in anisotropy was mostly due to an increase in the modulus along the stretch 

axis whereas the modulus transverse to the stretch axis varied less prominently (4-fold vs 2-

fold) with the stretching. This outcome implies that the lateral interactions between collagen 

molecules define the stiffness in the transverse direction, regardless the molecules are 

oblique (as in the isotropic state) or fully parallel (as in the aligned state) to each other. 

Overall, molecular alignment predominantly benefits the modulus along the longer axes of 

molecules.

Preferential alignment towards the stiffer material axis as we report in this study is an 

agreement with the preferential migration of cells towards higher rigidity regions of 

materials with rigidity gradients[11]. Plotnikov et al. reported that individual focal adhesions 

(FAs) sense ECM locally by repeatedly applying tugging forces and that soft ECMs promote 

tugging traction dynamics in FAs whereas rigid ECMs promote stable traction in FAs[11]. 

Therefore, cells migrate towards the rigid ECM with stable traction of FAs by directed 

migration. In this study cells showed elongation along the stiff direction. This indicates that 

the FAs of cells were able to sense and differentiate between the stiff and softer directions of 

the anisotropic sheets and responded accordingly.

The response of nuclear aspect ratio to substrate anisotropy (22% increase) was significant 

but less pronounced than the response of cytoskeletal aspect ratio (201% increase). The 

change in nuclear morphology occurred largely by an increase in the major axis length of the 

nucleus while there was no change in the minor axis length of the nucleus. In highly 

anisotropic tendon tissue, cell aspect ratio varies from 3–8[29–31] whereas nucleus aspect 

ratio varies from 2.5–6[29, 32, 33]. The nucleus aspect ratio in isotropic tissue types 

(adipocyte, cornea) varies from 1.1–1.8[34–38]. Cells seeded on the highly anisotropic sheets 

in this study had a nucleus aspect ratio of 2, a ratio that is on the higher end of isotropic 
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tissues and lower end of anisotropic tissues. Experiments with longer durations of cell-

seeding on anisotropic sheets may show greater elongation of the nuclei which remains to be 

determined. Also, cells are investigated in 2D context whereas the 3D nature of native 

tissues may be promoting a greater degree of increase in the nuclear aspect ratio.

The nucleus had an increasing major axes length with increasing SA whereas the minor axes 

remained static. It is likely that this behavior is determined by preferential recruitment of 

actin fibers along the stiffer direction pulling on the nucleus along the major axis 

predominantly. Therefore, substrate anisotropy may be transmitted to the nucleus via 

mediation of actin filaments along the major axis. Future experiments targeting actin 

anchorage to the nuclei would prove this point conclusively.

For the isotropic (SA=1) group, 65% and 34% of cells were round after 6 and 12h. Whereas 

for medium (SA=3) and highly anisotropic (SA=8) sheet close to 100% cells were 

elongated. The average alignment direction gradually comes closer to the stretching 

direction as the anisotropy of the sheet increases. This indicates that cell sensed the stiffer 

direction of the anisotropic sheet and showed direct response by gradually increasing cell 

aspect ratio and by gradually extending along the stretching direction. In this context, 

arguably, SA is a form of durotaxis where the cell translates locally by expanding along the 

stiffer axis at a higher rate than the compliant axis to assume both an elongated form while 

aligning along the stiffer direction of the material.

It has been well established that biophysical cues such as substrate stiffness induce MSCs to 

commit to different lineages[1, 39]. Younesi et al. showed that anisotropic alignment of the 

electrocompacted collagen fibers yields tenogenic differentiation of MSCs as demonstrated 

by gene expression and matrix production[17]. Mature tendon tissues are highly anisotropic 

in nature and during tendon development in embryos, the environment where cells are 

undergoing tenogenesis are observed to be formed of highly anisotropic parallel bundle of 

collagen fibrils[40, 41]. The anisotropic collagen sheets in this study partially mimic the 

anisotropic nature of the tendon ECM by presenting parallel collagen molecular alignment. 

Therefore, it is likely that the substrate SA induced cellular elongation is a contributor to the 

upregulation of the tendon markers as reported in this study. Therefore, we propose 

anisotropy of the stiffness as one of the determinants of MSC fate.

Scleraxis is an early progenitor marker which regulates tendon formation[42–44]. It has been 

shown that scleraxis was expressed in day 14.5 embryonic mouse tendon[45]. Mechanical 

force and scleraxis incorporation in the hESCs induced hESCs commitment to tenocytes[46]. 

Tendons of scleraxis null mutant mice showed severe defects. All these studies suggest that 

expression of scleraxis is important in tendon development. Previous studies of MSCs 

seeded on highly anisotropic collagen fibers[17, 18] and knitted silk collagen scaffold[47] 

showed early increase in scleraxis expression and later the expression was decreased. 

Growth differentiation factor-5 (GDF-5)[48] treated MSCs seeded on culture plates are 

reported to induce early increase in scleraxis expression followed by a decrease. The current 

study similarly showed early increase in the scleraxis expression and interestingly, at day 1 

and day 3 highly anisotropic sheet showed higher expression than gel, non-anisotropic and 

intermediate anisotropic groups (Figure 7). At day 5 scleraxis expression decreases and 
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levels between groups (Figure 7). This early increase in the scleraxis expression in highly 

anisotropic sheet indicates that, the anisotropic nature of the collagen sheet promotes the 

genes involved in early phases tenogenic differentiation.

Mohawk is expressed in developing tendons of mouse embryo and Mohawk knockout mice 

showed hypoplastic tendons and down regulation of type I collagen[49–51]. These results 

indicate that Mohawk is another critical regulator for tendon differentiation. Liu et al. 

demonstrated that the transcription factor Mohawk upregulates scleraxis in murine MSCs. 

Otabe et al. demonstrated that Mohawk was upregulated by 1.8 fold when rat MSCs were 

seeded on a collagen scaffold to repair a tendon defect[52, 53]. MSCs[54] or tendon-derived 

cells[55] seeded on collagen gels exhibited 1.5- and 3-fold upregulation of Mohawk after 7 

days and 2 days of culture period, respectively, without the use of any growth factor. The 

intermediate and highly anisotropic sheet in this study showed 4-fold upregulation of 

Mohawk expression at day 1 without the use of any growth factor. At day 3, the expression 

increases from 2- to 4-fold from isotropic to highly anisotropic sheet. At day 5, there is 

further increase in Mohawk expression. Overall, Mohawk displayed the most robust 

response to SA among the markers investigated in this study.

Long term tendon related matrix production study indicated that highly anisotropic samples 

favored tendon related matrix production. Type-I collagen is the main tendon collagen and 

type-III collagen is one of the major tendon-associated collagen which is crucial for type-I 

collagen fibrilogenesis[56, 57]. Studies demonstrated that transcription factor SCX and MKX 

is involved in tendon formation by regulating type-I collagen production[49, 58–60]. This 

study also conforms with the previous studies by showing that SCX and MKX upregulation 

in the first five days and increased type-I collagen production by day 21 (Figure 8) occurred 

for highly anisotropic group (SA=8). Type-III collagen mediate attachments of tendon and 

helps during healing of tendon injury[61–63]. The response of the body of tendon injury is to 

produce type-III collagen to quickly repair the damage[64, 65]. After long periods type-III 

collagen is remodeled to type-I collagen[63, 64]. In this study type-III collagen production 

was higher in anisotropic groups than the isotropic group (Figure 8). TSP-4 is one of the 

main tendon-related genes[66]. Tendon extracellular matrix contains TSP-4 which displays 

the highest tendon selective expression compared to other tissue types[66–68]. TSP-4 is also 

believed to bind to collagen and form complexes with COMP in tendon[68, 69]. TSP-4 was 

shown to be upregulated in both engineered scaffold-free tendon tissue and in collagen 

matrix[70, 71]. Recently, Ning et al. showed that TSP-4 was upregulated when cells were 

seeded on decellularized tendon slices[72]. The highly anisotropic group (SA=8) in this study 

showed higher level of TSP-4 immunofluorescence (Figure 8) than the SA=1 and SA=3 

groups indicating that the anisotropy of the collagen sheet mimics the anisotropy of the 

tendon and increase TSP-4 level as in Ning et al.’s study.

4. Conclusions

To the best of our knowledge, this study is the first which demonstrated that stem cell fate is 

affected by not only the magnitude of stiffness but also by the directional anisotropy of the 

substrate stiffness. Such anisotropy can be a key determinant in driving cell morphology and 

differentiation during development and maintenance of anistropically stiff tissues. We have 
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demonstrated a case for tendon differentiation and future studies will investigate genotypes 

and phenotypes associated with other anisotropic tissues such as skeletal or cardiac muscles.

5. Materials and Methods

5.1 Fabrication of Collagen Sheets by Electrochemical Compaction [Figure 1A]

Bovine dermis derived acid soluble monomeric type-I collagen solution (Advanced 

Biomatrix, San Diego, CA; 6 mg/ml) was diluted two-fold using RNAase/DNAase free 

water. The pH of the collagen solution was adjusted to 8–10 using 1 N NaOH and dialyzed 

against ultrapure water for 18 hours to prepare the collagen solution for electrocompaction.

Electrocompaction of collagen in the sheet form was carried out as described before[23, 24]. 

Briefly, a rectangular window of 30×10×1.5 mm was cut in a plastic piece. The plastic 

window was placed on planar carbon electrode and filled with the dialyzed collagen 

solution. Another plane carbon electrode was placed above the plastic boundary, 

sandwiching the collagen solution between the electrodes between which 30 VDC was 

applied for 2 min. Electric current electrophoretically mobilizes collagen molecules and 

compacts them under the effects of mechanisms detailed in an earlier publication[73]. This 

electrocompaction generates 100 microns thick rectangular sheets of 30×10 mm dimensions 

between the two planar electrodes.

5.2 Resolving the effects of topography from the effects of SA by cellulose acetate 
replication of surface topography

The topography of a highly stretched collagen sheet (SA=8) was replicated using a cellulose 

acetate sheet to assess whether stretch induced surface topographical alignment induce cell 

alignment and elongation. Briefly, a thin film of cellulose acetate sheet is wetted with 

acetone, placed on top of the highly stretched collagen sheet and kept for 5 minutes. The 

surface topographical pattern of the collagen sheet is replicated through the flow of 

solubilized the cellulose molecules. The replicated cellulose acetate samples were then 

peeled off and washed with deionized water to remove any trace of acetone.

5.3 Tuning of Molecular Alignment via Mechanical Stretch

A motorized mechanical device was built to align collagen molecules by stretching (Figure 

1B). Randomly oriented collagen sheet was gripped in the device and stretched at a 

translational speed of 35µ/s to 20%, 40% and 60 % of their initial length of 20 mm to induce 

different levels of SA.

5.4 Imaging of Molecular Alignment in Compacted Collagen Sheets

The degree of alignment of collagen molecules at different levels of stretching was assessed 

by a polarized optical microscope equipped with a first order wavelength gypsum plate 

(Olympus BX51, Melville, NY, USA) and by using SEM.

Collagen is a positive birefringent material and the aligned molecules along the slower axis 

of the gypsum plate shows blue interference color and the molecules which are 

perpendicular to the slow axis appear yellow[74]. Magenta color indicates lack of alignment 
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and emergence of blue in the CPI image indicates molecular alignment in the SW-NE 

direction or along the slower axis or perpendicular to the long dimension of the gypsum 

plate.

The surface morphology of collagen and cellulose acetate samples were observed by a 

scanning electron microscope (FEI Nova Nanolab 200, Hillsboro, Oregon) at a voltage of 3 

kV and a beam current of 0.12 nA. Before analyzing the samples with SEM, all the samples 

were sputter coated with 5 nm thick layer of palladium (Denton Desk IV Coater DCH240).

5.5 Assessment of Mechanical Properties of Stretched Sheets (SA)

Treatment groups were: i) Unstretched, ii) 20% stretched, iii) 40% stretch, iv) 60% stretch. 

Collagen sheets were cut into 20×2 mm strips along the stretch direction (Longitudinal) or 

transversely to the stretch direction (Transverse) (n = 6–8 samples per group). Samples were 

hydrated in deionized water for 30 minutes and then they were tested under monotonic 

tension (Rheometrics Inc., NJ) until failure at a strain rate of 10 mm/min. Cross sectional 

areas of sheet samples were measured with a multi-photon confocal microscope (Leica TCS 

SP2, Wetzlar, Germany) in the hydrated state. Stress-strain curves were constructed from the 

load-displacement data using sample geometry. Moduli along the longitudinal (EL) and 

transverse (ET) directions were calculated from the slopes of the linear regions of stress 

strain curves. SA was defined by dividing the modulus in the longitudinal by the modulus in 

the transverse directions:

(1)

Similarly, stress anisotropy (STA) was defined as:

(2)

Where, σL and σT is defined as the maximum failure stress.

5.6 Effect of SA on Cytoskeletal and Nuclear Morphologies

Cells were seeded on sheets stretched to anisotropy levels of SA = 1 (isotropic), SA = 3 and 

SA = 8. Prior to cell seeding, samples were disinfected in 70% ethanol for 4 hours and 

washed in 1× PBS. Samples (n = 3 wells/group) were placed into ultralow attachment 24 

well plates (Corning). Human MSCs (Lonza, Walkersville, MD) at passage 5 were seeded at 

a density of 5000 cells/cm2. The culture medium composed of alpha MEM (Invitrogen) 

supplemented with 10% MSC-Qualified FBS (Invitrogen), 1% penicillin/streptomycin and 

50 µg/mL ascorbic acid.

Cell morphology was visualized by staining cytoskeletal actin filaments with AlexaFluor 

488 Phalloidin (Life Technologies, Grand Island, NY, USA) at 6 and 12 hour time points. 

Cells were fixed with 3% formaldehyde (with 0.1% TritonX-100) for 10 min followed 1× 
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PBS wash. The actin filaments were stained by incubating the cells in AlexaFluor 488 

Phalloidin at 37 °C for 20 min. The stain was washed with 1× PBS and images of stained 

cells were taken using an Olympus Microscope (Olympus IX83) with a 20× objective lens. 

Images were taken from randomly selected fields of view (N=3–5 repeat measurements/

sample). Cell nuclei were visualized by DAPI nucleic acid stain (Invitrogen). Briefly the 

stock solution was diluted to 300 nM in 1× PBS and added to the sample wells. Samples 

were incubated for 3 minutes for nucleic acid staining. The staining was washed with 1× 

PBS and images were taken as described for actin staining within the same field of view as 

actin staining. For actin staining imaging, EGFP filter (486/509 nm wave length) and for 

DAPI staining image DAPI filter (358/461 nm wavelength) was used.

5.7 Cell seeding on the replicated cellulose acetate film

Cells were seeded on the cellulose acetate film with the topography replication and without 

the topography replication (control) in similar method as described above. Cells were also 

seeded on collagen coated cellulose acetate sheet. Cellulose acetate samples were 

functionalized with Type I collagen with a stock solution of 50 µg/ml applied at 6 µg/cm2 

area. Collagen-I surface coating was verified by Picro Sirius Red staining. Cell morphology 

was visualized by staining cytoskeletal actin filaments using AlexaFluor 488 Phalloidin 

(Life Technologies, Grand Island, NY, USA) after 6 hours.

5.8 Measurement of Cytoskeletal and Nucleus Morphologies

Cellular and nuclear morphologies were measured by ImageJ (NIH, MD, USA). An ellipse 

was fitted around each cell. The diameters of the major and the minor axes of the ellipse 

were recorded. The angle between the stretching direction and the major axis was defined as 

the cellular alignment angle Ɵ. Cell aspect ratio (r) was defined by the ratio of the diameters 

of the major axis to the minor axis.

5.9 Effect of SA on Tenogenic Differentiation of Human MSCs

Cells were seeded on electrocompacted collagen sheets which were stretched to anisotropy 

levels of SA = 1 (isotropic), SA = 3 and SA = 8 as elucidated earlier. Additionally, a random 

collagen gel group was included for this experiment which provides an SA of 1; however, 

collagen gel is less compliant than unstretched electrocompacted collagen sheet. Therefore, 

collagen gel enabled to sort out the effects of substrate stiffness. Collagen gel was 

synthesized by mixing acid soluble monomeric collagen solution with 10× PBS at a ratio of 

8:1 parts and the pH was adjusted to 7.4 using 0.1 N NaOH. The neutral collagen solution 

was poured into the wells of a 6 well plate and gelled by incubating at 37 °C for 2h. At time 

points 1, 3 and 5 days total RNA was extracted by lysing the sells using TRIZOL reagent 

(Invitrogen) following manufacturer’s protocol. Briefly, chloroform was added to the trizol 

homogenized samples and the phase separation was performed by centrifuging the samples 

at 12,000 g for 15 min at 4 °C. The RNA was collected in a separate tube from the 

supernatant aqueous phase, precipitated by adding isopropanol and pelleted by centrifuging 

at 12,000 g for 10 min at 4 °C. 70% ethanol was used to wash the RNA pellet. The pellet 

was then dried and resuspended in RNAse/DNAse free water (Invitrogen) and stored at 

−80 °C. 2 µg of total RNA was reversed transcripted to synthesize cDNA using the cDNA 

Reverse Transcription Kit (Applied Biosystems). Taqman real time PCR mastermix 
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(Applied Biosystems) and Taqman gene expression assays (Applied Biosystems) for early 

tendon specific or related genes (Scleraxis[42–48] and Mohawk[49–55]) were used to evaluate 

the expression of the genes by quantitative real time PCR (Applied Biosystems 7500 Real 

Time PCR System). The relative fold change in the target gene expression was quantified 

using 2 deltadeltaCt method by normalizing the target gene expression to RPLP0[17] as a 

housekeeping gene and relative to the expression on the random collagen gel at each time 

point.

5.10 Effect of SA on Tendon Related Matrix Synthesis

Cells were seeded on electrocompacted collagen sheets at anisotropy levels of SA = 1 

(isotropic), SA = 3 and SA = 8 as described above. Cells were cultured for 21 days as 

described earlier. Three tendon-related extracellular matrix molecules were investigated: i) 

type-I collagen, ii) type-III collagen and iii) Thrombospondin-4 (TSP-4). For type-I and 

type-III collagen, immunohistochemistry was performed and for TSP-4 green 

immunofluorescence was performed.

Collagen sheet samples were fixed in 10% neutral buffered formalin, rinsed in 3 washes of 

PBS for 5 min each, permeabilized for 15 min in PBS containing 0.25% Triton X-100 

followed by 3 washes in PBS for 5 min each. After blocking the samples in PBST 

(Phosphate Buffered Saline with Tween) containing 5% BSA, 22.52 mg/ml glycine and 

0.1% Tween 20 for 30 min, the samples were incubated with primary antibody overnight at 

4°C. The following antibodies were adopted for immunohistochemistry: mouse Anti-

Col1A1 (Abcam), rabbit anti-Col III (Abcam), Thrombospondin 4 (Santa-Cruz). Samples 

incubated with blocking solution without primary antibody were used as negative control for 

the secondary antibody, and collagen sheet without cells were used as background negative 

control. Staining was performed by Alkaline phosphate substrate-chromogen using 

StayRed/AP kit (Abcam) according to manufacturer’s recommendations. Briefly, the 

samples were washed 3 times in PBS for 5 min each after overnight incubation with primary 

antibodies. Following the washes, the samples were incubated with a secondary ALP-

conjugated antibody for an hour at room temperature. The samples were washed 3 times in 

PBS for 5 min each and incubated with StayRed/AP working solution (3 ml of StayRed/AP 

Substrate buffer containing one drop of StayRed/AP chromogen) for 15 min at room 

temperature. Samples were rinsed in PBS and imaged (N=3–5 repeat measurements/sample) 

using a microscope (Olympus IX83 digital microscope, Olympus Life Science). Images 

were processed and quantified by Cellsens Dimension software (Olympus Life Science).

For immunofluorescence, the anti-Rabbit Alexa-488 conjugated specific secondary antibody 

(Pierce Protein Biology, Thermo fisher Scientific) was used. The samples were visualized 

(N=3–5 repeat measurements/sample) under Olympus IX83 digital microscope (Olympus 

Life Science) using Cellsens Dimension software (Olympus Life Science)

Quantification of the protein staining was performed by ImageJ (NIH, Maryland, USA). The 

amount of type-I and type-III collagen staining was calculated by ImageJ colour 

thresholding[75]. The regions of interest were chosen randomly across the samples. Amount 

of TSP-4 was measured by corrected total cell fluorescence (CCTF) of each cell seeded on 

different group[76–79]. Briefly, the CCTF of a cell was measured by deducting the average 
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fluorescence of the background around the cell from the average fluorescence of the cell 

area. Regions of interest were chosen randomly across the samples.

5.11 Statistical Analysis

Analysis of covariance (ANCOVA) was performed for mechanical data to check whether 

longitudinal modulus is significantly different from transverse modulus. Stretching level was 

taken as the covariant. Q-Q (Quantile-Quantile) plot of the residuals was plotted to check the 

normality of the data. A post hoc analysis using the Tukey’s test was conducted to compare 

the pair wise differences between different groups. The significance was set at p<0.05.

The cell study data were not normal according to the Q-Q plot, a two-way ANOVA 

equivalent of nonparametric test, ordered logistic regression (OLR) was used to check 

whether there is an effect of time point as well as anisotropy on cellular response. Non 

parametric Mann-Whitney U test was conducted to compare pairwise difference between 

groups (Figure 5) as a post hoc analysis. A Bonferroni correction was applied to the cell 

study statistical analysis to compensate for large data set and statistical significance was set 

at p<0.025. For protein quantification staining Mann-Whitney U test was conducted to 

compare difference between groups.

In the case of CCTF quantification of TSP-4, as cell data are involved, a Bonferroni 

correction was applied and statistical significance was set at p<0.025. Statistical computing 

tool “R” (R-Project, Vienna, Austria) was used to do all the statistical analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Overview of electrochemical compaction of collagen sheets, B) Overview of molecular 

alignment by stretching.
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Figure 2. 
A) CPI images of collagen sheets at different levels of stretch. The arrow indicates the slow 

axis of the gypsum plate and molecular alignment along the direction of the slow axis is 

manifested by blue which emerges gradually with stretch. At 60% stretch, full alignment is 

present over the field of view. Scale bar 100 µm, B) SEM images of collagen sheets 

stretched to different strain levels indicate an aligned topography along the stretching 

direction (arrows; scale bar 2µm). C) Replication highly stretched (SA=8) collagen sheet 

surface to cellulose acetate film. Scale bar: 20µm
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Figure 3. 
Top right figure shows the mechanical testing direction of the longitudinal and transverse 

samples with the stretching direction. A) Transverse and longitudinal stiffness of collagen 

sheets at different stretch levels. B) Stiffness (left) and failure stress (right) anisotropy in 

collagen sheets increased with stretch. Horizontal lines indicate significant differences 

between groups (p < 0.05)
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Figure 4. 
A) MSCs’ cystoskeletal morphology at SA=1, SA=3 and SA=8 (Scale bar 50 µm) after 6 

and 12 hours of seeding. Stretching direction indicated by arrows. B) Morphology of cells 

seeded on cellulose acetate with and without surface replication shows similar morphology 

and alignment. (Scale bar: 100µm).
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Figure 5. 
Cell aspect ratio (A), major axis (B) and minor axis (C) length after 6 and 12 hours (Left 

column). Nuclear aspect ratio (D), major axis (E) and minor axis (F) length after 6 and 12 

hours (Right column). Significance was set at p < 0.025 using Bonferroni correction. (G)The 

schema is drawn to scale from the reported average measurements to illustrate cell and 

nucleus dimensions at different values of anisotropy. (H) Cells seeded on surface replicated 

cellulose acetate sheet showed that there was no significant difference of cell aspect ratio 

surface replication and control group.
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Figure 6. 
Cumulative Relative Histogram Plot of Cell Alignment Angle. After 6 hours, for SA=1, 

SA=3 and SA=8 group, 22.4%, 41.0% and 77.0% aligned cells are within 200 angle of the 

stretching direction respectively. After 12 hours, for SA=1, SA=3 and SA=8 group, 24.0%, 

47.0% and 78.8.0% of aligned cells are within 200 angle of the stretching direction 

respectively. For SA=1 group, after 6 hours, 65% cell has r <1.2 and after 12 hours 33.33% 

of cells have r<1.2 are considered to be round and therefore, not included in the cell 

alignment angle histogram.
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Figure 7. 
Effect of SA on tenogenic differentiation of human MSCs. After day 1, 3 and 5 SCX showed 

gradual increase of expression level. MKX showed increased expression for SA=3 and 

SA=8 group after day 1 and 3. Within the same marker and day, significance difference 

between gel and compact group is noted by “*” and between non anisotropic compact with 

other anisotropic group is denoted by “**” and SA=3 vs SA=8 is denoted by “***”.
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Figure 8. 
Effect of SA on long term matrix synthesis. After day 21 days of hMSc culture, highly 

anisotropic (SA=8) showed 2-fold upregulation of type-I collagen synthesis than non-

anisotropic sheet (SA=1); cells on SA=8 sheet showed 2- fold increase in TSP-4 production 

than SA=1 indicated by corrected total cell fluorescence (CCTF); and gradual increase in 

type-III collagen synthesis by 2-fold increase from SA=8 to SA=1 sheet; White arrow 
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indicates collagen synthesis; for type-I and type-III collagen, scale bar 100 µm and for 

TSP-4 scale bar 50 µm. Double head white arrow indicate stretching direction
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