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Abstract

Biomaterial approaches for engineering orthopedic interfaces such as the tendon-bone junction

(TBJ) are limited by a lack of understanding of how insoluble (microstructure, composition) and

soluble regulators of stem cell fate work in concert to promote bioactivity and differentiation. One

strategy for regenerating the interface is to design biomaterials containing spatially-graded

structural properties sufficient to induce divergent mesenchymal stem cell (MSC) differentiation

into multiple interface-specific phenotypes. This work explores the hypothesis that selective

structural modification to a 3D collagen-glycosaminoglycan (CG) scaffold combined with

biochemical supplementation can drive human bone marrow-derived MSC differentiation down

tenogenic, osteogenic, and chondrogenic lineages. Tenogenic differentiation is enhanced in

geometrically anisotropic scaffolds versus a standard isotropic control. Notably, blebbistatin

treatment abrogates this microstructurally-driven effect. Further, enhanced osteogenic

differentiation and new mineral synthesis is achieved by incorporation of a calcium phosphate

mineral phase within the CG scaffold along with the use of osteogenic induction media. Finally,

chondrogenic differentiation is optimally driven by combining chondrogenic induction media with

a reduced density scaffold that promotes increased cellular condensation, significantly higher

expression of chondrogenic genes, and increased GAG deposition. Together these data provide

critical insight regarding design rules for elements of an integrated biomaterial platform for

orthopedic interface regeneration.
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1. Introduction

Orthopedic junctions connect soft tissue and bone to promote joint stability and locomotion.

However, these interfaces are mechanically heterogeneous and therefore common sites of

injury due to the presence of stress concentrations.[1] One important class of orthopedic

interface is the tendon-bone junction (TBJ). Tendons are non-mineralized tissues composed

of highly aligned, anisotropic type I collagen fiber bundles that transfer muscle-generated

force to the skeletal system to enable normal movement. Comparatively, bone is mineralized

and more isotropic in its structural organization. Importantly, tendon and bone are connected

by a narrow (100–1000 µm[2]) fibrocartilagenous interface rich in type II collagen and

proteoglycans such as aggrecan that helps dissipate stress concentrations during mechanical

loading.[3] This osteotendinous interface contains elegant gradations of extracellular matrix

(ECM) proteins, structural alignment, mineral content, and growth factors to maintain joint

patency.[4, 5] Unfortunately, TBJs such as the supraspinatus-humerus junction in the rotator

cuff are still common injury sites. Current repair strategies poorly recapitulate the tendinous,

cartilagenous, and osseous regions found in the native TBJ, resulting in suboptimal patient

outcomes such as high rates of re-failure (in some cases > 90%).[6]

Current clinical treatments for many orthopedic interfaces such as the TBJ primarily focus

on mechanical fixation of soft (tendon) and hard (bone) tissue rather than biological

integration.[7] An attractive alternative strategy is to guide regeneration of the spatially-

graded junction using a spatially-patterned biomaterial seeded with patient-derived

progenitor cells (e.g., mesenchymal stem cells, MSCs). Here, we propose that spatially-

graded instructive cues engineered into the biomaterial could promote spatially-graded stem

cell lineage specification down tenogenic, chondrogenic, and osteogenic lineages

respectively. Towards the design of such an instructive biomaterial, a wide range of studies

have investigated the use of material biophysical properties to induce divergent MSC

bioactivity and lineage specification. Seminal work from Engler et al. defined the role of

substrate elasticity, without biomolecular perturbation, for driving MSCs down neurogenic,

myogenic, and osteogenic lineages with increasing substrate stiffness.[8] More recent work

has demonstrated that substrate geometry[9] and tethering[10] can have a profound influence

on stem cell fate. While these studies were performed on planar substrates, it has been more

difficult to translate these findings into design rules for 3D biomaterials. However, recent

progress has been made in this arena towards understanding the roles of crosslinking,

rigidity,[11] and degradation properties[12] in directing stem cell lineage, primarily using

monolithic materials. In parallel, many approaches have used soluble cues in the form of

induction media[13] or growth factor supplementation[14] to aid differentiation and

regeneration. However, few approaches have considered the combined influence of both

insoluble (mechanics, structural organization, composition) and soluble (growth factor,

cytokine) cues on guiding MSC fate. The lack of understanding of how insoluble and

soluble regulators of stem cell fate work in concert to promote differentiation, especially in

the context of tendon tissue engineering, is a critical limiting factor to the development of

improved TBJ repair strategies.

In this study we have evaluated the potential for integrating selective biophysical

modification of a single collagen-glycosaminoglycan (CG) scaffold with biochemical
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signals to create a series of instructive biomaterials to guide separate tenogenic, osteogenic,

and chondrogenic MSC differentiation. Such an effort precedes development of a single,

integrated biomaterial to repair multi-tissue junctions such as the TBJ. The CG scaffold

platform employed in this study possesses many advantageous properties for tissue

engineering applications, including high porosity, natural ligands to support cell adhesion

and bioactivity, and approval for use by various regulatory agencies.[15] As analogs of the

native ECM, these materials have also served as platforms to quantitatively examine the

impact of local biomaterial properties on a wide range of cell activities, notably cell

adhesion,[16] migration,[17] and regenerative potential.[18] While previous efforts to drive

MSC differentiation within CG scaffolds have focused on single-lineage osteogenic or

chondrogenic differentiation,[19, 20] this study addresses the suitability of the CG scaffold

platform for guiding MSC differentiation towards a series of osteotendinous junction

phenotypes, focusing in particular on tenogenic differentiation. Unlike osteogenic or

chondrogenic differentiation, there is no well-established induction media to guide tenogenic

MSC differentiation. Previously described methods to induce tenogenesis, primarily using

two-dimensional substrates, include co-culture with primary fibroblasts,[21] cell stretching

through mechanical stimulation,[22, 23] and inducing cell alignment/elongation through the

use of contact guidance cues.[24, 25] In this study we explored the ability to employ selective

structural modifications to our standard CG scaffold, in conjunction with biomolecule

stimulation, to bias MSC differentiation potential. Due to the selective nature of these

modifications as well as our previous description of a fabrication method able to integrate

multiple CG scaffold compartments into a single, spatially-graded biomaterial,[26] we

believe this work is critical for informing design of CG scaffolds for a range of

musculoskeletal tissue engineering applications.

2. Results

2.1 Selective modification of the scaffold microenvironment

Three structural modifications were made to a standard CG scaffold in order to explore the

ability of scaffold microstructure/composition to promote tenogenic, osteogenic, or

chondrogenic lineage specification (Table 1). The standard CG scaffold, used as a control

throughout, has previously been shown to possess an isotropic (uniform) pore structure[27]

capable of withstanding cell-mediated contraction.[28] Here we modified a single element of

this base scaffold architecture in order to improve scaffold selectivity for promoting

tendinous, osseous, and fibrocartilagenous differentiation. Tenogenic studies explored

whether a geometrically anisotropic (aligned) scaffold could promote MSC tenogenic

differentiation. We have previously identified that scaffold anisotropy could support

proliferation and phenotypic stability of mature tenocytes while resisting cellular

contraction, leading to this study to explore whether such an architectural modification could

also promote MSC differentiation.[28, 29] Osteogenic experiments examined whether a

mineralized CG (CGCaP) scaffold variant that has been shown to present a mechanically

robust, hydroxyapatite-rich environment could promote osteogenesis.[30] Chondrogenic

studies explored whether reducing the scaffold relative density (ρ*/ρs = 1 – % porosity), a

modification previously shown to reduce scaffold mechanical properties and allow extensive

cell-mediated contraction,[28, 31] could enhance MSC chondrogenic differentiation. Previous
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studies using CG scaffolds suggested reducing scaffold crosslink density could also increase

cellular condensation and chondrogenesis,[32] so here we hypothesized that reducing

scaffold relative density may lead to a similar pro-chondrogenic response.

2.2 MSC metabolic activity in CG scaffolds

All scaffold variants supported sustained MSC metabolic activity over the 21 day culture

period. Two-way ANOVA analyses revealed a significant effect of both culture time (p <

0.0001) and scaffold type (p < 0.0001) on MSC metabolic activity in the tenogenic,

osteogenic, and chondrogenic differentiation experimental sets (Figure 1, S1).

2.2.1 MSC metabolic activity in tenogenic cultures—Standard (isotropic control)

and anisotropic CG scaffolds both supported steadily increasing, but similar, levels of

metabolic activity throughout the experiment (Figure 1(a)). All tenogenic groups showed

significant increases in metabolic activity from day 7 to day 14 (p < 0.002) with the

anisotropic as well as IGF-1, GDF-5, and GDF-7-supplemented anisotropic scaffolds having

significantly higher activity than the standard control (p < 0.007) (Figure S1(a)). However,

by day 21 these differences between groups had been eliminated. Surprisingly, the bFGF-

supplemented anisotropic group displayed significantly lower metabolic activity than the

other anisotropic scaffold groups as well as the standard group (p < 0.0001) (Figure S1(a)).

2.2.2 MSC metabolic activity in osteogenic cultures—Standard CG scaffolds

consistently had significantly higher metabolic activity compared to selectively mineralized

scaffold groups (Figure 1(b), S1(b)). Osteogenic induction media led to significantly

increased MSC metabolic activity in mineralized scaffolds at all three time points (p <

0.0001). While only the two non-mineralized groups showed significant increases in

metabolic activity from day 7 to day 14 (p < 0.04), all experimental groups displayed

significantly increased metabolic activity on day 21 compared to day 14 (p < 0.03) (Figure

S1(b)).

2.2.3 MSC metabolic activity in chondrogenic cultures—The chondrogenic media

supplemented groups showed significantly higher metabolic activity than the standard

control at day 7 (p < 0.04) (Figures 1(c)). However, on day 14 the low density chondrogenic

as well as the low density TGF-β1 and TGF-β3-supplemented groups displayed significantly

lowered metabolic activity compared to day 7 (p < 0.04) (Figure S1(c)). By day 21, all

groups had significantly lower metabolic activity than the standard group (p < 0.003).

2.3 Effect of scaffold anisotropy on tenogenic gene expression profiles

The expression of the tenogenic genes scleraxis (SCXB) and tenascin-C (TNC) was

quantified at days 7, 14, and 21 of culture (Figure 2). There was a significant effect of both

culture time (p < 0.0001) and scaffold treatment (type, growth factor supplementation; p =

0.01) on SCXB expression. While no statistically significant differences in SCXB

expression were observed at day 7, anisotropic scaffolds were sufficient to induce elevated

SCXB expression levels at both days 14 and 21 compared to the standard scaffolds (p <

0.03) (Figure 2(a)). Although bFGF and GDF-7-supplemented anisotropic scaffolds also

significantly up-regulated SCXB at days 14 and 21 (p < 0.03) (Figure 2(a), S2(a)), there was
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no apparent synergistic effect of scaffold anisotropy and growth factor supplementation on

SCXB expression. However, while there was no significant effect of scaffold anisotropy

alone on TNC expression (p = 0.52), culture time did have a significant effect (p < 0.0001).

Interestingly, GDF-5 and GDF-7-supplemented anisotropic scaffolds showed late up-

regulation of TNC between days 14 and 21 (p < 0.04) (Figure 2(b)).

Type I collagen (COL1A1) expression was also quantified for all experimental groups

(Figure S2(c)), with two-way ANOVA showing a significant effect of both culture time and

scaffold type (p < 0.0001). Notably, COL1A1 expression was initially up-regulated in the

IGF-1, GDF-5, and GDF-7-supplemented anisotropic groups at day 7 (p < 0.002), but down-

regulated in the bFGF supplemented anisotropic group (p = 0.01), compared to the standard

control scaffold. Following down-regulation in the IGF-1, GDF-5, and GDF-7-

supplemented anisotropic groups at day 14 (p < 0.005) there were no significant differences

between any experimental groups at later time points.

2.4 MSC morphology and expression of tenogenic genes and proteins in response to
blebbistatin

While initially unclear how scaffold anisotropy may impact MSC early tenogenic markers,

we examined canonical mechanotransduction pathways. Based on previous work in our lab

that suggested the importance of scaffold structural anisotropy for supporting tenocyte

alignment and phenotypic maintenance[28, 29] as well as the SCXB expression results

reported here, we first explored whether scaffold anisotropy impacted MSC cytoskeletal

organization. We examined MSC response to scaffold anisotropy in the presence of

blebbistatin, a myosin II inhibitor, for 7 days. Confocal microscopy revealed a drastic

reduction in MSC elongation and spreading within CG scaffolds when treated with

blebbistatin (Figure 3(a–c)). Blebbistatin-treated MSC-seeded anisotropic scaffolds also

showed a significant increase in cell shape index (increased cell roundness) compared to

non-treated isotropic and anisotropic scaffolds (p < 0.0001) (Figure 3(d)). Importantly, gene

expression analyses showed trends towards down-regulation of COL1A1, SCXB, and TNC

expression in anisotropic scaffolds in response to blebbistatin treatment (Figure 3(e)).

We subsequently examined activation of the RhoA/ROCK, mitogen-activated protein kinase

(MAPK), and canonical Wnt signaling pathways in response to scaffold anisotropy and

blebbistatin treatment by measuring protein levels of ROCK1, pERK1/2, and β-catenin

respectively (Figure 4). Notably, anisotropic scaffolds displayed significantly higher levels

of ROCK1 compared to standard CG scaffolds, and this effect was subsequently abrogated

with blebbistatin treatment (p < 0.05). Further, blebbistatin treatment also led to significant

down-regulation of pERK1/2 expression (p = 0.03), while neither scaffold anisotropy nor

blebbistatin treatment were observed to impact β-catenin expression.

2.5 Osteogenic gene expression and histology

Significant effects of both culture time and scaffold mineral content/biomolecule

supplementation were found for the expression of all three osteogenic genes examined

(ALP, RUNX2, OCN, p < 0.05) (Figure 5, S3). Notably, ALP expression was significantly

up-regulated at all time points for both the standard (non-mineralized) and mineralized
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scaffold groups cultured in osteogenic induction media (p < 0.02) (Figure 5(a), S3(a)).

Although the standard scaffold plus osteogenic media group showed higher ALP expression

than the mineralized osteogenic group at day 7 by about a factor of 3, the mineralized

osteogenic group displayed significant ALP up-regulation from day 7 to day 14 and day 14

to day 21 (p < 0.05), finishing with an ALP expression level about twice that of the standard

osteogenic group.

Similarly, expression levels of osteogenic marker RUNX2 were significantly elevated in

both of the osteogenic induction groups at day 21 (p < 0.003) (Figure 5(b)). Although the

standard scaffold group had higher expression than its mineralized counterpart at day 7

(Figure S3(b)), this trend was again reversed by day 21. The osteogenic marker OCN was

initially (day 7) up-regulated in the non-supplemented and BMP-2-supplemented

mineralized groups compared to the standard (non-mineralized) scaffolds (p < 0.009)

(Figure S3(c)). While BMP-2 and BMP-7 supplementation elicited a significant up-

regulation of OCN in mineralized scaffolds compared to the standard control at day 14 (p <

0.0003), this trend had disappeared by day 21 (p > 0.05). However, by the final time point

only the osteogenic media-supplemented standard scaffold displayed significant OCN up-

regulation compared to the non-supplemented standard scaffold (p = 0.02) (Figure 5(c)).

Histological sections were taken after day 21 to evaluate MSC distribution and

mineralization via H&E and Alizarin red staining respectively (Figure 6, S5(a)). While there

did not appear to be major differences in MSC infiltration based on H&E sections, Alizarin

red staining revealed notable differences between groups. Significant mineralization was

observed in all groups with the combination of osteogenic media and a mineralized scaffold

leading to the greatest level of mineralization (Figure 6(d)). BMP-2 supplementation did not

appear to improve mineral deposition over the non-supplemented mineralized group (Figure

6(c), S5(a)).

2.6 Chondrogenic gene expression and histology

Finally, we evaluated the combined influence of scaffold relative density and biomolecule

supplementation on MSC chondrogenic differentiation. Expression levels for the

fibrocartilage marker type II collagen (COL2A1) were significantly elevated at day 21 by

the combination of a reduced relative density scaffold and chondrogenic induction media (p

< 0.0001) (Figure 7(a)). SOX9 expression was significantly affected by culture time (p <

0.0001), but not scaffold type (p = 0.41). While SOX9 was up-regulated in the standard

chondrogenic group at the intermediate time point (day 14, p = 0.004), the low density

scaffold plus chondrogenic media group showed significant SOX9 up-regulation at the final

time point (day 21, p = 0.02), leading to higher expression than the other experimental

groups (Figure 7(b), S4(b)). The gene encoding for the proteoglycan aggrecan (ACAN) was

significantly down-regulated in the low density TGF-β-supplemented groups at day 7 (p <

0.03) (Figure S4(c)). Notably, the chondrogenic induction groups had significantly higher

ACAN transcript levels than the standard scaffold control at the day 14 time point (p <

0.03). However, from day 14 to day 21 ACAN was significantly down-regulated in the

standard (higher density) scaffold plus chondrogenic media group (p < 0.0001). Meanwhile,
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the low density scaffolds with chondrogenic media maintained significantly higher

expression compared to the standard control (p = 0.02) (Figure 7(c)).

Scaffold-mediated induction of pro-chondrogenic phenotype was further evaluated by

staining histology sections with H&E and Alcian blue to assess MSC distribution and GAG

deposition respectively (Figure 8, S5(b)). In agreement with gene expression profiles, the

low density scaffolds supplemented with chondrogenic media or TGF-β3 showed significant

scaffold contraction and cellular condensation as demonstrated by H&E staining (Figure

8(d), S5(b)). Further, Alcian blue staining appeared to be strongest in the low density

scaffold with the addition of chondrogenic media (Figure 8(d)) while no major differences in

GAG content were apparent in any other experimental groups.

3. Discussion

This study aimed to identify whether select alterations to the structural properties of a model

3D CG scaffold under development for osteotendinous repair, in conjunction with

biomolecule supplementation, could impact multi-lineage MSC differentiation potential.

Here we used a series of monolithic scaffolds tailored for the osseous, tendinous, and

fibrocartilagenous compartments across the osteotendinous junction in order to screen a

large experimental space. This approach was designed to identify relevant instructive cues

able to selectively enhance discrete osteotendinous differentiation paths. Since spatially-

selective presentation of differentiation media is not plausible we also explored the use of

single factors (e.g., GDF-5, BMP-2, TGF-β1) that could potentially be tethered to discrete

scaffold compartments. Moving forward, we will leverage strategies previously developed

in our laboratory that enable spatially-defined control of scaffold structural properties[26]

(via layering of precursor scaffold suspensions prior to fabrication) and biochemical

supplementation[27] (via photolithography) in order to integrate the findings outlined here

into a spatially-graded material for TBJ repair applications.

While tendon injuries represent an important class of orthopedic trauma, comprehensive

evaluation of strategies to drive MSC tenogenic differentiation have not been explored in the

context of designing a 3D biomaterial implant. We first hypothesized that a combination of

geometric anisotropy and tenogenic growth factor supplementation would improve

tenogenic MSC differentiation. Previous work in our lab has identified scaffold pore

anisotropy as a key regulator of tenocyte alignment[29] and resultant maintenance of

tenogenic phenotypic stability.[28] Other studies suggested that inducing cell alignment and

elongation via two-dimensional substrate contact guidance cues can impact tenocyte

phenotype[24] and drive MSC fibroblastic differentiation.[23, 33] Growth factors such as

bFGF, IGF-1, GDF-5, and GDF-7 can also influence the tenogenic response.[34, 35, 36]

Therefore, our aim was to evaluate whether 3D scaffold anisotropy increased MSC

tenogenic specification, and further whether selective addition of individual growth factors

improved this response. We chose factor dosages based on previous work in our lab with

tenocytes[35] as well as from the literature,[36, 37] although we acknowledge subsequent

studies may optimize factor dosing.
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Notably, scaffold anisotropy supported significant up-regulation of the tenogenic phenotype

marker scleraxis (Figure 2(a)), suggesting aligned contact guidance cues in a 3D

microenvironment could enhance tenogenic MSC differentiation. Although anisotropic

scaffolds supplemented with growth factors (bFGF and GDF-7) also supported SCXB up-

regulation, there did not appear to be a synergistic effect of anisotropy and growth factor

supplementation (Figure 2(a), S2(a)). In contrast, growth factors did not seem to affect TNC

expression until day 21 where expression in the GDF-5 and GDF-7 groups was up-regulated

(Figure 2(b)). These results indicate that for some tendon markers (SCXB) cell alignment/

anisotropy may be more important while for others (TNC) growth factor cues may be the

critical instructive signal. Moving forward, it may also be important to explore gene targets

related to alternative lineages (e.g., myogenic differentiation).

While our gene expression results indicated that scaffold anisotropy plays a role in early

tenogenic differentiation, it remained unclear what pathways MSCs might utilize to sense

scaffold anisotropy given that scaffold pores were larger (> 150 µm) than the MSCs

themselves. Given the structural modification of the scaffold, and known impact of scaffold

strut organization on cell activity within CG scaffolds,[38] we hypothesized that canonical

mechanotransduction pathways may play a role. Therefore we designed a series of

experiments where MSC-seeded anisotropic scaffolds were exposed to the myosin II

inhibitor blebbistatin to remove the capability of MSCs to stretch out and “feel” the

microstructure of their environment. Indeed, blebbistatin treatment had a significant effect

on actin organization, with MSCs in anisotropic scaffolds remaining rounded (Figure 3(a–

d)), as well as tenogenic specification, with MSCs showing downward trends in COL1A1,

SCXB, and TNC expression (Figure 3(e)).

Further, signaling pathways associated with RhoA/ROCK, MAPK, and canonical Wnt

signaling were also impacted by scaffold pore anisotropy and blebbistatin treatment.

Previously, RhoA/ROCK was found to be integral for stretch-induced fibroblastic MSC

differentiation,[39] and increased ROCK activation was observed for cells on aligned versus

non-aligned 2D substrates.[40] Further, ERK1/2 activation was previously shown to be

critical for stretch-induced collagen synthesis in tendon fibroblasts.[41] Finally, while

differential Wnt signaling has been more prominently linked to osteogenic/chondrogenic

development,[42] it has also been shown to be involved in tendon morphogenesis,[43] with

tendon ECM components such as biglycan modulating canonical Wnt activity.[44] However,

few of these results have been translated to a fully 3D biomaterial construct. While there

was no apparent effect of substrate anisotropy on ERK1/2 or canonical Wnt signaling

observed here, ROCK1 expression was significantly higher in the anisotropic scaffold group

compared to the isotropic control (Figure 4), replicating the trend previously observed on a

2D substrate.[40] Blebbistatin treatment abrogated ROCK1 up-regulation in the anisotropic

group and reduced ERK1/2 activation. Taken together our results suggest that

microstructural contact guidance cues presented by 3D anisotropic scaffolds can alter

intracellular signaling paths in a similar manner to mechanical stimuli, already known to be

an important regulator of tenogenic activity.[39, 45]

While primarily focused on examining pathways to increase CG scaffold-mediated

tenogenic MSC differentiation, we also examined modifications to our standard CG scaffold
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to enhance osteogenic and chondrogenic MSC differentiation. While differentiation down

these lineages is far better characterized than tenogenic differentiation, we were interested in

exploring the combined influence of CG scaffold structural properties and biomolecule

supplementation on MSC fate. We hypothesized that osteogenic differentiation would be

enhanced by the combination of a scaffold incorporating a biomimetic calcium phosphate

(CaP) phase and further supplementation with factors in the BMP family (BMP-2 and 7) or

with standard osteogenic induction media. Mineralized CG scaffolds used in this study, in

addition to providing a more mechanically robust microenvironment[46] that may drive

osteogenic differentiation itself,[8] also display a biomimetic calcium phosphate phase that

has been shown in a range of previous studies to improve osteogenic outcomes in terms of

new matrix deposition[20, 47] and osteogenic gene expression.[48]

Osteogenic differentiation was tracked by measuring the expression of the osteogenic genes

ALP, RUNX2, and OCN and through subsequent histological analysis. Osteogenic induction

media had a greater effect on osteogenic gene expression than select BMP-2/7

supplementation, leading to significant up-regulation of all three genes by day 21 (Figure 5).

While BMP supplementation led to ALP and OCN up-regulation at the intermediate time

point, the positive effects of supplementation did not reach that of the osteogenic induction

media (Figure S3). Incorporation of a mineral phase improved ALP and RUNX2 expression

by day 21. Although ALP expression in the mineralized osteogenic group initially lagged

behind that of its non-mineralized counterpart, likely due to reduced MSC metabolic activity

in the more dense and less permeable[46] mineralized scaffold (Figure 1(b)), the mineralized

osteogenic scaffold showed the highest degree of osteogenesis. By day 21 ALP expression

was twice as high in the mineralized osteogenic group. Histological analysis confirmed that

the combination of osteogenic induction media and the mineralized scaffold promoted

osteogenesis, evidenced by increased staining for mineral via Alizarin red compared to other

groups (Figure 6).

Finally, we hypothesized that MSC chondrogenic specification would be ideally achieved in

CG scaffolds by lowering scaffold relative density in conjunction with soluble

supplementation of TGF-β or with chondrogenic induction media. Increasing scaffold

relative density and crosslinking density have both been shown to create structures able to

resist cell-mediated contraction.[28, 32, 49] In particular, lowering the degree of CG scaffold

crosslinking led to increased contraction, cellular condensation, and MSC chondrogenesis as

measured by type II collagen and GAG synthesis.[32] Here we aimed to replicate this effect

in a lower density scaffold, and possibly enhance it through the use of soluble biomolecular

supplementation. This effort was also motivated by features of the native osteotendinous

junction where there is reduced stiffness in a small part of the fibrocartilagenous transition

between tendon and bone. This dip in stiffness has been hypothesized to be critical for

alleviating stress concentrations and maintaining joint patency.[4, 50]

Lower density scaffolds consistently displayed lower metabolic activity than the standard

scaffold group after day 7 (Figure 1(c)), most likely due to a combination of extensive MSC-

mediated contraction, reduced metabolite diffusion, and differentiation into less

metabolically-active cells (Figure 8). Chondrogenic phenotype was initially tracked through

the expression of chondrogenic genes COL2A1, SOX9, and ACAN (Figure 7, S4). As with
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osteogenic differentiation, the chondrogenic induction media had the most profound effect

on lineage specification while soluble TGF-β1 or 3 alone had little effect. However, the

combination of the low density scaffold with chondrogenic induction media clearly led to a

significantly enhanced chondrogenic transcriptomic profile with significantly increased

expression of all three markers tested after day 21. Histology also revealed strong staining

for GAG deposition in the low density chondrogenic group compared to other experimental

groups (Figure 8). Additionally, H&E-stained sections showed extensive pore contraction

and cellular condensation in the lower density groups, which likely promoted

chondrogenesis (Figure 8).

4. Conclusions

This work explored simple modifications to a standard CG scaffold to investigate the roles

of scaffold structure (geometric anisotropy, mineral content, relative density) in combination

with biomolecule supplementation on driving tenogenic, osteogenic, and chondrogenic MSC

differentiation respectively. The importance of scaffold microstructural anisotropy for

enhancing tenogenic differentiation was shown by increased expression of the phenotype

marker SCXB as well as increased ROCK1 levels in anisotropic compared to isotropic

scaffolds. Notably, small molecule cytoskeletal inhibition abrogated these effects. MSC

osteogenic differentiation was enhanced by osteogenic induction media, although the

inclusion of a mineral phase in the scaffold led to elevated ALP and RUNX2 expression as

well as increased mineralization after 21 days. Chondrogenic differentiation was enhanced

by combining classic chondrogenic induction media with a low density scaffold that

enhanced cellular condensation and led to significant up-regulation of COL2A1 and ACAN

as well as increased GAG production. Together, these data provide insight into critical

scaffold instructive cues that should inform the development of CG scaffolds for a variety of

single and multi-tissue musculoskeletal tissue engineering applications. In particular, these

data suggest a scaffold with an anisotropic tendon region and a mineralized bone region,

joined with lower density interface and coupled with spatially-graded biomolecular cues,

may be optimal for osteotendinous repair.

5. Experimental Section

*All reagents purchased from Sigma-Aldrich (St Louis, MO) unless otherwise specified.

Precursor suspension preparation

Low and high density CG suspensions (0.5 and 1.5 collagen w/v% respectively) were

prepared by homogenizing type I microfibrillar collagen and chondroitin sulfate in 0.05 M

acetic acid as previously described.[51] CGCaP suspension was prepared via triple co-

precipitation of type I collagen (1.9 w/v%) and chondroitin sulfate as before with the

addition of calcium salts (calcium hydroxide, calcium nitrate tetrahydrate) in phosphoric

acid to create 40 wt% mineralized scaffolds.[30]

Scaffold fabrication via freeze-drying

All scaffolds were fabricated using a VirTis freeze-dryer (Gardiner, NY). All studies used an

isotropic CG scaffold (1.5 w/v%) as a standard control. Tenogenic differentiation studies
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used geometrically-anisotropic CG scaffolds (1.5 w/v%) fabricated via directional

solidification at a freezing temperature of −10°C in a thermally-mismatched mold.[28, 29]

Isotropic low density (0.5 w/v%) CG scaffolds were used in chondrogenesis experiments

while mineralized CGCaP scaffolds were examined in osteogenesis studies. Isotropic low

density and high density CG scaffolds as well as mineralized CGCaP scaffolds were

fabricated using a constant cooling method at a final freezing temperature of −10°C.[51] The

freeze-drying process resulted in dry, macroporous scaffolds.[29, 30, 51]

Scaffold hydration and crosslinking

Dry CG scaffolds underwent dehydrothermal crosslinking in a vacuum oven (Welch, Niles,

IL) at 105°C for 24 h. All scaffolds were then sterilized in ethanol for 1 h, hydrated in PBS

overnight, and crosslinked for 1.5 h in a solution of 1-ethyl-3-[3-dimethylaminopropyl]

carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide (NHS) at a molar ratio

of 5:2:1 EDC:NHS:COOH where COOH represents the amount of collagen in the

scaffold.[31, 52]

MSC culture in scaffolds

Human bone marrow-derived mesenchymal stem cells (MSCs) were purchased from Lonza

(Walkersville, MD) and cultured in complete growth media as supplied by the manufacturer.

Cells were used at passage 6 for all experiments. 7.5 × 104 MSCs were seeded onto scaffold

discs (6 mm diameter, 3 mm thickness) using a previously validated static seeding

method.[16] All groups were cultured in complete growth media (Lonza) except as noted in

Table 1. All soluble factors were human recombinant proteins from ProSpec (Israel).

Proteins were diluted to experimental concentrations (Table 1) in complete media at doses

selected based on the literature.[35, 36, 37] Blebbistatin (concentration: 50 µM[8]) was used for

experiments examining the linkage between scaffold anisotropy and MSC tenogenesis.

Scaffolds were cultured at 37°C and 5% CO2 and fed twice a week for all experiments.

Quantification of MSC metabolic activity

MSC mitochondrial metabolic activity on scaffolds was quantified using an alamarBlue®

fluorescent assay (Invitrogen, Carlsbad, CA) previously used to determine the metabolic

health of cells grown on CG scaffolds.[53] Briefly, MSC-seeded scaffolds were incubated in

alamarBlue® solution for 2.5 h, where viable cells continuously reduce the alamarBlue®

dye to a fluorescent byproduct (resorufin). Fluorescence was measured (excitation: 540 nm,

emission: 580 nm) on a fluorescent spectrophotometer (Tecan, Switzerland).

Confocal microscopy

MSC-seeded scaffolds were fixed in 10% neutral buffered formalin and stored at 4°C until

staining. Following permeabilization in 0.1 % Triton ×100 in PBS for 10 min, MSC were

stained with Alexa Fluor® 488 phalloidin (F-actin, Invitrogen) for 20 min and DAPI (nuclei,

Invitrogen) for 5 min. Scaffolds were imaged with a Zeiss 710 multiphoton confocal

microscope (10× objective) equipped with a Spectraphysics Mai-Tai Ti-Sapphire laser. Cell

shape index (CSI) was quantified for at least 50 cells per experimental group using

ImageJ.[54]
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RNA isolation, reverse transcription, and real-time PCR

Total RNA was isolated from cell-seeded scaffolds using an RNeasy Plant Mini kit (Qiagen,

Valencia, CA).[28, 55] RNA was reverse transcribed to cDNA using the QuantiTect Reverse

Transcription kit (Qiagen) in a Bio-Rad S1000 thermal cycler. Primer sets for PCR reactions

were mined from the literature[56, 57] (Table S1) and synthesized by Integrated DNA

Technologies (Coralville, IA) with the exception of the scleraxis (SCXB) primer set, which

was purchased from Qiagen. Real-time PCR reactions were executed in triplicate using

SYBR green chemistry (QuantiTect SYBR Green PCR kit, Qiagen) in an Applied

Biosystems 7900HT Fast Real-Time PCR system (Applied Biosystems, Carlsbad, CA). Data

were analyzed using Sequence Detection Systems software v2.4 (Applied Biosystems) via

the delta-delta Ct method with GAPDH serving as a housekeeping gene. Results were

expressed as fold changes normalized to the expression levels of MSCs cultured in standard

scaffolds at day 7.

Protein isolation and Western blotting

Protein lysates were obtained by immersing scaffolds in RIPA buffer supplemented with

protease and phosphatase inhibitors for 30 min on ice. Lysates were separated on 10%

polyacrylamide gels via electrophoresis and transferred to nitrocellulose membranes (Fisher

Scientific, Pittsburgh, PA) using standard techniques. Antibodies for Rho-associated protein

kinase 1 (ROCK1), β-catenin, double phosphorylated extracellular signal-regulated protein

kinase 1/2 (pERK-1/2), and β-actin were purchased from Cell Signaling Technology

(Beverly, MA) and used at 1:2000 dilution in 5% non-fat milk. Horseradish peroxide (HRP)-

conjugated secondary antibodies (Cell Signaling) were added following primary antibody

incubation. Signal was developed using SuperSignal West Pico Chemiluminescent Substrate

solutions (Thermo Scientific, Rockford, IL) and visualized on an Image Quant LAS 4010

(GE Healthcare, Pittsburgh, PA). Band intensities were quantified using ImageJ and

expression levels were normalized to β-actin expression.

Histology

Scaffolds from the osteogenic and chondrogenic experimental sets were fixed in 10%

neutral buffered formalin for histological analysis after 21 days in culture. Scaffold discs

were embedded in paraffin wax, serially cut into 5 µm sections, and mounted on microscope

slides. Slides were deparaffinized and stained with either hematoxylin and eosin (H&E) to

assess cellular distribution, Alizarin red to evaluate mineralization, or Alcian blue to

visualize GAG content.

Statistical analysis

Two-way analysis of variance (ANOVA, independent variables time and scaffold/

biomolecule treatment) was performed on metabolic activity and gene expression data sets

followed by Tukey-HSD post-hoc tests. Significance was set at p < 0.05. Metabolic activity

and gene expression experiments used at least n = 3 scaffolds per group while Western

blotting and histological analyses used n = 2 scaffold per group. Error is reported in figures

as the standard error of the mean.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MSC metabolic activity in CG scaffolds
Metabolic activity was measured at days 7, 14, and 21 using alamarBlue® incubation on

MSC-seeded scaffolds to drive A) tenogenic, B) osteogenic, and C) chondrogenic

differentiation (n = 3). All results are normalized to MSC metabolic activity at day 0. *:

significant difference at that time point compared to standard. ⋀: significant increase

compared to previous time point. ⋁: significant decrease compared to previous time point.
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Figure 2. MSC tenogenic gene expression in response to scaffold anisotropy and soluble factor
supplementation
Expression of tenogenic genes A) SCXB and B) TNC was measured at days 7, 14, and 21 (n

= 3). Scaffold anisotropy significantly improved MSC SCXB expression. While GDF

supplementation did not improve SCXB expression, it is elicited significant up-regulation of

TNC at day 21 in anisotropic scaffolds. *: significant difference at that time point compared

to standard. ⋀: significant up-regulation compared to previous time point.
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Figure 3. MSC cytoskeletal organization and gene expression in response to blebbistatin
Confocal micrographs of MSC-seeded anisotropic CG scaffolds reveal the influence of

blebbistatin treatment (50 µM) on actin organization. A) MSCs stretch and elongate when

cultured without blebbistatin (−) in anisotropic scaffolds. B) However, they become less

spread and more rounded in response to blebbistatin (+). Green channel: actin (Alexa

Fluor® 488 phalloidin). Blue channel: nuclei (DAPI). Scale bar: 50 µm. C) Cell shape index

results show significantly higher (*) circularity (reduced spreading) in MSCs treated with
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blebbistatin compared to non-treated groups. D) Expression of tenogenic genes COL1A1,

SCXB, and TNC was measured at day 7 (n = 3).
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Figure 4. Protein expression in standard versus anisotropic scaffolds with and without
blebbistatin treatment
A) Quantified protein levels of ROCK1, pERK1/2, and β-catenin. ROCK1 levels are

significantly higher in anisotropic scaffolds compared to other groups. B) Western blots of

ROCK1, pERK1/2, β-catenin, and β-actin (loading control) proteins. *: significantly higher

than all other experimental groups.
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Figure 5. MSC osteogenic gene expression in response to selective scaffold mineralization and
soluble factor supplementation
Day 21 expression of osteogenic genes A) ALP, B) RUNX2, and C) OCN was measured (n

= 3) with osteogenic induction media promoting significantly elevated expression levels. *:

significant difference compared to standard.
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Figure 6. Alizarin red and H&E analysis of mineral synthesis and cell distribution
Representative histology sections from day 21 time point reveal the highest mineral content

in the Mineralized scaffold + Osteogenic group, with similar cellular distribution observed

in all groups. A) Standard, B) Standard + Osteogenic, C) Mineralized, D) Mineralized +

Osteogenic. Scale bars: 500 µm (4× objective images on left), 100 µm (20× objective

images on right).
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Figure 7. MSC chondrogenic gene expression in response to reducing scaffold relative density as
well as soluble factor supplementation
Day 21 expression of chondrogenic genes A) COL2A1, B) SOX9, and C) ACAN was

measured (n = 3) with the combination of a low density scaffold and chondrogenic induction

media promoting significant up-regulation of COL2A1 and ACAN. *: significant difference

compared to standard.
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Figure 8. Alcian blue and H&E analysis of GAG synthesis and cell distribution
Representative histology sections from day 21 time point reveal higher GAG content and

cellular condensation in the Low Density + Chondrogenic group. A) Standard, B) Standard

+ Chondrogenic, C) Low Density, D) Low Density + Chondrogenic. Scale bars: 500 µm (4×

objective images on left), 100 µm (20× objective images on right).
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Table 1
Study design with scaffold type and biomolecule supplementation combinations for each
desired lineage

Two scaffold types (six experimental groups total) were assayed for each lineage. CG and CGCaP scaffolds

are sometimes referred to in the text as “nonmineralized” and “mineralized” respectively. Each lineage

(tenogenic, chondrogenic, or osteogenic) included use of the standard scaffold group as well as a structurally-

modified scaffold (anisotropic, low-density, or CGCaP, respectively). All variants were cultured in MSC

growth media. Additionally, the structurally-modified scaffolds (and the standard scaffold in chondrogenic

and osteogenic cases) were then cultured with differentiation media or growth media supplemented with

growth factors as listed.

Lineage Biomolecule
treatment

Scaffold type, biomolecule dose

Tenogenic CG (standard) CG (anisotropic)

Growth media Yes Yes

bFGF 5 ng/mL

IGF-1 100 ng/mL

GDF-5 100 ng/mL

GDF-7 100 ng/mL

Chondrogenic CG (standard) CG (low density)

Growth media Yes Yes

Chondrogenic Yes Yes

TGF-β1 5 ng/mL

TGF-β3 5 ng/mL

Osteogenic CG (standard) CGCaP (40 wt% mineral)

Growth media Yes Yes

Osteogenic Yes Yes

BMP-2 50 ng/mL

BMP-7 50 ng/mL
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