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Abstract 

   An increasing body of evidence suggests important roles of extracellular matrix (ECM) 

in regulating stem cell fate. This knowledge can be exploited in tissue engineering 

applications for the design of ECM scaffolds appropriate to direct stem cell 

differentiation. By probing the conformation of fibronectin (Fn) using fluorescence 

resonance energy transfer (FRET), we show here that heparin treatment of the fibroblast-

derived ECM scaffolds resulted in more extended conformations of fibrillar Fn in ECM. 

Since heparin is a highly negatively charged molecule while fibronectin contains 

segments of positively charged modules, including FnIII13, electrostatic interactions 

between Fn and heparin might interfere with residual quaternary structure in relaxed 

fibronectin fibers thereby opening up buried sites. The conformation of modules FnIII12-14 

in particular, which contain one of the heparin binding sites as well as binding sites for 

many growth factors, may be activated by heparin, resulting in alterations in growth 

factor binding to Fn. Indeed, upregulated osteogenic differentiation was observed when 

hMSC were seeded on ECM scaffolds that were treated with heparin and subsequently 

chemically fixed. In contrast, either rigidifying relaxed fibers by fixation alone, or 

heparin treatment without fixation had no effect. We hypothesize that fibronectin’s 

conformations within ECM are activated by heparin such as to coordinate with other 

factors to upregulate hMSC osteogenic differentiation. Thus, the conformational changes 

of fibronectin ECM could serve as a ‘converter’ to tune hMSC differentiation in 

extracellular matrices. This knowledge could also be exploited to promote osteogenic 

stem cell differentiation on biomedical surfaces. 
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Introduction  

 Human mesenchymal stem cells (hMSCs) have become an attractive cell source for 

bone tissue-engineering applications 
1
, since a variety of signals can induce their 

osteogenic differentiation 
2, 3

, and  thereby promote bone healing and remodeling in both 

animal 
4
 and human models 

5
. Adhesion of hMSCs to biomaterials is mediated through 

extracellular matrix (ECM) proteins and the nature of these adsorbed ECM proteins can 

have versatile effects on the differentiation pathways of hMSCs 
6, 7

. Since collagen type I 

(Col-I) and glycosaminoglycans (GAG), including hyaluronan, are important components 

of the bone extracellular matrix (ECM), it is not unexpected that the initial adhesion of 

hMSCs to collagen type I coated biomaterials promotes hMSC osteogenesis 
8
. Osteogenic 

differentiation of human mesenchymal stromal cells was also enhanced in sulfated 

hyaluronan containing collagen matrices 
9, 10

. 

 

Less attention has been given to investigating the role of Fn and its contributions to 

attracting hMSCs and to promoting bone healing.  Fn is a major ECM protein and found 

to be crucial for the assembly and integrity of collagen matrix 
11, 12

, whereby the latter 

comprises up to 90% of the total protein within the skeleton 
13, 14

. In addition, Fn has been 

localized in the periosteum of rat calvaria 
15

 and in the osteoid surrounding implants 
16

. 

These studies raise the question whether Fn could guide early stages of osteogenic 

differentiation. In vitro studies have revealed that the effects of Fn on hMSC physiology 

are complex: Fn-coated biomaterials promoted hMSC attachment 
17, 18

 and culture of 

hMSCs on Fn-coated surfaces promoted their migration, adhesion and proliferation, 

however, it did not affect their osteogenic differentiation 
7
. Several studies suggest that 

Fn’s conformation is an important factor for regulating the osteogenic differentiation of 

osteoblast-like cells and hMSCs 
19-23

. Mechanical forces 
24-28

 and interactions with 

heparin 
29, 30

, both of which have been reported to influence Fn conformations might thus 

tune the osteogenic differentiation potential of hMSCs.   

 

Heparin is a highly sulfated glycosaminoglycan belonging to the heparin sulfate family 

and it has high negative charge density 
31-33

. Heparin is naturally produced by mast cells 

where it serves as an inhibitor of the proteases contained within these cells, and is 
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secreted upon mast cell being stimulated 
34, 35

.  Heparins have traditionally been used in 

the clinic as anticoagulants, but over the years additional therapeutic and biological 

functions of heparin have emerged 
36, 37

. An important aspect of heparin biology is the 

ability of the glycosaminoglycan chains to interact with numerous proteins including 

growth factors and molecules of the extracellular matrix 
38

, which suggests a role for 

heparin in tissue engineering applications 
39-41

. Fn contains at least two heparin binding 

sites 
42-45

, one of which is also as promiscuous binding site for many growth factors 
46

. Of 

particular interest for hMSCs differentiation is the ability of heparin to interact with 

numerous proteins associated with hMSC adhesion (e.g. Fn and vitronectin) 
47, 48

, 

proliferation (e.g. bFGF) 
49

 and osteogenic differentiation (e.g. bone morphogenetic 

proteins (BMPs)) 
50

. It has been reported that heparin-functionalized 2D or 3D hydrogels 

increase hMSC osteogenic differentiation 
51, 52

, whereas continuous treatment of MSCs 

with heparin in the medium inhibits MSC osteogenesis 
53

. However, the mechanisms by 

which immobilization of heparin can regulate these effects on osteogenesis are not well 

understood. 

  

     Recent studies have shown that heparin induces a conformational change of surface-

adsorbed Fn, from a compactly folded quaternary structure to a more extended 

configuration 
29

. In the more extended conformation, Fn exposes cryptic binding sites for 

vascular endothelial growth factor (VEGF) 
54

 that remained available even after the 

removal of heparin 
30

. Since it has been reported that VEGF has positive effects on hMSC 

osteogenesis 
55

, and the exposed binding site can interact with additional growth factors 

involved in osteogenesis (Fig. 1) 
46

, we asked here whether heparin-induced 

conformational changes of Fn within the fibrillar ECM could have an effect on hMSCs 

differentiation. Since a cell-derived fibrillar ECM represents a 3D environment that is 

closer to physiological 
56

, human foreskin fibroblast (HFF) derived ECM scaffolds were 

used to test the effect of heparin induced Fn conformational changes on hMSC 

differentiation. We compared the differentiation of hMSCs, either seeded on Fn-coated 

surfaces or reseeded into fibroblast-derived ECM scaffolds after pretreating with or 

without heparin. The conformation of Fn in ECM were directly probed by fluorescence 

resonance energy transfer (FRET) 
27, 57

. 
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Results 

     

Heparin treatment induces a more extended conformation of fibrillar fibronectin 

within cell-derived ECM scaffolds. 

 

Fn-rich ECM was produced by culturing HFFs for 4 days in the presence of unlabeled 

Fn and trace amounts of Fn-FRET, which gets incorporated into the assembled ECM. 

Afterwards, the ECM was decellularized and either treated with 100 µg/ml heparin for 12 

hours or used without treatment (native). The Fn-FRET is used to monitor Fn’s 

conformational changes. Briefly, the four free cryptic cysteines located on FnIII7 and 

FnIII15 of dimeric plasma Fn were labeled with Alexa 546 as acceptor fluorophores (A), 

while amines of Fn were randomly labeled with Alexa 488 as donor fluorophores (D) at 

an approximate ratio of 3.5 acceptors to 7 donors per Fn dimer. The average distance 

between our multiple donor and acceptor fluorophores, which is directly related to the 

measured FRET ratios, is sensitive to Fn conformational changes. When Fn changes to 

more extended conformations, the FRET ratio decreases due to the separation between 

acceptor and donor fluorophores 
57

.  Therefore, the relative Fn conformations in different 

ECM can be roughly compared by measuring the relative emission intensities of these 

two fluorophore populations 
27

. Finally, low seeding densities (3000/cm
2
) were used 

throughout our experiments to prevent cell-cell interactions which have been shown to 

strongly affect MSC differentiation 
58

. 

 

     Immunostaining of Fn ECM scaffolds as assembled by HFFs (which did not contain 

FRET labeled Fn) showed that the ECM scaffolds kept intact after decellularization and 

after heparin treatment (Fig. 2A and 2B). No obvious morphological differences were 

observed between heparin-treated and untreated ECM scaffolds. However, upon heparin 

treatment the Fn FRET IA/ID ratios were shifted to lower values (blue curve in Fig. 2E), 

suggesting that the Fn within heparin-treated ECM became more extended compared to 

untreated ECM. This change was also reflected on the average FRET IA/ID ratios of 10 

independent samples (Fig. 2F). Indeed, the average FRET ratio of native ECM (mean 

IA/ID = 0.63±0.03) is slightly higher than heparin-treated ECM (mean IA/ID = 0.59±0.02). 
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Additionally, measurement of FRET ratio of 3D ECM on individual Z-slices showed that 

heparin treatment slightly decreased FRET ratios of HFF derived ECM throughout the 

whole volume of measured ECM (Fig. S1). 

 

Fibronectin conformational differences between heparin-treated and native ECM 

scaffolds are eliminated after reseeding the scaffolds with hMSCs.  

 

    In addition to heparin treatment, most of the quaternary structure that defines Fn’s 

conformation in solution is broken open during Fn fibrillogenesis (Fig. 2E) and cell-

generated forces are sufficient to further stretch ECM fibrils, thereby shifting the 

conformations of fibrillar Fn to even more extended conformations 
26, 27, 59

. To monitor 

the Fn conformational changes of ECM under cell-generated forces, 3×10
3
 cells/cm

2
 

hMSCs were seeded on heparin-treated or native decellularized ECM scaffolds, and 

cultured for 24 hours. Intramolecular FRET was reduced after cell seeding.  The average 

FRET ratios decreased from 0.63 ± 0.03 (Fig. 2F) to 0.57 ± 0.02 (Fig. 3F) in native ECM 

scaffolds and from 0.59±0.02 (Fig. 2F) to 0.57 ± 0.03 (Fig. 3F) in heparin-treated ECM, 

and the FRET histograms of native and heparin-treated ECM were shifted to similar low 

levels. This suggests that cell-generated forces are high enough to stretch the Fn ECM 

fibrils far beyond the conformational alterations induced by heparin treatment.   

 

Chemical fixation can preserve the heparin-induced fibronectin conformations, even 

in the presence of cell-generated forces.   

 

 To clarify whether the heparin-induced Fn conformational changes could impact 

hMSC differentiation, hMSCs were seeded and differentiated on scaffolds treated with or 

without heparin. However, since cell generated forces are sufficient to overwrite the 

heparin-induced effect on Fn conformation as shown above, we locked-in the Fn 

conformational distribution prior to hMSC seeding by chemical fixation of the heparin-

treated ECM scaffolds with 4% formaldehyde.  For this fixation protocol, we reported 

before that cell-generated forces are not high enough to significantly stretch fixed ECM 

fibrils and cause a detectable Fn conformational change as probed by FRET 
59

. hMSCs 
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were then seeded on the fixed heparin-treated ECM (Fig. 3C) or fixed native ECM (Fig. 3 

D) at sufficiently low seeding densities (3×10
3
 cells/cm

2
) to prevent cell-cell contacts. In 

contrast to native ECM scaffolds, cell attachment did not decrease the Fn-FRET ratios of 

fixed ECM. The mean IA/ID values before cell attachment were 0.58±0.03 and 0.62±0.03 

for heparin-treated and native ECM samples respectively, whereas mean IA/ID values 

after cell attachment were 0.59±0.02 and 0.63±0.03 for heparin-treated and native ECM 

samples respectively. This suggests that our fixation protocol was able to lock-in the Fn 

conformations of heparin-treated ECM scaffolds and protected its conformational display 

against destruction by cell-generated forces.  

 

Heparin treatment of ECM followed by chemical fixation significantly increased the 

osteogenic differentiation of hMSCs, but rigidification by fixation alone did not. 

 

    Using the fixed ECM scaffolds with the Fn conformations locked-in, we tested 

whether the heparin-induced Fn conformations have an effect on hMSC differentiation. 

Briefly, hMSCs (~3000/cm
2
) were seeded on scaffolds that were either heparin-treated 

(Fig. 4C) or native (Fig. 4D) and fixed with formaldehyde. As a control, hMSCs were 

also seeded on heparin-treated or native scaffolds (Fig. 4A and 4B), but without fixation.  

    After culturing hMSCs for 7 days in mixed induction medium (50/50 vol% 

adipogenic/osteogenic induction medium), osteogenic and adipogenic differentiation was 

examined by histochemical staining for alkaline phosphatase (ALP) and lipid droplets 

(Oil Red O), respectively 
60

.  Heparin treatment of ECM followed by chemical fixation 

increased significantly the osteogenic differentiation of hMSCs (Fig. 4E): in native ECM 

scaffolds, 36±6% hMSCs showed positive ALP staining, while 52±4% stained positive in 

the conformationally locked ECM scaffolds. This observation was confirmed in 5 

independent experiments and a total of more than 1000 cells were counted for each 

sample.  

Since chemical fixation has complex effects on cell-derived ECM scaffolds in addition 

to the locking of fibronectin conformation 
59

,  such as increasing the rigidity of ECM 

fibrils 
59, 61

, changing the molecular composition of cell adhesion sites 
62

 and increasing 

the force necessary to detach cells from ECM 
61

, we asked whether chemical fixation 
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alone has an effect on hMSC osteogenic differentiation. Importantly, as shown on Fig. 4E, 

chemical fixation did not significantly influence hMSC osteogenic differentiation 

(38±4% hMSCs on native ECM and 36±6% hMSCs on chemically fixed ECM showed 

positive ALP staining) compared with native ECM. Rigidifying Fn ECM fibrils to an 

extent that the cells cannot stretch them any further thus does not upregulate osteogenesis.  

Also the osteogenic differentiation ratios of hMSCs on native and heparin treated ECM 

scaffolds that have not been fixed are similar (38±4% on native and 39±5% on heparin 

treated scaffolds). Therefore, tight preservation of the heparin-induced Fn conformation 

within the ECM scaffolds is required to upregulate the osteogenic differentiation of 

hMSCs.   

To exclude that cell proliferation rates differ for hMSCs reseeded on untreated or 

treated ECM scaffolds, we checked the cell densities on all tested ECM scaffolds after 7 

days in cell culture and found no significant differences in cell densities (Fig. S2).  

 

Osteogenic differentiation is not upregulated by heparin retained in the ECM 

scaffolds, but due to heparin-induced conformational alterations of fibrillar 

fibronectin. 

 

Since it was reported that heparin-functionalized PEG hydrogels where heparin was 

covalently bound to PEG gels could promote hMSC osteogenesis in 2D or 3D culture 
51, 

52
, we tested whether the observed effect on hMSC differentiation is mediated by heparin 

retained within the scaffolds. ECM scaffolds were thus treated with fluorescently labeled 

heparin. The Fn ECM scaffolds were treated with 100 µg/ml Alexa633-labeled heparin 

for 12 hours. After extensive washing with PBS, microscopic observations did not reveal 

detectable fluorescence signal (Fig. S3), suggesting that most of the heparin was removed. 

This is consistent with a previous report, which showed that after heparin treatment of 

ECM only about 1% of the added heparin was retained 
30

. 

Importantly and further supporting the notion that residual heparin does not cause the 

effect, removal of any remaining heparin from fixed heparin-treated ECM by active 

degradation with heparinase-I did not significantly impact hMSC osteogenic 

differentiation (Fig. S4). Following heparinase-I treatment of fixed heparin-treated 
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samples, 53%±4% hMSCs were positively stained with ALP, a ratio similar to that 

observed without heparinase treatment. As an additional evidence to support our 

hypothesis that the observed effect on osteogenic differentiation are not mediated by any 

remaining heparin, the non-fixed ECM scaffolds that were treated with heparin and 

would retain similar amounts of heparin did not impact hMSC osteogenesis (Fig. 4E). 

 

Heparin treatment of cell-derived ECM has no effect on hMSC adipogenesis. 

 

   After hMSC attachment and differentiation on the cell-derived ECM scaffolds, we 

observed only few cells (less than 1/1000 cells) that stained with Oil Red O, an indicator 

of adipogenic differentiation (Fig. 4). As shown in Fig. 4, most of the hMSCs on ECM 

were spread well and showed a similar dendritic shape, while hMSC adipogenesis was 

strongly inhibited 
60

. It was reported that addition of heparin in adipogenic induction 

medium could promote the adipogenic differentiation of immortalized MSC 
53

. Our 

results thus show that the heparin treatment of cell-derived ECM had no effect on hMSC 

adipogenesis.  

 

Heparin treatment of Fn functionalized polyacrylamide gels or Fn coated glass 

coverslip has no effect on hMSC differentiation. 

 

Finally, we tested whether adsorbed Fn could affect hMSC differentiation in similar 

ways as fibrillar Fn. Fn was therefore either crosslinked to soft polyacrylamide gels (0.1 

kPa) 
63

, or adsorbed to glass and then treated with heparin as described before, but 

heparin treatment did not affect hMSC differentiation in both cases (Fig. S5).  This 

suggests the fibrillar organization of Fn within the ECM scaffolds is a necessary factor 

for the heparin-mediated changes in Fn conformation to upregulate the osteogenic 

differentiation potential of hMSCs. 

 

The Fn conformations in hMSC newly assembled ECM are similar on all tested 

decellularized ECM scaffolds. 
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So far, we have studied the effect of Fn conformation within the ECM scaffolds on 

which hMSCs were seeded. However, hMSCs not only respond to and tune the 

conformational display of the ECM scaffold fibers by pulling on them, but they also 

deposit new ECM fibrils that can have a distinctly different conformational distribution 
59

. 

According to a previous report hMSCs could harvest plasma Fn and assemble ECM 

within 24 hours after reseeding on biomaterials, and the Fn conformations in this newly 

assembled ECM could further guide hMSC differentiation potential 
23

. In order to assess 

the effect of hMSC newly assembled ECM on hMSC differentiation, the Fn 

conformations in new assembled ECM were observed by adding FRET-labeled Fn after 

24 hours of hMSC reseeding (3×10
3
 cells/cm

2
) on decellularized HFF derived ECM 

scaffolds 
59

. Prior to hMSC reseeding, the scaffolds were treated with or without heparin 

and then were either fixed with formaldehyde, or were left native. On all tested scaffolds 

and within the first 24 hours after reseeding, no significant FRET differences are seen 

within the ECM newly assembled by hMSCs (Fig. S6), and this newly assembled ECM 

had a conformational distribution similar to the more relaxed conformations seen in our 

crosslinked ECM scaffolds (Fig. 2E). This suggests that this newly assembled ECM 

within the first 24 hours after seeding provides similar Fn conformational signals for 

hMSCs, despite the conformational differences and rigidities of the initial ECM scaffolds 

(Fig. 3). For the heparin-treated ECM, our data suggest that heparin-treatment changes 

the Fn conformation of the ECM and thus regulates growth factor binding to the scaffold 

Fn fibers 
30

.  Though the Fn conformations in newly assembled ECM are similar in 

different types of scaffolds, the fixed heparin-inducted Fn conformations in the heparin-

treated scaffolds remains available and constitutes an integral part of ECM functionalities 

displayed to the cells.  
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Discussion 

 

  By exploiting trace amounts of FRET-labeled Fn which the cells can incorporate into 

their own ECM during ECM assembly 
27

, we could show here that heparin treatment can 

change the conformational distribution of fibrillar Fn within fibroblast-derived ECM 

scaffolds to more extended conformations (Fig. 2). However, upon reseeding of such 

scaffolds with hMSCs, the heparin-induced conformational changes of the ECM fibrils as 

observed by FRET were abolished (Fig. 3), suggesting that hMSCs could further tune the 

Fn conformations by mechanical stretching of the ECM fibrils. In contrast, when the 

heparin-activated conformation of fibrillar Fn was locked-in by chemical fixation, 

osteogenic differentiation of hMSCs was significantly increased in mixed induction 

medium (Fig. 4), whereas heparin treatment or chemical fixation of the ECM scaffold 

alone had no effect (Fig. 4). In the context of the ongoing debate whether and how 

rigidity directs stem cell differentiation 
23, 63, 64

, it is important to note that the effect of 

chemical fixation we observed here was due to the prevention of further stretching of 

ECM fibrils by cell-generated forces as suggested by FRET (Fig. 3), and was not due to 

ECM rigidification since chemical fixation alone had no effect (Fig. 4).  

 

   We hypothesize that the observed effect on osteogenic differentiation is due to the 

effect of heparin on Fn conformation and not due to heparin remaining in the chemically-

fixed, heparin treated ECM. Indeed, by utilizing fluorescently labeled heparin, we did not 

detect any remaining heparin in the ECM (Fig. S3). Even though we cannot fully exclude 

the possibility that small amounts of heparin below the detection limit by fluorescence 

remain in the ECM, our observation that degradation of such remaining heparin by 

heparinase-I did not impact hMSC osteogenic differentiation (Fig. S4), supports our 

hypothesis that the heparin-induced increase of hMSC osteogenic differentiation is not 

mediated directly by heparin acting on hMSCs, but through alterations of Fn’s 

conformation in the ECM scaffold. The capacity of heparinase to access and degrade 

immobilized heparin and heparin sulfate chains has been demonstrated and utilized in 

many studies 
65-67

, supporting the notion that heparin molecules fixed in the matrix can be 

degraded by heparinase-I. Heparinase treatment will generate mainly disaccharides 
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(http://www.ibex.ca/ENZglyco_hepI.htm), and since it has been already shown that 

heparin fragments smaller than 22 disaccharide units are unable to elicit any effect on the 

conformation of Fn 
29

, it is unlikely that any heparin fragments still remaining in the 

matrix would cause the observed effect. Additionally, in contrast to the effect on fibrillar 

Fn within ECM, heparin treatment of surface adsorbed Fn had no effect on the osteogenic 

differentiation of hMSCs (Fig. S5). In this situation then, any remaining amount of 

heparin in the substrate could not promote osteogenic differentiation, suggesting that the 

presence of heparin in the ECM cannot be the main cause for the effect. Our study thus 

suggests that heparin induced Fn conformational changes, when preserved within fibrillar 

ECM scaffolds, can promote hMSC osteogenesis, although we cannot exclude the 

possibility that some heparin may remain in the ECM and contribute to the observed 

effect. 

 

   While several studies have indicated that heparin could change Fn’s conformation 
29, 30, 

68-71
, the underpinning mechanisms remain unknown. Since heparin is a highly negatively 

charged molecule 
32

, and Fn contains segments of positively charged residues including 

FnIII13 
72, 73

,  heparin might interfere with some residual quaternary structure that still 

exists in relaxed Fn fibers 
27

. The presence of heparin might break apart the 

intramolecular salt bridges by which the FnIII13 repeat might interact with other Fn-

repeats thereby breaking apart any remaining backfolding of Fn within fully relaxed Fn-

fibrils. Based on our FRET data (Fig. 3) and results of a previous study using manually 

pulled Fn fibers 
74

, this residual quaternary structure can be eliminated in the early events 

of fiber stretching. At higher fiber strains, spatial distances between the FnIII modules 

that contain the growth factor binding sites could start to mechanically unfold, thereby 

destroying the binding motif. This could indeed explain why cell generated forces can 

ultimately eliminate the heparin-induced effect on osteogenic differentiation. With our 

FRET labeling scheme of Fn, we are particularly sensitive to conformational changes that 

happen in the surroundings of FnIII7 and FnIII15 whereby the latter just follows the 

FnIII12-14 fragment that displays one heparin binding site (also called Heparin II binding 

site) and serves as binding site for many growth factors 
46

, such as basic fibroblast growth 

factor-2 (FGF-2) 
75

, platelet-derived growth factor (PDGF) 
46

, VEGF 
76

 and bone 
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morphogenetic protein-2 (BMP-2) 
46

. Several of these growth factors, including FGF-2, 

BMP-2 and VEGF, have positive effect on hMSC osteogenesis 
54, 55, 77, 78

.  As mentioned 

before, the osteogenic promoting effect of heparin is not mediated directly by any heparin 

retained on the matrix. This implies that the effects seen here do not result from heparin 

itself serving as bridge to attract growth factors, but that the heparin-induced 

conformational alterations of Fn are primarily responsible alterations in Fn signaling. 

Taken together, our study suggests that the heparin-induced Fn conformational changes 

upregulate the binding of growth factors to Fn, and that the tethered growth factors 

subsequently impact hMSC osteogenic differentiation.  

 

    In summary, our data suggest that heparin might interfere with residual quaternary 

structure in relaxed fibronectin fibers thereby opening up buried sites which might 

include growth factor binding sites. In a biphasic manner, these buried sites might then 

become accessible, but our data also suggest that increasing mechanical strain might 

ultimately start to unfold the FnIII modules thereby again destroying these binding site 

motifs. 

   

     The finding that heparin induced Fn conformational changes of ECM scaffolds can 

promote hMSC osteogenesis is also significant to the biomaterials community in another 

context. Since tissue-derived scaffolds have found widespread clinical applications, this 

new method opens new possibilities to treat ECM scaffold or tissues after 

decellularization, thereby tuning their biological activity. In the context of the clinical 

challenges to find better methods of promoting bone healing and regeneration, or to 

improve the efficiencies of stem cell therapies 
79

, our data suggest a way to modify the Fn 

conformation within ECM scaffolds by heparin treatment and chemical fixation. Since 

heparin treatment of surface adsorbed or fixed Fn alone cannot influence hMSC 

differentiation (Fig. S5), it seems that this method might be particularly powerful when 

treating cell-derived or tissue derived ECM scaffolds with heparin followed by chemical 

fixation. Though some studies suggested that the chemical fixation process changes the 

host tissue response to a pro-inflammatory and foreign body response 
80, 81

, chemically 

crosslinked biological scaffold derived from ECM of intact mammalian tissues have been 
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successfully used in at least some clinical applications 
82

. For instance, Vascu-Guard® 

(Synovis Surgical, USA) which is prepared by chemical crosslinking of bovine 

pericardium with glutaraldehyde has been successfully used in peripheral vascular 

reconstruction including the carotid, renal, iliac, femoral, profunda and tibial blood 

vessels. In summary, our findings suggest that cell-derived extracellular matrix combined 

with heparin treatment and fixation can provide novel ways of modifying biomaterials 

used for bone graft. 

 

 

Materials and Methods 

 

Cell culture 

 hMSCs were purchased from Lonza and cultured in growth medium (DMEM, 10% 

FBS, 0.3mg/ml glutamine, 100 units/ml penicillin and 100µg/ml streptomycin). Only 

early passage hMSCs (up to passage 5) were used in experiments. Osteogenic and 

adipogenic induction media were purchased from Lonza. Mixed induction medium was 

composed of 50% adipogenic induction medium and 50% osteogenic induction medium 

(by volume). For testing hMSC differentiation on matrices, 3×10
3
 cells/cm

2
 hMSCs were 

seeded on cell-derived ECM scaffolds and incubated for 1.5 hour before changing to 

mixed induction medium. Medium was changed every two days, and the differentiation 

of hMSCs was examined by histochemical staining after 7 days in culture. Human 

Foreskin Fibroblast (HFF) cells were cultured in serum-free medium (NHDF with 

supplements, Promocell).  

 

Cell staining 

     Alkaline phosphatase (ALP) was stained using the Sigma kit #85 according to the 

manufacturer’s protocol. For the staining of lipids, cells were fixed with 10% 

formaldehyde and rinsed with 60% isopropanol. Cells were then stained with 30mg/ml 

Oil Red O (Sigma) in 60% isopropanol. Cells were stained with 3 µg/ml DAPI 
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(Invitrogen) to visualize cell nuclei. Cells were photographed and counted using an 

Axiovert 200M inverted microscope (Carl Zeiss). 

 

Fn labeling and chemical denaturation curve 

       Fn was isolated and labeled according to a previous described protocol 
27

. The Fn-

FRET used for the present study had an average of 7 donors and 3.5 acceptors per 

molecule. Fn-FRET was stored as 10 µl aliquots in PBS at -20°C and used within 5 days 

upon thawing. The same batch of Fn-FRET was used for all FRET data shown in this 

paper. FRET analysis was performed according to the method described in a previous 

paper 
27

. FRET IA/ID ratios were calibrated to different Fn conformations in GdnHCl 

solution. Dimeric and fully folded Fn in PBS showed strong energy transfer (IA/ID=0.99), 

while monomeric Fn-FRET in 4M GdnHCl, where the Fn molecule is significantly 

unfolded, showed dramatically decreased energy transfer (IA/ID=0.45). Monomeric Fn-

FRET (generated from dimeric FN-FRET by DTT reduction) in 1M GdnHCl which is 

partially unfolded, showed a medium energy transfer (IA/ID = 0.61). According to 

previous studies on Fn conformations in solution, the IA/ID value of monomeric Fn-FRET 

in 1M GdnHCl (IA/ID = 0.61) was used to indicate the very first onset of loss of 

secondary structure 
27

. 

      

FRET Analysis. 

All images were acquired using an Olympus (http://www.olympus-global.com/) FV-1000 

scanning laser Confocal microscope with a 1.35NA 60× oil immersion objective. Alexa 

Fluor 488 donors of the Fn-FRET were excited with a 488 nm laser. Emitted light was 

split using a 50/50 beam splitter and detected in two separate photomultiplier tubes 

(PMTs). Emission detection windows were set at 514-526 nm (donor channel) and 566-

578 nm (acceptor channel) to capture peak emissions. Images were acquired at a 

resolution of 512×512 pixels for a 212×212 µm field of view with a pinhole diameter of 

200 µm. The images were analyzed using Matlab (http://www.mathworks.com/) 

according to a previous script 
27

. First, images were averaged with 2×2 pixel sliding 

blocks, and the dark current background was subtracted from donor and acceptor images 

(previously acquired for each experiment). Donor images were corrected for light 
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attenuation from the 50/50 beam splitter with a multiplication factor of 1.09. A threshold 

mask of 100 relative intensity units was applied to both images and the acceptor image 

was divided pixel by pixel by the donor image for all pixels above threshold intensity 

values to yield Fn-FRET IA/ID ratios. Decreasing Fn-FRET IA/ID ratios indicated more 

extended Fn conformations. Histograms were computed from all data pixels within each 

field of view and Fn-FRET IA/ID ratios were color-coded within the range of 0.05 to 1.0 

to produce FRET images. For each sample, histograms were also collected from 10 

randomly chosen images showing in all cases that the histograms given in Figures 2, 3, 

and 4 for single images are representative. Brightfield images were background 

subtracted using a polynomial fit (degree of 32) with the ImageJ software 

(http://rsbweb.nih.gov/ij/). 

 

 

Preparation of HFF derived 3D ECM scaffolds 

Following a previous protocol 
59

, 12.5 cm
2
 tissue culture flasks were coated with Fn 

(20 µg/ml in PBS), and 35 mm glass-bottom dishes (MatTek, Ashland, MA) were 

covalently functionalized with Fn to prevent Fn ECM detachment during 

decellularization. Briefly glass surfaces were plasma cleaned for 30 seconds (0.36 mbar, 

200 W load coil power) and silanized with aminopropyltriethoxysilane (Sigma) 

molecules. Silanized surfaces were treated with glutaraldehyde, followed by incubation 

with Fn (20 µg/ml in PBS) for 1 hour. Before seeding of cells, the Fn-functionalized glass 

surfaces were rinsed briefly with serum-containing (10% by volume) medium (DMEM, 

10% FBS). HFF cells were seeded on the Fn-adsorbed flasks and Fn-functionalized 

dishes at 45×10
3
 cells/cm

2
 and cultured for a total of 4 days in serum-free medium 

(NHDF with supplements, Promocell) containing 45 µg/ml unlabeled Fn and 5 µg/ml Fn-

FRET. The cultures were decellularized to generate the 3D ECM scaffolds according to a 

previous protocol 
83

, Briefly, the cultures were incubated with extraction solution (20 mM 

NH4OH solution in PBS (pH=9.95) with 0.5% (v/v) Triton X) for 5 minutes at room 

temperature, and then up to 10 additional minutes at 37 ºC. The resulting scaffolds were 

washed with deionized water and PBS.  
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Heparin treatment of HFF derived 3D ECM scaffolds 

  Heparin (sodium salt from bovine intestinal mucosa) was purchased from Sigma-

Aldrich. The decellularized ECM scaffolds were treated with 100 µg/ml heparin in PBS 

for 12 hours at 4 ºC 
29

, and then extensively washed with PBS for 5 times. The samples 

were chemically fixed with 4% formaldehyde in PBS for 30 min and then washed with 

PBS. Degradation of heparin retained on fixed heparin-treated scaffolds was conducted 

by incubating the ECM scaffolds with 0.025 milliunits/ml heparinase I (IBEX) for 12h at 

37 ºC, and followed by extensive washing with PBS.    

 

Immunostaining of HFF derived ECM scaffolds 

The HFF derived ECM scaffolds were fixed in 4% formaldehyde for 30 min, and 

washed with PBS. The fixed samples were blocked with 5% donkey serum and 2%BSA 

in PBS for 1 hour at room temperature. After washing with PBS, the samples were 

incubated with 5µg/ml sheep anti-human fibronectin polyclonal antibody (AbD Serotec) 

for 1 hour at room temperature. Then the samples were washed with PBS and incubated 

with 20µg/ml FITC labeled donkey anti-sheep secondary antibody (Abcam) for 1 hour at 

room temperature. Finally the samples were washed with PBS, and observed under 

Olympus FV-1000 scanning laser Confocal microscope. 

 

Labeling heparin with Alexa Fluor 633 succinimidyl ester 

     Heparin was labeled with Alexa Fluor 633 succinimidyl ester (Molecular Probes) 

according to the manufacturer’s protocols. Briefly, 300µg heparin were dissolved in 

300µl of 0.1 M sodium bicarbonate buffer (pH=8.5), and incubated with 1mg Alexa 

Fluor 633 succinimidyl ester on ice for 2.5 hours. The reaction was quenched by 

incubating with 0.1 ml of freshly prepared 1.5 M hydroxylamine (pH 8.5) on ice for 1 

hour. The labeled heparin was separated from free dye in a PD-10 Sephadex G-25 

column (GE Healthcare life sciences). The concentration of labeled heparin was 

determined by the dimethylmethylene blue assay 
84

.  

 

hMSC newly assembled ECM on HFF derived ECM scaffolds  
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   hMSCs (3×10
3
 cells/ml) were allowed to attach for 24 hour on decellularized HFF 

derived ECM scaffolds in growth medium supplemented with 45 µg/ml unlabeled Fn and 

5 µg/ml Fn-FRET. After extensive wash with PBS the new assembled ECM scaffolds 

were check under Olympus FV-1000 scanning laser Confocal microscope. 

 

Preparation of 2D Polyacrylamide Substrates. 

   As previously described 
85

, 35mm glass-bottom dishes were plasma cleaned, silanized 

using aminopropyltriethoxysilane and treated with glutaraldehyde. The surfaces were 

coated with 10 µl droplets of 3% polyacrylamide / 0.05% bisacrylamide for the ~0.1 kPa 

soft substrate (0.13kPa +/-0.005 kPa) and covered with 12mm diameter coverslips. 

Coverslips were removed and the polyacrylamide surfaces covalently functionalized with 

Fn using sulfosuccinimidyl-6 (4’-azido-2’-nitrophenylamino) hexanoate (sulfo-SANPAH, 

Pierce) to allow cell attachment. Briefly polyacrylamide gels were placed in a 24-well 

plate and 500 µl of a 0.2 mg/ml solution of sulfo-SANPAH in milli-Q H2O were added to 

each well. The PDMS surface was irradiated for 5 minutes using the 365 nm UV LED 

array. The solution was removed and the procedure was repeated once. After washing 

with 50 mM HEPES in PBS (twice), the substrates were coated with 20 µg/ml Fn 

(purified by ourselves) in PBS. The Young’s moduli of the polyacrylamide gels were 

determined by atomic force microscopy (AFM) using a silicon nitride tip with an 

attached polystyrene bead (Novascan, 4.5 µm bead diameter, 10 pN/nm spring constant) 

and a modified Hertz model as previously described 
86

. The AFM-derived Young’s 

moduli were in good agreement with recent literature values of comparable 

polyacrylamide gel compositions 
87

. 
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Figure Legends: 

Figure 1: Schematic structure of monomeric plasma fibronectin and heparin  

A: Fn contains a large number of cell binding and protein-protein interaction sites, 

including the cell binding site RGD 
88

 on FnIII10 and the synergy site PHSRN on FnIII9 
89, 

90
. Fn contains at least two heparin binding sites 

42-45
, one of which (FnIII12-14) also serves 

as promiscuous binding site for various growth factors 
46

. Two cryptic, non-disulfide 

bonded cysteines in FnIII7 and FnIII15 (shown with orange color) were used in our studies 

for FRET-labeling using Alexa 546 as acceptor, and about 3.5 amines per monomeric Fn 

were randomly labeled with Alexa 488 as donor. The Förster radius of this fluorophore 

pair is ~6nm (from Invitrogen). Hence the energy transfer is limited to within 12nm of 

FnIII7 and FnIII15 (yellow fading spheres). Adapted from 
91

. 

B: Heparin is a highly sulfated glycosaminoglycan. The heparin polymeric chain is 

composed of repeating disaccharide unit of D-glucosamine and uronic acid linked by 

interglycosidic bond. The uronic acid residue could be either D-glucuronic acid or L-

iduronic acid 
32

. The key structural unit of heparin is a unique pentasaccharide sequence. 

This sequence consists of three D-glucosamine and two uronic acid residues. 

 
Figure 2: Heparin treatment induces a more extended Fn conformational 

distribution within cell-derived, decellularized ECM scaffolds.  

(A and B) Decellularized HFF derived ECM scaffolds with (A) or without (B) heparin 

treatment were incubated with sheep anti-human fibronectin antibody, and then stained 

with FITC labeled donkey anti-sheep secondary antibody. The samples were checked 

under Confocal microscope.  

(C and D) FRET false color images of decellularized HFF derived ECM scaffolds, which 

contained trace amounts of FRET-labeled Fn, with (C) or without heparin treatment for 

12 hours at 4 ºC (D). The FRET false color scheme represents the relative conformational 

changes of Fn fibrils with a color range of red to blue indicating compact to completely 

unfolded states, respectively.  

(E) Histograms of Fn-FRET IA/ID ratios of decellularized ECM with (blue curve, C) and 

without heparin treatment (red curve, D) representing the ECM shown in image C and D 

respectively.  
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(F) Histograms of average Fn FRET IA/ID ratios (average of 10 images of different 

samples) of decellularized ECM scaffolds with (blue curve) or without heparin treatment 

(red curve). The red, green and blue vertical lines represent IA/ID ratios of native Fn-

FRET in 0M GdnHCl, monomeric Fn-FRET denatured in 1M GdnHCl and dimeric Fn-

FRET denatured in 4M GdnHCl respectively. Scale bars: 50 µm. 

 
Figure 3: After chemical fixation, the heparin-induced changes of the Fn 

conformational distributions within ECM scaffolds remain stable upon reseeding 

with hMSCs.  

 (A, B, C and D) Merged images of reseeded HFF-derived ECM scaffolds (FRET false 

colors) with Confocal brightfield images of hMSCs (3×10
3
 cells/cm

2
). hMSCs were 

cultured in mixed induction medium for 24 hours on heparin-treated (A), native (B), 

fixed heparin-treated (C) or fixed native ECM scaffolds (D). Scale bars: 50 µm. 

(E) Histograms of Fn-FRET IA/ID ratios of HFF assembled Fn ECM following hMSCs 

attachment of the images shown in A-D. hMSCs cultured on native (red curve, B), 

heparin-treated (yellow curve, A), fixed heparin-treated (purple curve, C) and fixed 

native ECM (blue curve, D). 

(F)  Histograms of average IA/ID ratios (average of 10 images of different samples) of 

HFF assembled Fn ECM following hMSCs attachment: Red: native scaffolds; Yellow: 

heparin-treated scaffolds; Purple: heparin-treated and fixed scaffolds; Blue: native and 

fixed scaffolds.  

 

Figure 4: Heparin treatment followed by chemical fixation of the ECM scaffolds 

significantly increased hMSC osteogenic differentiation. 

(A, B, C and D) Merged brightfield and fluorescence images of hMSCs cultured for 7 

days in mixed induction medium on heparin-treated (A), native (B), fixed heparin-treated 

(C) and fixed native ECM scaffolds (D). Decellularized ECM scaffolds were labeled with 

Fn-FRET (green); cell nuclei were stained with DAPI (blue dot) and histochemical 

staining was performed for ALP (dark blue). Scale bars: 100 µm. 

(E) Percentage of ALP positive cells when hMSCs were cultured for 7 days on heparin-

treated (red bar) or native (blue bar) ECM scaffolds, with or without fixation, in mixed 
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induction medium (50% adipogenic plus 50% osteogenic). Data are shown for ALP 

positive cells and represent mean ± s.d. (n=5). Asterisk p<0.05 
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Figure 1: Schematic structure of monomeric plasma fibronectin and heparin  
A: Fn contains a large number of cell binding and protein-protein interaction sites, including the cell binding 
site RGD (88) on FnIII10 and the synergy site PHSRN on FnIII9 (89, 90). Fn contains at least two heparin 

binding sites (42-45), one of which (FnIII12-14) also serves as promiscuous binding site for various growth 
factors (46). Two cryptic, non-disulfide bonded cysteines in FnIII7 and FnIII15 (shown with orange color) 

were used in our studies for FRET-labeling using Alexa 546 as acceptor, and about 3.5 amines per 
monomeric Fn were randomly labeled with Alexa 488 as donor. The Förster radius of this fluorophore pair is 
~6nm (from Invitrogen). Hence the energy transfer is limited to within 12nm of FnIII7 and FnIII15 (yellow 

fading spheres). Adapted from (91).  
B: Heparin is a highly sulfated glycosaminoglycan. The heparin polymeric chain is composed of repeating 
disaccharide unit of D-glucosamine and uronic acid linked by interglycosidic bond. The uronic acid residue 
could be either D-glucuronic acid or L-iduronic acid (32). The key structural unit of heparin is a unique 

pentasaccharide sequence. This sequence consists of three D-glucosamine and two uronic acid residues.  
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Figure 2: Heparin treatment induces a more extended Fn conformational distribution within cell-derived, 
decellularized ECM scaffolds.  

(A and B) Decellularized HFF derived ECM scaffolds with (A) or without (B) heparin treatment were 

incubated with sheep anti-human fibronectin antibody, and then stained with FITC labeled donkey anti-
sheep secondary antibody. The samples were checked under Confocal microscope.  

(C and D) FRET false color images of decellularized HFF derived ECM scaffolds, which contained trace 
amounts of FRET-labeled Fn, with (C) or without heparin treatment for 12 hours at 4 ºC (D). The FRET false 
color scheme represents the relative conformational changes of Fn fibrils with a color range of red to blue 

indicating compact to completely unfolded states, respectively.  
(E) Histograms of Fn-FRET IA/ID ratios of decellularized ECM with (blue curve, C) and without heparin 

treatment (red curve, D) representing the ECM shown in image C and D respectively.  
(F) Histograms of average Fn FRET IA/ID ratios (average of 10 images of different samples) of decellularized 
ECM scaffolds with (blue curve) or without heparin treatment (red curve). The red, green and blue vertical 
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lines represent IA/ID ratios of native Fn-FRET in 0M GdnHCl, monomeric Fn-FRET denatured in 1M GdnHCl 
and dimeric Fn-FRET denatured in 4M GdnHCl respectively. Scale bars: 50 µm.  
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Figure 3: After chemical fixation, the heparin-induced changes of the Fn conformational distributions within 
ECM scaffolds remain stable upon reseeding with hMSCs.  

(A, B, C and D) Merged images of reseeded HFF-derived ECM scaffolds (FRET false colors) with Confocal 

brightfield images of hMSCs (3×103 cells/cm2). hMSCs were cultured in mixed induction medium for 24 
hours on heparin-treated (A), native (B), fixed heparin-treated (C) or fixed native ECM scaffolds (D). Scale 

bars: 50 µm.  
(E) Histograms of Fn-FRET IA/ID ratios of HFF assembled Fn ECM following hMSCs attachment of the images 

shown in A-D. hMSCs cultured on native (red curve, B), heparin-treated (yellow curve, A), fixed heparin-
treated (purple curve, C) and fixed native ECM (blue curve, D).  

(F)  Histograms of average IA/ID ratios (average of 10 images of different samples) of HFF assembled Fn 
ECM following hMSCs attachment: Red: native scaffolds; Yellow: heparin-treated scaffolds; Purple: heparin-

treated and fixed scaffolds; Blue: native and fixed scaffolds.  
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Figure 4: Heparin treatment followed by chemical fixation of the ECM scaffolds significantly increased hMSC 
osteogenic differentiation.  

(A, B, C and D) Merged brightfield and fluorescence images of hMSCs cultured for 7 days in mixed induction 

medium on heparin-treated (A), native (B), fixed heparin-treated (C) and fixed native ECM scaffolds (D). 
Decellularized ECM scaffolds were labeled with Fn-FRET (green); cell nuclei were stained with DAPI (blue 

dot) and histochemical staining was performed for ALP (dark blue). Scale bars: 100 µm.  
(E) Percentage of ALP positive cells when hMSCs were cultured for 7 days on heparin-treated (red bar) or 
native (blue bar) ECM scaffolds, with or without fixation, in mixed induction medium (50% adipogenic plus 
50% osteogenic). Data are shown for ALP positive cells and represent mean ± s.d. (n=5). Asterisk p<0.05  
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